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BIOLOGICAL EFFECTS OF EXTREMELY
LOW-FREQUENCY ELECTROMAGNETIC
FIELDS: IN VIVO STUDIES

INTRODUCTION

Until the last few decades, the natural background levels of atmo-
spheric electric and magnetic fields were extremely low; however,
they have since dramatically increased. The industrialization and the
electrification of society have resulted in the exposure of people,
animals and plants to a complex milieu of elevated electromagnetic
(EM) fields that span all frequency ranges. One of the most
significant contributions to this changing electrical environment has
been the technological advances associated with the growth of
electrical power generation and transmission systems. In addition,
EM field-generating devices have proliferated in industrial plants,
office buildings, public transportation systems, homes and else-
where.

EM fields, which may extend far beyond their sources, are mostly
imperceptible to people. In the past, there was considerable contro-
versy as to whether fields in the extremely-low-frequency (ELF)
portion of the electromagnetic spectrum could even cause significant
biological effects, let alone pose a hazard to health. However,
research and clinical experience have shown that biological effects
from such fields are not precluded simply because they are not
perceived. Recent data confirm some of the earlier reports that ELF
fields do cause changes in certain biological systems. Thus, itis both
reasonable and timely to evaluate the interactions between the
modern EM environment and living organisms and to investigate
whether such interactions are beneficial or detrimental, transient or

permanent.
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Inthe pasttwo decades, research programs throughout the world have
greatly expanded in scope and depth to address such issues. Signifi-
cant progress has been achieved, both in defining the ways living
organisms interact with ELF fields and in describing biological
effects, both real and potential, from such fields. Much of this effort
has been directed toward electric fields of power frequencies. How-
ever, frequencies other than 50 and 60 Hz have also been examined,
and research has been expanded to include magnetic as well as
electric fields. Although itis now clear that ELF EM fields do cause
biological effects, the basis for those effects and the underlying
mechanisms of interaction remain largely unknown, and the health
implications for humans and animals have yet to be fully determined.

As in other areas of scientific investigation, the research being
conducted on ELF bio-effects has been performed at several levels:
human studies (primarily epidemiological), animal experiments, and
cellular (mechanistic) studies.

Some of the earliest efforts fo examine health-related issues of ELF
fields were focused on the impacts of such fields in humans. Despite
the obvious desirability of obtaining such data, they are the most
complex and least complete. Additionally, often experimental
questions cannot be investigated in hurnans. Therefore, many areas
of biological investigation are more appropriately and efficiently
conducted with animal models.

This paper specifically examines the biological effects of exposure to
ELF EM fields observed in in vivo (animal) studies. An attempt is
made to evaluate experimental results and, insofar as possible,
interpret them with respect to potential health implications. An
overview of current concepts and possible mechanisms is given, and
possible future directions of research are discussed.
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PHYSICAL CONSIDERATIONS FOR COMPARING EX-
TREMELY LOW-FREQUENCY EXPOSURE BETWEEN
SPECIES

Physical Parameters of Exposure

ELF fields (less than 300 Hz) are quantified in terms of the electric
field strength E (volts per meter) and the magnetic field strength H
(amperes per meter) or the magnetic flux density B (tesla). Natural
environmental ELF fields are normally very low, but with wide-
spread and increasing use of electrical energy, the potential for
exposure has increased considerably. Exposure from man-made
sources generally rangesup to 100 V/mand from0.1 pTto 30 uT; the
higher exposures occur for short time durations. The highest occu-
pational exposures may be on the order of tens of kilovolts per meter
and tens of milliteslas. Typically, however, occupational exposures
are 10 to 100 times lower than these high levels.

ELF fields are used in a variety of therapeutic and diagnostic
applications, including healing of nonunion bone fractures, promo-
tion of nerve regeneration, and acceleration of wound healing. These
applications involve partial-body exposures in the range of 1 to 30
mT. Exposures to time-varying electric and magnetic fields also
result from medical use of magnetic resonance devices.

Whole-body exposure to ELF electric fields may involve effects
related to stimulation of sensory receptors at the body surface (hair
vibration, or possible direct neural stimulation) and effects within the
body caused by the flow of current. Magnetic fields would appearto
interact predominantly by the induction of internal current flow.

Internal current flow is described in terms of current density in tissue
J (amperes per meter squared). Ohm'’s law permits an equivalent
expression of currentdensity in terms of internal electric field strength
E (volts per meter). Itis notknown whether J or E is the more useful
and relevant physical quantity for an understanding of the mecha-
nisms of biological effects. Internal current densities produced by
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exposure to external E or B fields at practical levels (up to approxi-
mately 100 kV/m and 1 mT) are far lower than the current densities
produced by contact with electrical conductors that produce various
electric shock effects.

Data on neuromuscular stimulation (including respiratory tetanus
and cardiac ﬁbnllatlon) indicate that current densitics higher than
about 0.1 A/m’ can be dangerous. Current densities near 0.01 A/m?,

particularly with long-term exposures, may cause biological effects
that are important to health. At lower levels a variety of biological
effects may occur; however, the health implications of exposure at
such levels are not clear.

The magnitude of the internal current density is in direct proportion
to the frequency for sinusoidal external E and B fields. For pulsed or
other wave forms the rate of change of the field is relevant. The
duration of current flow is also important. It is practical to relate
observed effects to internal current density and the inducing external
fields. Accurate relationships of external field and internal current
density are functions of frequency, orientation of the body in the field,
body size and shape, and tissue composition. Thus, from these
fundamentals of interactions, possible mechanisms can be proposed
and defined in terms of external unperturbed E and B field strengths,
frequencies, and durations.

Dosimetry of Field/Animal Interaction

Electric-field coupling to living organisms has been investigated,
both from a theoretical and an experimental perspective. Theoretical
treatments, which are addressed in other plenary papers, have been
extensively reviewed (Kaune 1985; Kaune and Phillips 1985; Polk
and Postow 1986) and will not be discussed here. Experimental
modeling is briefly reviewed because it provides important scaling/
dosimetric information for extrapolating data from animals to hu-
mans. A more detailed treatment of the subject can be found in
reviews by Kaune and Forsythe (1985) and Tenforde and Kaune
(1987).
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Inanimals ormodelsexposed toanelectric field, an easily determined
electrical parameteris the short-circuitcurrentinduced in the grounded
subject. Although most of the data collected to date were obtained at
only one frequency and body weight, currents at other frequencies (f)
and body weights (W) can be determined using an fW2/3 dependence
(Kaune, 1981). The total short-circuit currents in humans and various
animals have been compared during exposure to a constant vertical
ELF electric field .
Table 1

Short Circuit Currents Induced in Grounded Humans and Animals
by Vertical Extremely Low Frequency Electric Fields. *

Species Short-Circuit

Current
I X 10%fw*E *

UA)
Human 15.0
Horse 8.5
Cow 8.6
Pig 73
Guinea Pig 42
Rat 40

* Taken from TS Tenforde and WT Kaune 1987
** ] =cumrent (A), f=frequency (Hz), W = weight (g), and
E, = electric field intensity (V/m).

Another method of comparison, is a simple relationship described by
Deno (1977),in which the exteral electric fields acting on the surface
of a body are measured. Kaune and Phillips (1980) used such
measures to compare surface electric fields and induced-current
distributions in grounded models of rats and pigs. Current densities
were estimated from the induced current data. By combining data
derived fromDeno’shuman measurements and Kaune’s animal data,
researchers have determined peak surface electric fields and current
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densities have been determined (Figure 1). All three models shown
in this figure were exposed to an identical 60-Hz electric field of 10
kV/m. An evaluation of the data shows that, despite comparable
exposure, the doses of electric fields received by the three models are
quite different. If dose is represented by either the induced axial
(along the long axis of the body) current density or the peak surface
electric field, the values are considerably larger in the human than in

the animal models. Therefore, if one wishes to extrapolate biological
data from one species to another, adjustments must be made to scale
the exposure parameters. Since exposures are usually given as
unperturbed field levels (that is, fields with no bodies present), a
scaling factor must be used to equalize differences between species.
A complicating element is that the value of the scaling factor depends
upon the internal or external quantity that is being scaled. For
example, at the top of the body the surface fields (180, 67, and 37kV/
m for human, pig, and rat respectively) require scaling factors of
approximately 1:3:5 for these respective species. If, on the other
hand, axial current density in the neck is the desired comparison, the
scaling factors are about 1:14:20 for the three species. These values

180 XV/m

1180 1400

Figure 1. Electric field intensity (kV/m)comparisons are made for the
highest point on the surface of a grounded man, pig, and rat
exposed to a 10 kV/m, 60-Hz electric field. Estimated average
axial current densities (nA/cm2) are also compared for the same
species through the body sections as shown. Also given for man
and pig are current densities calculated as being perpendicular to
the body surface. Relative body sizes are not to scale (adapted
from Kaune and Phillips 1980).
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change to 1:12.5:125, respectively, for current densities through the
lower abdomen. Although the general principle of scaling is appli-
cable and necessary, precise, quantitative extrapolation of data across
species requires additional knowledge about the specific site of action
for a particular biological end point.

More precise current-density data have recently been obtained by
measuring more than one component of the total intemnal current-
density vector. Representative data for a human model exposed to a
vertical, 10 kV/m electric field is shown in Figure 2 (Kaune and
Forsythe 1985). Similar data have been obtained for animal models
as well (Kaune and Forsythe 1988). Methods have also been
developed to extrapolate data obtained with grounded subjects to the
ungrounded condition (Kaune et al. 1987).

Coupling of humans or animals to ELF magnetic fields is different
from the electric field coupling discussed previously. Although
biological organisms do not perturb an incident ELF magnetic field,
they serve as a conductive pathway in which eddy currents are
induced. These circulating currents lie in planes perpendicular to the
direction of the incident magnetic field (Tenforde 1986). The
magnitude of an electric field induced by an external magnetic field
depends mainly on the loop size of the induced current. Equivalent
doses for subjects exposed to a magnetic field can be obtained by
using ascaling factor based roughly on the size of the animal orhuman
in question.

Asdescribed in a paper by Tenforde and Kaune (1987), if the relative
magnitudes of the electric fiekd induced in a human by electric (10kV/
m) and magnetic (30 x 10* T) fields (simulating the fields close to a
high-voltage power transmission line) are compared, the intemnal
fields induced by the electric field are roughly an order of magnitude
larger than those induced by the magnetic field. Thatmuch of the ELF
bio-effects research has been focused on electric field exposure can
be partially explained by this large difference in induced internal
electric fields.
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Figure 1. Induced current densities measured in a saline model of a
man exposed to a 10kV/m, 60-Hz electric field. Axial andradial
components of the induced densities are represented by the
vertical and horizontal arrows respectively with length of the
arrows roughly comparable to the intensity value of the current
(from Tenforde and Kaune 1987).
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REVIEW OF ANIMAL STUDIES

Although the interaction of humans with electric and magnetic fields
is of prime importance and concern, many areas of biological
investigation are more efficiently and appropriately conducted using
various other animal species. Animals provide an integrated system
that can be used in prospective studies, in contrast to the retrospective
studies usually done with humans. A major challenge of using data
from animal studies is the question of extrapolation to human
exposure conditions as discussed previously.

By far the largest body of information on biological effects of ELF
fields has been obtained in experimental research on animalsexposed
to electric fields. Experiments have been performed primarily on
rodents (rats and mice), but a wide variety of other subjects have also
been used, including insects, birds, cats, dogs, swine, and nonhuman
primates. A broad range of exposure levels has been employed and
an equally large number of biological end points have been examined
forevidence of possible electric and/or magnetic field effects. These
multitudinous studies have been reviewed several times (Sheppard
and Eisenbud, 1977; WHO, 1984; Anderson and Phillips, 1985;
Graves, 1985). Summaries of the important findings are presented
here, arranged according to the biological systems that appear to be
principally involved: neural and neuroendocrine systems (including
behavior), reproductive systems (including fertility, growth and
development), and other functions (including cardiovascular and
blood chemistry, bone growth and repair, and cellular and membrane
properties). A separate section addresses the issue of carconogenesis
and mutagenesis.

Biological research conducted at power-frequency electric fields of
50 to 60 Hz has produced the preponderance of experimental data.
More limited work has been conducted at lower frequencies (15 to 35
Hz); very few studies have been performed at frequencies between
100 and 300 Hz. Only relatively recently have investigators begun
to focus on the effects of ELF magnetic field exposures on biological
systems.
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Neural and Neuroendocrine Systems

Many of the biological effects observed in animals exposed to ELF
fields appear to be directly or indirectly associated with the nervous
system. This apparent relationship might be anticipated, since the
nervous system is composed of tissues and processes that are unusu-
ally responsive toelectrical signals. In addition, both the structure and
function of this system are fundamentally involved in the interaction
of an animal with its environment. The major features of this
interaction; transmittal of sensory input from external stimuli, central
processing of such information, and subsequent efferent innervation
of tissues and organs, may provide the basis for explaining possible
links between ELF exposure and observed biological consequences.

In early experimental studies, nervous system parameters were
measured only occasionally, although many of the observed effects,
primarily behavioral, were related to nervous system function. Be-
fore the late 1970s, studies on ELF exposure relating to nervous
system function could generally be classified in three categories:
assessments of activity or startle-response behavior, evaluations of
stress-related hormones (such as corticosteroids), and general mea-
surements of central nervous system responses (such as EEGs and
interresponse times). Results were often contradictory, with claims
of both effects and non-effects from ELF electric ficld exposure.
However, because of the possible and suggested sensitivity of the
nervous system to ELF fields, subsequent studies included a broader
range of neurological assessments. Specific nervous system re-
sponses, in addition to behavior, began to be sought in experiments.
This effort was mounted to determine the extent of ELF interaction
with tissue and/or organ systems and also to investigate the mecha-
nisms underlying the observed biological effects.

Behavior

Among the most sensitive measures of perturbations in a biological
system are tests that determine modifications in the behavioral
patterns of animals. This sensitivity is especially valuablein studying
environmental agents of relatively low toxicity.
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Behavioral studies in several species provide evidence of field
perception and of the possibility that EM fields may directly alter
behavior. The threshold of detection reported by Stern et al. (1983)
is between 4 and 10 kV/m in rats. Human volunteers were able to
detecta 9kV/m 60 Hz field in certain postures (Graham et al., 1987).
Thresholds for perception of the field have been reported in the 25 to
35 kV/mrange in other animal species, inciuding mice (Moos, 1964;
Rosenberg et al,, 1983), pigs (Kaune et al., 1978), and pigeons and
chickens (Graves et al., 1978 a,b). It appears that a change in other
environmental factors, such as relative humidity has the potential to
alter perception threshold values (Weigel and Lundstrom, 1987).
Cutaneous sensory receptors that respond to a 60 Hz electric field
have been identified in the cat paw (Weigel et al., 1987). Whether
such receptors exist in human skin is unknown.

An evaluation of the preference/avoidance behavior of animals for
remaining in or out of the E-field has been conducted at several field
strengths for 60 Hz electric fields. At 100 V/m, no effect of exposure,
cither in preference behavior or temporal discrimination, was evident
inmonkeys (deLorge, 1974). At25kV/m, rats preferred to spend their
inactive period in the field, whereas at 75-100 kV/m they avoided
exposure (Hjeresen et al., 1980). Swine (Hjeresen et al.,, 1982)
remained out of the field (30 kV/m) at night but demonstrated few
other observable behavioral changes. Alterations in activity have
also been reported in animals exposed to ELF fields, including a
transitory, increased activity response on initial exposre of rats or
mice at 25to 35kV/m (Hjeresen et al., 1980; Rosenberg etal., 1983).

Much of the behavioral work with nonhuman primates has been
performed at very low field strengths (7 to 100 V/m), where essen-
tially no effects of exposure were reported (summarized in NAS,
1977). Gavalasetal. (1970) and Gavalas-Medici and Day-Magdaleno
(1976) observed changes in interresponse time of monkeys during
exposure, butno othereffects. Atmuch higher field strengths (30kV/
m), Rogers et al. (1987) reported minor behavioral changes in
exposed baboons that appear related to the animals’ perception of the
field. The observed effects do not seem to be permanent or deleterious.
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In studies examining the effect of ELF magnetic fields on behavior,
many of the investigations carried out at low field intensities have
shown behavioral alterations, primarily activity changes (Persinger,
1969, Persinger and Foster, 1970; Smith and Justesen, 1977). In
contrast, studies conducted at higher field intensities have shown no
evidence of afield-associated effect on animal behavior (Creimetal.,
1985; Davis et al., 1984).

In the experimental studies that have been conducted to determine
whether ELF fields cause behavioral alterations, remarkably few
robust effects have been demonstrated (Lovely, 1988). Effects that
have been observed, usually arousal or activity responses, are prob-
ably due to the animal’s detection and possible perception of the
electric field.

Biological rhythms

Far from being static, living organisms exhibit marked dynamics in
metabolism and function. Major elements of such dynamics are the
endogenous rhythms of varying frequencies (such as ultradian,
circadian, and infradian). These biological thythms, which respond
to exogenous environmental cues, are normally a complex mix of
phase-locked rhythms and have significant impacts on the physi-
ological and psychological well-being of the organism. Biochemical
processes, cellular communications, and functional systems are all
intimately associated with endogenous rhythms, as is overall sys-
temic response to the environment. Dysfunctionsin these underlying
rhythms can profoundly affect the organism and lead to a variety of
biological effects.

A number of investigations have been conducted to examine the
effects of ELF electromagnetic fields on natural biological rhythms.
Following Wever’s significant findings (1971) on the influence of
electromagnetic fields on humans, several studies have been per-
formed. Dowse (1982) claimed that a 10 Hz, 150 V/m field affected
the locomotor rhythm of individual fruit flies. Researchers in Ehret's
laboratory (Duffy and Ehret, 1982; Rosenberg et al., 1983) used
metabolic indicators toexamine both circadian and ultradianrhythms
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in rats and mice exposed to 60 Hz electric fields. They observed no
effects of exposure in rats, but they reported that the activity and
rhythms of oxidative metabolism in male mice could be phase shifted
by exposure.

Wilson et al. (1981, 1983) directly examined another aspect of
circadian activity in rats by measuring the cyclical pineal production
of indolamines and enzymes. A significant reduction in the normal
nighttime rise of melatonin and biosynthetic enzymes in the pineal
gland was observed in rats exposed to either 1.5 or 40 kV/m.
Furthermore, the change in pineal indole response occurred only after
atleast 3 weeks of chronic exposure (Wilson et al., 1986). There was
also a suggestion of phase-shifting in young rats exposed to 60 Hz
fields (Reiter et al. 1988). In other studies, nocturnal pineal compo-
nents in mice and rats have been shown to be sensitive to rotated
magnetic fields (Welker et al., 1983; Kavaliers et al., 1984; Lerchl et
al., 1990). Recent evidence suggests that retinal sensors may be
involved in the pineal response to EM fields (Olcese et al., 1985;
Reuss and Olcese, 1986).

Sulzman and Murrish (1987) investigated the effects of ELF fields on
circadian function in squirrel monkeys. In an examination of
exposure to arange of electric field intensities (2.6, 26, and 39kV/m),
accompanied by a 100 T magnetic field, they reported apparent
intensity-related effects. None of the monkeys exposed to 2.6 kV/m
showed any change in activity or feeding after 2 weeks of exposure.
However, 33% of the monkeys exposedto 26 kV/mand 75% of those
exposed to 39 kV/m had significant changes in their circadian cycles.

Although firm conclusions cannot yet be made regarding potential
health impacts from ELF effects on circadian or biological rhythms,
itisapparent that EM fieldscan alter the circadian timingmechanisms
in mammals. Much work remains to be accomplished before the
observed effects and their biological consequences are clearly under-
stood. It seems probable that ELF effects on rhythms, particularly
those mediated by neuroendocrine systems, could play an important
role in other areas of observed bio-effects, such as behavior and
development.

59



Plenary Papers—in Vivo Studies, Larry E. Anderson, Ph.D.
Neurochemistry/Neurophysiology

The relationship between the neurotransmitters norepinephrine and
epinephrine and the physiological responses of stress and arousal is
well established. Asresearchers began tolook for potential biological
effects of ELF electric ficlds, measuring these transmitters became
one of the assessments used to examine the nervous system for
evidence of a stress response in animals. This approach, which
benefited from the ease of measuring these chemicals in serum, urine,
or brain tissue, specifically addressed reports that ELF fields act as
mild stressors (Dumansky et al., 1977; Marino and Becker, 1977).
Unfortunately, potential methodological problems raised serious
questions about the validity of the results from early studies
(Michaelson, 1979). Experimental design and methodology prob-
lems have also contributed to contradictory results in some of the
more recent studies.

Groza etal. (1978) measured catecholamines in both urine and blood
after exposure of rats to 100 kV/m, 60 Hz fields. They reported
significant increases in epinephrine levels in both blood and urine
after acute (6-hour to 3-day) exposures butnochanges in norepineph-
rine or epinephrine with longer-term (12-day) exposures.

A report of increased norepinephrine in serum of rats exposed to 50
Hz (50 V/m and 5.3 kV/m) is found in the work of Mose (1978). A
companion paper by Fischer et al. (1978) examined norepinephrine
content in brain tissue of rats exposed to 5.3 kV/m for 21 days; after
15 minutes of exposure the levels increased rapidly. However, after
10 days of exposure, levels were significantly lower than in a control
group. Portet and Cabanes (1988) reported no changes in adrenal
epinephrine or norepinephrine in 2-month-old rats exposed to a 50
kV/M, 50 Hz field for 8 hours aday. Incontrast, Wolpaw etal, (1987)
reported decreases in cerebrospinal fluid concentrations of the major
metabolites of dopamine and serotonin, homovanillic acid, and 5-
hydroxindoleacetic acid in macaques exposed to electric and mag-
netic fields. In addition to possible species-specific response differ-
ences, some of the discrepancies between resulits of various labora-
tories may be explained in light of results described by Vasquezet al.
60



Plenary Papers—In Vivo Studies, Larry E. Anderson, Ph.D.

(1988). Because of circadian fluctuations in levels of neurotransmit-
ters, the time of sampling may be critical in determining whether an
ELF effect is observed. Vasquez et al. reported significant changes
indiurnal patterns of several biogenic amines when rats were exposed
to 60 Hz electric fields for 4 weeks.

Examining another neurochemical parameter, Kozyarin (1981) mea-
sured the acetylcholinesterase (AChE) enzyme levels in rats exposed
to 50 Hz electric ficlds. He reported that serum AChE activity was
approximately 25 times baseline levels in both young and old animals
exposed to 15 kV/m for 60 days, 30 minutes a day. Brain levels of
AChE decreased in exposed animals, although not by such large
percentages. Furtherimportant measurements were made to estimate
the course of recovery from the observed effects. All values had
returned to normal 1 month after cessation of exposure. The author
concluded that electric fields can cause changes in the functional
condition of the central nervous system, although the changes appear
to be temporary.,

Measurements of corticosteroids in animals exposed to electric fields
have resulted in a somewhat confusing picture, perhaps because of
the quick response to stimuli of these adrenal steroids (Michaelson,
1979). Studies at Pennsylvania State University examined the
hypothesis that 60 Hz electric fields act as a biological stressor
(Hackman and Graves, 1981). In that study an acute, transient
increase in plasma corticosterone levels occurred in mice exposed to
25 or S0kV/m. Serumlevels of the steroid returned to normal within
1 day. In some studies conducted in the Soviet Union, Dumansky et
al. (1976) showed an increase in corticosteroids in rats exposed for 1,
3, or 4 months at 5 kV/m.

In a study conducted by Marino et al. (1977), serum corticosteriod
levels were decreased in animals exposed to 15 kV/m for 30 days.
This study, however, used pooled, grouped samples of serum. Italso
had several other technical problems: cages varied, and in four
experiments exposed rats were individually housed, whereas control
rats were housed in groups.
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Results that appear to contradict Marino’s and Dumansky’sdatahave
been described by Free et al. (1981) and Portet and Cabanes (1988),
who exposed rats or rabbits to 100 and S0 kV/m, respectively, for 30
days or 120 days. No differences in corticosterone levels were
observed between exposed and control animals. Providingadditional
support for these data was a study by Gann (1976) in which dogs
exposed to 15 kV/m showed no effects of E-field exposure on
corticosterone secretion. Quinlan et al. (1985) collected blood
samplesfromrats via carotid artery cannulas during exposure or sham
exposure to an 80 kV/m, 60 Hz electric field. No statistically
significant differences in corticosterone levels were noted.

In general, neurochemical data provide relatively weak evidence that
exposure to electric fields in the power-frequency range may cause
slight changes in nervous system function. The number of experi-
ments is not large, and there are significant questions about the
validity of several of the studies. Nevertheless, the findings support
the hypothesis that ELF exposure alters internal rhythms, increases
arousal in animals, and is transient in its effect.

Several laboratories have examined the morphology of brain tissue
from animals exposed to ELF electric fields. Carter and Graves
(1975)and Bankoske et al. (1976) exposed chicksto 40kV/mE fields
and saw no effects on central nervous system morphology. This
finding was supported by those of Phillips et al. (1978), who
examined rats exposed to 100 kV/m for 30 days. Again, no morpho-
logical evidence of an electric field effect was observed. In a study in
Sweden (Hansson 1981a,b), dramatic changes in cell structure were
reported in the cerebella of rabbits exposed to a 14 kV/m E field.
Exposed animals showed disintegration of Nissl bodies and the three-
dimensional endoplasmic reticulum structure, as well as the abnor-
mal presence of many lamellar bodies, particularly in the Purkinje
cells of the cerebellum. Reduced numbers of mitochondria, reduced
arborization of the dendritic branches, and an absence of hypolemmal
cisterns were also evident in these cells. However, these reported
changes must be interpreted with caution. The animals were exposexd
outdoors and showed evidence of significant health deficits (whether
resulting from the electric field, other environmental conditions, or
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some combinations of these factorsis notclear). Furthermore, results
from these studies are in conflict with experiments conducted by
Portet and Cabanes (1988), in which no ultra-structural changes
occurred in the cerebella of young rabbits exposed to 50k V/m. These
questions concerning neuroanatomical changes have yet to be re-
solved. However, the lack of obvious, significant functional deficits
in the central nervous systems of thousands of animals exposed to
date suggests that the dramatic morphological alterations in exposed
rabbits may result from conditions unrelated to electric field expo-
sure. The possibility of synergistic effects from the E field and a
stressful environment cannot be ruled out.

Because the nervous system is by nature electrically sensitive, it has
been assumed to be particularly sensitive to influence by external
ELF fields. To some degree this assumption has been bome out by
experimental results, although in the area of neurophysiology a
confusing array of studies have claimed both effects and no effects of
ELF field exposure. A case in point is the commonly used measure
of general central nervous system activity, the EEG. When chicks
were exposed for 3 weeks to 60 Hz E fields of up to 80 kV/m, Graves
et al, (1978b) noted no changes in EEGs recorded via electrodes
implanted after exposure. Similarly, no effects were observed in the
EEGs of cats exposed to 80 kV/m at 50 Hz (Silney, 1981). Earlier,
Blanchi et al. (1973) reported significant changes in EEG activity
when guinea pigs were exposed for 1/2 hour to a 100 kV/m, 50 Hz
field. Takashima et al, (1979) examined EEGs from rabbits exposed
to 1 to 10 MHz, modulated at 15 Hz. Before exposure, these animals
had silver electrodes implanted in their skulls for recording the EEG.
After 2 to 3 weeks of exposure, abnormal responses were observed
in the EEGs, although it was subsequently determined that the EEG
returned to normal when the electrodes were removed during expo-
sure. The investigators thus concluded that the effect on the EEG was
due to the local fickds created by the presence of the electrodes in the
cranial cavity. Gavalas et al. (1970) noted that 7 and 10 Hz E fields
of only 7 V/m affected EEGs recorded from monkeys via implanted
electrodes. The significance of theseresultsis unclear, since they may
be due to an artifact caused by the implanted electrodes as noted
previously.
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EEGs from cats exposed to 50 Hz magnetic fields (8 hours a day at
20 mT) showed short-term decreases in power density spectra
(Silney, 1979). This response was observed only for a short time after
the magnetic field was switched on.

In an assessment of a more specific electric “fingerprint” of the brain,
the visual evoked response (VER), no effects of exposure were
observed in adult or developing rats. Jaffe et al. (1983) assessed the
VER in 114 rats exposed in utero through 20 days post partum, The
dams, fetuses, and subsequent pups were exposed to a 65 kV/m, 60
Hz electric field. No consistent, statistically significant effects of
exposure were observed. Wolpaw and associates (1987) examined
evoked potentials in pig-tailed macaques exposed to combined
electric and magnetic fields. As in Jaffe’s studies, the VER and the
auditory evoked potential showed no changes caused by exposure.
However, anattenuation of the late components of the somatosensory
evoked potentials wasdemonstrated in exposed animals. The authors
suggest that these abnormalities may have been due to a particularly
large number of stimuli giving rise to a change in the mechanisms of
attention. '

Two other neurophysiological studies have had clear, replicable
results. Jaffe et al. (1980) examined synaptic junctions from chroni-
cally exposedrats (60 Hzand 100kV/mfor 30 days). Inthese studies,
presynaptic fibers were stimulated with a pair of above-threshold
pulses. The heightratio of the resultant action potentials, observed as
a function of the interspike interval, demonstrated an enhanced
neuronal excitability in nerves from exposed animals. However,
many other parameters tested in these nerves showed no changes in
exposed animals. Inasecond experiment Jaffe etal. (1981) examined
a wide range of physiological parameters of the peripheral nervous
system and neuromuscular function. The only effect observed was
slightly faster recovery from fatigue after chronic stimulation in one
class of muscle; the soleus, slow-twitch muscle.
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In summary, numerous studies have been initiated to determine how
greatly an electrical environment containing electric or magnetic
fields of ELF affects the nervous system. Many of the experiments
have not confirmed any neuropathological effects, even after pro-
fonged exposures to high-strength (100 kV/m) electric fields and
high-intensity (5 mT) magnetic fields (Tenforde, 1985). As dis-
cussed previously, nervous system effects that have been observed
include altered neuronal excitability, altered circadian levels of pineal
hormones, and behavioral aversion to or preference for the field. In
addition, in several instances where unconfirmed or controversial
data exist, observed effects may or may not be real. Examples are
changes in serum catecholamines or corticosteroids, morphology of
brain tissue, and EEG wave forms. Possibly these and other putative
effects are due to a direct interaction of the electric field with tissue
or to an indirect interaction, such as a physiological response owing
o detection or stimulation of sensory receptors by the field. The
nature of the physical mechanisms involved in field-induced effects
is obscure, and elucidating them is one of the urgent goals of current
research.

The behavioral tests that most frequently showed an effect of
exposure were those relating to detection of the field or to activity
responses. Most other behaviors did not change with ELF field
exposure. It should also be noted that influences of the nervous
system on other biological systems are often mediated indirectly
through neuroendocrine or endocrine responses.

Reproduction and Development

Developing organisms, including prenatal and postnatal mammals,
are generally considered more sensitive to physical or chemical
agents than are adult animals (Mahlum et al., 1978). This greater
sensitivity, when it occurs, is thought to originate in subtle effects on
theincreased number and activity of processes and controls that guide
the developing cellular interactions. A number of studies have
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examined the effects of ELF exposure on reproduction and develop-
mentof bothmammalian and non-mammalian species. These studies
have been assessed in detail by other reviewers (Chernoff, 1985;
Sikov, 1985) and are briefly summarized here.

Most of the non-mammalian studies have been performed on chick-
ens or pigeons. Many studies have indicated that electric field
exposure of chicks at several field strengths, before and after hatch-
ing, did not significantly affect viability, morphology, behavior, or
growth (Krueger et al., 1972; Reed and Graves 1984; Veicsteinas et
al., 1987). However, in one series of experiments chicks exposed to
40 or 80kV/mondays 1 to 22 after hatching showed significantly less
motor activity during the week after removal from the field (Graves
et al,, 1978b).

Few studies have examined the effects of ELF magnetic fields on
growth and development of birds. Krueger et al. (1972) exposed
chicks from hatching through 28 days of age to a nonuniform, 45 Hz,
1.4 x 10* T field. Growth rates were depressed, but no other
parameters were affected. Great interest has been shown in the
reports of Delgado et al, (1982), who observed a marked increase in
malformation rate in chick eggs exposed to low levels of pulsed
magnetic fields (0.12 or 12x 10°T). It was subsequently reported that
an important determinant of the results was the wave shape of the
pulse (Ubeda et al., 1983). Several research groups have cooperated
ina multi-laboratory replication of the Delgado experiments. Results
described in a combined report (Berman et al., 1990) indicated that
stgnificant malformation increases were suggested in 5 of 6 labora-
tories with statistically significant differences observed in two of the
laboratories. ’

Unreplicated studies have given some indications that exposure of
prenatal mammals to electric ficlds produces deleterious effects on
postnatal growth and survival (Knikerbocker et al., 1967; Marino et
al., 1976, 1980; Hansson, 1981b; Sikovetal., 1987). Theseresults are
countered by othersin which rats, rabbits, or mice were exposed to 20,
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50, 100, 200, or 240 kV/m and no effects on reproduction, survival,
or growth and development were demonstrated (Cerretelli et al.,
1979; Fam, 1980; Sikov et al., 1984; Pafkova, 1985; Rommereim et
al., 1987; Portet and Cabanes, 1988).

In an evaluation of reproductive and developmental toxicology in
swine, Sikov et al. (1987) observed no increased terata in progeny
from the first breeding of swing exposed during preganancy to a 60
Hz electric field. After 18 months of continued exposure the dams
were rebred and their litters were examined at 100 days of gestation.
Atthat time, malformation incidencein litters of exposed animals was
significantly greater than in comparable sham-exposed litters. Simi-
lar results were obtained in litters of second generation gilts that were
born in the field and bred after 18 months of exposure.

This study was followed by one of similar design (but much greater
statistical power) in which rats were the experimental model. No
significant differences in growth and development were observed in
litters of rats exposed to 10, 65, and 130 kV/m when compared with
sham-exposed controls (Rommereim et al., 1988). In similar experi-
ments using 60-Hz magnetic fields, no significant changes were
demonstratedin exposed animals (Rommereimetal., 1990; Brinkman
etal., 1988).

In other studies a rotating magnetic field (0.5 to 15 x 10*T) was used
to expose pregnant rats during various stages of gestation. Some
differences were noted between exposed and sham-exposed off-
spring, including increased thyroid and testis weights in exposed
pups. Also, the exposed offspring were more responsive when tested
ina suppressedresponse paradigm (Ossenkopp etal., 1972; Persinger
and Pear, 1972). As indicated previously, conflict remains over
results of studies investigating the potential for ELF electric or
magnetic field exposure to affect reproduction and development.
This confusion over results indicates the need for carefully designed,
statistically sound experiments that will help clarify this important
area of investigation,
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Other Biological Functions

Bone growth and repair

One report of animals exposed to 60 Hz electric fields (McClanahan
and Phillips, 1983} indicated that bone growth per se was not affected
by exposure to 100 kV/m. However, this study, as well as an
additional report (Marino et al., 1979), suggested that bone fracture
repair was retarded in rats and mice exposed to 5 or 100 kV/m, 60 Hz
fields but not to very low (1 kV/m) field strengths. McClanahan and
Phillips (1983) suggest thatexposure affects theratcofheahngbutnot
the slrcngth of the healed bone. -

In contrast to the experiments with sinusoidal 60 Hz fields, research
studies and clinical trials (discussed previously) have been performed
in which magnetic fields were used to treat bone fractures and
arthroses in humans. The weak electrical currents induced in bone
tissue by magnetic field pulses may enhance fracture repair by
altering intracellular concentrations of calcium ions, thus modifying
cellular metabolism and stimulating growth of the osteoblasts and
chondrocytes (Luben et al., 1982; Bassett, 1978). Why 60 Hz
sinusoidal electricficlds cause aretardation of fracture repair, whereas
pulsed magnetic fields facilitate repair, is unclear.

Cardiovascular system

Cardiovascular function has been assessed by measuring blood
pressure and heart rate and performing electrocardiographic mea-
surements. Early studies indicated as possible effects a decrease in
heart rate and cardiac output in dogs exposed to 15 kV/m (Gann,
1976) and increased heart rates in chickens exposed to 80 kV/m
(Carter and Graves, 1975). A more recent and comprehensive study
inratsexposed to 100 kV/m showed no such effects of exposure, even
when the animals were subjected to cold stress (Hilton and Phillips,
1980). Cerretelli and Malaguti (1976) reported transient increases in
blood pressure in dogs exposed to 50 Hz E fields greater than 10kV/
- m. Hilton and Phillips (1980) were unable to confirm a report by
Blanchi et al. (1973) of electrocardiographic changcs in animals
exposed to 100 kV/m.
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Magnetic field exposure of dogs (50 Hz, 2 T) caused a stimulation of
the heartin the diastolic phase, with salvos of ectopic beats appearing
in the recordings (Sliney, 1985). Humans exposed to combined
electric and magnetic fields (3 kV/m, 20 uT) have demonstrated a
longer cardiac interbeat interval than sham-exposed subjects (Gra-
ham et al., 1987).

Serum chemistry appears to be relatively unaffected by exposure to
either ELF electric or magnetic fields (Marino and Becker, 1977;
Mathewson et al., 1977; Ragan et al., 1979, 1983). Hematological
data, however, present a more confusing picture. With electric field
exposure, white blood cell count was often elevated in populations of
mice and rats (Graves et al., 1979; Ragan et al,, 1983). With the
exception of onereportby Tarakhovskyetal. (1971), all the published
studies on hematological effects of magnetic field exposure have
shown no field-associated effects (Beischer et al., 1973; de Lorge,
1974; Fam, 1981; Sander et al., 1982). The occasional positive or
negative effects on the hematopoietic system must be carefully
evaluated. Apparent sporadic effects may not be biologically or
statistically significant; particularly when appropriate multi-variate
analyses are used to evaluate the wide range of hematological and
serum chemistry parameters.

Immunology

There is some indication that exposure of animals to electric fields
does not markedly affect the immune system. In a comprehensive
investigation of the humoral and cellular aspects of the immune
system, Morris et al. (1979, 1982, 1983) observed no effects of
exposure at very low field strengths (150 to 250 V/m) in mice or rats.
In subsequent experiments at higher field exposures (100 kV/m), no
effects were seen in immune system response. However, Lyle et al.
(1983) reported significant decrements in the cytolytic capacity of
lymphocytes exposed to radio frequency fields modulated at 60 Hz.
Further work with 60 Hz electric fields alone also resulted in a
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suppression of T-lymphocyte cytotoxicity (Lyle et al., 1988). A
significant difference between the work reported from these two
laboratories is that Morris measured lymphocyte responses from
exposed animals, whereas Lyle exposed lymphocytes in culture.

In contrast to the apparent lack of strong or consistent electric field
influences on the immune system, immunoresponse to mitogens and
antigens appears to be significantly susceptible to ELF magnetic
fields (Odintsov, 1965; Mizushima et al., 1975; Conti et al., 1983).

Carcinogenesis and Mutagenesis

No effects suggesting a direct effect of electric field exposure on
mutagenesis or carcinogenesis have been observed (Mittler, 1972;
Frazieretal., 1987). However, there is considerable research interest
on this question due to an increasing number of epidemiological
studies that suggest a possible association between ELF magnetic
field exposure and cancer. As yet, only a few published laboratory
studies, conducted in animals, bear directly on this question and there
is an urgent need for such studies.

No studies to date have been reported in which spontaneous tumor
development was followed in normal animals exposed to ELF fields.
Another possible approach would be a cocarcinogenesis system in
which EM exposure is used as a promoter following an initiating
event (chemical or ionizing radiation).

In a preliminary report, Leung et al., (1988) describes an experiment
wherein animals were exposed to 60 Hz electric fields for extended
periods (approximately 180 days). The exposed and sham-exposed
animals were treated with a single dose of the potent mammary tumor
initiator dimethylbenz(a)- anthracene at 55 days of age. Noincreases
were reported in the number of rats developing tumors. However,
they did observed an increase in the number of tumors per tumor-
bearing animal.
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Tumor growth was inhibited in a few experimental animal models
when pulsed magnetic fields were used to expose the animals
(Bellossi et al., 1986). However, sinusoidal 60 Hz fields, did not
exhibit growth altering action (Thomson et al., 1988).
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