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VER THE PAST four decades, the use of radiofrequency

(RF) radiation sources has increased dramatically. Be-
cause of th2 increasing prevalence of occupational, medical,
and environmental exposure to RF radiation, there is growing
concern about the potential effects of such radiation on the
unborn child. This article will assess the current state of
knowledge of the effects of RF radiation on prenatal develop-
ment. Although some experimental RF teratology work has
been carried out using birds and insects as subjects, this
review will be limited to the extensive work performed with
mammals. The term RF radiation will be used to designate the
portion of the electromagnetic spectrum below 3000 GHz,
including the microwave spectrum from 300 MHz to 3000
GHz. :

In a 1980 review of the RF teratology literature, O’Connor
[1] concluded that only intense fields that result in significant
heating are associated with reliable induction of teratogene-
sis. In a review that covered the RF teratology literature
through 1981, Berman [2] concluded that teratogenesis is
associated with high-intensity RF fields and that maternal
temperature is the only available indicator of a threshold for
teratogenesis in mammals. Since 1981, the RF teratology
literature base has expanded considerably and has strength-
ened the hypothesis that RF-induced teratogenic and embry-
olethal effects result from hyperthermia produced by the RF
fields and not from field-specific effects unrelated to heating.
The RF teratology literature is generally consistent with the
hyperthermia teratology literature. Recent reviews indicate
that, regardless of the species, heat causes birth defects and
prenatal mortality when the temperature of the body reaches
40° to 44°C [3, 4]. Birth defects appear to result from the
direct effect of heat on the embryo, rather than from maternal
toxicity [3, 4]. Because of the apparent relationship between
RF-induced hyperthermia and teratogenic/embryotoxic ef-
fects in animals, the studies covered in this review have been
arranged in order of the maternal colonic or rectal tempera-
ture induced by RF exposure.

Most of the health effects of exposure to RF radiation
appear to be dependent upon the rate of energy absorption by
the body. The rate of energy absorption is defined as the
specific absorption rate (SAR) and is measured in watts per
kilogram of body weight (W/kg). In several of the RF
teratology studies covered in this review, the SAR was not
measured or estimated. Often, studies reported only the
power density of the incident radiation (mW/cm?2) or the
electric and magnetic field strength (V/m and A/m, respec-
tively.) To permit a comparison of developmental effects
across studies based on the rate of energy absorption, we
have (when possible) estimated SARs for those papers in
which it is not reported. The estimates are based on absorption
curves in the Radiofrequency Radiation Dosimetry Handbook
[5].

RF EFFECTS IN ANIMALS AT BODY TEMPERATURES
OF 41°C OR HIGHER

RF fields which raise the core temperature of pregnant
animals to 41°C or higher usually produce teratogenic and
embryolethal effects. In a series of reports on virtually the
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same experiments [6-10], Hofmann, Dietzel, and their asso-
ciates irradiated rats with a 27.12-MHz diathermy applicator,
exposing the abdomen for 5 to 10 minutes or longer on one of
gestation days 1 through 16. The electric and magnetic field
strengths and the SAR were not determined. Rats were
irradiated until their rectal temperatures reached 1°, 3°, or
4°C above their normal baseline temperature of 38°C. Final
rectal temperatures were about 39°, 41°, or 42°C. The
incidence of fetal malformations increased with temperature
-and was as high as 46 percent in animals heated to 42°C on
gestation days 13 or 14. Exposures which resulted in
temperatures of 41° or 42°C produced malformations of the
tail, limbs, eyes, and head, and caused a high incidence of
prenatal mortality. No significant -effects occurred in the
39°C exposure group, compared to untreated controls.

In addition to rats, Hofmann and Dietzel [6] exposed the
abdomens of rabbits to 27.12 MHz fields for 15 minutes on
days 7, 8, and 9; days 10, 11, and 12; ordays 17, 18, and 19
of gestation. Rectal temperatures increased by 1.3° to 4.0°C.
The exposures produced a high incidence of abortions but no
gross malformations.

In an earlier study of rabbits exposed to high-intensity 10-
MHz radiation for one to two hours, two to five days/week
before and during gestation [11], rectal temperatures rose to
41° to 42°C and litter size was reduced compared to
controls. The offspring were morphologically normal.

Laskey, et al. [12] exposed rats to 2450 MHz microwaves
at 100 mW/cm? for 8 to 13 minutes on day 2, days 2 and 5,
day 8, or day 13 of gestation. At this intensity, the SAR is
estimated to have been 21 W/kg [5]. Rectal temperatures
averaged 41.4° to 42.8°C. Prenatal mortality was signifi-
cantly increased in the day 8 group as compared to sham-
irradiated or untreated controls. Mean body weight and mean
brain weight were reduced in fetuses irradiated on gestation
days 8 or 13.

In a study in which appreciable hyperthermia occurred but
colonic temperatures were not measured, Moayer [13] irradi-
ated rats for 2 to 4 minutes on gestation days 5 or 14 with a
high-intensity 27.12 MHz shortwave applicator. The electric
and magnetic field strengths and the SAR were not deter-
mined. The RF exposure damaged the placentas and de-
creased their vascularity. It also increased the incidence of
aborted embryos.

In a series of related studies, Rugh and coworkers [14-17]
exposed pregnant mice to 2450 MHz microwaves at an SAR
of 93 to 114 W/kg (estimated power density of 123 mW/
cm?2). The exposures were acutely hyperthermic and just
sublethal to the dam, but colonic temperatures were not
monitored. Exposure for 2 to 5 minutes on gestation day 8 1/2
produced a high incidence of prenatal death and fetal
malformations, predominately exencephaly and stunting [14,
15]. Other mice were exposed for 4 minutes on gestation
days 9, 12, or 16 [16]. Male offspring irradiated on gestation
day 12 and female offspring irradiated on gestation day 16
had significantly lower body weights than controls at two
months of age.

In another study, mice were irradiated on one of gestation
days Oto 11 [17]. About 9 percent of the fetuses exposed on
gestation days four or eight were malformed, while 42
percent exposed on gestation day eight died in utero. The
observed malformations included stunting, deformed arms
and heads, curly tails, and exencephaly.

Chernovetz, et al. [18] exposed rats for 20 minutes to
2450 MHz microwaves at 31 W/kg or to infrared radiation in
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an incubator at an air temperature of about 47°C. The
microwave exposures were made in a multimode cavity in
which power density could not be measured. Rats were
exposed on one of gestation days 10 through 16. In both
groups, the mean colonic temperature of the animals in-
creased to 42.0°C. Exposures were lethal to 27 percent of
the microwave-treated dams and 12 percent of the infrared-
treated dams. The incidence of prenatal mortality was higher
in microwave-treated rats than in infrared-treated or sham-
irradiated rats. No structural malformations occurred, but
hemorrhages were common in both microwave- and infrared-
treated fetuses. Fetal weight was reduced in both irradiated
groups compared with controls. Brain norepinephrine levels
were lower in microwave-treated fetuses than in infrared-
treated or control fetuses, but brain dopamine levels were
unchanged. The authors concluded that mortality and resorp-
tions (early prenatal death) are probably a function of peak
body temperature, irrespective of the radiation source.

Chernovetz, et al. [19] exposed rats to 2450 MHz micro-
waves for 20 minutes on one of gestation days 8, 10, 12, or
14 at SARs of 14 or 28 W/kg (power density could not be
measured). Rectal temperatures increased from a preexpo-
sure temperature of about 38°C to about 40°C at 14 W/kg
and 42°C at 28 W/kg. Controls were sham-irradiated or
untreated. No structural malformations were observed at
either temperature, nor was prenatal mortality increased.
However, irradiation at 28 W/kg on gestation day 8 resulted
in reduced fetal weight, while fetuses irradiated on gestation
days 12 or 14 were heavier than controls. Fetuses irradiated
at 14 W/kg on gestation days 12 or 14 were smaller than
controls.

Lary, et al. [20] irradiated pregnant rats at 55 A/m and 300
V/min a 27.12 MHz RF field, with a resultant SAR of 11.1 to
12.5 W/kg. Dams were irradiated for about 20 to 40 minutes
on one of gestationdays 1, 3, 5, 7,9, 11, 13, or 15 until their
colonic temperature reached 43.0°C. Controls were sham-
irradiated or untreated. RF exposure during the postimplanta-
tion period (gestation days 7-15) produced a significant
incidence of fetal malformations (up to 67 percent). Prenatal
mortality was also high (up to 49 percent) after exposure on
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Figure 1. Incidence of embryonic death and fetal malformations in
rats made hyperthermic by exposure to 27.12-MHz RF radiation for
10 to 40 minutes on gestation day 9. Colonic temperatures of
untreated controls (UC) were not measured. Mean colonic tempera-
ture of sham-irradiated controls (SC) was 38.3°C at the end of the
45-minute sham exposure period. (From Lary, et al. [22]).
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gestation days 7 or 9. Fetal weight and crown-rump length
were reduced in all of the postimplantation exposure groups.
More than 200 different types of abnormalities were noted.

In a follow-up on their 1982 study, Lary, et al. [21]
irradiated rats on gestation day 9 in a 27.12 MHz field at 55
A/m and 300 V/m with a resultant SAR of about 11 W/kg.
Rats were exposed for different durations at colonic tempera-
tures of 41.0° or 42.0°C. At both temperatures, the terato-
genic and embryotoxic effects of RF-induced hyperthermiia
increased as the duration of exposure increased, but the
increase was especially pronounced at 42.0°C.

Since the literature indicates that RF-induced teratogenesis
is correlated with maternal hyperthermia, Lary, et al. [22]
investigated the dose-response relationship between mater-
nal core temperature during RF exposure and the incidence of
congenital malformations and prenatal death. Rats were
irradiated on gestation day 9 in a 27.12 MHz field at 55 A/m
and 300 V/m until their colonic temperature reached 41.0°,
41.5°, 42.0°, 42.5°, or 43.0°C. The SAR was 10.8 W/kg.
Control rats were sham irradiated or untreated. The inci-
dences of birth defects and prenatal mortality increased
directly with maternal colonic temperature after a threshold
of approximately 41.5°C was exceeded (Fig. 1). About 15
percent of the dams heated to 43.0°C died; higher tempera-
tures were nearly always lethal.

To determine if microwave-induced teratogenic effects are
due to hyperthermia or to field-specific effects unrelated to
heating, Rugh and McManaway [23] used anesthesia to
lower the preexposure temperature of pregnant mice by 4° to
5°C. Hypothermic mice and normal-temperature mice were
then exposed to 2450 MHz radiation for four minutes on
gestation day 8. Based on information in a previous study
[14], the power density was about 123 mW/cm?, with a
resultant SAR of 93 to 113 W/kg. The rectal temperatures of
the normal-temperature mice climbed to an average of
40.8°C, with several exceeding 42°C. The rectal tempera-
tures of the hypothermic mice climbed to the approximate
normal baseline temperature of 37°C. The microwave expo-
sure caused a high incidence of prenatal death and some
malformations in the normal-temperature mice, but did not
affect the hypothermic mice. These results strongly sug-
gested that the teratogenic and embryolethal effects of RF
radiation are due to hyperthermia rather than field-specific
effects of the high-intensity exposure.

In a similar study, Lacy [24] found that lowering the body
temperature with anesthesia before exposure protected preg-
nant rats against the teratogenic and embryolethal effects of
high-intensity 27.12 MHz radiation. In the same report, Lacy
compared the teratogenic effects of hyperthermia induced by
exposure to RF radiation with hyperthermia induced by
immersion in a 42.5°C hot water bath. In both treatment
groups, rats were exposed for 20 to 30 minutes on gestation
day nine until their colonic temperatures reached 43°C. The
RF exposures occurred in a 27.12 MHz field at 55 A/m and
300 V/m, with a resultant SAR of 13.6 W/kg. Both hyperther-
mic exposures caused a high incidence of malformations and
prenatal mortality. The incidence and types of malformations
were nearly identical in both groups, as was the incidence of
prenatal death. A light and electron microscopic study of the
exposed embryos revealed that the type and extent of cellular
damage caused by the two sources of hyperthermic exposure
were identical. For both RF and conventional heating, selec-
tive cell death and inhibition of mitosis during embryogenesis
appeared to be the most likely cause of the congenital
malformations produced. Lacy concluded that the teratogenic
and embryotoxic effects of exposure to high-intensity RF
radiation results from hyperthermia, not from field-specific
effects unrelated to heating.
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RF EFFECTS IN ANIMALS AT BODY TEMPERATURES
OF 39° TO 41°C

RF exposures that increase the core temperature of the
pregnant mother to 39° to 41.0°C generally do not result in
gross structural malformations. However, the resultant ther-
mal stress may significantly increase the incidence of prena-
tal mortality, result in lower body weight, cause histological
or physiological changes, or alter the behavior of the exposed
offspring.

Michaelson, et al. [25] exposed rats to 2450 MHz micro-
waves for one hour at 10 mW/cm?2 on gestation days nine and
16, or at 40 mW/cm? on gestation days 9, 13, 16, or 20. The
estimated SARs were about 2.5 W/kg and 9 to 10 W/kg,
respectively. Colonic temperatures increased by up to 0.5°C
(38.1°C) at 10 mW/cm?, and up to 3°C (39.5°C) at 40 mW/
cm?2. Pups exposed to 40 mW/cm? fields had increased
plasma cortisone and thyroxin levels and increased adrenal
gland weight compared to sham-irradiated controls. Irradi-
ated pups had a greater increase in metabolic rate during
exposure to cold than did the control pups. However, no
change was noted in the gestation length, litter size, or
growth rate of the offspring at either exposure level.

Nawrot, et al. [26] exposed mice to 2450 MHz microwaves
for eight hours/day at 5 mW/cm?2 (SAR = 6.7 W/kg) on
gestation days 1 through 15, at 21 mW/cm? (SAR = 18.1 W/
kg) on gestation days 1 through 6 or 6 through 15, or to 30
mW/cm? (SAR = 40.2 W/kg) on gestation days 1 through 6
or 6 through 15. Exposures at 21 and 30 mW/cm? caused
increases in colonic temperature of 1°C (38.5°C) and 2.3°C
(39.8°C), respectively. Exposure at 5 mW/cm? caused no
increase in temperature. Groups of mice were also exposed to
elevated ambient temperatures sufficient to raise mean
colonic temperatures to the level of the groups exposed to
microwaves at 21 and 30 mW/cm?2. Both the number of
implantation sites and mean fetal weight were significantly
reduced following exposure to 30 mW/cm? on days 1
through 6. A slight but significant increase in the percentage
of malformed fetuses occurred following exposure to 30 mW/
cm? on days 6 through 15. Conventional heat exposure
causing a 2.3°C colonic temperature increase also resulted in
a higher incidence of malformed fetuses than in controls, but
the incidence was not statistically significant.

Berman, et al. [27] reported significantly increased prenatal
mortality, decreased body weight, and decreased skeletal
maturity in fetuses of Syrian hamsters exposed to 2450 MHz
microwaves at 30 mW/cm? (SAR = 9 W/kg) for 100
minutes/day on gestation days 6 through 14. The mean
colonic temperature increased to 39.8°C, 1.6°C higher than
the temperature of sham-irradiated controls. Exposures at 20
mW/cm? (6 W/kg) neither increased colonic temperature nor
produced any fetotoxic effects.

Berman and Carter [28] reported significantly lower fetal
body weight and delayed skeletal development in rats ex-
posed to 2450 MHz microwaves at 40 mW/cm?2 (SAR = 6.0
W/kg) for 100 minutes daily on gestation days 6 through 15.
The exposure elevated the mean colonic temperature by 2°C
(39.6°C).

Chernovetz, et al. [29] and Berman, et al. [30] found no
significant alterations in prenatal development of mice or rats
following exposures to 2450-MHz microwaves sufficient to
increase mean maternal rectal temperatures to 40.3° and
40.6°C, respectively. The resultant SARs were 38 W/kg
(mice) and 4.2 W/kg (rats).

RF EFFECTS IN ANIMALS AT BODY TEMPERATURES
LESS THAN 39°C -

Several investigators have reported significant physiologi-
cal and behavioral changes in animals prenatally exposed to
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RF fields at levels which caused or were expected to cause
little or no increase in body temperature. Other investigators
found no significant effects at these levels. None of these
exposures produced gross structural malformations in the
offspring, but in several studies there were indications of an
embryotoxic response. In the majority of the positive reports,
pregnant rats were exposed to 100, 918, 2450, or 6000
MHz-fields at SARs ranging from 0.3 to 7.3 W/kg [31-39].
Decreased fetal weight or postnatal body weight was the
most common effect reported. Other effects noted in the
offspring included a decreased number of Purkinje cells in the
cerebellum; changes in the levels of adenosine tri-, di-, and
monophosphate in the brain; lower brain weight; earlier eye
opening; greater postnatal activity; poorer performance on
behavioral tests; less tolerance to cold stress; and an increase
in mitogen-stimulated response of T- and B-lymphocytes in
the blood.

In other studies, pregnant mice were exposed to 2450 or
3000 MHz fields at SARs of 11 to 16.5 W/kg [40-43]. The
predominant effect was lower fetal weight or birth weight.
Increased prenatal and postnatal mortality was also reported,
as well as increased minor fetal anomalies which appeared to
be caused by delayed embryonic development. Other effects
reported included lower brain weight, delayed skeletal devel-
opment, and delayed behavioral development.

Kaplan, et al. [44] reported significantly higher prenatal and
postnatal mortality in squirrel monkeys irradiated with 2450
MHz microwaves at an SAR of 3.4 W/kg. However, they
were unable to replicate these findings in a more extensive
follow-up study [45].

No significant effects were reported in rats prenatally
exposed to 100, 915, 1700, or 2450 MHz fields at SARs of
0.4 to 5 W/kg [46-54]. No effects were reported in mice

_prenatally exposed to 2450 MHz microwaves at 2.0 to 22 W/

kg [55, 56]. Albert, et al. [57] found no significant effects on
the brains of squirrel monkeys prenatally exposed to 2450
MHz microwaves at 3.4 W/kg compared to sham-irradiated
controls.

Because of the highly nonuniform absorption of RF energy
in exposed animals, it is possible that appreciable heating of
the uterus or other organs of the body sometimes occurs in
the absence of a significant increase in maternal rectal or
colonic temperature. Therefore, significant developmental
effects that occur in the absence of a measurable increase in
rectal or colonic temperature cannot necessarily be attributed
to a nonthermal causative mechanism. While the possibility
of significant nonthermal RF effects on prenatal development
cannot be excluded, the literature to date indicates that heat
is the probable cause of RF-induced teratogenic and embry-
otoxic effects.

RF EFFECTS ON HUMAN DEVELOPMENT

Reports of possible adverse effects of RF exposure on
human development are sparse and anecdotal. Most of the
published reports have dealt with embryos exposed to RF
diathermy during early development, before pregnancy had
been diagnosed. Hofmann and Dietzel [6], in a review of the
literature on RF diathermy treatment during pregnancy,
discussed the physiological consequences of shortwave
heating of the uterus and concluded that shortwave
diathermy is absolutely contraindicated during pregnancy.

Marchese [58] reported on a woman inadvertently given a
series of shortwave treatments of the abdomen (presumably
at 27.12 MHz) of 10 to 30 minutes during the first month of
pregnancy. She gave birth to a child that was one month
premature and had multiple congenital malformations. Co-
cozza, et al. [69] and Minecki [60] described a grossly
malformed infant born to a woman inadvertently given
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shortwave (presumably 27.12 MHz) treatments to the abdo-
men for 20 minutes daily or on alternate days during the first
and second months of pregnancy. The baby was born two
months premature and weighed only 2.2 kg.

Rubin and Erdman [61] reported on two women given
2450-MHz diathermy treatment of the pelvic region just prior
to and during early pregnancy. One aborted the embryo on
gestation day 67, while the other delivered a normal infant at
term. Imrie [62] related that one of three pregnant women
aborted following shortwave (presumably 27.12 MHz)
diathermy treatment of the pelvis during the first trimester of
pregnancy. The other two delivered normal infants at term.
Imrie measured the temperatures of 25 women exposed to
pelvic diathermy and found an average uterine temperature
increase of 0.5°C in premenopausal women and 1.0°C in
postmenopausal women. He concluded that the danger to the
human embryo from accidental exposure to diathermy radia-
tion during early pregnancy is not as great as suspected by
Hofmann and Dietzel [6].

In a cohort epidemiology study of 2043 babies born to
2018 females registered as physiotherapists at the time of
pregnancy, Kallen, et al. [63] found a slightly higher incidence
of shortwave equipment use among females who delivered
dead or malformed infants than among control females.
However, the authors reported that the statistical signifi-
cance was borderline (p = 0.03), and that this could be a
random finding.

At present, there is little evidence to suggest that exposure
to common sources of RF radiation is teratogenic or embry-
otoxic in human beings. People do not often encounter RF
fields that exceed the consensus standard recommended by
the American National Standards Institute (ANSI) [64]. The
ANSI limits are designed to prevent average whole-body
SARs in excess of 0.4 W/kg. In contrast, the lowest SAR
reported to cause fetal malformations in animals is 10.8 W/kg
[22], while the lowest SAR reported to cause prenatal death
is 9 W/kg [27]. While some developmental effects, including
reduced body weight and changes in postnatal behavior, have
been reported in animals at SARs between 0.3 and 11 W/kg,
there is presently no indication that RF exposures below the
ANSI limits will have any effect on the unborn child. The
teratology literature indicates that only exposures that result
in appreciable heating of the uterus (i.e., greater than 39°C)
are likely to adversely affect the human embryo. Only RF
sources that emit radiation substantially in excess of the
ANSI standard are likely to cause significant heating of the
human body. Significant heating may occur from medical
exposure to RF diathermy or magnetic resonance imaging
equipment and from close-proximity exposure to high inten-
sity radar antennas, radio and TV broadcast antennas, or
unshielded RF heaters and sealers. Except for medical treat-
ment under the care of a physician, it is advisable that women
avoid exposure to such high-intensity RF sources when they
are pregnant or pregnancy is suspected.
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