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Ab~tra ct-Con cern over the possible hazards of exposure to microw
ave radiation has lately
been on the increase. Increasing industrial and commercial use
of microwave generators
for heating and cooking, increasing power of radar sets, and expansi
on of the broadcasting
industry have resulted in more widespread interest in the possible
biological effects of these
electromagnetic radiations. A critical review of the literatu re on biologic
al effects of microwave
irradiat ion is presented along with an analysis of the present status
of standards and hazard
evaluation.
~vnn 1u~-r rnN

_

-~1..~-.-_.

r-.. _-----·- _.L__ ---Li_

.,

AP ER GA MO N PR ES S

'f1JY) OXFORD

'

NEW YORK LOND ON PARI S

---···-- ---·-- ----·-. ------· ~~---- --· ----·

----~- ---- ·----· --·~- --·--- -·---- --- --

!.

Health Physics Pergamon Press 19 7 1. Vol. 20 (June), pp. 567-575. Printed in !'\orthem Ireland

J,
i

\

BIOLOGICAL EFFECTS OF MICROWAVE RADIATION*
WILLIAM C. MILROY and SOL M. MICHAELSON { .
University of Rochester, Department of Radiation Biology and Bipphysi.a,
Rochester, New York 14620
· • ;

l

(Rtceir:ed 1 July 1970; in revised/arm 1 Septcnher 1970) •··

I

/

•

!

Abstract-Concern over the possible hazards of exposure to microwave radiaticin has lately
been on the increase. Increasing industrial and commercial use of micro~av~ generators
for heating and cooking, increasing power of radar sets, and expansion of the broadcasting
industry have resulted in more widespread interest in the possible biological effects of these
electromagnetic radiations. A critical review of the literature on biological effects of microwave
irradiation is presented along with an analysis of the present status of standards and hazard
evaluation.
INTRODUCTION

I

'

f

Over the past few years, the problem of
ONLY OVER the past two decades has the poten- potential hazards from microwave radiation
tial hazard of microwave irradiation come to has come sufficiently to the fore to be considered
any significant degree of attention. This in legislation by the Congress of the United
is not to say that its potential hazard had not States. 111•121 \Vith the increasing use of microbeen recognized. As early as 1926 Duke- wave ovens for cooking, both commercially
Elder suggested that electromagnetic radiations .and in the home; with the use of microwave
at the "long wave lengths" might be catarac- diathermy as a therapeutic tool; and with the
togenic. <1 > He cites production of cataracts by ever-increasing power output in radar systems,
Leyden jar discharge as early as 1888. With even into the megawatt range, it is obvious
the coming of the Second World War and that standards must be set to control the use
increasing use of microwaves in radar, some of microwave devices and to safeguard the
concern was expressed as to the hazard to the public from potential hazards in their use.
radar operators and repair men. Indications It is appropriate at this time to review the
at the time seemed to indicate that there was no presently available information concerning the
hazard to humans. <2,3> In the post-war and . biological effects of microwave radiation and
Korean Conflict period, however, evidence to point out deficiencies in our knowledge,
began to accumulate pointing toward a definite clarification of which is necessary before any
hazard existing, based on exposure of animals sound and reasonable standards can be set for
to rather intense irradiation. 14-a> During the microwave exposure.
1950 s, greater interest was shown in the microCHARACTERISTICS OF MICROWAVE
wave hazard problem culminating in 1957
RADIATION
with the establishment of the Tri-Service Ad
Microwave
radiation
falls in the band of
Hoc Committee by the Air Force in 1957 to
wavelengths
from
roughly
30-300,000 MHz,
study the potential hazards associated with
overlapping
at
the
ends
with
the radio and
exposure to microwave fields and to establish
infra-red
portions
of
the
spectrum.
This
safe exposure levels. 19 > A maximum safe excorresponds
to
wavelengths
from
the
millimeter
posure level of0.0 1 W /cm2 was established on the
through the meter ranges. Photon energies in
basis of this committee's recommendation. 110 >
these ranges are approximately I 0- 5 eV per
1131 The significant portion of this
• This paper is based on work performed under photon.
contract with the U.S. Atomic Energy Commission range, as a physiologic hazard, is the I cm to
at the University of Rochester Atomic Energy I 00. cm range, frequencies between 300 MHz
Project and has been assigned Report No. UR-49- and 30,000 MHz.1141
1314.
Power outputs of microwave generators range
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from less than 100 W (measured at the waveguide) for diathermy apparatus to millions
of watts for high power radar sets. (lSl Exposures
are generally measured in terms of the power
flux, i.e. watts per square centimeter (W/cm2 ).
This parameter varies with the type of antenna
(focusing or non-focusing), with the inverse
square of the distance from the focal point and
with reflections or perturbations of the field
caused by objects in the field. The duty cycle
of the generator, i.e. the percentage of time
the power is actually on, is also an important
parameter and varies from 0.1 % for radar to
100% for an oven or diathermy apparatus.(141
ENERGY ABSORPTION IN TISSUE
When a microwave beam impinges on a
target any one or a combination of three things
may occur. It may be reflected; it may be
absorbed; or it may pass completely through
the target. The actual effect depends on the
wave length of the radiation and the orientation,
composition, and thickness of the target.
When the target is a biological organism the
presence of fur or hair and clothing, as well as
the relative distribution of skin, fat and facia
are significant variables in determining the
amount of energy absorbed. In general,
for the frequency ranges below 1000 MHz
or above 3000 MHz approximately 40 %of the
incident energy is absorbed by tissue. In the
1000-3000 MHz range absorption varies
from 20 % to 100 % depending on the above
factors. The depth distribution of energy is
primarily in the skin for frequencies greater
than 3000 MHz and is diffuse for frequenci«-.s
less than 500 MHz. Depth distribution is variable for frequencies between 500 MHz and
3000 MHz. l\illcrowave energy absorption
in tissue has been analyzed both theoretically
and experimentally by SCHWAN and PIER·
Because of the many variables
SOL. (l 6,17 >
operating, microwave energy absorption can
in no way be assessed on the basis of power
output of the microwave generator. 1141
The energy of a microwave quantum is
insufficient to produce ionization or excitation,
being only about 1/400,000 that of an ultraviolet photon or about 10-5 eV. The only
possible effects are a uniform volume heating
due to movements of ions in the field or changes

···-····---··,-·0 ..

in the magnetic orientation of molecules
which may be observed as pearl chain formation,
as manifest by the lining up of red and white
blood cells or bacteria along magnetic lines
of force, or as dielectric saturation, in which
protein side chains orientate along lines of
force. The primary effect, however, is that
of heating the tissue which, depending on
relative water concentration and the presence
of interfaces, may produce temperature differentials between tissues. (lS,191

THERMAL VERSUS NON-THERMAL
EFFECTS
A great deal of controversy has arisen con~
cerning the relative importance of thermal and
non-thermal effects of microwave radiation.
Thermal effects ·have been well demonstrated .
and documented but the evidence for a nonthermal effect is at best only suggestive.
Even the earliest work demonstrated considerable temperature rise in the eye on exposure
to microwaves. (2l The work of Carpenter has
demonstrated cataract production with temperature increases small enough· to suggest a
non-thermal effect. (20 > IMIG et al. have found
a temperature rise in the testes resulting in
tubular degeneration similar to that found secondary to heating of the testes by other means. (Sl
Death due to hyperthermia with resultant
degenerative lesions has been shown by BoYSEN. (21 > :MICHAELSON et al. have also well
demonstrated the hyperpyrexic effect of microwave exposure and the pathological effects
produced; in addition, they have shown thermal burns of the skin of dogs used in their
work.< 9•22 >
Non-thermal effects of electromagnetic radiations of the "long wave lengths" on the lens
of the eye were suggested as early as 1926 by
Duke Elder. He postulated a mechanism
consisting of an increased !ability of colloids
leading to derangement in metabolism resulting
in protein coagulation. 111 If non-thermal effects
are present, they must be due either to pearl
chain formation or dielectric saturation. Pearl
chains are easily broken by gentle agitation and
it has been shown that they are of no biological
significance as a microwave effect. <23 1 Dielectric
saturation, however, can break hydrogen bonds
and secondary links and may alter hydration
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of proteins leading to a non-therma l denaturation and precipitatio n of the protein. (l4 >
Non-therma l biological effects might be possible
by this mechanism.
Considerabl e experimenta l evidence has been
put forth as supporting the conclusion that
there is, indeed, a non-therma l effect of microwaves. Much of this evidence has been since
criticized as not really demonstrati ng an absence
of thermal effect. Dosimetry and thermometr y
frequently are quite questionable . The remainder of the evidence, which may be considered as experimenta lly sound data, is, at
best, only suggestive of non-therma l effects
on the basis that temperature rises noted have
been held by the authors to be insufficient
to produce a thermal effect.
Evidence presented for a non-therma l effect
has generally been in one of several areas,
microscopic, biochemical , cataract production,
and neurological. Pearl chain formation with
blood cells and bacteria has generally been held
to be insignificant biologically. (14•23 > The
bactericidal effect and chromosoma l aberrations
described by HELLER and TEIXIERA-PINTo' 241
are probably thermal in nature. 1141 Several
metabolic defects, especially in relation to the
lens of the eye, have been described. DAILY
et al. have found a decrease in ATPase and
pyrophospha tase in lenses in which cataracts
have been produced. (25> RICHARDSON et al.
have noted that alloxan diabetes decreases the
threshold for cataract production and suggest
a metabolic effect. 126 > A decrease in ascorbic
acid and glutathione content in the lens has
been described by MEROLA and KlNosHITA,
working with CARPENTER'S group.< 20•27 > The
' ascorbic acid decrease i:nay be demonstrate d
before any visible evidence of cataract formation.
The suggestion of a non-therma l effect in
cataractogenesis comes from the work of
CARPENTER et al. (20•281 He bases this conclusion
on the fact that repeated "subthresho ld"
exposures will produce cataracts with a smaller
rise in intraocular temperature than a single
larger exposure with a greater rise in temperature which does not produce a cataract. He
concludes that there is no critical intraocular
temperature for cataract production nor a
very appreciable temperature rise necessary;
therefore, the cataractogen ic effect must be
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nonthermal. (20 > The majority of work in neurological and neuroendoc rine effects of microwaves
has been by Russian and other East European
investigators. (29•30 > Much of this work is
Pavlovian in nature and describes changes in
conditioned reflexes in animals< 29 > or neurasthenic responses in microwave workers. <30>
MICHAELSON et al. have also described neurological and endocrine effects in dogs but believe
them to be thermal in nature. 19•22 > Motor
paralysis has been produced in small animals
but disappears when the exposure is terminated.
It has been suggested that this may be a
resonant effect on the electrical conduction
of nerve. <14 >
SPECIFIC EXPERIME NTAL EFFECTS

Whole body effects produced by microwave
irradiation are essentially those of . heating.
Hyperpyrex ia is produced when the experimental animal's thermoregul atory capacity is exceeded. The physiological response of the
animal consists of acidosis, hyperpnea and
lacrimation progressing to tetany and finalJy
death due to respiratory arrest. Pathologica l
changes described in animals in which death
has ensued are quite similar to those found due
to fever.< 19•141 The,se are primarily degenerativ e
changes in the brain, kidneys, and heart. <21 >
In animals sacrificed prior to death after microwave exposure a generalized congestion of the
organs has been noted.< 91 Direct thermal burns
of the skin have been produced in some cases. (9 >
The effects on animals irradiated at sublethal levels appear to be those typical of
"stress syndrome" as a response to thermal
hypothalmic -hypophysia l stimulation. This is
expressed as a decrease in eosinophils and
lymphocytes along with a rise in granulocytes .
These effects have been investigated and
discussed by }.!IcHAELSON . (22 > Neurologica l
and neuroendoc rine effects may also occur
by this mechanism. Among the effects in this
category is an increase in thyroid gland
activity as manifest by an increased I1 31 uptake. <9,3 o> Reversible changes in conditioned
reflexes manifested as a diminution of positive
conditioned reflexes and a decrease in discrimination have been described by LIVSHITS. ' 29 >
Only two specific effects have been described
at exposure levels in which thermal damage
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Conference in 1961, repor ted no late lens defects
effects on the huma n body have been described
pecul iar to microwave exposure. They did
by Russian workers. These effects have been
note a statistically significant increase in possumm arized by Turne r in a repor t based on
terior polar· defects. <39 1 ZARET et al. repor ted
transl ation of a book by LETAVET and GoRa study of 4 75 exposed personnel and 359
DON. <30 > Most of these effects are subjective,
controls in which a slight, but statistically
consisting of fatigability, heada che, sleepiness,
icant, increase in lentic ular defects were
irritab ility, loss of appet ite and memo ry signif
noted in the exposed group . These consisted
difficulties. Cardi ovasc ular effects consist of
of posterior polar defects, opacification, minut e
!abili ty of the pulse and blood pressure, heart
s and relucency. It is noted that their
enlarg emen t and murm urs and ECG changes. defect
ure and "eye score" indices are not entire ly
Increa sed 131! uptak e by the thyroi d, changes in expos
measures. 140 > In 1966, CLEARY and
serum proteins, decrease in olfactory sensation, valid
PASTERNACK repor ted a study of 736 microwave
falling hair and disrup tion of sexual poten cy
rs and 559 controls. They, too, repor ted a
have also been noted . Catar acts have been worke
ically significant increase in certai n types
observed as well as psychic changes includ ing statist
lens defects. They suggest that this may repunstab le mood , hypochondriasis and anxiety. of
an aging effect and note that there is
The nervous and cardio vascu lar disruptions resent
relationship to loss of visual acuity or
are noted to be benig n and do not lead to loss no
ct produ ction. 1411 MAJEWSKA has studie d
of work capacity. On the basis of these reports catara
Polish microwave workers and 200 controls.
the Russians have set their maxim um exposure 200
too, notes a statistically significant increase
level at 0.01 mW/c m2 ; a factor of 1000 smaller He,
2
lentic ular defects. Again an aging effect
than the U.S. limit of 10 mW/c m • Altho ugh in
sted. 1421
some of these effects have been noted in U.S. is sugge
all of these report s have found a
While
exper iment al data, none (except catara cts)
ically significant increase· in lentic ular
have been noted in U.S. huma n studies. statist
s in microwave workers, none has repor ted
This would lead one to surmise that either the defect
clinically significant defects in terms of
Russi an subjects have been exposed to highe r any
ased visual acuity. The scoring methods
levels of microwave irradi ation than U.S. decre
for degree of exposure and lentic ular
workers, or perha ps are more prone to the used both
s in all cases are not partic ularly sound and
subjective, neura stheni c, hypoc hondr iacal com- defect
1381
in their validi ty may be questionable.
plaints than U.S. workers. PAZDEROVA,
Several case repor ts have been made con•
Czechoslovakia, has reviewed the Soviet bloc
g possible micro wave effects on huma ns.
and Weste rn litera ture in this field and has cernin
1957, McLAuGHLL"i repor ted "Tissu e Despointe d out that the appar ent discrepancies In
on and Death from Microwave Radia tion
perha ps are not so great as would appea r. tructi
r)." 143> This is the ·only case of death
She points out that the Soviet litera ture (Rada
in association with micro wave exted
repor
presents very little data and canno t be statisand it is doubt ful :whether the microwave
tically analy zed; that the Soviet work is based posure,
had a significant effect, if any, in
a great deal on subjective rathe r than objective exposure
g the death . It was, in fact, a case of
findings; and that dosimetry in both cases is causin
appendicitis in which evisceration of the
rathe r poor and not comp arable from worke r acute
occur red on the tenth post-operative
to worker. She states that "In order to judge woun d
g to profo und · shock and death .
the significance of the occup ationa l hazar d day leadin
K..\LA NT both note that no other
of electromagnetic radiat ion more accur ately, KNAU F and
wave exposure have ever been
micro
it will be necessary to correl ate medical findings death s from
death s due to appen dicitis
that
and
obtain ed from long-term observations of workers record ed
mon. 1i4 .1s1
uncom
not
are
shock
and
exposed to electromagnetic radiat ion with the
The remai nder of the cases repor ted are of
exten t of expos ure."
occur ring in microwave workers.
Several studies of lentic ular opacities in U.S. catara cts
considered to be clinically significant
microwave workers have been done. ZARET These are
cts to distinguish them from the lentic ular
and EISENBUD, at the Fourt h Tri-Se rvice catara
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opacities noted in the studies of larger groups
noted above. In 19.52 a letter to the editor
of the Journal of the American Medical
Association reported bilateral cataracts in a
20 yr old radar repairman. The Journal editors
replied that radar does not penetrate the
cornea so that the cataracts could not be caused
by the radiation. (44 > Since that time several
more cases have been reported and certainly no
one presently would question the possibility
of microwaves inducing lenticular opacities in
spite of the fact that in most of the cases reported
the role of microwaves may be quite legitimately
questioned.
In 1952 HIRSCH and PARKER( 45 > reported
bilateral lenticular opacities in a 32 yr old
man with rather extensive exposure at a microwave test bench to power densities probably
in excess of 100 mW/cm2 • The cataracts,
however, were of the nuclear type rather than
the posterior subcapsular which are characteristic of radiation cataracts. He was also noted
to have uveitis and choroiditis. (45 > I:Iirsch
recently reevaluated this case, at which time the
subject had had the left lens removed. There
is a chronic uveitis and chorioretinitis in that
eye. The cataract in the right lens remains
stable. His exposure has been recalculated at
several hundreds of mW/crn2 for lengthy and
repeated periods of time. This is certainly the
best documented case of microwave cataractogenesis. While it is possible that the subject's
intercurre nt ocular disease may be related
causally rather than as an effect, this case is
certainly suggestive of a cataractogenic effect
·of microwaves at very high exposure levels, (46 >
KURZ and EINAUGLE R reported a 51 yr old
man with rather incidental and questionable
exposure to microwaves who developed bilateral
posterior subcapsular cataracts. (47 > There have
also been several cases of lenticular opacities
reported in the Soviet literature. ZARET,
at the 1968 and 1969 Meetings of the Aerospace
Medical Association, reported on several new
cases of lenticular opacities elicited by his
studies. He accepts 5 reported cases of microwave cataracts prior to 1968 and presents 26
new ones, of which only one had progressed to
a clinical cataract with loss of vision. (481 By
1969 he had found 42 cases of microwave
cataracts of which he classified 11 as advanced

. --,--- --- ··-•-------···•·
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and 31 as incipient.( 49 1 If we accept the ~
previously reported cases and Zaret's 11 "ad]
vanced" cases as being clinically significan'.I
and probably at least related to microwav~
exposure, we have a total ofl6 cases. It would
be interesting to compare this incidence in
microwave workers with the naturally occurring
incidence of cataracts in the general population.'
DISCUSSI ON

There are many unresolved dilemmas in the
field of biological effects of microwaves. Before
experimental data can be applied to hazard
evaluation and standard setting as pertains to,
occupational exposures, many discrepancies
must be resolved. These discrepancies· arise
in terms of instrumentation, experimental
animals, and frequency variation of microwaves.
Also to be resolved are problems of thresholds,
cumulative effects and residual injury.
That the frequency of microwave irradiatio_n
is a significant factor in determining biological
effect is not questioned. It has been clearly shown
that effects vary with the frequency used.
The most significant effect in terms of cataract
production seems to be in the 2000-3000 MHz
range. For this reason, frequencies in this range
probably represent a greater hazard. It is
possible, of course, that this is only an apparent
effect due to the fact that most of the work has
been done in this range of frequencies. At
lower frequencies, however, (e.g. the 300 MHz
range) near-lethal exposures have not produced cataracts. At higher frequencies (e.g.
10,000 Nlliz) greater power densities are needed
to produce cataracts.
Variation in the types of generators used in the
power outputs as well as variations in the
conditions of exposure of the animal, i.e. near
field, far field or within the wave guide,
presents problems in comparing effects observed
in different studies. The lack of a standard
dosimeter presents a very great problem in that
each investigator has set up his own system for
measuring exposure. These have consisted of
measuring temperature increases, measuring
power outputs and calorimetric determinations
using phantoms. This particular area of
difficulty may be resolved to some extent with the
use of power density meters which are now
becoming available.
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A great deal of work in the field has been
done us1ng rabbits as the experimental animal.
As man's thermoregulatory capacity far exceeds
that of the rabbit, or most other possible experimental anima ls, one wonders what effect this
would have on hazard evaluation. The fact
that most of the rabbits used have been albinos
leads one to question what differences might
be expected with pigmentation. It is conceivable that pigmented skin is more resistant to
microwaves than it is to ultraviolet. It is also
possible that there are differences between
pigmented and albino eyes. CARPE NTER believes
that pigmentation is not significant but DAILY
et al. have reported a definite difference in
cataractogenesis between pigmented and albino
rabbits. <32 >
The presence of a threshold exposure for
cataractogenesis seems to have been well
demonstrated for rabbits. This threshold appears
to be about 100 mW/cm2 although Carpe nter
has found an effect with repeated exposures at
80 mW/cm2.< 20 > Whether this represents a
cumulative subthreshold effect is essentially
a question of semantics. As these effects are
not noted when sufficient time elapses between
exposures it would appea r that this simply
represents an accumulation of injuries which
have not had sufficient time to be repaired.
There is no evidence to indicate any true Residual Radiation Injury, defined as. an irreparable fraction of radiation injury, such as
22
produced by ionizing radiation. < >
CONCLUSIONS
The question of microwave hazard evaluation
presents a very considerable problem. There
are many areas in which presently available
data are questionable, contradictory, or inapplicable. Many of the deficiencies presently
extant in microwave hazards investigations
must be eliminated before good sound data
will be available on which to base microwave
exposure standards. The present U.S. standa rd
of 10 mW/cm2 has been in effect for about 15 yr.
This value has been questioned many times and
several suggestions have been made that it be
lowered. The present Soviet maximum per2
missible exposure is 0.01 mW/cm , a factor
er the
wheth
onable
questi
of 1000 lower. It is
limit.
this
within
n
functio
fact,
Soviets can, in
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This limit was reached, to a great extent,
on the basis of psyc4ological and neurasthenic
response in exposed personnel which have not
been observed in this country. It is highly
questionable whether any of the presently
available experimental data can be validly
applied to humans and used as arguments
favoring lowering of the present l\faximum
2
Permissible Exposure of 10 mW/cm • Only in
the coming years, with the development of
better equipment for generating, measuring
and recording microwave energy, will this
problem be solved.
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