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OPENING REMARKS*

NORMAN SIMON, M.D.

Chairman
Subcommittee on Public Health Aspects of Energy
The New York Academy of Medicine

Clinical Professor of Radiotherapy for Environmental Medicine
The Mount Sinai School of Medicine of the City University of New York
New York, New York

HIS is the second of a series of conferences on energy sponsored by the

Committee on Public Health of the New York Academy of Medi-
cine. The biological effects of modern energy sources have become impor-
tant factors in decisions which affect the very nature of our society.
Environmental pollution by sulfur oxides and particulates was considered
by this committee in a conference on March 23 and 24, 1978, and
published proceedings of this conference are available.

Conferences on the biological effects of auto emissions, coal, oil, and
nuclear energy are in planning stages by the New York Academy of
Medicine. We organized these symposia to educate physicians on the state
of the art of the biological effects of the various sources of energy. The
subject of sulfur oxides was first because of urgent interest in revising
standards for this noxious pollutant. By the time we had finished our
" *Presented as part of a Symposium on Health Aspects of Nonionizing Radiation sponsored by the

Subcommittee on Public Health Aspects of Energy of the Committee on Public Health of the New
York Academy of Medicine and held at the Academy April 9 and 10, 1979.



974 N. SIMON

symposium, evidence of the hazard to New York City of its sulfur oxides
levels was less certain and, indeed, we dug deep to show significant
biological effects of ambient levels of these noxious agents.

We fortunately had Dr. Herbert Pollack, advisor to the State Depart-
ment, at that meeting, and he brought to the attention of our Subcommittee
on the Public Health Aspects of Energy the importance of a meeting on
the biological effects of microwave radiation. We accepted the challenge to
develop a symposium on the subject, and are grateful to him for spearhead-
ing the selection of our program committee, our speakers, and our audi-
ence.

Had we been prescient enough to realize how involved we all are today
in the Three Mile Island reactor accident we might have regarded the
hazards of ionizing radiation as a more urgent topic. However, perhaps it
is all for the good that we now focus on the temporarily less sen-
sationalized problem of nonionizing radiation so that our deliberations need
not be hurried or influenced by the frenzy of the media, as now evident at
the site of the reactor accident.

Microwaves are now an urgent issue because of basic conflicts concern-
ing appropriate standards for exposure of the public. We are in a biosphere
bathed in ionizing radiation—cosmic, terrestrial, and man-made. We are
also now bathed in microwaves and radiowaves from radar, television,
citizen band radios, and even from the kitchen. The all-pervasive radiofre-
quency and microwave beam on adobe huts along the Nile and penthouses
beside the Empire State building, on the beach at Cape Cod, and the
embassy in Moscow, on short-order cooks and long-distance pilots, on
radio hams and highway cops, on cancer patients and charlie horses. And
there are imaginative projects which would involve microwave transmis-
sion of solar energy to the earth. Further, some surveillance uses of
microwaves have been cloaked in secrecy, and it is hoped that we will
obtain some insight into their significance.

Is there significant biological effect from such radiation? The sources of
microwave radiation, their measurement, and their biological effects are
‘not clearly understood by the lay public, and certainly not sufficiently by
physicians. A patient asks for the advice of a doctor, and this conference is
aimed at providing the physician with the state-of-the-art knowledge in the
field. It is fitting that such an issue as the biological effects of microwave
radiation be presented to physicians. Physicians are used to considering
benefits and risks as they prescribe and advise treatment for their patients.

Buil. N.Y. Acad. Med.
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At times such decisions are based on less than ideal information, but
conflicting viewpoints must be evaluated when medical action is required.
Similarly, the public must decide on issues concerning benefits and risks of
energy sources. As an example, there is little doubt that coal would be our
unquestioned substitute for oil if there were not the risks of pollution,
hazards of mining, and disadvantages to the environment as risk factors.

As we develop a society in which we have more television sets than
bathtubs, and this year more microwave ovens are sold than conventional
ranges, the questions and problems concerning the safety of nonionizing
radiation naturally proliferate. Concerning the effects of microwave radia-
tion, there is no doubt that, at doses sufficient to create heat in the human
body, definite biological changes occur. But what about the amount of
microwave radiation below the level of creating heat? Are there significant
nonthermal effects? This is a poignant question whose answer and com-
ments will be of great interest.

The Subcommittee on Public Health Aspects of Energy of the Commit-
tee on Public Health of the New York Academy of Medicine is indebted
to its Program Committee on microwaves, and special thanks are extended
to its memebers: Dr. Merril Eisenbud, H. Janet Healer, Dr. John M.
Osepchuk, Dr. Herbert Pollack, Dr. Leonard Solon, and George M.
Wilkening.

Vol. 55, No. 11, December 1979
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SOURCES AND BASIC
CHARACTERISTICS OF
MICROWAVE/RF RADIATION*

JoHN M. OSePCHUK, Ph.D.

Research Division
Raytheon Company
Waltham, Massachusetts

THE late Professor Curtis C. Johnson had considerable insight into what
was required for research on the bioeffects of nonionizing radiation,
particularly in the ‘‘microwave/RF’’ range.! His approach required inter-
disciplinary cooperation and communication. Ten years ago a number of
physicians? asked for help in understanding the physics and engineering
aspects of microwaves, recognizing that their ‘‘physicist colleagues are in
the same position with regard to biology.’’ It is essential to understand
certain physical concepts and terms if a rational view of this subject is to
be developed. It is also important to have some idea of how the physical
quantities are expressed quantitatively, how they are calculated, and some
of the ‘‘benchmarks’’ in both the natural and man-made environments that
give some meaning to quantitative levels of fields or radiation.

The physicians mentioned earlier pointed out that they were familiar
with ultraviolet, infrared, and ionizing radiations, but did not understand
how microwave bioeffects occur. Understanding of all nonionizing radia-
tion is based on the concept of an electromagnetic wave which describes
how electric and magnetic forces or disturbances propagate or travel in
space. The electric forces act on charges whereas the magnetic forces act
on magnetic charges or poles. Everyday experience with static charge and
magnets helps to provide some understanding of these basic electric and
magnetic concepts.

Microwaves are a special type of electromagnetic waves or fields which
in general includes some perhaps more familiar waves such as visible light,
infrared, radio, and household electricity. All these types of energy radiate
as waves as depicted in Figure 1. We show a wave ‘‘propagating’’ in the x

*Presented as part of a Symposium on Health Aspects of Nonionizing Radiation sponsored by the
Subcommittee on Public Health Aspects of Energy of the Committee on Public Health of the New York
Academy of Medicine and held at the Academy April 9 and 10, 1979.

Address for reprint requests: Raytheon Company, Research Division Library, 28 Seyon Street,
Waltham, Mass. 02154.

Bull. N.Y. Acad. Med.
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e N — — Velocity C
|
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Fig. 1. A plane monochromatic electromagnetic wave

direction. One can imagine the whole disturbance moving with unchanged
form much as one sees waves move on the surface of water (radiate or
propagate). The disturbance that is the essence of electromagnetic waves is
analogous to the mechanical forces that make the water move up and down
and is described by quantities called fields. There is an electric field
oriented in a transverse direction such as y. One can picture this as the
quantity that exists between two electrodes with a battery across them.
Thus, the electric field is a quantity expressed in volts per meter (or cm.).
This field has the ability to move charges which exist in all matter in one
form or another. Therefore, we can expect this field to interact with
materials, particularly the dielectric materials (including food) and metals.
One can imagine currents, or charges in motion, within the material
induced by this field. Because the wave is moving or propagating, how-
ever, charges in the material which are essentially at rest, we see not a
steady field or force but one which alternates in direction at a rate called
frequency.

Figure 1 also shows a magnetic field oriented at right angles (perpen-
dicular) to the electric field. This also will cause currents in metals but is
not of basic importance in interacting with dielectrics, which includes
foods. These magnetic fields are more important if the material is ‘‘mag-
netic,”’ e.g., a ferrite. Magnetic fields (H) are described by units of
amps/meter or oersteds. The other form B of magnetic field is measured in
terms of Tesla or gauss.

All electromagnetic waves move with the same velocity in free space,

Vol. 55, No. 11, December 1979
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namely, 3 X 10'° cm./sec. or 186,000 miles/sec. This is difficult to
conceive, but frequency and a quantity called wavelength are more easily
appreciated. The wavelength is simply the distance or period between
neighboring points of similar or the same field—magnitude and
direction—analogous to the distance between peaks of water waves. The
wavelength is expressed in meters or centimeters.

Because the disturbance or wave is moving at a speed of ¢ = 3Xx 1010
cm./sec., the sense of the field experienced at a fixed point varies or
oscillates, repeating itself periodically at a rate equal to the distance the
wave moves in one second (¢ = 3 X 10!° cm.) divided by the distance
between field peaks (i.e., A\)—i.e., the number of positive or negative
peaks that sweep by in one second. This is the frequency f and the
calculation simply is

IA (1)

Material objects, including materials with charges, experience different
results in being shaken at different rates or frequencies. Imagine a swing
being pushed very slowly so that it moves with one, then pushing it in
resonance with its natural motion, and then shaking it in cyclical fashion as
fast as we can, e.g., three to four cycles per second. Clearly, very
different things happen, depending on frequency. In the same way, matter,
with its different chemical and atomic constituents, has a variety of natural
frequencies so that the effects of its interaction with electromagnetic fields
will vary greatly with frequency.

To help to understand the penetrating quality of microwaves in such
materials as biological tissue, consider what happens when an elec-
tromagnetic wave is incident (is directed toward) on an infinite plane
surface of such a material. This situation is shown in Figure 2. In general,
a substantial amount is reflected in optical fashion and an also substantial
amount is transmitted into the substance with a change of direction called
refraction (the same principle involved in the apparent shift of an object’s
position under water when viewed from above the water). The energy
transmitted into the substance, however, is progressively absorbed or
attenuated so that the wave decreases in magnitude as it penetrates into the
material. The rate at which this happens can be described by a penetration
depth D (or skin depth) that is variously defined, but here defined as the

Bull. N.Y. Acad. Med.
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%’ 7~ depth/
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Fig. 2. A plane wave incident on a lossy dielectric material

depth at which the power level of the wave is decreased by 86.5% (1/e2).
This means that 86.5% of the power is absorbed between the surface and
the penetration depth. It also means that at distances into the material
substantially greater (e.g., > 2D) than the penetration depth, the wave is
weak, and negligible heating occurs when it is attempted, as in diathermy.
The degree of reflection and penetration for a particular material de-
pends on its dielectric properties. Two basic characteristics describe the
microwave properties for a particular material at a given frequency. These
are dielectric constant (actually the so-called relative dielectric constant) €
and the so-called loss tangent tan 8. The dielectric constant € tells us a lot

Vol. 55, No. 11, December 1979
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about reflection properties and wavelength in the material. The latter is
reduced from the free-space value A, by the factor Ve, ie.,

Ao
Ve @

For biological materials V' € is large, possibly as high as 9, so that
wavelengths in biological tissue at 2,450 MHz. are small—i.e., if A, =
12.25 cm, A~ 2 cm.

If the wave in Figure 2 is normally incident (i.e., perpendicular to the
material surface), the reflected power relative to the incident power is
approximately given by

A=

(€))

Preff - [1 —\/:jl 2

Pinc

1+Ve

and for biological tissue this can be as high as 60% reflection.
The loss tangent tan & tells what the penetration depth D is for a given
material by the formula

0.225 A,
v 6\/\/1 + tan28 — 1

D=

or for small tan § <<1

0.318 A,

D= __
V € tan 6

®

The larger tan 8, the smaller the penetration depth, and a higher dielectric
constant reduces D.

The energy or power absorbed by the body as the wave attenuates
produces local heating at a rate called the specific absorption rate, and is
given by

SAR = —l-weo € tan 8 E;2 watts/kg. (6)
2p

Bull. N.Y. Acad. Med.
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A PARTIAL LIST OF DIELECTRIC PROPERTIES OF FOODS AND OTHER
MATERIALS AT 2,450 MHz. (AT ROOM TEMPERATURE, 20° C)

Material € tan 8
Distilled water 78 .16
Muscle 50 422
Fat 9 .268
Raw beef 49 .33
Mashed potato 65 34
Cooked ham 45 .56
Peas 63 .25
Ceramic (aluminum) 8—11 .0001—.001
Most plastic 2—45 .001—.02
Some glasses (pyrex) ~4.0 ~.001—.005
Papers 23 .05—.1
Woods 1.2--5 .01—.1

where
SAR
€o
tan &

Ein

is the power transferred to the absorber by the electric field
in the body

is the mass density of the body, in kg./m.?

is the permittivity of free space, in farads/m.

is the relative dielectric constant

is the loss tangent

is the radian frequency given by = 27 f

is the electric field in volts/m. at the point in the body,
with the subscript ‘‘in’’ to emphasize that the field inside
the body is not the same as the field in the incident
radiation. More explanation of E;, is given below.

Examples of various materials and their properties at the common
microwave frequency of 2,450 MHz. are shown in the table. Paper and
plastics are transparent but foods and biological tissue are heavy absorbers.

Now that we
see what kinds

have some basic concepts of electromagnetic waves, let us
of numbers or values these quantities have for the various

types of EM waves with which we are familiar.

This information is depicted in what we call the electromagnetic spec-
trum, which simply is the chart in Figure 3, designating in order different
ranges of frequency (cycles per second or Hertz) and wavelengths (centi-

meters) for the

different already named types of energy. (Note that fre-

quency and wavelength are inversely related through equation (1) and
either quantity by itself specifies the waves under discussion.)

Vol. 55, No. 11, December 1979
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Fig. 3. The electromagnetic spectrum in the region of nonionizing radiation. This region
can be divided into five regions in order of increasing frequency: 1) static, 2) quasistatic, 3)
microwave, 4) quasioptical (nanowave), and 5) optical.
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The table demonstrates that alternating current power, i.e., household
electricity, is at 60 cycles per second or 60 Hz. In this case it is easier to
conceive the frequency of 60 times per second than the enormous
wavelength of 5 X 108 (500 million) cm. or 5,000 km. At the other end of
this part of the spectrum of interest to us is visible light. (This part is
called nonionizing radiation.) At this end, optical frequencies of 10!%
Hz. are difficult to conceive while the wavelength is a bit easier to
appreciate, e.g., 1/100,000 of a centimeter or about 1/1,000 the diameter
of a human hair.

In between visible light, for which we all have a feeling of straight line
propagation of rays or waves, and household electricity which gives us a
feeling for volts, amperes, and watts, lie microwaves with some relation to
both ends of the spectrum, i.e., both the E and H fields and such radiation
terms as power flux density (mW/cm.2) are important in describing micro-
wave effects.

In the microwave frequency range, optical effects such as those of
visible light or infrared, well-known heating waves, are still of some
significance. But it also requires some use of such low frequency concepts
as voltage, field, and current which describe radio waves. Television
broadcasting is located within the microwave range as we define it.
Microwave oven frequencies are at 915 MHz. and 2,450 MHz., two of
the so-called ISM bands (industrial, scientific, and medical).

The definition of the microwave portion of the electromagnetic spectrum
is somewhat arbitrary but can be based on the property of maximum
coupling of electromagnetic energy to macroscopic objects of common use
‘and interest to man. On this basis one can defend 10 MHz. (30 m.
wavelength) to 100 GHz. (3 mm. wavelength) as the microwave range. It
is expected that the heating, cooking, and biological effects of nonionizing
radiation depend on the penetrating power of the radiation, and the latter is
expected to peak in the microwave region as shown in Figure 4, which is a
rough calculation of the field in the center of a man when exposed to
radiation of a given frequency.

At low frequencies the radiation or field is shunted out (or reflected) by
the conducting nature of the body. (The dielectric constant also becomes
very large at low frequencies.) At high frequencies the energy is absorbed
in a small skin depth as given by equations (4) and (5). Thus, internal field
is large only in a finite range, which we can call microwave. This depends
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Fig. 4. Dependence on frequency of penetration capability of nonionizing radiation in man
(15 cm. minimum dimension). Ordinate is ratio of electric field in center of body to
incident (external) electric field.

on animal size, and is located at 100 MHz. for man and at 3 GHz. for a
mouse.

PoweR DENSITY AND RADIATION FIELDS

The term radiation, when applied to any nonionizing radiation, applies
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only in the far-field of some radiating source where there is a radiating
plane-wave (Figure 1) with certain unambiguous relations between E and
H fields and power flux or power density. In this case the power density is
related to E field by

E? (V/m.)
po(W/m.2) =
120 6)
or
E%(V/m.)
Po(mW/cm.2) =
4,000 @)

The H field is also given by

E(V/m.)
H (A/m.) =
120 7 ®)
and the B field is given by
E(V/m.)
B(gauss) =
30,000 )

At high frequencies, above microwaves, both the field concepts and
power flux have value and an interrelation as given above. At low fre-
quencies, however (below microwaves), it is quite possible to have either
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E or H fields without the other and without significant radiation. In such
fields, which we call quasistatic, no definite relation exists between the E
and H fields at any given point.

RELATION OF RADIATED POWER TO POWER FLUX

It is useful to review the relation between radiated power in watts to
radiation density in mW/cm.? to gain some perspective on how much
power is required to produce a given power density over some area at some
distance.

Consider the various radiating sources or antennas depicted in Figure 5.
The isotropic source (d) radiates in all directions, and the power density
therefore varies as the inverse square of the distance from the source, the
inverse square law. In mixed units one can write

P = 11.67 R2p, (10)

where P.,q is the radiated power in watts, R is the distance to source in
feet, and p, is the power flux at distance R from the source, in milliwatts/
square centimeter (mW/cm.?).

If the small source is constrained to radiate into the half-space as in (c),
then only half the power is required for the same p, at R as in equation
(11),1i.e.,

Proa = 5.84 R2p, (11)

for case (c). In antenna terms one has achieved an antenna gain of 2 or 3
dB where Gain = Effective Radiated Power/Actual Power—the effective
radiated power (ERP) being that power that when radiated isotropically
yields per (10) the same power density at R as is the actual case.

The case (c) corresponds roughly to microwave oven or any other
localized microwave leakage. The rapid decrease of power density is
depicted in Figure 6 for various radiated powers. At a distance of a few
feet, powers over 100 W are required to produce power fluxes of ~ 1
mW/cm.2.
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Returning to Figure 5, we see that in (b) a small aperture antenna is
constrained to be somewhat directive, although the energy quickly spreads
after a short distance, i.e., a case of low gain where the antenna dimen-
sions D ~A.

Finally, if a large aperture antenna (Figure 5 a) is used where D >>A,
then high gain is achieved so that the beam is constrained to radiate into a
small solid angle. The radiation still follows an inverse square law beyond
the boundary of near and far fields given arbitrarily by L ~D?/2\. In the
general case, the power density at distance R is

_ GPna _ (ERP)
11.67 R? 11.67 R? (12)
where G is the antenna gain and G can be written as
4T A,
T = a3)

where A, is the effective aperture of an antenna. This aperture is approxi-
mately the physical aperture of a large paraboloid reflector, for example.

High values of gain typically vary from 100 (20 dB) to 1,000 (30
dB)—the former is more typical for television antenna arrays which radiate
an annular beam (vertical gain only) and the latter is typical for higher
microwave frequency radars which radiate a spot beam with both vertical
and horizontal gain. Although almost all the power is radiated in the
desired direction, .a negligible though possibly significant percentage is
radiated in undesired directions. Thus, a high gain radar may produce
power densities 1,000 times smaller than the main beam in directions up to
60° off the main beam, i.e., sidelobes. Sidelobe levels may decrease to as
low as 1/100,000th of main-beam power density in the direction opposite
to the main beam.

Whatever the gain for a given amount of power, a given power density
can be produced only over a finite area as depicted by the simple plot in
Figure 7. For example, a power density of 1 mW/cm.?, when existing only
in a very narrow area such as 0.01 square feet near a leakage source,
represents only about 0.01 W radiated. But if this power density is assumed
to exist over a beam area of 10,000 square feet, then clearly at least about
10 kw. must be radiated. Significant heating levels over an area of the
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human
Larger

body (about 10 square feet) require powers of hundreds of watts.
powers can produce such heating densities over proportionately

larger areas or concentrate more intense heating into the area of a man.
With reference to Figure 5, it seems obvious that radiated power can be
concentrated into an area such as the human body (10 ft.2) at some
distance only if the frequency is high so that D2 ~ 10 ft.2 and D >>\.
This occurs above 3 GHz., i.e., the higher microwave frequencies, and is
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one reason why early investigators saw more potential hazard in micro-
waves than lower frequencies which could not be so focused or directed.
MICROWAVE POWER GENERATORS

The present state of the art in generation of microwave power is shown
in Figure 8. Gridded tubes—bigger glass and ceramic envelopes but
similar in appearance to receiving tubes—generate high powers up to
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1 MW at UHF frequencies and below. Lower powers are now generated
with solid-state devices efficiently below UHF frequencies. Above UHF,
efficient power generation is possible with a variety of ‘‘microwave’’ tubes
up to 1 MW and 10 GHz. Both gridded tubes and microwave tubes>
follow a high-frequency power limit which varies as f~°. In recent years
Soviet tube scientists have demonstrated* a breakthrough in generation of
power at millimeter-wave frequencies as denoted by the crosses in Figure
8. These data are achieved with cyclotron-resonance tubes (gyrotrons) and
are the basis for predicting future activity and serious applications of
frequencies between 30 and 300 GHz.—the millimeter-wave band which
has been slow in developing.

One thing to be considered when working near microwave tubes is the
possibility of incidental x-ray generation because many tubes, e.g., radar
transmitters, operate at peak voltages up to 100 kv. Even at tube voltages
below 30 kv., significant x-radiation is possible because of the complicated
interactions.

An x-ray tube consists of a source of electrons, a cathode, and a rotating
anode which, when bombarded by high-voltage electrons, is the source of
x rays. These same elements exist to some extent in any microwave tube
except that the more massive tube bodies and perhaps additional shielding
reduce the x ray level.

An example of a high-voltage tube, a traveling-wave tube for a high-
power phased-array radar, operates at peak voltages ~ 50 kv. or more.

The variety of microwave tubes in a modern military aircraft includes
magnetrons for radar transmitters, low-power reflex Klystrons for re-
ceivers, backward-wave oscillators for ECM (jamming) and cathode-ray
tube for radar display. The latter tube, though not a microwave tube, is
similar to that used in every television set. In recent years the cathode-ray
tube in video-data terminals has been widely rumored to be a source of
significant nonionizing radiation, though no such radiation is generated.

APPLICATIONS OF MICROWAVE/RF POWER

The classical application of microwave/RF power is for broadcasting
where actual powers of tens of kilowatts and ERPs up to megawatts are
radiated and directed toward the homes in the radius of up to 50 miles from
the antenna. A typical broadcast-antenna complex on a high tower includes
the radiating antennas for a number of VHF and UHF TV stations as well
as a few FM stations. The antennas are typically hundreds of feet above
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the ground, but they direct their radiation toward the horizon and have
enough power for efficient broadcasting—a vertical antenna gain of 20 dB
is typical.’

A typical wire-rig amateur radio antenna may radiate hundreds of watts
at hf or VHF.

Thousands of microwave-relay towers employ a radiating source of
about a watt at frequencies of a few GHz. Because the towers are typically
about 80 to 100 feet high and the application per se involves highly
directed beams, the radiation levels on the ground are many orders of
magnitude below 1 mW/cm.?2 and are biologically negligible.

A classical airport radar application may operate at about 3 GHz. and use
magnetrons of up to a megawatt peak power and a kilowatt average power.
Antenna gains of ~ 30 dB are typical of such radars. More modern
long-range radars for special military application are typified by the
phased-array radar operating at L-band with average power in the tens of
kilowatts. Because radars are directed typically above the horizon, they
produce less power density on the ground at average distances of miles
from the antennas than do broadcast transmitters.

The area of power applications affords many new and still emerging
examples. The most dramatic is that of the consumer microwave oven
operating at 2,450 MHz. and ~ 300 to 700 W. Several million ovens are
manufactured each year. The oven employs a magnetron as a source but,
because its operating voltage is below 4 kv., there is no measurable
x-radiation. A very successful industrial heating application is that of
tempering of meat. Today meat products worth billions of dollars are
efficiently processed with the aid of equipment that utilizes 50 kw. at 915
MHz. The largest industrial application so far is foundry core drying for
the auto industry such as the 150 kw. unit (915 MHz.) installed in a
Pontiac foundry. Despite the high powers in such applications, leakage
levels are well below microwave oven regulatory limits, i.e., 5 mW/cm.2
at 5 cm. from external surfaces. Special precautions are taken to prevent
tampering with input and output ports in conveyor systems.

In addition to these there are medical heating applications—diathermy at
27 MHz. and 2,450 MHz. at power up to 100 w. Experimental medical
heating is under study for possible use in cancer therapy, i.e., hyperther-
mia.

Finally, the blue sky possibility of microwave power transmission is
under investigation, and tens of kilowatts at 2,450 MHz. have been suc-
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cessfully transmitted several miles to a rectenna receiver array. It is
conceivable that in the future power applications will grow but that com-
munication by radiation may be supplemented by such alternative modes of
transmission as fiber optics.

MEANS OF REDUCING EXPOSURE TO MICROWAVE/RF

Microwave/RF radiation essentially does not penetrate even the thinnest
sheets of metal, e.g., household aluminum foil. Perforated sheets of metal
or even wire fences can be effective (e.g., 40 to 50 dB reduction in
transmission shields for the right frequency ranges). Techniques of screen-
ing and door seals are described in the literature.®7

RELATION OF EMISSION TO EXPOSURE

The emission power density at 5 cm. from a leakage point decreases
roughly as the inverse square law to produce much lower whole body
exposure values. The distinction is important in cases of leakage as in
microwave ovens. Studies show that typical exposure near microwave
ovens will be limited as depicted in Figure 9. Thus, while the maximum
leakage emission is 5 mW/cm.2?, maximum exposures are calculated to be
well below exposure standards of Eastern Europe. Exposure standards are
functions of exposure duration. Thus, charts such as Figure 9 are useful in
comparing exposure history and exposure standards.

POTENTIALLY HAZARDOUS INTERFERENCE

It has been known for years that whereas biologically significant average
power densities are believed to be ~ 1 mW/cm.? and higher, much lower
radiation levels could interfere with electronic equipment because of the
nonlinear detection of such radiation by modern semiconductor compo-
nents. Older unshielded cardiac pacemakers potentially were susceptible
down to levels of ~ 1 uW/cm.2 under worst-case conditions, i.e., a
radiation frequency of ~ 500 MHz. and a pulse modulation which
mimicked that of the heart electrical pulses. In recent years, however,
newly developed pacemakers almost universally are not susceptible,® even
at radiation levels close to those specified in exposure standards.
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COMPARISON OF MAN-MADE AND NATURAL LEVELS OF NONIONIZING
RADIATION

In Figure 10 a map of intensity benchmarks is presented listing various
levels of natural radiation. These are expressed in power density at the
high end of the nonionizing radiation spectrum. At the low end of the
spectrum, levels are expressed as E and B fields. The scale of fields is
calibrated to agree with far-field relations with radiation power density.
Thus, the E and B field scales on the left are the field levels associated
with power density on the right. On the other hand, at low frequencies
either or both E and B fields could exist without any meaningful power
flux, i.e., quasistatic'ﬁelds. It is clear that man-made as well as natural
radiation- levels are quite high at both ends of the spectrum and low in the
microwave range in the center.

The challenge to the research community is not only to discover signifi-
cant biological hazards peculiar to the microwave range but also to dis-
cover beneficial applications, particularly for medical purposes, e.g.,
hyperthermia for cancer therapy. As the subject is explored, it is above all
important to keep a rational perspective. Despite the uniquely man-made
characteristics of microwave radiation, there is little evidence of serious
harm to humans from exposures encountered during the last 30 years. One
can, a priori, hope to find as many benefits as hazards not yet detected.

SUMMARY

An adequate understanding of the health aspects of nonionizing radiation
requires contributions from a variety of disciplines. I have reviewed the
basic electrical concepts and terms used to describe the physical aspects of
such radiation. The various portions of the spectrum, including micro-
waves, are defined and special interest is given to the ‘‘microwave region’’
because of its penetrating quality in man and animals. The various devices
and systems involved in various microwave/RF systems are reviewed with
emphasis on physical aspects and unique power and frequency characteris-
tics. The basic radiation pattern in such systems is reviewed with an
attempt to provide some gauge of likely exposure levels for a given power,
frequency, and antenna type. The meaning of emission and exposure levels
are distinguished as well as the relevance of the susceptibility of medical
electronics to potentially hazardous interference. A foundation is laid to
understand more detailed data on dosimetry and survey data and how
animal experiments relate to man.
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DOSIMETRY—THE ABSORPTION
PROPERTIES OF MAN AND
EXPERIMENTAL ANIMALS*
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HE expanding usage of electromagnetic radiation has necessitated an
Tunderstanding of its interaction with humans. Such knowledge is vital
to evaluate and establish radiation safety standards, to determine definitive
hazard levels, and to understand several of the interaction effects reported
in the literature.! The need for research in this area is clearly exemplified
by the widely disparate safety levels that are used worldwide at the present
time. In the United States the safety level is 10 mW/cm.? for long-term
human exposure at any frequency and regardless of physical environment,
whereas the recommended maximum safe power density in Eastern Europe
and the U.S.S.R. is 1,000 times less at a level of 0.01 mW/cm.? Several
countries, including Canada? and Sweden,? are in the process of revising
their safety standards downward from previously accepted levels of 10
mW/cm.?

Biological studies of the effects of electromagnetic radiation have used
laboratory animals such as rats, rabbits, etc. for the study of behavioral
and biochemical changes. For these experiments to have any projected
meanings for humans, it is necessary to be able to quantify the whole-body
power absorption and its distribution for the various irradiation conditions.
It is further necessary that dosimetric information be known for humans
subjected to irradiation at different frequencies and under realistic exposure
conditions.

Unlike ionizing radiation, where the absorption cross-section of a
biological target is directly related to its geometric cross section, whole-
body electromagnetic energy absorption has been shown*!? to depend
strongly on polarization (orientation of electric field E of the incident

*Presented as part of a Symposium on Health Aspects of Nonionizing Radiation sponsored by the
Subcommittee on Public Health Aspects of Energy of the Committee on Public Health of the New
York Academy of Medicine and held at the Academy April 9 and 10, 1979.

Address for reprint requests: Ms. Marian Swenson, Department of Electrical Engineering, Univer-
sity of Utah, Salt Lake City, Utah 84112.
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waves), frequency, and such physical environments as a conducting ground
and other reflecting surfaces. That a prescribed field strength of, say, 10
mW/cm.? does not tell the whole story is best illustrated by examples from
Schrot and Hawkins’ work!3 on times to death of rats and mice at several
frequencies and for different polarizations of incident waves. For a free-
space irradiation power density of 150 mW/cm.? at 985 MHz, mice
oriented along the electric field (E-orientation) had convulsions after an
average time of nine minutes, while similar animals oriented along the
microwave magnetic field (H-orientation) lived through an experimental
observation time of 60 minutes without significant stress. Identical power
densities at several frequencies result in substantially different times to
convulsion. For mice irradiated with an incident power density of 150
mW/cm.? in the E-orientation, mean times to convulsion of 3,260 and 160
seconds were observed for 710 and 1,700 MHz., respectively.

We shall review the highlights of current knowledge of elecromagnetic
absorption by man and animals. Most of the work to date has concentrated
on the mathematically and experimentally simpler plane wave, far-field
irradiation conditions, but recent research has also included such condi-
tions as the presence of ground reflecting surfaces of high conductivity and
groups of animals.

TECHNIQUES

Carefully proportioned, reduced scale models of man have been used to
determine the mass-normalized rates of electromagnetic energy absorption
(specific absorption rates or SARs) at different frequencies and for differ-
ent conditions of irradiation.®

The highlights of the above results have been checked by experimenta-
tion with small laboratory animals®!? from 25 gram mice to 2,245 gram
rabbits. The SARs are determined by measuring the colonic temperature
elevation of anesthetized animals or by calorimetric determination of the
absorbed dose by freshly killed animals.

Prolate spheroidal®®!* and ellipsoidal'®> models have been used for
theoretical calculations for man and animals at frequencies up to and
slightly beyond the resonant region. For very high frequencies, a geomet-
rical optics method has been developed to estimate power absorption in
prolate spheroidal'® and cylindrical models!” of man. It is shown that the
dependence of whole-body-averaged SAR on both frequency and polariza-
tion of the incident fields may be estimated using prolate spheroidal or
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ellipsoidal models, but the distribution of energy deposition through the
body cannot be determined from such crude models.

Moment-method solutions for an improved model of man!® have given
good correlation with experimental data (see Figure 4). These calculations
have also led to the identification of the frequency regions for peak
absorption (resonance) in arms and the head.

The effects of layering on energy deposition have recently been studied
for a multilayered'® model of man. The layering information required for
the multilayered model was obtained from published anatomic cross-
sections.!%2¢ Specific tissue thicknesses were used for 79 horizontal cross-
sections of man and a layering resonance (interpreted as due to impedance
matching provided by the thicknesses of the outer layers) calculated for
each of the individual cross sections based on a planar model. These
calculations demonstrate a broad layering resonance frequency of 1,800
MHz. for an adult human being.

STATE OF THE KNOWLEDGE FOR ELECTROMAGNETIC ABSORBED DOSE IN
MAN AND ANIMALS

Free-space irradiation condition. The condition studied most
extensively*1%1418 js that of free-space irradiation of single animals.
Whole-body absorption of electromagnetic waves by biological bodies is
strongly dependent*® on the orientation of the electric field (E) relative to
the longest dimension (L) of the body The highest rate*$® of energy
deposition occurs for E| | L (E-orientation) for frequencies such that the
major length is approximatly 0.36 to 0.4 times the free-space wave-length
(M) of radiation. Peaks of whole-body absorption for the other two config-
urations (major length oriented along the direction (k) of propagation, k| |
L or k-orientation, or along the vector H of the magnetic field, H|| Lor
H-orientation) have also been reported*® for A/2 on the order of the
weighted averaged circumference of the animals.

For each of the orientations of the major length along the E-, k-, and
H-, respectively, two distinct exposure conditions are possible. These are:

For E-orientation (E| | L):

1) Power propagating from front to back
2) Power propagating from arm to arm
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For k-orientation (k| | L, power propagating from head to toe:
3) E from front to back
4) E from arm to arm
For H-orientation (H| | L:
5) E from front to back
6) E from arm to arm

A 5 to 15% larger whole-body absorption is found for cases 2 and 6 for
E- and H-orientations, respectively. The greatest difference in absorption’
is found for k-orientation where a 50% increase in the overall absorption is
measured for electric field from arm to arm as compared to the case where
the electric field is from front to back of the body. These observations
have since been confirmed by below-resonance calculations!S based on an
ellipsoidal model of man.

Curves for whole-body absorption (fitted to the experimental data) for
models of man exposed to radiation in free space are given® in Figure 1.
For each of the indicated orientations, the above configurations resulting in
an optimum power deposition were used.

For the most absorbing E-orientation, the whole-body absorption curve
A may be discussed in terms of five frequency regions:

Region I—Frequencies well below resonance (L, < 0.1-0.2). An f2
type dependence derived theoretically and checked experimentally by Dur-
ney and coworkers.?2!

Region II—Subresonant region (0.2 < L/, < 0.36). An f*7 to 3
dependence of total power deposition has been experimentally observed for
this region.

Region III—Resonant region (L/, ~ 0.36-0.4). A relative absorption
cross section,’ defined by electromagnetic absorption cross section/ physi-
cal cross section, S;e on the order of 0.665 L/2b (derivable also from
antenna theory) has been measured in this region, where L is the major
length of the body and 27b is its weighted averaged circumference. For an
adult human being, S5 of 4.2 corresponds to SAR. L./1.75 ~ 2.16
W/kg. for an incident power density of 10 mW/cm.2 For a man of 1.75 m.
height, the resonance frequency is on the order of 62-68 MHz.

Region IV—Supraresonant region to frequencies on the order of 1.6 Sres
times the resonance frequency f, (for human beings, this covers the region
f. < f < 7 f). A whole-body absorption reducing as (f/f;)~! from the
resonance value has been observed.

Bull. N.Y. Acad. Med.
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Fig. 1. Whole-body-averaged SAR for models of human beings for incident fields of 1
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Fig. 2. Whole-body-averaged SAR for a saline-filled model of man for jrradiation in the
free field. The data points are for angles intermediate to E| |L and k| | L orientations.

Region V—f >> f, region. The S parameter should asymptotically
approach the ‘‘optical’’ value, which is (1—power reflection coefficient)
or about 0.5.

In comparing the absorptions for various orientations (Figure 1), the
following points are noteworthy:

1) For frequencies (4-5)f, < f < (8-9)f,, there is little distinction
between the total power absorbed for the various polarizations. For human
beings, this corresponds to (frequency in MHz.) X (height in meters/
1.75), to a range of frequencies between 250 and 570 MHz.

2) The resonances for k- and H-orientations are not very sharp. In fact,
for H-orientation, the value gradually reaches a peak value and stays at
that value for higher frequencies.

Intermediate angles of body orientation. Body orientations intermediate
to E and H vectors have previously'# been considered analytically. It has

Bull. N.Y. Acad. Med.
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Free space irradiation

L/x = 0.417

0.491 0.456
5.087
0.689 \1 0.348
0.558
7.974 | 0.539
——1.425
1.620
1.333 ]
3.221 3.292
8.230 A 9.664
5.471 4.996
4.768 4.096

Fig. 3. Distribution of power deposition for a human under free-space irradiation. The
numbers indicated are relative to whole-body-averaged SAR of (1.75/L,,) * 1.88 W/kg. for
10 mW/cm. ? incident fields.
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Block model (Ref. 10)
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Fig. 4. Whole-body-avera%ed SAR for a model of man exposed to a broadside incident
plane wave for E-orientation. (Incident power density = 1 mW/cm.?)

been shown that the SAR for major axis L making an angle 0 relative to E
in the (E, A) plane is given by [(SAR)g |t cos? + (SAR)y||L sin2 6].
Experiments were performed to measure the SARs for different body
orientations in the (E, k) plane. This case has to date been difficult to
handle analytically. Measurements were performed at 2,450 MHz. (L/, =
1.66) with a 20.3 cm. saline-filled doll at different angles of orientation
relative to E. The whole-body SARs calculated for full-scale man are
plotted in Figure 2. The SAR varies smoothly from E-orientation to
k-orientation values as the body orientation is altered between the two
extreme positions in this plane. Measurements at 987 MHz. (L/, = 0.67)
demonstrate a similar situation and these values are also plotted in Figure
2. Unlike the situation for L/, = 1.66, however, the E-orientation SAR
for L/, = 0.67 is higher than that for k-orientation (see Figure 1).
Distribution of power deposition under resonance conditions. The mea-
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TasLe I. EMPIRICAL EQUATIONS FOR WHOLE-BODY-AVERAGED SAR FOR
MAN MODELS FOR CONDITIONS OF FREE-SPACE IRRADIATION

E| | L polarization
Resonant frequency f, = 11,400/L., MHz. )
For subresonant region—0.5 f, < f <f;:

SAR in mW/g. for ] mW/cm.? 0.52 L%, (f ) 2.75 @

incident plane wave field i
r

mass in g.

For supraresonant region—f, < f < 1.6 S, f;:

SAR in mW/g. for 1 mW/cm.? 5,950 Lem.

incident plane wave field = - 3)
fmbz. mass in g.

where L3, is the long dimension of the body in centimeters, and

Lin %
= - @
Sres 0.48 ( mass in g.)

sured pattern of energy deposition for conditions of highest absorption is
shown in Figure 3. For free-space irradiation, SARs considerably higher
than the whole-body average are observed for the neck, legs, and front
elbow region, with the lower torso receiving SARs comparable to the
average value and the upper torso receiving SARs lower than the average
value. The deposition rates at the hot spots may be 5 to 10 times the
whole-body-averaged SAR.

Comparison with theoretical calculations. Comparison in Figure 4 of
the various models of man shows a fairly good correlation of the exper-
imental and theoretical values, giving thereby a basis for confidence in the
whole-body absorbed dose for the highest absorbing E-orientation. A
major contribution of the numerical calculations with the block model of
man (curve A) is to reveal a fine structure to whole-body absorption in the
supraresonance region. Minor peaks in this region at 150 MHz. and at 350
MHz. are ascribed to maxima of energy deposition in such various body
parts!? as the arm and the head.

The calculations for a multilayered model'® of man show that layering
may only be neglected at frequencies below 500 MHz. where a homoge-

Vol. 55, No. 11, December 1979



"P3N "PeIY "A'N “ling

Average specific absorption rate (W/kg)

10~

In free space

----- For feet touching ground,
E-orientation

e ¢« ¢ From experimental data with
grounded saline-filled
figurines

10

T T T 1 T T 1 152 T T T T T T L

Frequency (MHz)

Fig. 5. Whole-body SAR for homogeneous model of man. Incident power density of 1
mW/cm.2, E-orientation; k ventral to dorsal for numerical calculations and from arm to arm

for experiments with saline-filled figurines.

8001

[HANVD d 'O



ABSORPTION PROPERTIES 1009

neous model is appropriate, or above 10 GHz. where absorption is gener-
ally restricted to the skin. Also shown in curve C is a broad layering-
caused peak in whole-body absorption at a frequency of 1,800 MHz.,
where a deposition 34% larger than that for the homogeneous model (curve
B) is obtained.

The empirical equations for SAR for E-orientation. The supraresonant
frequency dependence and the observed 1/f dependence in the suprareson-
ant region have been used to develop the empirical equations® in Table I
for whole-body-averaged SAR for man models for E-orientation. Because
human subjects cannot be used for experimentation, the empirical equa-
tions of Table I have been checked by experiments with six animal
species!? and found fairly accurate. For reasons not yet understood, mea-
sured SAR values for experimental animals are approximately 59% higher
than those given by equations 2 and 3, derived from experiments with
model figurines.

ELECTROMAGNETIC ABSORPTION FOR MAN AND ANIMALS IN THE
PRESENCE OF NEARBY GROUND AND REFLECTING SURFACES

Ground effects. Only highly conducting (metallic sheet) ground of
infinite extent has been considered to date. All measurements and calcula-
tions of grounding effects have assumed that a man is standing on or above
such a ground. Figure 5 shows the calculated!! values of SAR for the
block model of man with feet in conductive contact with ground and
compares this to values calculated for free-space irradiation. Also shown in
the same figure are values measured”® with saline-filled figurines exposed
to irradiation in the E-orientation at different frequencies in the
monopole-above-ground® radiation chamber. This chamber, which uses a
radiator that is a quarter-wave monopole above ground, provides in con-
junction with figurines a proper simulation of grounding effects on energy
absorption. Even though the peak SARs of calculated data and measured
values agree, the resonant frequencies for the two models differ. The
calculated resonant frequency of man in conductive contact with ground is
47 MHz. as compared to 77 MHz. for man in free space. The correspond-
ing frequencies obtained from saline-filled figurines are 34.5 and 68
MHz., respectively. The reason for this discrepancy is not clear.

Using brological phantom-filled figurines, the pattern of energy deposi-
tion is measured for grounded resonance condition and is shown in Figure
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L/x = 0.203

0.38
0.198 0.147
0.438

0.351
0.558

0.287
1.435
2.35
4.04
7.64

~

k

Fig. 6. Distribution of power deposition for a human being with feet in electrical contact
with the ground. The numbers are relative to whole-body-averaged SAR values of (1.75/
Ln) © 4.0 Wkg. for 10 mW/cm.?
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6. The highest SARs in this case are observed for the ankles and the legs.
As in the case of free-space irradiation, the deposition rates at the hot spots
are, once again, a factor of 5 to 10 times larger than the whole-body-
averaged SAR under these conditions.

The nature of the ground effects on SAR (for E-orientation) is such that
even a small separation!’?* from ground (to break conductive contact) is
sufficient to eliminate much of the ground effect. For separations from
ground of more than three to four inches, the total energy deposition and
its distribution are identical to those for free-space irradiation conditions.
Even for a man model in conductive contact with a perfect ground, the
energy deposition in the supraresonance region (f > 2-3 f,) is comparable!!
to that for conditions of free-space irradiation.

Reflector effects. Here, too, only highly conducting reflecting surfa-
ces®!! have been considered thus far and most of the work has concen-
trated on frequencies close to the resonance region and for E-orientation.
Highly enhanced SARs by factors as large as five and 27, respectively,
have been measured using saline-filled figurines in the presence of flat and
90° corner-type reflectors of aluminum of plate dimensions no bigger than
a few wavelengths. For resonant targets, the measured enhancements (over
free-space values) of electromagnetic absorption in human models conform
to the gains®*?® of a half-wave dipole antenna in the presence of such
reflectors. Indeed, for incident plane waves for E-orientation, most of the
observed results are as though the irradiated target acted as a pick-up
half-wave dipole in the presence of reflecting surfaces. The times-to-
convulsion of ~100 gram rats at incident power densities of 3 to 20
mW/cm.? confirm the highlights of these results. Some of the results are
illustrated in Figure 7.

Head resonance. As mentioned above, we have identified a frequency
region for the highest rate of energy deposition in the head. The head
resonance'??¢ occurs at frequencies such that the head diameter is approx-
imately one quarter of the free-space wavelength. For the intact adult
human head, the resonance frequency is estimated to be of the order of
350-400 MHz. At head resonance the absorption cross section is approxi-
mately three times the physical cross section with a volume-averaged SAR
about 3.3 times the whole-body-averaged SAR. Both values greatly ex-
ceed numbers reported earlier for spherical models of the isolated human
head.?”?8 For reasons not as yet understood, the head resonance is ob-
served for E- and k-orientations but not for H-orientation.
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Fig. 7. Times to convulsion (+SD) of 100 g. rats at the resonance frequency of 987 MHz.

for two distances of the animal from the corner of the reflector. (The dashed line and the

data for d = 3 A/2 were obtained with a corner reflector of dimensions 3.5 A X 2.0 A.)

Reproduced by permission from Gandhi, O.P. et al.: Deposition of electro-magnetic

energy in animals and in models of man with and without grounding and reflector effects.
Radio Sci. 12:39-47, 1977 (copyrighted by American Geophysical Union).

Numerical calculations?® using 144 cubical cells of various sizes to fit
the shape of the human head (340 cells for the whole body) give local
SARs at “‘hot spots’’ (above the palate and the upper part of the nape of
the neck) that are about five times the average values for the head.
Enhanced absorption in the head region at head-resonant frequencies may
be important in studies of the behavioral effects, blood-brain barrier per-
meability, cataractogenesis, etc., and needs to be examined at length.

Multianimal effects. It has been shown that for resonant biological
bodies close to one another, antenna theory may be used to predict the
modification in SAR relative to free-space values. For two resonant targets
separated by 0.65 to 0.7 A, the highest SAR, 150% of free-space value,
can result for man and animals for E-orientation for frontally (broadside)
incident plane waves. For three animals in a row with an interanimal
spacing of 0.65 \, the central animal SAR would be roughly two times,
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while the two end animals will receive an SAR that is approximately 1.5
times that for an isolated animal.

Full implications of the multibody effects on SAR are not completely
understood, even though block model calculations and pilot experimental
data!? with anesthetized rats at 2,450 MHz. demonstrate that similar
enhancements may also occur for subresonance and supraresonance re-
gions.

RELATIVE DOSES OF ELECTROMAGNETIC ABSORPTION AT DIFFERENT
FREQUENCIES

To demonstrate the great disparity of electromagnetic absorption at
different frequencies for a given animal size, equivalent power levels for a
given time-to-convulsion were measured for 100 g. rats placed 3 A/2 in
front of a 90° corner reflector at 987 and 2,450 MHz. Another objective of
these experiments was to see if whole-body integrated dose rather than its
distribution was the important parameter in determining the time to con-
vulsion.

Substantially different distributions’ have previously been reported for
the two frequencies with models of man, and a similar situation is expected
for 100 g. rats. Because of the 1/f reduction in the absorbed energy for the
supraresonant region, a free-space whole-body deposition rate of 2.45/
0.987 or 2.48 times is expected at 987 MHz. compared to that at 2,450
MHz. Further, a reflector-caused enhancement in the SAR is considerably
larger for near-resonance size targets than supraresonant conditions. A
ratio of 27.5/9.3 or 2.96 is expected® on this account for the
reflector-caused enhancements in the SARs between 987 and 2,450 MHz.
(L/N ~ 0.42 and 1.04 at the respective frequencies). A total SAR of
1/(2.48 x 2.96) = 1/7.34 times the value at 987 MHz. is therefore
projected for i_rradiation of 100 g. animals at 2,450 MHz.

If the hypothesis, that whole-body integrated dose is the all-important
parameter, is true, comparable times to convulsion should be observed for
5 mW/cm.? at 987 MHz. (Figure 7) and for 36.7 mW/cm.2 incident fields
at 2,450 MHz. The selection of 5 mW/cm.? for d = 3 A/2, 987 MHz.
avoids the asymptotic regions and is on the knee of the time-to-convulsion
curve (Figure 7).

The average times to convulsion for 100 g.* rats at 2,450 MHz. for

*Somewhat lighter animals with weights of 81.1 + 5.6 were used for these experiments. For the
experiments of Figure 7, ford = 3 A/2, the animal weights® were 104 + 8.3 g.
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Fig. 8. Mean times to convulsion of 100 g. rats at 2,450 MHz. for a distance d = 3 A/2
from a 90° corner of reflecting plates.

three incident power levels are plotted in Figure 8. Time-to-convulsion of
365 seconds comparable to 5 mW/cm.? incident fields at 987 MHz. is
observed for 33.2 rather than 36.7 mW/cm.2 projected from measurements
with saline-filled man models of comparable L/\. Thus, there is a depar-
ture of only about 10% between the projected and observed values. Indeed,
the difference may have been even smaller if heavier animals comparable
in weight to those for Figure 7 had been used because higher SARs result
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Fig. 9. Whole-body-averaged SAR for an adult human, 10-year-old child, one-year-old child,
and a human infant. Power density = 1 mW/cm.? The results of various researchers are
used for cross comparison. The outer envelope gives the maximum SAR for any of the
human sizes at a given frequency. Legend for curves (left to right): 1. Experimental results
scaled from saline-filled figurines under grounded conditions—adult human (from Figure
5). 2. (solid curve) Numerical calculations with a block model of man—conductive contact
with ground (from Figure 5). 3. (chain-dot) Empirical—adult human in conductive contact
with ground (Ref. 22). 4. (chain-dash) Scaling of curve 2 for 10-year-old child (grounded
contact). 5. (chain-dot) Empirical—adult human 3 cm from ground plane (Ref. 22). 6.
(dot) Empirical equation (from Table I)—adult human in free space. 7. (solid) Numerical
calculations for a block model of man in free space with figurine experimental data shown
by open squares and phantom experimental data shown by open triangles (Refs. 9, 10). 8.
(dash) Prolate spheroidal model of man in free space (Ref. 22). 9. (dot) Empirical equation
(from Table I)—10-year-old child. 10 (chain-dash) Scaling of curve 2 for one-year-old
child (grounded contact). 11. (dash) Prolate spheroidal model of 10-year-old child (Ref.
22). 12. (dash) Prolate spheroidal model of a one-year-old child (Ref. 22). 13. (dot)
Empirical equation (from Table I)—one-year-old child. 14. (dash) Prolate spheroidal model
of a human infant (Ref. 22). 15. (dot) Empirical equation (from Table I)—human infant.

for smaller animals, and this may have contributed to somewhat lower
values of field intensities needed at 2,450 MHz. for comparable times to
convulsion.

These experiments demonstrate that because of a rapid hemodynamic
dispersion of heat, the whole-body integrated dose and dose rates are
important indices in the study of living animals.
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TasLE II. METABOLIC RATES IN W/kg. FOR NORMAL HEALTHY HUMANS
OF VARIOUS AGES

Adult human being  Ten-year-old  One-year-old Human

(20-24 year old male) child child infant
Whole-body-average values

Sleeping 1.1
Resting quietly

(~ basal condition) 1.3 2.0 2.75 2.75
Sitting upright 1.5
Standing

(clerical work) 1.8
Walking, 3 m.p.h. 4.3
Bicycling 7.7
Swimming 11.0

Local values

Brain 11.0
Heart muscle 33.0

ELECTROMAGNETIC ABSORPTION FOR HUMANS: CONSIDERATIONS FOR AN
ELECTROMAGNETIC SAFETY GUIDE

Figure 9 plots 15 individual curves for the specific absorption rates for a
70 kg., 1.75 m. tall average sized man; a 1.38 m. tall, 32.2 kg. 10-year-
old child; a 0.74 m. tall, 10 kg. one-year-old child; and a 0.4 m. long, 3.5
kg. average sized human infant under various conditions. The theoretical
and experimental results of various researchers are used in plotting these
graphs. An incident power intensity of 1 mW/cm.? is assumed for the
highest absorption E-orientation. Ground contact conditions are assumed
for an adult human, a 10-year-old child, and a one-year-old child, but not
for a human infant.

Figure 9 also shows an overall ‘‘umbrella’’ type curve 16, which gives
the maximum SAR for any of the human sizes under the various condi-
tions. Peaks of absorption for the various human sizes fall in the frequency
band 30 to 300 MHz. There is in general an f? type rise in SAR on the
low frequency side and a 1/f type fall in SAR for the supraresonant region.
For 1 mW/cm.2 measured* environmental fields over a whole-body expo-
sure situation, it is clear from Figure 9 that the maximum whole-body-
averaged SAR over the peak absorption region of 30 to 300 MHz. is
always less than or equal to 0.42 W/kg. Maximum SAR at hot spots may

*It is assumed here, of course, that any reflection-caused enhancements of power densities are
already accounted for in actually-measured fields of 1 mW/cm.?
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be as much as an order of magnitude higher, but, as outlined earlier, these
SARs do not necessarily translate into higher temperatures because of a
rapid hemodynamic dispersion of heat.

These SARs may be compared to the typical metabolic rates?® for
human species that are listed in Table II.

The implications of the various levels of SAR are not clear because the
study of microwave biological effects is still in its infancy. For short-term
exposures, replicable biobehavioral effects (mostly activity decrements)
have generally been observed in small laboratory animals for SARs on the
order of 2 to 6 W/kg. The literature also is full of effects at higher rates of
energy deposition which may be ascribed to additional thermal loads
imposed on the body. Long-term biobehavioral experiments are by and
large lacking in the United States and Western European literature, and
one cannot therefore say with any certainty whether lower values of SARs
will produce long-term biological effects.

CONCLUSIONS

The state of knowledge of electromagnetic absorption for man and
animals has been presented in this paper. Densitometry is not of primary
importance and for a given power density the absorbed dose can vary by
orders of magnitude depending upon the frequency, animal size and its
orientation, physical environments, etc.

Even though a great deal of progress has been made in the field of
radiofrequency dosimetry, information is sorely lacking for realistic condi-
tions of exposure such as the effects of finite size, finite conductivity,
ground, and reflectors, and for the important problem of near-field and
partial body exposures encountered by operators of electromagnetic radia-
tion equipment for communications, radar, and for industrial and biomed-
ical applications.

Questions and Answers

DR. LEONARD SOLON (Bureau for Radiation Control, New York City):
You indicated that the maximum resonant absorption was at 68 megahertz,
with a maximum absorption of 2.2 W/kg., yet some of your subsequent
slides and descriptions departed from that. What was the reason for that
discrepancy?

DR. GANDHI: 2.2 W/kg. for 10 mW/cm.? incident fields corresponds to
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0.22 W/kg. for 1 mW/cm.2 for an adult human. Subsequent slides were
shown for incident power densities of 10 and 1 mW/cm.2 The deposition
rates up to 0.42 W/kg. are possible at 1 mW/cm.? because of the ground
contact for a ten-year-old child. For the respective resonant fre-
quencies, which scale inversely as the height of the individual, the SAR
values scale roughly as (weight)" 13 and are therefore somewhat higher for a
ten-year-old child as compared to a human adult.

DRr. SoLoN: What was the maximum SAR for a specific locus for 10
mW/cm.? in terms of the very broad spectrum of parameters that you
addressed?

Dr. GaNDHI: The highest possible whole-body-averaged SAR for any
of the human sizes for 10 mW/cm.? could be as high as 4.2 W/kg. and
about 5 to 10 times higher at the hot spots. Our results so far show that the
high SAR values at the hot spots do not necessarily translate to higher
temperatures. These are the spots for high rates of energy deposition and
not necessarily high temperature spots because of the hemodynamic equal-
ization. We feel, on the basis of experiments with rats, that the -
hemodynamic equalization actually ends up conducting the heat away from
the so-called hot spots. We have looked at times to convulsion at various
frequencies where we have matched the whole-body-averaged values but
not the hot spot values. We obtained similar times to convulsion, as though
the hot spots were being homogenized.

DR. BasiL WoORGUL (Columbia University College of Physicians and
Surgeons): Given a fixed dimension, what is the lower limit of the scaling?
What allowance do you have for the lower limits of scaling in terms of
absorption? That is, how small an animal can you use and how far can you
extrapolate animal data?

DRrR. GANDHI: We checked the highlights of our results using small
laboratory animals from 25g. mice to 2,250g. rabbits. We think that we
could go down on size to still smaller animals. One thing that happens as
we go down from the resonance condition is the rapid decrease of the
energy deposition. Consequently, there is so little absorption for the kind
of fields that we can conveniently set up in the laboratory that there is very
little heating of the animals. ‘

DR. WORGUL: Do you feel confident that you could predict the absorp-
tion from a larger model going to a smaller model?

DRr. GANDHI: We do.

DRr. JoHN OsepcHUK: How far above resonance does one have to go
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before energy is absorbed from the surface and then, on the lower side,
how far below resonance before one starts to get quasistatic, in other
words, very greatly reduced uniformity?

DRr. GANDHI: For a human being, the energy deposited, to a large
extent, is in the surface layers above, about 10 gigahertz. That is where
one has little or none of the effects in energy deposition because of
multiple layers of tissue of which a body is composed. For frequencies less
than approximately 10 megahertz for a human being, the rate of energy
deposition is quite accurately given by the quasistatic analysis.
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RADIATION SURVEYS—
MEASUREMENT OF LEAKAGE
EMISSIONS AND POTENTIAL

EXPOSURE FIELDS

Davip E. JANES, JR.

Office of Radiation Programs
U.S. Environmental Protection Agency
Silver Spring, Maryland

HE entire population is intermittently and continuously exposed to
Tradio waves from a variety of sources: radio and television broadcast
systems, radar, citizen band radios, microwave communications systems,
medical diathermy units, industrial sources, and microwave ovens. The
term ‘‘radio waves’’ applies to electromagnetic radiation frequencies be-
tween 3 kilohertz and 300 gigahertz and, hence, includes the microwave
frequency band, 300 megahertz to 300 gigahertz. In preceding papers,
Osepchuck! reviewed the sources and basic characteristics of radio waves
and Gandhi? discussed dosimetry and the absorption of radio waves in both
humans and experimental animals. We shall present the results of mea-
surements of radiofrequency electromagnetic fields from a number of
different sources. To do this it is convenient to define two kinds of
exposure environments. One occurs at distances far from individual
sources and is due to the superposition of fields from many sources
operating at different frequencies, and we call this the ‘‘general radio-
frequency environment.”’ In a relative sense, whether exposure in the
general environment is high or low depends on the locations and types of
sources that contribute to the exposure. The other kind of exposure,
actually a special case of the first, occurs so close to a particular source or
sources that the radiofrequency environment is dominated by the fields of
that source and we call this the ‘‘specific source radiofrequency environ-
ment.’’

*Presented as part of a Symposium on Health Aspects of Nonionizing Radiation sponsored by the
Subcommittee on Public Health Aspects of Energy of the Committee on Public Health of the New
York Academy of Medicine and held at the Academy April 9 and 10, 1979.
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QUANTITIES AND UNITS

The commonly used quantity for the rate of exposure to radio waves is
the areal power density denoted by the symbol S. The internationally
accepted unit is the watt per square meter (W/m.2), but for historical
reasons exposure rate is often expressed in milliwatts (mW) or microwatts
(W) per square centimeter (cm.?), e.g., 1 W/m.? = 0.1 mW/cm.2 = 100
nW/cm.? Radio waves are electromagnetic waves and have both electric
and magnetic components. The electric component, E, is the electric field
strength and its units are volts per meter (V/m.). The magnetic component,
H, is the magnetic field strength and its units are amperes per meter
(A/m.). For a point source or for distances far.enough from an extended
source that it can be treated as a point source, the power density is
proportional to the squared value of either the electric or magnetic field
strength, i.e.,

S(W/m.?) = E*V/m.)%/377 (ohms) 1

= 377 (ohms) H? (A/m.)? 2]

where we have taken 377 ohms as the impedance of free space.

Most exposures in the general radiofrequency environment can be
treated as the superposition of fields from point sources, i.e., exposures to
plane wave electromagnetié fields or equivalently exposures in the so-
called ‘‘far-field”’ of antennas. Conversely, most exposures of interest in
specific environments occur in the so-called reactive ‘‘near-field’’ of the
source and equations [1] and [2] generally do not apply. For near field
exposures it is often better to specify the magnitudes of the electric and
magnetic fields rather than an arbitrarily derived ‘‘equivalent’’ power
density. We shall return to this point in our discussion of specific source
environments. For a discussion of the complex electromagnetic fields that
occur in the near-field the reader may consult standard texts.?

Concluding our discussion of quantities and units, we recall that for
electromagnetic waves the product of the frequency, v, and the wave
length, A, is approximately equal to the speed of light in air, i.e.,

A(m) X v (Hz.) = 3 X 108(m/s) [3]

Bull. N.Y. Acad. Med.
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TaBLE I. ANTENNAS USED FOR ENVIRONMENTAL RADIOFREQUENCY

MEASUREMENTS
Frequency
(MHz.) Use Antenna
0-2 VLF communications and AM Active vertical monopole
standard broadcast
54-88 Low VHF television broadcast Tu&q horizontal orthogonal
ipoles
88-108 FM broadcast Three orthogonal dipoles
150-162 VHF land mobile Vertical coaxial dipole
174-216 High VHF television broadcast Two horizontal orthogonal
dipoles
450-470 UHF land mobile Vertical coaxial dipole
470-806 UHF television broadcast Horizontal polarized

directional log periodic

Frequency is specified in cycles per second or hertz (Hz.) and wave length
in meters. The radiofrequency spectrum extends from 3,000 hertz (or 3
kilohertz) to 300 billion hertz (or 300 gigahertz) and this corresponds to a
wavelength range of 100,000 meters to 1 millimeter. Microwaves fall into
‘the portion of the radiofrequency spectrum above 300 million hertz (or
300 megahertz), i.e., microwaves are radio waves with wavelengths be-
tween 1 m. and 1 mm. Most sources of interest fall into a frequency range
conveniently described in terms of megahertz (MHz.).

THE GENERAL RADIOFREQUENCY ENVIRONMENT

The general radiofrequency environment consists of fields from many
sources operating on many different frequencies. Proper measurement
usually requires a sophisticated measurement system. In urban areas, the
general environment is dominated by radio and television broadcast
transmission.*® The frequency bands of the principal contributors are listed
in Table I. To determine the need for guidelines to control environmental
levels of radio waves, the Environmental Protection Agency began making
measurements in these bands using a system especially designed for this
purpose. Briefly, the measurement system which has been described in
detail elsewhere® consists of the antennas listed in Table I, a scanning
radio receiver called a spectrum analyzer that measures electric field
strength as a function of frequency, and a small computer to process and to
store data. To provide mobility, the entire system is housed in a van
equipped with its own power source.

Vol. 55, No. 11, December 1979
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TasLE II. POPULATION EXPOSURE IN 15 U.S. CITIES (54-900 MHz.)

Median Percent

exposure exposed
City (uWlcm.2) <1 uW-cm.?
Boston 0.018 98.50
Atlanta 0.016 99.20
Miami 0.0070 98.20
Philadelphia 0.0070 99.87
New York 0.0022 99.60
Chicago 0.0020 99.60
Washington 0.009 97.20
Las Vegas 0.012 99.10
San Diego 0.010 99.85
Portland 0.020 99.70
Houston 0.011 99.99
Los Angeles 0.0048 99.90
Denver 0.0074 99.85
Seattle 0.0071 99.81
San Francisco 0.002 97.66
All cities 0.0048 99.44

This measurement system has been used to make measurements at 486
sites in 15 cities with a combined population of more than 44 million. We
have combined the results of these measurements, 1970 census data, and a
propagation model to estimate population exposure-rate for each of the 15
cities. The results are summarized in Table II. Note that among the cities
the median values differ by about an order of magnitude: from 0.002
wW/cm.? in Chicago and San Francisco to about 0.02 wW/cm.? in Boston
and Portland. Also note that the percentage of the population exposed to
less than 1 uW/cm.2 is fairly uniform from one city to another, i.e.,
between 97 and 99%. The median value for all cities taken together is
0.005 wW/cm.2 Table III gives the results of combining the estimates for
all 15 cities. These data illustrate that the exposure rate is strongly skewed
to lower values. Note that 50% of the population is exposed below 0.005,
90% below 0.05, and 98% below 0.5 uW/cm.?2

These population-exposure estimates do not include contributions from
the AM broadcast band. The absorption of energy by humans at AM
frequencies (0.535-1.605 MHz.) is orders of magnitude less than at FM
and TV frequencies (54-890 MHz.).!>!! If the contribution of AM fre-
quencies were included, the power-density figures given in Table III would
not increase by more than a factor of two. These exposure-rate estimates,

Bull. N.Y. Acad. Med.
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TaBLelll. CUMULATIVE POPULATION EXPOSURE FOR 15 CITIES (54-900 MHz.)

Power density Cumulative percent*
(uWlicm.2) of population

0.002 19.5
0.005 49.5
0.01 68.7
0.02 82.4
0.05 91.4
0.1 94.7
0.2 97.

0.5 98.8
1.0 99.4

*For example, 19.5% are exposed to levels less than 0.002 uW/cm.2, 68.7% are exposed to levels less
than 0.01 xW/cm.2, etc.

based on census data, only apply to continuous exposure of people where
they reside. They do not take into account population mobility, exposures
at heights greater than 6 m. (20 ft.), the attenuation of signals by build-
ings, or periods of time when sources are not transmitting.

Both low- and high-power sources that operate at frequencies outside the
broadcast bands do not contribute very much to the general radiofrequency
environment,*512 though the contribution of the higher powered devices to
specific source environments may be large. Low-power devices include:
microwave relay links, personal radios such as radio telephones and citi-
zens band, and the traffic radars used by law-enforcement agencies to
measure the speed of vehicles. High power sources include: satellite
communication systems, military acquisition and tracking radars, and civil-
ian air-traffic control and air-route surveillance radars. All of these high
powered systems use highly directive antennas, i.e., their beams have
small cross-sectional areas and only a small volume of space is illuminated
at any instant. For many of these systems the antenna is high above
ground or is pointed two to three degrees above the horizon, thereby
making exposure to the main beam improbable. Most radar systems rotate,
further reducing the average exposure. The contribution of radars to the
general radiofrequency environment in one large urban area is given in
Table IV.13 The largest value of the power density at any of the three
sites, 0.001 wW/cm.2, is less than the median value for the broadcast
frequency bands.

Power densities for continuous exposures are very low, certainly well
below the 10,000 ©W/cm.? voluntary American National Standards Insti-
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TaBLeIV. TYPICAL URBAN RADAR ENVIRONMENTS IN SAN FRANCISCO,

CALIFORNIA*
Number of
radars Average power
Location detected density (uWicm.2)
Mt. Diablo 8 0.000026
Palo Alto 10 0.00027
Bernal Heights 10 0.0011

*Data from Tell!?

tute standard for occupational exposure' and for more than 99% of the
population less than the very conservative Soviet standards, i.e., 1 uW/
cm.2 (2 V/m.) for frequencies between 30 and 300 MHz. and 5 uW/cm.?
for frequencies above 300 MHz.!5

THE SPECIFIC SOURCE RADIOFREQUENCY ENVIRONMENT

Radiofrequency environments in the immediate vicinity of some spe-
cific sources, because of source power, proximity, or both, are usually
dominated by the field of a single source that operates at a fixed or limited
range of frequency. The measurement techni-ques used in the general radio-
frequency environment can also be applied to specific sources, but hand-
held, portable instruments are more commonly used.

A number of instruments have been developed for measurement of
specific sources,'®2° but to our knowledge no single, portable instrument
covers the entire frequency range of interest. Almost all of the commonly
used instruments are capable of measuring all three spatial components of
either the electric or magnetic field and are so called ‘‘square-law’’ de-
vices, i.e., their response is proportional to either the square of the electric
or magnetic field, depending on whether an electric or magnetic field sensor
is used. In the far-field, power density is proportional to the squared value
of either of these quantities (see equations [1] and [2] on page 1022).
Accordingly, the meter face is often labelled in power density, but power
density is not measured directly and caution must be used in interpreting
measurements made in near-field geometries. For frequencies above 300
MHz. an electric field sensor is usually used. For frequencies below 300
MHz. both electric and magnetic field sensors are used. It is important to
note that for frequencies below 300 MHz. both the electric and magnetic
fields should be measured if one is closer than a few wavelengths to the
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0.5° ELECTRICAL
BEAM TILT

MAJOR LOBE
POWER GAIN—24.0
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Verticle pattern for a medium gain UHF antenna. Reproduced by permission from Tell, R. A..:

Reference Data for Radiofrequency Emission Hazard Analysis. Technical Note ORP/

SID-72-3. Washington, D.C., Environmental Protection Agency, 1972. Original source
RCA Communications Division, Camden, N.J.
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TasLe V. POWER DENSITY IN TWO TALL BUILDINGS THAT ARE LOCATED
CLOSE TO FM BROADCAST ANTENNAS*

Power density

(uWlcm.?)
Location FM
One Biscayne Tower, Miami, Fla.
Roof 148
Roof (shielded area) 134
38th Floor 97
34th Floor 62
30th Floor 5
26th Floor 7
Home Tower, San Diego, Calif.
Roof 180
Roof 119
17th floor 0.2
10th floor 18

*Data from Tell and Hankin22

source. Most portable instruments have minimum sensitivities of about 20
uW/cm.? and, while they can be used to analyze most specific source
environments, they are not sensitive enough to measure the submicrowatt
per square centimeter levels found in the general radiofrequency environ-
ment.

Some recent advances in miniaturization make it feasible to measure
electric fields in tissue or tissue-equivalent material.?!

Broadcast sources. The antennas used for FM and for VHF- and
UHF-TV broadcasting are highly directive. The energy is concentrated in
a horizontal plane that passes through the antenna’s center of radiation,
which is approximately the geometrical center of the antenna. A typical
antenna pattern for a medium gain UHF antenna is shown in the figure.
With such antenna patterns, power density at high elevations close to the
antenna can be considerably greater than at ground level. Measurements
have been made in a limited number of tall buildings that either support
broadcast antennas or are within a city block or so of another tall building
that supports a broadcast antenna. Table V gives the results of measure-
ments in two buildings located very close to FM broadcast antennas.??
Note how the power density increases with height in the first building, just
as would be predicted from such an antenna pattern as the one shown in
the figure. Note also the inversion of power density with height in the
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TasLE VI. POWER DENSITY IN TALL BUILDINGS LOCATED CLOSE TO FM
AND TV BROADCAST ANTENNAS*

Power density
(uWicm.?)
Location M TV

Empire State Building, New York City,

86th floor observatory 15.2
102nd floor observatory
Near window 30.7 1.8
Near elevator 1.4
World Trade Center, New York City
107th floor observatory 0.1 1.1
Roof observatory 0.2 7.2
Pan Am Building, New York City
54th floor 3.8 6.5
Sears Building, Chicago
50th floor 32 34
Roof 201 29
Federal Building, Chicago
39th floor 5.7 0.7
Milam Building, Houston
47th floor 35.8 31.6

*Data from Tell and Hankin??

second building where windows above the 10th floor were covered with a
reflective film to reduce solar heat loads. This transparent metallized film
apparently also attenuates radio waves. The results of other measurements
made in buildings are summarized in Table VI.22 Note here that power
density decreases as one moves away from windows, and, depending upon
the type of sources that are close, both FM and TV bands can contribute.
Exposure rates measured in buildings close to broadcast antennas range
from less than 1 uW/cm.? to 97 uW/cm.? inside buildings or to 230
©W/cm.? at an unshielded location on the roof of one building.22

Note that two circumstances are required to obtain these higher values:
high elevation and proximity to the antenna of a high-power source. This
is illustrated by the data in Table VII for measurements in Moffitt Hospital
in San Francisco??* and the Bank of Montreal Building in Toronto.2*
Moffitt Hospital is about 3,200 feet from Sutro tower, a 977-foot antenna
tower that transmits signals for eight TV and four FM stations. The Bank
of Montredl Building and the CN Tower are both located in downtown
Toronto. The CN Tower rises 553 m. (1,814 ft.) above ground level and
transmits signals for five TV and five FM stations. These data again show
the variation with height that would be predicted from an antenna pattern
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TasLE VII. POWER DENSITY IN TWO TALL BUILDINGS LOCATED FAR FROM
FM AND TV BROADCAST ANTENNAS

Power density

(uWlicm.?)
Location FM TV
Moffitt Hospital, San Francisco*
Roof 1.048 0.450
15th floor solarium 0.114 0.101
15th floor 0.049 0.033
11th floor 0.002 0.001
6th floor (outside) 0.145 0.035
Bank of Montreal, Torontot TVi
Roof, southeast corner 0.264 0.050
Roof, southwest corner 0.403 0.034
60th floor 0.216 0.013
45th floor 0.074 0.015
30th floor 0.009 0.001

*Data from Ruggera,2? power density calculated from electric field strength values using equation [1].

‘tData from Environmental Health Directorate?*

1The values in this column are only for channels 5 [77.25 MHz, 0.084 megawatts effective radiated
power (MW-ERP)] and 9 [187.25 MHz, 0.28 MW-ERP] and does not include channels 19 [501.24 MHz,
1.08 MW-ERP], 25 [537.25 MHz, 2.14 MW-ERP], and 79 [861.25 MHz, 0.156 MW-ERP]. If power
density vlvere to scale directly with ERP the values in this column would be increased to about 13 times the
given value.

such as the one in the figure. However, for these buildings which are
located more distant from the antennas, power densities range from about
0.001 to 1 wW/cm.2, values comparable to levels found at ground level.
For Moffitt Hospital, a comparison of the sixth floor data when measure-
ments were made outside of the building with the data for other floors
gives a qualitative indication of the effect of building attenuation.

The study at Moffitt Hospital was undertaken because of concerns about
electromagnetic interference with medical instrumentation. The subject of
electromagnetic interference, though an important one, is not treated in this
paper. Tell, Lambdin, and Mantiply have developed a technique to iden-
tify hospital locations potentially exposed to intense radio wave fields from
nearby broadcast stations.?’

Tower climbers who perform maintenance work on broadcast antenna
towers, e.g., painting, light replacement, adjustments, etc., may be ex-
posed to local fields near the antenna elements that are above the 40,000
V/m.2 value recommended by the American National Standards Insti-
tute.!4 The squared value of the electric field strength at various locations
on an FM tower ranged between 7,200 and 678,000 V/m.? in one study.2®
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Power densities near the base of FM towers are typically 1 to 10
uW/cm.? (see Figure 8 in reference 7), but some FM antennas have a
grating lobe coaxial with the tower in addition to the main lobe directed
toward the horizon, shown in the figure, which can produce higher fields
near the tower.2”?® Power densities of 100 to 350 uW/cm.2 have been
measured in areas accessible to transient foot traffic.2® These levels fall off
rapidly with distance from the antenna tower, but levels near a few
residences may range from 50 to 100 wW/cm.? Fields ranged between
1,000 and 7,000 uW/cm.2 at the base of an FM antenna tower in one
study,3? but values this high are not thought to be common; exposure-rates
in open areas, i.e., not close to conducting structures, did not exceed
2,000 uW/cm.2

Satellite communications and radar systems. Two other high power
sources are satellite communications systems and the radars used for
air-route surveillance. Satellite communications systems are continuous
wave sources and radars are usually pulse modulated. A study done by the
Electromagnetic Compatibility Analysis Center in 1972 identified 223
continuous wave sources with effective radiated powers greater than 1
megawatt (1 million watts) and 375 pulsed sources with peak effective
radiated powers of 10 gigawatts (10 billion watts) or greater.3! The power
density in the main beam of these systems can be greater than 10,000
wW/cm.2 (10 mW/cm.?).3%3¢ However, as discussed above, the probabil-
ity of being illuminated by the main beam of one of these sources is quite
small.

Persons who live or work near high power sources, e.g., near airports or
military bases, may be exposed to sidelobe or secondary radiation from
systems with stationary or slowly moving antennas as well as from many
types of radars with rapidly moving antennas. Calculated exposures fall
into the range of 10 to 100 wW/cm.? at distances up to one-half mile from
some of these systems.3S For high-power radars a combination of such
mitigating factors as beam motion and antenna-elevation angle makes it
unlikely that average power densities will exceed 50 uW/cm.? at distances
greater than one half mile from the source, at least in uncontrolled loca-
tions accessible to people.3$

Low power radar. Three other radars in common use are weather radar
in aircraft, navigational radar on small boats, and radar used to determine
the speed of vehicles. Aircraft weather radar is located in the nose of
aircraft under a microwave-transparent housing called a radome. Nor-
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TabLE VIII. LOWER POWER RADAR SPECIFIC SOURCE ENVIRONMENTS

Distance Power density
Source (meters) (uWlcm.2)
Aircraft weather radar* Radome surface 13,520
1 <3,000
10 <100
Marine radart Antenna’s turning 50-250
circle radius
Traffic radart Antenna surface 170-400
3 24
30 0.2

*Data from Tell, Hankin, and Janes3¢
tData from Peak, Conover, Herman, and Shuping3’
$Data from Hankin3®

mally, they are not operated while the aircraft is on the ground. A study to
determine the fields produced by these devices in the event they were
inadvertently turned on while the aircraft was on the ground are sum-
marized in Table VIII.3¢ For the five radar-aircraft combinations studied,
the power density was less than 10,000 uW/cm.? everywhere except on
the radome surface of one aircraft.

For marine radars, the average power density computed from measured
values was less than 50 uW/cm.2 at the antenna’s turning circle radius for
all six units studied.3” One of the units has an option for sector scanning,
i.e., scan-arcs of less than 360 degrees. When operated in this mode, the
average power density was about 250 uW/cm.?2

The radars used for measuring the speed of vehicles have transmitter
powers of about 100 mW (0.1 watts). These devices are either hand-held
or mounted on a vehicle. They are continuous wave rather than pulse
modulated, and speed is determined from the Doppler frequency shifts of
the returned signals. As shown in Table VIII, the maximum calculated
power density for typical devices ranges from 170 to 400 uW/cm.2, and
decreases to less than 0.2 wW/cm.?2 at 30 meters (about 100 ft.).38

Microwave radio relay systems. The microwave systems used for long
distance communications usually have transmitter powers of five or 12
watts for frequencies of 4 and 6 GHz., respectively. A fully loaded station
will have 12 transmitters at 4 GHz. or 8 transmitters for 6 GHz. operation
yielding 60 watts and 96 watts, respectively, before taking account of
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wave-guide losses.3® Power densities in the main beam are of the order of

1,000 uW/cm.2 (1 mW/cm.2). The axis of the main beam is typically 200
feet above ground and power density falls off rapidly with distance from
the beam axis. Maximum calculated values at ground level are less than 1
uW/cm.2, and measured values are typically 1/10 to 1/100 of this, i.e., 0.1
to 0.01 wW/cm.2, according to a recent report.4°

Microwave ovens. Microwave ovens can be considered as low power
devices if they meet the performance standard of the Food and Drug
Administration, which specifies that under standard test conditions the
oven, when new, may not leak more than 1,000 wW/cm.2 at any point 5
cm. from the oven.#! This performance may degrade to 5,000 uW/cm.?
over the lifetime of the oven.4! Simple inverse square calculations show
that an oven leaking 5,000 uW/cm.? at 5 cm. will produce levels of about
4 nW/cm.? at six feet and 1 uW/cm.?2 at 12 feet.

Personal radios. Most of the information on the specific source envi-
ronments produced by personal radio devices is for systems mounted on
vehicles or for hand-held walkie-talkies. Interpretation of these data is
difficult because most measurements are made in the near-field and the
fields are not uniform over volumes comparable to the size of humans. The
absorption patterns for these complex near-fields may differ appreciably
from those produced by far-field whole-body exposures, the absorption may
be higher or lower, and the sites of maximum absorption may be
different.*>*> Further, the operation of these devices is intermittent and this
variable duty factor complicates the determination of average exposure.
Most measurements have been made in the near-field with electric field
sensors and the measured values are properly expressed in V/m. As
discussed above, power density is simply related to the electric and mag-
netic fields only in the far-field. To obtain power density in the near-field,
the electric and magnetic fields and their respective phases should be
measured. Some authors have defined an ‘‘equivalent’’ free field power
density by assuming the impedance value for free space and calculating the
power density according to equations [1] and [2]. However, when used in
this manner, ‘‘equivalent’’ does not necessarily mean an equivalent heating
power density. If one ignores this complication, then 10,000 uW/cm.? is
‘“‘equivalent’’ to 194 V/m. or 0.515 A/m. (The American National Stan-
dards Institute has rounded these numbers to 200 V/m. and 0.5 A/m.,
respectively'4.) Available data for radio-equipped vehicles are summarized
in Table IX.*6® The values range from 2 to 1,350 V/m.
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TaBLE IX. ELECTRIC FIELD STRENGTH IN AND AROUND RADIO-EQUIPPED

VEHICLES
Frequency Power Vehicle Field Distance

(MHz) (watts) type (Vim.) (m.) Reference
27.075 4 Sedan 2-7 1 46
27.12 4 Sedan 225-1350 0.05 47
27.12 4 Sedan 100-610 0.13 47
27.12 4 Sedan 21-60 0.6 47
27.61 80 Sedan 21-251 — 48
40.27 110 Sedan 10-190 — 48
40.27 110 Sedan 75-368 — 48
40.27 110 Semi 5-475 — 48
41.31 100 Compact 5-106 — 49
41.31 100 Pick-up 7-165 — 49

162.475 110 Sedan 8-201 — 48

164.45 60 Sedan 5-52 — 49

164.45 60 Sta. Wag. 5-64 — 49

164.45 60 Van 5-95 — 49

Only minimal data are available for the fields produced by hand-held
walkie-talkies. In one study by Ruggera, the electric field 12 cm. from the
antenna of a 2.5 watt hand-held unit had a maximum value of 205 V/m.
and the maximum of the magnetic field was 0.9 A/m.5° These maxima did
not occur at the same point in space. The fields from these devices
diminish rapidly with distance. The maximum field of 212 V/m. measured
at about three inches from the antenna of a 1.8 watt, 164 MHz. hand-held
unit was reduced to one tenth this value at a distance of 1 or 2 inches from
the site of maximum exposure.4®

Diathermy units. Both efficiency and leakage of microwave diathermy
applicators have been the subjects of recent studies.5!-** The results of the
leakage studies are summarized in Table X. The measurements were made
5 cm. from the interface between a tissue-equivalent phantom and the
applicator. Two treatment conditions were evaluated, the net power rec-
ommended by the manufacturer for lower back treatments and the power
required to produce an absorption rate of 235 W/kg. The latter condition,
based on the studies of Lehman et al.’3, is defined by the Bureau of
Radiological Health as an ‘‘effective’’ treatment.5* Under the test condi-
tions, conventional applicators had leakage fields from two to nine times
the 5,000 uW/cm.? allowable leakage for microwave ovens. Leakage is
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TaBLE X. LEAKAGE FROM DIATHERMY APPLICATORS*

Leakage (mW/cm.?)

Applicator type Nominal*t Maximumi
Burdick B” 10.4 35.5
Burdick E” 19.0 44.0
Transco" — 0.2

*Data from Bassen, Kantor, Ruggera, and Witterss2

tDetermined using power recommended by manufacturer for lower back treatments
$Extrapolated for dose rate of 235 W/kg.

""Contact applicator

considerably lower when using a newly developed contact applicator under
the same test conditions.>?

Electrosurgical units. The electrosurgical unit is an electronic knife used
for both cutting and cauterizing. The principal frequency is about 2 MHz.,
but the device may emit frequencies up to 100 MHz. The electric and
magnetic fields at 16 cm. from the electrode of two of these units are
summarized in Table XI.5°

Industrial radiofrequency sources. High-powered sources are used
extensively in industry for heating, drying, and sealing. The data presented
in Table XII are selected from a study of two synthetic fiber dryers used in
the textile industry, an edge gluer used in the lumber industry, and seven heat
sealers used in the plastics industry.55 Recent unpublished work indicates
that it is important to determine the actual frequency of operation of
industrial sources; significant amounts of energy may be contained in the
harmonics of the nominal frequency of the device.5¢ This is particularly
important since the absorption of radio waves in the 30 to 300 MHz. range
is strongly dependent on frequency and exposure geometry.!%!!

Other sources. Video display terminals have erroneously been impli-
cated as sources of microwaves.5” There are no microwave or radio wave
power tubes in video display terminals. There may be some extremely
minute emissions associated with oscillators in the device, but they cannot
be detected with hand-held survey meters.5® Extra-high-voltage transmis-
sion lines (345-765 kilovolts) have also been lumped into the category of
radio wave and microwave sources. In periods of inclement weather, when
water droplets or icicles on the line provide point sources for corona
discharge, the discharge produces radiofrequency energy that may be of
sufficient intensity to interfere with the reception of low-level radio sig-
nals, especially in the AM band, at locations near the line. Corona
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TabLE XI. FIELD STRENGTHS AT 16 CM. FROM PROBE LEAD (CUTTING
ELECTRODE) OF TWO ELECTROSURGICAL UNITS*

Field strength
Solid state unit Spark gap unit

Operating mode E(Vim.) H(AIm.)t E(Vim.) H(AIm.)t
Cutting (50% power)

Open circuit 605 0.22 300 0.10

Normal cutting 210 0.60 250 0.56

Arcing 350 0.22 260 0.17
Coagulation

Open circuit 620 0.06 300 0.41

Normal coagulation 250 0.16 140 0.10

Arcing 300 0.12 120 0.08
Hemostasis (50% power)

Open circuit 680 0.28 690 0.43

Normal cutting 270 0.40 300 0.56

Arcing 350 0.27 300 0.58
Hemostasis (100% power)

Open circuit 1,000 0.71 630 0.39

Normal cutting 250 0.46 200 0.40

Arcing 350 0.30 600 0.40

*Data from Ruggeras®
tRounded to two significant figures

discharge may also be caused by line irregularities, dust, bird droppings,
etc. Loose connections between the line and insulators can lead to arcing,
so-called gap discharge, that is also a source of radiofrequency interfer-
ence. Except for corona and gap discharge, high voltage power lines are
not radio wave or microwave sources. Quasistatic, nonradiating electric
fields at midspan range between 4 and 12 kilovolts per meter (kV/m.) on
the right-of-way and between 1 and 3 kV/m. at the edge of the right-of-
way.5® For 500 kV lines with 595 amperes in each of the three phases,
magnetic flux at ground level is typically about 0.1 gauss (0.1 X 10*
A/m.).° A number of reviews on the health and environmental impact of
extra-high-voltage lines and other extremely-low-frequency sources are
available.5!-%6

SUMMARY AND CONCLUSIONS

The multisource, multifrequency, general radiofrequency environment
is dominated by low-level radio and television transmission. Microwave
radio relays, low-power radars, mobile communications systems, and mi-
crowave ovens make almost negligible contributions to the general radio-
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TasLE XII. ELECTRIC AND MAGNETIC FIELDS AT OPERATOR POSITIONS
NEAR INDUSTRIAL RADIOFREQUENCY SOURCES

Field strength*
Power Frequency Electric Magnetic
Source (kW) (MHz.) (Vim.) (Alm.)
Fiber dryer 20 41 319 13.2
Glue dryer 20 27 221 1.0
Heat sealer 10 15 831 0.5
Heat sealer 2 22 493 12.1
Heat sealer 4 30 973 0.4

* Average of two values given in Conover et al. 5%

frequency environment. The largest multisource radar field measured in
the general environment of one urban area was less than the median value
for the broadcast band (54-900 MHz.). It is estimated that most of the
population (over 99%) is continuously exposed to levels less than 1
pnW/cm.? This level is well below the current American National Stan-
dards Institute standard of 10,000 wW/cm.?2 and below the extremely
conservative standards of the U.S.S.R. (2 V/m. = 1 uW/cm.2 for fre-
quencies between 30 and 300 MHz., 5 uW/cm.? for frequencies between
300 MHz. and 300 GHz.'5).

The specific source environment for most broadcast sources is below
100 uW/cm.? The only fields in excess of this value occur on the antenna
towers, in the immediate vicinity of the base of some FM antenna towers,
and on the roofs of tall buildings that are located within a city block or so
of FM and TV broadcast antennas. When considering other high power
sources such as radars and satellite communications systems, the potential
for exposure of persons to obviously high levels of radiation (10,000
1W/cm.? or greater) is small. However, the population exposed to specific
source environments greater than 1 uW/cm.?, though small, remains to be
determined and is the subject of ongoing studies.

Intermittent, partial body exposures to high levels can and do occur.
Leakage fields from medical diathermy units, electrosurgical units, industrial
sources, and the fields very near to the antennas of mobile communications
equipment have been measured to be in excess of 200 V/m. and 0.5 A/m.,
the electric and magnetic field ‘‘equivalents’’ of a far-field power density
of 10,000 ©W/cm.? Interpretation of the impact of these near-field expo-
sures is difficult, and the difficulty is confounded by intermittent operation
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and partial body exposure. Better knowledge of the rates and sites of
energy deposition is needed before near-field exposures can be meaning-
fully compared to the far-field exposure data that form the basis for current
standards.
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GENERAL DISCUSSION: SESSION I*

JouN M. OsSepcHUK, Ph.D., moderator

Research Division
Raytheon Company
Waltham, Massachusetts

OM P. GaNDHI, Sc.D., DaviD E. JANES, Jr.

DRrR. NorRMAN SiMON (Mt. Sinai School of Medicine): A number of
questions concern us as physicians who have an obligation to advise
patients as well as, of course, to the more important problem of public
health. We know how to measure ionizing radiation and have come here to
learn how to measure nonionizing radiation. We understand the com-
plexities of this. Yet we find that comments were made about the role of
flat reflectors and we wonder how that affects the dose exposure to the
housewife in microwave ovens. We wonder how broad that beam is from
the antennae of TV and from radar, which are supposed to miss the earth
and go over it and thus not expose the people at the beaches. We hear that
one gets measurable amounts of microwave radiation. We are not sure how
significant they are.

We heard about measurement devices. In the back of House and Gar-
dens magazine we see that one can buy a detector of microwaves to make
sure that one’s oven is safe. What are those? Are they as reproducible,
accurate, and reliable as is a film badge for ionizing radiation (and that is
not particularly good)? Or should they not be used at all? In fact, how does
the worried housewife and the worried physician answer that question of
how safe is the microwave oven? Whom do people call to measure
microwaves and what is the responsibility nowadays of the supplier of such
an oven?

What is the level of nonionizing radiation in the research or therapy unit
in a hospital where microwave radiation is used for its thermal effects or in
the laboratory? How do we know the power density of our own neigh-
borhoods and is it of any significance?

" *Presented as part of a Symposium on Health Aspects of Nonionizing Radiation sponsored by the

Subcommittee on Public Health Aspects of Energy of the Committee on Public Health of the New
York Academy of Medicine and held at the Academy April 9 and 10, 1979.
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MR. DAVID JANES: In terms of hospital environments, some people out on
the West Coast are trying to establish standards for internal hospital
operations that are on the volt per meter. I think the leakage field for the
microwave diathermy applicator, as I indicated, was in the order of 35 to
40 mW/cm.? That is measured right up on the surface of the device. At 8
to 10 to 12, to 14, 15 feet I would expect that to be down to microwatt per
square centimeter levels at the time that the device is on. One must be a
little bit concerned about the duty factor in many of these devices, that is,
how often they are on. One can encounter fields of 200 volts per meter to
1,000 volts per meter around electrosurgical units at the time they are on.

If the microwave oven in the home meets the Food and Drug Adminis-
tration’s leakage standards, that is, doesn’t exceed the maximum value of 5

mW/cm.2, then at the time the oven is on one can expect fields below 4
uW/cm.? at around six feet and below 1 uW/cm.? at 12 feet.

The other question you raised is where my heart lies and where we
spend a lot of time. We have now made measurements of the general
radiofrequency environment in 15 cities. Those measurements have been
made at more than 400 sites. We have some 20,000 distance source
measurement pairs. In that general environment one is not exposed to very
much at all. We are talking about nanowatts per square centimeter, 0.005,
perhaps. I put up the 15 city data to illustrate that it doesn’t make much
difference once one gets away from median values. We are going to quit
doing these kinds of surveys because another city would not tell us much
more. One city seems to be pretty much like the other. In general, most of
the population is exposed to levels less than 1 wW/cm.?2

I talked about how skewed that distribution was to low values, and one
of the things that concerned us a great deal when we set up that study was
population mobility.- These figures apply to where people live. They are
based on census data. Actually, they are based on a centroid of a census
enumeration district, which .accounts for about 800 people. So it is the
exposure one would find if one could find the centroid of one’s census
enumeration district and spent all of one’s time there. But with this
distribution skewed to such low values, mobility doesn’t mean much. I
would say that in general one moves from one low area to another. I view
it as a sort of a general radiofrequency environment out there, with
relatively low levels. Embedded in that are some specific sources where
one gets relatively higher levels and the level that one gets depends on two
things: the closest distance of approach and the source power. The distance
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of approach can be in terms of inches for a hand-held walkie-talkie and
maybe as much as a half a mile for a high powered radar.

DRr. JoHN OsepcHUK: I would like to remind everybody that everything
is a function of frequency. It is really important to know what frequency
one is at. But Dr. Simon mentioned something about reflector effects from
a microwave oven. I want Dr. Gandhi to discuss the reflector effect and

- what that has to do with the general environment. When one has a very
localized environment, what meaning does it have if one has a diverging
wave like that from a microwave oven?

DRr. Om P. GanDHI: I deliberately did not comment on the near fields
such as those emanating from the microwave oven. I did mention that we
have had a preliminary look at the problem and our knowledge to date is as
follows: if one is in direct contact, if one puts one’s hand on a leaking oven
door, one may couple almost all of the electric fields that are coming out
of the microwave oven. One removes one’s hand from there and starts
moving away. By the time one is about 10 or 15 cm. away from the
leaking oven door there is a great deal of reduction in the amount of
energy coupled due to two factors. One, the field is diminishing rapidly
because of spreading. Second, the coupling into the tissue diminishes
rapidly for the fields that do exist there. Depending on the frequency, say
2,450 MHz., the electric field that one can couple into one’s hand or
whatever part of the tissue is closest diminishes from 100% coupling if one
had his hand on the door to about 25% of the electric field in noncontact
situations. Therefore, by the time one is 10 or 15 cm. away one is
diminishing the E? value that one can couple to no more than 6% of the E2
that exists at that location. Consequently, in near-field, noncontact situa-
tions, by the time one is a few feet away the energy density itself is very
little. :

DR. LEONARD SOLON (New York City Department of Health): Mr.
Janes, several individuals have suggested as an epidemiologically interest-
ing group the rather substantial number of ham operators, ARRL mem-

“bers, etc. that operate their units. Have your measurements included any
measurements which would identify the field levels around those units as
far as the operators are concerned or their immediate proximity?

MR. JANES: Dr. Solon, we could put something like that together for
you. We have some things. But I didn’t come prepared to discuss it and I
don’t recall the results at this time. Those devices are essentially long wire
antennas and they are limited to a kilowatt at the final amplifier stage. I
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won'’t guess what field levels are inside the ham shack. Ric Tell, who is on
our staff, is a ham and he has assembled some data about his own
exposure. So we have it. I am just sorry I cannot share it with you.

Dr. Louis SLESIN (Natural Resources Defense Council): Mr. Janes,
you were showing that the antilevels in urban areas are a few feet off the
ground, six to eight feet. Would you comment on the kinds of readings
you have found in tall buildings such as the Empire State Building and
perhaps detail what the Environmental Protection Agency is going to be
doing in the future in terms of getting more data on high points?

MR. JANEs: I showed a slide that had an antenna pattern on it. That is
what accounts for greater exposures at higher elevations. One must be
reasonably close to an antenna and on the upper floors of tall buildings to
obtain these levels. One has to get high enough essentially to look into the
center of radiation of the antenna itself. I ran through a few numbers for
you. I shall give them again. Roughly, one sees power densities on the
order of 1 to 10 mW/cm.2 In Chicago I think we saw as much as 67. There
is a building in Miami where we measured 100. These are inside the
building, up against the windows. They are not done with hand-held
probes but with a spectrum analyzer and some tuned antennas. The anten-
nas are large and must be rotated through three ortogonal axes to obtain the
total field strength. So one doesn’t map rooms with that kind of a system.
We have underway some computer-based studies to see if we can identify
station-tall building pairs, that is, to see if we can come up with an
inventory of stations that are close to tall buildings. If we are successful in
that, we shall try to go out and look at what that population of building
exposure looks like.

DR. DEBORAH WALLACE (New York State Power Authority): Are there
natural sources of microwave and radiofrequency radiation that might be
equated to your measurements in the general environment or which mea-
sure up to the levels of microwave communication towers?

Dr. OsepcHUK: In my paper there is a benchmark diagram relevant to
your question. The microwave or radiofrequency radiations go up to 300
gigahertz and it is a very straightforward calculation that the tail of
black-body radiation, the thermal radiation from the human body, of all the
energy below 300 gigahertz, is around 0.3 uW/cm.2 Most of that energy is
near 300 gigahertz, and if it is a hotter body it will be even higher. Now, if
one asks how much energy from a hot body is below one gigahertz, it is
trivial. It would be several orders of magnitude smaller than that. If one
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asks what the microwave flux from the sun is in that same range below
300 gigahertz, it is very low. As a matter of fact, that is one reason why
this region around 1 gigahertz is a very interesting region for radioas-
tronomers. It is a very quiet region. At the higher frequencies and the
lower frequencies there are more natural noise sources. But in the micro-
wave region, as far as I know, among the natural sources the biggest thing
is one’s own body.

Miss JEAN ST. GERMAIN (Memorial Sloan-Kettering Cancer Center):
Do you have any measurement of RFP—accelerators or devices such- as
that? '

MR. JANES: No, I don’t. If you are interested in pursuing that, I would
direct an inquiry to either David Conover or Dr. Parr at the National
Institutes of Occupational Safety and Health in Cincinnati. That is not
really a general environment. So we haven’t made any measurements of
our own sources like that.

DR. JaMES FrRAzZER (University of Texas): You might come up with
something on the order of 10 uW at operating stages. As one gets up near
the tubes where one is not supposed to be, it can get up around 11 mW,
but if one stays where one is supposed to be one won’t see those kinds of
fields.

DRr. WorGUL: What frequency was that?

DR. FrRAZER: I think that one operates at 2,800 megahertz.
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BIOMEDICAL EFFECTS OF
MICROWAVE RADIATION®*

GEORGE M. WILKENING, M.S.

Head, Environmental Health and Safety
Bell Laboratories
Murray Hill, New Jersey

N reviewing and updating our knowledge of the biomedical effects of

microwave radiation, I am reminded of past meetings with the same
goal: the Triservice meetings—Richmond, Warsaw, Boulder, Amherst,
Airlie, and several others.

Nearly three decades ago our major concerns seemed to center about
cataractogenesis and the distinction between thermal and nonthermal ef-
fects. And while these concerns are still of intense current interest, we
have now added such concepts as frequency windows, intensity windows,
special modulation effects, and the critical importance of body size and
shape in determining the absorption of radiofrequency radiation of
specified frequency and polarization. Increased attention is now given to
immunologic, behavioral, and central nervous system effects, and the
lingering but largely unresolved questions about long-term low level ef-
fects. To say that these older problems have been solved or that adequate
attention is now given to them would be a misstatement of fact. 4

Many earlier studies attempt to correlate exposure levels with observed
biological effects. It was, and unfortunately still is, customary to express
environmental levels of radiation in terms of average power density
(W/m.™ or mW/cm.™2) or ‘‘equivalent far-field’’ average power density,
with little attention to the specification of waveform, polarization, reflec-
tions, scattering, geometry of the body being irradiated, or whether expo-
sure conditions are in the near or far-field of the radiating source. Specifi-
cation of exposure levels without some qualification pertaining to the
aforementioned factors should be considered obsolete practice.

An important result of our present knowledge is the realization that the
usefulness of most studies published more than a decade ago is open to
serious question.

*Presented as part of a Symposium on Health Aspects of Nonionizing Radiation sponsored by the
Subcommittee on Public Health Aspects of Energy of the committee on Public Health of the New
York Academy of Medicine and held at the Academy April 9 and 10, 1979.
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OCULAR EFFECTS OF MICROWAVE
RADIATION*

RUSSELL L. CARPENTER, Ph.D.

Bureau of Radiological Health
Food and Drug Administration
Winchester, Massachusetts

N 1948 two groups of investigators’? reported independently and almost
Icoincidentally that when the eyes of rabbits or dogs were exposed to
sufficient microwave radiation, opacities subsequently developed in the
crystalline lens. Both groups employed continuous wave radiation at a
frequency of 2.45 GHz. with a wave length of 12.3 cm. In the 30 years
since that initial discovery, this phenomenon has been extensively investi-
gated in numerous laboratories and we now have a substantial body of
information concerning it. However, we have yet to identify the site and
the manner of interaction between microwaves and ocular tissues which
provide the mechanism for cataractogenesis.

During the same period the use of microwaves has increased at an ever
accelerating pace. Because of them, our ships and planes are guided by
radar; the human voice is relayed across the continent and, via satellites in
space, spans the oceans; events occur in distant lands and we see them
simultaneously on our television screens. Food is cooked rapidly on a
commercial scale and in the home kitchen. Sales of domestic microwave
ovens in 1978 were greater than those of conventional ranges. Industrial
uses include the quick drying of paints, inks, lumber, plywood and ven-
eers, the curing of synthetic rubber, and the controlling of insect infesta-
tion of stored grain. In medicine, microwave diathermy units relieve sore
muscles and aching joints with their deep heat therapy, and microwaves
quickly reheat the blood after cryogenic surgery. Their use in enhancing
the effects of ionizing radiation on neoplasms is under extensive study.

*Presented as part of a Symposium on Health Aspects of Nonionizing Radiation sponsored by the
Subcommittee on Public Health Aspects of Energy of the Committee on Public Health of the New
York Academy of Medicine and held at the Academy April 9 and 10, 1979.

Representative products and manufacturers are named for identification only, and listing does not
imply endorsement by the Bureau of Radiological Health and the Food and Drug Administration.
Address for reprint requests: 109 Holton Street, Winchester, Mass. 01890.
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During the past decade, the ever expanding use of microwave radiation
has -increased public awareness without a commensurate increase in public
knowledge and understanding. To many people, the notion that microwaves
are radiation and all radiation is dangerous is accepted as established; the
term ‘‘radiation’’ has acquired a bad image, deserved or not. Microwaves,
representing a small part of the broad spectrum of electromagnetic radia-
tion, have become the subject of a very considerable amount of misinfor-
mation disseminated by the public media. Radio and television programs
tell of hazards to our health inherent in microwaves; newspapers and
magazines similarly alarm readers with articles emphasizing their hidden
dangers. That their authors in too many cases possess little basic knowl-
edge of the subject is obvious to only a few. A book has been published
purporting to reveal a conspiracy by government and industry to prevent
the public from gaining knowledge of the hidden dangers of microwaves.?

Following the discovery that the predominant permanent effect on the
eye from exposure to microwave radiation was the development of
opacities in the lens, investigators early turned their attention to the
question of how much microwave radiation was necessary and how long it
had to act on the eye to induce formation of an opacity.*” The approach
was straightforward. The experimental animal, usually a New Zealand
White rabbit, was anesthetized and one eye was placed for a specific
period of time in a microwave field which had been measured for its power
density, i.e., the electric field power flowing through the area to be
occupied by the target. In most instances the microwave frequency was
2.45 GHz., continuous wave. Following irradiation, the eyes were exam-
ined at intervals by ophthalmoscope, slit-lamp biomicroscope, or both for
evidence of change. The nonirradiated eye served as the control. The
earliest positive reaction to such radiation is the appearance, within 24 to
48 hours, of a narrow translucent or milky band in the posterior cortex of
the lens just under the capsule. It can be seen only by slit-lamp examina-
tion with an angled beam. The band extends no farther than the lens
equator; sometimes it is doubled, with a clear band of cortex intervening.’
If the reaction is minimal, no further change occurs and the cortical
banding disappears within a few days. Otherwise it is typically followed,
two to four days postirradiation, by small granules on or along the horizon-
tal line of the posterior lens suture. In some cases the granules are
clustered and in others uniformly dispersed in the posterior subcapsular
cortex. With a more extensive reaction, a greater number of granules is
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added over a larger area within the next few days and small vesicles may
develop. These early changes may progress from day to day and become
frank circumscribed or diffuse cataracts. They may take on a fibrillar,
cottony appearance, particularly in a diffuse cataract, which involves a
more extensive area of posterior cortex. These lens changes remain as
permanent microwave effects.

Certain other ocular reactions also occur but are transient in nature and
differ in severity according to the power and duration of the exposure.
They include swelling and chemosis of bulbar and palpebral conjuctivae,
pupillary constriction, hyperemia of iris and limbal vessels, and-vitreous
floaters and filaments.

If a number of such single exposures are made and their results plotted
in terms of duration of exposure against microwave power density incident
on the target, one obtains a cataractogenic threshold curve in which the
two factors are inversely related. In other words, the lower the incident
power density, the longer the exposure required to induce cataracts. Sev-
eral such curves have been published but, although they all have a hyper-
bolic form, they tend to differ with respect to specific power levels. This is
not surprising because a variety of techniques was employed for measuring
power densities. In addition, the radiation source commonly used was a
dipole antenna backed by a corner reflector, with the eye only 5 cm. from
it. The field was therefore a near-zone one, in which there are inherent
difficulties in assessing the microwave power. The presence in the field of
a plastic animal restrainer or a head holder may cause reflections which
perturb the field and thus profoundly alter measurement of the power
density.

A cataractogenic threshold curve identified not only those time and
power combinations which would cause development of opacities in the
lens but also those which would not. It thus became possible to test the
question of whether there could be a cumulative effect from repeated
exposures of the eye to a subthreshold dose which, when applied only
once, does no evident harm. Such experiments were performed and did,
indeed, demonstrate that irradiations which had no apparent effects when
experienced a single time could inflict permanent damage when repeated
daily or even weekly.?*

In another series of experiments, nonanesthetized mature New Zealand
White rabbits were placed in an anechoic chamber and their right eyes
were irradiated at a distance of 5 cm. from a dipole antenna at 2.45 GHz.,
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TaBLE I. LENS OPACITIES RESULTING FROM CONSECUTIVE DAILY ONE
HOUR EXPOSURES OF THE RABBIT EYE TO 2.45 GHz. C.W. RADIATION

Power Positive response
density Number of Number of Number of
(mWicm.?) animals exposures animals %
75 10 20 0 0
120 9 20-24 1 11
135 10 20 1 10
150 10 18-32 4 40
165 10 21-30 4 40
180 10 13-20 8 80

TaBLE II. LENS RESPONSE RESULTING FROM A SINGLE CONTINUOUS
EXPOSURE OF RIGHT EYE OF RABBIT TO 2.45 GHz. C.W. RADIATION AT 180
mW/cm.2 POWER DENSITY

Exposure Right eye Left eye Postirradiation
Number of duration observation period

animals  (hours)  Opacity No change Opacity No change (days)

7 1 0 7 0 7 30-324

1 1.75 0 1 0 1 20

2 2 0 2 0 2 11

1 2.5 0 1 0 1 10

2 3 0 2 0 2 343, 363

1 35 0 1 0 1 340

1 4 1* 0 0 1 348

1 4.5 It 0 0 1 329

1 5.5 0 1 0 1 315

*Small central opacity after 137 days; no change thereafter.
‘tSmall central opacity after 173 days; no change thereafter.

continuous wave, one hour daily for 20 consecutive days. The aim was to
find the lowest power level that would consistently induce lens opacities.
The results of 59 such experiments are given in Table I.

It should be pointed out that this table and Table II correct the power
density measurements originally published.!® They had been made with a
Narda Model 8100 electromagnetic radiation survey meter!! placed with
its sensing probe in the exact position to be occupied by the cornea of the
eye during exposure. We subsequently learned that in the near-zone field
of the particular type of antenna used there is a radial component to which
the probe does not respond. When measured with a Narda isotropic
broad-band instrument, !? values for power density were 50% higher. We
have therefore corrected the tables.

In only four out of 10 experiments, each at the 150 and 165 mW/cm.?2

Vol. 55, No. 11, December 1979



1052 R. L. CARPENTER

levels, did lens opacities develop, but when the power was raised to 180
mW/cm. 2, opacities developed in eight of 10 animals. To be assured that
this one-hour exposure at 180 mW/cm.2 was indeed a subthreshold one,
seven animals were irradiated and none developed an opacity (Table II).
Ten more animals were similarly irradiated under anesthesia, but for
periods up to 5 1/2 hours. Small central opacities, appearing only after
several months, developed in two of the animals exposed for four and 4
1/2 hours, respectively.

It appears that so far as the rabbit eye is concerned, the maximal safe
exposure level of 10 mW/cm.2 recommended by the American National
Standards Institute and generally accepted by most of the Western world,
is satisfactory. In our experience, an incident power density of 250 mW/
cm.? acting on the eye for 35 to 40 minutes is required for cataract
induction by a single exposure. As noted above, multiple exposures at 180
mW/cm.2, each of one hour’s duration and applied daily for 20 consecu-
tive days, also are cataractogenic. It must be pointed out, however, that
there are serious difficulties in attempting to extrapolate experimental
findings from the rabbit to man. Right now we can speak with authority
only for the rabbit.

We do not know precisely what takes place in the irradiated lens that
leads to formation of opacities, but we have a few hints. Biochemical
changes in lenses exposed to a cataractogenic dose were reported by
Merola and Kinoshita!? and Kinoshita et al.'4 They removed the lenses.of
both eyes at various intervals after cataractogenic exposure of the right
eye. The earliest detectable change was a decrease of approximately 23%
in the ascorbic acid level of the irradiated lens. This change was observed
in lenses removed 18 hours after irradiation, but was not evident at a half
hour or at six hours. The latter fact seemed to eliminate the possibility that
the reduction was due to an intraocular temperature rise during irradiation.
The ascorbic acid level of the aqueous humor was not changed and, when
isolated lenses that had not been irradiated were heated to the same
temperature and for the same period of time as the microwave irradiated
lenses, their ascorbic acid content did not change. v _

Kinoshita et al.!4 noted that during the 18 hour postirradiation period,
the lens glutathione level did not change, an observation of interest be-
cause in cataracts caused by x rays, glutathione decreases before any
change in ascorbic acid. The early drop in the ascorbic acid level of the
lens seems to be the distinguishing feature of microwave cataracts.
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Weiter et al.,!S irradiating rabbit lenses grown in culture media, found a
significant decrease in ascorbic acid. No differences in ascorbic acid levels
were observed when control lenses were subjected to the same time and
temperature conditions as irradiated lenses. Their conclusion was that the
microwave heating effect caused the decrease in ascorbic acid.

The mammalian lens consists of concentric layers of elongate lens fibers
enclosed in an elastic lens capsule. Under the capsule’s anterior surface
only is a single layer of cells which constitutes the lens epithelium.
During the life of the lens some of these cells multiply by mitotic
division, gradually migrate to the lens equator and there undergo differ-
entiation and growth to become new lens fibers. The epithelium, therefore,
is a metabolically active layer. Present information suggests that it may be
the primary site of action of microwaves.

Van Ummersen and Cogan,'¢ using an autoradiographic technique,
studied the lens epithelium in rabbit eyes at intervals ranging from six
hours to one month after cataractogenic irradiation of the right eye. One
hour before each animal was to be killed, it was anesthetized and 4
microcuries of tritiated thymidine injected into the anterior chamber of
each eye. This radioactive form of thymine is taken up by any cell which
is actively synthesizing deoxyribonucleic acid in preparing for mitotic
division. After an hour the animal was killed, the lenses removed and
histologically preserved, and the epithelium and overlying capsule were
peeled from the anterior lens surface and affixed to a glass slide. The slide
was dipped in photographic emulsion in the dark and left in darkness for a
month, after which the emulsion was photographically developed. This
brought about the deposition of small aggregates of silver grains on the
nucleus of any cell which had taken up the tritiated thymidine. These
labelled cells and those already undergoing mitosis were then counted in
every pair of lenses. The resultant data gave a statistical basis to compare
the premitotic and mitotic activity of the epithelium in irradiated and
control lenses.

Van Ummersen and Cogan found that the characteristic response of the
irradiated epithelium was a marked suppression of both DNA synthesis
and mitosis. This was evident as early as six hours postirradiation and was
still clearly shown at five days. After a week the suppression of DNA
synthesis and mitosis gradually diminished and by two weeks these ac-
tivities were proceeding at the same rate as in the control eye. At the end
-of a month the irradiated lenses had a slightly accelerated rate, as if there
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were some overcompensation. The authors noted that the sequence of
events in the irradiated lenses closely paralleled that shown by the lens
epithelium after an eye has been exposed to ionizing radiation.

A study of the continuity of events in the rabbit lens during development
of a microwave cataract has been made in our laboratory.!” The right eyes
of New Zealand White rabbits were exposed to a cataractogenic dose of
microwave radiation at 2.45 GHz., continuous wave. At postirradiation
intervals ranging from 12 hours to 123 days the animals were killed, both
eyes were removed, and the lenses were preserved and prepared for
histological study. Fifty-one lenses were studied in serial section for his-
topathological change, and sectioned lenses of the nonirradiated left eye
served as control preparations.

As early as 18 hours postirradiation, changes can be observed. The
posterior ends of those lens fibers subjacent to the posterior lens capsule
swell and there is a distortion of the pattern of epithelial cells at the lens
equator, cells which would normally differentiate into new lens fibers
becoming arranged in a whorl or a rosette. During the second and third
days postirradiation these changes progress. Posterior subcapsular fibers up
to a depth of 7Sum. from the capsule may develop within their cytoplasm
myriads of microscopic vesicles and small cysts may also occur in the
subcapsular cortex. These effects probably represent hydropic changes in
the lens and may constitute an initial response to the thermal insult.
Another feature observed at this time is the swelling into spherical shape of
some of the epithelial cells at the equator. This transformation to so-called
“‘balloon cells’’ has previously been described as a characteristic change
following exposure of the eye to ionizing radiation.!® Also in the equa-
torial region, the orderly bow-shaped pattern formed by the nuclei of
differentiating new lens fibers may become distorted and shift posteriorly.

At four days postirradiation a more extensive response of the equatorial
epithelium takes place as a burst of mitotic activity and migration of
proliferated cells posteriorly under the lens capsule so that a double-
layered epithelium may form where normally there should be no epithelial
cells at all. In some cases there was a second aberrant layer of nuclei,
situated more deeply in the posterior cortex. This effect on the equatorial
epithelial cells, occurring only after four days, may be a response to the
radiation itself rather than to the initial resonant heating.

It may be related to the inhibition of DNA synthesis in the anterior
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epithelium of the lens during this period, as reported by Van Ummersen
and Cogan. !¢ Areas of degenerated lens fibers in addition to swollen fibers
are evident at four days and there may be numerous cysts, some of them
containing a granular precipitate. At this stage in the development of a
microwave cataract, the most notable feature is the large number of cell
divisions and the posterior migration of cells, heretofore considered charac-
teristic of cataracts induced by ionizing radiation. !8.

By the sixth day postirradiation there are usually many more ‘‘balloon
cells,”” which probably represent abortive attempts of epithelial cells to
undergo their normal differentiation into new lens fibers. Mitotic activity is
still present and the aberrent posterior epithelium may be three cell layers
thick or may occur in isolated nests or patches. Distended lens fibers and
relatively large cysts are present in the posterior cortex. No mitoses were
observed in lenses later than six days postirradiation but the degenerative
changes already in progress continue. Sections of lenses from one to five
weeks postirradiation exhibit balloon cells, swollen fibers, epithelial cells
displaced to abnormal sites, vesicles and cysts, and denatured and liquify-
ing fibers. Many of these histopathological changes remain evident in a
lens removed 123 days after cataractogenic irradiation. They are responsi-
ble for the lens opacification observed in vivo by ophthalmoscopic or
slit-lamp examination.

These studies suggest that although the initial clouding of the posterior
layers of the lens cortex may be due to microwave heating, the definitive
opacities result from changes induced in the equatorial epithelial cells by
microwaves. These changes more nearly resemble those caused by expo-
sure of the eye to ionizing radiation than those caused by heat.

Throughout this study careful measurements were made of capsule
thickness in sections of the irradiated and the nonirradiated eyes. No
significant differences could be identified. The thickening and roughening
of the posterior capsule which Zaret'®?° reported in human cataracts
alleged to be of microwave origin does not occur in cataracts known to
have been caused by microwaves in the rabbit.

Knowledge of the effect of microwaves on the human eye is disap-
pointingly meager. Because experiments of this nature cannot be per-
formed on the human, we must depend for our information upon accidental
or inadvertent occupational exposure of the eye to this kind of radiation or
to the results of epidemiologic studies on large groups of persons, many of
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whom had a considerable probability of being exposed to microwaves
while others did not. Results of such surveys have in general been incon-
clusive.

SUMMARY

Thirty years ago two groups of investigators independently found that
when the eyes of laboratory animals were exposed.to microwave radiation,
opacities might subsequently develop in the lens.

A point early investigated in rabbits was how much microwave radiation
was necessary in a single dose and how long it had to act on the eye to
induce a lens opacity. Resulting cataractogenic threshold curves were
similar in shape but varied due to differences in microwave frequency and
in the manner of measuring the power of the microwave field, and because
almost anything placed in the field altered that field merely by its presence.

Having determined the cataractogenic threshold for a single dose, it was
found that a microwave dose incapable of producing apparent effects when
applied only once might cause a lens opacity if applied repeatedly at
regular intervals.

The earliest identifiable effect of microwaves on the eye occurs within
18 hours, a decrease of more than 20% in the concentration of ascorbic
acid in the lens. Radioautographic studies have demonstrated that a single
cataractogenic exposure inhibits DNA synthesis and mitosis in lens
epithelial cells; recovery does not begin until the fifth day postirradiation,
and takes 10 days to two weeks.

Histopathological studies of microwave cataract development in the
rabbit eye reveal that the primary change occurs in the lens epithelium.
Irradiated epithelial cells at the lens equator migrate posteriorly under the
capsule, meanwhile undergoing mitotic cell division, so that a posterior
epithelial layer becomes aberrantly formed. Large spherical or ovoid ‘‘bal-
loon cells’’ appear around the sixth day at the equator and in the posterior
subcapsular cortex. In many cells small vesicles accumulate and coalesce
to form cystic cells which may unite with others and form larger cystic
spaces. Measurement of the thickness of the posterior capsule reveals no
significant differences between irradiated and nonirradiated lenses.
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MY title may appear redundant, but I separate the subjective human
psyche from the more objective goings on associated with behavior.
Microwaves and other radiofrequency radiations of the electromagnetic
spectrum can have highly predictable effects on behavior at modest and
even low levels of irradiation. Introduction of weak fields into sensitive
tissues promotes bona fide physiological reactions that give rise to changes
in behavior. A more subjective and indeterminate class of behavioral
reactions is also discussed, with emphasis on neurasthenia, a reversible
syndrome akin to mild depression. The syndrome has been attributed to
weak microwave fields, but an etiological connection has yet to be dem-
onstrated or refuted. A third class of reactions, afflictions provoked in the
human psyche by microwave radiation as a semantic agent, are not borne
of physical forces in the usual sense of the word but are imagined effects
of radiofrequency radiation, which certainly have consequences for human
behavior, but their origin is in the workings of the scientifically untutored
or overly suggestible mind.

Any discussion of imagined effects will inevitably focus on distortions
and unsupportable speculations that have received much play in the popu-
lar media. A good case in point is the statement that microwave ovens emit
ionizing radiations, which appeared in Time (April 9, 1979) and U.S.
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Subcommittee on Public Health Aspects of Energy of the Committee on Public Health of the New
York Academy of Medicine and held at the Academy April 9 and 10, 1979.

This study was supported by the Research Service of the U.S. Veterans Administration and by grant
FD 00650 from the Food and Drug Administration.

Address for reprint requests: Research Service (151-L), V.A. Medical Center, 4801 Linwood
Boulevard, Kansas City, Mo. 64128.

Bull. N.Y. Acad. Med.



BEHAVIORAL AND PSYCHOLOGICAL EFFECTS 1059

News and World Report (April 16, 1979) shortly after the accident at the
Three Mile Island nuclear facility in Pennsylvania. The reader should not
draw the conclusion that mine is a lése majesté or condemnation of those
members of the Fourth Estate who have fostered the public’s belief in
nonexistent ills and insults of radiofrequency radiation. If the proximal
stimulus of public unrest largely lies in the press and television, the
ultimate cause is the failure of radiobiological scientists and technologists
to communicate adequately their knowledge to the purveyors of public
information. The lines of communication between expert and expositor are
indeed poor.

VERIDICAL BEHAVIORAL REACTIONS

Experimental studies. More than 5,000 reports of biological effects have
appeared in the literature of radiofrequency radiations,* most based on
experimental exposures of small animals to fields in the microwave spec-
trum (300 MHz.-300 GHz.) or at lower radio frequencies, and a substantial
number relate in whole or in part to behavioral reactions. Most of the
scientific reports from the United States are based on studies in which
exposures were of short (minutes to hours) duration to highly intense fields "
well in excess of 10 mW/cm.? The ‘‘hard’’ behavioral data that have
emerged are therefore associated with acute effects and include (in approx-
imate order of decreasing strength of fields) convulsive activity, work
stoppage, work decrement, decreased endurance, perception of the field,
and aversive behavior. :

Electrical units and concepts. 1 shall characterize the data on acute
behavioral effects in terms of electrical units such as mW/cm.2, J/g., and
mW/g. Appendix A and its associated tables define and illustrate the
more commonly used electrical conventions and summarizes some basic
physical concepts relevant to the quantitation of radiofrequency fields in
biological systems. The reader is urged to review the appendix before
proceeding further if he finds himself in unfamiliar territory.

Convulsions. Grand-mal seizures are induced by intense irradiation by
radiofrequency energy and probably result from high body temperatures;
they have been observed within 30 minutes in mice and rats under standard
environmental conditions at power-density thresholds that cover a consid-
erable range—from less than 5 to more than 500 mW/cm.2—depending
on the geometrical and electrical factors that determine the efficiency with
which such radiation is coupled to the body.?> While the power densities
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associated with convulsive activity are highly variable, the whole-body
averaged dose of energy is not.4 Under standard environmental conditions,
the threshold convulsive dose lies between 22 and 35 J/g. of body mass
and holds for exposures ranging from less than a millisecond® to 15
minutes.® While energy-dose thresholds of convulsions are highly stable,
they are quite sensitive to basal body temperature at initiation of irradiation
and to environmental variables, especially those of ambient temperature
and air velocity.*®7 The critical factor is core temperature; when elevated
to a level near 43°C. the probability of a febrile convulsion within a few
minutes approaches unity—an observation true for nearly all mammals
tested. Convulsions induced by radiofrequency radiation indicate a danger-
ously intense field because morbidity and death frequently follow.”®

Work stoppage. A hungry animal can be trained to work steadily to
obtain food. Introduction of an agent that renders the animal ill or anoretic,
or otherwise disables it, stops work. Several studies have shown that
918-and 2450-MHz. microwave fields stop work by rats after five to 20
minutes of irradiation when whole-body energy-dose rates have respec-
tively ranged from ~20 to ~5 mW/g.%!®!! The energy dose associated
with these time-intensity values—when the animal is not subjected to the
additional stress of corporal restraint—is approximately 9 J/g. The power
densities of irradiation that result in the cited dose rates would range
upward from 10 to 150 mW/cm.? or more, depending on the efficiency of
energy absorption. Unlike convulsions, death has not been observed at
threshold doses. for work stoppage during brief exposures (<30 min.).
Indeed, tests of behavioral competency performed 24 hours after irradia-
tion have revealed full recovery of an animal’s ability to perform light
work. %11

Work perturbation. Closely related to measures of work stoppage are
those of work perturbation, i.e., where the rate or efficiency of per-
formance is altered, perhaps even facilitated, but is not disrupted. Recent
studies of the squirrel monkey by de Lorge!2 not only exemplify the case
of behavioral perturbation, but illustrate how animals larger than mice and
rats have much higher tolerance for microwave fields of a given frequency
and intensity. De Lorge’s monkeys worked at a two-lever task that required
adroitness in discrimination and timing to achieve rewards of small pellets
of food. After the monkeys had been partially deprived of food until body
mass was reduced by 10%, which insured strong motivation to perform the
two-lever task, they were exposed to 2,450 MHz. fields that ranged in
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power density from 0 to 75 mW/cm.? and were concentrated on the upper
torso and head. Performance was not reliably affected until rectal tempera-
tures were elevated by 1°C. or more. The irradiation required to produce a
1°C. change in temperature was near 50 mW/cm.? for a 30-minute duration
of exposure. Disruption of performance did not occur in the monkeys until
power density was increased above 60 mW/cm.2 Even after exposures at
70 to 75 mW/cm.2, which were strongly disruptive, the impairment of
performance was only temporary. Dosimetric measurements were not
made by de Lorge, but I estimate that the wholebody energy dose associ-
ated with the monkeys’ thresholds of perturbation—slowed or increased
rates or responding—ranges from 5 to 7 J/g.

Endurance. The work-stoppage and work-decrement experiments de-
scribed above were all based on tasks, such as the pressing of a lever, that
do not require sustained, strenuous effort. When forced expenditure of
effort at a task is required over a long period of time, one measures
endurance if an agent is introduced that interferes with performance of the
task. In an elegant study by Hunt and his colleagues,!3 rats were required
to swim almost continuously in an automated, water-filled alley im-
mediately after being subjected during a 30-minute period to sham radia-
tion, or to radiation by 2.45-GHz. energy that resulted in a dose rate of 6.3
or of 11 mW/g. Rats absorbing energy at the higher dose rate, which
resulted in an energy dose near 20 J/g., were markedly impaired during the
initial period of swimming, then recovered and swam about 600 meters at
a normal rate before again showing impaired performance. When tested 24
hours after irradiation at the 11-mW/g. dose rate, the rats’ swimming
speeds were normal for about 1,200 meters before their performance
worsened relative to controls. Some of the controls could swim a distance
of 9 km. during a 24-hour period.

The rats that had been absorbing energy at the rate of 6.3 mW/g. for 30
minutes, when tested immediately after irradiation, swam as well as con-
trols for about 1,200 meters, then performed poorly over the next 600
meters before again swimming at speeds that fell within control values.
The dose of energy imparted to these rats, about 11 J/g., was associated
with a modest degradation of endurance when the animals were tested
immediately after exposure to 2,450-MHz. RF fields that could range in
intensity from just above 35 mW/cm.2 to 65 mW/cm.?2

Perception of RF fields. The perceptibility of radiofrequency
fields is the most thoroughly established datum in the behavioral literature
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on such radiations, but a datum that must be qualified. The qualification
relates to modulation of the radiofrequency field. When a radiofrequency
field is sharply pulsed so as to produce a burst of electromagnetic waves of
short rise time and high peak intensity, most individuals on whom the burst,
of waves is incident hear a popping or clicking sound. This effect was first
systematically studied by Allan Frey,'*!>!6 and is now believed by most
scientists who have studied it to result from thermoelastic expansion of
tissues in the head. Sudden if extremely slight heating of tissues, because
of their thermally-dependent change of density, is believed to launch a minus-
cule pressure wave detected (as are ordinary sound waves) at the
cochlea.'”2° The threshold of radiofrequency hearing per pulse of detected
energy is the smallest consensually validated dose of microwave radiation
that results in a biological effect, about 10 to 20 wJ/g., animals of smaller
mass being more sensitive. These doses of energy are so small that, near
threshold levels, the resulting increases in brain temperature per pulse
average less than one-hundred-thousandth of a degree (<105°C.).1°

The threshold of detection of unmodulated or of softly (sinusoidally)
modulated radiofrequency waves is much higher than that of pulsed waves.
King and her colleagues?! utilized the most sensitive assay known to
experimental psychologists to determine sensory thresholds and found that
the threshold dose rate lies near 600 ©W/g. in rats subjected for 60 seconds
to sinusoidally modulated 2,450-MHz. microwaves. The corresponding
energy dose is near a maximal value of 35 mJ/g. The range of averaged
power densities of incident 2,450-MHz. energy that would result in a dose
rate of 600 wW/g. in mature rats is about 3.5 to 6.0 mW/cm.? Since the
radiofrequency hearing effect depends on an energy dose three orders of
magnitude below the threshold of detectable warming, to which the rats of
- King et al. presumably were responding, it follows that the (1-second)
time-averaged power density at which threshold responding occurs to a
single audible pulse of radiofrequency waves is near 2 to 3 uW/cm.?2

Aversive behavior. When pulsed 1.2-GHz. microwaves of a character
associated with radiofrequency hearing are continuously presented to rats
that are given a choice—they can stay in the field or leave it for an area
shielded from the radiation—they tend to remain in the shielded area.?*2
One gathers that the continuously pulsed field, which averages about 200
p#W/cm.2 in power density, is not too aversive, because rats given the
choice will repeatedly ‘‘probe’’ and enter the radiated area even though
they develop a general preference for the shielded site. At 200 uW/cm.2 a
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1.2 GHz. field would result in dose rates between 30 and 80 uW/g.

A seeming paradox to the relative ease with which a rodent can detect a
pulsed or nonpulsed microwave field of moderate intensity (~20 mW/
cm.?) lies in the extreme difficulty rats encounter in learning to escape
from highly intense radiation, at least when the field is not pulse mod-
ulated and is not heralded or accompanied by salient sensory stimuli.?4 At
power densities near lethal levels for a 4- to 8-min. exposure, i.e., in an
unpulsed 918-MHz. field that results in a dose rate of 60 mW/g., rats
simply do not quickly learn a simple locomotor response that would
immediately attenuate or extinguish the field.?* The datum of detectibility
of fields of low to moderate intensity but failure of escape learning in a
nearly lethal field, is really not a paradox but demonstrates that the
continuous presence of a field and its sudden cessation have quite different
psychological properties. Several minutes of irradiation at 10 to 25 mW/
cm.? or more can produce detectible warming.25 However, sudden cessa-
tion of the intense radiofrequency field evades sensory witness, probably
because of the large thermal time constant of the mammal’s well-hydrated
tissues. In effect, the field extinguishes, but the elevated temperature of
tissues in which thermal nocireceptors are situated declines too slowly to
provide a discernible thermal cue to reinforce an escape response. Because
of the poor detectability of the source of an attenuating or rapidly extin-
guished radiofrequency field, it is not surprising that human beings who
work near- unshielded or imperfectly shielded radiofrequency heaters in
industrial settings have received intense irradiation, have developed symp-
toms of malaise, but have failed to discriminate the cause of their symp-
toms. 40

General comment on experimental studies. A general rule is evident
with respect to findings of behavioral reactivity during or shortly after
acute exposures to radiofrequency radiation: The effects at high power
densities above 100 mW/cm.? are pronounced, easily recognized by the
informed observer (if not by the uninformed recipient), and obviously
thermally dangerous. At lower levels of such radiation, behavioral evi-
dence of damage decreases rapidly; dose rates an order of magnitude below
the rat’s LD-50, which in a standard environment is near 35 mW/g. for a
20-minute exposure,® do not generate gross behavioral signs of harmful
effects. It is true that effects per se are seen at much lower doses and dose
rates (e.g., the radiofrequency hearing phenomenon), but no behavioral
data implicate hazards for the animal acutely subjected to fields at aver-
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TaBLE I. REPRESENTATIVE DATA ON PROMPT BEHAVIORAL RESPONSES OF MAMMALS TO IRRADIATION BY
RADIOFREQUENCY ELECTROMAGNETIC ENERGY

Frequency Duration Average Energy
Citation Species and mode of of power dose Energy Mode of
Class of behavior No. (mass) irradiation* exposuret density ratet dose irradiation
Aversion Rat 918-MHz. 10 min. 125-375 Multimode
(Unpulsed fields) 24 (300g.) _ sine total mWiem.2 S0 mWig. 5x7 Yg. cavity
Mouse 2,450-MHz. 70-325 Multimode
7 O 300s. , 80mW/g. 24J/g. .
Convulsions 30g.) Sine mWicm. cavity
7,8 Rat 2,450-MHz. 440-800 Multimode
@00¢g.) sine 380s. mWicm.2 95 mWig. 25 Jg- cavity
Rat 2,450-MHz. : 30-80 Multimode
13 I 30 min. 2 6 mW/g. 11 J/g. .
Endurance (250 g.) sine mWicm. cavity
Rat 2,450-MHz. . 55-140 Multimode
13 250 g.) sine 30 min. mWiem.2 1MW 20 Yg- cavity
Rat 918-MHz. 6 min. 8 Plane wave
10 2 8 mW/g. 3 ).
Work stoppage (200 g.) Ccw (Avg.) mW/cm. near field
11 Rat 600-MHz. 22 min. 20 210 14 31018 Plane wave
@35¢g.) CwW (Avg.) mW/cm.? mWlg. Jig. far field
Squirrel
Work 2,450-MHz. . Plane wave
perturbation 12 r(gggkge 33 Cw 15 min. mW/cm.2 7 mWig. 6 Jig- far field
10 wiig.

Aversion 22 Rat 1,200-MHZ. 27 min. 200 100 MW/g per Plane wave
(pulsed fields) 250¢g.) pulsed (cumul.) mW/cm.? : pulse far field
Perception Rat 2,450-MHz. 3-6 <36 Multimode

2 @25g) Sine <60s mWicm.2 00 MWIiE pye.

(unpulsed fields)

cavity
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TABLE 1. (Continued)

Frequency Duration Average Energy
Citation Species and mode of of power dose Energy Mode of
Class of behavior No. (mass) irradiation* exposuret density rate} dose irradiation
Human .
19 (head 2,450-MHz. 3 ps. (Not applicable 16 pllg. Plane wave
pulsed (repeated) s per
. only) since single near field
Perception pulses are the pulse
(pulsed fields) 20 Guinea 918-MHz. 10 ws. variables of 6 ullg. Wa\‘/ii-
pig pulsed (repeated) : per gui

(head only) Interest) pulse

The quantities shown for intensities of the incident field (power density) and for absorbed
type), on calculations based on direct measurement (regular type),
al., Radio Science 14:1979). As is evident, unless animals in a
highly variable. Irradiation in a cavity or waveguide can result in
densities is an estimate of limits, the minimal and maximal quantities that,
agiven dose rate. As a rule of thumb—for brief exposures

rise by ~0.25°C. for each J/g. of absorbed radiation.

1Duration generally refers to minimal period of time to production of a given behavioral response

§Whole-body average

Escape behavior not demonstrated during
5 2-min. exposures at 2-min. intervals.

Temperature, humidity, and velocity of
air flow in the environment are critical
as is the animal’s core temperature at
initiation of irradiation. Convulsion
occurs at a rectal temperature near 43°C.

Immed. after irradiation endurance was
moderately less than that of controls.

Comment

Immed. after irradiation endurance was
markedly less; 24 hours later endurance
‘was moderately less than controls’.

Rats were under bodily restraint to main-
tain constant exposure geometry.

Rats were free to move about in a field '
of highly varying coupling characteristics.

Monkeys worked while restrained in a
chair; work stoppage was not observed but
quality of performance was impaired.

(dose rate and dose) are based on direct measurement (bold
or on estimates (in Italics) via the Radiofrequency Radiation Dosimetry Handbook (see Durney et
plane-wave field of constant intensity are immobilized, quantities of absorbed energy are usually
a constant rate of energy absorption, even by freely moving animals; the associated range of power
depending on an animals’s orientation in a plane-wave field, would be required to produce
during which loss of thermal energy by the irradiated animal is minimal—the mean body temperature will

*Sine = sinusoidal modulation, CW = continuous (unmodulated) waves, Pulsed = pulse-modulated waves

Marked behavioral aversion was not ob-
served; rats exhibited a preference (70%)
for the shielded side of a shuttle box.

Values for duration and energy dose are
upper limits since animals demonstrated
detection of field during 60-s. presenta-
tions.

Normal human volunteers were subjected
to fields under several conditions of

pulse width and peaks of power density; 16
nJ/g. was lowest threshold observed. The
guinea pigs were irradiated with their
heads in a special waveguide.
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aged power densities below 1 mW/cm.? A summary of acute (prompt)
effects is given in Table I.

EPIDEMIOLOGICAL STUDIES

Lying in an indeterminate grey area between verifiable and imaginary
behavioral effects of radiofrequency radiation are those cited in
epidemiological reports. While epidemiological studies do not yield
‘“‘hard’’ data, they have generated findings that command worldwide inter-
est. Illustrative of the interest-provoking content is a study recently per-
formed by Abraham Lilienfeld and his colleagues on former American
employees of the United States Embassy in Moscow.2¢ This study con-
firmed many earlier Eastern European reports with respect to neurasthenic
symptoms among individuals working in stressful environments.>73?

The symptoms of neurasthenia are relatively persistent and include
irritability, headache, lethargy, insomnia, irascibleness, impotence, and
loss of libido—or what Western psychiatrists currently label the chronic
depressive reaction.33 While the syndrome doubtlessly exists, the specific
attribution of microwaves and other radiofrequency fields as causative
agents?’ was not supported by the Lilienfeld findings or, indeed, by many
more recent Eastern European reports cited above. There is, however, the
problem of interpreting the epidemiologist’s necessarily uncontrolled ob-
servations. In the first place, the quantitation of strength of ambient fields
has often been little more than guesswork. The industrial and military
environments in which the typical epidemiological study has been per-
formed contain so many variables that isolation and quantitation of specific
sources of biological variation are extremely difficult.

Lilienfeld’s group found that the incidence of neurasthenic symptoms
among employees of the American embassy in Moscow is not positively
correlated—and, indeed, is slightly negatively correlated—with levels of
radiation measured inside and outside the Embassy with—for epidemiolog-
ical studies—uncharacteristically great precision; however, even this nega-
tive finding will be challenged. Granted that levels of irradiation ranged
from immeasurably low at the embassy’s ground floor to maxima between
3 and 18 uW/cm.2 near the top floor, the assumption that personnel
remained effectively invariant with respect to vertical location in the
building will be argued: Some upward and (especially) downward mobility
has to be assumed—or did personnel billeted in the upper stories arrive at
their posts without entering the embassy at the ground level? Another
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challenge will come from those who confuse the effects of ionizing with
those of nonionizing radiations and argue for a ‘‘hit”’ theory, i.e., they will
argue that just the presence of the field, however low or high its strength,
triggers the neurasthenic reaction.

I do not subscribe to the hit theory for radiofrequency waves, and, for
that matter, consider Lilienfeld’s correlative analysis of field strength
versus neurasthenic incidence as useful and valid as any reported in the
epidemiological literature. What I stress is that some individuals with the
will to believe that extremely weak radiofrequency fields induce
neurasthenia—and other, much graver ills—will conjure arguments to
support their beliefs. I also stress that I do not succumb to the fallacy of an
argument ad ignorantiam: While I can argue on unimpeachable grounds
that a good case for a microwave etiology for neurasthenia has not been
made, I cannot argue that the evidence nullifies a possible connection.

The question of a role of microwave fields in the etiology of neur-
asthenia is amenable to experimental resolution with animal models. A key
feature of the neurasthenic syndrome—sexual incompetence—could easily
be tested in rats and, of course, rabbits. Edward Hunt and I have argued
during the past year for studies in which chronically irradiated animals are

tested for sexual competency. Our arguments have fallen on ears scientif-
ically sympathetic but deaf to sponsorship. As one colleague put it, ‘‘If
we start counting the frequency with which an irradiated rabbit mounts its
mate and then report the numbers in the open literature, we’re certain to
incur the wrath of Senator Proxmire and secure the ignominy of the
Golden Fleece award.”’

IMAGINARY PSYCHOLOGICAL REACTIONS

For many years American biologists who worked with radiofrequency
radiations looked askance at Eastern European reports of neurasthenia
among personnel occupationally exposed to microwave fields well below
the U.S. guide number of 10 mW/cm.?2 It is now realized that the studies
giving rise to Eastern European reports of positive findings and the singu-
larly negative American studies had little in common. Our Eastern con-
freres performed many relatively long-term experimental studies of animals
at low levels of irradiation; we typically performed acute studies at rela-
tively much higher levels. In retrospect, one must admit more than a little
Yankee arrogance and a failure of scientific perspective to assume that the
negative American findings cast doubt on positive reports from the East.
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The failure of many American scientists to realize that the essence of
confirmation or rebuttal lies in systematic replication does not, of course,
validate Eastern claims of subtle, microwave-induced neuropathies and
behavioral disorders. These claims still await laboratory confirmation or
rebuttal because so many of the earlier studies—in the United States as
well as abroad—were based on dosimetrically unanchored experiments in
which the accuracy of measurement of field strengths of incident radiations
is also suspect. Yet both irony and poetic justice attend claims by Ameri-
can authors that microwaves at very low levels’’...can blind you,. alter
your behavior, [induce cancer], and even kill you,’’34 and are responsible
for a high incidence of sudden death from heart attacks in Finland.?s
Because of the implication that fields at power densities well below 1
uW/cm.2 are involved in this alleged morbidity and mortality, even the
most accepting of Eastern European scientists would find this litany of
Yankee horror stories incredible.

I shall turn now to specific examples of imaginary effects of microwave
radiation. Examples are illustrative but hardly exhaustive because con-
straints on imagination are far less limiting than those on the time and
space required for rebuttal. ,

Mongoloid offspring of airline pilots. Paul Brodeur, in his book, The
Zapping of America,?* recounted the travails of Dr. Irvin Emanuel, now
director of the Child Development and Mental Retardation Center in
Seattle, Wash. When highly informal observations indicated that Down’s
syndrome might be correlated with paternal status as airline pilot, Dr.
Emanuel sought support for a formal study from the national office of the
Airline Pilot’s Association. This was not forthcoming. The determined
Dr. Emanual next screened nearly 200 birth certificates of mongoloid.
children born in the Seattle area. Examination of the certificates revealed
that no such child had been sired by an airline pilot. Dr. Emanuel did find
that the average age of the mothers of the mongoloid children was ad-
vanced, which agrees with the well-established correlation between mater-
nal age and incidence of mongolism. When interviewed subsequently by
Mr. Brodeur, Dr. Emanuel gave a full account of the informal observa-
tions and of the subsequent study. Only the informal observations were
reported by Mr. Brodeur, which prompted Dr. Emanuel to write in a letter
sent to me that ‘“What [Mr. Brodeur] did not do was include my descrip-
tion of our maternal age findings as I have recounted them to you. I regard
this as an important omission which slants my conversation more in his
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direction than I am willing to see in the light of the information which I
have.”’

Others have studied the incidence of mongolism among populations in
which fathers have had protracted, occupationally or service-connected
exposures to radiofrequency radiation. Except for one report based on a
statistical artifact, no relation has been found between Down’s syndrome
and paternal exposure to radiofrequency radiation. The ‘‘mongoloid con-
nection,’’ then, is largely in Mr. Brodeur’s imagination, as is his assump-
tion that airline pilots are exposed to dangerous levels of microwave
radiation. Perhaps the source of radiation is the cockpit cathode-ray tube,
my second example.

Video-display terminals. A notable case of cataracts in two young
editors with the New York Times was reported in 1977 and 1978 in a
succession of newspaper stories. The blame was placed on cathode-ray
tubes inside video-display terminals used by the editors. (One gathers that
these unfortunate gentlemen saw Mr. Brodeur in his appearance on Tom
Snyder’s televised show Tomorrow, during which Mr. Brodeur informed
Mr. Snyder and millions of viewers that the cathode-ray tube of the video
camera’s monitor might be emitting microwave radiation at dangerous
levels.)

Other stories appeared in which birth defects and abortions were also
blamed on microwaves radiated by video-display terminals. Finally, the
management of the Times arranged for a series of surveys by engineers of
radiations emitted by these terminals. The only measurable levels of
nonionizing radiation emitted by these instruments were those of visible
light. These surveys were independently confirmed by scientists and en-
gineers of the National Institute for Occupational Safety and Health.3¢

Who is radiating whom? Measurement of radiofrequency fields gener-
ated by electronic devices is necessarily referred to background levels. By
definition, an immeasurably small level of radiation is one near or below
the level of background radiation. Mr. Brodeur is quite correct in assuming
that video-display terminals and other thermionic devices generate micro-
waves, but he seems to be unaware that all matter in the universe above a
temperature of absolute zero emits ‘‘black-body’’ (including microwave
and infrared) radiation. Within limits, the quantity of microwave energy
emitted by a body increases with increasing temperature, in keeping with
Planck’s law. Indeed, the operator of a video-display terminal with a
higher average temperature than the device he is looking at radiates more
microwave energy at the device than he gets from it!
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STANDARDS VERSUS AMBIENT LEVELS OF MICROWAVES

One last figment of the microwave-inflamed imagination is a presumed
association between standards of microwave radiation and their ambient
levels. One of the more frequently discussed riddles of microwave radia-
tion is the highly restrictive Eastern European limits on continuous expo-
sure three to four orders of magnitude below the voluntary guide number
in the United States of 10 mW/cm.? Closely linked to this riddle is the
supposition that environmental levels of microwave irradiation are much
higher in the United States than in, say, the Soviet Union.

Recent surveys of densely populated areas of the United States by the
Environmental Protection Agency reveal that in all but a tiny proportion of
areas, levels of radiofrequency radiation are below the most stringent
Eastern European limit.37 While survey data do not indicate whether levels
of such radiation are significantly lower in Moscow, say, than in New
York City, they do indicate that de facto observance of a stringent civil
standard is and has been the rule in the United States.

In some areas the stringent level is exceeded. Tall buildings in the
vicinity of television and FM broadcast antennas are sometimes the reci-
pients of signals that exceed 10 uW/cm.2, but one assumes with some
warrant that these excesses are as likely in some areas of Mozcow—
especially near the roof of the U.S. Embassy—as in New York City.
Whatever the case, it does not follow that a statutory limit is commensu-
rate with ambient levels of radiofrequency radiation.

With respect to the current United States guide number, I share with
most contemporary radiobiologists the conviction that continuous,
ultralong-term exposure of a biological system to radiofrequency radiation
at 10 mW/cm.? could augur for problems, particularly for emanations of
VHF television and commercial FM transmitters. The twin factors of
resonant absorption and relatively high fluxes of radiation deliberately and
of necessity aimed at human populations could lead to hazards if field
strengths of TV and FM signals approached the 10 mW/cm.? level. While
the scientific jury is out on the potential for irreversible harmful effects at
much lower power densities, I doubt on intuitive grounds that there is any
justification for the most stringent Eastern European standard, the
1 ©W/cm.? limit of Czechoslovakia. By establishing such a standard, our
confreres in Czechoslovakia have effectively outlawed the bearing of
children! The emission of ‘‘natural’’ microwave energy from a mother’s
body—from, specificially, the amniotic fluid that surrounds the fetus—
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results in an incident whole-body flux of microwaves that effectively
exceeds the statutory limit.*

One should not overlook some important implications of black-body
radiation for scientists and physicians. First, a counterargument might be
offered that radioactive elements are part of the fabric of biology. We are
born with such elements, and we constantly absorb decaying isotopes from
the external environment. Would one then argue that additional exposure
to x or gamma-rays is therefore permissible or desirable? While answering
strongly in the negative, I note an absence of parallelism between ionizing
and ‘‘vital’’ (which is to say, infrared and microwave) radiations. Decay-
ing isotopes are present in all biological bodies, but are irrelevant to
metabolism; one could live and indeed live better without them. The vital
microwave and infrared radiations are part and parcel of the metabolic stuff
of living matter and, indeed, of all matter in motion. They are not exotic
to the human condition but are an inseparable part. The incorporation of an
excessive quantity of microwave or infrared radiation is certainly not
desirable, but any argument that danger attends an encounter with exogen-
ous microwaves at levels commensurate with and well below those inher-
ent in the body begs an imagined peril that I am at a loss to comprehend.

Much easier to comprehend is the damage that can arise from false
convictions—from the psychologically inspired physiological stress that
attends anticipation of insult, contributes to chronic anxiety, and results in
organic upset and deterioration among susceptible individuals.3° Indeed, I
believe there is far greater danger in false prophecy than in the weak
electromagnetic fields around which the gloomy prophets spin their au-
guries of peril.

EPILOGUE

I have not commented much on that larger and essentially untested
boundary of ultralong-term exposure to radiofrequency radiations. The flux
of incident radiofrequency energy near 1 uW/cm.? should hold no fear for

*By international convention, the spectrum of radiofrequency (RF) electromagnetic energy extends
in 12 bands from just above zero hertz (D.C. or 0 Hz.) to 3 tHz. (terahertz= 10'2 Hz.). The
microwaves occupy Bands 9, 10, and 11 (300 MHz. to 300 GHz.) and thus are overlapped by one
octave of radiofrequency radiation, Band 12, which also overlaps the infrared spectrum. If the radiant
emittance of the human body is integrated over all 12 bands of the radiofrequency spectrum, the
power-density number increases to ~5 uW/cm.2 Moreover, integration of the human body’s radiant
emittance over the entirety of the radiofre%uency and infrared spectra yields minimal and maximal
power densities, respectively, near 3 and 50 mW/cm.2, which reflect extremes of whole-body meta-
bolic activity of ‘‘standard’’ man. The basal metabolic activity of the human brain is so great that its
cells emit electromagnetic energy at a rate well in excess of 30 mW/cm. 2
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reasons already mentioned. But there is a grey line of uncertainty that
becomes ever more uncertain as that flux approaches the current American
guide number of 10 mW/cm.2 Need is manifest to explore that grey line
experimentally, to assess the consequences of continuous radiofrequency
irradiation over the life span and over generations of mammalian species
with short spans of life. The need hardly inheres in present-day environ-
mental levels of radiofrequency waves for the great majority of persons
because man as a microwave radiator is much more the giver than the
receiver, but the future bids strongly for ever increasing levels, especially
if microwave-mediated energy is sought from the sun through the aegis of
the solar-powered satellite.3® We can experiment now in preparation for
the future, or we can wait and let the future experiment on us.

SUMMARY

The first category of behavioral reaction to microwaves and other
radiofrequency electromagnetic radiations involves responses confirmed in
laboratory experiments from which a dose-response picture indicates ab-
sence of damaging effects of acute exposures (typically less than 60
minutes) at whole-body energy-dose rates below 3 mW/g. To result in this
dose rate, the power density of incident radiation could be as low as 2 to 3
mW/cm.? for a small animal but would be on the order of 15 to 20
mW/cm.2 for a human being. The second category treats of behavioral
sequelae of indeterminate origin observed during epidemiological studies
of industrial and military populations. Because of the general lack of
quantitative information on intensity of ambient radiofrequency fields and
because of myriad uncontrolled variables in the mundane environment, the
extant epidemiological findings are at best hypotheses in need of exper-
imental verification. The third category is that of imagined effects of
radiofrequency radiations at power densities so low as to fall below the
human body’s rate of emitting microwave energy. Examples cited are the
belief that video-display terminals emit significant quantities of microwave
energy and the thesis that airline pilots have a higher than normal proba-
bility of fathering mongoloid children because of excessive exposure to
microwaves. Because chronic anxiety can produce systemic disruption,
propagators of imaginary hazards of microwave radiation probably gener-
ate more stress and disease in suggestible populations than the low-
intensity fields to which all manner of ills are attribute.
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Appendix I

ENERGY QUANTITIES AND CONCEPTS USED IN BIOLOGICAL STUDIES
OF RADIOFREQUENCY ELECTROMAGNETIC RADIATION

Dosimetric units. In the System Internationale (S.I.) of quantities and
units, the formal unit of all forms of energy—Xinetic or potential, electrical
or radiant, thermal or mechanical—is the joule (J). One joule is the
equivalent of 107 ergs and of 0.239 ‘‘small’’ calories. Moderately active
‘‘Standard Man,”’ for example, requires about 12,552 J of energy a day
from ingested food to maintain his body mass of 70 kg., i.e., 1/0.239 =
4.184, which, multiplied by 3,000 calories = 12,552 J or ~ 12.5
kilojoules (kJ) per day.

When the joule is normalized to body mass in kilograms (joules per
kilogram = J/kg.), these S.I. units express the energy dose, the amount of
energy per unit of mass imparted to an absorbing body. A working unit of
joules per gram (J/g.) is often used for convenience. Standard Man’s daily
nutritional dose in joules is ~179 J/kg. or ~0.18 J/g.

The watt (W) is the S.I. unit of the time-averaged rate at which energy
is generated, transferred, transformed, absorbed, or dissipated. Ac-
cordingly, W is defined as number of joules per second (W= J/s.). To
express the mass-normalized time rate of energy generation, transforma-
tion, etc., the appropriate S.I. unit is W/kg., which is widely used as the
radiofrequency energy dose rate and is also known as the Specific Absorp-
tion Rate or SAR [working units are milliwatts per gram (mW/g.), and
microwatts per gram (wW/g)]. For comparison, Standard Man metabolizes
energy at a whole-body averaged rate of 1 mW/g. (sleeping), 2 mW/g.
(light activity), 10 mW/g. (severe exercise), or 18 mW/g. (running up a
flight of stairs).

The metabolic rate is not a dose rate, which is defined as the mass-
normalized rate of incorporation of external energy; the numbers given for
various levels of metabolic activity are cited solely to provide the reader
with a frame of reference for appreciating rates at which radiofrequency
energy is- incorporated into a biological body. Energy-dose and energy-
dose-rate numbers carry no necessary metabolic meaning, but simply
express quantities of rates of physical heating, latent or kinetic, by ab-
sorbed eiectromagnetic energy. Heat is defined physically as energy in
transit from a source to an absorbing body; heating is simply the rate at
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which any form of energy, microscopically speaking, is coupled to an en-
semble of molecules. Heat is not to be confused with temperature, which is the
average kinetic energy of a system of molecules. It is an anomaly of the
English language that only one adjective, ‘‘thermal,’” is used to modify the
different constructs of heat and temperature. This anomaly has been the
source of much confusion because one investigator’s claim of nonthermal
effects of microwaves may be intended to mean an effect not based on a
measurable change of temperature, while another investigator may mean
no effect of temperature, and yet another investigator may unwittingly
intend an effect not based on heating (i.e., not based on transfer and
absorption of energy). The latter meaning is a physical contradiction in
terms because an effect cannot be induced in a system by an external agent
unless energy is imparted. The only valid meaning of nonthermal radiofre-
quency radiation (in the sense of a nonheating field) is that which is
completely scattered (zero absorption) by the body on which it is incident.
It is important to note that veridical thermal effects based on heating have
several theoretical categories of causation, including increase of tempera-
ture (manifest heating), change of physical state (latent heating), and rate
of increase of temperature, which is believed to be critical for the phenom-
enon of radiofrequency hearing.

The reader is cautioned at this juncture that the term ‘‘heating’’is used in
the physical, molecular sense of the word. I assume without fear of
physical contradiction that absorption of a quantum of RF energy by an
ensemble of molecules will increase their kinetic energy (kT). But an
increase of kT from heating at the molecular level is no warrant that
ensuing events at levels of greater structural complexity are a simple
reflection of AKT. In that enormous and highly ordered aggregate of
molecules known as the neuron, the RF field that invests it and its millions
of interconnected counterparts may theoretically ignite macromolecular
physiological events that are associated with but are not linearly attribut-
able to AKT. By analogy, a coil of spring steel can be viewed at one level
as a repository of potential energy as it is compressed, and as an exemplar
of kinetic energy upon release, yet the myriad behaviors and consequences
of such springs at the macromolecular level are only remotely attributable
to micromolecular AKT. In recognition that J and W are constructs related
to energy (and, as regards RF dosimetry, to electrical energy), there is no
implication whatsoever that J/g. or W/g. as independent dosimetric vari-
ables possess that surplus of meaning that forces a ‘‘thermal’’ interpreta-
tion on any biological response to an absorbed RF radiation.
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TaBLE A-I. REPRESENTATIVE QUANTITIES, DEFINITIONS AND UNITS OF
ELECTROMAGNETIC RADIATION RECOMMENDED BY IEC AND IOS

Quantity and definition S1 unit

Name Symbol

Electromagnetic radiation

The radiant energy Q. (or W) is the energy joule J
emitted, transferred or received as radiation.

The radiant energy density  is the radiant  joule per cubic meter J/m.3
energy in an element of volume divided by
that element: w = dQ./dV.

The radiant flux or radiant power ®. is the watt w
time rate at which energy is emitted,
transferred or received as radiation:
&, = P = dQ./dr.

The radiant exitance M. at a point of a watts per square meter W/m.2
surface element is the radiant flux leaving an
element of the surface divided by the area
of that element: ®M,= f edA.

The irradiance or energy flux density watts per square meter W/m.2
(“‘power density ") E, at a point of
a surface is the radiant flux incident on an
element of the surface divided by the
area of that element: &= f E.d4.

The radiant exposure H. is the time integral joule per square meter J/m.2
of the irradiance: He=/ 1.

Reproduced by permission from Justesen, D.R.: Toward a prescriptive grammar for the radiobiology of
nonionising radiations: Quantities, definitions, and units of absorbed electromagnetic energy. J. Micro-
wave Power 10:343-56, 1975.

Densimetric units. Radiofrequency waves incident on a biological body
are often characterized by one or more of three sets of S.I. units, volts per
meter (V/m. ‘= electric-field strength), amperes per meter (A/m. =
magnetic-field strength), and, especially in the microwave spectrum, watts -
per meter squared (W/m.2). While V/m. and A/m. relate to the strengths
of two field components of an RF wave, the W/m.2 (which is referred to
formally as irradiance or energy flux density and informally as power
density) relates to the average or peak quantities of energy that flow each
second of time through a measured area of space. Watts or milliwatts per
centimeter squared (W/cm.2 or mW/cm.2) are commonly used derivations
and have the relation of 10 W/m.2 = 1 mW/cm.? = 1,000 uW/cm.?

~Power density is the cross-product of the two components of field
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TaBLE A-Il. PROPOSED QUANTITIES, DEFINITIONS, AND UNITS FOR
DOSING OF BIOLOGICAL BODIES WITH NONIONIZING
ELECTROMAGNETIC RADIATION

ST unit

Quantity and definition
Name Symbol

Absorbed electromagnetic energy

The energy dosage Qy, is the energy imparted joule J
to a biological body from irradiation by
electromagnetic energy.

The energy dosage-rate Q) is the time rate watt w
at which energy is imparted to a biological
body from irradiation by electromagnetic
energy.

The energy dose Dy, is the energy imparted to  joule per kilogram J/kg.!
an element of mass of a biological body from
irradiation by electromagnetic energy.
Day = Qap M!

The energy dose-rate D, is the time rate watt per kilogram W/ikg.!
at which energy is imparted to an element of
mass of a biological body from irradiation by
electromagnetic energy. Dg,=dDgy/df

Reproduced by permission from Justesen, D.R.: Toward a prescriptive grammar for the radiobiology of
nonionising radiations: Quantities, definitions, and units of absorbed electromagnetic energy. J. Micro-
wave Power 10:343, 56, 1975.

strength and, as an expression of propagating radiofrequency energy, is not
a dosimetric measure. Because of the many electrical and anatomical
variables that control the quantity of energy absorbed by a body in a field
of a given power density (see Gandhi, p. 999, this issue), the power-
density number is only a crude index of the dose rate.

Tables A-I and A-II summarize respectively formal S.I. quantities,
units, and nomenclatures for radio densitometry, and related conventions,
and formal S.I. units and quantities for radio dosimetry (nomenclatures
have been proposed but have yet to be resolved by the S.I. arbiters).
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VER the past five years awareness has been increasing among
Oneurobiologists of ways in which information is processed in brain
tissue. !

Three lines of recent evidence are sharply at variance with most of what
we learned in medical school about information transaction in central
nervous tissue. The first line of evidence indicates that cell-to-cell com-
munication between brain cells probably involves only slow waves in
much of these interactions. The second is that brain cells sense electric
fields in their own environment and that these fields are far below those
electric gradients associated with synaptic processes. Specifically, I shall
address the apparent role of the oscillating electric fields in the fluid
around cells as an element in transaction of information.

The third line of investigation is even more remote from classical
biochemistry and physiology of brain tissue, in that it addresses the virtual
certainty that at least some classes of information transaction at the sur-
faces of brain cells involve nonequilibrium processes. Under that impres-
sive term is subsumed the simple concept that we no longer think of ions
massively transferred from one side of a membrane to another in the initial
steps of excitation, but rather that there are forms of resonant interaction
between ions located at binding sites on membrane charge sites, surface
macromolecules, and that they ‘‘see’’ one another at considerable atomic
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distances. Given these three lines of evidence that may help us understand
some aspects of field interactions with brain tissue, what should we look
for in central nervous interactions with an impressed electromagnetic field?
First, we should seek a structural substrate in the anatomy of cerebral
tissue. Second, we should search for physiological and biochemical ef-
fects, and, third, we should seek behavioral correlates.

POSSIBLE ANATOMICAL SUBSTRATES FOR FIELD INTERACTIONS WITH
BRAIN TISSUE

In simple nervous systems, such as those that characterize the simplest
animals like Hydra, there are no ‘‘interneurons.’’ A sensory cell is con-
nected directly to a motor cell. There is no opportunity for the plasticity of
a changing response that might result from a continuing pattern of stimuli.
A typical brain is really a great overgrowth of interneurons interposed
between the sensing cell and the motor apparatus. In Hydra, for example,
there are neuroepithelial cells at intervals in the epidermis. Typically, they
connect directly to a muscular apparatus between the external epidermis

and the endoderm. By contrast, the brain is constituted of an enormous
number of interneuronal cells, and in-all vertebrates, particularly in mam-

mals, brain neurons differ from neurons in the rest of the nervous system
in that the cortical neuron has-a very small cell body and a huge series of
branches that we call dendrites, extending out for a vast distance. Den-
drites make contact with dendrites in a functional sense and ‘‘dendrites
speak unto dendrites.’’2 It is in this structural substrate that there appears
to be at least one elemental aspect of a possible interaction with environ-
mental fields.

The ontogeny of cortical development provides further evidence of the
importance of dendrites in cortical tissue. In the human infant brain at
birth, cell bodies are widely separated. There is very little dendritic
growth. At four months, cell ‘‘packing density’’ is no higher, but dendrites
start to grow out. By 15 months there has been a vast proliferation of
dendrites, though still incomplete, and those from one neuron make con-
tact with dendrites of other neurons. The older classical concept envisaged
a “‘through”’ neuronal circuit with a nerve fiber terminal in contact with a
cell body (or soma), then carrying a traffic of impulses, and ending in a
synaptic terminal on another neuron. That concept is being replaced by one
in which there are interactions through dendrites contacting dendrites of an
adjacent neuron. In the retina, for example, the activated receptor transmits
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activity to bipolar cells and horizontal cells and on down to amacrine cells.
No impulses occur until activity reaches some of the large amacrine cells
and cells in the ganglionic layer that give rise to the optic fibers.
Neurophysiologists now speak of a ‘‘silent retina,’’ to exemplify that its
essential initial transactions do not involve impulses, but only slow,
wavelike activity. Similarly, there is slow, wavelike activity in the olfac-
tory bulb. If we look at the way in which dendrites ‘‘speak unto den-
drites,’’ the synapses are often reciprocal, placed one alongside of each
other, with activity passing in opposite directions through adjacent synaptic
connections. Evidence of this type is exemplified by the finding that about
60% of cells in cerebral cortex have no long nerve fiber (or axon). They
communicate through dendrite-to-dendrite contact. These cells are the
majority of neurons in the cortex and are known as Golgi type II cells.

POsSIBLE PHYSIOLOGICAL SUBSTRATES OF ELECTROMAGNETIC FIELD
INTERACTIONS WITH CEREBRAL TISSUE

What are the physiological mechanisms on which the environmental
field might impinge? As noted above, the electric process between den-
drites is one of slow waves, not impulses. The integral of the slow wave
activity between dendrites constitutes the electroencephalogram. This can
be recorded in the fluid surrounding brain cells, as well as outside the
skull.

With sophisticated microelectrode recording, it is possible to place an
electrode inside the body of a cortical neuron. It was a surprising finding
that in many neurons the baseline of the intracellular membrane potential is
not steady. It oscillates in a wavelike fashion, due to waves produced in
the dendrites. Only at intervals do we see the production of impulses. When
the animal is asleep, the electroencephalogram is slow, as are the waves
inside the cell. When the brain is awake, the electroencephalogram is fast,
as are the waves inside the cell. One can carry out very complex mathe-
matical analyses showing these relations. The electroencephalogram is
produced by the leakage of these big waves inside dendrites into the fluid
around the cell. The difference in size is about 200 to 1. The electroen-
cephalogram recorded over the dimensions of the cell is a few microvolts.
The neuronal wave inside the cell is of the order of 5 to 15 millivolts.
Thus, the difference in amplitudes is about 200 to 1. Firing of the cell is a
high order transform of these waves inside the cell. Firing of the cell to
produce an impulse is always on the positive going peak of the intracellular
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wave, but often there are very large waves inside the cell and no impulse is
produced.

Given this background, we may conclude that the cerebral neuron has a
large dendritic apparatus; its transactional processes involve waves; it
transmits waves to other cells; it leaks waves into its own environment.3
Thus we come down to a critical question. Does the electroencephalogram
in the fluid around the cell have an informational content? Do brain cells
sense the electroencephalogram around them? Or, as many have said, is
the electroencephalogram ‘‘the noise of the brain’s motor’’? If it is only
the noise of the brain’s motor, then the fields around the head entering the
electroencephalogram’s domain would be expected to be as ineffective as
the electroencephalogram in changing the animal’s behavior. If the elec-
troencephalogram does have informational significance, can one induce
subtle behavioral changes if one imposes environmental fields that look
like the electroencephalogram?

I do not propose to discuss studies that have shown that the electroen-
cephalogram is very finely correlated with behavior. By computer analysis,
one can show that there are patterns in individuals that characterize them
when they are lying or when they are emotionally disturbed.*> These
signatures for the individual are as unique to them as their fingerprints, and
they share those signatures with a group of subjects. One can also develop
group signatures for the same psychological correlates. However, I shall
discuss the electroencephalogram as a phenomenon in tissue and consider
how it might relate to fields in the environment impressed on the head.

Let us first consider the levels of typical environmental fields. If we
sleep under an electric blanket, the field is of the order of 200 volts per
meter. If we walk under a high voltage 60 cycle power line or a DC power
line, the field is on the order of 10,000 volts per meter. A hair dryer
against the head produces a magnetic field of about 30 gauss, or roughly
100 times the background field. A microwave oven may leak as much as 5
mW/cm.? at the door. This translates into an electric field of 130 volts per
meter. A powerful handy-talkie will produce 130 volts per meter at the
head. As Mr. Janes has pointed out, a high background of radiofrequency
fields in suburbia is 1 to 4 uW/cm.2, 2 to 4 V/m. I shall stress volts per
meter as the parameter in the environment because this translates to tissue
gradients in volts per centimeter, which gives a measure of potential ability
to excite brain tissue.

Some tissue sensitivities to environmental electric fields are extremely
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high. Sharks and rays navigate and exhibit predation in fields of one
hundred millionth of a volt per centimeter. Nevertheless, this sensitivity is
not anomalous in terms of normal tissue thermal noise produced by
molecular collisions, and appears to relate to properties of cell membrane
surface electric fields. These fields limit the speed of ion movements along
the membrane surface, and thus may diminish interfering effects from
thermal agitation. Moreover, this electric field sensitivity of sharks and
rays lies in an intensity ‘‘window.’’ The upper limit of the window is
about 100 times the threshold strength. Above this, the phenomenon
disappears. It is limited in the frequency window DC to 10 Hz.6

Migrating birds cut diagonally across the horizontal component of the
earth’s magnetic field. It has been suggested that nodding of their heads
has something to do with this sensitivity. It is of the same order as in
sharks and rays, 10~7 V/cm. Circadian rhythms in birds, subjective time
estimates in monkeys, and circadian rhythms in man appear similarly
sensitive.”® These are extremely weak gradients by comparison with the
size of natural electric phenomena in nerve tissue. The membrane potential
is 100,000 V/cm. A synaptic potential changes the membrane potential by
1,000 V/cm. The electroencephalogram is 0.1 V/cm., measured over the
dimensions of a single cell. One would assume that this gradient is so
small at 0.1 V/cm. that there was no way for it to modify directly the
excitability of the cell through its effect on the membrane potential. It
certainly could not unless there were certain amplifying mechanisms. I
shall address some relevant physiological models.

Sharks and rays have tubular electroreceptors, the ampullae of Loren-
zini, on their heads. These tubes have a high wall resistance. This rapidly
attenuates responses at increasing frequencies of field oscillation. The
mechanism is known to be used in orienting, navigating, and searching for
prey.

Wever in Germany has done interesting experiments in human subjects
in underground chambers. Shielded from weak environmental electric
fields, the free-running 24-hour cycle has a period as long as 26.6 hours in
some subjects. Imposition of a 10 Hz., 2.5 V/m. field, which produces
about 107"/V/cm. in the tissue, caused the rhythm to change back toward
24 hours. Turning the field off again after eight days was then followed by
cycles lasting 36.7 hours, as measured by sleep and wakefulness.

It may be argued that perhaps there were cues for man in those cham-
bers. The experiment was therefore repeated with birds and, again, in the
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presence of the 10 Hz., 2.5 V/m. field, the bird’s daily activity was locked
around 24 hours. When, after 10 to 15 days, the field in the shielded
chamber was turned off, the diurnal rhythm became substantially longer.
The effect reversed when the field was restored. It is clear that the
environmental field in the shielded chamber provided some essential stimu-
lus for maintenance of normal circadian rhythms.

Experiments in our own laboratory have shown an influence of similar
weak fields when they are imposed across the chamber in which a monkey
is sitting. They affect its ability to estimate the passage of time in the
absence of external cues. A 5.0 second estimate brings an apple juice
reward. The estimate of 5.0 seconds is reduced by about 0.5 seconds by a
7.0 Hz. field of 56 V/m. At 10 Hz. the effect is less. A 10 V/m. field has
less effect and a 1.0 V/m. field produces virtually nothing. The Illinois
Institute of Technology Research Institute has measured total current
induced by a 10 V/m., 7 Hz. field in a phantom monkey head at 0.9 nA.
From this we conclude that the tissue gradient is of the order of 1077
V/em.

We have done much work with 147 MHz. VHF radio fields and with
450 MHz. microwave fields. We have an anechoic microwave chamber set
up for 450 MHz. First, I shall discuss some electroencephalographic
experiments with metal electrodes implanted in the brains of cats. This is
not now considered to be good engineering practice, but from spectral
analysis of electroencephalographic trainings we conclude that the presence
of the metal wires in the brain did not significantly contribute an artifact to
the records. From the spectral analysis it is clear that the radio signal at the
electrodes was less than 0.1 uV, or 200 times less than the electroencepha-
lographic signal.

In animals and man EEG records tracings from deep brain structures
normally exhibit spontaneous rhythm patterns. These appear as bursts of
waves in different brain structures that last for two to three seconds.
Animals can be trained to make these bursts by reward or punishment. For
example, if one presents a flash of light, the animal must make that
response within two seconds or be ‘‘punished.’’ In this punishment the
eyes are involuntarily deviated to the opposite side by.stimulation of the
brain itself. This is unpleasant but not painful. After training for two or
three days, presentation of the flash of light is followed by these bursts of
waves in about 80% of the tests.®

After training in this way, punishment may be omitted. Without
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punishment, in what are called ‘‘extinction trials,’’ performance drops very
rapidly in a day or so to the level before training. On the other hand, if the
animal is trained in the presence of a radiofrequency signal modulated at
the frequency of the particular brain signature, the number of correct
responses goes much higher, to over 90%. In the ensuing extinction trials,
where no punishment is given, the animal keeps on performing at a level
significantly above chance for almost two months in the absence of any
punishment. Thus, the presence of the field appears to delay the *‘forget-
ting’’ of the learned habit as well as enhancing correct responding in
training trials.

Incident energy of these fields was about 0.8 mW/cm.2 Tissue
dosimetry indicates that the field included an electroencephalographic level
gradient in brain tissue, about 0.1 V/cm. No significant heating of tissue
was involved.

In the context of these experiments, it should be mentioned that there is
a medical therapeutic device, known as the LIDA, developed in the Soviet
Union and patented in this country. It is designed for the treatment of
psychoneurotic illness and emotional disorders. It emits pulsed radio sig-
nals up to one tenth of a second long at rates up to two per second, with a
maximum generator output of 40 to 80 watts. The instrument can also
generate pulsed light, sound, and heat, and the four stimulus modalities
can be delivered separately or in any desired combination. Reports of
clinical tests in the U.S.S.R. in juveniles and adults suffering from emo-
tional disorders are said to have been favorable.

RoOLE OF CELL MEMBRANE SURFACES IN DETECTION OF WEAK
ELECTROMAGNETIC FIELDS

How does the brain sense these fields? The process appears to relate to
effects at the surface of the cell where there is a highly organized glycopro-
tein glue-like material, specialized in places where there are synapses at
the surface of the cell and interposed also between the surface of the
neuron and the neuroglia. This concept has been developed in detail in the
Singer-Nicolson fluid mosaic model.° In this model, attention is directed
to lipid and protein molecules inserted into the lipid bilayer of the plasma
membrane or classic cell membrane. Many of these intramembranous
particles have stranded external protrusions negatively charged at their
terminations, which are sialic acid molecules. These charged terminals
constitute a polyanionic sheet. Thus, the surface of virtually all normal
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cells is a sheet of negatively charged glycoprotein material that attracts
cations, specifically, calcium and hydrogen ions that compete for most of
these binding sites. Those two ions are the subject of an elaborate model of
excitability and transductive coupling developed by Bass and Moore!!
more than 10 years ago. This interaction of hydrogen and calcium ions on
cell-surface glycoprotein strands suggests that this is the site of the first
and most sensitive transductive couplings in brain tissue.

The concentration of calcium is high on the outside of the cell (about 2
mM), and low inside in general cytoplasm (10~"M). Calcium ions have
been implicated in essentially every step of the transductive coupling of
neurotransmitter substances in effects of every step of immunologic reac-
tions and every step of the coupling of hormonal binding at membrane
surfaces to cellular mechanisms. Calcium ions appear to hold the key to an
understanding of every aspect of cell-surface transduction.

SENSITIVITY OF CALCIUM BINDING IN BRAIN TISSUE TO IMPRESSED
ELECTRICAL FIELDS

Field interactions with brain tissue have been assessed by effects on
calcium ion fluxes. In our laboratory the effects of electric fields on brain
chemistry was first studied in the awake cat. With this method one can
stimulate the cortex directly with very large electrodes that produce a
relatively uniform electric gradient through the whole cerebral substance.
This field can resemble the electroencephalogram in frequency. At the
same time, a central well formed by a plastic cylinder over the exposed
cerebral cortex can be used to place radioactive tracer substances in contact
with the brain. After a period of equilibration, we can examine their efflux
back into the well.!2 An electroencephalogram-level gradient imposed on
that cerebral hemisphere causes a 20% increase in calcium efflux and a
similar increase in the efflux increase in the efflux of the amino acid
neurotransmitter gammaaminobutyric acid.

We have estimated the level of that gradient as only 1.0 uV across a
synaptic terminal 0.5 um. in diameter. This field would be less than one
ten thousandth of the 50 mV membrane potential of the synaptic terminal.
An amplification mechanism would appear necessary for such a weak
extracellular field to influence transmitter release from within the synaptic
terminal. This led us to examine the effects of weak imposed fields rather
than direct stimulation. We tested the effects of sinusoidal extra low
frequency (ELF) fields on the isolated chick cerebral hemisphere at a

Bull. N.Y. Acad. Med.



6461 18qwiadaq ‘LI "ON ‘G5 "|OA

relative hSCa2+ efflux

0.8

5 V/m 10 V/m

Fig. 1. Effects of extremely low frequency fields on 5Ca?* efflux from chick forebrain. The

relative 45Ca?* effluxes, given + SEM, are referred to the mean value of control condition (C).

*,p<0.01 that the mean is the same as that of the control. Reproduced by permission from

Bawin, S. M. and Adey, W. R.: Sensitivity of calcium binding in cerebral tissue to weak

environmental electric fields oscillating at low frequency. Proc. Nat. Acad. Sci. U.S.A.
73:1999-2003, 1976.

c

S1Od44d DIDOTOISAHdOINAN

L801



1088 W. R. ADEY

number of frequencies from 1 to 32 Hz. and at a number of intensities
from 5 to 100 V/m. (Figure 1). At 5 V/m., as compared with the means of
control values in all experiments, occurred a nonsignificant reduction in
calcium efflux. At 10 V/m. there was a significant reduction in calcium
efflux for fields at 6 and 16 Hz. At 56 V/m. a similar reduction was
significant at 6 and 16 Hz.!3

In summary, these studies have disclosed a frequency window between
6 and 16 Hz. and an amplitude window, with significant effects for fields
of 10 and 56 V/m., but not for S or 100 V/m. This is very suggestive of
some form of quantum amplification. An amplifying process is involved.
The findings are not consistent with such ionic equilibrium phenomena as
those described in the Hodgkin-Huxley model of excitation. Moreover,
electric gradients in these cerebral hemispheres were of the order of 1077
V/m., based on measurements of total current induced by similar fields in
tissue phantoms.

We repeated these experiments with radiofrequency signals using
sinusoidal amplitude modulation from 0.5 to 35 Hz. These radiofrequency
fields coupled much more strongly into the tissue. Thus, a 147 MHz., 0.8
mW/cm.?2 field produces about 50 mV/cm. electric gradient in tissue, or
about the same gradient as the EEG. Chick cerebral hemispheres exposed
to this field showed a ‘‘tuning curve’’ in relation to modulation frequencies
between 0.5 and 35 Hz., but were unresponsive to the unmodulated carrier
wave (Figure 2). When modulated between 6 and 20 Hz., there was a
highly significant increase in the calcium efflux, but not at higher or lower
modulation frequencies. Thus, the modulation frequency becomes a very
significant aspect of these interactions.!4

Next, we searched for and found an amplitude window. The effects
were only present when the incident energy of a 450 MHz. field, ampli-
tude modulated at 16 Hz., was between 0.1 and 1.0 mW/cm.?2 (Figure
3).15 Using Bassen’s tripole probe described at this conference by Mr.
David E. Janes, we measured electroencephalogram-level gradients, 50 to
100 mV/cm. Higher and lower intensities were without effect. This ampli-
tude window for radiofrequency fields was first noted by Blackman and his
colleagues, who have also confirmed the modulation frequency sensitiv-
ity.16

Questions have been raised concerning the relevance of these findings in
isolated chick cerebral hemispheres to possible sensitivity of intact mam-
malian brain tissue. In continuing studies we have exposed awake cats
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under local anesthesia to a 450 MHz. 0.375 mW/cm.? field, amplitude
modulated at 16 Hz. In eight of the 12 experiments there was a sharp rise
in 45Ca?* efflux, with a response curve identical to that obtained by direct
electrical stimulation of brain tissue at the same intensity.

CHEMICAL AND PHYSICAL MODELS OF INTERACTIVE PROCESSES

These phenomena appear to belong to a class of events called
‘‘cooperative processes,’’ and are characterized by weak triggers at one
point in a system producing a major effect at another point. That major
effect may occur in immunological reactions, where antibodies on the
surface of the cell are bridged back to the surface of the cell with lysis of
the membrane. In that example the bridging occurs along elements of
complement protein that enclose calcium and magnesium ions. In coopera-
tive processes the system has already spent energy in preparing for this
type of event. It is true also for endocrinological reactions, where the
arrival of a hormone molecule at the surface of a cell produces a ripple
effect that may involve large segments of the cell membrane. For the red
cell, ripple effects of this kind can be produced by a very few hormone-
mediating molecules, such as prostaglandin. Schwarz!” has pointed out
that energy levels of charge sites on a biopolymer sheet may become
identical over considerable distances for periods in the millisecond range.
In this condition of identical energy levels, adjacent charge sites are
described as coherent. On the cell surface they are sustained in this
condition by ‘‘pumping’’ to that energy level from within the cell. We may
suggdst that the membrane surface would be a functional patchwork of
coherent zones separated by a ‘‘sea’” of incoherent charge states. Calcium,
ions bound at charge sites within a coherent zone may be released or
modified in their binding by very weak triggers from outside the coherent
zone. A cooperative process may be initiated which spreads widely across
adjacent coherent zones, a process millions of times stronger than the
initial triggering event.

EMERGENT CONCERNS ON CENTRAL NERVOUS SENSITIVITIES TO
NONIONIZING RADIOFREQUENCY RADIATION.

What concerns should emerge from these studies of central nervous
sensitivities to nonionizing radiofrequency radiation? First, that their
cooperative character, as revealed by the windows in power and frequency,
appears to set certain bounds on the optimal field characteristics for
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physiological interaction with the brain. Fortunately, communication and
power distribution systems have not generally utilized oscillating genera-
tors in this range between 1 and 30 Hz., either as low frequency fields or
as an amplitude modulation on a radiofrequency or microwave carrier.
Some notable exceptions are now appearing and will merit close scrutiny
and further research. In any event, groundwork has been laid that strongly
emphasizes the potential impact of these specific signals at very low tissue
levels, far below levels associated with a nominal thermal threshold around
0.1 C. Future research may indicate that long-term human exposure to
signals with these particular low-frequency characteristics should be
avoided or carefully controlled.

Our second concern should be to evaluate possible therapeutic applica-
tions that may be attributed to these very same modulation characteristics
by direct enhancement or modification of intrinsic electrical thythms that
characterize the particular regions of cerebral cortex and vitally important
deep brain nuclei. Their correlations with a variety of biological rhythms
and behavioral states have become much clearer. Our ability to manipulate
them for medical benefit has received little attention and the option is
mentioned here in the context that nonionizing electromagnetic fields are
not without considerable prospect in the pursuit of human health and relief
of suffering from disordered brain funciton.

I suggest that our third concern is much broader. Faced with the
overwhelming complexity of the brain as a tissue and as the organ of the
mind, physical scientists and medical researchers alike have all too often
retreated shamelessly into the classicisms and the argots of their respective
trades. Too many physicists and engineers cling desperately to thermal
models as the alpha and omega of bioeffects from nonionizing radiofre-
quency fields, shunning the exquisite beauty of long-range molecular
interactions and resonant processes in biological macromolecules. In like
fashion, medical physiologists, challenged by phenomena that I have
discussed here, have turned away and fixed their eyes with a glassy stare
on the comparative crudity of ionic equilibria as the be-all and end-all of
excitatory processes as described in the massive ionic exchanges of
Hodgkin-Huxley models.

True science can never be a popularity contest. The time has surely
come when we should place these scholasticisms of another age in a proper
context, counting ourselves thrice blessed at the prospect that through the
use of nonionizing radiofrequency radiation as a research tool, the intrinsic
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organization of brain tissue, the subtleties of neuroendocrine phenomena,
and the broad sweep of immunologic interactions may at last be understood
in terms of transductive coupling at the molecular level.
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HEMATOLOGIC ANDIMMUNOLOGIC
EFFECTS OF NONIONIZING
ELECTROMAGNETIC RADIATION®*

RaLpPH J. SMiaLowICcZ, Ph.D.

Experimental Biology Division
Health Effects Research Laboratory
Environmental Protection Agency
Research Triangle Park, North Carolina

OVER the past several years much interest has been generated by reports
of effects of nonionizing electromagnetic radiation (NEMR) on ani-
mal hematologic and immunologic systems. For the most part, these
studies have been motivated by concern for the possible adverse health
effects of NEMR for humans. Studies in which animals have been ex-
posed at different frequencies and power intensities have shown inconsis-
tent changes in elements of both systems. In some instances a thermal
burden to the exposed animal has been credited with the observed changes,
while in others a nonthermal or direct interaction of NEMR with the blood
and blood-forming systems has been suggested to explain the observed
effects. Traditionally, experiments performed in the Soviet Union and
Eastern European countries have espoused the latter theory, an interpreta-
tion rooted in the approach that these investigators take in evaluating
NEMR biological effects.

Historically, Soviet bloc-countries have centered their research efforts
on the effects of long-term exposure of animals and humans to low
intensity fields. Consequently, many early reports on direct NEMR effects
come from these countries. On the other hand, research in the West has,
until more recently, been concerned with the potentially deleterious effects
of NEMR fields of sufficient intensity to cause localized or generalized
heat. In these studies, biological changes have been attributed to thermal
stress. In any case, final interpretation of NEMR-induced changes requires
consideration of many important factors that affect interaction of the
NEMR field with the biological entity. Such variables as body shape,
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mass, radiation frequency, duration of exposure, field intensity, specific
absorption rate, energy distribution, orientation of body in the field, am-
bient environmental conditions, area of the body exposed, and field mod-
ulation may all influence final results.

This paper reviews the effects of NEMR on the hematologic and
immunologic systems of humans and laboratory animals. Much of the
Soviet literature is omitted, either because of lack of reported experimental
detail or unavailability of English translations. For convenience, the re-
view is divided into two general topics: clinical and epidemiological
human studies and animal studies. The animal studies are divided into a
discussion of hematologic and immunologic effects. The latter topic is
subdivided into studies in which cellular components of the immune
system have been exposed in vitro and studies dealing with whole body or
in vivo exposures, including NEMR-induced hyperthermia.

HUMAN STUDIES

Only a few clinical or epidemiological studies report the effects of
NEMR on the hematological system of humans. Published reports on
humans exposed to NEMR generally lack information regarding exposure
history, and adequate control groups are often lacking or are nonrepresen-
tative. Baranski and Czerski! discuss these and other problems inherent in
such studies in their book.

Most clinical and epidemiological studies of NEMR come from the
Soviet Union. Lysina? reported no significant difference in the circulating
erythrocyte counts of 100 workers exposed to superhigh frequency (SHF)
fields but gave no information about frequency, intensity, or duration of
the exposure. He observed slight increases in reticulocyte counts in ex-
posed personnel but no change in leukocyte counts. In another Soviet
report, Sokolov et al.3 examined 131 persons suffering various forms of
radiowave sickness induced by exposure to SHF fields. They had received
exposure to significant levels (several mW/cm.2) in past years, but specif-
ics about the exposure conditions, frequency, intensity, duration, etc. are
not given. Sokolov et al.3 reported a significant decrease in circulating
thrombocytes and leukocytes due to neutropenia and relative lym-
phocytosis, a tendency toward reticulocytosis, increased bone-marrow
erythronormoblasts, and an increase in the number of circulating cells
undergoing mitosis. These hematologic effects, however, were reported as
reversible, and cessation of exposure led to normal hemopoiesis in most
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patients. These investigators® found no reason to believe that hypoplastic
changes or leukemia follow exposure to SHF fields used in this study.

Few clinical or epidemiological studies in the United States have dealt
with the possible health effects of NEMR. Daily* observed 45 men
exposed to radar and high-frequency radiowaves for two months to nine
years but gave no frequency or intensity levels. Periodic physical and
blood examinations for 12 months revealed values within the normal
range. Daily* reported ‘‘...no clinical evidence of damage to these person-
nel.”” Barron et al.5 performed comprehensive physical examinations on
radar personnel employed by an aircraft company. Two hundred twenty-
six subjects with radar contact varying from occasional beam exposure to
four hours a day and up to 13 years exposure were observed, although the
frequency and intensity of the fields to which these individuals were
exposed are not given. Barron et al.> mention that the radar bands most
commonly associated with airborne equipment are the ‘S’ and ‘X’
bands near 2,900 MHz. and 9,000 MHz. respectively. Radar personnel
were grouped by years of exposure and compared to controls of similar
age. A significant decrease of polymorphonuclear cells was found in 25%
of the radar personnel as compared to 12% in the control group. A marked
increase in monocytes (above 6%) and eosinophiles (more than 4%) was
detected in radar personnel, but the significance of these changes was not
evaluated by these investigators.® Re-examination of 100 subjects after six
to nine months of incidental contact with both ‘‘S’’ and ‘‘X’’ band radar
revealed changes in erythrocyte counts, leukocyte counts, and relative
numbers of polymorphonuclear cells. Barron et al.> found this
‘“...paradoxical and difficult to interpret.”’ In a later report, however,
Barron and Baraff® stated that the changes were due to a variation in a
laboratory technician’s interpretation.

More recently, Lilienfeld et al.” evaluated the health of foreign service
personnel stationed at the United States embassy in Moscow between 1953
and 1976. During and subsequent to this period of time, the American
Embassy was irradiated with NEMR by the Soviets and exposure levels as
high as 15 uW/cm.? were recorded from June 1975 to February 1976. In
this study the health of employees stationed in Moscow was compared
with those stationed in other Eastern European posts during the same
period. No differences between these groups in mortality or various mor-
bidity measures were found. The authors concluded that ‘‘no convincing
evidence was discovered that would directly implicate the exposure to
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microwave radiation experienced by the employees at the Moscow em-
bassy in the causation of any adverse health effects as of the time of this
analysis.”’” The authors noted several limitations in this study which influ-
enced the probability of detecting statistically significant excess risks,
problems in identification of the study population and classification of
exposure status, incomplete response to health history questionnaires, and
lack of adequate numbers.

Obviously, better defined clinical studies are needed to assess the human
health effects of exposure to NEMR, perhaps by monitoring those occu-
pationally exposed to NEMR.

ANIMAL STUDIES

Hematology. Paucity of clinical and epidemiologic information on the
health effects of NEMR has led to studies of the hematologic and
immunologic systems of laboratory animals. Many early investigations of
NEMR effects on the blood-forming system of laboratory animals
employed field intensities of 10 mW/cm.2 and higher. For example,
Diechmann et al.® reported significant leukocytosis, lymphocytosis, and
neutrophilia in rats following seven hours of exposure to 24,000-MHz.
pulse-modulated microwaves at 20 mW/cm.? One week following expo-
sure, peripheral blood values returned to normal. Rats exposed for three
hours at 10 mW/cm.2 had the same changes, which returned to normal
after two days. Increases in circulating erythrocytes, hemoglobin concen-
tration, and hematocrit were observed in two strains of rats (Osborne-
Mendel and CFN) exposed to 24,000 MHz. at 10 or 20 mW/cm.2, but
Fischer rats exposed under the same conditions had reduced circulating
erythrocytes, hematocrit, and hemoglobin concentrations. No explanation
for this discrepancy is given by the authors. In another experiment,
Diechmann et. al.? exposed two dogs to 24,000-MHz. pulse-modulated
(pulsed) fields at 24 mW/cm.? One dog was exposed for 20 months, 6.7
hours per day, five days a week, while the second dog was exposed 16.5
hours per day four days a week. No significant changes were observed in
blood volume, hematocrit, hemoglobin, erythrocytes, total and differential
leukocytes, blood cholesterol, or protein-bound iodine. The only symptom
attributed to the exposure was a slight loss in body weight. Two control
dogs were employed in this study, but it was not indicated whether these
dogs were sham or cage controls.

Kitsovskaya'® exposed rats to 3,000-MHz. at 10, 40, or 100 mW/cm.2
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for various periods of time. No changes were found in rats exposed at 10
mW/cm.2 but at 40 and 100 mW/cm.2 circulating blood erythrocytes,
leukocytes, and lymphocytes fell, and granulocytes increased in number.
In contrast to the findings of Diechmann et al.,? these hematologic changes
did not return to normal for months after cessation of exposures.

The apparent discrepancy between the results of Diechmann et al.® and
Kitsovskaya!® may be partially explained by the work of Michaelson et
al.!! These investigators reported that the hematopoietic effects of 2,800-
and 1,280 MHz. pulsed fields depend upon the frequency, intensity, and
duration of exposure. For example, dogs exposed to 2,800 MHz. had a
marked decrease in circulating lymphocytes and eosinophils after six hours
at 100 mW/cm.2 This exposure resulted in a mean rectal temperature
increase of 1° C. Neutrophils remained slightly increased after 24 hours,
while eosinophils and lymphocyte values returned to normal levels. After a
two-hour exposure to 165 mW/cm.2 at 2,800 MHz., there was a slight
leukopenia, neutropenia, and definite hemoconcentration. These changes
were accompanied by a 1.7° C. rise in rectal temperature. Eosinopenia was
still evident 24 hours after this exposure. General leukocytic changes were
more apparent following exposure of dogs to 1,280 MHz. pulsed fields or
to 200 MHz. continuous wave (CW) radiation. After exposure to 1,280
MHz. for six hours at 100 mW/cm.2, dogs developed a leukocytosis and
neutrophilia. After 24 hours the neutrophil level was still above pre-expo-
sure levels. Both lymphocyte and eosinophil values were slightly depressed
following exposure, but at 24 hours they were slightly higher than initial
values. A six-hour exposure to 200 MHz. (CW) at 165 mW/cm.? caused a
marked increase in neutrophils and a slight decrease in lymphocytes. After
24 hours this trend was more evident. Michaelson et al.!! concluded that
the results indicated a stress response by the exposed animals brought
about by stimulation of the hypothalmic or adrenal axis by the thermal
influence of NEMR or both.

Spalding et al.!? exposed mice to 800 MHz. fields at an average incident
power density of 43 mW/cm.? for two hours daily, five days a week for 35
weeks. These investigators found no changes in blood erythrocytes, leuko-
cytes, hematocrit, or hemoglobin concentration, nor did the mean life span
of control compared to exposed mice significantly differ. These inves-
tigators detected no changes in the peripheral blood picture of exposed
mice, although a thermal burden was placed on these animals. Four mice
died from thermal effects on the 33rd and 34th NEMR exposures.
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In another long-term high incident power level study, Prausnitz and
Susskind!? exposed mice daily for 59 weeks to 9,270 MHz. pulsed micro-
waves at an average incident power density of 100 mW/cm.2 Mice were
exposed for 4.5 minutes, after which an average body temperature rise of
3.5° C. was recorded. This regimen was calculated as one half the LD;,
because nine minutes of exposure at this power density killed half of the
mice. The longevity of the mice did not appear to be affected by this
exposure according to these authors, but two pathological effects observed
in this study were testicular degeneration and neoplasms of the white cells.
One would expect testicular changes from the thermal load to the mice.
Neoplasia was either monocytic or lymphatic leucosis or a lymphatic or
myeloid leukemia. The authors make no attempt to explain this finding.

Effects at levels below 10 mW/cm.? have also been reported. For
example, Baranski!'*!® exposed guinea pigs and rabbits to continuous or
pulse-modulated 3,000 MHz. microwaves at an average power density of
3.5 mW/cm.? for three months, three hours daily. At this power level the
body temperature of the animals was not elevated. Increases in absolute
lymphocyte counts in peripheral blood, abnormalities in nuclear structure,
and mitosis in the erythroblastic cell series in the bone marrow and in
lymphoid cells in lymph nodes and spleen were observed. No changes
were observed in peripheral blood granulocytes. Shifts in peripheral blood
cells correlated with changes in the cellularity of the spleen and lymph
nodes. An increase in the mitotic index and in the percentage of cells
incorporating 3H-thymidine was observed. Baranski'S suggested that the
specific effect causing the observed quantitative and qualitative differences
in the white blood cell system were not a thermal effect of microwave
radiation because experimental conditions excluded such a possibility. He
stated that the mechanism should be investigated at the cellular level.

Djordjevic and Kolak'® exposed rats to 2,400 MHz. (CW) at 10 mW/
cm.? for two hours daily for from 10 to 30 days. Body temperature in rats
exposed under these conditions increased by 1° C. within the first 30
minutes of exposure, and remained at this level through the exposure
period. Hematocrit, hemoglobin concentrations, and circulating erythro-
cytes in the exposed rats increased during the 30-day exposure, and
fluctuations in the various leukocyte populations also fluctuated—changes
that were thought to be due to the thermal effect of microwaves. In a more
recent study, Djordjevic et al.!” found no significant difference in any of
several hematologic indices among rats which were exposed to 2,400

Vol. 55, No. 11, December 1979



1100 R. J. SMIALOWICZ

MHz. (CW) microwaves at 5 mW/cm.? for one hour daily for 90 days.

Czerski'® reported alterations in ferrokinetics in rabbits exposed to
2,950 MHz. continuous or pulse-modulated microwaves at 3 mW/cm.? for
two hours daily from 37 to 79 days. Erythrocyte production, measured by
59Fe incorporation, significantly decreased in exposed animals but without
change in erythrocyte count, hemoglobin level, or hematocrit. In another
study, Czerski et al.!® reported that the exposure of mice to 2,950 MHz.
pulse-modulated microwaves at 1| mW/cm.? at various times of the day
caused changes in the normal circadian rhythm of bone marrow cell
mitoses. Czerski et al.!® suggested that microwaves may act as a mitotic
stimulus for stem cells and particularly lymphocytes. The observed effects
depended both on the time of the day when exposed and on the cell series.
No differences were observed in rectal temperatures between the exposed
mice and controls.

More recently, Rotkovska and Vacek?? reported changes in
hematopoietic cell populations of mice following a single five-minute
exposure to 2,450 MHz. (CW) microwaves at an intensity of 100 mW/ cm.2
The response of microwave-exposed mice was compared to that of mice
placed in a chamber at 43° C. for five minutes. Both treatments caused a
rise in rectal temperature of over 2° C. Leukocytosis occurred both in mice
exposed to microwaves and those exposed to heat but the time course for
the leukocytosis differed: following microwave exposure, the total cell
volume of the bone marrow and spleen decreased and the number of
hematopoietic stem cells in bone marrow and spleen, as measured by the
colony-forming unit assay, increased. Incorporation of 5°Fe in the spleen
decreased 24 hours after microwave exposure, but the heat exposure
decreased colony-forming units in bone marrow and spleen and increased
the percentage of S°Fe incorporation. Rotkovska and Vacek?? concluded
that the different effects on the hematopoietic stem. cells of microwaves
and externally applied heat suggests that biological effects caused by high
intensities of NEMR are not necessarily related only to increased internal
temperature. They indicated that their results suggest a possible direct
effect. Their study is significant because it demonstrates a marked differ-
ence in the kinetic response of the hematopoietic system to two forms of
heat stress. Consequently, these differences need to be considered in the
interpretation of NEMR-induced changes in the hematopoietic system.

Rotkovska and Vacek?! studied the effect of microwaves on the recov-
ery of hematopoietic tissue following exposure to x-irradiation. Mice
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exposed to whole-body x rays at 300 to 750 rads were subsequently
exposed to 2,450 MHz. (CW) microwaves at different time intervals for
five minutes at 100 mW/cm.? The combined treatment accelerated the
recovery of hematopoietic tissue, heightened erythropoiesis and
myelopoiesis, and increased survival rate compared to x-irradiated mice.
The increase in the number of hematopoietic endogenous colonies in the
spleens of the x-irradiated mice followed microwave exposure supports
Rotkovska and Vacek’s2? earlier observation of an elevation in the number
of stem cells in the spleens of intact mice after microwave exposure alone.
These investigators?! suggested that microwaves may influence mecha-
nisms that activate the stem-cell pool either by enhancing repair of suble-
thal radiation damage or by increasing proliferative capacity of stem cells
that survive x-irradiation. This acceleration of the repair processes of
radiation damage of hematopoietic cells following thermogenic doses of
microwaves was thought to depend upon the stage of intracellular repair at
the time of microwave exposure.?! In earlier work, Michaelson et al.22
reported that simultaneous exposure to x rays and microwaves (2,800
MHz., pulse-modulated, 100 mW/cm.2) accelerated recovery of
hematopoietic function in dogs. Exposure of x-irradiated (725 to 950 R)
Chinese hamsters to microwaves (2,450 MHz. (CW), 60 mW/cm.2 for 30
minutes) five minutes following x-irradiation significantly increased the x
ray LDjso0) compared to x rays alone or microwave exposure followed by
x rays.??. Lappenbush et al.23 reported that the radioprotection of micro-
waves is associated with a delayed drop in the number of circulating white
blood cells, reduced period of low cell density, and complete replenish-
ment of white blood cells within 30 days following the dual treatment.
Exposure to microwaves alone or in combination with x-ray exposure
increased the relative number of neutrophils, reduced the relative number
of lymphocytes, and slightly increased the number of circulating red blood
cells. Animals exposed first to microwaves and then to x rays demon-
strated more severe leukocyte changes than x-irradiated hamsters because
leukocyte counts dropped faster and the animals developed leukopenia.
These workers?3 suggested that the radioprotective effect of microwaves
may be due to a thermal mechanism involving surviving bone marrow
cells. These findings®*#3 indicate that NEMR at levels sufficiently intense
to cause thermal loads in animals are capable of radioprotection against x
rays. How this effect is accomplished is unknown.

The effect of NEMR whole body exposure on circulating blood cells of
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developing rats has been studied in my laboratory.?*?* Rats were exposed
pre- and postnatally to 425-MHz. (CW) at 10 mW/cm.? four hours daily for
up to 40 to 41 days after birth. Because of growth of animals during this
time, specific absorption rates (SARs) ranged from three to seven mW/g.
Absolute neutropenia and relative lymphocytosis was observed in exposed
compared to sham-control rats,2* but these changes were not consistently
reproduced. Rats exposed under the same regimen but to 2,450 MHz.
(CW) at 5 mW/cm.2, SAR = 1-5 mW/g., showed no difference in
circulating erythrocyte count, total and differential leukocyte counts, he-
matocrit, and hemoglobin concentration when compared to sham-
controls.25 Hamrick and McRee?® examined the effect of NEMR on
developing birds. Quail eggs were exposed for 24 hours on the second day
of incubation to 2,450 MHz. (CW) at 30 mW/cm.2, SAR = 14 mW/g. At
24 to 36 hours after hatching, quails were examined for gross deformities,
changes in organ weight, and hematological changes. No significant ef-
fects due to microwave exposure were detected.

In another study,?’ we exposed mice to 2,450 MHz. (CW) at 30 mW/
cm.2, SAR = 22 mW/g., for 30 minutes on 22 consecutive days. These
mice showed no significant differences in circulating erythrocyte counts,
total and differential leukocyte counts, hematocrit and hemoglobin con-
centration compared to sham-controls. Under the conditions of this study,
microwave radiation did not elevate the rectal temperatures of exposed
mice significantly more than among sham-controls. In contrast, when mice
were exposed to thermogenic (2 to 4° C. rise in rectal temperature) levels
of NEMR at 26-MHz. (CW), 8,610 mW/cm.2, decreased numbers of
circulating lymphocytes and increased circulating neutrophils were observed
immediately following exposure.?® Liburdy?® reported that this shift
reached its peak three hours after exposure. Pre-exposure levels of circulat-
ing lymphocytes and neutrophils returned to normal from 55 to 96 hours
following exposure. On the other hand, mice exposed to high temperatures
(79° C.) in a vented, dry-air oven showed an increase in circulating
lymphocytes and neutrophils for 12 hours following exposure. It appears,
therefore, that the response of circulating leukocytes to thermal loads
depends on how heating of the body is accomplished. These results are
similar to those reported by Rotkovska and Vacek,2! and indicate that the
heating properties of NEMR fields are unique compared to other modes of
tissue heating.
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In summary, thermogenic levels of NEMR elicit changes in the
hematopoietic system that can for the most part be attributed to thermal
stress response. Changes in the blood of animals exposed to NEMR at
levels of intensity insufficient to increase body core temperature suggest a
similar stress-response mechanism. Failure to record an increase in core
temperature does not exclude the possibility that the animal can compen-
sate for the added heat by thermoregulatory mechanisms. The response
elicited by NEMR, however, seems to differ from that of conventional
heating due to the unique heating property of this radiation. More sensitive
methods to assess thermal stress responses are needed to explain observed
hematologic phenomena more fully.

IMMUNOLOGY

In vivo studies. One of the most consistent findings of NEMR-induced
changes in the hematopoietic system is increased lymphocyte formation
and activity following exposure of several species to various frequencies of
microwaves. 14-15-18:20

Consequently, there have been several studies of the effects of NEMR
on lymphocytes and the immune system. In a study by Czerski,!® mice
were exposed for six hours daily to 2,950 MHz. pulse-modulated micro-
waves at 0.5 mW/cm.? for six or 12 weeks. After six weeks the relative
number of lymphoblasts in the lymph nodes of exposed mice increased
considerably. In another experiment,'® rabbits were exposed two hours
daily, six days weekly for six months to 2,950 MHz. pulsed microwaves at
5 mW/cm.? Peripheral blood lymphocytes from these animals when cul-
tured for seven days in vitro underwent increased ‘‘spontaneous lympho-
blastoid transformation.’’ Maximum increases occurred after one or two
months of exposure, returned to base line, and rose again one month after
irradiation had been terminated. Miro et al.2® exposed mice to 3,105 MHz.
pulsed microwaves continuously over a 145-hour period at an incident
power of 2 mW/cm.? Lymphoblastic cells in the spleen and lymphoid
areas of exposed mice increased. A comparable response was observed3?
for lymphocytes cultured from Chinese hamsters exposed to 2,450 MHz.
(CW) microwaves for 15 minutes on five consecutive days at 5 mW/cm.?2,
SAR = 2.3 mW/g. Transformation to lymphoblastoid forms was
maximum in cultures from hamsters exposed to 30 mW/cm.2, SAR =
13.8 mW/g. This power density caused a 0.9° C. rise in rectal temperature
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of exposed hamsters. Mitosis of lymphocytes cultured in the presence of
the mitogen phytohemagglutinin (PHA) was depressed in cells obtained
from hamsters exposed to 5, 15, 30, or 45 mW/cm.? Cytogenic analysis of
these lymphocytes revealed no difference in chromosomal aberrations be-
tween exposed and control hamsters. The significance of this study is that
both enhancement of transformation and inhibition of mitosis were evident
at 5 mW/cm.2, a power density which caused no significant change in
rectal temperature. These effects were transient and reversible with a
return to control levels after S to 10 days.3°

Prince et al.3! reported a similar effect in rhesus monkeys, where they
found an enhanced mitotic response of peripheral blood lymphocytes
stimulated in vitro with PHA from monkeys three days following a
30-minute exposure to 10.5-MHz. pulsed radiation at 1,320 mW/cm.? En-
hancement of mitosis of cultured lymphocytes from monkeys similarly
exposed to 19.27- and 26.6-MHz. were also reported, and increases in
circulating lymphocytes from 4 to 47% above pre-exposure levels. At a
frequency of 26.6 MHz., the rectal temperature of monkeys following
exposure increased by 2.5° C. above pre-exposure levels. A frank thermal
stress response at this frequency is the most plausible explanation for these
results.

The particular susceptibilities of lymphocytes to NEMR described
above have led to examination of the effects of nonionizing radiation on
the immune system. For example, Czerski!® reported that mice exposed
for six weeks to 2,950 MHz. pulsed microwaves at 0.5 mW/cm.? had
significantly greater numbers of antibody-producing cells and higher serum
antibody titers following immunization with sheep red blood cells (SRBC).
Mice exposed for 12 weeks did not show this increased responsiveness. '8
More recently, Wiktor-Jedrzejczak et al.32-3* exposed mice in a rectangular
wave guide to 2,450 MHz. microwaves for 30 minutes at an average dose
rate near 14 mW/g. At 3, 6, 9, and 12 days following single or multiple
exposure, mice were tested for: the relative frequency of T (thymus-
derived) and B (bone marrow-derived) splenic lymphocytes, the functional
capacity of spleen cells to respond to T-and B-cell-specific mitogens, and
ability to respond to SRBC or dinitrophenyllysine-Ficoll (DNP-lys-Ficoll).
A single 30-minute exposure induced a significant increase in the propor-
tion of complement-receptor positive lymphocytes (CRL™) in the spleens
of mice which peaked six days following exposure. This effect was further
enhanced by repeated (three times) exposures which also produced a
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significant increase in the proportion of immunoglobulin positive (Ig*)
spleen cells.33 A significant increase in the proportion of Fc receptor
positive (FcR*) cells in the spleens was observed seven days following
single exposure for 30 minutes SAR = 13.7 mW/g. However, no change
in the number of Ig* cells in spleens of these mice was observed.34 The
type and combination of surface receptors (CR, Ig, Fc) expressed on
splenic B-cells represent different maturational stages in B-cell develop-
ment. Wiktor-Jedrzejczak et al.32-** were unable to demonstrate any change
in the total number of theta positive (6*) T-cells in the spleens of mice
following a single or multiple exposure to 2,450 MHz. microwaves, nor
change in in vitro spleen-cell response to stimulation by the T-cell-specific
mitogens PHA and conconavalin A (Con A).32 The response of spleen
cells to pokeweed mitogen (PWM), which stimulates both T- and B-cells,
was also unchanged. The response to the B-cell-specific mitogens
lipopolysaccharide (LPS), polyinosinic polycytidylic acid (Poly I-C), and
purified protein derivative of tuberculin (PPD), however, significantly
increased over controls following a single exposure.3? These results agree
with the observed changes in the proportion of cells bearing different
surface markers. Wiktor-Jedrzejczak et al.32 noted that microwave irradia-
tion did not stimulate lymphoid cell proliferation per se, but appeared to
act as a polyclonal B-cell activator, which led to early maturation of
noncommitted B-cells. These investigators also found a significant de-
crease in the primary immune response to SRBC, a thymus-dependent
antigen, in mice immunized just prior to their first exposure to micro-
waves. They suggested that this decreased response may result from
nonspecific microwave stimulation of some cells to mature before they are
activated by antigen (SRBC), thereby increasing the proportion of unre-
sponsive cells.32

We have?” exposed mice to 2,450 MHz. (CW) under far field conditions
for periods of 15 or 30 minutes daily for up to 22 consecutive days at
power densities ranging from 5 to 35 mW/cm.2, SAR = 4 to 25 mW/g.
Splenic lymphocyte function was assessed by the in vitro mitogen-
stimulated response assay as measured by 3H-thymidine incorporation
following culture in the presence of T-(PHA, Con A, PWM) or B-(LPS,
PWM, PPD) mitogens. Frequencies of T (%) and B (CRL") splenic cells
and the primary immune response of mice to SRBC were also studied. No
difference in the response to mitogens, SRBC, or in the frequency of T- or
B-cells was observed in microwave-exposed compared to sham-exposed
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mice. These experiments were performed in an attempt to reproduce, in
part, the observations of Wiktor-Jedrzejczak et al.323! Failure to repeat
these observations was originally suggested as due to the different expo-
sure systems,?7 but this discrepancy may also be due in part to the strain of
mice used by these two different groups. Wiktor-Jedrzejczak et al.32-34
used CBA/J mice while we?? used BALB/C mice. Recent work (Dr. C.
Schlagel, personal communication) has shown that the microwave-induced
effect observed by the former group is strain specific in that it can be
induced in CBA/J mice but not BALB/C mice. The reason for this strain
specificity is unexplainable at this time.

Liburdy3? recently reported that changes in splenic lymphocyte popula-
tions similar to those observed by Witkor-Jedrzejczak et al.?** can be
produced by exposure of mice to thermogenic levels of 26 MHz. radiofre-
quency radiation. When mice were exposed to 26 MHz. at an intensity
which produced a 2 to 3° C. rise in rectal temperature, splenic T- and
B-lymphocytes relatively increased. Similar responses were induced fol-
lowing administration of methyl prednisolone sodium succinate, results
that suggest that these radiofrequency-induced changes represent a -stress
phenomenon.

Microwave effects on the development of the immune response have
been studied in two laboratories. We?*25 exposed rats starting on day six of
gestation through 41 days from birth to 2,450 MHz. (CW) at 5 mW/cm.2,
SAR = 1 to 5 mW/g. Their lymphocytes responded to a significantly
greater extent than those from control animals following stimulation in
vitro with T- or B-cell mitogens.?S A similar increase in lymphocyte re-
sponsiveness was seen in lymphocytes from rats exposed to 425 MHz.
(CW).24 In this study, rats were exposed pre- and postnatally to 425 MHz.
microwaves at 10 mW/cm.2, SAR = 3 to 7 mW/g., for up to 41 days
following birth. These two studies?*?® suggest that long-term exposure of
developing rats to microwaves may cause the increased responsiveness of
cultured lymphocytes. These results resemble other reported changes in
lymphocyte responsiveness following NEMR exposure.!8-3%-3* Hamrick et
al.3¢ examined the humoral immune response of Japanese quails exposed
to microwaves during embryogenesis. Fertile quail eggs were exposed to
2,450 MHz. (CW) microwaves at 5 mW/cm.2, SAR = 4.03 mW/g.,
throughout the first 12 days of development. At five weeks of age quails
were immunized with SRBC and the levels of anti-SRBC antibodies were
determined. No difference was observed in antibody titers .of exposed and
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sham-exposed quails. Further, microwave exposure did not significantly
alter the weights of the bursa of Fabricius (site of B-cell production in
birds) and spleen.

NEMR-induced effects on the phagocytic leukocytes of animals have
been reported by Szmigielski et al.3” Rabbits were exposed to 3,000 MHz.

“for six hours daily for six weeks to three months at 3 mW/cm.? After the
last exposure to microwaves, rabbits were infected with an intravenous
injection of virulent Staphylococcus aureus. At periods before and after
infection, functional tests of granulopoiesis documented decreased produc-
tion of mature granulocytes in response to infection in microwave exposed
rabbits which were more seriously ill than controls.

Exposure of laboratory animals to NEMR can change the functional
integrity of lymphocytes that are important in the immune defense system
of man and animals. The significance of the changes caused by NEMR is
difficult to interpret. While some studies indicate that NEMR increases
responsiveness of lymphocytes!®-24-25:31-35 and potentiates the immune re-
sponse to antigen,'® others indicate depressed responsiveness.30-32:35-37 n
most cases these alterations can be attributed to stress-type responses
because similar changes are observed at thermogenic levels of
NEMR3%31:35 or following administration of glucocorticoids.3S Effects
observed at lower levels of NEMR also appear to involve some type of
stress-response mechanism. Fully to evaluate these low-level effects, a
better understanding of the interaction of the immune and thermoregulatory
systems is needed.

In vitro studies. Several studies have attempted to determine whether in
vitro exposure of lymphocytes with NEMR leads to ‘‘direct’’ changes in
their metabolic or functional states. In an early study, Stodolnik-
Baranska3® exposed human lymphocytes in culture to 3,000 MHz. pulsed
microwaves at 7 or 14 mW/cm.? Lymphocytes were irradiated for four
hours daily at 7 mW/cm.2 for three to five days, while those exposed to 14
mW/cm.? were irradiated for 15 minutes for three to five days. After five
days in culture, the microwave-exposed cells had undergone a fivefold
increase in blast transformation compared to controls. Czerski!® attempted
to repeat this experiment but found the results poorly reproducible. In a
more recent study, Baranski and Czerski3® reported that exposure of
human lymphocytes to 10,000 MHz. at power densities between 5 and 15
mW/cm.? could induce lymphoblastoid transformation. At power densities
below 5 mW/cm.? this effect was not observed, while at power levels
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above 20 mW/cm.? cell viability decreased. The induction of blast trans-
formation depended upon stopping the exposure (5 to 15 mW/cm.?2) at the
moment when the temperature of the medium reached 38° C. These results
suggest that the microwave-induced blast transformation is due to a ther-
mal effect.

Similar increases in the lymphoproliferative response of cells exposed to
temperatures greater than 37° C. have been reported. Ashman and
Nahmais*® reported that human lymphocytes, when cultured at 39° C. with
the mitogens PHA or Con A, showed an enhancement and earlier onset of
3H-thymidine incorporation compared with cultures incubated at 37° C. In
a similar study, Roberts and Steigbigel®! reported that the in vitro human
lymphocyte response to PHA and the common antigen streptokinase-
streptodornase was enhanced at 38.5° C. relative to 37° C. Smith et al.4?
reported that the in vitro response of human lymphocytes to PHA, Con A,
PWM, and allogeneic lymphocytes in mixed lymphocyte (MLS) was
markedly enhanced by culture at 40° C. compared to 37° C. These studies
demonstrate the need to monitor and to control the temperature of cultures
exposed to NEMR. Without adequate temperature data, it is virtually
impossible to accept in vitro effects as due to NEMR itself.

Failure to increase culture temperature during or following in vitro
NEMR exposure has been shown in several studies not to affect the
proliferative response of lymphocytes. Holm and Schneider*® exposed
human lymphocytes, cultured in the presence of PHA, to 27.12-MHz. at
an estimated effective radiating power of 10 W. No substantial differences
were noted between 27.12 MHz. exposed cultures and controls regarding
DNA synthetic index, growth, or mitotic index. Culture temperatures did
not exceed those of controls (37° C.) by more than 1° C. In my labora-
tory*4 murine splenic lymphocytes were exposed to 2,450 MHz. (CW)
microwaves for one, two, or four hours at 10 mW/cm.2, SAR near 19
mW/g. Following irradiation, the temperature of the exposed cultures did
not differ significantly from controls and cell viability was unchanged.
Following irradiation, cells were cultured for 72 hours in the presence of
T- or B-cell mitogens and the proliferative response was measured by
3H-thymidine incorporation. No difference was found in the blastogenic
response of microwave-exposed and sham-exposed spleen cells to any of
the mitogens employed. In a similar experiment, Hamrick and Fox*S
exposed rat lymphocytes to 2,450 MHz. (CW) microwaves for four, 24, or
44 hours at 5, 10, or 20 mW/cm.2, SAR = 0.7, 1.4 and 2.8 mW/g.
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respectively. Unlike the previous studies,!®3%434 Hamrick and Fox4’
exposed whole blood preparations to microwaves. Transformation of un-
stimulated or PHA-stimulated lymphocytes was measured using 3H-
thymidine. No significant differences were found in the proliferative ca-
pacity of lymphocytes from exposed and control cultures. The effects of
2,450 MHz. CW microwave radiation on the growth and viability of
cultured human lymphoblasts was studied by Lin and Peterson.4¢ Human
lymphoblasts (lines Daudi and HSB,) were exposed to 2,450 MHz. (CW)
microwaves in a waveguide for 15 minutes at incident power densities of
10 to 500 mW/cm.? The corresponding rates of energy absorption were up
to 1,200 mW/g. No temperature increase was found, even at the highest
power density in the capillary tube which held the cell suspension in the
waveguide. No change was observed in the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>