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Effects of low-frequency magnetic fields on embryonic

development and pregnancy
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JUUTILAINEN IJ. Effects of low-frequency magnetic fields on embryonic development and pregnancy.
Scand J Work Environ Health 1991;17:149—58. Experimental and epidemiologic studies on the effects
of low-frequency magnetic fields on pregnancy are reviewed. The literature suggests that these fields have
adverse effects on chick embryo development. The interaction mechanism is not known. The results of
experiments with mammals are inconsistent. There is more evidence of effects on mice than on rats, and
the data suggest that fetal loss might be increased rather than malformations. Most of the epidemiologic
studies related to pregnancy and low-frequency magnetic fields have concerned operators of a video dis-
play terminal (VDT). The results do not provide evidence for an association between adverse pregnancy
outcome and use of a VDT. Other (stronger) sources of low-frequency magnetic fields have been addressed
in only a few studies. It is not yet possible to conclude whether occupational or residential exposure to
low-frequency magnetic fields affects human prenatal development. There is an apparent need for fur-

ther investigation.
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The people of industrialized societies are continuous-
ly exposed to low-frequency magnetic fields produced
by various electrical installations and appliances. The
strongest fields are found at workplaces close to high
power conductors and electrical equipment. It is well
known that very strong magnetic fields (>10 mT at
50—60 Hz) are harmful, but it is unclear whether the
moderate intensities (1nT—1 mT) occurring in residen-
tial and occupational environments threaten human
health (1—5).

The recent discussion on the health risks of low-
frequency magnetic fields focuses on cancer and ad-
verse pregnancy outcome. Several reviews are avail-
able about the possible association between cancer and
occupational or residential exposure to low-frequency
fields (6—9).

This review presents an evaluation of the experimen-
tal and epidemiologic studies on the possible effects
of low-frequency magnetic fields on embryonic de-
velopment and pregnancy.

Electric and magnetic fields

All conductors carrying electric current are surrounded
by electric and magnetic fields. The strength of a mag-
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netic field is proportional to current flowing in the con-
ductor, whereas that of a electric field is proportional
to voltage. Both fields decrease as distance increases.

The intensity of a magnetic field may be described
by two quantities, the magnetic field strength (in am-
peres/meter) or the magnetic flux density (in teslas).
One ampere per meter corresponds to 1.257 uT in air.
A non-SI unit called gauss (1 G=10"*T) is still often
used in the United States.

In contrast to the static magnetic field of the earth,
magnetic fields produced by alternating current are
time varying. The number of oscillations per second
of a time-varying electric or magnetic field is called
frequency and is given in hertz. Low-frequency fields
include two frequency ranges called extremely low
frequency (0—300 Hz) and very low frequency (0.3—
100 kHz). The most common frequencies of extreme-
ly low-frequency fields in the environment are 50 and
60 Hz, since these frequencies are used in the trans-
mission of electricity. Waveform is a variable used to
describe the dependence on time of time-varying fields.
The 50- or 60-Hz fields around electric wires and ap-
pliances have sinusoidal waveform. Fields with trian-
gular waveforms are found around video display ter-
minals.

The natural background of 50-Hz magnetic fields
is about 10~® A/m (1). In residences and offices the
field strength is usually below 0.1 A/m, but local ‘‘hot
spots’” with higher values are occasionally found. Low-
frequency magnetic fields under powerlines are about
1 to 10 A/m, while fields up to about 10~* A/m can
be measured at some industrial workplaces close to,
eg, induction heaters, welding equipment, and electric
motors.
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Studies using nonmammalian models

Delgado and his co-workers (10) reported that pulsed
magnetic fields at frequencies of 10, 100, and 1000 Hz
strongly increased the percentage of abnormalities in
chick embryos incubated for 2 d. Pulses with a dura-
tion of 0.5 ms and peak flux densities of 0.12, 1.2, or
12 uT were used. In later experiments by the same re-
search group, the teratogenic effect seemed to depend
on the waveform used (11). It was, however, later
reported that the determination of the waveform was
incorrect (12) and that there were uncontrolled high-
frequency oscillations in the exposure system (13).

In further experiments the effect of pulsed magnetic
fields seemed to depend on the orientation of the chick
embryo in relation to the geomagnetic field (14). In
the experiments of Leal et al (15) the effect of 100-Hz,
0.4- or 1-uT pulsed fields on chick embryos was not
always reproducible. In the combined data of 13 ex-
periments (40—50 eggs per experiment), 35 % of the
exposed and 30 % of the control embryos were ab-
normal. However, there was a significant correlation
between the variations in the results and very small
time-dependent changes in the local geomagnetic field.
This finding was interpreted by the authors as sug-
gesting that the effect might occur only at some pre-
cise values of the geomagnetic field.

The experiments by Martin (16) suggest that pulsed
magnetic fields affect chick embryo development only
during a short critical period at the beginning of incu-
bation. A significant increase in abnormalities was ob-
served only when the embryos were exposed during the
first 24 h of incubation.

In the experiments of my co-workers and I (17), the
percentage of abnormalities was increased in chick em-
bryos exposed during their first 2 d of development
to 100-Hz magnetic fields with sinusoidal, rectangu-
lar, and pulsed waveforms. In another series of experi-
ments with sinusoidal waveform, similar effects were

found in a wide range of frequencies (18). The effects
of 100-Hz sinusoidal fields with a field strength of
1 A/m were confirmed in experiments with a large
number of eggs (19). Further experiments with 50 Hz
confirmed that there is an effect at this frequency, too,
and suggested that the field strength-response curve
has a sharp threshold at 1 A/m (20).

In two studies, the results of Delgado et al (10) could
not be replicated (21, 22), and no effects were found
in chick embryos exposed to 20-kHz magnetic fields
with triangular waveform (23). Exposure of chick and
quail eggs to a 50-Hz, 500-p.T sinusoidal magnetic field
during the first 4 or 7 d of incubation did not increase
the percentage of dead or abnormal embryos (24).

In one study, an increased proportion of abnormal
embryos was observed in all three separate egg groups
exposed to pulsed magnetic fields, but the differences
from the corresponding control groups did not reach
statistical significance when the experiments were ana-
lyzed separately (25). No statistical analysis of the com-
bined data was performed.

A large well-designed international study aimed at
replicating Delgado’s (10) results has been carried out
in six separate laboratories (26). Identical equipment
and standardized experimental procedures were used.
The eggs, however, came from different sources, and
the local geomagnetic fields were different. The com-
bined data showed a significant (P <0.001) increase
of abnormal embryos in the exposed group. There
were, however, significant differences in the results
from the six laboratories that suggested the involve-
ment of unknown environmental or biological vari-
ables.

There are thus both positive and negative findings
in the studies on the effects of low-frequency mag-
netic fields on chick embryo development. Further-
more, the positive findings are not consistent as to the
lowest field strength causing abnormal development.
In some studies the field strength is given as the time-

Table 1. Comparison of some studies on the effects of low-frequency magnetic fields on chick embryos. (MF = magnetic field,

NR =not reported, vert = vertical, horiz = horizontal)

Low
Rela- Dura- fre- Exis-
Peak 5 . . 0- Weakest
Fre- < Tem- tive tion of Vibra- quency " . : — tence :
Reference v;’oar‘r’r?. guency st:::dth perature humi- storage tion MF at ma\\‘?é':gtlc g"ti'yzmg o?ltrr?:tf‘i%?d of sig- efff?;tc;ve
(Hz) Ing) °C) dity of the (m/s?) control T 99 nificant Al
(%) eggs eggs 1) effects (AIm)
(Arm)
Delgado 05ms 101k 0.095—95 38 55 NR NR NR NR Horizontal Horizontal Yes  0.095 peak
et al (10) pulses
Maffeo et al 05 ms 100-1k 0.095—95 38 80 NR NR 0.2 NR Horizontal Vertical No
(21) pulses
Sandstrom Tri- 20k  0.08—13 38 75 1d NR NR NR Horizontal Horizontal No
et al (23) angular
Martin 05 ms 100 0.95 378 75 NR NR NR 33—36 vert Horizontal Horizontal Yes  0.95 peak
(16) pulses 17—23 horiz
Juutilainen 0.5 ms 100 2-—-800 16 rms
et al (17) puises =17 peak
37—38 55 <4d <3x10—-2<0.02 33—38 vert Vertical Vertical Yes
12—14 horiz
sine 100 0.28—230 1rms
=2.8 peak
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average, or root mean square (rms), field strength,
whereas the instantaneous peak value is given by other
researchers. In our experiments (17) with the 0.5-ms
pulses similar to those used by Delgado (10), no ef-
fect was observed at 0.2 A/m rms. The weakest field
that produced effects was 1.6 A/m rms, correspond-
ing to a peak field strength of 17 A/m. In the experi-
ments of the Delgado group (10, 11) and Martin (16),
effects on embryonal development were observed at
peak fields as weak as 0.12 uT (0.095 A/m) and 1.2
uT (0.95 A/m).

There are several possible explanations for the in-
consistent results. The exposure conditions were not
similar (table 1). The results obtained in our labora-
tory (19) demonstrate the importance of incubation
temperature and duration of egg storage before incu-
bation. High temperature and long storage increase the
percentage of abnormalities in the control embryos,
and thus the probability of finding a statistically sig-
nificant difference between the exposed and control
eggs is decreased. The same is true for other factors
that increase the percentage of abnormal controls, eg,
a high level of mechanical vibration at the location of
the control eggs.

In studies of this kind it is important that the low-
frequency magnetic field exposure of the control eggs
be as low as possible. Unfortunately, the field strength
at the location of the controls (50—60 Hz background
and leakage from the exposure facility) has not been
measured in all studies.

The orientation of the eggs and of the magnetic field
was different in the various studies, and therefore
caused different induced currents in relation to the em-
bryo (23). The embryo is usually located at the top of
the yolk with its head-tail axis perpendicular to the long
axis of the egg. Thus, in the experiments where hori-
zontal fields were used (10, 11, 16, 23), the induced
currents flowed along the head-tail axis of the embryo,
whereas the currents induced by the vertical fields used
in some experiments (17—22) circle around the em-
bryo.

The geomagnetic field has probably been different
in the various studies. This variation may explain some
of the inconsistencies in the results if the biological ef-
fects of low-frequency magnetic fields are based on
resonance interaction mechanisms requiring given rela-
tionships between static and alternating magnetic fields
7).

There are also differences in the eggs used in vari-
ous experiments. Eggs from White Leghorn have been
used in most of the experiments. The White Leghorn,
however, is a poorly defined strain consisting of several
local varieties. The environmental conditions and
feeding of the hens have also probably been different
in different studies.

The available data suggest that low-frequency mag-
netic fields disturb the development of chick embryos,
at least under some conditions. Further experiments
are necessary to understand the environmental and

biological factors that modify the response of the em-
bryos.

Low-frequency magnetic fields have also been
reported to retard the development of fish embryos at
60 Hz, 100 uT (28) and to induce morphological
changes in the pineal organ of chick embryos at 60 Hz,
80 uT (29). The pulsed magnetic waveform used clini-
cally in bone healing (peak intensity 2 mT) has been
reported to accelerate the embryonal development of
sea urchins (30). A 60-Hz magnetic field at 100 uT,
however, caused a developmental delay in sea urchin
embryos (31). Teratogenic effects in toad embryos were
observed after exposure to 20-Hz, 2-kHz, or 20-kHz
magnetic fields at 10—15 mT (32). Oviposition and
mortality during the development of Drosophila flies
were affected by exposure to pulsed 100-Hz (1.8 mT)
and sinusoidal 50-Hz (I mT) magnetic fields (33).

Studies on mammals

Zecca and his co-workers (34) exposed 10 pregnant
Sprague-Dawley rats to a 50-Hz magnetic field at
5.8 mT. No malformations were observed. The num-
ber of resorptions and dead fetuses was higher in the
exposed than in the control group, but the number of
animals used was too small for any conclusions. In the
experiments of Rivas et al (35), 25 to 27 pregnant Swiss
mice per group were exposed to 50-Hz pulsed magnetic
fields at 2.3 mT or 83 uT. The number of live births
per litter and the mean birth weight were slightly lower
among the exposed animals, but the differences from
the controls were not statistically significant.

Two Swedish groups have found that low-frequency
magnetic fields affect the fetal development of mice.
The findings of these two studies are, however, incon-
sistent in respect to the type of effects observed.
Tribukait et al (36) exposed C3H mice to 100-Hz rec-
tangular pulses and to 20-kHz fields with triangular
(sawtooth) waveform at peak flux densities of 1 and
15 uT. The 20-kHz field was used because these kinds
of fields are found around video display terminals. The
number of fetuses with external malformations was in-
creased in the groups exposed to the 20-kHz field. In
the experiments of Frolen & Svedenstal (37, 38) a large
number of CBA mice was exposed to a magnetic field
with a frequency of 20 kHz and a peak flux density
of 15 uT. No differences in the number of malforma-
tions were found, but the number of resorptions (fetal
losses) in the exposed groups was about twice as high
as in the control groups. This difference was statisti-
cally highly significant.

A significant increase of minor skeletal anomalies
in the highest exposure group (66 uT) was observed
when pregnant Sprague-Dawley rats were exposed to
18-kHz magnetic fields with a triangular waveform
(39). The number of malformations and resorptions
was low and not related to magnetic field exposure.
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No dead fetuses were found. The authors discounted
the increased skeletal anomalies as common ‘‘noise”’
that appears in every teratological evaluation.

Similar results were obtained in another study on
rats (40). The proportions of malformations or resorp-
tions were not increased in Han:Wistar rats exposed
to 20-kHz sawtooth or 50-Hz sinusoidal magnetic
fields. The intensities were 12 A/m (15 uT) peak-to-
peak at 20 kHz and 10 A/m (12.6 uT) rms at 50 Hz.
The proportion of fetuses with minor skeleton anoma-
lies was significantly increased in both exposed groups.
The skeleton anomalies observed were mild and prob-
ably not detrimental for later normal development.

No significant effects on prenatal development were
reported in recent studies on Sprague-Dawley rats ex-
posed to 60-Hz, 1-uT or 1-mT fields (41), or in CD-1
mice exposed to 20-kHz sawtooth fields at 0.33 to 16.7
uT (42). When pregnant Sprague-Dawley rats were ex-
posed to 15-Hz fields at 0.8 mT for 15 min twice a day
from day 15 through day 20 of gestation, the male off-
spring exhibited significantly less scent-marking be-
havior than controls. Accessory sex organ weights were
also significantly higher among the exposed animals
43).

In a Swedish study (44), cows were kept under a
400-kV transmission line for 120 d. The average elec-
tric field strength was about 4 kV/m, and the mag-
netic flux density was about 2 pT. The reproductive
parameters studied were length and regularity of ovu-
lation intervals, midcycle plasma progesterone level,
intensity of estrous signs, number of inseminations per
pregnancy, percentage of pregnant animals, and pro-
portion of fetuses showing heart activity after the
slaughter of the dam. For none of these parameters
were there differences in comparison with the control
animals.

There is no consistent pattern in the effects reported
in different investigations. In one study (38), exposure
to low-frequency magnetic fields seemed to increase

the number of resorptions, while slightly increased fre-
quencies of malformations (36) or minor skeletal
anomalies (39, 40) were observed in other studies (table
2). Furthermore, no significant effects were found in
some studies in spite of a large study sample (41, 42).
There are two alternatives with which to interpret these
inconsistencies. First, it is possible that the statistical-
ly significant differences observed in some studies are
due to chance and that they reflect no real effect of
low-frequency magnetic fields. The other possibility
is that low-frequency magnetic fields affect intrauterine
development, but the results vary because of differ-
ences in the experimental conditions. The use of differ-
ent experimental animals may have caused the differ-
ences in the results. It is common in teratological evalu-
ations that a certain strain may respond to, eg, a given
chemical substance, while no effects are found in an-
other species or another strain of the same species. It
is also usual that skeleton is affected in rats, while mice
easily get visceral malformations (45).

As discussed in connection with the chick embryo
studies, differences in the local geomagnetic fields may
have affected the results. The studies also differ in the
field strengths, frequencies and waveforms used. The
low-frequency magnetic field strength at the location
of the control animals has been reported in only two
studies.

There are also differences in the statistical methods
used in different studies. In teratologic literature, there
has been discussion on whether litter or fetus should
be used as the basic unit in statistical analysis (eg, in
reference 46). Fetus-based analysis may be misleading
since the response of a fetus is not always independent
of other fetuses of the same litter. If such ‘‘litter ef-
fects’’ occur, statistical tests requiring independence
of the basic sampling units are invalid. On the other
hand, analyses based on the proportion of affected lit-
ters are insensitive in detecting small differences. The
“‘per litter”” approach based on the proportion of af-

Table 2. Studies on the effects of low-frequency magnetic fields on rodents. (SD = Sprague-Dawley, C =control)

Implan- Rt Minor  Minor
Animal Fre- Field . A Resorp- Malfor- visceral skeleton
Reference species quency Waveform strength Eéﬁggﬂlr: L':,‘f)rs Fe};\ﬁes taSé)rns tions mations anom-  anom-
and strain (H2) {A/m) litter {%) (%) alies alies
(%) (%)
Zecca et al SD rat 50 X C 3 hid, 10 113 11.9 5.3 0 0
{34) 4600 days 6—15 10 110 121 10 0 0 .
Stuchly et al SD rat 18k Triangular [o] 7 hid 20 262 13.3 1.1 0.4 04 6.9
(39) ¥ 45 20 266 13.3 0 0.3 0.4 6.4
18 20 248 12.4 0 0 1.2 10
53 20 246 12.4 0 0.4 0.8 20
Huuskonen et al Wistar C Continuous 58 521 9.6 7.3 0 0.8 13
(40) rat 50 Sinusoidal 10 64 663 1.0 6.2 0 0.7 23
20k Triangular 12 64 613 10.2 6.5 0.2 0.7 21
Frélen & la CBA mouse 20k Triangular C Continuous 154 1124 7.7 5.9 1.0
Svedenstal 12 211 1566 8.3 12 1.3
(37) Ia C 308 1962 6.8 6.4 0.6
12 396 2459 7.0 12 0.9
Tribukait et al C3H mouse C Continuous 81 297 5.4 9.1 0.7
(36) 100 Rectangular 12 35 181 56 7.2 1.7
20k Triangular 12 39 21 7.0 10.4 4.7

2 Data from two separate series of experiments by Frélen & Svedestal are given.
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fected fetuses per litter (not on the proportion of af-
fected litters) is often considered the most appropriate
method of analysis. This method is valid also when
litter effects occur, and it has been shown that there
is only little loss in sensitivity compared with per fetus
analysis (46). Unfortunately the ‘“per litter’’ approach
has not been used in the studies reviewed in this presen-
tation. Only the percentage of affected fetuses was
reported in the study on C3H mice (36). The propor-
tion of affected fetuses and the proportion of affected
litters were given in two studies (38, 39). Only the fetus-
based analysis gave significant results in the study on
rats by Stuchly et al (39), while the increase of resorp-
tions in CBA mice was significant in both analyses (38).

In some studies, the animals were exposed for 3 h/d
(35) or 7 h/d (39), while the exposure was continuous
in the others. In one experiment (35), the exposure was
started on day 6 of gestation, while in the other studies
the animals were exposed from the beginning of preg-
nancy. Svedenstal & Frolen (38) varied the starting of
the exposure between days 1 and 7.

The sensitivity of mammalian embryos to harmful
factors varies depending on the stage of development.
During the preimplantation period, exposure to harm-
ful agents will not usually cause teratogenic effects.
A more probable result is reduced viability (a decrease
in implantations or an increase in early deaths of the
embryos). After implantation, during the period of ear-
ly differentiation and organogenesis, the embryo is
highly susceptible to teratogenesis. It then becomes in-
creasingly resistant with increasing age. The increase
in resorptions observed in CBA mice (38) suggests that
low-frequency magnetic field exposure might affect the
early stages of development.

Svedenstal & Frolen tried to test the hypothesis that
early development is the most sensitive period by
varying the time from the onset of pregnancy to the
beginning of the exposure to low-frequency magnetic
fields. When the exposure was started on days 1, 2,
or 5 of gestation, the percentage of resorptions was
significantly higher in the exposed than in the control
animals. When the exposure was postponed to the 7th
day after conception, however, the frequency of
resorptions was similar for the exposed and control
mice (38).

If one considers the results of all teratological in-
vestigations with mammals, it is evident that low-
frequency magnetic fields are not highly teratogenic
or embryotoxic. In one study, the proportion of mal-
formed fetuses was about 3 %, while in other studies
it was not more than 1 %. The highest proportion of
resorptions reported was 12 % of fetuses. Subtle ef-
fects cannot be ruled out, however. Malformations and
resorptions are more likely to occur in mice than in
rats. Especially the very large amount of data produced
by Frolen and Svedenstél (37, 38) is strongly indica-
tive of effects on CBA mice. The results suggest that,

at least in CBA mice, sensitivity to magnetic fields is
highest during the early stages of development.

Epidemiologic studies

There has been much discussion about the possible ad-
verse effects of video display terminals on pregnancy
outcome. (See, eg, reference 47.) Video display termi-
nals with a cathode ray tube display emit extremely
low-frequency magnetic fields at 50 or 60 Hz and very
low-frequency magnetic fields at 15—30 kHz. The
strength of the extremely low-frequency magnetic field
is a few amperes per meter (a few microteslas) at the
surface of the terminal and about 0.1—0.3 A/m (0.1—
0.4 pT) at the operator’s position (48, 49). In addi-
tion to low-frequency magnetic fields, video display
terminals emit several other types of electromagnetic
energy, including optical radiation, radiofrequency
radiation, and static electric fields. The intensity of the
emissions is very low compared with existing exposure
limits.

The public concerns about the effects of video dis-
play terminals on pregnancy are based on reported
small clusters of miscarriages and birth defects among
operators. The systematic epidemiologic studies car-
ried out, however, do not support the view that the
terminals are dangerous to use during pregnancy (ta-
ble 3). Risks slightly above 1.0 have been observed in
some studies, especially in the most heavily exposed
groups (50—52). However, since the use of these ter-
minals was self-reported in these studies, the increased
risk estimates might be explained by recall bias (cases
reporting use more often than referents). The impor-
tance and magnitude of recall bias is not known, and
it may vary between different studies. Some authors
(52, 53), but not all (50), have found evidence for re-
call bias in their data. No increased risks were observed
when exposure was assessed by means not affected by
recall bias (54, 55). The results of a recent case-base
study did not support an association between the use
of video display terminals and congenital malforma-
tions (56) or spontaneous abortion (57).

In the case-referent study of Tikkanen et al (58) the
adjusted risk estimate of cardiovascular malformations
was 1.9 among the offspring of mothers using video
display terminals for more than 4 h a week, but the
confidence interval (CI) was wide (95 % CI 0.7—5.0).
All the six chromosome anomalies included in the cases
were in the high-exposure group. The risk estimate for
cardiovascular malformation without chromosome
anomalies was 1.4 (95 % CI 0.5—3.8).

The magnetic field emissions of video display ter-
minals are relatively weak. The pregnancy outcome of
women exposed to other sources of low-frequency
magnetic fields has been investigated in only a few
studies.

An association between fetal development and the
use of electric blankets and heated waterbeds was
reported by Wertheimer & Leeper (59). These appli-
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Table 3. Epidemiologic studies on video display terminals and pregnancy outcome. (95 % CI =95 % confidence interval)

Study Exposure

Cases Risk

Reference design assesament End point Exposure (N)  estimate 95% CI
Kurppa et al Case- Estimate by Birth Any 51 0.9 0.6—1.2
(55) referent researchers2 defect >4 hiweek 31 1.0 0.6—1.6
Ericson & Case- Self- Spontaneous Any 200 1.1 0.9—1.4
Kallen (51) referent reported abortion >10 hiweek 117 1.2 0.9—1.7
>20 h/week 73 1.2 09—1.7
Birth Any 72 1.7 1.1—26
defect >10 h/iweek 44 20 1.2—-3.2
>20 h/week 32 23 1.4—-39
Ericson & Cohort Job clas- “Significant” Low 48 0.9 0.6—1.1
Kallen (54) sification malformation Medium 25 0.8 0.5—11
High 67 0.9 0.7—1.2
Spontaneous Low 137 0.9 0.8—1.1
abortion Medium 56 1.0 0.8—1.3
High 219 1.1 09—1.2
McDonald et al Case- Self- Spontaneous None 356 0.9 0.8—1.0
(52) referent reported abortion 1—6 h/iweek 94 1.2 1.0—15
7—29 hiweek 112 1.3 1.1—15
>30 hiweek 75 1.1 0.9—1.4
Birth Any 108 0.94 0.9—1.0
defect
Tikkanen et al Case- Estimate by Congenital >4 hiweek 27 1.9 0.7—5.0
(58) referent researchers? heart disease
Goldhaber et al Case- Self- Spontaneous <5 hiweek 29 0.9 0.6—1.4
(50) referent reported abortion 5—20 hiweek 34 1.0 06—1.6
>20 hiweek 52 1.8 1.2—28
Birth <5 hiweek 8 09 0.4—19
defect 5—40 hiweek 12 14 0.7—27
>20 h/iweek 12 14 0.7—29
Bryant & Case- Self- Spontaneous <2 hiweek 39 0.7 0.4—1.1
Love (53)° referent reported abortion 2—10 hiweek 48 0.8 05—1.3
11—20 h/week 15 0.9 04—19
>21 hlweek 21 1.1 05—2.1
Bryant & Case- Self- Spontaneous <2 hiweek 41 15 0.9—2.5
Love (53)° referent reported abortion 2—10 hiweek 49 1.1 0.7—1.6
11—20 h/week 15 1.1 0.5—2.2
>21 hiweek 22 1.1 0.6—2.0

2 The judgment was based on the mothers’ interview descriptions of their jobs. No direct question was asked on the use of

video display terminals.
b Two separate reference groups were used in this study.

ances produce magnetic fields of about 0.4 to 1.5 uT
(0.3—1.2 A/m). Fetal loss was significantly more com-
mon among users of electric blankets and waterbeds
than among nonusers. In addition, seasonal variations
in fetal growth and abortion rate were observed in
families using waterbeds and electric blankets. The sea-
sonal pattern correlated with changes in temperature.
More abortions occurred in the winter months when
there was more exposure from bed heating. No sea-
sonal patterns were seen among users of unheated beds.
The same researchers have alsu reported seasonal vari-
ations in fetal loss for families living in homes with
ceiling cable heat (60). Such heating produces a field
of about 1 uT when the heat is turned on.

The seasonal correlations observed by Wertheimer
& Leeper are not convincing since the expected delay
between cause and effect is lacking. If the fetus is af-
fected by low-frequency magnetic fields or any other
injurious factor, the development does not stop im-
mediately after the primary effect. It also takes some
time before the mother’s body reacts to the injured
fetus. Thus, if magnetic fields from electric heating
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were the causal factor, the maximum in fetal loss
should have occurred after the maximum in electric
heating. No such delay appears in Wertheimer &
Leeper’s data. Another disturbing feature in their
results is the fact that the abortion rate is correlated
with change in temperature rather than with absolute
temperature. The maximum in abortions was observed
in the autumn and early winter, when the need of heat-
ing is increasing, and not simultaneously with the max-
imum electric heating in the midwinter. Wertheimer
& Leeper’s findings are difficult to interpret also be-
cause only a small proportion of the eligible couples
could be included in the studies and because spon-
taneous and induced abortions were not differentiated
between.

A case-referent study was conducted in Finland to
investigate the possible association of early pregnancy
field exposure (61). Eighty-nine cases and 102 refer-
ents were obtained from the data of an earlier study
aimed at investigating the incidence of early pregnancy
loss in a group of women attempting to get pregnant.
The exposure to magnetic fields was determined by



measurements in residences. For analysis, the meas-
ured magnetic field values were divided to three cate-
gories. Exposure to the highest category (>0.5 A/m)
was more common among the cases than among the
referents. In an analysis based on the fields measured
at the front door, the crude odds ratios were 5.1 (95 %
CI 1.0—25) for the highest exposure category and 1.09
(95 % CI 0.6—2.0) for the 0.1—0.49 A/m category.
Adjustment for maternal age, smoking, and type of
residence did not materially alter the results. The trend
in the odds ratios was significant at P=0.04.

An increased proportion of spontaneous abortions
has been reported for Finnish women employed in the
electronics industry (62). The increase was highest in
radio and television manufacturing. The authors sug-
gested that exposure to solder fumes could explain the
increased risk. An alternative explanation could be
exposure to low-frequency magnetic fields, since sol-
dering equipment produce fields clearly stronger than
the background level of offices and residences. Field
strengths from 0.14 to 4.8 A/m (0.18—6 uT) have been
measured at the worker’s position in two electronics
factories (Juutilainen et al, unpublished measure-
ments).

Only little epidemiologic evidence is available on the
possible association of exposure to low-frequency mag-
netic fields and pregnancy outcome. It seems probable
that video display terminals are safe to use during preg-
nancy. A slight excess risk for fetal loss and birth
defects with a high level of use of video display termi-
nals cannot be ruled out, however. If the risk is real,
the causal factor may be exposure to low-frequency
magnetic fields, as well as, for example, ergonomic fac-
tors or stress. There is some indication of increased
risks among women exposed to other magnetic field
sources. Studies on heavily exposed workers are
lacking, however.

Discussion

Some people are exposed to field strengths compara-
ble with those used in the experimental studies re-
porting effects on embryonal development. Effects on
human health are thus possible if the reported effects
can be confirmed to occur also in humans. At 50 Hz,
the effects on chick embryos seem to occur above a
minimum field strength of 1 A/m (1.3 uT). At higher
frequencies some researchers have reported effects at
field strengths below 1 A/m. Effects on mammals have
been reported only at or above 10 A/m, but there are
too few data on the dependence of the effects on field
strength. Field strengths between 1 and 100 A/m are
found at several workplaces, and 50-Hz fields up to
about 10 A/m have been measured in some exceptional
cases in residences (63, 64). The typical level in homes
is below 0.1 A/m (64, 65).

In epidemiologic studies indications of possible in-
creased risks have been found at field strengths of

0.4—1.5 uT (59), 1 uT (60), or above 0.5 A/m
(0.6 uT) (61). These values agree fairly well with the
experimental data suggesting a threshold of 1 A/m for
the effects on chick embryos (20). The exposure of
operators of video display terminals is usually lower
(0.1—0.3 A/m), but direct comparison to 50-Hz field
strengths may be misleading because of the differences
in waveform and frequency.

Present knowledge of the interaction mechanisms
between magnetic fields and living organisms does not
explain the reported effects of low-frequency magnetic
fields on embryonal development. The field strengths
used were so low that interaction based on induced cur-
rents is unlikely (66). Several hypothetical mechanisms
have been reported to explain the effects of weak fields
(27, 67— 71). These hypotheses have not been con-
firmed experimentally, although some observations
seem to agree with Liboff’s (27) ‘‘cyclotron resonance
theory” (72, 73).

Many in vitro experiments suggest that relatively
weak low-frequency magnetic fields affect cell metab-
olism, proliferation, and growth (74—77). Such effects
could theoretically be responsible for disturbances in
embryonal development.

Concluding remarks

It appears that low-frequency magnetic fields have ad-
verse effects on chick embryo development. There are
variations in the results, but the combined data sug-
gest that there is a real effect modulated by some un-
known biological or environmental variables. Chick
embryos in the early stages of development are affect-
ed. As the interaction mechanism between low-fre-
quency magnetic fields and chick embryos is not
known, it is not yet possible to conclude whether simi-
lar effects could be expected in humans.

The results of the experiments with mammals are
inconsistent. There is more evidence of effects on mice
than on rats, and the data suggest that the risk of fetal
loss might be increased rather than that of malforma-
tions. An increase in fetal loss would be consistent with
effects during the early stages of development.

The results of the epidemiologic studies do not pro-
vide much evidence for an association between adverse
pregnancy outcomes and the use of video display ter-
minals. Other sources of low-frequency magnetic fields
have been addressed only in a few studies.

If a risk of fetal injury exists, it is likely to be small.
Experimental studies with mammals suggest that, if
there are effects, only a small portion of the fetuses
is affected. Relative risks from less than 1 to 5 have
been reported in the epidemiologic studies, but there
is little information on exposure levels and the pro-
portion of really exposed persons in the populations
studied.

There is an apparent need for further investigation.
It is not yet possible to conclude whether exposure to
low-frequency magnetic fields affects human prenatal
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development. The available data, however, give some
hints of how to direct future research in this area.

The possible human reproductive hazards should be
further investigated by epidemiologic studies and ter-
atological experiments with mammals. In addition, fur-
ther experiments are necessary to reveal the biophysi-
cal and biochemical mechanisms of the effects ob-
served in chick embryos. Since effects have been
reported in CBA mice, it would be very useful if the
same strain of mice could be used in further terato-
logical investigations by independent researchers. To
reveal the effects on early development suggested by
some experimental studies, epidemiologic investiga-
tions should focus on fetal loss rather than on birth
defects.
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