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Concern has increased over potential consequences of exposure to electric and magnetic 
fields of extremely low frequency (0-100 Hz), particularly from power transmission and 
distribution. Also at issue are electrical environments in homes and workplaces. Until re- 
cently, research focused on the electric, rather than the magnetic, field; now, both are 
under extensive investigation. A review of research to date indicates the following: (1) 
Electric and magnetic fields can produce effects in vitro, with the locus of field interaction 
believed to be at the cell membrane. (2) Chronic in vivo electric field exposure fails to 
produce effects except in behavior, neurophysiology, endocrinology, and, possibly, fetal 
development. The extrapolation of these animal data to humans requires further research. 
(3) The epidemiological literature has, in some cases, reported an association between in- 
creased cancer rates and putative field exposure. (4) Exposure assessments indicate that, in 
all likelihood, human exposures to 60-Hz electric fields of the magnitudes found under 
transmission lines are very infrequent; assessments are continuing to characterize exposure 
to 60-Hz magnetic fields and to measure the field frequency spectra found in residential and 
workplace settings. The public health issues emerging from this research focus on fetal 
development and on the initiation or promotion of cancer. It is critical to reduce existing 
uncertainties in order to enable valid risk assessment. © 1986 Academic Press. Inc. 

INTRODUCTION 

Electrical energy plays a vital role in our social and economic life. Neverthe- 
less, it is essential that the process generating, distributing, and using this energy 
be compatible with human health and safety. All uses of electricity produce elec- 
tric and magnetic fields. The last I0 years have seen increased concern over the 
potential health consequences of exposure to fields of extremely low frequency 
(ELF; 0-100 Hz). These concerns have been expressed most frequently in con- 
nection with the electrical environments created by AC and DC overhead trans- 
mission lines. This paper discusses the key issues generated from research on the 
potential biological and health effects of exposure to ELF electric and magnetic 
fields. 

In the United States today there are over 300,000 circuit miles of 60-Hz AC 
overhead transmission rated from 115 to 765 kV (Table 1). The electric and mag- 
netic fields a line produces are functions of its voltage, current, and physical 
characteristics (e.g., conductor size, spacing, configuration, and clearance above 
ground). At ground level the electric field is vertical to the earth's surface and the 
magnetic field is a rotating vector with two principal components, one vertical to 
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TABLE 1 
OVERHEAD TRANSMISSION CIRCUIT MILEAGE IN THE U . S . a  

387 

Voltage class Power rating Circuit mileage 
(kV) (MW) (miles × 10 3) 

115-230 80-260 255 
345-500 500-1500 65 

765 2500 2 
DC 500-2500 2 

Total 324 

a Electrical World, 1983; Electric Power Research Institute, 1980. 

ground and the other perpendicular to the direction of the transmission line (Deno 
and Zaffanella, 1982). The electric field is highest under the conductors at the 
span midpoint where the sag is maximal and shielding from the towers minimal 
(Fig. 1). The peak electric field under a 765-kV line is approximately 10 kV/m; 
peaks for lower operating voltages are roughly proportional to the line voltage 
(Deno and Zaffanella, 1982). The magnetic field, even under maximally loaded 
conditions, rarely exceeds several tenths of a gauss (Janes, 1980). Both fields fall 
off sharply with distance from the line (Fig. 2). (DC transmission produces a 
unique electrical environment consisting of static electric and magnetic fields and 
air ions of both polarities. However, since DC accounts for less than 1% of the 
total overhead transmission circuit mileage, its environment is not further dis- 
cussed). 

An electric field is perturbed by the presence of a conductive object, resulting 
in a local field at the object's surface that may be considerably enhanced above 
the unperturbed field level (Fig. 3). Enhancement is dependent on object shape. It 
is greater, for example, above the head of an erect human than above the back of 
a four-legged animal (Kaune and Phillips, 1980). 

Both the electric and magnetic fields induce currents and electric fields within 
exposed subjects, the electric field by capacitive coupling and the magnetic field 
by Maxwell-Faraday induction. In a grounded person of average height (1.7 m), 
the electric field from a 60-Hz transmission line induces a total current to ground 
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Fig. 1. Vertical 60-Hz electric field under the center phase of a 765-kV transmission line. 
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Fio. 2. 60-Hz electric and magnetic fields beneath a 765-kV transmission line. Plots are field mea- 
surements versus perpendicular distance from the centerline near midspan. For the electric field, the 
horizontal component ,  although present,  is negligible relative to the component  vertical to the earth 's  
surface. For  the magnetic field, the horizontal component  as shown is perpendicular to the centerline; 
the parallel component  is negligible (Bridges and Frazier, 1979). 

of 15-20 ~A/kV/m of unperturbed field. Approximately 30% of the total current is 
collected in the head, and 75% flows through the waist. The corresponding 
average current densities are 0.40-0.55 mA/m2/kV/m through the neck and 
0.19-0.25 mA/m2/kV/m through the waist. For the same individual insulated from 
ground (e.g., wearing shoes with rubber soles), these densities are 15-20% lower 
and total current to the ankles is about 35% lower (Deno and Zaffanella, 1982; 
Kaune and Phillips, 1980). 

For 60-Hz magnetic fields, current densities can be estimated by modeling the 
body as circular cross sections of uniform resistivity with the magnetic field 
normal to the plane of the cross sections. The 1.7-m grounded person standing 
directly under the center of the line mapped in Fig. 2 would have electrically 
induced current densities of 3.5 and 1.7 mA/m 2 through neck and waist, respec- 
tively, and magnetically induced currents at the periphery of these areas of 0.015 
mA/m 2 (neck) and 0.036 mA/m 2 (waist). 2 

2 For radial distance, r (m), from the cross-sectional center  and for tissue resistivity, 9 ( o h m - m ) ,  
60-Hz current density is approximately 19 • r/p mA/m 2 per gauss. The magnetically induced current 
values in the text were calculated assuming p = 5 o h m -  m. Electrically induced current densities are 
independent  of p under the crude assumption that 9 is uniform through the body; in this case, body 
shape determines electrically induced current values. Inside the body, the electric field, e, is related to 
the current density, j ,  by e = pj. 
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isc = 15-20 uA 
Fro. 3. Exposure of a grounded human to a 1-kV/m vertical 60-Hz electric field. The unperturbed 

1-kV/m field is maximally enhanced at the top of the head, reaching 18-20 kV/m. Induced internal 
currents accumulate in the excursion from head to feet. j is the average current density through the 
body cross sections shown, and i,c is the total current to ground through both feet. Field enhancement 
is dependent on body shape, decreasing for four-legged animals; i.e., a 1-kV/m field enhances to only 
6.8 kV/m above the back of a Hanford miniature swine (Kaune and Phillips, 1980). 

Uncertainties regarding possible health effects of these field interactions have 
triggered public, regulatory, and judicial involvements in numerous transmission 
facility construction projects.  A recent review cited 49 judicial and regulatory 
agency cases since 1974 in which a determination was made on the issue of bio- 
logical and health effects of  E L F  fields (Banks et al., 1983). 

Historically, the most prominent  case is the New York State Public Service 
Commission hearings from 1975 to 1977, which exhaustively considered human 
health and safety aspects of  two proposed 765-kV lines. The Commission's order 
(New York State Public Service Commission, 1978) allowed construction, but 
included a provision that ultimately led to a commitment on the part of New 
York's electric utilities to fund a biological research program to be administered 
by the state. The program's  research was initiated in 1983. 

A second major case concerns the U.S. Navy ' s  proposed Project E L F  for ex- 
t remely- low-frequency (72-80  Hz)  one-way communicat ion with the United 
States submarine fleet deployed at operational depths and speeds. The contro- 
versial project,  first known as Project Sanguine and later as Project Seafarer, will 
be located in northern Wisconsin and in Michigan's upper peninsula. The earlier 
Project Seafarer design had called for a buried antenna grid of insulated alu- 
minum cables. Each cable end would have been connected to a ground terminal 
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forming an electrical connection to the earth. Directly above the cables, the max- 
imum electric and magnetic fields would have been 0.1 V/m and 0.37 G, respec- 
tively. A 1977 Navy-commissioned report by the National Academy of Sciences 
(NAS) could not ascribe any apparent health or ecological risks to these fields 
(National Academy of Sciences, 1977). 

The program, suspended in 1978 by the Carter administration, was revived by 
President Reagan in 1981 under the name Project ELF. The redesigned system 
will utilize overhead cables, which will produce higher vertical electric fields in 
the air below the cables. A January 31, 1984, decision by the U.S. District Court 
for Western Wisconsin, citing uncertainties about biological and health effects, 
ruled that further construction not proceed until the environmental impact state- 
ment, originally prepared in 1977, is updated to included recent research findings 
and thus more fully address the relevant issues required by the National Environ- 
mental Policy Act (Crabb, 1984). The injunction was overturned by the United 
States Court of Appeals for the Seventh Circuit on June 13, 1984, and construc- 
tion has resumed. The Navy, however, has commissioned the American Institute 
of Biological Sciences to conduct a review and evaluation of the post-1976 scien- 
tific literature, updating the 1977 NAS report. This review will be the basis of a 
supplemental draft environmental impact statement to be prepared by the Navy 
and is expected to be filed in late 1984. 

More recently, the issue has broadened to include electrical environments near 
distribution lines, in homes, and in the workplace. The electric and magnetic 
fields present in these settings are part of a much wider spectrum than the ELF 
range and consist of power-frequency harmonics plus frequencies characteristic 
of the processes, equipment, or appliances used. 

The public health issues that have emerged focus on fetal development and on 
the initiation or promotion of cancer. Laboratory and epidemiological studies 
have served to identify these areas of concern and to guide ongoing and future 
research directions. 

During the past decade, both the U.S. Department of Energy (DOE) and the 
Electric Power Research Institute (EPRI) have sponsored extensive research pro- 
grams on the biological and health effects associated with exposure to 60-Hz 
electric fields. The emphasis on the electric, rather than the magnetic, field was 
guided in large measure by arguments presented earlier; i.e., under a transmis- 
sion line, most of the induced body current results from the electric field. More- 
over, the NAS report on Sanguine/Seafarer concluded that ELF magnetic fields, 
similar in magnitude to those under transmission and distribution lines, do not 
produce adverse biological effects (National Academy of Sciences, 1977). 

Interest in the possible effects of ELF magnetic fields has been revived by 
recent publications in the epidemiological literature. Both DOE and EPRI recog- 
nize the need to increase support for magnetic field studies, and the newly cre- 
ated New York State Power Lines Project includes both magnetic and electric 
fields in its research program. 

CELL AND TISSUE STUDIES 

Although most of the laboratory work thus far has been conducted on whole 
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animals, in vitro research has also contributed to our understanding of potential 
field interactions with biological systems. On the basis of findings to date, one 
can conclude that the primary site of ELF field interactions, when evident, is at 
the cell membrane, rather than at locations inside the cell such as the nucleus. 
Electrical events at the cell surface, however, may be transduced through the 
membrane to intracellular locations to produce changes in cellular function. 

Evidence for this conclusion arises from observations of a number of investi- 
gators. These in vitro studies have often employed electric fields that consider- 
ably exceed levels induced in a person standing under a transmission line. Using 
the previously cited current density estimates and published values of tissue con- 
ductivity (Rush et al., 1963), one can establish an upper bound of about 200 
mV/m for the electric field induced in a person standing in a 10-kV/m, 60-Hz 
electric field. 

At Battelle Pacific Northwest Laboratories, Hungate et al. (1982) observed no 
mutagenic activity of 60-Hz electric fields as assayed by the Ames Salmonella 
test. In other studies, Williams (1983) tested whether electric fields affected the 
nature of infection of bacteria by lysogenic bacteriophage, viruses that multiply 
within host bacteria until the latter burst. With Escherichia coli, a species for 
which viral attachment to the membrane precedes replication, exposed cells con- 
tained greater numbers of viruses at lysis than controls; the DNA itself was unaf- 
fected. Electric fields, in contrast, were ineffective with Bacillus subtilis, a 
species in which the virus reproduces itself independently of the cell membrane. 

Also at Battelle, Frazier and colleagues (1982) have reported that electric fields 
as low as 0.7 V/m depress the ability of Chinese hamster ovarian (CHO) cells to 
produce viable colonies. The effect is not through any known genetic or cytotoxic 
mechanism. Lack of effect on CHO cell genetic material was confirmed by the 
work of Ley et al. (1982). A membrane hypothesis to explain the CHO effect 
remains plausible. 

The manner in which fields interact with cell membranes has been an area of 
intense investigation. At the University of Rochester, Miller and colleagues 
(1979) have examined cell function over a range of transmembrane potentials in- 
duced by externally applied electric fields. In studies on plant root systems, they 
observed that cell growth and division is disrupted when the applied field pro- 
duces a transmembrane potential that exceeds 3 to 7 mV. This is expected since a 
well-regulated potential across a cell membrane is essential to its molecular and 
ionic transport system which, in turn, preserve the separation between the intra- 
cellular and extracellular milieu. Potentials of similar magnitude induced in mam- 
malian tissue would certainly disrupt nerve and muscle cell function and possibly 
nonexcitable cells as well. However, these potentials exceed by two to three 
orders of magnitude the transmembrane potential that is induced across human 
cells by a 10-kV/m electric field. Thus, if man-made ELF fields are biologically 
active, other mechanistic interpretations are necessary. 

Adey and colleagues, working at the Jerry L. Pettis Memorial Veterans Hos- 
pital, have been pursuing clues as to the nature of field-membrane interactions, 
often at field levels many times lower than those that would disrupt transmem- 
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brane potentials. They observed that ELF fields affect the binding affinity of 
brain tissue for calcium ions (Bawin and Adey, 1976), a finding also reported by 
Blackman and colleagues (1982) at the U.S. Environmental Protection Agency's 
Health Effects Research Laboratory. Moreover, both laboratories have shown 
that altered calcium binding occurs in frequency and intensity "windows";  that 
is, such changes only occur in certain field intensity ranges and frequency ranges, 
including 60 Hz (Blackman et al., 1985). These findings may have broad biolog- 
ical relevance since calcium ions play a role in mediating an array of physiological 
events at the cell membrane including, for example, hormone binding and secre- 
tory activity. However, the relation of altered calcium effiux in vitro to humans 
exposed to ELF fields remains to be determined. 

Nonneural cells have also been studied: lymphocytes exposed to ELF-modu- 
lated microwaves (450 MHz), and bone and pancreatic islet cells exposed to 
pulsed magnetic fields with waveshapes that have been used clinically to facilitate 
bone fracture healing; the latter are pulsed at ELF rates but also contain radio- 
frequency components. The lymphocyte studies reported frequency-dependent 
effects on intracellular enzymatic activity and on lymphocytic killing of foreign 
cells while unm0dulated microwaves were without effect (Lyle et al., 1983; Byus 
et al., 1984). Pancreatic islet cells exposed to pulsed magnetic fields showed 
differences from controls in calcium ion flux across the cell membrane and in 
insulin secretion, a process linked to calcium ion transport (Jolley et al., 1983). 

Bone cells manifest altered responsiveness to parathyroid hormone, whose 
signal is transduced through the cell membrane. Consistent with the membrane 
hypothesis, the fields were unable to modify cellular responsiveness to 1,25-dihy- 
droxy-vitamin D3, a substance believed to act in the cell nucleus (Luben et  al., 
1982). The investigators believe the observed effects are due to the ELF signal 
received at the cell membrane. 

On the basis of experimental observations, plus a body of biophysical theory 
on nonlinear molecular mechanisms, Lawrence and Adey (1982) have formulated 
a theoretical model to explain how ELF fields affect membrane processes. They 
propose that small amounts of field energy, acting longitudinally along the cell 
surface, induce increased energy states in small "patches" of membrane. The 
energy is then channeled through the membrane as a wave via embedded protein 
molecules. According to the investigators, these waves, called "solitons," are 
supported by interatomic forces within the protein molecules. The nature of the 
interaction suggests a relationship to the "windowing" phenomenon discussed 
earlier. 

How the particular field levels and waveshapes used in these laboratory studies 
apply to human populations exposed to ELF fields remains uncertain. 

WHOLE ANIMAL STUDIES 

Despite the possibility of biological effects suggested by in vitro experimenta- 
tion, studies of intact animals exposed chronically to 60-Hz electric fields have, 
for the most part, failed to produce changes in indices of overall health (e.g, 
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growth, metabolism), in individual organs (e.g., heart, liver), or in other systems 
within the body (e.g., immune system); nor have changes indicative of field-in- 
duced pathology been observed. One might suggest a number of reasons for this 
apparent disparity: 

(1) Most tissue is refractory to induced 60-Hz fields. Further, the field levels or 
waveshapes producing most of the in vitro effects.are not present in the tissues of 
animals exposed experimentally to 60-Hz fields. 

(2) Cellular effects are subtle enough so as to be unexpressed in whole animals. 
(3) Homeostatic mechanisms--implying biological feedback control systems-- 

in the intact animal compensate for changes induced in in vitro systems which, by 
their nature, lack such control. 

Nonetheless, effects from chronic exposure have been observed in several 
areas. These include behavior, endocrinology, neurophysiology, and possibly 
fetal development. 

Prior to discussing these findings, it is necessary to consider the nature of elec- 
tric field interactions with living subjects and dosimetric scaling relationships be- 
tween laboratory animals and man. Because of body shape differences, human 
exposures to electric fields are electrically simulated in four-legged animals with 
fields of greater intensity. Thus, potential effects of human exposure to 10 kV/m 
(the highest level produced beneath transmission lines), for example, have been 
tested with rats exposed to 65 kV/m and swine exposed to 30 kV/m. 

Laboratory animals and humans are both able to perceive electric fields. How- 
ever, the relative thresholds for electric field detection are not in the same pro- 
portions as the scaling factors used for animal exposures. For example, the 
threshold for detection of a 60-Hz electric field by an "average rat" is about 4 to 
l0 kV/m (Stern et al., 1983), which dosimetrically, at the surface of the body, 
corresponds to a human exposed to 1 to 2 kV/m. Thresholds of human perception 
are roughly in the 5 to 10 kV/m range (Cabanes and Gary, 1981; Delaplace and 
Reilly, 1978). Thus, in chronic rat experiments, run typically at 65 kV/m--more 
than six times detection thresholdmthe subjects spend virtually all of their time in 
a condition of sensory stimulation. New information emerging on human expo- 
sures to 60-Hz electric fields shows that even for groups potentially exposed to 
high electric fields (utility electrical workers and farmers working beneath lines), 
perception of the field is extremely rare (Silva et al., 1984). 

The issue of scaling is further complicated by results from animal studies that 
show that the quality of perception varies with field strength and may also be 
influenced by exposure history. Studies at Battelle Pacific Northwest Laborato- 
ries show that, when given a choice, rats prefer to spend more time in a shielded 
area than in an area in which they are exposed to 75 kV/m (swine show the same 
behavior at 30 kV/m); however, at 25 kV/m, they show a preference to remain in 
the field (Hjeresen et al., 1980, 1982). Furthermore, when repeated exposures of 
rats are sequentially titered from low to high levels, the aversiveness to the higher 
field strengths seen in the earlier experiments does not occur (Creim et al., 1982). 
Differences in human and laboratory animal perception of electric fields still need 
quantification and clarification before effects observed in animals can be extrapo- 
lated to people. 
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The following briefly summarizes the prominent findings in whole animal re- 
search on exposure to 60-Hz electric fields: 

(1) Behavior- -Animals  can perceive the field (see above) and demonstrate an 
arousal response with its onset followed by adaptation (Rosenberg et al., 1981, 
1983). Under certain conditions, field onset may disrupt an animal's circadian 
rhythm (Duffy and Ehret, 1982). 

(2) Endocrinology--The onset of the field results in a transient increase in cor- 
ticosterone secretion (Hackman and Graves, 1981). After prolonged exposure (3 
weeks), rats fail to show increased melatonin storage in the pineal gland as nor- 
mally would occur during the night; no difference occurs after 1 week (Anderson 
et al., 1982; Wilson et al., 1981, 1983). Prolonged exposure (4 months) also re- 
suits in a decreased level of testosterone in rats; no difference is seen after 1 
month. All other hormones tested, including female sex hormones, are unaffected 
by electric field exposure (Free et al., 1981). 

(3) Neurophys io logy--Sympathet ic  ganglia from exposed rats are more excit- 
able and less refractory than those from unexposed rats (Jaffe et al., 1981). The 
soleus, a slow twitch muscle, recovers from fatigue faster in exposed rats (Jaffe et 
al., 1980). Values of all other neurophysiological parameters tested (e.g., conduc- 
tion velocity, action potential waveshape) are unaffected by exposure (Jaffe et 
al., 1981). 

(4) Reproduct ion  and D e v e l o p m e n t - - S w i n e  bred for the second time in a 
30-kV/m electric field after 18 months of exposure had a greater number of fetal 
malformations than unexposed swine. No differences were seen in swine bred for 
the first time after 4 months of exposure. Offspring from the first breeding were 
also bred twice, at 18 and 32 months of age. The first time, significantly more live 
birth defects were observed in the exposed group; in the second breeding, no 
difference in fetal malformation rates were observed (Sikov et al., 1985). 

The results of the swine experiments, conducted by Phillips and colleagues at 
Battelle Pacific Northwest  Laboratories, raised important questions. One of 
these was whether similar differences in reproductive outcome would occur in 
other mammalian species. Consequently, two replicate experiments were per- 
formed in consecutive years at Battelle using rats. The schedule of experimental 
events was scaled in time from swine to rats according to respective biological 
milestones (e.g., weaning, puberty); for most time points, the intervals for rats 
were one-fifth to one-fourth of those for swine. The field was 65 kV/m. The first 
experiment produced results that appeared to parallel those seen with swine; the 
second experiment, however, failed to produce even a suggestion of a difference 
in malformation rates (Phillips and Sikov, 1984). Using the same exposure pro- 
tocol, a pilot study at Battelle with a third species, guinea pigs, failed to produce 
differences (Sasser, 1983). 

In previous short-term rat experiments at Battelle, exposure to a 65-kV/m elec- 
tric field occurred in three different 30-day blocks, two of which included the 
entire gestation period. No excess of malformations was reported for any block of 
exposure (Sikov et al., 1984). More recently, a Tulane University multigenera- 
tional chronic study of rats exposed to an 80-kV/m electric field also reported no 
differences in reproduction and development (Seto et al., 1984). 
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LABORATORY STUDIES--PERSPECTIVE 
It is critically important to establish the relevance of these whole animal exper- 

iments to potential effects on humans from environmental exposures to ELF 
fields. The highest priority is to reduce the uncertainty created by the reproduc- 
tion and development experiments in swine and rats. Did the observed differ- 
ences represent a field effect? If so, through what biological mechanism(s)? 
These are difficult questions to answer. The existing swine data were gathered 
from a relatively small sample of a breed (Hanford miniature swine) for which 
baseline data on malformation rates were not well established. For rats, the re- 
sults are contradictory, and in the guinea pig pilot study, negative. Thus, the 
existence of an effect is questionable. 

Regarding mechanisms, 60-Hz electric fields both induce fields within the 
tissue of exposed subjects and, at the levels used in the animal experiments, are 
perceived. As far as fields in tissue are concerned, the evidence from both the in 
vitro experiments discussed earlier and the literature on whole animal research 
weigh against direct effects of 60-Hz electric fields on fetal development. The 
effects observed in other studies of whole animals do not occur in various internal 
organs as one would expect if the induced field directly affects tissue. Rather, 
effects are confined mainly to behavior, neurophysiology, and endocrinology, 
suggesting that biological systems designed to be responsive to external stimuli 
are reacting to the electrical environment. This connection is consistent with the 
hypothesis that stimulation of surface receptors by the electric field plays a role 
in producing field-associated effects. 

Does such stimulation play a role in fetal development? This question has not 
been tested. However, in the swine experiment and its subsequent analogs with 
rats and guinea pigs, no increased incidence of malformations was associated 
with the initial breeding of the first generation mothers. This breeding followed 
continuous exposures of 4, 1, and 1.3 months for the swine, rats, and guinea pigs, 
respectively. Differences or trends, when seen, were in the second breeding of 
the first generation (18 months exposure for the swine and 4 months for the rat) 
and in the first breeding of the second generation (18 months exposure for the 
swine and 3 months for the rat). It is worth considering that if the internal field 
somehow influenced fetal development, differences in malformation rates should 
have also appeared in the first breeding. This argument is reinforced by experi- 
ments at the Pennsylvania State University. Graves et al. (1985) report an ab- 
sence of gross malformations in chicken eggs exposed throughout incubation to 
60-Hz electric fields. The fields ranged from 0.1 kV/m to 100 kV/m. On the other 
hand, chronic sensory stimulation by the electric field may induce biological or 
behavioral adaptations in the mother that secondarily may affect exposed litters. 

The questions raised in the laboratory studies clearly require resolution. How 
do phenomena observed in cell studies apply to effects seen in animals? How do 
effects and mechanisms studied in animals apply to humans? Specifically, are the 
reproductive data representative of a biological effect or biological noise? With 
regard to these uncertainties, it is essential, certainly, to explore dose-response 
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and mechanistic characteristics of documented and suspected effects. Informa- 
tion thus collected must be laid against a broader framework in which we quantify 
the field exposures received by people at home, school, and work. 

EPIDEMIOLOGICAL STUDIES 

In the last decade, a number of studies have explored whether an association 
exists between exposure to electrical environments and altered states of health. 
The study populations have included electrical workers in the electric utility in- 
dustry (Bauchinger et al. ,  1981; Broadbent et  al. ,  1985; Knave et al., 1979; 
Nordstrom et al., 1983; Stopps and Janischewskyj, 1979), workers in other indus- 
tries with electrical environments (Coleman et  al. ,  1983; McDowall,  1983; 
Milham, 1982; Swerdlow, 1983; Vagero and Olin, 1983; Wertheimer and Leeper, 
1979; Wright et al., 1982), and residents of homes at varying proximities to trans- 
mission and distribution lines (Fulton et al., 1980; Tomenius et al., 1982; Werth- 
eimer and Leeper, 1979, 1982). 

A major inadequacy in these studies is their failure to include accurate mea- 
surements of the magnitude and duration of field exposure. Exposures of the 
study populations were inferred either on the basis of job classification or esti- 
mated on the basis of an ambient measurement in proximity to the home, distance 
from a line, or the distribution wiring configuration near the home. 

Cohort health surveys of electric utility workers, for the most part, have not 
demonstrated increased health risks. All of these studies, whether reporting ef- 
fects or not, suffer from a number of other deficiencies including lack of an ade- 
quate control group, small numbers of subjects, nonspecific symptoms, and ab- 
sence of documentation of field exposures or potential exposures to other agents 
in the workplace (e.g., chemicals). 

A recently published Swedish study by Nordstrom and colleagues (1983) re- 
ports increased frequency of abnormal pregnancies, mainly congenital malforma- 
tions, among wives of switchyard workers. Based on this finding, one would hy- 
pothesize that switchyard workers are at greater risk of genetic damage, presum- 
ably from field exposure. This possibility is not consistent with the in vitro 
findings or the studies of swine and rats exosed to 60-Hz electric fields (see 
above), or with chromosome analyses of German switchyard workers (Bau- 
chinger et al., 1981). Also, the abnormal pregnancy outcomes in the Swedish 
study correlate more strongly with job type than with "exposures" estimated by 
the voltage rating of the equipment with which each worker was associated. The 
meaning of these findings is unclear, and it must be recognized as the authors do, 
that the malformation sample sizes are small. The Swedish Board of Occupa- 
tional Safety and Health is currently conducting a 10-year prospective study of 
utility electrical workers which will include data from medical and psychological 
examinations as well as reproductive history (Knave, 1981). 

In 1982 and 1983, four letters to the editor were published in the medical litera- 
ture, all of which presented data suggesting that the risk of leukemia, especially 
acute forms, is increased in electrical occupations (e.g., electricians, radio and 



ELF FIELD HEALTH RESEARCH 397 

telegraph operators) (Coleman et al.,  1983; McDowall, 1983; Milham, 1982, 
Wright et al., 1982). The analyses compared the fraction of occupation-specific 
deaths from leukemia to the fraction of deaths from leukemia within a reference 
population. The ratio of these fractions (expressed as a percentage) yields the 
proportional mortality ratio (PMR), which serves as an index of relative risk. 3 
The ratios reported in the letters fall into a range which, by epidemiological 
guidelines (Monson, 1980), suggest a weak to moderate association between some 
of the occupations and leukemia. 

Drawing inferences on the basis of the data in these letters is difficult for a 
number of reasons. As mentioned earlier, exposure assessments have not been 
performed in the subject occupations; instead, exposures were presumed to be 
increased by virtue of job type. Comparing field exposures between occupations 
would be difficult even if known, since different occupations involve different 
mixes of electric and magnetic fields in different frequency ranges. For example, 
can the risk of exposure to DC magnetic fields (e.g., aluminum workers) be com- 
pared to the risk of exposure to 60-Hz electric fields (e.g., linemen)? Further- 
more, consistency of association within specific occupations is lacking. A statisti- 
cally significant leukemia excess within one or more occupations in all four (or 
even three) of the studies would certainly heighten concern. Even then, it would 
be necessary to eliminate potential causation from exposure to agents other than 
electric or magnetic fields. Finally, the total number of cases in each of the 
studies is small and subject to the problems of small samples. 

Current interest in the carcinogenic or cancer-promoting potential of electric 
and magnetic fields has been heightened by the aforementioned letters, as well as 
by studies attempting to correlate cancer risk with residential exposures to mag- 
netic fields. 

Four such residential studies have been reported, three claiming an association 
with magnetic fields (Tomenius et al., 1982; Wertheimer and Leeper, 1979, 1982), 
while one found none (Fulton et al., 1980). In the four studies, all case-control, 
magnetic field exposures were estimated by descriptive characteristics of utility 
lines or equipment outside the homes and by their distances from the homes. 
Measurements designed to confirm the validity of the exposure classification 
scheme were made almost exclusively outside the homes and thus were not nec- 
essarily representative of the fields within the home. 

Research now underway at SRI International raises questions about using out- 
door wiring configurations as surrogates for indoor magnetic field exposures. Pre- 
liminary data show that devices such as television sets, home computer displays, 
light dimmers, and fluorescent lights produce electric and magnetic fields much 
higher than the indoor background which includes contributions from outdoor 
utility lines and from indoor wiring carrying base loads. Moreover, much of the 
electromagnetic energy emitted by these devices lies in the harmonic content 
rather than exclusively at 60 Hz (Vincent et al., 1983). This contrasts with over- 

3 One letter (Coleman et al., 1983) actually reported proportional registration ratio, and another 
(Wright et al., 1982) reported proportional incidence ratio. 
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head AC transmission which produces relatively "clean" 60-Hz electric and mag- 
netic fields. 

Other important questions were raised in two post hoc analyses. These include 
whether the control groups indeed match the cases with regard to all key charac- 
teristics and whether potential sources of bias were handled by acceptable statis- 
tical methods (Crocetti, 1983; Roth, in press). 

EPtDEMIOLOGICAL STUDIES--PERSPECTIVE 

Concern for the occupational and residential cancer studies is evidenced by 
three more residential cancer studies now in progress, two in the United States 
and one in the United Kingdom; also, further occupational studies are being seri- 
ously considered. 

To this end, one of the most active research areas at present is exposure as- 
sessment; i.e., quantifying, with the aid of direct measurements, the duration and 
magnitude of human exposures to electric and magnetic fields. More rigorous 
exposure assessments are sure to accompany future epidemiological studies. Par- 
enthetically, exposure assessments also help place the results of laboratory an- 
imal experiments into perspective. The animal experiments referred to above 
were usually carried out at high exposures to either detect the existence (or ab- 
sence) of an effect or to accelerate its appearance. 

Preliminary results have already emerged from electric field exposure surveys 
of utility electrical workers and segments of the general population believed to 
have relatively high exposures to electric fields from transmission lines. General 
population surveys undertaken by Enertech Consultants, Inc., and General Elec- 
tric Company involve farmers with transmission lines traversing their land and 
recreational users of rights-of-way (Silva et al., 1984). The approach is to: (1) 
mathematically model exposures on the basis of available time budget data (i.e., 
where farmers spend their time), utilizing maps of electric field strengths near 
transmission lines; (2) test the model with exposure measurements; (3) correct 
the model based on discrepancies in the first two tasks; and (4) produce software 
applicable to the needs of electric utilities, risk assessors, and public officials. 

With electric fields, corrections are necessary to account for postural orienta- 
tion to the field and shielding. These corrections are called "activity factors"; 
they equal the currents actually induced within a subject situated in an electric 
field divided by the current that would be induced if the individual were grounded 
and standing erect in the same field. For example, the activity factor for a farmer 
seated in a closed-top tractor is between 0.01 and 0.05, and for a person on horse- 
back, around 0.8. The measuring device is a vest made of conductive material 
that collects displacement current from the incident field, which is monitored by a 
small multichannel electronic package (Deno and Silva, 1984). The time spent in 
discrete field strength ranges can be read out, allowing development of exposure 
histograms. 

The data available so far on farmers reveal that exposures to high fields are 
rare (Silva, 1985). For example, on a farm with a 765-kV line, average annual 
exposure to 8 kV/m or more is 3 hr with a worst-case projection of 15 hr. For all 
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farms with lines between 115 and 765 kV, 95% of farm work time is, on the 
average, spent in fields of 60 V/m or less (similar to the electric field found about 
a foot from kitchen appliances). 

To address the subject of occupational exposure to electric fields, Bonneville 
Power Administration has developed a device called an electric field exposure 
meter (EFEM). It is approximately the size of a cigarette pack and is designed to 
be carried in a shirt pocket, worn around the neck on a lanyard, or worn on a hard 
hat. The EFEM, like the vest, is a multichannel device. 

An interim report (Bracken, 1983) on electrical worker exposure stated that 
EFEM-measured time spent in fields was much less than the time reported by 
employees. Substation operators and substation maintenance electricians re- 
corded the highest measured exposures. Even so, exposures are considered low 
by the investigators (insufficient data were available on linemen). For example, 
exposures above 2.4 kV/m to electricians were almost always less than 10 min per 
day, and no exposures longer than 20 min above 2.4 kV/m were measured in this 
group on any single day. However, there are pending questions on the efficiency 
of the EFEM in detecting 100% of an individual's exposure. Changes in a 
worker's posture and orientation to the field can dramatically alter the magnitude 
of the electric field incident on the meter. Moreover, these data were collected 
from a limited number of personnel at a single utility. Meters were distributed to 
available workers and not in accordance with a statistical sampling protocol. Be- 
cause of these qualifications, the findings must be considered preliminary. 

Although the data generated by these projects are of great value, three other 
ongoing efforts will even further increase their meaningfulness: (1) analysis of the 
comparability of data collected by the two devices described, which will help 
identify the measurement technique(s) most suitable for applications in future 
exposure assessments and epidemiological studies; (2) assessments of residential 
electric field exposures which will help provide realistic estimates of exposures 
from transmission and distribution sources; and (3) spectral analyses of fields in 
residential and workplace settings. With regard to the third area, if the existence 
of electic or magnetic fields is of concern, we cannot, in the ultimate, confine 
ourselves to 60 Hz alone; the entire spectrum must be characterized. 

Together with more comprehensive epidemiological studies, a parallel effort in 
the laboratory, testing hypotheses of cancer initiation and promotion, will help 
establish whether mammalian tissues or cells are susceptible to neoplastic trans- 
formation under the influence of ELF electric or magnetic fields. 

SUMMARY AND CONCLUSIONS 

This paper has presented issues emerging from research on the potential bio- 
logical effects of exposure to ELF electric and magnetic fields. The major stim- 
ulus initiating this reseach was the uncertainty regarding possible human health 
consequences of exposure to 60-Hz electric fields from overhead transmission 
lines. Issues now include both electric and magnetic fields of power frequency as 
well as other frequencies found in the home and workplace. 
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The following points briefly summarize the biological and health research dis- 
cussed above: 

(l) ELF electric and magnetic fields can produce effects in ceils and tissue 
exposed in vitro. The biological responses appear to be sensitive to the magnitude 
of the field as well as its waveshape and frequency. Direct field interactions with 
cells, when they occur, appear to be at the cell membrane, rather than at internal 
sites such as the cell nucleus. The relevance of these findings to environmental 
exposures of people is not established. 

(2) Chronic exposures of animals to electric fields fail to elicit effects in most 
areas studied. Exceptions include behavior, neurophysiology, endocrinology, 
and, possibly, fetal development. The possible role of field perception in me- 
diating these effects must be examined, and the uncertainty regarding reproduc- 
tion resolved. In addition, the extrapolation of animal data to humans requires 
further research. 

(3) The epidemiological literature has produced a number of recent reports that 
conclude that residential and workplace electrical environments may increase the 
risk of cancer. Various questions, especially those regarding selection of controls 
and actual exposures of the study populations, require further investigation. 

(4) Research on residential and workplace exposures to electric fields is un- 
derway (and future research on magnetic fields is anticipated). Available data 
indicate that human exposures to electric fields of the magnitudes found on trans- 
mission line rights-of-way are infrequent. Also, indoor electric and magnetic 
fields are not confined solely to 60 Hz, but are dispersed over a spectrum charac- 
teristic of indoor equipment and appliances. 

Health issues related to electrical environments have been identified. It is crit- 
ical that ongoing and future research provide the information necessary to resolve 
existing uncertainties. Work to establish a framework for incorporating biological 
and health research findings into risk analyses is already in progress. 

Increased use of electrical energy has always been a key ingredient to a 
growing economy. It is essential that new demands for electricity be satisfied by 
means that are electrically and economically efficient and compatible with human 
health and welfare. 
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