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PREFACE

This document was prepared for the U.S. Environmental Protection Agency (EPA), Office of
Radiation and Indoor Air (ORIA), Radiation Studies Division (RSD), under an interagency
agreement with the Department of Transportation (DOT) Research and Special Programs
Administration (RSPA), John A. Volpe National Transportation Systems Center (Volpe
Center), on behalf of the Federal Railroad Administration (FRA).

These agencies are interested in characteristics of magnetic fields associated with electrically
powered and magnetically levitated high-speed transportation systems, because results from
epidemiologic studies suggest a link between surrogates for exposure to power frequency
electromagnetic fields and increased risk for certain cancers and other adverse health effects.

This report is a review of the biological effects of electric and magnetic fields (EMF), with
emphasis on laboratory animal and human exposure to EMF fields that have components
over a range of frequencies. Of special interest are magnetic fields that contain a range of
frequency components, including those with pulsed or intermittent characteristics. These
diverse kinds of fields include those that have been referred to in the literature as transient or
broad spectrum, and will be designated here as broadband EMF, although many do not meet
the strict definition of a broadband signal.

EMF bioeffects literature is growing at an accelerating rate, owing primarily to the research
stimulated by results from epidemiologic studies of EMF exposure's possible effects on
health. In order to make this document as timely as possible, non-peer-reviewed literature is
cited when relevant, including materials from journals that may notbe peer-refereed,
abstracts, and government reports. Cited literature that may not have been peer-reviewed
will be designated as such (e.g., abstracts and government reports) in the references section.

A premise of this review is that weak EMF is detectable by many biological systems.
Biological effects from weak electric and magnetic fields have been reported, and many have
been replicated in laboratories. Whether such biological effects can lead to health effects in
humans remains to be determined. It is clear that broad spectrum EMF, including those
found in many occupational settings, can induce signals in biological tissue that are above the
thermal noise threshold in biological systems. However, this may not be an absolute
requirement for detectability. Numerous reports of responses to weak magnetic fields that
occur widely in nature, as well as with laboratory animals and in clinical settings with
humans, constitute strong evidence that biological effects can be observed with exposure to
weak fields.

The purpose of this document is to review the literature with special emphasis on biological
effects observed from exposure to non-sinusoidal and broad spectrum EMF. Magnetically
levitated (maglev) vehicles and other electrically powered transport systems are sources of
such fields, as is much of the electrical equipment that constitutes the end-use of 50-60 Hz
power. It is important to determine what implications, if any, can be drawn from the
literature with regard to potential health effects from exposure to these fields.
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1. EXECUTIVE SUMMARY

Introduction ofmagnetically levitated (maglev) trains into the U.S. transportation sector is
being planned at a time when uncertainty exists regarding the possibility of adverse health
effects from exposure to extremely low frequency (ELF) and broadband electric and
magnetic fields (EMF). To assess the state of knowledge about anticipated EMF exposures
from electrically operated transportation systems, including electrically powered rail and
maglev, laboratory and clinical studies concerning biological effects of EMF exposure, with
special emphasis on broad spectrum or broadband magnetic fields, were reviewed.

Epidemiologic studies, including several on electrical transport workers, are briefly
discussed. The observed association between magnetic field exposure and increased cancer
risk in the occupational epidemiologic studies is based mainly on surrogate measures for
magnetic field exposure, such as job title. Exposure data from actual measurements, where
available, is of interest in attempting to determine which characteristics of the magnetic
fields, if any, might constitute dose as related to reported biological effects. Whether such
biological effects may lead to adverse health effects remains to be determined.

Aprimary objective of this report was to consider, based on present knowledge, the potential
for adverse health effects from maglev-associated EMF. In this regard, it is important to
distinguish between biological effects, such as changes in heart rate, and adverse health
effects, such as increased risk of leukemia. There is ample evidence for biologicsd effects of
weak magnetic field exposure in mammalian species. Evidence for adverse (pathological
effects), on the other hand, derives primarily from epidemiologic studies and is inconclusive.

Because maglev technology is known to generate magnetic fields at avariety of frequencies,
this document addresses the broadband frequency characteristics of such fields and tiieir
possible importance in the biological effects observed from EMF exposure Magnetic fields
exhibiting high time-rates-of-change, including pulses and other transient phenomena, may be
classified as broad spectrum or broadband because of their higher frequency components.
Likewise, intermittent field exposure is included in the broadband definition because of low
frequency components, including those of less than 1Hz. Since the time-rate-of-change for a
given signal waveform increases with increasing signal intensity or flux density strength, togh
field strength is afactor that contributes to the broadband nature of time-varying fields The
term "broadband" is not used here in its strictest sense as it relates to all magnetic fields
discussed. Rather, the term is employed in this report to distinguish tiie complex magnetic
fields that are at issue from those that are purely sinusoidal at power frequencies (50-60 Hz).

In this review, we have attempted to relate the types of magnetic fields measured in maglev
and other technologies to the proposed mechanisms for biological effect of exposure to^EMF
as determined in various laboratory studies. Induced current models, those that assume
physiologic effect arises from electric fields induced in tissue by time-varying magnetic
fields provide the best explanation for anumber of therapeutic effects in humans as
determined by clinical experience. These models have been the basis for design and
successful application of anumber of clinical devices. The various direct magnetic effect
S including magnetic resonance models, do not explain EMF effects in humans (as
observed in clinical studies) as well as the induced current models do.

1-1



Based on in-vivo and in-vitro laboratory and clinical studies, there is now a growing
recognition that the cell membrane is the most likely site of interaction in determining
biological effects from EMF exposure. Important endpoints for transduction of the signal
appear to be in organized biological structures that are electrically connected to facilitate
cell-to-cell communication. It is in consideration of these larger, more complex biological
structures that the evidence and theoretical underpinnings for a biological response to EMF
become strongest.

Mathematical descriptions of anticipated changes resulting from magnetic-field-induced
perturbations in such extended aggregates of cells in electrical contact are provided. Weak
environmental signals are often in a frequency and intensity range that allow sufficient
signal-to-noise ratios to be obtained by cell arrays of physiologically relevant size. This
leads to the conclusion that, in organized tissue, biological effects are indeed possible from
exposure to remarkably weak EMF. Regarding in-vitro studies, effects have been reported
from several laboratories from exposure to 60 Hz fields with flux densities in the 1uT range.
For in-vivo studies, there is clear evidence of both static and time-varying magnetic field
effects in the 1-100 uT range. Magnetic fields of these flux densities have been associated
with both maglev and conventional electrically powered rail transport technologies.

There is growing recognition that the pineal gland and its principal hormone, melatonin, play
an important role in communication among the neurological, endocrine, and immune
systems. Several reviews of the EMF health effects issue, including the recent Oak Ridge
Associated Universities (ORAU) report, recognize the biological effects of EMF exposure
involving pineal gland function. Thus, changes in pineal gland function resulting from EMF
exposure and the associated alterations in concentrations of the hormone melatonin are
discussed relative to the induced current model. Alterations in either the amplitude or phase
of the melatonin circadian rhythm have been linked, through animal or human studies, with
each of the broad areas of interest arising from EMF epidemiologic studies. These include
cancer, reproduction, and mood disorders. EMF effects on neuroendocrine function are
discussed as an example of how an observed biological effect (e.g., reduction in pineal
melatonin synthesis) may be related to a health effect (e.g., increased breast cancer risk in
males) as suggested by the epidemiologic studies.

Under some conditions, weak anthropogenic EMF have been shown to affect significant
physiological processes in both cellular and animal systems. This is especially evident in the
case ofrapidly changing magnetic fields that induce stronger currents in the body than do
fields with slower rates ofchange. Possible longer term consequences of these fields and
their physiological effects are mentioned and discussed. We conclude that, although acausal
link between exposure to EMF and increased health risk has not been established for
humans, cellular and animal studies offer evidence that such links are at least plausible.

An eventual determination ofwhether EMF exposure affects human health will require that
more be learned about the longer term effects of the observed physiologic changes in
animals, and better exposure assessment will be required from epidemiologic studies. It is
not unreasonable to suspect that magnetic fields that can affect important physiological
processes may have both beneficial and adverse effects on health.

1-2



Data from measurements of magnetic field flux density and associated frequency
characteristics in conjunction with epidemiologic studies are insufficient to make any clear
determination ofwhich field characteristics may constitute dose with regard to adverse health
effects.

One objective of this review was to consider whether, based on present knowledge, exposure
to maglev-associated magnetic fields would warrant any special consideration related to
possible adverse health effects. Based on data on magnetic fields generated by Transrapid
maglev as well as by anumber of electrically powered rail transport systems currently in
use, there appear to be no significant characteristics of the maglev field, in terms of flux
density, or frequency components that are not found among the magnetic fields generated by
rail transport technologies in current use. There may be unique combinations of ac and dc
fields associated with maglev operation, but there is no evidence that such combinations have
any special properties in terms of their potential biological effects.

Recent laboratory data from experiments to determine possible cellular and neuroendocrine
effects of asynthetic maglev magnetic field showed no effects on several in-vitro cellular
systems tested. At increased amplitude, apulsed dc field, used as apositive control, was
effective in altering pineal gland function. Slight alterations in pineal enzyme activity were
also observed from exposure to ahigh amplitude (7 xmeasured amplitude) synthetic maglev
field.

Nonetheless, from currently available occupational epidemiologic data for electrical transport
workers, available clinical and laboratory data on EMF biological effects, and available
information on maglev-generated magnetic fields, we conclude that maglev is not likely to
represent greater risk, if any, than that from electrical transport systems already in use.

1-3/1-4





2. BACKGROUND

2.1 SYNOPSIS

Attributes of the electromagnetic spectrum are described in terms of the quantum energy and
other characteristics of the various frequency ranges and their associated wavelengths.
Properties of EMF at extremely low frequencies are discussed. Background on induction ot
electric fields in conducting tissue by changing magnetic fields and the interaction of
magnetic fields with magnetic moments is also provided. Magnetic fields encountered in
residential and occupational settings are discussed in terms of their flux density, frequency,
and corresponding induced currents. Limitations on magnetic field exposures as
recommended by government agencies, scientific bodies, or as legislated in several states are
presented.

Epidemiologic studies relevant to maglev magnetic fields are introduced, and the lade of a
scientific consensus regarding the possibility of adverse health effects is discussed This
chapter provides abrief overview of the biological effects attributed to weak EMF and the
scientific issues involved.

2.2 INTRODUCTION

Growth in generation and use of electrical power over the last century has resulted in
dramatic increases in human exposure to EMF from almost every segment of the
electromagnetic spectrum. Time-varying EMF is ubiquitous in the human habitat of the
United States and many other industrialized countries. In modern commercial environments,
as well as in urban and rural residential settings, exposure to these fields is essentially
unavoidable.

Introduction of maglev trains into the U.S. transportation sector is being planned at atime
when much uncertainty exists regarding possible adverse health effects from exposure to
time-varying EMF. Electrically powered mass transportation has existed for nearly a
century The EMF associated with maglev technology, however, may have characteristics
different from those associated with older electrically powered rail technologies.

Recognizing the known characteristics of maglev-associated magnetic fields we have
emphasized EMF exposure parameters other than the customarily considered time-weighted
average field strength. Specifically, we have considered the broadband frequency
characteristics of these fields including possible effects of^rtmt^t^urc^s^ or
pulses capable of inducing electric currents in biological tissue in the<M00 mV/cm W, as
well as other temporal aspects of magnetic field exposure. As abackground to tiie mam
technical areas pertinent to this review, we discuss generally the properties of EMF and
reported biological effects from EMF exposure.
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2.3 GENERAL DESCRIPTION OF EMF

Energy associated with electromagnetic waves is proportional to frequency according to the
equation E=hv and is thus inversely proportional to wavelength (see Figure 2-1). At
frequencies above approximately 1016 Hz (with wavelengths in the 10I0m range),
electromagnetic radiation has sufficient energy to cause ionization by scattering electrons. At
these quantum energies, electromagnetic radiation (e.g., x-rays and gamma rays) can easily
break chemical bonds giving rise to highly reactive free radical species, as well as causing
direct damage to genetic material in cells. In this frequency range, particle characteristics of
the fields are most apparent. The term radiation is appropriately used at these frequencies,
and the effects of these fields can best be thought of as arising from the interaction of
high-energy photons with matter. Ionizing radiation's effects on biological tissue have been
extensively studied and are relatively well understood. Acute leukemia is the cancer most
closely associated with exposure to ionizing radiation, although risks for several other types
of cancer, most notably cancer of the lung, may be greatly enhanced by ionizing radiation,
even at low doses.
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Figure 2-1. The electromagnetic spectrum showing selected bands for assigned commercial
uses, as well as frequency ranges for electroencephalogram (EEG) activity and VDT
emissions. Approximate corresponding energies, wavelengths, and frequencies are also
depicted.
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Although chemical changes may be demonstrated in response to impinging light in the
ultraviolet (UV) ranges, these fields are rapidly attenuated with depth ofpenetration m
biological tissue. Overexposure to UV Ught does have awell-known association with skm
cancer, especially in fair-skinned individuals.

At lower frequencies, in visible and infra-red ranges, electromagnetic radiation can be sensed
as light and heat, each of which can have profound effects on biological systems. Particle
characteristics of EMF can be demonstrated at these lower energies by phenomena such as
the photoelectric effect, wherein photons interact with electrons on adiscrete basis^thais
detectable by resulting electric currents. However, electromagnetic radiation in the visible,
ultraviolet, and lower frequency ranges is best conceptualized as coasting of waves^
Wave-like properties such as diffraction patterns are readily demonstrated for EM waves in
this frequency range.

in the microwave frequency regime (3x10s to approximately 3x10" Hz), irradiation of
biological tissue with sufficient flux density can cause heating, although Uie ™crowaves are
notid directly as heat. EMF exposures at these frequencies are best understood in terms
ofunTmTrm^ffects of these fields oil tissue. At lower radio frequences, tissue heating can
stillo^Hrven sufficient flux density. The ability of radio frequency (RF) fields to causeh^ncfllses with frequency. At wavelengths close to the dimensions of body stores,
lo^r^sonances can occur, and local heating may be substantially increased leading to hot
S^rTrelxeluSo non-thermal biological effects from EMF exposure mthe RF range.
Most'notable among these are the effects of pulsed RF fields on the electroencephalogram
(Adey, 1992).

In the ELF region of the electromagnetic spectrum (now designated as 3-3000 Hz)
wavelengths are long, on the order of several thousand kilometers, fields are essentidly
nTrSve, and the EMF components are largely decoupled For the purposes of this
review, ELF will be used to designate the range between 0and 3000 Hz.

In avacuum or in air, electric field lines of force extend radially in all directions from an
etot^Zge oCharged object. Aconducting object, such as ahuman or rodent body,
SSc field causes substantial distortion. Electric field penetration of the
bodTrSwever, is slight because impinging field lines cause charge within the conducting
K to reorient so as to counter the external field almost completely. In tirne-varying
etectic fidds small internal body currents are induced. However, due to the attenuation ofIZSS^^M the body, internal fields and their associated induced currents are
small compared to the imposed external field.

Surface or internal body currents, resulting from the presence of an external electric field,
flow^maSy b the same direction as the overall field gradient (e.g from higher to lowerXS Aw^ocumented effect of high strength acelectric fields«rItoto* is mat of
hair vibration (piloerection) which allows perception of the electric field (Tenforde, 1991).
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Like electric fields, magnetic fields are vector quantities having both magnitude and
direction. Magnetic fields may be described in terms of their field strength (H), or their flux
density (B). In avacuum (and for all practical purposes in air), the two quantities are related
by the equation B = nJi, where /*„ is the permeability of free space and is equal to 4 ir
xlO'7.

As is customary for ELF and static fields, we will use the magnetic field flux density (B) to
quantify the magnetic field in this report. The magnetic flux density is expressed in terms of
Tesla (T) or Gauss (G). Although the Tesla is now the preferred unit in the scientific
literature, the Gauss remains the more commonly used term (1 Tesla = 10,000 Gauss). This
document uses both terms. In addition, because of the common usage in the literature, the
terms "field strength" or "intensity" may be used to denote flux density (B).

In contrast to electric fields, magnetic fields do not induce a surface charge. Magnetic fields
penetrate the body with little or no attenuation because the permeability of biological tissue is
essentially the same as that of air. Changing magnetic fields induce electric (E) fields in
conducting bodies according to Faraday's Law:

I E • dl = - dB/dt

This simply states that the electromotive force induced by amagnetic field is proportional to
the rate at which the magnetic field is changing. In other words,

Electromotive Force = - dB/dt

where:

Electromotive Force is in volts, Bis the magnetic field flux density in Tesla, and t is time
in seconds.

Electromotive force or induced field voltage is thus proportional to the time-rate-of-change of
the field (dB/dt) and is therefore, for agiven frequency, proportional to the amplitude ofB.
Induced current in anearby conducting body is proportional to the electromotive force (or
induced electric field) and is also directly proportional to the radius of the induced current
path. It is inversely proportional to the resistance of the conducting body. Currents induced
by magnetic fields circulate in the conductor in aplane at right angles (orthogonal) to the
impinging field lines. Figure 2-2 depicts, for example, waveforms for several common
magnetic fields generated in the laboratory and the waveforms for the currents induced by
these fields. Thus, the waveforms in the right-hand panels are the first derivatives of those
of the left-hand panels.

In determining induced currents from magnetic fields, the size ofthe test subject and
frequency of the field are parameters that must be considered along with field intensity.
Induced electric currents discussed here are aconsequence of Faraday's Law. For an
excellent review ofELF EMF field interactions with biological tissue, including many facets
outside the scope of this discussion, see Tenforde, 1991.
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Figure 2-2 Depictions of several incident magnetic field waveforms and their corresponding
induced field waveforms. No attempt is made to show relative amplitude of the induced
currents. Waveforms in the right-hand panels are, to a first approximation the first time
derivative of the signals in the left-hand panels. The bipolar dc pulse waveform has been
shown effective in modulation of rat pineal ihdoleamine metabolism in several laboratones.
(Lerchl, ital., 1991)
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Another important class of magnetic field interactions arises as a consequence of the Lorentz
force. Magnetic fields exert a torque on charges moving with respect to Uie field. This
Lorentz force is given by the equation

F = qvxB
where:

F is Uie force on Uie test charge,
q is Uie charge,
v is the velocity of the charge in the magnetic field,
B is the magnetic field flux density.

Note that Uie resultant force is the vector cross-product of vand Band is thus at right angles
to the field and the direction of motion of the charge. As a consequence, Uie motion of
charged particles in a magnetic field tends to describe a circle. The Lorentz force is an
important consideration in mechanisms assuming that biological effects arise directiy from
influence of the field on ion motion.

Energy deposition into biological tissue from ELF EMF at typical human exposure levels is
extremely low and is exceeded by the thermal energy already present at ambient temperature.
Primarily because ELF EMF are of such low quantum energy, some scientists reject the
possibility that these fields could have biological effects within certain constraints (Adair,
1991). Many of these objections are based on oversimplifications of complex biological
systems and do not consider cell shape, conductive properties, and intracellular organization,
and thus are not relevant. Objections to meaningful EMF interactions with biological
systems are often maintained despite the demonstrated ability of several species of animals to
detect and use information from both Uie electric and magnetic components of these
low-energy fields (Tenforde, 1989), and the clinical use of these fields.

The earth's geomagnetic field is on the order of 50 pT (0.5 G). It is primarily a
non-time-varying (dc) field, with the angle ofincidence to Uie earth's surface increasing with
latitude. Near the poles, the magnetic field lines offorce are almost perpendicular to the
earth's surface; at the equator, they are nearly parallel. Anthropogenic ELF magnetic fields
are primarily time-varying at electric power generating frequencies of50 or 60 Hz and
harmonics ofthose frequencies. Magnetic field strength depends on proximity to
current-carrying electrical conductors, such as power lines and home appliances. Typical
magnetic fields measured in residential settings range from 0.1 to 3 /tT (1 to 30 mG) at 60
Hz (Kaune etal., 1987).

ELF electric fields in the environment arise primarily from energized electrical conductors.
Residential ELF electric fields generally range from approximately 1to 1000 V/m, the
higher range being associated with such appliances as electric blankets. Typical field
measurements in a residential "family room" range from approximately 20 to 40 V/m (Kaune
etal., 1987).
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2.4 EMF EXPOSURES FROM HOUSEHOLD APPLIANCES AND POWER LINES

When evaluating possible consequences of the additional EMF exposure resulting from new
technologies, it is instructive to compare new exposures to those encountered on an everyday
basis. Exposures arise from external power lines, internal residential and industrial wiring,
including grounding currents, and electrical devices including home appliances and industrial
equipment. Comparisons of magnetic field exposures from representative sources within
these categories are shown in Figure 2-3.
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Figure 2-3. Magnetic field sources in the 1-200 Hz frequency range encountered in several
sectors are compared in terms of their overall range and most commonly encountered levels.
(Adapted from mader and peralta, 1992, and ERM, 1992)
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Gauger (1985) has carried out detailed measurements of magnetic fields associated with one
or more models of some 25 household appliances. Mader and Peralta (1992) developed a
model that allows assessment of whole body exposure, as well as exposure to the extremities
or head, from magnetic fields generated by home appliances. Magnetic fields encountered
near these appliances varied over some four orders of magnitude and were highly dependent
on proximity to the device while in operation. As well as determining the effect ofduty
cycle on total exposure, Mader and Peralta (1992) have quantified the important distinction
between whole body exposure and exposure to extremities. They point out that many
electrical devices are best considered as point source dipole magnets with fields that fall off
rapidly. Therefore, whole body exposure is likely to be substantially less than that for
extremities close to the source. This point is relevant to many of the fields measured in the
maglev vehicle TR-07.

Mader and Peralta have also considered temporal and spatial factors in assessing the relative
contribution ofhousehold appliances to total EMF exposure. When exposure is determined
using the product of field intensity and time, household appliances such as electric blankets
can contribute significantly to daily EMF exposure. When evaluating the electric transport
and maglev exposure data, it is important to consider the significance of spatial gradients.

Several motor-driven appliances were found to produce magnetic fields, at close proximity,
mat far exceeded ambient field levels in homes when these appliances were not operating.'
Electric can openers and hand-held electric drills are examples of devices found to create
fields well in excess of 1000 mG within the surrounding space often occupied by the user
(Gauger, 1985; Mader and Peralta, 1992). Other appliances associated with relatively high
magnetic fields included electric ranges, and in particular, electric hair dryers and electric
shavers. The latter are of interest because they routinely represent abroadband ELF
magnetic field exposure to the head ofup to 10,000 mG. Of possible concern with regard to
motor-generated magnetic fields are not only their relatively high strength, but also the spikes
or transients produced by solid state speed controllers and commutator arcing. Reported
electric razor use for more than 2.5 minutes per day has been associated with increased
leukemia risk in adult males (Lovely et al., 1992). Laboratory measurements on
motor-driven personal appliances by Wilson et al (1993) showed that local exposures to the
body from these devices could exceed 4,500 mG, with rates ofchange exceeding 1000 T/sec.
Motor-driven electric hair dryers were one of two household appliances that showed a
statistically significant correlation with increased leukemia incidence in arecentiy published
epidemiologic study (London et al., 1991).

Florig and Holberg (1990) have characterized in detail EMF associated with electric blanket
use. Magnetic fields produced by electric blankets manufactured before 1990 were
determined to be in Uie range of approximately 30 to 300 mG at or very near the blanket
surface. Later calculations (Mader and Peralta, 1992) have found that actual whole-body
exposures to electric blankets are somewhat lower owing to the rapid fall-off of the fields
with distance. Wilson and colleagues (1992) have recently reported that the average
magnetic field flux density at a distance of 10 cm from the surface for an aggregate of
electric blankets was approximately 7.5 mG. Nonetheless, the latter exposure is of interest
because of its duration (approximately 8 hours per day) as much as its intensity and will be
discussed in Chapter 6.
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Household exposures that arise from appliances with electric motors tend to be broad in their
frequency spectra. That is, exposure includes frequencies in the ELF and higher frequency
ranges that arise due to harmonic distortion from reactive loads and solid-state switches.
Exposure to these sources involves asubstantial contribution from frequencies other than 60
Hz. In some instances higher frequency components can extend into the 100 kHz range and
beyond (Wilson et al., 1993).

Figure 2-3 compares magnetic field ranges encountered in several industrial and residential
sectors. In this figure, commonly measured flux densities associated with each source are
distinguished from those that are rarely observed. Total exposure from any of these sources
is a function of the source magnetic field flux density and time spent in the field. Proximity
is especially important for appliances and other devices that have dipole point source
characteristics (Mader and Peralta, 1992).

25 COMPARISONS OF MAGNETIC FIELDS ASSOCIATED WITH ELECTRIC
TRANSPORT TO EXISTING EXPOSURE GUIDELINES

Although there are no U.S. government standards pertaining to non-occupational exposures
for ELF and static magnetic fields, the World Health Organization (WHO) and certain
agencies in other countries have published guideUnes for limiting such exposures to workers
or to the general public. Overall, these guideUnes appear to be based on the assumption that
induced currents constitute dose and are oriented to limiting this aspect ofexposure to time-
varying magnetic fields.

The German Industrial Standard (Deutsche Industrie Norm, or DIN), designated as Uie
Association ofGerman Electrical Engineers (VDE) 0848, is a guideline for electrically
powered rail transportation magnetic fields. Proposed by the German Electio-Techmcal
Commission, part 4of the standard sets limits for exposure to ac magnetic fields in the ELF
(formally 3Hz to 3kHz) and VLF (3 kHz to 30 kHz) ranges. Because they are oriented to
limiting induced electric fields, the standards are frequency dependent. Limitations are set
forth in terms of both rms and peak field flux density, and for both intermittent and
continuous exposures. The standards provide guidance for determining total exposure by
summing contributions from different frequency components. According to this standard,
the maximum allowable whole body exposure at 50 Hz corresponds to approximately 50 G.

The American Conference of Governmental Industrial Hygienists (ACGIH) has recommended
aconsiderably higher limit for whole body exposure. For occupational exposures, ACGIH
recommends that exposures to 60 Hz magnetic fields should not exceed 100 G. This
threshold limit value or "TLV" is a concept taken from chemical toxicology. It is sometimes
cited as guidance for exposure of magnetic resonance imaging technicians. The Umit value is
so high that it applies to very few potential occupational exposures (such exposures,
however, are found in aluminum smelting reduction cell rooms). There are unlikely to be
non-occupational exposures that normally entail flux densities of this nature over a sufficient
area to comprise a whole-body exposure.
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Some states have passed legislation Umiting EMF at power line right-of-way boundaries.
Table 2-1 lists these, by state, as currentiy enacted or pending. These guidelines are the
most restrictive ofthose reviewed here. However, they apply specificaUy to exposures along
nghts-of-way. In many cases magnetic field flux densities specified represent a"no greater
than present values" approach.

Table 2-1. State regulations and policies for transmission line rights ofway (RoW)

STATE

'California

Florida

Montana

Minnesota

*New Jersey

'New York

'North Dakota

'Oregon

Sources:

FIELD LIMIT

Schools 100 feet from edge of RoW for 100-110 kV lines
Schools 150 feet from edge of RoW for 220-230 kV lines
Schools 250 feet from edgeof RoW for 345 kV lines

10 kV/m maximum for 500 kV lines atedge of RoW
2 kV/m maximum for 500 kV lines atedge of RoW
8 kV/m maximum for 230 kV and smaller lines in RoW
2 kV/m maximum for 230 kV and smaller lines at edge of RoW
200mO for 500kV lines at edge of RoW
250 mG for double circuit 500 kV lines at edge of RoW
ISO mG for 230 kV and Smaller lines atedge of RoW

1 kV/m at edge of RoW in residential area

8 kV/m maximum in RoW

3 kV/m at edge of RoW

1.6 kV/m at edge of RoW

9 kV/m maximum in RoW

9 kV/m maximum for 500 kV lines in RoW

California Department ofEducation, (1989): California School Site Selection and Approval Guide,
p4. School Facilities Planning Division, P.O. Box 944272, Sacramento, CA 94244.

Power-Frequency Electric and Magnetic Fields Exposure, Effects, Research, and Regulation. Prepared by
I. Nair, MG Morgan, HK Florig, ofthe Department ofEngineering and Public Policy, Carnegie Mellon
University, for the Energy and Materials Program ofthe US Congressional Office ofTechnology
Assessment (Washington, DC 20510-8025), 1989

Nair I, Morgan MG, Florig HK (1989): Power-Frequency Electric and Magnetic Fields Exposure,
Effects, Research, and Regulation. Carnegie Mellon University, for the Energy and Materials Program of
the US congressional Office o technology Assessment. (Washington, DC 20510-8025), 1989.

2-10



The International Radiation Protection Association (IRPA) has proposed an interim standard
for Umiting human exposure to magnetic fields. As developed by the Non-Ionizing Radiation
Committee of IRPA, the interim standard calls for a maximum exposure on a continuous
basis (24-hr day) of 1Gauss at power frequencies. Short term exposure of up to afew hours
per day is limited to 10 Gauss.

Information is now available on occupational exposures to magnetic fields. In evaluating the
potential contribution of electrical transport to total EMF exposure, it is of interest to
compare data regarding exposures associated with other occupations to those of motormen
and passengers that operate or use electric transport systems. Table 2-2 lists exposures for
various electrical occupations. Although electric train drivers would be included in this
listing, no data for them was provided in Bowman, 1988.

2.6 OVERVIEW OF BIOLOGICAL EFFECTS FROM EMF EXPOSURE

At the outset of this overview, we note the lack of consensus in the scientific community as
to the extent, or existence, of possible adverse health effects from, or physiological response
to EMF exposure. In the following discussion, the difference between adverse health effects
(o'r pathological effects) and biological (or physiological) effects is important. Biological or
physiological effects are responses in biological cells, whole animals, or humans that can be
measured as a result of EMF exposure, but whose existence does not necessarily lead to an
adverse health outcome. Pathological or adverse health effects are those that lead to disease
or disorders that shorten life span or substantially reduce the quaUty of life. An example of
apathological effect would be an increase in risk for adisease such as cancer that was
directiy attributable to EMF exposure or to which EMF exposure was ademonstrated
contributing factor.

As stated previously, EMF in the ELF and RF ranges do not have sufficient energy to
disrupt chemical bonds and therefore cannot cause any direct chemical changes to desoxy
ribo nucleic acid (DNA). This inability to cause direct chemical damage has led many to
conclude that these fields can have no effect on cancer risk. This view is based on the
premise that cancer arises only from expression of achemical change or mutation within the
genetic material of the ceU (genome). Others maintain that EMF effects on nervous system
function are not possible because the amount of energy deposited by EMF exposure in the
ELF range is below the levels of the thermal energy already present, and therefore ELF
fields cannot be detected by the organism (Adair, 1991).
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Table 2-2. Occupational exposures to extremely low magnetic fields (mG)

Job Class Environments Number of

Sites

Geo.

Mean

Range (mG)

Electricians Industrial Power Supply 1 103.1

Power Line

Workers
Underground and Overhead
Lines

Home Hookups

3

2

14

57.4

42.5

1.1

38-91

32-57

0.04-12

Welders and

Flame Cutters
TIG/AC

TIG/DC
4

4

41.3

6.5

24-90

4-16

Power Station

Operators
Transmission Station
Distribution Substation
Generating Station
Control Rooms

3

3

12

8

38.6

28.6

6.0

2.1

16-72

7-54

0.1-118

1-4

Electronics

Assemblers
Sputtering
Soldering
Microelectronics

2

2

3

24.3

1.3

0.03

14-43

1.3-1.6

0.01-0.06

Projectionists Xenon Arc 7 14.4 1-45

Fork-Lifl

Operators
Battery Powered 9 11.7 0.9-1250*

Electronics

Engineers and
Technicians

Laser Lab

Calibration Lab
Office

9

4

1

10.6

0.6

0.2

2-202

0.6-0.7

Radio and TV

Repairers
Repair Shops 11 6.3 1-26

Radio Operators Dispatchers 3 0.3 0.2-0.4

Secretaries VDT

Other
6

3

3.1

1.1

0.8-29

0.2-4

"Electrical Workers" combined 105 5.0 0.1-1250

'Peak measured during acceleration

Source:

Bowman JD, Garabrant DH. Sobel E. Peters JM (1988): Exposures to Extremely Low Frequency
(ELF) Electromagnetic Fields in Occupations with Elevated Leukemia Rates. Appl. Ind Hve
3:189-194. 3B'

The basis of the argument that weak magnetic fields cannot have biological or physiological
effects (as distinguished from adverse health or paUiological effects) is that the energy
represented by the fields is not only insufficient to break chemical bonds, but indeed should
not be detectable against the background of thermal and electric noise present in living tissue
at ambient temperatures. Sensing of weak magnetic fields is, nonetheless, well documented
in the animal kingdom. There is much evidence that some animal species are capable of
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in the animal kingdom. There is much evidence that some animal species are capable of
detecting low-strength EMF and responding to them. Elasmobranch fish have specialized
electric field sensing organs, and certain migratory birds can detect and use the geo-magnetic
field for navigation. Kirschvink (1992) has discussed these observations in light of recent
findings suggesting that magnetite, amagnetic mineral found in magnetotoctic bacteria, may
be more widely distributed in the animal kingdom than previously thought. For reviews of
magnetic field sensing for homing and navigation in animals, see Kalmyn and Blakemore
(1978) and Kirschvink et al. (1985).

Given sufficient field strength, there is no question that low-energy magnetic fields can have
biological effects. For example, the perception of colorless Ught flashes (phosphenes) can be
induced in humans by exposure of the head to magnetic fields with flux densities on the
order of 100 G(10 nrT) at low frequencies (approximately 10 to 100 Hz) with the lowest
threshold around 20 Hz. Dependence of this visual effect on EMF frequency is evident from
Figure 2-4. At still higher field strengths, an exposed human may experience involuntary
muscle contractions.

These effects arise from currents induced by the time-varying magnetic field. Thus, the
debate over the possible effects of magnetic field exposure does not concern whether effects
exist but, rather, at what field strengths and frequencies these effects can be reproducibly
detected Figure 2-5 illustrates approximate relationships between imposed magnetic field
flux density, induced electric field, and induced currents for ahuman-sized object. Flux
densities or induced current for biological effects over which there is no controversy (visual
phosphenes and electrically induced convulsions) are indicated in this figure. Field strengths
at which other effects have been reported are shown, along with the approximately
corresponding magnetic flux densities represented by anumber of magnetic field sources.

Animal studies have been carried out to address the areas of interest identified by results
from epidemiologic studies. These studies have focused attention on possible increased nsk
for cancer, miscarriage, and depression (Walborg, 1991). Well-done, large population
studies in rodents have shown no effects ofEMF exposure on reproductive outcome
(Rommereim et al., 1988 and 1990). Animal studies offer some evidence that EMF
exposure may affect short-term memory (Lovely et al., 1990), and laboratory studies with
humans furnish limited evidence that is consistent with effects on central nervous system
(CNS) function (Bell et al., 1991). Afew recent studies have suggested that EMF exposure
may enhance the development of cancer in animals that have been treated with chemical
carcinogens (Beniashvili et al., 1991). These data will be discussed in Chapter 5.

Groh (1993) conducted studies to determine possible effects of asynthetic maglev magnetic
field signal on pineal function in rats and on anumber of ceUular systems. These studies are
discussed in Chapters 5 and 6.
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Figure 2-4. Magnetophosphene phenomena in humans are frequency dependent with
highest sensitivity reported to be at approximately 20 Hz. This graph depicts normalized
response curves as a function of frequency. As can be seen, electric fields show a frequency
dependence similar to that of tiie magnetic fields. This supports the conclusion that these
sensations arise from electrical currents induced in Uie eye by the magnetic field. (Adapted
from Tenforde, 1991)
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Figure 2-5. Magnetic field flux densities associated with selected sources are shown on a
scale with their approximate corresponding induced currents as calculated for a human model
(oblate spheroid). Also shown for reference are the corresponding levels for several
biological effects observed in the laboratory or cUnic. This illustration does not imply that
aU ofthe Usted biological effects occur in humans exposed to 60 Hz fields. Many of these
effects are dependent on frequency and other characteristics of the field and have been
observed only in laboratory animals.

As determined by laboratory studies on whole animals, many biological effects of EMF
appear to be mediated by the nervous system, as are Uie phosphenes. These nervous system
responses may be manifest by subsequent changes in neuroendocrine function (Wilson and
Anderson, 1990). Effects may arise from injected or induced currents (Figure 2-5). Lack of
consensus on Uie issue relates to flux densities and time-rates-of-change characteristics of Uie
magnetic fields and not whether Uie fields are intrinsically capable of producing biological
effects.
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On the cellular level, there is growing evidence that the cell membrane is the site of action
for the fields. It appears mat signal transduction occurs at the ceU membrane, and mat many
ofthe effects observed in studies with cultured cells may be a consequence ofchanges in
membrane bound ion channels or receptors (Adey, 1988). At the subcellular level,
researchers are interested in EMF effects on gene regulation. Although there are no reliable
reports of direct chemical damage to DNA from magnetic field exposure, several laboratories
have reported alterations in the gene transcription (for example, Goodman et al., 1992).
EMF-induced changes in the regulation ofgenes, while not constituting a mutation or
heritable change, could play a role in tiie expression of oncogenes and thereby affect cancer
risk.

2.7 EMF EPIDEMIOLOGIC STUDIES OVERVIEW

Research into possible biological and health effects from exposure to EMF has been
stimulated by a number of epidemiologic studies showing an association between surrogates
for EMF exposure and increased risk for certain cancers, miscarriage, and emotional
depression. Surrogates used in these studies include proximity to high current power lines
external to the home and job title. In the latter occupational studies, workers with job
descriptions that entail greater exposure to magnetic fields are often compared to workers in
occupations with less exposure. These studies are discussed in some detail in Chapter 7.

Several epidemiologic studies that included or dealt specifically with electric railway workers
have been carried out. Of the studies involving railroad workers reviewed in Chapter 7,
three (Nakagawa, et al. 1992, Tynes et al. 1993, and Baroncelli et al., 1986) showed no
association with cancer risk. One of the studies (Tynes and Anderson, 1990) showed an
association with a very rare cancer (male breast cancer) and one (Balli-Antunes et al. 1990)
showed a weak association between work on electrical railways and risk of leukemia and
lymphoma combined.
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3 MAGNETIC FIELD CHARACTERISTICS OF THE TRANSRAPID MAGLEV
VEHICLE AND ELECTRIC RAIL TRANSPORT SYSTEMS

3.1 SYNOPSIS

The magnetic field, flux density, and frequency associated with maglev vehicle technologies
are briefly described and contrasted with those of currentiy operational electric rail transport
systems. Contemporary designs for maglev vehicles may be categorized as either
superconducting or non-superconducting. The Transrapid (TR-07) system is a
non-superconducting electromagnetic system (EMS), which adjusts magnet currents on a
continuous basis to maintain levitation and speed as required. Magnetic fields from
non-superconducting systems are likely to be of lower flux density than those from
superconducting designs. Hence, stray fields from these systems to which humans may be
exposed are likely to be lower than those from the superconductivity design.

Characteristic flux densities of the magnetic fields generated by the Transrapid maglev
vehicle system are briefly summarized. These are compared to the flux densities from
similar measurements of magnetic fields associated with several currently used electrically
powered rail transport technologies, including subway, high-speed surface rail, and
conventional heavy surface rail systems. These technologies are compared in terms of
magnetic field flux density and frequency components in the range between 0Hz and
approximately 2.5 kHz. Data on temporal characteristics of the field are also presented and
discussed.

Maglev magnetic fields may exhibit agreater variance in frequency components during
operation than do those from electric rail transport technologies. However, it is concluded
that Transrapid maglev fields are not substantially different from other technologies in terms
of flux density or frequency content. There may, however, be temporal aspects of dc and
ac magnetic fields or specific combinations of ac and dc fields associated with maglev TR-07
that are not found in any of the technologies considered in this section. Nonetheless,
passenger and crew exposures, in terms of frequency or flux density, are not likely to differ
significantiy between maglev and other existing technologies.

3.2 INTRODUCTION

Maglev vehicle transportation is currently being evaluated as a possible future component of
the U.S. ground transportation system. This technology offers advantages in speed and
comfort for surface transportation and is being considered as a means ofreducing congestion
in heavy traffic corridors.

Maglev vehicles operate along a guideway instead ofon rails. During operation, the vehicle
does not touch the guideway, but is suspended above it by means of either repulsive or
attractive magnetic forces. Intense magnetic fields are created between the guideway and the
train during levitation and operation. In EMS technologies, these range in frequency from
dc, used for lifting the train offthe guideway, to propulsion and guidance frequencies in the
hundreds of Hz range. In electrodynamic systems (EDS), the current provided to the
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magnets is relatively constant, and hence is anticipated to vary in frequency during operation
less than in EMS technologies such as Transrapid. EDS is a repulsive system, whereas EMS
is attractive. Tolerances required for EMS in terms of vehicle to guideway distance are
much more restrictive, and dynamic control is required.

Superconducting maglev designs have also been proposed, and such a system is being
developed in Japan. Superconducting systems are likely to have magnetic fields that are
greater in magnitude man non-superconducting systems. Nakagawa et al. (1992) have
described measurements of dc fields in the 1-200 G range, and measurements of ac fields in
the 0.1 to 10G range, associated with superconducting maglev. Maglev-generated stray
fields to which humans may be exposed constitute a potentially important environmental
aspect of the technology, given recent interest in possible adverse health effects from EMF.

Magnetic fields associated with maglev vehicle operation at the Emsland Transrapid maglev
Demonstration Facility in the Federal Republic of Germany, as well as those associated with
several conventional electrical powered rail systems, were recently characterized in a series
of field studies by Electric Research and Management (ERM 1992a,b; 1993 a,b,c). In
evaluating the possible significance of magnetic fields with regard to potential biological
effects generated by maglev, it is useful to consider the characteristics of magnetic fields
generated by electrically powered conventional and high-speed rail systems.

A series of studies to characterize magnetic fields generated by electrically powered rail
transportation systems was recently completed for the U.S. Department of Transportation.
Included in these studies to date, along with the Transrapid vehicle TR-07 (ERM 1992a),
have been the French high-speed rail train (TGV-A) (ERM 1992b); Washington, D.C.,
Metro (1993a), and Massachusetts Bay Transit Authority (MBTA) (subway) trains
(ERM, 1993b); and Amtrak surface rail trains that operate along the Northeast Corridor
(NEC) and New Jersey Transit trains that operate along the north New Jersey coast line
(ERM, 1993c). These systems are representative of tiie major types of electric mass
transport technologies currentiy in operation, including both older (e.g., MTBA) and newer
(Washington, D.C., Metro) subway systems, high-speed surface rail (e.g., TGV), and
conventional surface rail, including 25 Hz and 60 Hz electric, as well as non-electric (diesel-
powered) line segments.

Data discussed in this chapter are primarily from measurements made by ERM. Most were
obtained using the "multiwave" (also designated as Uie wave-capture) system, which is
transportable and capable of sensing and recording static and time-varying magnetic field flux
density and corresponding frequency data over the range from 0 Hz to approximately 2.5
kHz at a high sampling rate. Data thus acquired can later be displayed as three-dimensional
graphs with axes representing, for example, flux density, frequency, and elapsed time.

Other equipment used in these characterization studies include Uie three-axis EMDEX II
meter. As Uie authors of these reports point out, Uie frequency response range of Uie
EMDEX is centered around 60 Hz and is narrower than that of the multiwave system. Thus,
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EMDEX readings can be expected to be lower than comparable multiwave readings in
environments where a wider range of magnetic field frequency components is present. These
differences in response and the resulting variation in the average measured fields are
illustrated in Section 3-8, which compares magnetic fields associated with surface rail
technologies as determined using multiwave, EMDEX, and DAT (digital audio tape)
technology measuring systems.

In reporting data from these studies, ERM has designated six bands covering the frequency
range from 0Hz to approximately 2.5 kHz. These are of differing bandwidth and are useful
for aqualitative comparison of the relative frequency characteristics for magnetic fields
generated by the various transport systems. The designators "low frequency," "high
frequency," and "all frequency" as used by ERM are defined below and should be used for
these data only. These should not be confused with official IEEE bandwidth designations.

The bands are:

Static (0 Hz)
Low Frequency (5-45 Hz)
Power Frequency (50-60 Hz)
Power Harmonic Frequencies (65-300 Hz)
High Frequency (305-2560 Hz)
All Frequencies (5-2560 Hz)

It is the position ofERM, based on the large data set collected to date, that measurements
within the bandwidth between 0 Hz and 2560 Hz adequately characterize the magnetic fields
from electrically powered transport systems, because the amplitude of frequency components
above approximately 2.5 kHz from these systems is minimal. Magnetic field flux densities in
the various bandwidths will be used in this section as a means of comparing Uie maglev
magnetic fields to those of electric transport systems currently in use.

3.3 TRANSRAPID TR-07 MAGLEV MAGNETIC FIELD CHARACTERISTICS

Time-varying magnetic fields measured on the TR-07 during operation were primarily in the
"low frequency" (5-45 Hz) range. Other ELF components varied to some extent depending
on speed and operation status (i.e., acceleration, steady speed, or deceleration). Figure 3-1
(from ERM 1992a) illustrates flux density of the field as a function of acceleration and
deceleration.

As is illustrated by Figure 3-1 and the representative data on tiie frequency, flux density, and
time axes shown in Figure 3-2, magnetic fields generated by the maglev system are complex
in terms of their frequency components and temporal characteristics during the acceleration,
cruise, deceleration cycle. Fields measured in Uie passenger compartments were often the
result of fields from multiple sources, including Uie levitation and drive components of the
system, and thus their spatial distributions could not be easily predicted. Flux density and
spectral characteristics varied depending on vehicle operating parameters and varied during
acceleration and deceleration.
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Figure 3-1. Magnetic field on the TR-07 vehicle as measured with the EMDEX meter
worn at waist level. Solid line indicates concurrent vehicle speed (scale on right of figure).
(From ERM, 1992a)

Signals at the excitation frequency were prominent in the spectra from TR-07 with a fairly
constant contribution in the 2-15 Hz range. Excitation frequency varied with speed and was
typically 164 Hz in the measurements considered here. The energized line on the guideway
appeared to be the primary source of magnetic fields in the passenger compartment. Thus,
flux densities in the passenger compartments of the train were inversely proportional to the
height above the floor. Table 3-1 (adapted from ERM, 1992a) shows magnetic fields
measured in the TR-07 vehicle as a function of frequency bandwidth, and height above the
floor in the passenger compartment and in the rear engineer's cabin.
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Figure 3-2. Three-dimensional presentation of flux density and elapsed time data from
magnetic field measurements in the passenger compartment of transrapid TR-07 maglev
vehicle. (From ERM, 1992a)
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Table 3-1. Average and standard deviation of the magnetic field flux density (in
milligauss, mG) by ERM designated frequency band, as measured in Uie rear engineer's
compartment and passenger compartment of the TR-07 maglev vehicle at the indicated height
above tiie floor. Data for the passenger car is from a composite data table for all passenger
car measurements. (From ERM, 1992a)

Height Above
Floor (cm)

Rear Engineer's
Compartment Position

Passenger's
Compartment

FREO. BAND1 AVG/SD (mG, AVG/SD (mG.

Static 13

112

986/76

791/94

Seated Head

Level

746/117

5-45 Hz

LowFreq.
13

112

76/38

37/14

Seat Level 63/34

50-60 Hz

Power Freq.
13

112

16/7

12/7

Seat Level 8.6/4.8

65-300 Hz

Pwr Harm.

13

112

55/16

45/8

Seat Level 17.4/5.5

305-2560 Hz

High Freq.
13

112

4/2

4/2

Seat Level 1.1/0.53

5-2560 Hz

All Freq.
13

112

97/38

60/15

Seat Level 66.8/33

1 Bandwidthdesignations shown here were made by ERM for the reporting of these data only and are not
generally recognized designations for bands in their frequency range.

3.4 ELECTRICALLY POWERED RAIL TRANSPORT SYSTEMS

Regardless of their specific design, electrically powered rail systems have a number of design
and operating principles in common. Power is supplied to Uie drive or traction motors on
these systems by means of a third rail, which is electrified, or by an electrified overhead
cable (or cables). Suspended overhead cables are referred to as catenaries. The catenary or
third rail is energized through a series of small transformers or substations. These, in turn,
are connected with Uie main power grid by larger substations. If Uie rail system operates on
dc or at a frequency different from thatof the main power grid (e.g., 25 Hz instead of 60 Hz
in the United States), then rectification and/or phase shifting equipment is required at the
interconnection between the railroad power system and the main power grid. Each set of
transformers or substation energizes a limited length of tiie catenary or third rail. Return
currents flow back to the substation or transformer along one or both of tiie track rails.
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Conventional rail systems may operate on either ac or dc power. Some trains have the
capability to use both, allowing them to operate on track segments with either type ofpower.
Although some ac systems operate at line frequency (i.e., 60 Hz in the United States and 50
Hz in most other countries), ac power for traction motors is commonly supplied at
frequencies less than 60 Hz. In the United States, 25 Hz is used, and in Europe 16.7 Hz is
often used.

Measurements taken by ERM using specially designed equipment provide information on flux
density, frequency, and temporal characteristics ofthe fields generated by these systems at a
variety of locations and under a variety of conditions. Both ac and dc fields, as well as the
associated harmonics, transient behavior, and other characteristics such as rectification ripple,
were determined in these studies.

In characterizing the fields from these systems, Uie investigators considered these potential
sources of magnetic fields:

1) track to third rail or track-to-catenary power circuits;
2) traction motors on the locomotives or drive cars;
3) traction power control equipment (e.g. switches, resistors, solid state controllers and

reactors) and their associated wiring beneath the cars;
4) heating, lighting, and other accessory power equipment; and
5) external sources ofmagnetic fields such as other trains ornearby transmission lines.

Because the engines and coaches used in all of these systems are constructed ofconducting
materials, they effectively shield against external electric fields. Electric fields measured in
tiie interior areas of all of the trains and vehicles considered here were of negligible
magnitude and did not exceed approximately 1 V/m.

The magnetic field measurements mat have been made on these systems clearly reveal that
the catenary, for those systems that employ this type of feed line, is an important source of
magnetic fields in tiie coaches. In such systems, magnetic field flux density commonly
increases with height above the floor. Subway systems commonly employ a third rail to
supply electric power and usually have traction motors in each car. In these systems,
magnetic field flux density is usually inversely proportional to height above Uie floor.
Equipment that controls and powers these motors gives rise to most of Uie magnetic fields
measured in Uie passenger areas. In surface heavy rail coaches, Uie "hotel" power cables
that normally run under Uie floor and supply power for lighting and heat can also be a
magnetic field source.

Exposure to magnetic fields generated by electric rail systems may also occur along
waysides, areas that are in proximity to the tracks and are often fenced, or on station
platforms. Along the waysides, magnetic field flux density drops off very rapidly with
distance from Uie catenary or third rail. In the ERM reports on magnetic fields from electric
transport systems, measurements were made in these areas as well as in control facilities,
such as dispatch areas. Magnetic field flux densities measured along track waysides are
dependent on whether a train is operating along that track/catenary segment. When there is
no train operating on a given segment, Uie magnetic fields due to current in Uie
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catenary/return rail circuit are low, and ambient fields along Uie wayside under this situation
are often determined primarily by sources other man the train drive circuits.

3.5 THE MASSACHUSETTS BAY TRANSIT AUTHORITY AND THE
WASHINGTON, D.C., METRO (SUBWAY) SYSTEMS

Rail lines comprising tiie MBTA subway system were built and came into service at different
times and represent, to some extent, differing technologies. Among these are lines with
differing EMF characteristics, some of which may be unique. The system operates on dc,
and has traction motors in each car. In MBTA passenger cars, Uie main source of Uie
magnetic field is the power control equipment located beneath the floor. It is also possible
that current flowing between the third rail and the track return circuit contributes to the total
field in Uie cars. Magnetic fields in Uie cars are primarily static with time-varying
components resulting from fluctuation in the static field as well as from rectifier ripple.

At seat level, the static magnetic field in the MBTA passenger cars, overall, averaged 507
mG, and the maximum field measured at the seat level was 1446 mG. These fields were
highest while the train was accelerating. Time-varying magnetic field flux densities for the
MBTA cars averaged 5.7 mG, and the maximum time-varying field reported in these cars
was 68 mG. Average fields here are defined as Uie average of all measurements taken at a
given position. Data from measurements on an MBTA Red Line car are listed in tables in
Section 3.8.

Along waysides and in system control areas, magnetic fields generated by the MBTA system
are primarily static. For subway train drivers, the average seat height time-varying magnetic
field was 4.8 mG, and the average static field was 699 mG. In dispatch areas, the main
source of time-varying magnetic fields was power lines that supplied electricity to control
equipment. Video display terminals also contributed to these fields. Dispatcher room fields
ranged from an average low of 4.9 mG to an average high of 6.6 mG. Representative
transients on Uie MBTA line were also detected and characterized. Transients events

detected on tiie MBTA system during these measurements had time-rates-of-change of less
than 1 x lO^/sec.

Magnetic fields in passenger cars on the Washington, D.C., Metro System come primarily
from traction power control equipment located under the floor of each car, as well as from
the current flowing from the third rail, through the car drive equipment, and back along the
track return. In the passenger cars, the fields are primarily static with time-varying
components resulting from load changes and other fluctuations in current flow.

The 3000 series cars have a solid state motor speed controller (known as a "chopper") which
operates at 273 Hz. In tiie power circuit with this chopper is a large inductance coil, termed
a "reactor" or "filter." This coil is used to reduce high-frequency components from chopper
operation that would otherwise reduce power quality in the circuit external to Uie car, by
affecting tiie return current waveforms. A primary concern was that these signals may
interfere with communications on Uie system. This reactor is located in Uie central area of
tiie 3000 series cars underneath tiie floor. The magnetic field produced by this coil, is a
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function of the amperage times the number of coil turns, can contribute substantially to the
flux densities in these cars. For example, the maximum dc field reported in a series 3000
car was over 23 G (ERM, 1993a), as compared to approximately 4.5 G for other types of
(resistor-controlled) cars. The maximum ac field for the series 3000 car was 2.9 G, as
compared to 0.65 G for other series cars.

On the Washington Metro System, Uie train motorman would probably have lower magnetic
field exposure than the passengers. Static magnetic fields at seat level in the driver's
compartment averaged 761 mG, and the maximum flux density encountered was 3148 mG.
The corresponding ac magnetic field flux densities were 11 mG and 24 mG, respectively.

Exposures to passengers on tiie platform were also determined in this study. Maximum static
magnetic fields at mid-torso height (110 cm) above the platform were strongly dependent on
car type. On outdoor platforms, while series 3000 cars were operating, the maximum
magnetic field at torso height was 1218 mG near tiie platform floor. These fields peaked at
3270 mG for a short time as the 3000 series cars passed by the measuring equipment.

3.6 SURFACE RAIL SYSTEMS

Magnetic field measurements were made on the Amtrak and Metro NEC and on the New
Jersey Transit and North Jersey Coast Line Rail Systems. Magnetic fields in the passenger
areas of the electrically driven trains operated by Amtrak along Uie NEC and in New Jersey
were due to currents flowing in the catenary and the track circuit. Data were collected from
sections of the lines operated at 60 Hz and 25 Hz as well as on non-electrified
(diesel-powered ) sections of these lines (ERM, 1993c).

On sections of the systems operated at 25 Hz, these fields were comprised primarily of the
fundamental frequency which falls into the band designated as "low frequency" (5-45 Hz) by
ERM. Flux densities averaged 134 mG on sections of the line operated at 25 Hz. On the
sections operated at 60 Hz, flux densities inside cars averaged 52 mG; on the New Jersey
Coast Line (Long Branch), they averaged 19 mG. Maximum magnetic fields encountered on
these three electrified systems were 628 mG, 305 mG, and 61 mG, respectively.

Along Uie non-electrified track segments, Uie magnetic fields arose mainly from Uie "hotel"
power lines that run underneath tiie floors of the cars. Average minimum fields on these
segments were 6 mG, and Uie average maximum fields were 13 mG. Figure 3-3 (from
ERM, 1993c) compares the magnetic fields associated with the three means of powering
trains running on Uie Amtrak system in Uie NEC. This graph illustrates tiie variation in
magnetic field flux density values that arises from use of different instruments for
measurement.
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Figure 3-3. Comparison of average time-varying magnetic field levels in coaches operating
on various segments of the NEC and the Northern Jersey Coast Line as determined by
different measuring devices. (From 1993c)

The French TGV is a high-speed, electric-powered train that run's on conventional tracks and
is powered by a push-pull locomotive arrangement which can operate either on ac or dc
power. A 1500 volt electrical cable runs underneath the passenger cars to connect the two
locomotives during operation. Both ac and dc hotel power cables also run under the
passenger coaches.
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During dc operation, Uie static magnetic fields in the passenger coaches averaged 1826 mG
over all samples and sensor locations, and Uie maximum flux density encountered was 6131
mG. Corresponding measurements while in ac operation were 31 and 165 mG, respectively.
Magnetic fields in the engineer's cab of Uie locomotive averaged 1629 mG over all samples
and all sensor locations. The maximum static magnetic field encountered was 5160 mG.
Corresponding measures for the power frequency magnetic fields while traveling over 50 Hz
sections of the line were 31 mG averaged and 367 mG maximum. On board the train or near
the tracks along the 50 Hz sections, the magnetic fields are much the same as from electrical
appliances in Europe, with the largest component at 50 Hz and significant energy in the odd
harmonics.

3.7 ELECTRIC TROLLEYS AND TROLLEY BUSES

Electric trolleys are steel-wheeled vehicles that run along steel tracks laid in the street.
Trolley buses (or electric buses) are rubber-tired vehicles that are powered from overhead
electric cables. The latter always requires a second overhead cable because there is no steel
track for return current flow.

Both of these types of vehicles are used for public transport in Uie Boston area. During Uie
measurements on Uie subways in Boston, magnetic fields were measured on a number of
these vehicles. Seat-level, time-varying magnetic fields in Uie trolleys and trolley buses
averaged 2.5 mG over all sensor locations and all vehicles. The maximum time-varying field
encounteredwas 26 mG. Corresponding static magnetic field flux densities were 312 mG and
775 mG, respectively.

3.8 COMPARISONS OF MAGNETIC FIELDS ASSOCIATED WITH TRANSRAPID
MAGLEV WITH FIELDS FROM OTHER ELECTRIC-POWERED SYSTEMS

Review of Uie available information on magnetic fields associated with various kinds of
electric rail transport technologies indicates mat mere are not likely to be any significant
potential human exposures uniquely associated with Transrapid maglev operation. In terms of
flux density, Uie maglev fields are certainly not higher, either on a peak field or average field
basis, than those from Uie other rail technologies considered in this report. While there are no
unique exposures in terms of flux density or frequency as determined by me ERM bandwidth
designations described earlier, Uie combination of dc fields and the range of frequencies
encountered in the TR-07 is clearly not matched in any of the rail transport technologies
considered here.
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It is of interest to note that the maximum reported magnetic fields to which train crews may
be exposed in Europe appear to be higher than those determined to date in the United States.
The highest potential train crew exposure found reported in the literature to date is
approximately 25 Gat 50 Hz, at a distance of 0.5 mabove Uie floor on certain model
locomotives used on the British Rail System (Chadwick and Lowes, 1992). Authors who
have considered magnetic field exposure on the Swiss National Railroad System have
calculated that train crews in that country are exposed to 16.7 Hz field flux densities
exceeding 10 G(Balli-Antunes et al, 1990). In a recent epidemiologic study of 529 railroad
workers in Italy, Baroncelli and colleagues (1986) classed workers who were in fields of
greater than 150 mG (50 Hz) for an average of more than 20 hr/week in the highest exposure
category. Tynes et al. (1993) reported that exposures for Norwegian rail workers in the
highest category of exposure ranged up to 8.8 G. (Electrified sections of the Norwegian rail
system operate at 16.67 Hz.)

Magnetic field flux densities measured in the TR-07 vehicle as a function of frequency were
listed previously in Table 3-1. Table 3-2 provides similar information for other systems for
which data are available from measurements using the multiwave system. Conclusions in
this chapter regarding the lack ofsubstantially unique magnetic fields associated with maglev
operation are based largely on comparisons by frequency and flux density, between Table 3-1
for the maglev and Table 3-2 for currently deployed electric rail transport technologies.

Table 3-2. Comparison of average and standard deviations of the measured passenger
compartment magnetic fields, by flux density (mG) and bandwidth,1 from the MBTA Red
Line, Washington D.C. Metro, French TGV-A high speed rail, and Amtrak lines

HEIGHT
ABOVE

FLOOR

MBTA
RED LINE

WASH t).C.
METRO

HIGH
SPEED TGV

/AC

AMTRAK
NEC 25 Hz

AMTRAK
NEC 60 Hz

freO-
BAND

(CM) AVG /SD AVG/SD AVG/SD AVG/SD AVG/SD

Static lb
110

569/170

364/133

>23,000-1 1558/331

909/377

568/462

539/135

735734
355/33

3-45 Hz
Low Freq.

10

110

3.9/3.2

1.7/1.5

562/532

34/25

2119.1
25/11

126/100

113/101

1.2/0.9

0.6/0.4

50-60 Hz

Power Freq.
10

110

0.7/0.5

0.4/0.2

70/57

4.4/2.9

26/16

20/15

10/9

3.0/2.2

59/59

54/59

65-300 Hz

Pwr Harm.

10

110

1.4/1.4

0.5/0.3

739/457

44/27

2.7/1.1

2.1/1.0

16/11
12/10

5.1/4.9
5.2/4.7

$65-2566 Hz
High Freq.

10

no

0.776.6
0.16/0.10

231/121
14/6.8

1.6)6.6
1.1/0.5

2.871.75
2.2/1.8

1.4/1.3

1.3/1.2

3-2560 Hz
All Freq.

10

110

4.4/3.5
1.9/1.5

998/657

60/32

40/13
34/13

129/100

113/102

39/60
55/59

1 Bandwidth designations shown here were designated by ERM for the reporting of these data only and are
not generally recognized designations for bands in their frequency range.

2 At 10 cm above the floor, the dc magnetic field saturated the flux gate magnetometer sensor for some
measurements.
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In terms of frequency components or spectral density characteristics, the maglev fields are
more variable and cover a wider frequency range than do tiie single fundamental frequency
(e.g., 60-Hz) surface rail system such as Amtrak. Maglev-generated fields exhibited high
spectral power density in the 15 Hz range. This 15 Hz component is close to tiie 16.6 Hz
fundamental used in Switzerland, for example, and according to the bandwidth designation
scheme used by Dietrich et al., falls into the same band as the 25 Hz fundamental used by
Amtrak.

Temporal characteristics of the Transrapid maglev field as determined on a many second or
minute time scale can be seen earlier in Figure 3-1. These reflect increased current flow in
the system when accelerating or breaking. This pattern of current use is common to systems
that operate over short track lengths between stops. In terms of exposures for train crews,
patterns such as that shown in Figure 3-1 may be of interest in terms of the apparent
enhancement of biological effect from intermittent as compared to continuous exposure. The
relatively high static magnetic field flux densities (compared to the geomagnetic field)
associated with some of these systems that operate on dc power make these exposures of
possible interest relative to the various proposed resonance models for biophysical coupling
of Uie fields to biological tissue.

3.9 HEALTH-EFFECTS-RELATED STUDIES INVOLVING ELECTRIC RAIL

TRANSPORT AND MAGLEV MAGNETIC FIELDS

Several epidemiologic studies considering electric rail transport workers have been published.
These are reviewed in Chapter 7 and include studies from Japan, Switzerland, Italy, and
Norway. In Uie Swiss study, increased risks for leukemias and lymphomas were found
(Balli-Antunes et al., 1990). In Norway, Tynes and Anderson (1990) reported increased
breast cancer risk. In a subsequent nested case control study (Tynes et al., 1993), no
difference was reported in leukemia or brain cancer risk for workers on electrified sections
of tiie rail system as compared to workers on non-electrified (diesel-operated) sections. In
the Japanese (Nakagawa et al., 1992) and Italian (Baroncelli et al., 1986) studies, no adverse
health effects were observed in the electric rail transport worker populations studied.

Results from laboratory studies conducted specifically to determine biological effects from
simulated maglev magnetic fields have also been reported (Groh, et al., 1992), and are
reviewed in Chapter 4. These studies use simulated maglev fields for exposure and included
exposures having up to 7 times the amplitude of Uie measured maglev fields. In cellular
studies, no differences were observed between exposed and control cell preparations. In
studies wherein rats were exposed to these fields, no significant alterations in pineal
melatonin concentrations and NAT activity were observed for simulated maglev field
exposures of less than 7x amplitude. Changes in NAT activity and pineal melatonin
concentration were observed for a positive control square wave signal, and for the 7x
amplitude simulated maglev magnetic field exposure. The difference in melatonin
concentrations between exposed and control groups was not statistically significant.
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3.10 CONCLUSIONS

Although Uie variation in frequency for Transrapid maglev-generated fields may be greater
than for those associated with rail technologies, this variance is essentially confined to the
frequency range below 2.5 kHz and is within the range of frequencies associated with current
electrically powered rail transport systems. Available data on flux density, frequency, and
temporal attributes ofTransrapid maglev magnetic fields, and on magnetic fields associated
with conventional electrically powered rail transport systems, indicate that the combination of
dc fields and the range of frequencies encountered in the TR-07 is clearly not matched in any
of tiie rail transport technologies considered here.
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4. BROADBAND EMF AND PROPOSED MECHANISMS
FOR THEIR DETECTION BY BIOLOGICAL SYSTEMS

4.1 SYNOPSIS

A variety of possible mechanisms have been proposed to explain how weak EMF may
interact with biological systems. These include mechanisms (e.g., induced currents) for
which consideration of noise inherent in biological systems is important, as well as several
for which these considerations appear relatively unimportant (e.g., effects on free radical
electron spin states). Certain of the proposed mechanisms are frequency dependent. These
non-monotonic dose-response effects can arise both from resonance phenomena inherent in
the mechanisms as well as from the response characteristics of the affected biological system.

Biological responses to magnetic fields may depend directly on Uie action of magnetic fields
or on the electrical currents that time-varying magnetic fields induce in biological tissue.
Both induced current and direct magnetic field effect models will be presented and discussed.
Sources of fundamental electrical noise and biogenetic electric fields will be discussed as an
introduction to the problem of detectability for weak external magnetic fields in tissue.

In view of Uie often observed dependence on magnetic field frequency in certain laboratory
studies, it is important to consider possible implications of the broadband nature of EMF.
EMF can be considered as broadband if they cannot be characterized by one frequency or a
small set of frequencies. More quantitatively, a broadband signal is defined as any signal for
which me ratio of its bandwidth to its mean frequency is larger than 0.5.

As a practical illustration of the induced current models, clinical application of pulsed
magnetic fields to bone growth stimulation will be discussed. Theoretical underpinnings that
have led to Uie design of successful clinical equipment for bone healing in humans are of
demonstrated relevance to broadband magnetic field effects in humans. Other proposed
mechanisms for magnetic field signal transduction will also be discussed. These include
magnetic field effects on free radical state populations and possible implications of biogenic
magnetite, as well as tiie resonance models and coherence. For more detail regarding the
various proposed mechanisms reviewed in this chapter, see the collected papers in
Bioelectromagnetics, Supplement 1 (1992).

4.2 INTRODUCTION

In the induced electric field models, the site of interaction for EMF signals is usually thought
to bethe cell membrane, at which a transmembrane voltage change could trigger a
modulation ofcell function. Many EMF interaction models involve modulation ofion
binding rates as originally proposed by Pilla (1972), who developed membrane impedance
models to predict optimal signal frequency for matching to the impedance. Extensions of this
model involved Lorentz force considerations, which eventually led to the suggestion that the
magnetic field was the predominant stimulus. There followed ion resonance and quantum
theories which predicted combined ac and dc magnetic field effects.
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In the induced current models, it is assumed that, for an EMF bioeffect to be possible, the
electromagnetic signal must cause sufficient transmembrane voltage to be detectable above
the various fundamental and background sources of the cell membrane or tissue aggregate
noise as discussed later. Cell-cell communication viaelectrical contacts (gap junctions)
between cells in tissues (Loewenstein 1981) can result in orders of magnitude more EMF
sensitivity than isolated cells and/or tissues with no, or non-functional, gap junctions. The
cell array model discussed in Uiis section illustrates this by the following relationship between
the transmembrane voltage, VM, and the applied electric field, E:

i^=-X1'2[tanh(LX"2)] (4.1)
E

which shows that VM increases in an exponential fashion with the number of cells in effective
electrical contact (L=cell array length, which is proportional to cell number). The frequency
response of the system also depends upon L and the array impedance, X.

The important characteristic of the EMF source in assessing electromagnetic dosimetry is the
time-rate-of-change of the magnetic field, dB/dt. Asimple working relationship to assess the
induced electric field, E(t), can be obtained for a target having cylindrical geometry as:

dt 2

which states that the amplitude of the electric field within the area of Uie target penetrated by
Uie magnetic field is proportional to dB/dt and the radius of the target (i.e., to target position
or size). Peak magnetic field (B) is determined by the pulse duration, t, for a signal with
constant dB/dt.

4.3 INDUCED ELECTRICAL FIELDS AND CURRENTS: KNOWLEDGE
GAINED FROM CLINICAL APPLICATIONS

The characteristics of the time-varying electric field, E(t), induced in conducting biological
tissue (target) by a time-varying magnetic field B(t) are directly related to Uie electrical
characteristics of Uie source of the time-varying magnetic field. In most cases, Uiis is a time
varying current generating source. Thus, E(t) is proportional to the rate of change of
current, dl/dt, in a conductor. The evaluation of this quantity for a given driving voltage
function results in a description of the shape of E(t) in vacuum, air, and all non-magnetic
homogeneous conducting media in which the resulting current flow is not high enough to
produce significant back electromotive force (the case for body fluids) (Hayt, 1981).

Figure 4-1 shows the typical magnetic field function employed in therapeutic applications.
The shape of the B vs t curve can be controlled in therapeutic devices to obtain the desired
induced electric field waveform. The rationale behind the choice of these waveforms was the
assumption that the induced electric field (and associated current flow) is the active physical

4-2



parameter. The magnetic field is not considered to have a direct biological effect. For this
reason, the peak amplitude of the induced electric field is usually between 1 and 20 mV/cm.
In addition, the frequency content is high (i.e., dB/dt is rapid, of the order of G//*sec).

The Bvs t curve at extremely low frequencies has much lower rates ofchange and therefore
induces electric fields of much lower amplitude. Figure 4-1 shows the typical range of
values to be expected from power line sources. Somewhat higher amplitudes can be
expected from switching or other sources, for which components have been measured to
approximately 2000 Hz (Dietrich et al., 1992). The induced EMF amplitude is, in any case,
significantly lower (106 to 10"2 mV/cm) than that for therapeutic devices.

Induced waveforms obtained by therapeutic or ELF sources represent the dynamics of the
electric field signal applied to the cell/tissue complex. The distribution of current flow
depends on Uie geometry of coil and tissue. The basic rule is that the voltage induced will
act like that from a three-dimensional voltage source, defined by the distribution of magnetic
flux within tiie tissue.

ELECTROMAGNETIC SIGNALS
COMMON THERAPEUTIC COMMON ENVIRONMENTAL.

""74—-A- A/V
I* 15 Mi •! U-60Kr—l

|200>is
E(tl- n

A/V
— —20m»

(£) «IG/us
Vdt/mo* ^

/dj) -IO-7-IO-3G/us
Vdt/max

Enwx *** 10 mV/cm Emax —JO-S-ICT2 mV/cm
(For 2 cm radius)

Figure 4-1. Typical induced electric field waveforms from therapeutic and environmental
devices. Note that the peak amplitudes are significantly different for identical target
geometry.
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The question of whether the magnetic versus induced electric field is the primary physical
stimulus in a number ofmodel systems has been recently addressed by both in vitro and in
vivo studies. Arecent paper by Liburdy (1992) clearly demonstrates that the induced electric
field is the active component for a 22 mT, 60 Hz magnetic field in an in-vitro model. This
study showed that calcium transport in mitogen-stimulated thymic lymphocytes scaled with
the induced electric field, not with the applied magnetic field. The basis of the experiment
was control of the level of the induced field by the size ofthe current loop in specially
constructed annular culture dishes.

As shown in eqn 4.2, electric field amplitude is dependent on the loop radius. The in vivo
experiments consisted of exposure of fibular osteotomies in the rabbit to aclinically effective
pulse burst EMF applied via an external coil or implanted electrodes (Pilla et al., 1992).
The results showed that the biomechanical acceleration ofbone repair depended only on the
in situ electric field, and not on the magnetic component present in the external coil signal to
couple inductively tiie electric field to the repair site.

4.4 THE PROBLEM OF SIGNAL TO NOISE RATIO (DETECTABILITY)

Whether weak environmental or therapeutic EMF can affect the behavior of living cells and
tissues remains controversial. The biophysical community often maintains that basic physical
principles cannot explain EMF bioeffects (Adair, 1991). Some clinicians, epidemiologists,
and biological scientists, on the other hand, are thoroughly convinced that there are real
bioeffects caused by specific weak EMF (Savitz et al., 1988; Blackman et al., 1985). The
physical argument against the possibility of an EMF bioeffect is usually based on the ratio of
transduced transmembrane voltage signal to the root mean square (RMS) thermal noise
voltage.

As in other materials, biological cells and tissue are subject to random fluctuations in energy
mat constitute noise. In biological systems, estimations of signal-to-noise ratios for detection
of externally induced electric fields must consider fundamental phenomena such as thermal
noise, shot noise, and so called "1/f" noise as well as a variety of physical and biological
"background" noise sources (Weaver and Astumian, 1992). Thermal, 1/f, and shot noise
appear intrinsic to materials at temperatures above absolute zero and are considered
fundamental.

Fluctuations in Uiermal energy are a fundamental property of materials. In resistive materials
such as Uie cell membrane, an applied potential (transmembrane voltage) will exhibit noise
due to these fluctuations in Uiermal energy. The magnitude of these random fluctuations
together with other sources of noise constitutes a theoretical lower limit on Uie change in
electrical potential at Uie cell membrane mat can be detected as information by Uie cell.
Estimates of these fields at Uie membranes of mammalian cells range from approximately
10-1 V/m for broadband noise to approximately 10-3 V/m for narrow-band signals. If cells
are capable of signal averaging by capacitive properties, for example, Uiis lower value may
apply to broader band signals.
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Shot noise arises from discrete random events. It is best described by Poisson statistics and,
like thermal noise described above, is fundamental and probably universal. In biological
systems there are a myriad of discrete events which are subject to shot noise, including
random collisions of ions in solution and Uie passage of ions and molecules through
membrane channels.

Last among tiie types of noise thought to be fundamental and hence inescapable is "1/f"
noise. These fluctuations increase with decreasing frequency (f), and upon examination,
their amplitude as a function of frequency is found to be approximately proportional to 1/f.
According to Weaver and Astumian (1992), Uiis type of noise probably dominates in
biological systems when frequencies in Uie low kHz range and below are considered.

Other sources of energy fluctuations in biological systems can also interfere with me
theoretical abilityof cells to detect small changes in the electric field. On the microscopic
level these include noise from discrete events such as opening and closing of membrane ion
channels (Helman and Van Driessche, 1990), local changes in electrolyte composition, and
local temperature variations. On a macro scale, streaming potentials associated with
mechanical stress in bone, Uie electrocardiographic (EKG) and electio-encephalographic
(EEG) potentials, and time-varying magnetic fields originating in the cerebral cortex (Uie
magnetoencephalographic or MEG signals) are examples of internal electric field sources.
While these macro-scale phenomena are not, on tiie whole, random in nature, they contribute
to Uie general background of electromagnetic energy in cells and tissue.

In Uie space between cells, Uie current densities from biogenic sources are far greater than
those induced by an external magnetic field of ljtT, for example. However, this fact alone
does not necessarily preclude detection of weak electric signals by cells or organized tissue.
In order for an external signal to be detected against such a background, however, Uie signal
must have some unique characteristic mat would allow its distinction from biogenic electric
fields and other noise. The signal to noise ratio (SNR), then, is usually calculated by
assuming that the EMF target is a spherical cell of 10 pm radius. These calculations often
lead to SNR«1 for low frequency environmental EMF in the mG amplitude range.

4.4.1 Cell Array Tissue Model

Organized tissue is developed and maintained by an ensemble ofcomplex geometry cells
which have coordinated activity (Caveney, 1985). The most prevalent cell shape in living
systems is elliptical and flattened, with processes extending in at least two directions. For
example, human fibroblasts can typically exceed 100 nm when attached to a substrate
(connective tissue). Thus, the grossly oversimplified spherical cell model cannot depict
reality with any degree of accuracy. Most cells are anisotropic in shape and function and
could be oriented to capture (detect) significantly more of the applied field than its
corresponding isotropic shape (McLeod et al., 1987).
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Gap junctions provide pathways for ionic and molecular intercellular communication
(Sheridan et al., 1985). They are present in all tissues including bone (Doty, 1981). The
role of cooperative organization in the EMF sensitivity of biological systems has been
qualitatively considered (Adey, 1988). Gap junctions have been considered to provide ionic
coupling and metabolic cooperation, without which disorders in growth control and tissue
repair, as well as neoplastic transformations, could occur (Loewenstein, 1981). Functional
modification of gap junctions by modulated microwave fields has been reported (Fletcher et
al., 1986).

Weaver and Astumian (1990) have discussed the lower Umit of cell sensitivity to external
electric fields based on considerations of thermal noise. They postulate a maximal sensitivity
ofbetween If/3 and 10"6 volt/cm only by allowing for time averaging and accounting for the
spatial amplification produced by the cell/cell membrane geometry. An example of a time-
averaging mechanism is provided by Tsong et al. (1988, 1989) and Westerhoff et al. (1989),
although these studies employed fields on the order of100 volt/cm. Membrane ATP-ases
were employed in this work as transducers capable of absorbing energy from electric fields
ofdefined frequency and using this to influence chemical reaction rates. The experimental
results demonstrate stimulation effects of these electric fields on Rb+ uptake by electric fields
which is ouabain inhibitable, directly implicating the Na/K ATPase.

Gap junctions increase the effective electrical "size" of cell arrays which changes EMF
sensitivity, and therefore SNR. To calculate SNR for a cell array, a useful model is a
distributed parameter linear electrical analog (transmission line) allowing the induced
transmembrane voltage, VM, to be evaluated as a function offrequency and position. This is
similar to the electrophysiological models which have been proposed for current spread in
electrotonically coupled tissues (Shiba, 1971) and the dc model proposed to account for tissue
sensitivity to the weak electric currents commonly found in developing and regenerating
tissues (Cooper, 1984).

A first order electrical model for a linear cell array in gap junction contact is shown in
Figure 4-2.

The effect of frequency and array length, L, on the spatial amplification of the
transmembrane voltage is shown in Figure4-3. There is a substantial increase in VM(L,w) as
L increases. The frequency response for a single cell (L=10jim) shows that VM is maximum
between 105 and 106 Hz. In contrast, for a 1 mm cell array (e.g., Dipteran salivary gland),
VM is about 102 higher than for a single cell, but only at frequencies below 100 Hz.
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Figure 4-2. First order linear electric model for a cell array in gap junction contact. This
distributed parameter system describes the propagation of the applied signal, E(/), along the
array. The induced transmembrane voltage, V(x,f), is the quantity of interest. Its value at
any position, x, and at any time, /, is determined by the extracellular, Re, and intracellular,
Rj, resistances and the particular membrane impedance, ZM, per unit length.
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Figure 4-3. Frequency dependence of spatial amplification (VM/EL) for various cell array
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4.4.2 Sipnal to Noise Calculations Under Biologically Relevant Assumptions

Noise sources in biological membranes include Uiermal, flicker (l/f), shot and conductance
fluctuations (Stevens, 1972). The latter three usually relate to ion transport, and their
interpretation is model dependent. Thermal noise, present in all voltage-dependent
membrane processes, is considered here for SNR calculations. The power spectral density,
SB(w), of thermal noise is (DeFelice, 1981):

5n(w)=4fc7Ke[Z(x,o))] <4-3>

where Z(x,w) is the impedance of the cell array (Figure 4-3 and Re denotes its real part.
From this, Z(x,w) is obtained as:

Z^^W,) (4.4)

This allows the contribution from R, and Rj, which areelectrically connected to the
membrane, to be taken into account, in contrast with common practice (Adair, 1991; Weaver
and Astumian, 1990).

The most common approach to the evaluation of SNR uses the RMS noise voltage. This is
calculated by taking the square root of the integration of eqn 4.3 over all frequencies relevant
to either Uie complete membrane response, or to the bandwidth ofthe detector pathway.
SNR is given by:

«M-J!W1 (4.5)
RMS

where | VM(&>) | is the maximum amplitude of the transmembrane voltage at each sinusoidal
frequency.

The frequency characteristics of SNR vs. L are shown in Figure 4-4 for the simple
membrane model. As can be seen, Uie presence of gapjunctions allows arrays to form
which are of sufficient length to increase spatial amplification by several orders of
magnitude.
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is achieved only at low frequencies and only becomes useful for large L.
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While the preceding calculation of SNR is often utilized, the detail of the frequency response
of both VM and thermal noise is not taken into account. Thus, noise components in Uie high
frequency range may be irrelevant if the responding pathway only has kinetics within a
bandpass of 102 Hz. It is therefore of interest to examine the ratio of the frequency spectra
of transmembrane voltage and thermal noise, VM(L,w)/[Sn(w)]%. This is shown in Figure 4-5
for a sinusoidal input ofconstant amplitude (1 V/m) at each w. The spectral ratio increases
for larger L, but, again, only at low frequencies. In the highest frequency ranges, increasing
Lprovides no advantage. At aU frequencies (to 107 Hz), the spectral ratio is >1, even for a
10 /xm cell. These results appear to show that, if the applied electric field was reduced from
1V/m to 10^ V/m (10"3m V/cm), the cell membrane may still be able to detect a transient
voltage change.
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Figure 4-5. Frequency dependence of the spectral ratio of tiie induced transmembrane
voltage and thermal noise voltage on array length. This reveals tiie frequency details which
show that, at all frequencies (to 107 Hz), VM(L,tt)/S.* > 1, even for a 10 pm cell.

The results of this analysis indicate that significant spatial amplification occurs for cell arrays
versus single cells; however, both Uie propagation time and the particular membrane
impedance pathway can considerably lower the frequency at which bioeffective SNR is likely
to be achieved. In addition, Uie frequency response of Uie cell array appears to indicate that
maximal spatial amplification may occur only over a specific frequency range. This
reinforces Uie suggestion that tuning Uie input, E(co), to Uie bandpass of Uie detector could
lead to dose efficient and selective EMF bioeffect.

This derivation suggests that spatial amplification of cells in gap junction contact versus that
for isolated cells must be taken into account when assessing EMF sensitivity. While cell
networks naturally occur in developing and repairing tissue, it is not clear that the formation
of gap junctions between cells in vitro is sufficiently reproducible. This renders tiie problem
of duplicating results in vitro exceedingly difficult but does not change the increased EMF
sensitivity gap junctions may provide.

Clearly, weak environmental EMF signals are often within sufficiently low frequency ranges
for adequate SNR to be obtained in cell arrays of physiologically relevant size. All of the
above lead to Uie conclusion that bioeffects, particularly in organized tissue, are indeed
possible from exposure to remarkably low levels of EMF.
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4.5 PROPOSED MODELS FOR INTERACTION OF EMF WITH BIOLOGICAL
SYSTEMS

The physical mechanism(s) of interaction of EMF on biological tissues as well as Uie
biological transductive mechanism(s) are yet to be elucidated. An important question
concerning these interactions remains: Is there a unifying mechanism that can explain the
wide range of results and provide for predictive ability of electromagnetically induced
biological effects?

This section will discuss Uie theories that have been proposed to account for modulation of
Uie biological target by electric field only, combined electric and magnetic fields, and
magnetic fields.

4.5.1 The Electrochemical Information Transfer Model

It was proposed in the early 1970s that EMF may affect ion adsorption/binding and therefore
trigger a cascade of biological processes (Pilla 1972, 1974). This electrochemical
information transfer hypothesis postulated that the cell membrane would be the site of
interaction of low-level EMF by altering the rate of bindingof, for example, calcium ion to
enzyme and/or receptor sites. Consideration of voltage-dependent (electrochemical)
interactions at the cell membrane provides a quantitative look at the cell's real time responses
to Uie currents induced by EMF. Here it is important to note that Uie role of ions as
transducers of information in the regulation of cell structure and function is widely accepted.
Examples of ionic control mechanisms include: growth factor activation of Na-K ATPase in
fibroblasts (Mendoza et al., 1980; Lopez-Rivas et al., 1982); nerve growth factor effects
regulated by Na-K ATPase (Boonstra et al., 1981, 1982); Ca2+ regulation, via calmodulin, of
the cell cycle (Chafoules et al., 1982; Whitfield et al., 1981); differential Ca2+ requirements
ofneoplastic versus non-neoplastic cells (Boynton etal., 1977; Hazelton and Tupper, 1979);
and Ca2+ dependent adenylate cyclase activation in macrophages (Gearsa et al., 1979). This
represents, therefore, a coupling mechanism for EMF that can be quantitatively analyzed.
The interaction ofions at the electrically charged interfaces ofa cell is an example ofa
potential or voltage dependent process. The following is a review of Uie basic
electrochemical kinetics approach to quantitate these ionic and/or dipolar interactions.

The working concept of electrochemical information transfer in vivo uses the analogy
between the electrified interfaces at the electrode/electrolyte and membrane/fluid junctions
(Pilla, 1972, 1974). Achange in the electrochemical microenvironment of the cell can cause
the structure of its electrified surface regions to be modified, e.g., by changing the
concentration of a specifically bound ion or dipole which may be accompanied by a
modification in the conformation of molecular entities (such as enzymes) in the membrane
^cture. Basically, therefore, the regulatory interactions at acell's surface are considered
Thave bomToltage and kinetic functional relationships with the specific biochemical events
to which these processes may be coupled.
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Two distinct types of electrochemical interactions can occur at cell surfaces. The first
involves all of the non-specific electrostatic interactions involving water dipoles and hydrated
(or partially hydrated) ions. This structure is analogous to the electrode/electrolyte interface
and can contribute, along with lipid and protein asymmetry (Bretscher, 1972; Zwaal et al.,
1973; Tsai and Lenard, 1975), to the observed dielectric response of the lipid and lipoprotein
membrane structures (Pilla and Margules, 1977; Pilla, 1980).

The second type of charge interaction considered at a cell surface involves potential
dependent specific adsorption (or binding). Here an ion or organic dipole can effectively
compete with water dipoles and hydrated ions for specific membrane sites. This type of
interaction involves, for the aqueous phase, the steps of dehydration, displacement, and
binding (Parsegian, 1975; Urry, 1978). If this is to engender a membrane function change,
then the structure of the molecular entity within the membrane at which the binding occurs
can undergo modification. For example, the allosteric nature ofcertain enzymes surely
allows this to occur (Singer, 1971). In addition to enzyme activity, it is known that
biochemical reactions on the cell surface involve charged reactants (Goldstein et al., 1964)
and the surface potential (and therefore structure) is experienced by an ionic species involved
in membrane transport (McLaughlin et al., 1970; McLaughlin, 1972).

A third type of interaction is specific adsorption coupled with membrane transport. Upon
application of pulsating current, sufficient new charge can be injected to cause the divalent
cation to enter the membrane phase. Once in this phase, it can either occupy an available
site within the aqueous channel, thereby causing a modification in the interaction of the
peripheral/integral protein complex, or it can be transported through the membrane to an
available binding site at the peripheral protein/aqueous phase interface. In either case, the
net result may be a change in the activity of the peripheral protein which, if it is in a
regulatory pathway, can modulate cell function. This could be one of the key steps in the
creation of a biochemical feedback loop which modifies its functional state.

The most straightforward method to quantitate the above approach, which also provides
unambiguous parameters capable of being experimentally tested, is to generate the electrical
impedance of each relevant electrochemical pathway. All variables in this study will be
given in terms of the complex frequency planeof the Laplace transformation (Cheng, 1959).
This frequency variable, s, has a real, a, and an imaginary, jw, part which define the axes of
the Laplace plane. The utilization of Laplace transformation allows a time domain function
(such as a pulsating current) to be expressed in terms of its frequency content. Utilization of
this transformation along the imaginary (jw) axis results in the familiar Fourier
transformation by which the frequency spectrum of time domain signals is often expressed.
Determination of the impedance, Z(s), ofa cellular system will ultimately require knowledge
of the input pulsating current waveform and the pulsating voltage response of the membrane.

The physical passage of current into the membrane causes a change in the surface charge and
may elicit transmembrane transport. The equivalent electrical circuit model permits a
quantitative description of pulsating current flow into a cell membrane. It allows limits to be
placed on tissue level current waveform parameters. For example, the time constants
associated with the membrane processes are often known and measurable (Pilla and
Margules, 1977; Pilla et al., 1985; Schwann, 1985). These values define the frequency

4-12



spectrum requirements of Uie waveform. Additional requirements are related to Uie fact that
in vivo bone repair involves tissue (as opposed to isolated cell) response. This modifies Uie
current waveform frequency spectrum requirements, as was shown in Section 4.3.

4.5.2 Extensions of the Electrochemical Information Transfer Model

Theoretical studies initiated in Uie late 1970s focused on the potential of EMF to alter
binding rates of specific ions and ligands to receptor types, or to affect Uie ion or charged
particles (ligands) motion in solution (Chiabrera et al., 1982). The implication of Uie latter
would be to increase Uie kinetic availability of these ions in ionic-dependent processes, such
as ion-selective channels, etc. Theoretical modeling of ligand binding to cells employed
phytohemagglutinin (PHA) as the mitogenic ligand and lymphocytes as the target cell
(Chiabrera et al., 1984). A microelectrophoretic effect was calculated which decreased Uie
mean lifetimeof ligand-receptor complexes. The net effect would be to reduce the mitogenic
efficiency of Uie ligand, PHA (Chiabrera et al., 1985). Reduction of mitogenic stimulation
of lymphocytes by PEMF (Conti et al., 1983) may be explained by this model.

These experimental studies, in conjunction with previous and subsequent work on PEMF
influence on calcium efflux from brain tissue (Bawin and Adey, 1976; Blackman et al.,
1982, 1985, 1988), demonstrated the appearance of windows in PEMF effects. These
"windows" are combinations of amplitude and frequency within which mere is an observed
response, and once outside this range the response is nonexistent. Wei et al. (1990) describe
succinctly a "window effect" in their report on transcriptional changes in HL60 cells. These
results demonstrated up to a four-fold increase in transcripts of c-myc and histone H2B with
the peak effect being at 45 Hz. This frequency response provides Uie first evidence for
regulation at Uie nuclear level.

Three complementary theories that evolved from this "windows" concept provide a
framework for mechanistic modeling. These theories are: (1) ion resonance theory,
(2) Lorentz/Langevin theory, and (3) quantum parametric resonance theory. Further, these
physical models are presently being tested in biochemical systems. Liboff (distinct from
below, 1965, 1966) demonstrated effects of crossed electric and magnetic fields on Brownian
motion of charged particles, although not in biological systems. Without reference to the
above work, these three complementary theories all involve the combined effects of dc and
ac magnetic fields in biological interaction mechanisms.

4.6 DIRECT MAGNETIC FIELD INTERACTION MECHANISMS

4.6.1 Tog Cyclotron Resonance

In asteadv state magnetic field, charged particles of constant velocity describe apath ofracSusTas toned by application of the Lorentz force equation and Newton's second law
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velocity of an ion in the magnetic field. The path radius r will also increase, as shown in
equation 4.7.

f=qB/2irm (4.6)
r=mv/qB (4.7)

where q is the charge, Bis the flux density of the stable magnetic field, mis the mass of the
ion, and v is Uie velocity.

Such an electric field can be induced by an alternating magnetic field in the same direction as
Uie steady state B field. As Uie ion cyclotron resonance model is applied to biological
systems, the geomagnetic field provides the steady state Bcomponent and the man-made ac
magnetic fields provide the electric field component. Note from equations 4.6 and 4.7 that it
is the flux density of Uie static field and Uie frequency of Uie ac field that determine Uie mass
to charge ratio for ions mat can couple to and thus derive kinetic energy from the
simultaneous presence of tiie two field components. Ion cyclotron frequencies for many
biologically important ion fall in the range below 100 Hz at earth strength magnetic fields in
the 50 /*T range.

The ion cyclotron resonance mechanism, as proposed by Liboff (1985) and advanced by
Liboff et al. (1987a), described frequency specific combinations of dc and ac magnetic fields
which were thought to couple directly to calcium-dependent processes, by increasing ion
mobility near receptor and/or ion channel sites. Experimental verification of these models,
although still in early stages, has provided encouraging data to support Uie notion of direct
coupling to ion-dependent processes (Liboff and Mcleod, 1988).

McLeod et al. (1987) reported that combinations of dc and ac magnetic fields calculated to
couple to a resonant frequency for Ca2+ stimulated diatom motility while detuning to a
resonant frequency for K+ led to loss of this effect. These studies were extended to
mitogenic stimulation of lymphocytes (which is calcium dependent), and it was again
observed that tuning to calcium frequencies led to enhancement of mitogenic stimulation
(Liboff et al., 1987b). Of particular interest in the latter study is that nifedipine (a
dihydopyridine calcium channel blocker) inhibited the ac/dc effect, indicating a role for
calcium channels. Lyle et al. (1991) and Reese et al. (1991) have recently reported
qualitatively similar results in lymphocytes and diatoms, respectively.

The Lorentz force equation was used by Chiabrera and Bianco (1987) to relate individual
influences of both ac and dc EMF to ligand receptor binding and motions of ions (or other
charged molecules). This work was further expanded to include thermal noise effects on the
ion binding kinetics with a Langevin-Lorentz model (Chiabrera et al., 1989; Kaufman et al.,
1990). This stochastic analysis modeled Uie motion of the charged ligand as a random walk,
i.e., Brownian motion with drift (Chiabrera et al., 1989). EMF signals designed with the
Lorentz theory were used in an attempt to affect the calcium-dependent motility of
Paramecium, and resonance effects were again observed which correlated with combined
ac/dc effects on calcium ion motion (Chiabrera et al., 1989).
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All of these classical approaches have been seriously criticized on the grounds that ions do
not move in a vacuum near a membrane binding site and that collisions would render the
basic Lorentz force inoperative. In addition, Chiabrera et al. (1991) have shown that the
inclusion of thermal noise in the model clearly shows that this mechanism, as currently
proposed, cannot account for the observed biological responses that have been cited in its
support.

4.6.2 The Quantum Theories

A fundamental problem with the Lorentz force approach relates to the large forces existing at
most ion binding sites. Classical approaches may not be sufficient to predict the effect of
external forces on the kinetics of these processes. This problem led Lednev (1991) to
formulate a paramagnetic resonance quantum approach which modeled the calcium ion inside
a calcium binding protein (i.e., calmodulin) as a charged harmonic oscillator. This spatial
oscillator has a set of vibrational frequencies that depend upon the bond energy, charge, and
mass of the bound ion. The presence of a static magnetic field splits the energy level of the
bound ion into two sublevels with amplitudes corresponding to electromagnetic frequencies in
the infrared band.

The difference between these two energy levels is the Larmor frequency. Application of a
co-linear ac magnetic field modulates the two energy sublevels and, ifthe ac frequency is at
or near the Larmor frequency, the probability of ion transitions between energy states can be
sufficiently altered to affect binding kinetics. Experimental evidence for this effect utilized
the calcium/calmodulin-dependent myosin light chain kinase reaction in a cell-free system
(Shuvalova et al., 1991). However, more recent results on the same system indicate that
only dc magnetic field changes are necessary to affect phosphorylation (Markov et al., 1992).
More recently, Chiabrera et al. (1991) have extended the Lednev approach and suggested
that combined ac/dc magnetic field effects could take place, but that excited state lifetime
remains a theoretical difficulty with this model.

4.6.3 Coherence

t itnvit7 and colleagues (1991) have proposed that temporal coherence is an importantjS^tKSfields and may be required for their detection by biological
tissue They IsTe* that the time-varying magnetic field must remain coherent i.e., have a
Sngle f^lcyTmponent) for at leit 10 seconds in order to ^^^^S^
tissue Data consistent with this view have been gathered using L929 and Daud human ceilines I^eseTdS 10 second exposure to acoherent 60Hz magnetic field at ei her 10MT
£WtSice- ornithine «ec«^^
observed for continuous«poju* g™* £*» ^superimposition of electromagnetic

(Litovitzetal., 1993).
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It is of interest that coherence of the stimulus signal is important in demonstrating the phase-
locking response wherein neurons can be stimulated to fire in synchrony with a very weak
sinusoidal input signal that has a period near that of the natural firing rate of the cells
(Barnes, 1992).

4.6.4 Magnetite

Magnetite is an inorganic iron compound (FesQ,), normally crystalline in form, that is found
in the tissue of a number of animal species. Evidence indicates that the compound is a
biosynthetic product of ferrihydrite (Meldrum et al., 1992). Interaction of Uiis magnetic
material with the geomagnetic fields is known or believed to be important in adaptation
strategies of several organisms, ranging from magnetotactic bacteria to certain migratory
birds (Kirschvink et al., 1985). Observation of magnetite crystals in the human brain by
Kirschvink and colleagues has raised Uie possibility that EMF-induced biological effects may
be mediated by this material. The hypothesis that magnetite is involved in detection of
magnetic fields impinging on the organism is attractive because it circumvents many of the
theoretical objections raised to interactions of magnetic fields with otherwise non-magnetic
(diamagnetic) biological tissue (Kirschvink and Kobayashi-Kirschvink, 1992). These authors
have calculated that a 50 jtm crystal of magnetite has sufficient magnetic moment to have
energy equal to Uiermal energy (kT) at ambient temperatures when Uie applied field is in Uie
1 G range.

Depending on Uie length and shape of the crystals, it is possible for them to experience a
torque in weak magnetic fields, in the same way that a compass needle aligns itself along the
geomagnetic field lines of force. In higher animals, it is presumed that this motion may be
detected within the cell or groups of cells and result in a signal, perhaps neurological, to
which the animal may respond (Kirschvink, 1989). In certain species of fish and birds,
increasing magnetite concentrations have been detected in areas of the nasal passages and
snout in proximity to magnetic field responsive nerve fibers.

4.6.5 Free Radical Mechanisms

Free radicals are formed when a neutral molecule undergoes homolytic cleavage to form
products that have unpaired electrons. According to the Pauli exclusion principle these
cleavage products, upon formation, will have oppositely directed spin. Recombination of
these free radicals can occur only if their respective spin directions remain opposite. Such
products are said to have "singlet" characteristics. Their spin quantum numbers are -1/2 and
+1/2, respectively. As these products diffuse, they may acquire parallel spin pairs (either
+1/2+1/2 or -1/2+-1/2) and are then said to be in a triplet state because the total quantum
number J can have three possible values (L+l, L-l, and L). Chemical reactions dependent
on free radicals are known to be affected by magnetic fields.

Thus, several investigators have proposed that magnetic fields may interact with free radicals
in tissue to slow their recombination rates (McLauchlan, 1992). Spins of unpaired electrons
from the radicals interact with the magnetic field yielding additional energy states in a
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process known as Zeeman splitting. Eliminating degeneracy of triplet states (i.e., splitting of
triplet energy states) by the magnetic field reduces the population of potential recombination
partners for a given state, and thus slows the rate at which free radicals recombine to form
neutral (spin-paired) molecules (see Figure 4-6).

In and of themselves, magnetic field interactions with free radicals do not raise Uie
theoretical objections based on thermodynamic considerations that have been cited against
postulated effects on neutral molecules or alkali metal ions. Zeeman splitting of triplet spin
states is a low-energy process that simply interferes with recombination and prolongs Uie life
of Uie free radical, a life normally measured in nanoseconds to milliseconds. Except as they
may influence Uie concentrations of free radical precursors in solution, magnetic fields do not
influence the formation of free radicals, and therefore their net effect may be to increase
slightly the concentrations of these species in biological tissue.
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Figure 4-6. Effect of magnetic field on the energy of triplet states. In the triplet state,
wherein spins are anti-parallel, the field has no effect. For parallel spin triplet states, Uie
presence of the field reduces the number of potential reaction partners by separating these
states in energy. (Adapted from McLauchlan, 1992)
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Stevens et al. (1990) proposed that EMF exposure may affect cancer risk via free-radical
dependent mechanisms. These authors noted that the presence of oxygen-free radicals in
cells increases oxidative stress, and that EMF exposure may lead to increased free radical
concentrations by interfering with calcium-dependent scavenging mechanisms. Free-radical
species are reactive and are known to be important as chemical cancer promoters.
Compounds that scavenge oxygen-free radicals such as vitamins E and C have been shown to
be protective against cancers induced by dimethylbenzantharacene (DMBA) and
methylcholanthrene. For a review of free radical and oxidative stress effects on cell growth
and cancer in the context of EMF exposure, see Pascoe, 1990.

It has also been proposed that magnetic fields may interact with light to affect free radical
reactions involved in skin cancer development in chemically initiated animals (McLean et al.,
1992). This hypothesis is that magnetic field exposure would tend to increase free radical
populations and thereby increase cancer risk. The hypothesis is currently being tested in
mouse skin initiation promotion co-promotion study. Preliminary data from this study are
consistent with increased free radical concentrations in animals exposed to light and a 60 Hz
magnetic field as compared to light exposure only.

4.7 SUMMARY

A variety of mechanisms have been proposed to account for biological effects of EMF. It
appears unlikely that any one mechanism will eventually be shown to account for the entire
range of biological effects observed as a result of EMF exposure. Several of the proposed
mechanisms for transduction of the EMF signal by biological systems have been discussed.
It has been shown that Uie broadband nature of many anthropogenic magnetic fields is an
important consideration with regard to the induced current models. With regard to the direct
magnetic effect models, the field has been postulated to interact with a variety of magnetic
moments in tissue. These include unpaired electron spins, magnetite, and divalent cations
such as Ca++. In resonance models, the presence ofa dc magnetic field, such as the
geomagnetic field, is important. Relatively strong dc magnetic fields associated with several
of the transport septum discussed in this report make these models of possible interest.

Most magnetic fields from anthropogenic sources are not purely sinusoidal and contain more
than one frequency. Total frequency content or power spectra have not yet been completely
defined for most environmental signal sources. It is apparent that the detectable
electromagnetic energy of these signals may extend to the 100,000 Hz range when switching
transients are included.

In the induced current models, EMF dosimetry at the target site is determined by the time-
rate-of-change of the magnetic field, dB/dt. Size and geometry of the exposed tissue
determine the final value of the induced electric field. Thus, for agiven dB/dt, induced E
will be much smaller in the tip of a finger than in the rest of the arm or the thorax
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EMF sensitivity of the target depends upon cell-cell communication via gap junctions.
According to this model, the induced transmembrane voltage to thermal noise ratio can be
increased by several orders, but only at much lower frequencies than those for a single cell
(< 102 Hz vs 105 Hz). Cell arrays of 1mm could detect 104 mV/cm at sufficiently low
frequencies. Long (>1cm) nerve axons could easily detect 10"7 mV/cm at even lower
frequencies.

The physical mechanism of broadband EMF is generally accepted to be related to E
dosimetry at the target site. This is in contrast to adependence on the magnetic field for
which dosimetry does not depend upon the geometry or size of the target, or on dB/dt. The
target site for Eis generally thought to be ion/ligand binding at the cell membrane. The
induced Ecauses a change in transmembrane voltage, affecting potential dependent specific
adsorption (binding) if the dielectric properties of the tissue target are satisfied by the
frequency spectral density of the in situ E signal.

Only a few reports of direct magnetic field dependence have been published, and only for in
vitro systems. Few in vivo results to date have been shown to depend upon the magnetic
field. Those that appear consistent with a direct magnetic field interaction are primarily in
the area of behavior.
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5. BIOLOGICAL RESPONSES TO EMF

5.1 SYNOPSIS

Biological responses to weak EMF are widespread in the animal kingdom. Sensing of these
natural fields by biological organisms raises the question of what physiologic effects may
follow from detection ofanthropogenic EMF in laboratory animals and humans. Likewise, it
is important to determine the consequences, if any, for human health that may be associated
with biological effects observed in in-vitro systems where neurological sensing of the field is
not at issue.

We discuss possible physiologic mechanisms for effects from EMF exposure in each of the
possible health effects areas of interest raised in both residential and occupational
epidemiologic studies. Aprime candidate for such amechanism is the effect of EMF
exposure on the neuroendocrine system and, in particular, on melatonin synthesis and release
by the pineal gland. Neurological consequences of EMF exposure that may precede the
neuroendocrine effects are discussed, including changes in circulating neurotransmitter
concentrations resulting from EMF exposure. Possible consequences ofneuroendocrine
changes on risk of cancer, miscarriage, mood, and melatonin's effects on physiology in
general are discussed in Chapter 6.

EMF effects in in-vitro systems including changes in DNA transcription and translation and
enzyme synthesis are briefly reviewed. Changes in regulation of gene expression are of
great interest and appear consistent with Uie hypothesis that EMF effects at tiie cell
membrane may have consequences for the regulation of protein synthesis in cells. We give
specific examples of enzymes that are produced at greater rates as aconsequence of EMF
exposure, as well as enzymes that are either produced at a reduced rate or de-activated by
field exposure.

Biological effects consistent with the hypothesis that calcium ion transport is altered at the
site of the cell membrane by EMF exposure are discussed. Calcium ion transport changes
may be adirect consequence of the magnetic fields or may be the result of changes in
receptor and second messenger control of ion channels.

As an example ofa well-documented beneficial biological effect ofEMF exposure, we
consider an extensive body of clinical data that demonstrates magnetic field effects on the
biological process of bone growth as discussed in the previous chapter. These data also form
a framework for understanding some of the field characteristics that are important in
determining biological effect.

5.2 SENSING OF EMF IN NATURE

Sensing and utilization of magnetic and electric fields for navigation or prey detection are
widespread in nature (Fessard 1974; Tenforde, 1989, 1991). Sensing of weak electric fields
generated by normal muscle activity is ademonstrated means by which some sharks detect
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prey, for example. Electric field detection has been observed only in aqueous environments.
In the elasmobranchs, such as skates, sharks, and rays, electric field sense organs (ampullae
of Lorenzini) have been identified and characterized in terms of their sensitivity to electric
fields (Kalmijn, 1992).

Where electric sensing is found in freshwater fish, it has been demonstrated that Uie fish
generate the field and use phase information to sense tiie presence of objects near them in Uie
water. It has long been recognized that a number of avian (Wiltschko and Wiltschko, 1991)
and marine species (including sea turtles) use earth's geomagnetic field for navigational
purposes. There is evidence that certain terrestrial vertebrates including Uie rats have a
magnetic sense (Olcese etal., 1988a, b). In the mole rat, this sense may be a primary
means of navigation and homing.

In Uie case of magnetic fields, mere appear to be two classes of sensing strategies. The first
to evolve proceeded from incorporation of magnetite crystals into cellular structures. These
crystals are ferromagnetic and tend to align with their long axis parallel to the resultant
environmental magnetic field vector. Formed by cellular mechanisms from ferrihydrate into
elongated chains, magnetite assemblages give rise to torques within cells as they align with
the geomagnetic field (Tenforde, 1989). Magnetotactic bacterium and other
magnetite-utilizing non-vertebrates have been studied in some detail, and magnetite
biomineralization has been reported in human brain tissue (Kirschvink and
Kobayashi-Kirschvink, 1992).

Among the vertebrates, sea turtles as well as some migratory birds are among the species
that rely, at least in part, on Uie geomagnetic field for navigation. There is some evidence
that other magnetic field sensing species, including several salmonids, synthesize elongated
magnetite structures and use these in the detection of magnetic fields. Concentrations of
these structures are found in areas of the head where nerve fibers that are sensitive to
magnetic field stimulation originate.

A second type of magnetic field sensing has been attributed to nervous system structures not
relying on magnetite. Many in the physics community dispute the idea that nervous tissue is
capable of detecting earth-strength magnetic fields. Nonetheless, as will be discussed
further, this hypothesis has been the basis for many successful experiments in animals. For
example, Semm et al. (1980), Olcese (1990), and others have studied magnetic field
detection in the rat. As discussed later, an important consequence of magnetic field detection
in rodents can be Uie alteration of melatonin synthesis or release.

5.3 THERAPEUTICALLY RELATED STUDffiS ON EMF FIELD EFFECTS

5.3.1 Non-Union Bone Fracture Repair

In the orthopedic field, it has been demonstrated that EMF accelerate and/or promote healing
in both delayed and non-union bone fractures. The development of electromagnetic methods
of treatment was based on tiie discovery of theelectrical properties of bone tissue. The first
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report of the piezoelectric properties of bone originated from Yasuda in Japan (1954) who
measured an electric potential upon deformation of dry bone. Several groups subsequently
reported the generation of electrical potentials in wet bone upon mechanical deformation
(Bassett and Becker, 1962; Shamos et al., 1963; Friedenberg). These studies resulted in the
hypothesis that strain-generated electric potentials may be asignal for regulation of cellular
processes in bone (Bassett, 1968).

This experimental work led to the development of therapeutic devices which employed
signals related to those measured in the strain-generated potential experiments. The first
applications of these devices was in the treatment of bone fracture non-union (Bassett et al.,
1977) and has been subsequently expanded to include fresh fractures as well. Devices are
currently under basic and clinical investigation for the treatment of avascular necrosis (Aaron
et al., 1989b; Steinberg et al., 1990) as well as osteoporosis (Tabrah et al., 1990).

Recalcitrant fracture repair (delayed and non-union of bone) has had the longest history in
EMF clinical application. Both surgically invasive and non-invasive technologies have been
developed. The first studies employed direct current stimulation. These devices use
electrodes either surgically implanted directly adjacent to the fracture site (Patterson, 1984)
or use one internal/one external electrode combination. Brighton (1981) reported the largest
series of patients treated with direct current stimulation. Major problems encountered with
dc stimulation are those associated with surgical intervention: infection, inflammation, and
initial mobility impairment. The major advantage of this system is the minimal patient
compliance requirement. However, the mechanism of dc stimulation may be distinctly
different from that ofthe non-invasive technology due to associated electrolysis effects
(Black, 1987) such as modification of oxygen tension (Baranowski et al., 1983; Black et al.,
1984) and possible direct realignment and electrophoresis of cells and matrix components
(Cooper, 1984; Onuma and Hui, 1988).

Dosimetry using the dc current electrode approach depends not only upon current density in
the vicinity of the electrode, but also upon the faradaic electrochemical processes that change
the chemical environment in the treatment site (Pilla, 1974a; Black, 1987). The biological
response to dc currents from implanted electrodes is localized to the electrode vicinity and is
always accompanied by some degree of tissue inflammation or even necrosis. This approach
has been largely outdated by non-invasive techniques which are significantiy more useful and
effective for clinical applications.

Non-invasive devices are based on two different methods ofelectric current induction. The
most widely employed system is that of electromagnetic induction using external coils
(Bassett et al., 1977). This technology provides a pulsed asymmetric electric signal of low
frequency and low energy (nonthermal) with current values of =5-50fiA/cm2. More than
100,000 patients have been treated worldwide with application to all areas offracture
management. The first large series ofpatients exhibited a success rate of80% in bone
non-unions (Bassett et al., 1981) and has been followed recently by randomized, double blind
clinical trials which confirm this success rate (Sharrard, 1990). In the past decade, over 30
clinical trials in the literature document the efficacy of PEMF as an alternative to invasive
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surgical intervention (Bassett, 1989). As with surgical treatment, the success rate of EMF is
determined by Uie location and severity of the fracture. For delayed unions of the tibia,
success rate is essentially identical to that reported for the first bone graft (Brighton, 1991).

Based on this documented success over the past 20 years, new clinical applications for EMF
include: avascular necrosis, osteoporosis, spinal fusion, and tendinitis. Double-blind clinical
trials have also demonstrated therapeutic efficacy of EMF for treatment of spinal fusions
(Mooney, 1990), tendinitis (Binder et al., 1984), femoral osteotomies (Borsalino et al.,
1988), and venous ulcers (Ieran et al., 1990).

Capacitively coupled devices have been developed more recently, and their clinical
application is limited atpresent to non-union treatment (Brighton and Pollack, 1985). This
device employs a low-energy 60 kHz sinusoidal signal, and the current induced in Uie tissue
is on the same level as mat ofthe inductively coupled device, on the order of «lO^A/cm2.
Clinical trials are currentiy under way in the treatment of avascular necrosis (Steinberg et al.,
1990) and osteoporosis (Brighton, 1991).

5.3.2 Cellular Studies

Cellular studies on skeletal systems illustrate effects concordant with those described above
for therapeutic applications. Numerous investigators have observed stimulation ofcollagen
synthesis in fibroblasts. The results include observations ofa frequency dependence of tiie
induced electric field (Farndale and Murray, 1986; McLeod et al., 1987). Additional studies
have demonstrated modulation of lysosomal enzyme activity, associated with an alteration of
catabolic activity in response to electric fields (Murray etal., 1988). Chondrocytes exposed
to electric fields exhibited increased proteoglycan biosynthesis and sensitivity to proteolytic
digestion (Sah et al., 1989). These results are consistent with an earlier onset of matrix
biosynthesis reported in vivo. The above in vitro results are additionally supported by many
other studies linking electric field exposure to a stimulation of cellular events relevant to the
repair processes observed both in vivo and clinically (see Table 5-1).

However, tiie response of cells to EMF is not limited to skeletally related tissues. A model
system used by many investigators is human peripheral blood lymphocytes, with tiie major
effect reported on mitogen (phytohemagglutinin, PHA; concanavilin A, ConA) stimulation of
blastogenesis (Cadossi et al., 1985). Conti et al. (1983) reported inhibition of PHA-induced
mitogenesis over Uie range of 1-200 Hz. ConA-induced mitogenesis was also inhibited, but
only at 3 and 50 Hz. These authors explained the different results with the two mitogens as
indicating that different lymphocyte subclasses would be sensitive to different EMF
frequencies, in agreement with Uie original proposal (Pilla, 1974; Chiabrera et al., 1988) that
calcium-mediated signal transduction would be Uie underlying mechanism.
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Table 5-1. Cellular Effects of EMF

TARGET EMF EFFECT LITERATURE

Osteoblasts IGF II Synthesis Increase Fitzsimmons, 1989

Osteoblasts Actin Polymer Changes Korenstein, 1984

Osteoblasts cAMP/DNA Synth. Increase Korenstein, 1984

Osteoblasts PTH Response Inhibition Cain, 1987

Osteoblasts PTH Response Inhibition Luben, 1982

Osteoblasts DNA Synthesis Increase Ozawa, 1989

Cbrondroblast Calcium Incorp. Increase Norton, 1988

Cnrondrocytes Cell Proliferation Increase Brighton, 1989

Chrondrocytes DNA Synthesis Increase Rodan, 1978

Cnrondrocytes PTH Response Increase Hiraki, 1987

Fibroblasts Collagen Synth. Increase Farndale, 1985

Fibroblasts Collagen Synth. Effect McLeod, 1987

Fibroblasts Collagen Synth. Increase Murray, 1985

Fibroblasts PGE2 Response Hidden Farndale, 1986

Human Fibroblasts DNA Synthesis Increase Liboff, 1984

Human Fibroblasts Differentiation Increase Rodemann, 1989

Synovial Fibroblasts Lysosomal Enzyme Decrease Murray, 1988

Endothelial Cells Stimulation of Angiogenesis Yen-Patton, 1988

PC12 Cells Noradrenaline Release Inrease Dixey, 1982

U937 Cells Surface Charge Alteration Smith, 1991

CHO V79 Cells DNA Synthesis Increase Takahashi, 1987

HL 60 Cells Myc/H2b RNA Increase Goodman, 1990

Colon Carcinoma Transferring Receptor Increase Phillips, 1986a

Colon Carcinoma Colony Formation Increase Phillips, 1986

Teratocarcinoma Differentiation Inhib. Akamine, 1985

Human Lymphoma ODC Increase Byus, 1987

Human Lymphoma Inhib. of Mitogen Stim. Conti, 1983

Human Lymphoma IL-2 Receptor Increase Cossaarizza, 1989

Human Lymphoma Mitogen Stim. Increase Cossarizza, 1989
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Table 5-1. Cellular Effects of EMF (cont'd)

TARGET EMF EFFECT LITERATURE

Melanoma Tyrosnase Increase Jones, 1986

Melanoma Protein Kinase Effects Ryaby, 1988

Physarum Surface Charge Increase Matron, 1988

Salivary Glands Protein Synthesis Change Goodman, 1988

Salivary Glands mRNA Synth. Increase Goodman, 1983

Sensory Ganglia Neurite Outgrowth Increaase Sisken, 1984

Skin Protein Synth. Increase De Loeker, 1989

Tendon DNA Synthesis Increase Cleary, 1988

Tibia cAMP Metabolism Changes Jones, 1984

Xenopus Nerve Elongaation Increase McCaig, 1990

Experiments to confirm the role ofcalcium in EMF effects have been reported by Cadossi et
al. (1989a, 1989b), Conti et al. (1985), and Liboff et al. (1987). These investigators used
calcium channel blockers which modulated EMF sensitivity, confirming the role of calcium
and indicating a potential membrane target site. Data correlating calcium-dependent
processes with EMF sensitivity in other systems support these results: EMF stimulated
calcium efflux and insulin release from isolated rabbit pancreatic islet cells was reported by
Jolley et al. (1983); calcium efflux and insulin receptor is increased in fibroblasts
(Bourguignon, 1989), and cytosolic free Ca2+ is increased after exposure to EMF in HL60
cells (Carson et al., 1990).

Induction of specific mRNA synthesis after PEMF exposure in both Drosophila and Sciara
salivary glands (Goodman and Henderson, 1988, 1990) has been reported, as well as
induction of oncogene expression in HL60 cells (Wei et al., 1990). Effects on induction of
p53 and histone H3 mRNA have been reported by Cadossi et al. (1989b) in spleen tissue. B
cell growth factor synthesis (Cadossi et al., 1989a) and induction of angiogenesis in
endothelial cells are stimulated by exposure to EMF (Yen-Patton et al., 1988). EMF has
been shown to modulate neurotransmitter release in PC12 cells (Dixey and Rein, 1982), and
increase transferrin receptor number in colon carcinoma cells (Phillips et al., 1986a). This
wide range of results conclusively demonstrates that EMF can affect cellular processes.

5.3.3 In-Vivo Studies

In vivo animal models have been successfully employed to assess Uie effects of EMF and
provide information regarding both time and amplitude dosimetry allowing for maximal
therapeutic effectiveness (Carter et al., 1989; Chakkalakal et al., 1990). Models were
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designed to mimic clinical situations and provide information on biomechanical indices of
bonl repair. Furthermore, they address the cellular processes) which are sensitive to the
physical stimuli. In the normal bone fracture repair sequence, inflammation, cellular
migration, differentiation of mesenchymal cell precursors, and proliferation of bone forming
cells and subsequent mineralization of extracellular matrix are required for complete
resolution of the fracture (McKibbin, 1978). Evidence for the effectiveness of electnc fields
in stimulating cellular differentiation has been supplied by abone induction model systeni
which mimics the normal bone formation process (Reddi, 1987). Electnc fields car.promote
early mesenchymal cell differentiation to fibroblasts and chondrocytes active in the matrix
biosynthetic phase of endochondral ossification (Aaron et al., 1989a). Using acartilage
growth plate in vivo system, other investigators have demonstrated proliferative effects of
applied electric fields on chondrocytes (Iannacone et al., 1988).

These studies are complemented by earlier work which used EMF to stimulate proteoglycan
synthesis in articular cartilage (Smith and Nagel, 1983). The effect on mesenchymal cell
differentiation was applied to ingrowth into porous ceramic biomatenals, where it was
reported that EMF stimulated bony ingrowth and mineralization (Shimizu et al., lyasj.
Finally, using mechanical evaluation as an indicator of strength and mineralization, it has
recently been demonstrated that electrical stimulation can enhance the rate of fracture healing
(Pilla etal., 1992).

Osteoporosis models have been employed to assess the therapeutic potential of applied
electric fields in prevention or reversal of progressive bone loss. Bassett et al. (1979)
reported on the usefulness of EMF in the prevention of osteoporosis (osteopenia). Brighton
et al. (1985) illustrated the ability of capacitively coupled electnc fields to inhibit bone loss
in two osteoporosis models (denervation and castration). Rubin et al. (1989) and Skerry et
al (1991) reported on EMF use to prevent disuse bone loss in the functionally isolated
turkey ulnae and dog fibula respectively. These studies appear to demonstrate the ability of
induced electric fields to replace the normal mechanical input mechanism which regulates
bone homeostasis.

Mechanical loading regulates bone homeostasis through the formation of stress generated or
streaming potentials. These electrokinetic potentials, which exist both in bone and cartilage,
are due to compressive fluid flow in aconfined space or volume (Pollack, 1984; Grodzinsky,
1983) Loading also causes strain in the tissue and can be measured with gauges which
measure uniaxial deformation (Rubin and Lanyon, 1984). Rubin and Lanyon (1987)
developed the functionally isolated turkey ulna model to address the issue of strain magnitude
and dosimetry of applied load. Based on the synthesis of results from these related studies,
Mcleod et al (1990) have calculated the induced electric field levels due to mechanical
loading and found them to be in the /iV/cm range, which is 2-3 orders of magnitude lower
than that used in inductive and capacitive devices. Sinusoidal signals in this amplitude and
frequency range (<75 Hz) demonstrate cellular effects similar to those reported in Section
5.3.2 and require significantiy less power, because of better tuning to the endogenous cellular
response (McLeod and Rubin, 1990; McLeod et al., 1991).

5-7



In other clinical areas, electrical stimulation has been reported to promote the healing ofsoft
tissue wounds in rats, rabbits, and pigs (Glassman etal., 1986; Dunn etal., 1988), stimulate
the healing oftendons in rats (Nessler and Mass, 1987), and decrease cardiac tissue damage
after experimental myocardial infarction in dogs (Albertini et al., 1991). EMF has been
reported to stimulate peripheral nerve regeneration in both rat and cat models (Orgel et al.,
1984; Sisken et al., 1989; Zienowicz et al., 1991). Direct current has also been applied
successfully in both peripheral and central nervous regeneration (Borgens et al., 1987; Politis
et al., 1988). These studies emphasize that basic cellular biochemical control processes are
affected by applied electric fields, providing a basis for future clinical indications.

5.4 EMF EFFECTS ON BIOLOGICAL SYSTEMS: TOXICOLOGY AND
MECHANISMS-ORIENTED STUDIES

5.4.1 In-Vitro Studies

Early research at Uie cellular level focused on events related to membrane-mediated signal
transduction, especially those involving the Ca++ ion. Early interest in calcium was
prompted by reports ofaltered calcium ion efflux from tissues (Bawin and Adey). In a series
of reports, Blackman and colleagues (1985a, 1985b) have provided evidence that tissue can
respond to ELF components of amplitude modulated RF signals and that the static magnetic
fields (e.g., the geomagnetic field) may play a role in the alteration in calcium ion mobility.

The calcium ion work, although sometimes controversial, has nonetheless provided
hypotheses on which many successful in-vitro and in-vivo experiments have been performed.
While the precise role, or indeed the requirement, for Uie dc (or geomagnetic) field in these
effects remains unclear, there is a great deal of evidence from various laboratories that is
consistent with the view that relatively weak time-varying magnetic fields can affect the
movement of calcium and certain other ions in biological tissue.

Carson and colleagues (Carson et al., 1990) used a fluorescent indicator to monitor possible
changes intracellular calcium from exposure to magnetic fields, and observed a significant
increase following exposure. In rat lymphocytes exposed to a combination of a static
magnetic field (23 /*T) and a 16 Hz sine wave field (42 j*T), the influx of calcium in
response to mitogen stimulation was inhibited relative to control cells. Exposure of the cells
to either field alone resulted in no effect (Liburdy and Yost, 1992). On the other hand,
exposure of rat lymphocytes to a 60 Hz magnetic field at 22 mT caused an increase in
calcium uptake following stimulation with a mitogen (Liburdy et al, 1992). This increase
in calcium uptake appeared directly proportional to the induced electric field (Liburdy,
1992). The importance of tiie electric field component was verified by demonstrating
analogous effects on calcium uptake in response to directly injected currents.

These results support Uie view that alterations in intracellular calcium levels can occur as a
result of exposure to time-varying magnetic fields in the ELF range, and that such response
is due to Uie induced electric field and may be frequency specific. Overall, these data are
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consistent with the view that magnetic fields can affect calcium channels or other cell surface
receptors where binding is modulated or controlled by such channels.

These and other observations have led several investigators to hypothesize that changes in
intracellular calcium during exposure to time varying magnetic fields may be responsible for
certain of the neurological effects observed in second messenger signalling that are observed
in-vitro as a consequence of EMF exposure. Alterations in both calcium and magnesium ion
mobility as aconsequence of magnetic field exposure have also been the hypothesis for senes
ofsuccessful behavioral experiments in the radial arm maze by Lovely et al. (lyyo) as
discussed below.

Other observations indicate that the receptor-adenylate cyclase second messenger system may
be asite of interaction of EMF. Early work by Rodan (1978) demonstrated that EMF could
stimulate cAMP formation in cartilage and correlated this with effects on alkaline
phosphatase activity. It was reported that pulsed EMF could inhibit the hormonally
stimulated adenylate cyclase in osteoblast-like cells (Luben et al., 1982) Responses; of the
bone cell line MMB-1 to parathyroid hormone (PTH) in vitro were inhibited by a72 Hz
single pulse signal as well as a 15 Hz pulse train. The fields reduced the cellular production
of cAMP in response to PTH and blocked the inhibitory effects of the hormone on collagen
synthesis. Asimilar inhibitory effect of PEMF on PTH responses were reported in bone cell
cultures by Cain et al. (1987).

Other investigators have described suppression of cAMP levels in fibroblast cultures after
long-term stimulation with EMF (Farndale and Murray, 1986). Changes in cAMP levels as
a function of the electrical field strength induced capacitively have been correlated with a
change in DNA synthesis (Korenstein et al., 1984). Cell type specific changes in cAMP
levels with demonstrated recovery phenomenon after PEMF removal have been descnbed
(Jones, 1984). These investigators all consider the adenylate cyclase system as apotential
mediator offunctional response to electromagnetic field stimulation.

The protein kinase Ctransductive pathway, as well as calcium signaling pathways, have also
been implicated in electric field interactions (Adey, 1988; Phillips et al., in press). Finally,
the stimulation of autocrine growth factor production has been postulated as both messenger
and regulator in electric field stimulation (Fitzsimmons et al., 1989). Therefore, it seems
that many signal transductive pathways may be sensitive to induced electric field interaction.

Physical stimulation of cell function usually requires the generation of a transmembrane
transductive signal to further trigger the appropriate cellular response. These signals may
involve production of second messenger mediators and/or activation of regulatory protein
kinases. Ionic dependent processes are a major component of these transductive pathways.
For example, cell proliferation is initiated by binding of growth factors to specific receptors
on the cell surface. This binding requires specifications, both for proper receptor structure
and for receptor-ligand interaction. The initiation and maintenance of the cell proliferative
response also requires the activation of adenylate cyclase which leads to changes in cAMP
levels. This second messenger has also been linked to calcium ion and ionic regulation. The
second level of regulation in the transductive pathway involves activation of protein kinases.
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These enzymes are responsible for phosphorylation of specific amino acids which control the
functional state of a protein.

As stated elsewhere in this review, there is no evidence that EMF can directly damage DNA.
These fields do not act as mutagens or initiators of the carcinogenic process. Theoretically,
it is not possible for ELF EMF to effect chemical changes in DNA directly, and a number of
authors have reported experimental data consistent with this view. Negative studies in this
regard include those ofReese et al. (1988) who compared DNA single strand breaks in
exposed and control Chinese hamster ovary cells, Cohen et al. (1986) who determined that
there were no changes in chromosomal structures in exposed lymphocytes, and Frazier et al.
(1990) who showed no differences in the ability of exposed and control cells to repair DNA
damage caused by ionizing radiation.

There are epigenetic processes that can affect the development of neoplasms through events
occurring at cell membranes (Trosko and Chang, 1987; Yamasaki, 1987, 1991). It has been
hypothesized, for example, that EMF may serve to enhance the influence ofchemical tumor
promoters (Adey, 1990). Such actions would be manifest in cellular systems by such
endpoints as increased proliferation and enhanced colony-forming ability. Phillips et al.
(1986) showed that human colon cancer cell lines exhibited increased colony formation when
exposed to EMF, and mitogen-induced proliferation of lymphocytes was enhanced by
exposure to pulsed electromagnetic field (PEMF) (Cossarizza et al., 1989a, b). Consistent
with these data are reports of alterations in DNA synthesis as a consequence ofEMF
exposure (Rosenthal and Obe, 1989). These kinds of effects have been observed both with
pulsed (e.g., Takahashi, et al., 1986) and sinusoidal magnetic fields (Liboff et al., 1984;
Goodman and Henderson, 1986).

Central to the question of cancer is whether EMF exposure affects the expression of
oncogenes (or proto-oncogenes) by altering the normal regulatory mechanisms for
transcription ofUie DNA code within the cell. Transcription refers to the reading oftiie
DNA code to form ribo nucleic acid (RNAs) that will later be used in translation to direct the
syntheses ofspecific proteins coded for in the original genomic DNA (Figure 5-1).

Changes in cellular RNA and in mRNA concentrations as a consequence of EMF exposure
have been reported by Goodman and colleagues (1983, 1989, 1991) and others. Attempts by
Goodman and Henderson (1986, 1987) to use increased RNA levels as a means to determine
what characteristics ofthe imposed magnetic fields constituted dose in Uiis biological
response were inconclusive. However, without determining the specific spectral
characteristics responsible, Greene et al. (1991) were able to demonstrate mat Uie induced
electric field is required for incorporation ofradiolabel in the presence of magnetic fields in
the HL-60 cell line which they studied. When observed, EMF-induced increases in RNA
levels are generally in the 1.5- to 3.5-fold range (e.g., Phillips and McChesney, 1991).

Goodman and Henderson (1987) reported increases in specific genes including histone H2B,
c-myc, and b-actin as a result of EMF exposure. Czerska et al. (in press) have shown
increased expression ofc-myc in the Daudi lymphocytic cell line. They showed that this
response varied with the field amplitude and time ofexposure. The pattern ofgene
expression in response to EMF exposure varies among cell lines as would be anticipated for
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Figure 5-1 Schematic of the interaction between regulatory and coding regions and the
action of regulatory proteins and RNA polymerase in the transcription process. The coding
region is transcribed by RNA polymerase II into amessenger RNA that is, in turn, translated
into specific proteins. (Adapted from Kandel et al., 1991)

a non-artifactual effect. Phillips et al. (in press) have shown with a human cell line (C
EM-CM3 T-lymphoblast) that 60 Hz magnetic fields at 100 jiT cause an increase m
expression of three proto-oncogenes: c-fos, c-jun, and c-myc. These authors showed that in
this instance, the increase in the various RNAs involved was due to accelerated synthesis
rates and not instability or degradation.

In-vitro studies on effects of EMF exposure have provided data consistent with the hypothesis
that the cell membrane is an important site of action for the fields, and that the electnc field
component is important in determining these effects. Studies showing alterations in calcium
ion uptake by cells are consistent with the observed changes in cellular regulation of RNA
and protein synthesis since calcium is an important second messenger in most of these
processes. Alterations in synthesis or activity of enzymes such as ornithine decarboxylase
(ODC) (Byus et al., 1987) and serotonin, N-acetyl transferase (SNAT) (Wilson et al., 1981)
are consistent with these findings.

Of particular interest with regard to breast cancer are the findings of Liburdy et al. (1992),
who showed that exposure to weak 60 Hz magnetic fields blocked the cytostatic action of
melatonin on MCF-7 breast cancer cells in culture. This effect showed a threshold that was
between approximately 2.5 and 12 mG. The authors suggested that melatonin may exert its
cytostatic action on the MCF-7 cells by occupying receptors on the cell surface, and that
these receptors were altered by EMF exposure such that the normal response to melatonin
was blocked.

5-11



Figure 5-2 illustrates processes by which both short-term and longer-term effects can result
from second messenger signaling subsequent to events at the cell membrane. Short-term
responses by the cell in this illustration involve the protein kinase mediated phosphorylation
of the ion channel which, in turn, affects ion conductance. Longer-term effects arise from
phosphorylation of nuclear regulatory proteins that control the synthesis of both receptor and,
as illustrated here, ion channel proteins. Changes in ion channel or receptor population, or
structure, can have long-lasting effects on cell function.

Transmitter

Receptor

Protein Kinase

Catalytic
subunits

Regulatory
subunits

Ion channel

Extracellular
+ Side

Membrane

Cytoplasmic
Sde

Figure 5-2. Possible short and longer term consequences of neurotransmitter binding are
depicted. Short term effect arises from the phosphorylation of the ion channel directly by
protein kinease. Longer term effects are dependent on phosphorylation of regulatory proteins
that control synthesis of receptor or channel proteins. In other systems, not depicted,
channel function may be controlled directly by the action of G-protein, as a result of
neurotransmitter binding. (Adapted from Kandel et al., 1991)
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5.4.2 Tn-Vitro Studies Using Simulated Maglev Magnetic Field Exposure

Several human cell lines were exposed to various magnetic fields including a simulatedfield
having components from 0Hz to 1620 Hz, in experiments reported by Groh (1993). These
studies evaluated a total of 22 different combinations ofexposure conditions and cell types.
Magnetic field exposure conditions included the simulated maglev signal (lx to 7x TR-07
amplitude). Maglev exposure fields were oriented either in opposed or parallel direction to
the ambient geomagnetic field. Either continuous or intermittent exposures to these fields
were carried out for six days (through the exponential and into the stationary phase of culture
growth).

Melanin-producing cells (SK-MEL-131 melanoma) were scored for melanin production.
SH-SHY neuroblastoma cells were scored for cell differentiation in the presence or absence
of mycophenolic acid (MPA) or phorbol 12-myristate 13-acetate (PMA) with and without
magnetic field exposure. HL-60 and CEM cells were scored for reactivity to specific
antibodies and surface antigens.

Exponential growth of the CEM cell cultures treated with PMA was inhibited but there was
no effect of magnetic field exposure. Likewise, no changes were detected as a result of
magnetic field exposure in the SK-MEL-131, HL-60, or SH-SY5Y cell lines as compared to
controls.

5.4.3 In-Vivo Studies

Many of the biological effects observed in animals with whole body exposure to ELF EMF
appear to be mediated, either directly or indirectly, by the nervous system. Overall, findings
of neurological effect from various EMF exposures have been mainly confined to a few
endpoints and to certain types of exposure. For certain endpoints, including pineal gland
function (Wilson et al., 1981; Welker et al., 1983; Lerchl et al., 1990, 1991), short-term
memory (Lovely et al., 1990; Thomas et al., 1986), heart rate (Graham et al., 1991), and
circadian rhythm alterations (Vasquez et al., 1988), experimental evidence for effects has
been fairly consistent. Neurological, neuroendocrine, and behavioral effects of EMF have
been recently reviewed by Anderson (1991) and include reported effects in rodents (Wilson
et al 1981; Lerchl et al., 1990), non-human primates (Seegal et al., 1989; Rogers et al.,
1991), and humans (Wilson et al., 1990; Graham et al., 1991; Anninos et al., 1991; Bell et
al., 1991).

In many of the experiments that showed effects (including Graham et al., 1991; Wilson et
al., 1990; Rogers et al., 1991; Lerchl et al., 1991), the EMF treatment was intermittent or
involved repetitive discrete or pulsed exposures. This is in contrast to many chronic
exposure regimens for sinusoidal or static field exposure in laboratory studies, which are
customarily for 12-20 hours per day, with sinusoidal fields actuated at zero crossing, or used
with tuned exposure systems, so as not to induce transients, spikes, or higher frequency
components into the exposure fields.
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Among findings in laboratory experiments, recent studies showing a co-promotional effect of
exposure to sinusoidal EMF are of particular interest with regard to the issue of possible
increased cancer risk from these fields. These initiation promotion and initiation
promotion/co-promotion studies are discussed in greater detail in Section 5.4.5.

5.4.4 Effects on Neuroendocrine Function

Of particular interest with regard to neuroendocrine effects of EMF is evidence from several
laboratory experiments mat pineal circadian rhythms in serotonin, melatonin, and other
tryptophan metabolites are substantially altered in rats exposed to ELF EMF during the hours
ofdarkness (e.g., Wilson et al., 1981; Lerchl et al., 1990). The most consistent finding in
these studies is that ofsuppressed melatonin synthesis in rats. Pineal secretory products are
believed to impel a number ofcircadian as well as seasonal rhythms (Arendt, 1988).

Reported biological changes resulting from melatonin suppression are multifaceted and
include alterations in immune system function (Maestroni et al., 1986), as well as increased
production ofgonadal steroids and prolactin (Bartsch et al., 1988). These primary
consequences can, in tum, lead to reproductive changes in seasonal breeders (Reiter, 1981),
and to increased cancer rates in animals that have been treated with chemical carcinogens or
inoculated with cancer cells (Buswell, 1975; Blask, 1984). Noteworthy in regard to these
animal studies, several papers in the literature suggest links between reduced melatonin levels
and neoplastic disease in humans. These include breast cancer (Cohen et al., 1978;
Tamarkin et al., 1982) and prostate cancer (Bartsch et al., 1988).

Wilson and co-workers (1981) showed that the biosynthetic activity of the pineal gland is
influenced by 60 Hz electric fields (E-fields). The biochemical activity of tiie pineal gland
was specifically chosen as an endpoint in these studies because of Uie reported effects of ELF
field exposure on biological rhythms, particularly in humans (Wever, 1973).

Biochemical parameters measured by Wilson and colleagues (1981) included the most
thoroughly studied hormonal output of the pineal gland, i.e., melatonin, as well as the
expression of the enzyme (serotonin N-acetyltransferase or NAT) which controls its synthesis
(Figure 5-3). Furthermore, they measured the pineal content of another potential pineal
hormone, 5-methoxytryptophol (5Mtol).

The quantity of melatonin in the pineal, in addition to the activity of the enzyme NAT, is
closely correlated with tiie light:dark (LD) environment to which animals and humans are
exposed. During the day, melatonin synthesis is suppressed due to thepresence of
environmental light. During the night, the suprachiasmatic nuclei (SCN) signals the pineal
gland and melatonin production increases (Reiter, 1991a, b). In virtually all species,
nighttime is associated with a rise in the content of melatonin in the pineal and, because the
hormone is quickly released from the gland, blood levels of the hormone rise at night.
Whereas melatonin levels are always higher at night than during the day, the nocturnal
pattern of melatonin production does vary slightly among species (Reiter, 1987). High
nighttime production of melatonin is rapidly inhibited by the exposure of animals to light at
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enzymes that are underlined. Metabolic pathways found in the pineal gland are shown in
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night, and the nocturnal increase is readily suppressed by the extension of light into the
normal dark period (Reiter, 1985).

Initial papers of Wilson et al. (1981) provided afoundation for much of the current work on
possible health effects of EMF exposure. They examined the ability of E-fields to influence
the nocturnal production of melatonin. Following aperiod of acclimation, groups of
randomly assigned rats were either exposed or not exposed (controls) to E-fields. The
exposed animals were placed in afacility that provided auniform, vertical 60 Hz E-field.
(For details on the exposure system, see reports by Jaffe et al., 1979, and Hilton and
Phillips, 1980.) During exposure, the rats were subjected to an unperturbed field strength of
65 kV/m for 20 hours per day for 30 days.

Because of mutual shielding ofanimals in adjacent cages, the unperturbed field strength was
estimated to be reduced by 35% (Kaune, 1981); therefore, the •'effective" field strength was
calculated as 39 kV/m. The control rats were placed in a similar facility, but they were not
exposed to the E-fields. After 30 days of exposure, pineal melatonin and 5Mtol levels were
estimated using agas chromatography/mass spectrometry (GC/MS) method previously
developed by Wilson and coUeagues (1977). Exposure of male rats to 60 Hz E-fields for 20
hours per day for 30 days led to a marked reduction in the nighttime levels of melatonin at
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Figure 5-4. Ratios of melatonin (panel A) and 5MTOL (panel B) to internal standards in
pineal glands ofcontrol rats and rats exposed to 60 Hz E-fields for 30 days. Lights were out
daily from 2000 to 0600 H (represented by the black bar at the base of the figure). Vertical
lines from the top ofeach bar represent SEM. Pineal glands were collected either during the
day (0800 and 1400) orat night (2200 and 0200 h). p < 0.05 for control and exposed
melatonin levels at 0200 h; no other differences in either melatonin or Mtol levels between
exposed and control animals were documented. (From Wilson et al., 1981.)

0200 hours (6 hours after darkness onset) (Figure 5-4), while nocturnal 5Mtol levels were
not significantiy changed. No changes in daytime levels of melatonin or 5Mtol were noted.

Wilson et al. (1981) drew the following tentative conclusions. Exposure of rats to E-fields
reduces Uie amplitude of the pineal melatonin rhythm by attenuating the nocturnal increase in
melatonin synthesis; this change is probably due to a delay or a suppression of the nocturnal
rise in the activity of pineal NAT, the rate-limiting enzyme in melatonin synthesis. The
authors further surmised that E-field exposure may be operating like light to inhibit pineal
metabolic activity. In an attempt to explain their results mechanistically, they cite work of
others who have demonstrated changes in the electrical firing of neurons in the brain
(Hjeresen et al., 1980) including one publication wherein the firing rate of neurons in tiie
superior cervical ganglia, which innervate the pineal, decreased in animals exposed to 60 Hz
E-fields (Jaffe et al., 1979). A reduction in the firing rate of these neurons would be
expected to change pineal melatonin production as seen in these experiments. Although the
reported field strength in this study was initially thought to be 65 kV/m, a short note
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published two years later suggested it was in fact much lower; thus, the induced changes in
pineal melatonin synthesis can apparently be produced by field strengths on the order of
2kV/m.

In 1986 the same group of investigators (Wilson et al., 1986) provided another confirmation
of their original observation and extended the findings by showing that the changes induced
by the E-field did not permanently damage the melatonin biosynthetic machinery of the ^
pineal gland. In this case, rats were exposed to auniform, vertical 39 kV/m ("effective
field strength), 60 Hz E-field. The results showed that a slow parallel decrease in nighttime
pineal NAT and melatonin levels occurs as aconsequence of 60 Hz E-field exposure with the
difference between the control and exposed levels in both cases becoming statistically valid
after 3weeks (Figure 5-5). After 4weeks exposure when the nighttime nse mmelatonin
was severely attenuated, the E-field was withdrawn. As early as 3days after removal from
the field (and continuing for at least 14 days), normal nighttime levels of pineal melatonin
were re-established. The authors concluded that the metabolic competence of the pineal
gland was obviously not permanently compromised by E-field exposure.

Wilson et al. (1986) also noted that whereas the mechanism of suppression of melatonin
synthesis by E-field exposure remains unknown it may involve changes in the electncal
activity in the postganglionic sympathetic neurons which innervate the gland. Based on
earlier work by Welker, Semm, and others (Semm et al., 1980; Welker et al., 1983), Wilson
and colleagues suggested that the eyes should be investigated as an organ for detecting the
E-fields. Ifso, the E-field exposure could reduce pineal melatonin by mimicking the
inhibitory effects of light on the pineal gland (Reiter, 1985).

In another study using sinusoidal E-fields, pregnant rats, beginning at the time of conception,
were exposed to either 0 (controls), 10, 65, or 130 kV/m E-fields for 19 hours ofevery
24-hour period; following delivery of the pups, the exposure was continued until tiie young
were 23 days of age, at which time pineal glands were collected (Reiter et al., 1988). These
glands were analyzed for their melatonin content using aradioimmunoassay. Each of the
E-field exposures, i.e., 10, 65, and 130 kV/m, significantly depressed (p<0.001 in each
case) peak nocturnal pineal melatonin levels when compared to those in the control rats (0
kV/m); however, no dose-response relationship was observed. Besides attenuating the
melatonin peak, E-field exposure delayed the melatonin rise by about 1.4 hours in all groups
of E-field exposed rats.

The inhibitory effect of E-field exposure on melatonin in adult rats has been calculated to
have a threshold of 0.2 to 2 kV/m (Wilson and Anderson, 1990). These researchers also feel
that there is no dose-response relationship to E-field exposure in either immature or adult
rats. Above a certain threshold, the effect appears to be "all-or-none." Furthermore, these
authors point out that avariety of factors may interfere with or modify the response of the
pineal gland to E-field exposure; included in these are strain differences, male/female
differences, and differences due to cutaneous pigmentation. Whether these are indeed
mitigating factors remains unknown. Some of these may have come into play in a recent
report where E-field exposure failed to depress the nocturnal increase in pineal melatonin in
rats (Sasser et al., 1991).
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Figure 5-5. Pineal melatonin (top panel) and nat levels (bottom panel) in male rats exposed
to a 60 Hz E-fields for I, 2, 3 or 4 weeks. Sham-exposed control rats were treated
identically except the E-field was never activated. Glands were collected at 0200 h, 6 hours
after darkness onset. Within 3 weeks of field onset, both pineal NAT activity and melatonin
levels were significantly depressed. Vertical lines from the top of the bars represent the
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Considering the numerous reports showing that pineal metabolism responds to perturbations
of the static geomagnetic field (for reviews see Olcese et al., 1988a; Villa et al., 1991),
Yellon (1991) examined the consequences of a 15-minute exposure (2 hours before lights out)
to 60 Hz magnetic field (B-field) at a field strength of 1 G (horizontal component) on the
subsequent rise in nighttime pineal and plasma melatonin in adult male and female
Djungarian hamsters. This brief B-field exposure in the late light period led to a marked
alteration in the nocturnal rise of melatonin in both the pineal gland and in the blood.

The nighttime increase in pineal melatonin production was delayed; in the blood, melatonin
concentrations essentially remained at daytime levels throughout the night, while in the
controls, the usual increase was seen. These findings were interpreted to mean that
sinusoidal B-field exposure probably disrupts the timekeeping capabilities of the endogenous
biological clock, presumably in the SCN, which is subsequently reflected in the observed
alterations in Uie circadian melatonin rhythm. The findings show that daytime exposure to
such fields may have significant consequences in terms of the subsequent night's melatonin
rise.

Rogers et al. (1991) used a combined 60 Hz E- and B-field exposure to test whether ELF
fields change Uie circadian production and secretion of melatonin in a non-human primate,
the baboon (Papio cynocephalus). In an initial study, blood samples were collected from two
baboons over a 24-hour period during a pre-exposure period and after 10 and 20 days of
exposure to a combined E- and B-field. Theexposure consisted of a combined intermittent,
variably scheduled 30 kV/m E-field and a 1.0 GB-field with a rapid onset component. The
30 kV/m field is considered to be perceptible to baboons whereas the B-field is not (Orr and
Rogers, 1985). The B-field was produced "instantaneously" by means ofa relay switch;
within 2 minutes, the E-field was applied "instantaneously" to 14 kV/m with a subsequent
ramping of the field strength to 30 kV/m (1.5 kV/m/sec). For the first 10 days, exposure
was during the daytime only, although by 20 days some exposure had occurred during both
the day and night. At both 10 and 20 days after exposure onset, nocturnal serum melatonin
levels were reduced to 15% of those during the pre-exposure period (Rogers et al., 1991).

In a second study using six baboons, the exposure parameters were changed such that there
was daytime exposure only to 6 kV/m E-field and 0.5 GB-field. In this experiment, both
the E- and B-fields were introduced over a 4-second period (rather than "instantaneously").
Following this exposure, the melatonin rhythm was not perturbed. Likewise, when the same
animals were exposed to a combined 30 kV/m and 1.0 G field (daytime only), no measurable
effects on serum melatonin levels were noted (Rogers et al., 1991); in this study, the fields
were again ramped rather than being applied "instantaneously."

Since the exposure parameters were different between the initial study using two baboons and
Uie second study using six baboons, their outcomes cannot be directly compared. If the
suppression ofcirculating melatonin in the first study was a consequence of the ELF
exposure, then it can be assumed that Uie changes in field parameters introduced in tiie
subsequent experiments account for their inability to modify the circadian production of the
pineal hormone.
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Excretion of 6-hydroxymelatonin sulfate (6-sulfatoxymelatonin), the chief hepatic metabolite
of melatonin was measured in the urine of humans who slept under electric blankets at night.
These studies (Wilson and Anderson, 1990; Wilson et al., 1990) indicate that the circadian
melatonin rhythm in some individuals may be changed by ELF associated with some electric
blankets. In this study, two types of electric blankets were compared: conventional (snap
safety switch) and continuous polymer wire (CPW). Compared to conventional blankets,
CPW blankets have a short duty (on-off) cycle and they produce roughly a 50% higher
magnetic field. Of the 28 subjects who slept under the CPW blankets, 7 (6 women and 1
man) were judged to exhibit some disturbance of their 6-sulfatoxymelatonin cycle. In these
seven subjects, the metabolite changes occurred at the initial onset of the CPW blanket usage
and after cessation of its use (the post-exposure period) (Figure 5-6). These authors
concluded that either or both intermittent dc and/or intermittent 60 Hz ac EMF may give rise
to changes in 6-sulfatoxymelatonin (same as 6-hydroxymelatonin sulfate; 6-OHMS) excretion
in healthy adult humans.

Magnetic resonance imaging (MRI) requires the subject to be exposed concurrently to a static
magnetic field, a radio-frequency field, and a time-varying magnetic field. Prato and
co-workers (1988-89) collected nighttime blood samples from four healthy male volunteers
(aged 22-35 years) before, during, and after MRI exposure. The procedure used resulted in
40.5 imaging minutes during a period of roughly 1 hour; the exposure was done between
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Figure 5-6. Nightly urinary excretion of the chief melatonin metabolite.
6-sulfatoxymelatonin (6-OHMS), in one healthy adult human during a pre-exposure period
(1), during a period of exposure to a D.C.-powered (2) or A.C.-powered CPW electric
blanket, (3) and during the post-exposure (4) period. Shortly after exposure onset and offset
nightly urinary excretion of 6-sulfatoxymelatonin seemed to change in this individual. (From
Wilson etal., 1990.)
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midnight and 0200 hours. No effect of the treatment on circulating melatonin concentrations
(MRI exposure vs. sham exposure) or time period (pre-exposure vs. post-exposure) was
observed. This finding is consistent with an observation in which melatonin synthesis in the
rat pineal also was not influenced by exposure to a 0.14 T magnetic field from a magnetic
resonance machine (Reuss et al., 1985).

Exposure of rats to an alteration of the Earth's static magnetic field (MF) [field strength,
approximately 0.5 Gauss or50 milliTesla (mT)] quickly and significantly depressed the
activity of the rate-limiting enzyme in melatonin production, i.e., NAT, and the levels of
melatonin itself in the pineal gland (Welker et al., 1983). This group further reported that a
5° horizontal rotation of the Earth's MF was able to change pineal indoleamine metabolism.
Because of these findings, the authors concluded that the pineal gland was directly
"magnetosensitive."

Induction of pineal metabolic and physiologic changes by weak, static MF have also been
reported by other authors (Semm etal., 1980; Reuss et al., 1983; Olcese etal., 1985;
Rudolph et al., 1988; Stehle etal., 1988), with the bulk of the evidence suggesting that
perturbed static MF exposure, by either direct or indirect mechanisms, changes both the
electrical activity of the pinealocytes and their ability to produce the critical pineal hormone
melatonin. These publications often lacked details concerning the specific parameters of
exposure that were employed, although usually it seems that the MF field was inverted a
single time during the exposure period. Whether the field was inverted with the animals in
Uie field was also not always apparent.

A recent study also indicates that Uie production of the intracellular second messenger, i.e.,
cAMP, which is required for the nocturnal rise in pineal NAT activity and melatonin content,
also is depressed by the exposure of rats to static MF (Rudolph et al., 1988). In general, the
descriptions of these studies do not allow the reader to determine what parameters of tiie
field are critical for inducing the observed changes in pineal indoleamine metabolism.

Using pulsed static magnetic fields (0.4 Gauss), Lerchl and co-workers (1990, 1991) carried
out a series of studies on rodents during the night when pineal melatonin synthesis is
naturally elevated. A pair of Helmholtz coils (1 m diameter with a clearance of 0.5 m) was
oriented in a North/South direction. The coils produced a rapid inversion of the horizontal
component when connected by a relay switch to a D.C. power supply. Using this apparatus,
the reversal of MF was accomplished within approximately 25 msec, while its compensation
was reached at about 5 msec after Uie coils were activated. Beginning at 3.5 hours after
darkness onset, either young adult rats or mice were placed between the coils and exposed to
an altered geomagnetic field for 1 hour; during this interval, the coils were automatically
(and "instantaneously") activated or deactivated six times each at regular intervals of 5
minutes. All nighttime exposure procedures were carried out under a weak red light which
has no effect on pineal melatonin production (Reiter, 1985).

After 1 hour exposure to the repeatedly pulsed static MF, the pineal gland of both male rats
and male and female mice exhibited a significant increase in 5HT levels. Furthermore,
5HIAA values were likewise elevated in the pineal gland while the activity of the rate
limiting enzyme in melatonin production, i.e., NAT, was depressed. It was presumed that
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the rise in pineal 5HT was a direct consequence of the reduction in 5HT acetylation by NAT;
likewise, as 5HT accumulated, it was quickly oxidatively deaminated to 5HIAA. The
concentrations of 5HT and melatonin in Uie pineal gland are usually inversely related; thus,
in Uie presence of high NAT activity melatonin is formed at Uie expense of 5HT. In
contrast, when NAT activity is suppressed, e.g., by MF perturbations, 5HT accumulates
while melatonin concentrations drop.

In a later study, Lerchl et al. (1991) also exposed rats to an inverted MF but in this study the
application of Uie MF was changed in an important way. At 3.5 hours after darkness onset,
one group of rats was subjected to Uie automatic inversion (by means of a relay switch) of
Uie geomagnetic field at 1 minute intervals for 1 hour, while another group was exposed to
the same frequency of MF inversion; however, in Uiis case Uie voltage was regulated
manually by means of an integrating potentiometer. The manual procedure required about 1
second for activating or deactivating the artificial MF, while with the use of the relay switch,
the voltage in the coils changed essentially instantaneously. For both groups, the artificially
generated field inverted the horizontal component of the Earth's MF; however, the coils
allowed for the production of a measurable induced electrical cunent (eddy current) only in
those animals exposed to the automatically inverted fields (Figure 5-7).

The rate of change of the generated MF (dB/dt) was estimated by measuring the eddy
currents induced in a search coil placed between the Helmholtz coils. Whereas the automatic
activation of the Helmholtz coils produced eddy currents when Uie power supply was
switched on and off (maximal dB/dt values occurring at tiie moments of connecting and
disconnecting Uie voltage), manual activation and deactivation of Uie Helmholtz coils (during
a 1 second interval) did not produce measurable eddy currents (Lerchl et al., 1991).

These inversions of the MF produced different effects on pineal 5HT metabolism. In rats
exposed to the automatically inverted fields (with induced eddy cunent), pineal 5HT and
5HIAA levels increased. Likewise, Uiis treatment significantiy depressed pineal NAT
activity and melatonin levels (Figure 5-8). In contrast, in rats exposed to the manually
inverted fields (with few or no induced eddy cunents), pineal 5HT, 5HIAA, and melatonin
levels and Uie NAT activity remained unaltered (Lerchl et al., 1991).

Many of these studies indicate that indoleamine metabolism in the pineal gland is altered by
MF changes during the night. Other observations suggest that the pineal gland may not be
the only organ in which neurochemical changes occur as a result of such treatment.
Preliminary studies have shown that when female mice are exposed to a similar paradigm of
automatically inverted MF for 1 hour at night, brainstem levels of both 5HT and 5HIAA are
higher than those in unexposed control mice. Subsequent studies in this area should examine
potential effects of altered MF on neurochemical processes in other areas of the brain.

5-22



£ tt- :f

1J

ourucrtfusrcs or tx otncfuiro kaoctk helm

o»f

Figure 5-7. Changes in pineal NAT activity and melatonin content in rats exposed to
repeatedly inverted static magnetic fields (top). The bottom half of the figure illustrates the
characteristics of exposure and the presumed induced currents in the animals. When the
coils were automatically activated (AA) by means of a relay switch, pineal NAT activity and
melatonin levels fell; on the other hand, when the coils were ramped up manually (MA) by
means of an integrating potentiometer over approximately a 1 sec interval, no effect on
melatonin synthesis was seen. The implication is that the reduction in melatonin may be
related to the induced eddy currents. (From Reiter and Richardson, 1992)
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(From Groh, 1993)

5-24



5.4.5 Studies on Neuroendocrine Effects of Simulated Maelev Fields

Groh (1993) used a pulsed static magnetic field as a positive control exposure in a series of
experiments to determine tiie possible effects of simulated maglev magnetic fields on pineal
melatonin concentrations and NAT activity. The simulated field was comprised of discrete
frequency components between 0 Hz (dc) and 1620 Hz with relative amplitudes
approximating those measured for the TR-07 maglev vehicle. Exposures were either
intermittent (45 s. on and 15 sec off) or continuous (20 h/day), and were at either lx, 2x,
4x, or 7x the TR-07 maglev magnetic field amplitude. Somegroups received exposure to
both the ac and dc components of Uiis simulated maglev field and some groups received only
the ac or the dc components. Other groups received either pulsed dc or 60 Hz magnetic field
exposure. Various orientations of the fields to the geomagnetic field were also noted among
the groups.

Group size in the study was small with only six animals per group. Nonetheless, intermittent
exposure to the 7x amplitude (1-2 G) dc component of the simulated maglev magnetic field
resulted in a statistically significant depression of pineal NAT activity and a proportionately
substantial but nonstatistically significant depression in melatonin concentration. A less
pronounced effect on both NAT and melatonin was observed from intermittent exposure to
the 1-2 G ac component and from continuous exposure to the combined (ac+dc) simulated
1-2 G maglev magnetic field. Figure 5-8 displayed earlier from Groh et al., (1993) shows
the NAT response to several types of magnetic fields.

5.4.6 Other CNS Effects of EMF Exposure

Since the eyes, in particular the retinas, have been often implicated as a site for the detection
of EMF field perturbations, findings related to changes in retinal dopamine (DA) after the
exposure of animals to pulsed static magnetic fields may be germane to the observed changes
in pineal melatonin production. Light exposure at night, like the exposure of animals to
perturbed MF fields, reduces the nocturnal production of melatonin. It is possible that the
EMF exposure acts like light to induce changes in the retinas which eventually lead to a
reduction of pineal melatonin synthesis.

One retinal constituent, DA, reportedly changes in the retinas of rodents after they are
exposed to pulsed static magnetic fields. DA is the major catecholaminergic neurotransmitter
in the pineal gland. According to Olcese and co-workers (Olcese, 1990; Olcese and Hurlbut,
1989; Olcese et al., 1987, 1988b), the daytime exposure of rodents to perturbed MF changes
substantially the retinal content of the catecholamine even when Uie exposure duration is
short (30 minutes in most cases). In both the Sprague-Dawley rat (a nocturnally active
rodent with rod-dominated retinas) and the Richardson ground squirrel (a diurnally active
rodent with cone-dominated retinas), retinal DA levels dropped by 50% after the exposure of
the animals to altered MF during the day. Conversely, in the Syrian hamster, the same
treatment caused greater than a 100% increase in retinal DA; the hamster, like the rat, is a
nocturnal rodent whose predominant retinal photoreceptor is the rod.
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While the retinal DA changes are large, they are seemingly inconsistent in terms of their
direction of change. Also, whereas DA is the major catecholaminergic neurotransmitter in
the retina, it is not substantially involved in the primary visual pathway. Thus, even though
DA levels may change as a function of MF exposure, how this would relate to pineal
melatonin alterations remains unknown. Nevertheless, it may be a cell biological alteration
that is significant in its own right, and therefore, the response should be studied in other
laboratories.

Other neurochemical changes have been reported in experimental animals as a consequence
of EMF exposure. Vasquez and colleagues (1988) studied monoaminergic neurotransmitter
rhythms in various areas of the central nervous system in rats. The exposure of rats for 20
hours per day to a 60 Hz electric field (39 kVm) for 30 days changed the circadian
fluctuations of norepinephrine (NE), DA, and the 5-hydroxyindole acetic acid (5HIAA) in the
hypothalami of Uie animals. Minor changes were also apparent in the striatum of these rats.
The physiological significance of these induced changes is cunently unknown.
Concentrations of neurotransmitters, which were reported in this case, are not very
informative concerning the synthesis or catabolism of the constituents in question.
Nevertheless, in view of the neurotransmitter content changes reported by both Olcese (1990)
and Vasquez et al. (1988), it appears that EMF exposure may change the metabolism of
neural monoamines.

According to Zecca et al. (1991), brain amino acid neurotransmitters also may respond to 50
Hz electric fields in the range of 20-180 kV/m. The duration of exposure in these studies
was 330 to 1408 hours (roughly 13 to 55 days). Initially, there was a slight increase in the
amino acid concentrations in the striatum; however, after 1240 and 1408 hours of exposure
the values declined compared to those in control animals. The changes observed were not
related to Uie field strengths employed, and the authors interpreted the results to mean that
Uie electric field exposure initially stimulated and then depressed brain function. The
magnitude of the changes was slight, albeit statistically significant, and the concentrations of
the altered amino acid neurotransmitters still were in the physiologically normal range.

5.4.7 In-Vivo Cancer Studies

To date, no peer-reviewed reports of laboratory studies concerning the effect of chronic EMF
exposure on spontaneous tumor risk are available. However, papers and abstracts describing
initiation/promotion and co-promotion studies have appeared, and information is available
about other ongoing studies. We will summarize these here because of their relevance to the
issue of cancer.

Using exposure to 60 Hz electric fields at 40 kV/m as a treatment, in two separate studies,
Leung et al. (1988) reported that rats initiated with DMBA by gavage at 54 days of age had
more mammary tumors per tumor-bearing animal at either 18 or 23 weeks of exposure Uian
did similarly initiated animals mat were not subsequently exposed to tiie field. In neither
individual study was the difference statistically significant. Nor was an increase in tumor
incidence observed for the exposed group in either of Uie studies. Taken together, however,
the studies did show a statistically significant increase in tumors per tumor-bearing animal.
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Although the initiator used was a complete carcinogen, Walborg (1991) has interpreted these
results to be suggestive of a weak promotional effect of electric fields.

Citing the above study, Beniashvili et al. (1991) reported that both 50 Hz ac and dc magnetic
field exposure increased mammary tumor burden and decreased latency time and survival in
rats initiated with N-nitrosomethyl urea (NMU) and compared to initiated animals not
exposed to EMF. Groups of 50 rats (exposed) or 20 rats (not exposed) each, were initiated
with NMU. Animals were then exposed for either 30 minutes or 3 hours/day for up to 2
years. Those animals subjected to 3hours/day exposure had higher tumor burdens and
shorter latency than animals exposed for only 30 minutes/day. The authors hypothesized that
reduction in melatonin was a possible mechanism for the observed effect (see Table 5-2).

Table 5-2. Effect of magnetic field exposure on mammary tumor latency and yield after
initiation with N-nitrosomethylurea. Exposure was for either 3 hours per day or 30 minutes
per day to either a50 Hz ac or static D.C. magnetic field. (Data adapted from Beniashvili et
al., 1991.)

Rats with Tumors Total Tumors Mean Latency

Control

50 Hz MF (3 hrs.)
Static MF (3 hrs.)
50 Hz MF (30 min.)
Static MF (30 min.)

27

43

39

33

32

31

75

43

40

36

74.4 ± 14.9
45.5 ±11.7
52.8 ±17.1
64.8 ± 10.5
65.4 ± 18.2

In a multi-generation study, Fam and Makhail (1990) exposed mice to 60 Hz magnetic fields
at 25 mT (250 G) for three generations. Animals from the second and third generations
were conceived and raised in the field. When sacrificed at 4 months of age, there were no
gross histopathological changes and no evidence of leukemic transformation.

Buntenkoetter et al. (1990) chemically initiated adenocarcinomas by gastral intubation of
DMBA in 96 Sprague-Dawley rats at 52 days of age. Thirty-three of the animals were
exposed to a30 mT (300 G) homogeneous 50 Hz magnetic field for 91 days. The remainder
of the animals were either sham or cage controls. No differences between exposed and
control animals were observed with regard to incidence or number of tumors.

ASwedish study by Rannug, Holmberg, and Mild (1990) employed a hepatocyte model to
determine possible co-promotional effects of 0.5 mT 50 Hz magnetic fields.
Sprague-Dawley rats were subjected to partial hepatectomy and later injected with
subcarcinogenic doses ofdimethylnitrosamine, a known initiator. Phenobarbital was
administered as a known promoter to provide a positive control. Magnetic field exposures of
0.5|iT, 5/xT, 0.05 mT, and 0.5 mT (5, 50, 500, and 5000 mG) were administered for 19 to
21 hours per day. Results showed that the magnetic fields had no significant promotional
effect as determined by the number of foci observed in the liver.
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McLean et al. have conducted two studies (McLean et al., 1990, 1991) to determine if
magnetic field exposure can serve as a co-promoter. Again, DMBA was used as an initiator.
However, in these studies, DMBA was given in sub-carcinogenic doses and the rats were
subsequently promoted with 12-0-tetradecanoylphorbol-12-acetate (TPA). Magnetic field
exposure was then tested both as a promoter (without concurrent TPA promotion) and as a
co-promoter (with concunent TPA promotion). In the first of these studies, there was a
difference in time to tumor with Uie magnetic field +TPA group having a shorter latency.
The difference was not statistically significant. Magnetic fields alone showed no promotional
effect. In the second of these studies, which is still underway, lower doses of both DMBA
and TPA were used. At 12 weeks after initiation, the magnetic field +TPA group had
approximately twice as many tumors as did the TPA-only group.

5.4.8 Effects on Behavior

A number of behavioral effects have been reported as a consequence of electric field
exposure, including change in circadian rhythms in mice as determined by respiration and
motor activity (Groh et al., 1990), as well as changes in task performance in rats (Liboff et
al., 1990) and baboons (Rogers et al., 1987). Certain of these experiments have not yet been
carried out using magnetic field only exposure. The longest ongoing behavioral study, that
involving Uie Southwest Research Institute baboon colony, has demonstrated both operant and
social behavioral effects from electric field exposure alone. Changes in social behavior have
been observed with combined EMF.

Short-term memory is dependent on the motion of calcium ions through specific channels in
the neuronal membrane. One view of the memory process is that activation of
N-methyl-D-asparate (NMDA) receptor by the excitory amino acid glutamate is required for
the induction of long-term potential (LTP). In the present context, LTP may be considered
the basis of memory "formation." Agents that either chelate calcium or block the function of
NMDA receptor prevent the induction of LTP. However, once LTP is established, these
agents have no effect on its expression. Of interest relative to the question of EMF effects
on memory is that the NMDA receptor antagonists not only prevent induction of LTP, but
adversely affect the animal in a radial arm maze. Radial arm maze tasks test spatial
memory, which appears to be adversely affected in a dose-dependent manner by
administration of compounds that prevent normal function of the NMDA activating calcium
ion channel in Uie neuron.

Lovely et al. (1990) devised an experiment aimed at determining whether consequences of
reported EMF effects on calcium mobility in animal cortex (Bawin and Adey, 1976) might
be detected in live animal experiments. LTP in Uie rat hippocampus and memory utilized in
Uie radial arm maze task are both known to be dependent on free movement of calcium in
the brain. Glutamate binding to NMDA receptors with subsequent conformational changes in
the calcium ionophore is a process central to both LTP and RAM performance. Both can be
adversely affected by injection of calcium chelators, or of specific agents that interfere with
Uie NMDA receptor. In Uie Lovely et al. experiments, task acquisition performance in the
maze was significantiy altered by the presence of a horizontal 450 mG magnetic field at 60
Hz. In more recent studies, Lovely and Creim (1991, personal communication) observed
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that exposed animals made significantiy more errors while learning the task than did control
animals when only half of the arms were baited (Lovely et al., 1990). These findings are
consistent with those of Thomas et al. (1986) who reported reduced performance in a timed
task after animals had been exposed to a magnetic field.

More recent data from this series of studies suggest that adjusting conditions for coupling
with Mg++ ion can improve task acquisition performance in rats, as would be predicted by
NMDA current understanding of the magnesium ion's role in Uie function of NMDA receptor
(Lovely et al. 1993).

5.5 SUMMARY

Biological responses to EMF are many and varied. Both magnetic and electric field sensing
are observed in the animal kingdom. Specialized organs have evolved that allow sensing of
electric fields at exceedingly low field strengths. Likewise, many animals exhibit sensitivity
to the geomagnetic field and use it for homing, navigation, or both. To what extent this
sensing may depend on the presence of magnetite in biological tissue is cunently an area of
some interest.

Effects on bone growth can be elicited by both direct cunent injection and non-invasive
induction of electric fields by means of pulsed magnetic field application. Observed and
theoretical attributes of such fields important in these effects have been discussed.

Extended ensembles of cells, in electrical contact via gap junctions, can theoretically detect
and amplify lower frequency signals, and such effects may lead to induced electric fields
having energies near or above that of ambient thermal noise. Clinical data in bone growth
stimulation yield substantial evidence that such amplification does take place.

Experimental and clinical evidence indicates that stimulated or rapidly cycling cells and
stressed in-vivo systems are more likely to be responsive to EMF exposure than are systems
in resting states. Examples include the requirement that cells be treated with a mitogen in
order to show changes in calcium uptake under exposure to magnetic fields (Liburdy et al.,
1992), and the selective stimulation by PEMF of growth in bone cells immediately adjacent
to a fracture site.

In-vivo effects of environmental strength magnetic fields, as applied in phenomenologic
studies appear to be, for the most part, neuronally mediated. Induced alterations in cardiac
EKG, EEG activity, MEG, and pineal gland function are among the observed neuronal
responses to magnetic field application. Consistent with these findings are observed changes
in behavior of animals exposed to time-varying magnetic fields.

Studies from several laboratories suggest that EMF exposure may affect CNS function.
Effects, found in both rodents and humans, are consistent with the hypothesis that EMF may
affect calcium ion transport, either directly or by alterations in receptors or other
membrane-associated molecules that control ion channels.
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Melatonin plays a role in cancer risk as determined in animal models and controls
reproduction in many seasonal breeders. Although not yet well understood, it is clear that
melatonin rhythms play a role in some types of affective disorders in humans. The
neuroendocrine or melatonin hypothesis has been tested in several epidemiologic studies that
found breast cancer risk to be elevated in men with occupational exposure to magnetic fields.
There are now two published reports of laboratory studies in which EMF exposure increased
breast cancer risk in rodents that had been chemically initiated.

Several studies suggest that exposure to magnetic fields at 50 or 60 Hz can enhance the
development of cancer, as determined by several endpoints, in animals that have had a single
treatment with chemical initiators and concurrent chemical promoter treatment along with
magnetic field exposure.
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6. THE NEUROENDOCRINE HYPOTHESIS: A PLAUSD3LE MECHANISM
FOR EMF-ASSOCIATED HEALTH EFFECTS

6.1 SYNOPSIS

In preceding sections, we have reviewed proposed physical mechanisms for EMF-induced
biological effects, and many of those effects have been discussed. If, indeed, EMF exposure
can result in adverse health effects, then between the physical mechanism of interaction and
the manifestation of such health effects are physiological processes that will require further
study. Determining what such processes are and how they may be affected by EMF
exposure is a primary objective of EMF research that uses animals as models.

This chapter discusses hypotheses regarding Uie physiological processes that may contribute
to EMF-induced adverse health effects, as indicated by epidemiologic studies. Emphasis is
on the neuroendocrine hypothesis, because the physiologic effects of EMF on which it is
based are generally acknowledged by the scientific community as a whole, as evidenced in
recent government independent reviews (ORAU, 1992; Walborg, 1991; Theriault 1991).
Recent work of Groh (1993) indicating that simulated maglev magnetic field signals may
affect pineal NAT activity underscores the relevance of this hypothesis to the question of
possible biological or health effects in humans from use of electric transport systems.

6.2 INTRODUCTION

As a result of early work on the effects of EMF on melatonin, Wilson and colleagues (1981)
suggested that changes in neuroendocrine function may account for many of the biological
effects associated with exposure to EMF. Stevens (1987) proposed mat tiie EMF-induced
alterations in melatonin may account for possible increased risk of cancer in EMF-exposed
occupations.

This was termed the "neuroendocrine hypothesis" and was based largely on the work of
Wilson and colleagues (1981, 1983), and on that of Semm and colleagues, including papers
by Semm et al. (1980) and Welker et al. (1983). The hypothesis has been expanded and
refined by Wilson et al. (1989) and by Stevens et al. (1993) as a possible physiologic
mechanism by which EMF fields may affect mood, immune function, and reproductive
function, as well as hormone-dependent cancers.

Based on results from laboratory studies, this hypothesis has been successful in predicting
specific types of cancers that have been found in higher than expected numbers in EMF
exposed occupational cohorts, including male breast and prostate cancers, and melanoma
(Chapter 7). It has been the basis for successful laboratory experiments on breast cancer
(Wilson et al., 1988; Beniashvili et al., 1991), and for hypothesis-testing epidemiologic
studies in depression (Poole et al., 1992) and breast cancer (Tynes and Anderson, 1990;
Demers et al., 1991).
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Finally, this hypothesis is relevant to the issue of maglev and electric transport systems in
general because of recent results indicating that, at increased flux densities, magnetic fields
created to simulate maglev exposure may have effects on pineal gland function in laboratory
rats. These data are discussed later in this chapter. As reviewed in chapter 4, these fields
had no apparent effects in a number of cultured cellular test systems.

Extended treatment of pineal gland function and effects is outside the scope of this chapter.
Information on this gland, and the role of melatonin in cancer risk, mood, reproduction,
immune system function, and aging, is provided in the Appendix.

There are a number of other proposed physiologic mechanisms that may be important in
understanding possible physiologic mechanisms underlying the observed associations between
magnetic field exposure and increased cancer risk. Clearly, the observations of altered
calcium ion mobility discussed in the previous chapter may be important in Uiis regard. This
general consequence of EMF exposure may underlie many, if not most, of the observed
physiologic effects that may be linked to the adverse health outcomes of interest. Many of
the effects observed in cellular systems such as changes in ODC activity, possible effects on
gene transcription, and effects on second messenger systems, including protein kinase C, for
example, are among the other biological effects of EMF which may also prove important in
this regard. However, to date, the physiologic mechanism that has been most widely
confirmed in different laboratories and has been linked by laboratory studies to many of the
health endpoints of interest is the effect of EMF exposure on melatonin synthesis and release
by the pineal gland. In this chapter, the effect of EMF on pineal function will be discussed
both as an illustration of how exposure to weak EMF may, theoretically at least, be a
contributing factor to negative health outcomes as suggested by the epidemiologic studies.

6.3 THE NEUROENDOCRINE IMMUNE AXIS

Direct interactions among the nervous, endocrine, and immune systems are emerging as
important facets in the function of these three main regulatory systems in the body. Most
studied in this regard are the interactions of the so-called hypothalamic pituitary gonadal axis,
the hypothalamic pituitary adrenal axis, and the hypothalamic pituitary thyroid axis with tiie
immune system.

Examples of these interactions include the recently reported effects of the gonadal and
adrenal steroids on brain development and memory, the effects of immune system thymosins
on brain function at the level of the pituitary gland, and the effects of neurohormones on
thymus function (for a review, see Cotman et al., 1987). There is growing recognition that
the pineal and its principal hormone melatonin are likely to play an important role in
communication among the neuronal, endocrine, and immune systems (Wilson et al., 1989).
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6.4 EMF EFFECTS ON CIRCADIAN RHYTHMS

It is likely that the observed effects of EMF exposure on melatonin are but one manifestation
of more fundamental effects from magnetic field exposure on those nuclei and glands in the
CNS and neuroendocrine system that mediate, and are affected by, photic stimuli. One of
the earliest reported effects of EMF exposure in laboratory animals concerned circadian
rhythms in activity and metabolic rate (Groh et al. 1990). Pineal function is an important
manifestation of these circadian rhythms. As discussed in some detail in the Appendix, the
pineal synthesizes and releases melatonin in a circadian rhythm that is strongly dependent on
the external light/dark cycle.

In the hypothalamus, cells of the suprachiasmatic nuclei comprise an internal clock that is
also affected by the periodic perception of lightand, under some circumstances, may use the
nightly peak in melatonin for synchronization. The SCN is thought to be the "master clock"
in mammalian and possibly other species (Moore-Ede et al. 1982). The exact nature of the
interactions among the SCN, the other hypothalamic nuclei, Uie pineal, and external timing
cues or Zeitgebers such as periodic light varies according to species, time of year,
availability and type of food, and other factors.

Alterations in the circadian rhythms of Uie hypothalamic nuclei and Uie pineal can have
profound effects on the other glands in the neuroendocrine system. Based on evidence for
circadian effects outside the pineal, such as those observed by Groh et al. (1990) and Wilson
et al., (1993), it is clear that EMF exposure may affect the circadian system as a whole,
including certain of the hypothalamic nuclei. The view that EMF may affect the circadian
system as a whole was also expressed as a result of earlier work by Groh et al. (1990),
showing EMF-induced circadian changes in activity and metabolism. Reiter (1985) has
suggested that these effects may be dependent on the visual system and may be mediated in
much the same manner as the effects of light.

If such is the case, then the alterations in melatonin rhythms may be only one of a
constellation of changes in neurotransmitters and hormones in response to EMF exposure.
Exposure of Djungarian hamsters to magnetic fields in the late afternoon, during a time
period when the animal is sensitive to melatonin, can delay the subsequent timing of the
night time melatonin peak (Yellon et al 1991). These observations have been confirmed and
extended by Wilson and colleagues (1993) who also reported alterations in hypothalamic
norepinephrine in short day animals. These increases in NE in the medial basal
hypothalamus, including the SCN, were of the type that would be expected in animals
exposed to extended day length. These observations are consistent with either primary or
secondary effects of EMF on a number of components in Uie circadian system. Although the
focus of this chapter is on the possible consequences of alterations in the melatonin rhythm in
response to EMF exposure, the possible wider scope of circadian system effects from EMF
exposure should be kept in mind.
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6.5 NEUROENDOCRINE EFFECTS OF EMF EXPOSURE

Most consistent among the observed effects of EMF exposure in the laboratory have been
those that are mediated by tiie nervous system. An important manifestation of EMF
interaction with the nervous system in these studies has been alteration in Uie circadian
rhythm of a number of hormones and neurotransmitters (Vasquez et al., 1988). Because of
the reported oncostatic properties of one of these compounds, melatonin, suppression in the
synthesis and release of this hormone by exposure to both electric (Wilson et al.,1981) and
magnetic field exposure (Welker et al., 1983) has been of interest relative to the question of
EMF and cancer.

Some 20 studies now appear in the literature reporting effects of EMF on pineal gland
function. Those that were carried out primarily to determine effects of anthropogenic EMF
on neuroendocrine function were reviewed in the preceding chapter. Semm and colleagues
(1980) reported that specific cells in the pigeon pineal gland alter their firing rates in
response to changes in the direction of the local static magnetic field. Subsequent work by
Welker (1983) and by Olcese, Reuss and colleagues (1985, 1986) has shown that the rat can
also respond to changes in Uie magnetic field by altering pineal gland function. These
studies were with dc magnetic fields and were aimed primarily at determining if rodents
could detect Uie Earth's magnetic fields and use Uiis information for navigation or homing.

Concunent work by Wilson et al. (1981) showed that exposure to 60 Hz electric fields for 20
hr/day over a period of 3 weeks, suppressed Uie night time rise in pineal melatonin. This
reduction appeared to be a threshold all or none response with onset at electric field levels of
between 200 and 2000 volts per meter. Subsequent studies by this group showed that the
effect was reversible with night time melatonin levels for exposed animals indistinguishable
from those for controls within 3 days after cessation of exposure. The specific biochemical
lesion induced by EMF exposure was subsequently identified by direct determination of
activity for NAT, the rate limiting enzyme in the conversion of serotonin to melatonin.
Activity of this enzyme was suppressed by field exposure. Observed accumulation of
serotonin, its metabolite 5-hydroxy indole acetic acid, and of 5-methoxy tryptophol in the
pineal gland was consistent with an effect on NAT. The latter two compounds are produced
using serotonin as a substrate, via an enzymatic pathway not involving NAT, and would be
expected to increase in concentration under conditions of decreased NAT activity.

The pineal gland was thought by Descartes to be the seat of the soul. Since his time, it has
been termed vestigial, a neuroendocrine transducer (Wurtman, 1969), and an end organ of
the visual system (Reiter, 1987). Its principal hormone melatonin is secreted on a circadian
cycle with both blood and pineal concentrations increasing during the hours of darkness to
peak between approximately 2 am and 4 am, falling thereafter, and remaining low during the
day. Timing and duration of the melatonin signal is thought to convey information about
time of day and season to the internal organs of Uie body and is important in synchronizing a
number of other circadian and seasonal biological rhythms.
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In mammals, its rhythms appear to be determined by internal timing signals from the master
clock of the suprachiasmatic nuclei in the hypothalamus, and synchronized to the external
day/night cycle by the onset of light and darkness. Melatonin can be found in nearly every
tissue and in every bodily fluid. In many mammals, including rodents, melatonin is
antigonadal (Reiter 1986). It interacts with the immune system where its properly timed
administration enhances immune surveillance, and natural killer cell activity (Maestroni and
Conti, 1986). Overall, melatonin appears to suppress the activity of other endocrine organs
(Nir, 1978).

6.6 THE NEUROENDOCRINE HYPOTHESIS

The neuroendocrine hypothesis specifically addresses the problem of how ELF fields, with
energy deposition insufficient to break chemical bonds and thus unable to cause mutation
directly, may nonetheless effect changes in biological function that can result in increased
cancer risk. It states that EMF-induced suppression or phase shifting of the night time peak
in melatonin synthesis and release by the pineal gland may lead to the same kinds of
biological changes that occur when pineal function is experimentally suppressed in laboratory
animals by surgical or pharmacologic means, or by constant light exposure.

Manipulations of circulating melatonin concentrations by suppression of the melatonin
rhythm, pinealectomy, or administration of exogenous melatonin have been shown to affect
reproduction (Reiter, 1980), mood (Lewy et al., 1986), immune function (Maestroni and
Conti, 1991a, b), and life span (Stokkan et al., 1991), as well as affecting the risk of cancer
in chemically initiated animals (Tamarkin et al., 1982). Figure 6-1 depicts the relationships
between the physiologic effects of melatonin in animal experiments and the health endpoints
that may be affected by EMF exposure in human as suggested by epidemiologic studies.

The hypothesis is attractive because Uie proposed physiological mechanisms do not require
that Uie low-energy EMF exposure cause chemical changes in biological tissue. It requires
only that the fields be detected by the organism and subsequently affect pineal gland
function. Such detection of the geomagnetic magnetic field is observed in a number of
vertebrate species and thus does not appear to be precluded by energetic considerations.
Because of the diverse actions of melatonin in the neuroendocrine and immune systems,
changes in the timing and rate of this hormone's synthesis in the pineal may affect cancer
risk, reproduction, and mood and affect.

Pineal function in the endocrine system is that of suppressing most other endocrine glands
(Wurtman and Cardinali, 1974; Nir, 1978). Pinealectomy in rats results in endocrine
changes which include increases in circulating levels of gonadal steroids as well as FSH and
prolactin (Kamberi et al. 1971). Pineal ablation also causes measurable functional changes in
tiie hypothalamus, pituitary, and gonads, as well as in the thyroid and parathyroid glands
(Nir, 1978).
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Figure 6-1. Depicts the possible conseqences ofEMF detection by the pineal gland, which
results in reduction or phase-shifting of the nighttime peak in melatonin. Consequences are
based on well-documented effects of melatonin.

The pineal gland is innervated by noradrenergic fibers of the superior cervical ganglion.
Nocturnal release of norepinephrine activates the adenylade second-messenger system. This
event stimulates an increase in N-acetyl transferase (NAT) activity which, along with
hydroxy-O-methyl transferase, converts serotonin to melatonin (Axelrod and Weisbach,
1960). NAT appears to be the rate-limiting enzyme in this pathway (Wurtman and Ozaki,
1978). Melatonin and other serotonin metabolites in the pineal exhibit strong circadian
rhythms in most reptiles and mammals studied thus far, including man (Lewy et al. 1986).
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There are also superimposed annual cycles in the clock time for peak melatonin levels in Uie
circulation as well as estrus cycle rhythms in humans and rats (Wetterberg et al. 1976,
Hariharasubramanian et al. 1985). In all species, pineal and blood levels of melatonin begin
to increase shortly after the onset of darkness and reach peak concentrations 2 to 4 hours
before the onset of light. Exposure to light during the normal dark cycle leads to a
precipitous drop in circulating melatonin in several species, including sheep, rats and man
(Lewy et al. 1980).

Melatonin is cytotoxic in several cancer cell lines in vivo, protective against several cancers
in vivo including prostate, and breast cancers, and melanoma. No studies of melatonin
effects on brain cancer models in animals have been reported. However, melatonin has been
used as an adjunct to chemotherapy in a variety of advanced cancers, and its use has been
shown to help slow progress of the disease.

Certain immune system functions appear to be affected by melatonin, which acts to enhance
natural killer cell activity, and can antagonize the immunosuppresive effects of corticosterone
injections, for example. Melatonin can act postsynaptically as a neuromodulator or as an
inducer of sleep in humans. Timing of the melatonin rhythm is strongly implicated in
seasonal affective disorder syndrome (SADS), a winter depression for which light therapy is
curative. Reduced melatonin concentrations in the circulation have been associated with
major depression by several authors. Melatonin apparently influences several aspects of
maturation and ageing.

Finally, melatonin plays an important regulatory role in fertility of many seasonal breeding
animals. As illustrated by this partial listing of demonstrated melatonin effects, pineal gland
function can play a role, or be an etiologic factor, in each of the broad disease or disorder
categories (cancer, depression, and reproduction) associated with sunogates of EMF
exposure in epidemiologic studies.

These effects of melatonin, as determined in animal studies as well as in some clinical work
with humans, are reviewed in some detail in Appendix A. An expanded treatment of pineal
gland function and the evidence for melatonin's role in the etiologies of certain cancers, and
other disorders may be found in this appendix. Because of Uie cunent interest in the
possibility that magnetic field exposure may be a risk factor in certain types of cancer, the
effects of melatonin on physiologic functions that relate to cancer are discussed in more
detail.

6.6.1 Pineal Function and Cancer Risk

An association between the pineal gland function and tumor growth was demonstrated some
70 years ago (Georgiou, 1929). The significance of this early work has been recognized
during Uie last decade as evidence has mounted that the pineal hormone melatonin is
protective against a number of neoplasms, including leukemia, breast and prostate cancers,
and melanoma. In the case of chemically induced breast cancer models, a number of studies
now demonstrate, unequivocally, the protective effect of both endogenous and administered
melatonin.
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Several possible mechanisms have been proposed to account for melatonin's effect on cancer
growth. First considered are Uie hormone-dependent cancers such as estrogen receptor
positive breast carcinoma and prostate adenocarcinomas. These cancers require adequate
circulating concentrations of estrogen and testosterone, respectively, for growth and
proliferation. Increased circulating levels of prolactin are thought to be a risk factor in
breast cancers. One of the earliest recognized physiologic roles for melatonin was that of
antigonadal principal. Melatonin normally acts to reduce circulating levels of the gonadal
steroids and of prolactin.

Melatonin is also directly oncostatic against several cancer cell lines in vitro, including a
subclone of MCF-7 breast cancer cells (Blask, 1990) and B-16 melanoma cells. Melatonin
has been shown protective, whether produced endogenously or administered, against a
number of cancers in vivo, including DMBA induced mammary carcinoma and Dunning
prostate adenocarcinoma.

A third general means by which melatonin may influence cancer risk is indirectly via
modulation of the immune response. Results from a number of studies, designed and carried
out specifically to gather data on Uie interaction of melatonin with the immunesystem, have
suggested that this hormone may influence the activity of several components, including NK
cell activity (Maestroni and Conti, 1986). It should be noted that in several of these studies,
the timing of the melatonin administration was often critical in obtaining the immune system
effects.

Wilson et al. (1990) reported changes in melatonin excretion in volunteers who used
modified electric blankets. At onset of exposure, there was a short-lived increase in
excretion of the urinary metabolite 6-hydroxy melatonin sulfate. This was followed by a
general decline in urinary excretion of this melatonin metabolite as exposure continued (for
up to 10 weeks). At cessation of exposure, there was again a short-lived (5-8 day) increase
in melatonin production. The magnitude of this increase was substantially higher than that of
the first increase, and in some subjects was 4-5 times the amount measured on for Uie
evening prior to cessation of exposure.

Figure 6-2 shows the findings from various studies that are deemed consistent with the
hypothesis that EMF exposure may affect cancer risk via mechanisms mediated by the
neuroendocrine system.
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6.7 DISCUSSION AND CONCLUSIONS

Work has been carried out to determine specifically the possible biological effects on the
neuroendocrine system of exposure to magnetic fields such as those that may be generated by
electric transport systems (Groh 1993). As reviewed in the preceding chapter, results from
these experiments are consistent in terms of Uie effect of bipolar pulsed dc magnetic fields on
melatonin concentration in the pineal as reported by Lerchl et al., 1990, 1991. These studies
also provided evidence that a simulated maglev signal at 7x the flux density measured for the
TR-07 affected activity of the enzyme NAT and also had a proportionally substantial but
statistically nonsignificant effect on melatonin concentrations. Taking into account
customarily applied scaling factors between humans and rats for magnetic fields, the 7x
exposure is approximately equivalent to the original lx amplitude exposure in man.

Thus the results of Yellon et al. (1991) showing that short-duration exposures of 15 minutes
to a 60 Hz, 1000 mG magnetic field can affect pineal melatonin rhythms in hamsters are of
possible relevance in the context of the electric rail transport studies. Administration of the
field in these experiments was timed to coincide with a period of the day wherein
administration of melatonin is known to have maximal effect. It is believed that at this time,
approximately two hours before the onset of darkness, melatonin receptors are optimally
expressed in cells outside the pineal gland.

This work is in an early stage; however, in view of similar results by Wilson and colleagues
(1993) and the results of Groh (1993), short-duration exposures to reasonably strong
magnetic fields, such as those associated with some electric rail systems (possibly exceeding
10,000 mG in the Washington, DC, Metro system, for example) should be further
investigated as a possible environmental factor that could affect circadian rhythms. The fact
that use of these trains by the public is for short-duration trips during roughly Uie same time
period each day makes the timing of the administration of the fields, as in Uie Yellon studies,
a parameter of interest in further studies.

From a broader perspective, the question of possible biological or health effects of EMF
exposure associated with electric rail transport will be addressed to some degree by other
studies mat test the neuroendocrine hypothesis. These include studies such as Uie National
Institute of Health (NIH) epidemiology study that is being conducted to determine if there is
an association between breast cancer risk and EMF exposure in women. As shown in later
chapters, however, it is unlikely that exposure to maglev magnetic fields, as measured for the
TR-07 vehicle, will have biological effects that are substantially different from those that
may be associated with existing rail transport systems.
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7. EPIDEMIOLOGIC STUDIES CONCERNING EMF EXPOSURES

7.1 SYNOPSIS

This section begins with a brief description of those cancers that have been statistically
associated with EMF exposure, or EMF exposure sunogates, through epidemiologic studies.
These include leukemias, lymphomas, brain cancer, melanoma, and neuroblastoma, as well
as breast and prostate cancer in males. While a thorough review of EMF-related
epidemiology is outside the scope ofthis document, we will use the results ofmany ofthese
studies to establish that at least a statistical association does exist between increased EMF
exposure and the various cancers listed. Increased risk for miscarriage and mood disorders
have also been linked to EMF exposure by epidemiologic studies.

Types ofcancers linked to increased EMF exposures are described briefly. We list risk
factors for these cancers where they are known or suspected and provide estimates of Uie
normal incidence of the cancers.

Characteristics of Uie links between EMF and disease that should be evaluated in judging
whether a cause and effect relationship may exist are presented and discussed. Weconsider
epidemiologic studies relevant to a possible association between EMF and cancer under two
categories: residential and occupational. Where available, we include information about the
spectral characteristics of the distinguishing EMF exposure in the populations studied. Many
of the fields associated with occupations found to have increased incidence of cancers, where
such fields have been adequately characterized, appear to be other than purely sinusoidal.

We also review epidemiologic studies that have investigated possible associations between
EMF exposure and miscarriage and depression. The general disease categories so far
associated with EMF exposure, as well as the types of cancer themselves, are known to be
affected by pineal gland function in animal or human models. We discuss limitations in the
interpretation of these epidemiologic studies and caveats that should be taken into account
when considering the significance of these studies.

7.2 INTRODUCTION

Concern regarding possible adverse health effects from EMF exposure has arisen primarily
as a result of epidemiologic studies. Such studies have suggested an association between
increased EMF exposure and increased risk of depression, miscarriages, and specific cancers.
While many of these reports have indicated no detrimental effects (e.g., Severson et al.,
1988), an increasing number of epidemiologic studies report a statistically significant
association between EMF exposure, or exposure sunogates, and increased cancer risk.
These reports suggest that elevated risk of childhood and adult leukemias, lymphomas, and
brain cancer, as well as melanoma and male breast and prostate cancers in adults, may be
associated with increased exposure to electric or magnetic fields (see reviews by Theriault,
1991, and Walborg, 1991).
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Interpretation of Uie epidemiologic studies varies widely with regard to any actual risk
associated with EMF exposure. Zangwill et al. (1992) have recently called into question the
criteria (if any) used by reviewers for inclusion of epidemiologic studies to be considered.
These authors note that of the more than 20 reviews since 1989, there have been few that
described criteria for evaluation and inclusion of primary studies. Several qualified
epidemiologists maintain that, overall, these studies reflect no increased risk from EMF
exposure (e.g., Jackson, 1992). While those who maintain that EMF exposure has no
association with risk are a minority, among those who have published reviews of Uie
literature in Uiis area, there is a consensus that no cause and effect linkage between EMF
exposure and cancer has been demonstrated (Theriault, 1991; Walborg, 1991; NRPB, 1992).

7.3 EVIDENCE SUPPORTING CAUSAL ASSOCIATIONS IN EPIDEMIOLOGIC
STUDIES

Statistical associations between environmental factors or anthropogenic agents and disease do
not, by themselves, prove that the associated factors cause the disease. Such associations,
when found, may simply be coincidental, or the factor being investigated may be related to
the disease in a non-causative manner. Epidemiologists have established guidelines that are
used to assess whether an agent or environmental factor may be causally related to disease.
These derive to some degree from the work of Koch (1882) and have been extended by Hill
(1953). The following listing is adapted from a report of the Surgeon General's advisory
committee report on smoking and health (PHS, 1964), which discusses what is termed the
"causal significance of an association" and maintains that a determination of causality is a
judgment that extends beyond any statement of statistical probability.

Characteristics that have been suggested for determining causal significance, as applicable to
the EMF studies, may be summarized as follows:

Consistency: Implies that diverse methods of investigating an association will lead to similar
results and conclusions regarding an association.

Strength: Refers to the risk for disease for groups exposed to an agent compared to the risk
for groups not exposed, assuming that the groups are matched for age and other
characteristics. The magnitude of this ratio is an indication of the strength of the association.

Specificity: Refers to the precision with which one component of an associated pair can be
used to predict the other. For example, how often lung cancer predicts smoking or vice
versa.

Temporal Association: Onset of exposure to Uie agent must precede appearance of tiie
disease. In diseases known to have a latency period, this period should be taken into account
when evaluating Uie strength of the temporal association.

Coherence (Plausible Mechanism): Hypothesis of causality is strengthened if exposure to the
agent can increase disease incidence or severity by biological mechanisms that are known and
understood.
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While not specifically listed as one of these criteria, the concept of dose/response can be
considered as an aspect of the specificity criteria, an important aspect in the EMF
epidemiologic studies. Dose/response can be defined as evidence that increased exposure to
aputatively causative factor, in terms of strength, concentration, quantity, or time, should be
associated with increased disease incidence or severity. The lack ofa clear dose/response
relationship has been repeatedly cited as aweakness of the EMF epidemiologic studies.

7.4 OVERVIEW OF CANCERS LINKED TO EMF EXPOSURE

7.4.1 Carcinogenesis: The Process of Cancer

More than 80 such studies have appeared in the literature, and these authors suggest methods
for a rigorous meta-analysis. Carcinogenesis is now viewed as a stochastic process
comprising several stages, with certain of these stages occurring in sequence (Slaga, 1989).
Each stage involves several events, the effects of which may be either reversible or
non-reversible. Some of these events are signaled by occunence of specific hentable
changes in the cellular genome.

Early experiments in mouse skin cancer models (Berenblum and Shubik, 1947) led to the
development of the two-stage, or initiation/promotion, model of carcinogenesis. In this
model, initiation is a heritable mutation to the genome. Such mutations may lead to the
activation of oncogenes or to the inactivation or inhibition of tumor suppressor genes.
Ionizing radiation and certain chemicals are demonstrated initiators (many of these are also
complete carcinogens).

Promotion may comprise both genetic and epigenetic processes which allow the initiating
event to be expressed eventually as malignancy (Figure 7-1). In the classical two-stage
experiment, initiation is accomplished with asingle application of achemical carcinogen such
as DMBA. If the dose is sub-carcinogenic, then tumors will not form without subsequent,
usually repeated, application of the promoter (Figure 7-2). Application of apromoter such
as TPA prior to, or in the absence of, initiation will not affect development of cancer.

Epigenetic factors such as increases in circulating steroidal hormone levels (Blask 1990),
stimulation of cell proliferation (Ames and Gold, 1990), inhibition of DNA methylation,
increased chromosomal instability, and inhibition of normal cell-to-cell interaction, especially
those involving intercellular transport of small molecules via gap junctions, can increase the
risk of progressing the initiated cell, or its progeny, to malignancy (Walborg, 1991). Agents
that interact to affect any of these epigenetic processes can lead to increased cancer nsk.
Depending on the biological activity of such agents, or how they are used in the laboratory
or encountered in the environment, they may be designated as promoters, co-promoters, or
co-carcinogens.

Since ELF and static magnetic fields are of insufficient energy to cause direct chemical
damage to DNA, it is now generally accepted that these fields are not mutagenic and are
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unlikely to be initiators of carcinogenesis. Therefore, if ELF magnetic fields do affect
cancer risk, it is likely that they do so via one or more epigenetic processes or by effects on
Uie immune system (Figure 7-3).
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Figure 7-1. The model for cancer incorporates growth characteristics of normal cells ("a"),
intermediate cells ("b"), and cancer cells ("c"). It also incorporates transition (or
"mutation") rates "u," and "u2." Agents that affect growth ofcells, transition rates, or
clinical behavior will influence the risk of dying of cancer, although the biological
mechanisms for these various effects may be very different.
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Figure 7-2. (A) tumor outcomes for various combinations of initiators and promoters in
animal experiments; (b) expected outcomes for initiation promotion experiments when a
co-promoter is used.
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7.4.2 Cancers Linked to EMF Exposure

As an introduction to the epidemiologic studies reviewed here dealing with cancer, we briefly
describe the various cancers that have been cited by qualified authors as having an
association with EMF exposure or exposure sunogates. Factors known or suspected to
increase risk for these neoplasms are mentioned, where such information is available.

Epidemiologic studies considered here may be classified as either cohort or case-control. In
cohort studies, a group or groups of individuals are defined prior to the appearance of Uie
disease under investigation. This study group is then observed over a period of time to
determine the incidence of a given disease within the group. In case-control studies, two
groups are defined in terms of whether they have or do not have the disease under
investigation. Cases of a specific disease (case group) are sought out within a population and
are compared with a group who are matched for such factors as race, age, sex, and
socioeconomic status, but who do not have the disease under investigation (control group).
An effort is then made to determine if exposure to the suspect agent was different between
the two groups as a whole.
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7 42 1Leukemia. Leukemias are neoplastic diseases that result from the clonal expansion
of hematopoietic cells. Cancer registries commonly classify leukemias as either acute
lymphocytic (ALL), chronic lymphocytic (CLL), acute myeloid (AML), chronic myeloid
(CML), monocytic (ML), "other," or "unspecified" (Hosfeld, 1990). Ionizing radiation
benzene exposure and chemotherapeutic agents, certain retroviruses, and congenita^ disorders
associated with chromosomal breakage are known risk factors for leukemia. Onset of the
overt leukemia can occur fairly soon (within 2 years) after ionizing radiation exposure and
5-7 years after the first chemotherapy course of treatment. Leukemia accounts for some 3%
ofall cancers with remarkably little international variation in incidence rates.

ALL is believed to arise from clonal expansion of lymphoid progenitor cells. ALL is
primarily adisease of childhood, mainly affecting children younger than 15 years of age,
with apeak between ages 2and 4. Incidence in males is approximately double that in
females. Rates of this disease in children have remained fairly constant. Mortality is
decreasing, however, presumably because ofimproved treatment.

In acute myeloid leukemia, malignant transformation may occur at different stages of stem
cell development. The hierarchy of cell differentiation continues to function in this
leukemia, although immature (blast) cells from different lineages tend to accumulate. AML
is generally considered acurable neoplasm, although patients who exhibit a loss of
chromosomes 5 and 7 in the affected cells have a poor prognosis. Such patients generally
have ahistory of exposure to ionizing radiation or leukemogenic chemicals. Treatment
consists of aggressive chemotherapeutic treatment to reduce blast cell populations followed
by consolidation and then by maintenance chemotherapy.

While ALL is primarily adisease of childhood, chronic lymphocytic leukemia is adisease of
the elderly. In over 95% of cases, CLL results from clonal expansion of B-lymphocytes.
CLL patients often remain asymptomatic in early stages of the disease and are often
diagnosed during routine blood workup procedures. No therapy is considered curative for
CLL, although radio- or chemotherapy may be useful in alleviating specific symptoms later
in the course of the disease.

Aspecific acquired chromosomal abnormality, the "Philadelphia" chromosome, is strongly
linked to chronic myelocytic leukemia, with more than 95% of diagnosed cases exhibiting
this translocation (review by Hammond, 1990). Other chromosomal changes may also be
seen in these patients. Bone manow transplantation is the only effective therapy for CML
patients. Survival rates with use of this therapy decrease with age, and it is not
recommended for patients over 50 years old. Chemotherapy, while not curative, is often
employed as a useful palliative treatment.

7.4.2.2 Neuroblastoma. Neuroblastomas are solid tumors arising from the adrenal glands or
other tissue in the sympathetic nervous system. Tumors are most commonly found in the
abdomen or thorax. There is a genetic component to the disease. Familial patterns in
incidence are becoming more apparent as treatment improves and survivors of the disease
grow to have children oftheir own. Approximately 75% ofneuroblastomas are diagnosed in
children under 5 years of age. If detected at an early stage, surgery to remove the primary
tumor is the recommended treatment. Metastasis of the primary tumor often involves the
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liver, lung, or bone, in which case chemotherapy is indicated. Spontaneous regression of
neuroblastoma has been reported.

7.4.2.3 Brain and Central Nervous System Cancers. Approximately 50% of cancers in the
central nervous system (CNS), including both gliomas and astrocytomas, arise from glial
cells. Other cancers of the CNS include meningeal cancers, cancer of the neuroendocrine
organs, and secondary tumors from metastasis of systemic cancers, especially those of the
breast, lung, and gastrointestinal tract.

Although tumors of CNS origin may be classified as malignant, they metastasize only rarely
to sites outside the CNS. Distinctions between malignant and benign tumors are less
definitive in prognosis of CNS tumors than for systemic tumors. Slow-growing, infiltrating
tumors of the CNS, for example, although technically benign, may be inoperable when
diagnosed and are therefore often fatal.

Malignant gliomas can suppress immune system function. They also apparently employ
several strategies to escape detection by the immune system. For example, they direct
amplified expression ofspecific oncogenes to attain resistance to the body's natural defenses
against cancers. These include resistance to tumor necrosis factor. Patients suffering from
malignant gliomas have a generally poor prognosis. Exposure to ionizing radiation and head
trauma are known risk factors for gliomas and astrocytoma (Mack et al., 1991).

7.4.2.4 Breast Cancer. Breast cancer in males is rare, with men contracting the diseases at
a rate far less than 1case per 100,000 population. Breast cancers may be hormone
dependent, with tumors elaborating estrogen and progesterone receptors and requiring
estrogen for continued growth and proliferation. Histologically, most male breast cancer is
essentially the same as estrogen receptor positive breast cancer in females; the tumors are
hormone dependent in both instances (Sherman and Hossfeld, 1990).

In women, the breast is Uie most common site for cancer, and breast cancer is Uie leading
cause of death for females in some countries. There is wide international variation in breast
cancer incidence. Rates in North America and Great Britain, for example, are substantially
higher than rates in countries such as Japan and Venezuela. Environmental factors are
implicated in this variation in breast cancer incidence; increased rates are seen in groups who
have migrated from low-risk countries to those with higher risk. For example, women of
Japanese descent living in Hawaii show rates approximating those of the United States and
not Japan.

Risk factors for breast cancer include familial history of the disease, especially in a mother
or sister, early age at menarche, late age at menopause, and late age at birth of first child.
Dietary intake of fat has also been investigated as a possible risk factor; however,
epidemiologists disagree about the importance of dietary fat as a risk factor.

In the United States, the incidence of this disease in women is approximately 9%; about 1 in
10 women will eventually be diagnosed with breast cancer. Rates in the United States are
rising, but known risk factors do not appear to account for tiie increase (Stevens et al.,
1992). Estrogen receptor positive breast cancer appears to be increasing at a much greater
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rate than the estrogen receptor negative form of the disease. Hormonal factors have been
suggested as the most likely reason for the differential increase (Glass and Hoover, 1990).
Melatonin may play arole in the etiology of breast cancer in humans. Melatonin isplSe again* breast cancer in rodents (Blask, 1990) and inhibits growth of breast c^icer
cells in vivo Tamarkin et al. (1982) have suggested, based on clinical studies, that.the
absence of nocturnal peak melatonin may serve as abiochemical marker for increased nsk of
estrogen positive breast cancer."

7425Melanoma. Melanoma is acancer of the pigmented melanocyte cell, which is
derived from the neural crest and normally migrates to the skin dunng development
Although less frequent, migration of these cells to the mucous membranes and tiie nervousfystemis also eWdent. Primary melanoma is normally adisease of the skin and as such may
be dented by simple visual examination. With early detection, the cure rate can be as high
as 80%. Untreated, however, melanoma is one of the most dangerous of cancers, and once
metastasis has taken place, prognosis is poor.

Melanoma rates are increasing worldwide. In the United States, incidence has doubled every
15 years since 1930. Incidence is highest in light-skinned populations. Blacks rarely
contract melanoma, and when they do, it is normally on the lighter skin on the soles of the
feet or the palms of the hand. Melanoma risk increases with increased exposure to direct
sunlight, especially that encountered at lower latitudes. There is evidence from laboratory
studies that both human and animal melanomas may be steroid-responsive cancers (Stanbury
et al 1983) Melanoma is one of the few cancers for which complete spontaneous
regression has been observed clinically, suggesting that some immunologic process may be
important in the etiology of the disease. There is also evidence that melatonin is protective
against melanoma (Narita et al., 1985).

7426Lymphomas. Lymphomas are malignant diseases of lymphoreticular cells and are
thus related to the leukemias. The two are coded closely in International Classification for
Disease (LCD) (i.e., lymphomas are coded line break 200-201 and leukemias are coded
204-207). Two main classes are recognized: Hodgkins disease (HD) and non-Hodgkins
lymphoma (NHL). Agreat variety of diseases are grouped under NHL, owing to the
diversity among the immune cells from which these neoplasms arise. As in the leukemias,
chromosomal translocations are found in most lymphomas, especially in NHL. Risk of
lymphoma is increased in immune-compromised individuals (Gatti and Good, 1971).

Epstein-Ban virus infection is strongly suspected, though not proven, as an etiologic factor,
especially in Burkitt's lymphoma. Most common among symptoms is swelling of the lymph
nodes. Diagnosis requires lymph node biopsy. Radiotherapy is Uie treatment of choice in
lymphomas, and high cure rates can beachieved with early detection.

7.4.2.7 Prostatic Cancer. Prostatic cancer is an important cause of morbidity and mortality
among middle-aged and elderly men in developed Western countries. In the United States,
incidence in blacks is about twice that in whites. U.S. rates overall are about 40 times those
observed in Japan. In tiie United States, approximately 1 in 10 men will develop clinically
evident carcinoma of the prostate. Incidence of Uie disease is underestimated in the overall
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population because many tumors are considered benign hyperplasia or remain asymptomatic
and are detected only upon post-mortem examination. Malignant prostatic cancers are
hormone dependent.

While the causes ofprostate cancer are not well understood, environmental factors are
implicated because rates increase in migrants moving from low incidence areas to higher
incidence areas. Epidemiologic studies that have looked at socio-economic status, sexual
practices, and venereal disease as possible risk factors have been inconclusive. Hormonal
influences have been well established; however, prostate cancer is not found in men castrated
before puberty.

7.5 EPIDEMIOLOGIC STUDIES LINKING EMF AND CANCER

7.5.1 Use of Surrogates for EMF

Early EMF epidemiologic studies, both residential and occupational, distinguished "exposed"
or "higher exposure" groups from "non-exposed" or "lower exposure" groups by the use of
sunogates for EMF. These sunogates reflect indirect estimates rather than direct
measurements of the magnetic fields. In the residential studies, the sunogate used was Uie
configuration of electrical service wires outside the home known as the Wertheimer/Leeper
wiring code (Wertheimer and Leeper, 1979). The wiring code is categorical with five levels
of imputed exposure from low to high based upon the numbers of transmission and
distribution wires near the home, their gauge, distances to these wires, and whether or not
they are buried.

In occupational studies, the sunogate used most often was job title. In some later studies
such as that of Savitz et al. (1988), spot magnetic field measurements were made. Later
studies, such as London et al. (1991) and others not yet completed, will include data from
both spot and longer term magnetic field measurements in the home or work environment.

Some investigators have suggested that the sunogate measures, although crude, are more
stable man short-term measurements, and therefore may be more indicative of long-term
exposures. There is also the possibility that the sunogates are indicative of some aspect of
magnetic field exposure that is more closely associated with increased risk than is the
time-weighted average 60 Hz field. (Measurements of field strength done in studies to date
are used to estimate a time-weighted average exposure at 60 Hz.) Others have suggested that
the sunogates in the residential studies may reflect risk factors (as yet unknown) other Uian
magnetic field exposure.

In all of these studies, measurements of the fields or estimates of the fields based on
sunogates were made after the occunence of the disease. Prospective epidemiologic studies,
wherein field exposure is measured before the disease occurs, are cunently being planned or
are underway. Because field levels preceding the disease will be known in these studies
instead of infened from later measurements, Uie outcome of these studies will be important
in eventually determining if a causal link exists between EMF exposure and cancer.
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7.5.2 Residential Studies.

Although exposure assessment in EMF epidemiologic studies has been generally inadequate,
many have interpreted data from these studies to suggest that the magnetic field component
of EMF may be more strongly associated with increased cancer risk than is the electnc field
component. While measurements have generally shown aweak association between magnetic
field strength and risk, no association has been found between measured electnc fields and
risk.

Wertheimer and Leeper (1979) reported that increased childhood leukemia was associated
with magnetic field exposure in astudy which considered the size and proximity of outside
electrical power lines to the residences of cases and controls. This early study eventually led
to serious consideration of the hypothesis that magnetic fields may be conelated with cancer
risk.

Severson et al. (1988) studied adult leukemia as a function of wiring code and measured
magnetic field in Seattle. This study showed no effect of the fields. As acomponent of this
study, Kaune et al. (1987) found that center of room measurements for household magnetic
fields for homes in the Seattle study were generally below 1 mG.

Savitz et al. (1988) performed residential magnetic field measurements under conditions of
low power (wherein power to the home was switched off) and high power (wherein all home
appliances and lights were turned on). Magnetic field measurements were stratified into four
categories (< 0.065 /iT; 0.065 to < 0.1 pT; 0.1 to fxO.25 pT; and > 0.25 MT). There was
an elevated but not statistically significant conelation to observed cancer rates when data
were analyzed using these categories. Nonsignificant increases in cancer were observed
when comparing households in the lowest category to those in the upper three categories
under low power conditions (odds ratio: 1.28-1.49). Trend tests for these comparisons
were, however, significant.

London et al. (1991) studied childhood leukemia in relation to wiring codes and measured
magnetic fields in cases and controls in Los Angeles County. While their data provided little
support for an association between measured household 60 Hz magnetic fields and childhood
leukemia, there was evidence for an association between wiring code and childhood leukemia
(Table 7.1). This study also found evidence of an association between use of certain
electrical appliances by children and childhood leukemia. These appliances included hair
dryers, black and white television sets, and electric blankets.

Lovely and colleagues (1992) hypothesized that, if magnetic field exposure were related to
leukemia risk, then the use of personal electrical appliances that were operated in close
proximity to tiie body, and in essentially the same manner on a daily or periodic basis,
should be conelated with tiie incidence of this cancer in adults. Accordingly, they reviewed
reported use of 28 appliances for approximately 114 leukemia cases and their controls from
the data set of Severson et al. (1988). The hypothesis was that one or more of the appliances
used closest to the body (i.e., electric razors, hair dryers, and hand held massage units),
would be conelated with increased leukemia risk.
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Results of this analysis indicated that, of these appliances, electric razor use was statistically
significantiy conelated with leukemia risk in men. Relative risk in this study was estimated
at 2.15 for those who had reported an average of 5 minutes or more per day of electric razor
use. Risk appeared to increase with increasing reported time ofdaily use, and the trend
persisted when social economic status, smoking (overall increased risk), and reported
allergies (overall decreased risk) were taken into account.

Magnetic field flux density and spectral measurements made on electric razors manufactured
during the time period of assumed critical exposure for these cases showed that they
generated fields of4,500 mG (0.45 mT) ormore at the surface that contacted the face. Both
time and frequency domain analyses showed that the 110 VAC models generated signals with
frequencies in the greater than 100 kHz range. It was noted that these fields were of
sufficient flux density to induce electric fields in biological tissue well above those due to
normal metabolic processes.

In a study of approximately 500,000 people in Sweden who lived within 300 meters of high
voltage power lines (220 and 400 kV), Feychting and Ahlbom (1992) found apositive
conelation between proximity to the lines and leukemia risk in children. Based on historical
line load data and magnetic field models, exposures were calculated for nearly half a million
residences near the lines. For a subset of the study subjects, 24-hour spot magnetic field
measurements were also taken in the residence.

Based on the calculated fields, the risk ratio for childhood leukemia increased between 1.0
and 2.0 mG, and was estimated at 2.7 (statistically significant) for flux densities of 2.0 mG
and greater. When considering residences calculated to have fields greater than 3.0 mG on
average, the relative risk increased to 3.8 with a conesponding trend test p-value of0.005.
This study found a slight (relative risk 1.7) but non-significant increase in adult leukemia
incidence for residences with higher fields. There was no observed increase in brain tumor
risk or in the risk for all cancers combined for either children or adults.

No conelation was found between cancer incidence and magnetic fields as determined by the
24 hour spot measurements in a subset of the residences. The conelation between calculated
fields and disease held for single family residences but not for multi-family dwellings. No
increase in brain tumor risk was observed in this study.

Overall, when measured in residential epidemiologic studies, magnetic field strengths in the
home have generally shown weaker conelations with actual cancer incidence than do
classifications such as wiring codeor proximity as used to model field flux densities in the
Feychting and Ahlbom study. Table 7-1 lists the estimated relative risk for childhood
leukemia in three residential studies, as related to wiring code, spot in-home magnetic field
measurements, and 24-hour in-home measurements.

Bowman et al. (1991) have recently reported a re-analysis of the London et al. (1991) data
designed as a test of the quantum resonance theory hypothesis. Two different dc magnetic
field strengths (380 mG and 506 mG) that would be anticipated to be resonant for calcium
ions in combination with a 60-Hz ac field were arrived at empirically. Static magnetic
fields, arising primarily from the earth's geomagnetic field, were measured at the homes of
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Table 7-1 Relative risks for childhood leukemia. Reported by Wertheimer and Leeper
(1979) Savitz et al. (1988), London et al. (1991) and Feychting and Ahlbom (1992)
residential studies, as they relate to magnetic fields estimated by wiring codes, spot
measurements, and 24-hour measurements.

Study Authors 1

Wertheimer &

Leeper, 1979
Savitz et at.,

1988

Feychting et
al., 1992

London et al.,

1991

Relative Risk Relative Risk Relative Risk Relative Risk

Metric

1.00

3.00

1.00

1.10

1.30

2.50

Metric

1.00

0.90

1.40

2.10

Wiring Code
UG+VLCC

OLCC

OHCC

VHCC

Spot
Measurements

(milligauss)
< 0.65

0.65-1.00

1.00-2.49

> 2.50

1.00

0.90

1.40

2.10

Spot
Measurements

(milligauss)
< 0.6

0.67-1.24

> 1.25

1.00

1.40

1.20

Calculated

Flux density
(milligauss)

>. 2.0

>.3.0

2.70

3.80

24-hour

Measurement

(milligauss)

< .68

0.68-1.18

1.19-2.67

> 2.68

1.00

0.70

0.90

1.50

cases and controls. When only homes within the resonance intervals centered about 380 mG
or 506 mG were considered, the calculated odds ratios for leukemia risk were increased
compared to those for all cases versus controls (although the numbers ofcases within the
resonance intervals were relatively small). Furthermore, within these intervals, the authors
reported an increase in incidence with increased 60 Hz magnetic field strength. Thus, the
authors contend that they have provided preliminary evidence that the quantum resonance
model may be valuable in interpreting epidemiologic studies and in understanding the
mechanisms for effects of EMF in humans.

7.5.3 Occupational Studies

Occupational studies have looked at cancer risks to workers in industries, occupations, and
specific job categories presumed to involve EMF exposure (e.g., electricians, power line
workers, and electrical transport workers). Some of the later studies have measured
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magnetic fields encountered in some job categories using a personal dosimeter (EMDEX) or
other field measurement devices. To date, however, most epidemiological studies of
occupation and risk ofcancer have relied upon job description to impute a "high" or "low"
exposure.

Before discussing the occupational studies, we mention two important caveats with regard to
the value of these data in inferring a cause and effect relationship between the fields and
cancer risk. Most important, the magnetic fields were, in most cases, not directly measured.
Also, much of the information cited on occupation and cancer risk comes from studies not
originally designed to assess the effects of EMF exposure. There is likely to be an important
reporting bias in these studies, because those investigators who find effects when
re-analyzing their data sets for EMF-related disease incidence are more likely to report
results than are those who find no effects.

Magnetic fields have been measured in conjunction with several of the studies reviewed in
this section. Fields associated with specific job classifications were measured either by
on-site measurements after the fact, or by fitting healthy workers cunently engaged in those
jobs with personal dosimeters.

Astudy of male New York telephone workers by Matanoski et al. (1989 and 1991a) used
detailed employment and mortality records for some 1.5 million employed and retired
workers during the years 1976 to 1980. The study showed elevated risks of "all cancers" in
one offour job categories thought, apriori, to have high EMF exposure compared to other
workers in the telephone-worker cohort. Specific cancer types that showed a "significant"
excess in at least one of the four presumed high-exposure job categories were leukemia, oral
cancer, lymphomas, prostate cancer, and breast cancer.

These researchers then measured actual magnetic field exposures on a sample of men in each
job category. Among 56 men in the job category (cable splicers) with a significant increased
risk of cancer, the full-shift time-weighted average magnetic field exposure was 4.3 mG (the
geometric mean was 3.2 mG). The next highest average was 2.6 mG (the geometric mean
was 2.1) in the job category in which prostate cancer was elevated and in which two cases of
breast cancer appeared. The average magnetic field exposure among a sample of 43 men in
job categories not thought to have high EMF exposure was 1.6 mG.

Bowman et al. (1988) also made actual magnetic field measurements in the work
environments of people in occupations that were reported by Savitz and Calle (1987) to have
increased leukemia risk. The geometric mean 60-Hz magnetic fields in 67 occupational
settings designated as used by "electrical workers" was 4.64 mG, with a range of 0 to 621.
Transmission station operators and overhead linemen had the highest exposures according to
this study. Deadman et al. (1988) also studied occupational EMF exposure, but used a field
meter that was worn by volunteer subjects throughout their work day. They compared
exposures in presumed exposed job categories to exposures in presumed nonexposed jobs.
The geometric mean 60-Hz magnetic field among 20 subjects in "exposed" jobs was 16.6
mG; among 16 subjects in "nonexposed" jobs it was 1.6 mG.
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Table 7-2 is apartial listing of those occupational epidemiologic studies in which authors
reported astatistically significant (p< 0.05) elevation in risk for one or more cancers. As
noted earlier, there are a number of epidemiologic studies that did not show an association
between EMF exposure and increased cancer risk.

Table 7-2 Epidemiologic Studies by Occupation/Magnetic Field. Occupational
epidemiologic studies that reported statistically significant elevations in one or more types ot
cancer in jobs thought to involve increased EMF exposure. Where several cancers or
exposure categories are reported in asingle paper, the highest statistically significant measure
of risk is listed.

Category
1 Author/Type Job/Exposure Source Endpoint Rel. Risk j
L—! • j
1 Electric Transport — — '

Tynes & Anderson.
1990/Cohort

Electrical Occupations
(Electric Tram Drivers)

Breast Cancer 2.07

12.00

Howe & Lindsay.
1983/Cohort

Transport Workers Leukemia 1.68

Balli-Antunes et al., 1990/CC Electric Engine Drivers Leukemia/

Lymphoma |
1.73

Telecommunications :^mm^W^^^^^^^^^^^ii!^

Matanoski. 1989/Cohon Cable Splicers Leukemia

All Cancers

7.00

1.81

Matanoski, 1991a/CC Cable Splicers Breast Cancer 6.00

Vagero, 1990/Cohort Telephone Operators Melanoma 12.03

Demers, 1990/CC Telephone Linemen Breast Cancer 6.00

Juutilainin et al.. 1988/Cohon Electrical Occupations
(Probable Exposure)

Leukemia 2.40

Electric Utility

Speers, 1988/CC Electric Utility Employees Brain Cancers 13.10

Savitz. 1990/CC Electric Power Repair Brain Cancer 2.40

Demers, 1990/CC Electric Power Workers Breast Cancer 6.00

Milham/1982 + 1985/Cohort Power Station Operators Leukemia 2.26

Wright, 1982/Cohon Power Company Linemen AML 1.90

Linet, 1988/Cohort Electrical Power Linemen CLL 1.90

Mack et al.. 1991 Power Line Workers Brain Cancer 3.40

Floderus et al.. 1992/CC Electric Utility Employees
(Sweden)

CLL 3.72
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Table 7-2. Occupational epidemiologic studies that reported statistically significant elevations
in one or more types ofcancer in jobs thought to involve increased EMF exposure. Where
several cancers or exposure categories are reported in a single paper, the highest statistically
significant measure of risk is listed, (cont'd)

Category
| Author/Type Job/Exposure Source Endpoint Rel. Risk |
| Radio Communications £'--Wf^:rm
1Demers, 1990/CC Radio Communications

Workers
Breast Cancer 2.90

Milham, 1988/Cohort Amateur Radio Operators AML 1.76

Calle & Savitz, 1985/Cohort Radio and Telegraph Oper. Leukemia 2.35

Welding*

Preston-Martin et al.,
1982/CC

Electric Welders CML 25.4

Stern et al., 1986/CC Welders ML 3.83

Aluminum Reduction

Milham, 1982 + 1985
Cohort

Aluminum Potroom Workers Lymphoma 2.60

Mining

Gilman et al., 1985/CC Miners/Electric Trolleys Leukemia (Chronic
L.)

2.53

8.22

Military

Garland et al., 1990/Cohort Navy Electrician's
Mate/Radioman

Leukemia 2.40

Electrical Occupations :;:

Bastujj-Garinetal., 1990/CC Occupations with Field
Exposure

Leukemia 4.04

Vagero et al., 1983/Cohort Electronics Industry Melanoma 1.35

* Stern (et al. 1986) has reviewed available epidemiological studies on electric welders,
and has concluded tiiat the association between welding as an occupation and
increased leukemia is very weak .

To investigate specifically the risk of acute myelogenous leukemia in Uie New York
telecommunications worker population, Matanoski et al. (1991b) used a case-control
design to compare field exposures of 124 men (cases) who died of AML to that of 337
controls matched by age, year of hire, and region. Direct magnetic field measurements were
made with workers cunentiy employed in the samejob categories as the cases and controls.
Indices of field exposure determined included time-weighted average exposure, exposure to
fields above a certain level, and the average magnitude of peak exposures.
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The latter index of exposure was the only one that showed astatistically significant
corelaticm toTncreased risk for AML in these workers. The association between peak
Swure and AML risk was strengthened when a10 to 15-year latency penod between initial^ expoTureVand onset of diseafe was taken into account. Spectral analysis.of,magnetic
fteWs was made in the areas where this group worked. The fields arose pnmanly fromte!ephon?sShing equipment, and the Ldy* showed that they could best be characterized
as "spiky."

Acase control study of electrical workers in Sweden support the hypothesis of an EMF link
with chronic lymphocytic leukemia (Floderus et al.,1992). Extensive magnetic fie dSLcteSon (more than 1000 sets of measurements) was carried out in the various work
envlroTrnents and included use of personal dosimeters. In this study, CLL incdence
S2moioTonSy with percenTtime spent above 0.2 MT, and became statistic^
St^groups determined to spend more than 29% of their work time in such fields.
TgreSer L 29% of time in fields greater than 0.2 „T, age adjusted relative^nsk was
242 ^creasing to 2.53 for greater than 39%. Risk also increased monotomcally with
Lr^™gdlity. Age8adjusted relative risk for exposure to fields equal to or greater
than 0.41 pT was 3.72 (95%CI: 1.79-7.74).

More than 1,600 persons were included in the study which considered 250 leukemia cases
and 261 brain tumor cases. These investigators found no increased nsk associated with
magnetic field exposure for other types of leukemia nor for brain tumors.

7531Occupational Studies on Central Nervous System Cancer. In anumber of
case-control studies, elevated brain cancer incidence rates have been associated with
occupations believed to have greater exposure to EMF. As discussed earlier, where
measurements have been made, electrical occupations do tend to have greater exposure to
EMF than those classed as non-electrical. In the course ofa study by Lin et al. (198U an
independent panel of experts classified occupations as involving definite, probable, possible,
and no excess exposure to EMF. In this study, there appeared to be a dose-response
relationship between the exposure gradations and risk for gliomas and astrocytomas, but not
for unspecified brain tumors.

Speers et al. (1988) reported an odds ratio of greater than 13:1 for risk for gliomas among
electrical utility employees. Among electrical engineers in New Zealand, Pearce et al.
(1989) found a4.47 fold increased risk for brain tumors. Mack, et al. (1991) found excess
astrocytomas in electrical occupations for those employed longer than 10 years. These three
were case-control studies.

With regard to CNS cancers, cohort studies have shown lower risk ratios and have been less
likely to indicate statistically significant excesses for brain cancer than have case-control
studies. However, several of the more recent cohort studies (since 1990) have also shown
relative risks greater than 1 that were statistically significant. Studies finding statistically
significant increases in CNS tumors are included in Table 7-2.
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7.5.3.2 Occupational Studies on Malignant Melanoma. Increased risk of malignant
melanoma has been noted in several epidemiologic studies of electrically exposed workers
From acohort study of telecommunication workers in Sweden, Vagero et al (1985) noted a
statistically significant relative risk (SMR=2.5) for malignant melanoma ofthe skin in
telecommunications workers. Of all cancers considered, only melanoma and nodular
lymphoma were increased in males. Melanoma was also increased in females (SMR=2 8)
In a 1985 report, Vagero and colleagues noted excess skin melanoma in electronics industry
workers. Again in 1990, excess melanoma was reported by Vagero in telecommunications
workers. Astudy of telecommunications workers in Canada by De Guire et al (1988)
T^w inCreaS6d rfsk for melanoma in men (SIR = 2.7) but not women. Swerdlow et
„ -( ?5 T m«»»ed melanoma of the eye for electronics and electrical workers in the
United Kingdom. Gallagher (1985), however, found no increased melanoma in electronics
or electncal workers in western Canada. It has been pointed out that excess melanoma in
electronics and telecommunications workers may be aconsequence of their generally higher
socioeconomic status (Swerdlow, 1990).

7.5.3.3 Occupational Studies on Male Breast Cancer. Association of increased risk for rare
cancers with a specific agent can lend considerable weight to the evidence on whether the
agent may be a carcinogen. Male breast cancer is such a disease, and thus studies that
suggest an association between EMF exposure and this cancer are of particular interest to
many epidemiologists. They are also of interest here because one of the key occupational
studies suggesting male breast cancer risk included electrical transport workers among the
exposed cohort. Stevens (1987) and Stevens et al. (1992) suggested that increased male
breast cancer nsk may result from EMF-induced changes in melatonin synthesis and release
by the pineal gland. To date, three epidemiologic studies that considered male breast cancer
have been reported. Results from each have been consistent with this hypothesis.

From a cohort study in Norway, involving some 38,000 workers and some 800,000
occupational man-years, Tynes and Anderson (1990) have reported greater than expected
breast cancer rates in males working in designated electrical occupations. Overall, the risk
ratio for male breast cancer in the combined electrical occupations grouping was 2.07.
Significant to this report were the risk ratios for certain of the specific occupational groups
within these electrical occupations. Electrical tram operators, for example, had an apparent
12-fold increase in their risk ofbreast cancer, the highest among the specific job
classifications analyzed. Although we could find no information concerning detailed
characteristics ofthe magnetic fields in the tram drivers' environment, the fields are likely to
be intermittent owing to the frequent changes in electrical motor load. The fields are also
likely to have occasional broad spectrum content because ofcommutator arcing in the
electrical drive motors.

Demers et al. (1990, 1991) compared exposures based on job category for 227 male breast
cancer cases and 300 controls. This study was conducted specifically to test the Stevens
(1987) hypoUiesis and designed to determine if EMF exposure was linked to increased breast
cancer risk. Highest risks (OR = 6.0, CI:1.7-21.5) were found for those in the electrical
occupations described as electricians, telephone linemen, and electric power workers. A
second related category with putatively increased exposure to higher frequency fields was
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classified as radio and communications workers, and this group also showed an increased
risk OR=2 9 CI-0.8-10.2). The consolidated exposed group in these studies was also
calculated to have an increased risk (OR=1.8, CItl.0-3.2) compared to assumed
non-exposed job categories.

Matonoski et al (1991a, b) published findings of higher than expected breast cancer risk in a%££^i^^ cohort. Obtained in conjunction with this work, but not
vet published were spectral analyses of the magnetic fields in several of the work
S^^fc&SU-ri- -nsidered in the study. ^^£*^gnoted among office workers, who were in many cases exposed to spiky fields generated by
switching equipment.

7534Occupational Studies on Lymphomas. Several epidemiologic studies have linked
elevated lymphoma mortality with electrical occupations, including that of electiic railwayt^dK«d earlier). Most striking among these is aseries of studies,Rowing
^apparent substantial increase in risk of non-Hodgkins lymphoma in alummum reduction
plant pot-room workers. Originally reported from studies of workers " Washington State by
Milham (1976) and subsequently by Davis and Milham (1990), increased NHL nsk taalso
been reported by another group (Spinelli et al., 1989) that surveyed workers in aCanadian
aTmmum^eduction plant Intiie latter study, authors reported an 8-fold increase mnsk of
hematopoietic diseases.

High D.C. magnetic fields (estimated to be in the 100 Gauss range) are present in the
pot-rooms during reduction operations. These arise from cunent usage in the tens of
thousands of amperes. Imposed on the D.C. field is a360 Hz npple byproduct of full-wave
rectification of three-phase 60-Hz power. Anodes used in the Soderberg process are of a
paste made of carbon and coal tar pitch. During the "baking" of the anodes, done in place in
the Soderberg process, coal tar volatiles are released into the pot-room atmosphere. These
authors note that the coal tar pitch volatiles concentrations in pot-room atmospheres are
lower than those associated with coke oven operations, an industry in which excess lung
cancers are seen but not excess lymphomas. Polycyclic aromatic hydrocarbons associated
with coke oven operations are a known risk factor for lung cancer but not for lymphoma.
An additional potential confounding factor in these studies is the high ambient temperature in
the pot-rooms.

Davis and Milham (1990) reported that at least 5 cases ofB-cell lymphoma had occuned
among employees of an aluminum reduction plant where only 0.2 cases would have been
expected. From a study of 23 volunteers, the authors showed that, as a group, those who
had ever worked in the pot-room showed an approximate doubling ofT8 (mean =1,227) cell
counts as compared to those who had never worked in tiie pot-room (mean=597). The
authors concluded that the elevated T8 cell counts and abnormal T8/T4 cell ratios suggested
an underlying immune system alteration in the pot-room workers. They suggested that
alteration was associated with the high magnetic field present in the pot-room relative to
other areas in the plant.
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7.6 MOOD DISORDERS AND CIRCADIAN FUNCTION LINKED TO EMF
EXPOSURE

7.6.1 Overview

"Mood disorders" is ageneral term that is now prefened to the term "depression" in
denoting a range ofmanifestations of which sustained depression or extreme elation are the
most common. Clinical mood disorders comprising depressive syndromes and mania
represent the common final stages of anumber of psychopathological processes. Although
diagnostic criteria may vary in specific details, clinical depression is generally characterized
by three or more of the following pathological processes: sustained depressed mood,
impairment of normal work functions, impairment of social and intimate relationships
irrational and exaggerated erosion of self-esteem, specific changes in vegetative functions
such as appetite and sleep, and appearance of non-specific physical complaints.

Milder forms of depression, often classified as reactive, arise in response to a stressful life
event orprofound grief. Depression symptoms may result from another illness or disorder
or from use of specific drugs or medications. Endogenous depression is that which cannot be
associated with adverse life events or other external factors. It is therefore often presumed to
have an organic or biochemical component and is so treated.

It is now widely acknowledged that both psychological and biochemical factors are likely to
be important in the etiology of mood disorders. Patterns ofhormone secretion are often
disturbed in affective disorders; however, for the most part, hormone therapy has not been
valuable in managing these disorders. Pharmacologic treatments aimed at altering
neurotransmitter synthesis and function are now commonly used as a first line of treatment.
Distinctions between unipolar and bipolar depression, for example, are important in terms of
tiie pharmaceutical treatments prescribed.

Unipolar depression is defined as sustained pathological depressive mood state; it is
distinguished from bipolar depression in that the latter is characterized by alternating elation
(mania) and depressive episodes. Cyclicity is often a hallmark of mood disorders (von
Zerssen, 1983). Cases exhibiting very precisely timed transitions from mania to depression
have been reported (Dirlich et al., 1981). Such observations have led to hypotheses
regarding the etiology of depressive illness wherein alterations in circadian rhythms in
secretions from the hypoUialamic-pituitary-adrenal (HPA) and HP gonadal (HPG) axis are
studied as possible causative and contributing factors (Moline and Wagner, 1987). The latter
axis is involved in changes in the daily cycles of gonadotropins and gonadal steroid secretion,
both associated with depression in men and women. Increased circulating levels of both
estradiol and testosterone have been reported in depressives (Vogel et al., 1978). Changes in
circadian rhythms are often associated with depression (Wehr and Goodwin, 1983). Such
changes may be manifest as sleep disturbances or as alterations in neurotransmitter cycles or
Cortisol synthesis.

A specific form of winter depression, SADS, is now widely recognized as being closely tied
to biological rhythms. The disorder is found predominantly at higher latitudes where
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day-length between winter and summer days is more pronounced. Sufferers experience
profoundly depressed mood, accompanied by carbohydrate craving and additional need for
sleep in the fall and winter months. These symptoms disappear in the spring and summer
months. Exposure to light of sufficient intensity can suppress melatonin in humans (Lewy et
al., 1980), and there is evidence that depressive patients may be much more sensitive to light
in this regard than non-depressed individuals (Mclntyre et al., 1990). Light therapy
(exposure to bright lights during the day), which has the effect of shifting the timing of the
nightly melatonin peak, is the therapy of choice for this disorder (Lewy et al., 1987).

Dexamethasone-induced suppression of Cortisol as a means of diagnosing depression is of
interest in the context of the melatonin hypothesis discussed below. In normal individuals,
administration of the artificial steroid dexamethasone suppresses Cortisol levels. It has been
found that such suppression rarely occurs in patients with major depression. The
dexamethasone suppression test (DST) has thus become valuable as an objective criteria in
diagnosis of depression (Cobolov and Rubin, 1987). Wetterberg et al. (1984) and Beck Fnis
et al. (1985) have proposed that measurement of circulating melatonin levels may also be of
use in diagnosing certain types of depression. They reported on clinical studies wherein
lower levels of melatonin in the circulation were associated with major depression.

Lifetime risk for all clinical depression is estimated at 12% for men and 18% for women.
Rates in females are higher for milder forms of depression. The incidence of manic
depressive disorders in women is about the same as that for men. Mood disorders are the
most prevalent psychological disorder, accounting for approximately 25% of institutionalized
patients, approximately 40% of mental facility outpatients, and about 70% of all diagnoses in
psychiatric medical practice (Kandel et al., 1991).

Known causes for, or contributing factors to, symptomatic depression include certain
pharmaceuticals, such as steroidal contraceptives and reserpine, infectious diseases such as
mononucleosis, endocrine dysfunction, neurological disorders including stroke and sleep
apnea, nutritional disorders such apellagra, and certain CNS neoplasms. Pnmary nsk
factors include heredity, stressful life events, introverted passive-dependent personality type,
and childhood loss of a parent.

Increased incidence in women may be due to one or more of several factors. Women have
an additional X-chromosome which may be important if dominant X-hnkage is associated
with bipolar depression. Women also commonly use steroid contraceptives undergo more
endocrine changes in their life cycle than do men, and have higher levels of monamine
oxWase, the enzyme that degrades neurotransmitters (including serotonin) important in mood.
Of primary interest in the context of EMF exposures are the pre-clinical symptoms of
depression including dysphoria, headache, inefficient or disturbed sleep, carbohydrate
cravbg eto It shouM also be noted that suicide risk is substantially increased for depressive
pSs. At least one study (discussed below) suggests alink between EMF exposure and
depression as determined by suicide incidence.
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7.6.2 Epidemiologic Studies Considering Mood and Affect

Results from at least three epidemiologic studies have suggested an association between EMF
exposures and depressive illness. In an early study, Perry et al. (1981) and Perry and Pearl
(1988) studied populations living in housing projects in Uie United Kingdom. They reported
a positivecorrelation between magnetic field levels in individual apartments and increased
incidence of depression. Reichmanis et al. (1979) noted an apparent increase in depression,
as determined by suicide rates, in populations that lived near overhead transmission lines.
This variation was statistically significant, and other environmental factors considered in
homes studied did not appear to confound the results. Wilson (1988) has reviewed both
human and laboratory animal data on EMF exposure as it may relate to mood changes and
depression and suggested that EMF-induced changes in pineal melatonin may be a factor in
increasing risk for these disorders.

Pooleet al. (1992) reported that persons living closer (within view) of power transmission or
primary distribution lines were more likely to report headache and other depressive
symptoms man were people living further away from (not in view of) the lines. In this study
involving some 900 subjects, the association between reported proximity to power lines and
depressive symptoms was statistically significant (p < 0.01). Of particular interest in this
study, the authors took extensive measures to control for possible confounders.

7.7 EPIDEMIOLOGIC STUDIES CONSIDERING ELECTRIC BLANKET USE

Of special interest when considering the metric ofintermittency in magnetic field exposure
are studies that determined associations between adverse health outcomes and electric blanket
use. As discussed below, electric blanket exposure is intermittent. Most electric blankets
manufactured before 1989 generated magnetic fields, close to the blanket surface, in the
30-300 mG range (Florig and Holberg, 1990). However, more recent studies by Wilson et
al. (1992) suggest that internal body fields are much lower than those measured at the
blanket surface or as estimated from modelling studies. In a study that compared laboratory
and field measurements offlux densities at a distance of 10 cm from the blanket (mid-torso),
these investigators found that the mean exposure was between approximately 4.5 and 7.5
mG, depending on blanket type.

Electric blankets commonly operate on a duty cycle, typically being switched on for
approximately 40-100 seconds, then off for about the same time or longer, depending on the
blanket controller setting and room temperature. These blankets thus represent exposure that
is intermittent, of relatively long duration, and of relatively high field strength, compared to
ambient household magnetic fields. Considering the daily duration oftheir use, these
blankets probably constitute the greatest single daily magnetic field exposure source for most
individuals who use them. It should be noted that since 1989 electric blankets have been
available that employ effective magnetic field cancelling designs.

Wilson et al. (1990) reported changes in melatonin excretion in volunteers who used
modified electric blankets. At onset of exposure, there was a short-lived increase in
excretion of the urinary metabolite 6-hydroxy melatonin sulfate. This was followed by a
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general decline in urinary excretion of this melatonin metabolite as exposure continued (for
up to 12 weeks). At cessation of exposure, there was again ashort-lived (5-8 day) increase
in melatonin production. The magnitude of this increase was substantially higher than that of
the first increase, and in some subjects was 4-5 times the amount measured on the evening
before cessation of exposure.

Several studies have associated various reproductive effects with electric blanket use. First
among these was acase-control study of more than 1700 births in Colorado by Wertheimer
and Leeper (1986). They reported that aprolonged gestation period, low birth weight, and
early fetal loss were more likely if the mother reported electric blanket or heated water bed
use In a second study, the use of ceiling installed electrical heating was also considered,
along with that of electric blankets and electrically heated water beds. In this study, the
earlier observation of early fetal loss associated with use of these electrical devices appeared
to be confirmed. Aprospective epidemiologic study, cunentiy being conducted in
California, will address this question of EMF exposure and miscarnage (Lee et. al., 1992).
Data on urinary gonadotropins and other indicators of pregnancy status are being collected
for this study, and data from this study should be valuable in reducing the uncertainty
regarding EMF and miscarriage.

In astudy published in 1990, Savitz et al. reported that electric blanket use by the mother
was associated with an increase in brain cancer in the offspring. In the more recent study on
childhood leukemia by London et al. (1991), cases were seven times more likely to use
electric blankets than were controls. However, this odds ratio was unstable because of the
small number of parents (seven cases and one control) reporting electric blanket use in
children Vena et al. (1990) found no increase in breast cancer in post-menopausal women
who used electric blankets. Relative risks associated with electric blanket use, as determined
by epidemiologic studies, for several health outcomes are shown in Table 7-3.

Lee et al (1992) have developed an exposure metric that reflects the amount of change or
intermittency for longer term magnetic field exposure measurements. This metnc, which is
based on the absolute difference between consecutive (every 10 second) field levels as
determined by apersonal dosimeter, provides a measure of the total amount of change in
magnetic field amplitude per unit time. This metric has been applied to measurement data
from over 200 women in the California Women's Reproductive Health Study. The rate of
change metric has a stronger association with electric blanket use, and an apparentiy stronger
conelation with birth outcome, in this study than does the time-weighted average metnc.
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Table 7-3. Epidemiologic studies that determined effects of electric blanket use on various
health outcomes.

Study Authors Endpoint Odds Ratio > 1

Wertheimer & Leeper, 1986 Fetal Loss

Childhood Brain Cancer
(YES)
(YES)

Wertheimer & Leeper, 1986 Fetal Loss (YES)

Savitz, etal., 1990 Childhood Leukemia (YES)*

London etal., 1991 Childhood Leukemia (YES)*

Vena etal., 1990 Female Breast Cancer

(Post-Menopausal)
(No Effect)

Veneault et al., 1990 Testicular Cancer (No Significant
Effect)

*Non-significant

7.8 STUDIES ON VIDEO DISPLAY TERMINAL (VDT) USE

Schnon et al. (1991) recently completed a study that considered VDT use and reproduction.
Results showed no statistically significant effects. The study was prompted in part by
anecdotal reports of miscarriages associated with long-term daily VDT use. Several
well-done studies ofpossible EMF effects on reproduction have reported no effects in rodents
(Anderson, 1991).

More recently, Hietanan (1992) has reported mat VDT users exposed to magnetic fields in
the 4-9 mG range had nearly twice the incidence of miscarriage as women exposed to VLF
fields at strengths below 4 mG. These authors stated that the effect was seen only when
exposures were classified according to measured magnetic field strength.

7.9 EPIDEMIOLOGIC STUDDjS RELATED TO ELECTRIC TRANSPORT
WORKERS

Epidemiologic studies concerning a possible association between cancer risk and magnetic
field exposure that include data on workers in the electrically powered transportation sector
include studies by Balli Antunes, et al. (1990); Tynes and Anderson (1991); Tynes et al.,
(1993); Baroncelli et al. (1986); and Nakagawa et al. (1992). Findings from the first two of
these studies have been discussed previously, and results from all studies are summarized in
Table 7-4.
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Table 7-4. Data from epidemiologic studies of workers in the electrically-powered rail
transport sector, and acomparison of estimated or measured magnetic field characteristics for
respective electrically-powered transport systems, where such data were available.

Country Flux Density &
Operating Freq.

Epidemiologic Findings Authors

Italy

Reported Mean:
15 mT

50 Hz

No increased health risk
found in screening
studies

Baroncelli et al. (1986)

Norway

Reported range:
8 -880 /iT

16.67 Hz

No increase in leukemia
or brain tumors Tynes et al. (1993)

Norway

Reported range:
8 -880 jiT

16.67 Hz

Increased male breast

cancer

Tynes and Anderson
(1991)

Switzerland

Estimated Max. by
Authors: 1000 /xT

16.67 Hz

Increased risk of
combined leukemia and
lymphoma

Bali-Antunes et al.

(1991)

Japan

No exposure data
reported.

No increase in
cancer risk

Nakagawa et al. (1992)

Several studies of railroad workers in the epidemiologic literature provide cancer incidence
data related to EMF exposure sunogates. The report by Tynes and Anderson was concerned
with male breast cancer and is discussed in Section 7.5.8. The second (Balli-Antunes, 1990)
is astudy from Switzerland which ascertained malignancies of the hematopoietic and
lymphatic systems (MHLS) for the job classification of railway engine drivers. Authors
noted that the entire Swiss railway system has been electrified for some 70 years, and hence
the job classification used was alegitimate sunogate for exposure. MHLS included all
leukemias and "other" hematopoietic diseases as well NHL and Hodgkins disease. Authors
of this report observed 70,000 man-years for the electric engine drivers and compared these
to two control groups. Relative risk compared to the first group (CI) was 1.44 expressed as
aPMR. Compared to the second group (C2), the relative risk was 1.63 (PMR=163;
CI =103-244) Standard mortality ratio compared to C2 was 171. In this study, exposure
was to a 16.6 Hz field estimated to be on the order of "several tens of Gauss." The authors
noted that railway engine drivers have relatively low mortality overall, and suggested that
EMF exposure was aplausible explanation for the observed elevation in MHLS incidence.
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In Italy, an epidemiology study was performed comparing health status among electrically
exposed workers who were separated into three groups according to mean weekly duration of
exposure to the maximum magnetic field flux density encountered on the system which was
determined to be in the 15 fiT range. These exposures came from proximity to
interconnection or conversion substation equipment. In Uie system are 244 conversion stations
mat convert 220 kV ac to 3 kV dc and 14 interconnection substations that connect Uie main
power grid to the rail system power network and convert 220 kV ac input to 132 kV ac and
3 kV dc output.

In tiie Italian study, worker groups were composed of 224 subjects in the 20 hr per week
exposure category, 153 subjects in the 10 hr per week category, 117 subjects in the 1 hr per
week category, and 133 in the no-exposure-to-maximum-field-per-week category. Health
exams were performed that included hematologic, electrocardiogram, and physiologic tests.
Socioeconomic status and smoking habits were taken into account. All four groups
comprised healthy subjects, and the specific analyses did not reveal any differences between
groups in terms of the health parameters surveyed. The authors concluded that exposure to
magnetic field of moderate strength did not affect the physiologic parameters determined in
these workers.

Nakagawa and colleagues (1992) have reported on mortality of non-executive cohorts of male
workers from 1968-1985. The cohort consisted of six groups classified according to job title.
Standard Mortality Rates (SMR) for these cohorts were generally below the national average
for Japan. When malignant neoplasms were considered, the six groups have SMRs of 0.69,
0.6, 0.54, 0.85, 0.69 and 0.84, respectively. In summary, this study indicated that SMR
workers generally lived longer than the national average and that, among SMR job
classifications, jobs that involved greater exposure to magnetic fields did not show increased
rates of malignancy or mortality.

Tynes et al. (1993) have recently reported data on approximately 13,000 railroad workers in
Norway in a nested case control study in which they compared risk of leukemia and
brain tumors in individuals who worked primarily on electrified sections of the system to
those who worked on the non-electrified sections where engines were diesel powered. The
authors report that approximately one-half of Norway's railroad system is electrified. Among
these workers, 52 cases of leukemia and 39 brain tumor cases were ascertained.

Electrified sections of the Norwegian rail system operate at a frequency of 16.67 Hz.
Magnetic field flux densities to which Uiis group were exposed ranged between 8 and 880
mG. No difference in risk was found between the risk of either leukemia or brain tumors
between groups who worked on electrified as compared to diesel-powered sections of the rail
line. Additionally when groups were stratified according to exposure as determined by job
title and spot measurements, there was no apparent dose response relationship between Uie
risk of either of these cancers and magnetic field exposure as determined by the methods
employed.
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7.10 CONCLUSIONS

Primary frequencies for fields that have constituted the exposure of interest in epidemiologic
studies include 0, 16.67, 50, and 60 Hz. Increased risk for one or more neoplasms has been
reported for exposures involving each of these frequencies. Insufficient information is
cunentiy available to allow any kind of rank-ordering of these frequencies in terms of
increased risk as suggested by epidemiologic studies. (It should be noted, however, that for
the 0 Hz case, field strengths encountered were substantially higher than in other occupations
or residential settings considered and commonly extended into the 100 G range.)

Thus, with the exception of the report by Bowman et al. (1991) that local geomagnetic field
strength affected risk of leukemia in a subset of homes from the London et al. (1991) study,
epidemiologic studies do not provide data that support the magnetic-field-based mechanism
hypotheses. This lack ofsupporting evidence may arise from the lack ofdata on the
frequency characteristics of the field exposures in question.

Cancers associated with EMF exposure have some common characteristics. Based on animal
models or human studies, for example, melatonin appears to be protective against the cancers
associated with EMF exposure in epidemiologic studies. The brain cancers are an exception;
as far as could be determined, no data on the effects of melatonin on these cancers have yet
been published. Estrogen receptor positive breast cancer and prostate adenocarcinoma are
among the endocrine cancers. These two require estrogen and testosterone, respectively, for
growth and proliferation.

Increases in risk for lymphomas as a consequence ofEMF exposure may be consistent with
the hypothesis that EMF exposure has a suppressive effect on immune function. Lymphoma
incidence is known to be increased in immuno-compromised individuals (Gatti and Good,
1971). Immuno-suppression in the case of EMF exposure may arise via reduction in
melatonin synthesis, or by direct action on T-cells such as suggested by in-vitro studies of
Lyle et al. (1988).

Based on observations in the laboratory and consideration of the human cancers putatively
associated with EMF exposure, investigators have proposed a number ofpossible biological
mechanisms whereby EMF exposure may affect cancer risk. Stevens (1987) and Wilson et
al. (1989) have proposed that, regardless of the fundamental physical mechanisms by which
biological systems interact with the fields, physiological mechanisms explaining how
exposure could affect cancer risk may include inhibition of melatonin synthesis and secretion
leading to reduced concentrations ofa humoral oncostatic factor (melatonin), increase in
circulating levels ofgonadal steroids and prolactin, or inhibitory effects on immune function.
Stevens et al. have also suggested that EMF may exacerbate oxidative stress in cells via
changes in normal calcium metabolism.

Adey (1990) has proposed that EMF exposure may increase cancer risk by mechanisms
involving alteration in intercellular and intracellular communication, including inhibition of
gap junction formation and function and changes in transmembrane signaling leading to
changes in gene expression. Walborg (1991) has added to this list possible specific cellular
mechanisms including inhibition of DNA methylation, enhancement of chromosomal
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instability, and direct stimulation of cell proliferation. Ames and Gold (1990) have pointed
out that increased cell proliferation may render tissues more susceptible to malignant
transformation. They suggest that mitogenic agents may increase cancer risk in this way.

Conclusions regarding the possibility that EMF exposure may affect cancer risk in humans
are remarkably consistent among reviewers from the fields of cancer epidemiology and
cellular carcinogenesis. We present here a set of conclusions representing those from
reviewers in the field (Nair et al., 1989; Theriault, 1991; Walborg, 1991; Stevens et al.,
1992), as well as those from recent deliberations of the EPA Science Advisory Board
Subcommittee on Non-Ionizing Electric and Magnetic Fields (NIEMF) Subcommittee.

As demonstrated experimentally, EMF exposure can affect several biological processes that
could enhance development of cancer in initiated cell populations. On the cellular level,
these processes include changes in RNA transcription and cell proliferation. Observed
effects that may be related to these changes includealterations in calcium ion mobility,
intercellular exchange (via gap junctions) of small molecules, intracellular signaling as
determined by changes in enzyme production, and impaired function of immune system cells.

At the level of the intact organism, changes in neuronally mediated and neuroendocrine
function have been observed, including alterations in heart rate, circadian rhythms, and
pineal gland function. The latter two may affect cancer outcomeowing to resulting increases
in circulating gonadal steroids and prolactin and changes in humoral and cell-mediated
immunity.

Several government agencies in the United States and Europe have prepared documents that
review and interpret EMF epidemiologic data. One objective of these reviews has been to
determine if, taken as a whole, the epidemiologic and laboratory studies provide evidence of
a cause and effect relationship between EMF exposure and cancer risk. Among these
agencies are the U.S. EPA and the British National Radiation Protection Board (NRPB). In
each case, these government agencies and the experts who prepared or reviewed the
documents have found that evidence is insufficient to conclude that a cause and effect
relationship exists between EMF exposure and the risk of any cancer.

A recently published NRPB document concluded that evidence is sufficient only to form
hypotheses to be tested in further studies (NRPB, 1992). The U.S. EPA Science Advisory
Board, after review of the EPA draft document on EMF and cancer, concluded, in part, that:

... the epidemiologic evidence is suggestive ofan association between surrogate
measurements of magnetic-field exposure and certain cancer outcomes... the existence of
confounders is always a possibility, but since no common confounder has been identified, the
existing evidence cannot be dismissed. Absence of much betterexposure information,... an
understanding of which exposures are significant, and no precise exposure-dose relationship,
together with limited understanding of ...mechanisms, weakens the inference ofcancer
causality...
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Based on results from the Feychting and Ahlbom (1992) and the Floderus et al. (1992)
studies, however, the Swedish National Board for Industry and Technical Development
(NUTEK) has decided that future policy will be based on the assumption that "there is a
connection between exposure to power frequency magnetic fields and cancer, in particular,
childhood cancer" (MWN 1992).

7.11 SUMMARY

Epidemiologic studies have linked EMF exposure, as determined mainly by sunogate
measures, to increased risk for a number of cancers as well as possible increased risk of
mood disorders and miscarriage. Whether there is indeed a link between these disorders and
actual EMF exposure, and whether such a link, if found, is a causal one, remains to be
determined. However, much of the laboratory data available on biological effects of EMF
exposure appear consistent with the reported health effects.

In residential studies on childhood leukemia, incidence exhibits either a weak association or
no association, with 50 or 60 Hz magnetic field flux densities as measured in the residences
of cases and controls. In each study where an association has been found, the strongest
conelation with leukemia incidence was proximity to high cunent wires external to the
residence, regardless ofwhether proximity was determined by wiring code on a house by
house basis, or by ascertaining incidence in all homes near certain power lines as in the
Swedish study (Feychting and Ahlbom, 1992).

With regard to adult leukemia in the residential studies, the Swedish study found a slight but
non-significant increase with proximity to power lines, and the other published study showed
no effect. Lovely and colleagues reported a statistically significant conelation between
leukemia risk and use of electric razors by men. It is of interest that where such
information has been gathered in the residential studies, there is evidence ofa conelation
between personal appliance use and leukemia risk, and in contrast, no evidence for an
association between adult leukemia and EMF exposure as determined by wiring code.

Based on data from clinical and laboratory studies as well as indications from epidemiologic
studies, broad spectrum field characteristics, both in terms of frequencies from 0-3 Hz, as
well as higher frequency components, appear to be more effective in eliciting biological
response than are purely sinusoidal fields at similar amplitudes. Where actually
characterized, in occupational epidemiologic studies, spiky fields or intermittent high-strength
fields appear to be associated more strongly with cancer risk than are measures of
time-weighted average exposure to 60 Hz fields. More broad band spectral characterization
ofmagnetic fields is needed to determine specifically what frequency or temporal
characteristics of the fields, if any, are most strongly associated with disease incidence.

There are a number of consistencies between the epidemiologic data in terms ofcancers that
are associated with EMF exposure and the laboratory data that address the issue of biological
effects of EMF. For example, a common attribute among the cancers associated with EMF
is that the hormone melatonin appears protective against many of them. Thus, the effects of
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EMF exposure on melatonin, as demonstrated in numerous reports, may be significant in
terms of cancer risk.

Another consistency is between the effects on immune system cells and the increased
incidence of lymphomas. Risk for the latter cancers is known to increase in individuals
who have immune systems that have been compromised by immunosuppressive drugs, by
radiation exposure, or by acquired immune deficiency syndrome (AIDS). Reported
behavioral effects of EMF exposure are consistent with observed changes in Ca++ mobility
and other excitable cell effects as discussed in Chapter 5. As pointed out in the previous
chapter, induced phase shifts in the melatonin rhythm are also consistent with changes in
circadian rhythms and, in turn, with reported increased risk of depressive symptoms and
miscarriage.

Temporal aspects of magnetic EMF exposure in terms of clock time have received little
attention in epidemiologic studies. A possible exception is electric razor use, which probably
occurs predominantly during a short time period in the morning or evening on a near daily
basis. Electric transport for those who use it to travel to work also has a strong periodic
component. Clock time and periodic use of transport may be of interest with regard to Uie
neuroendocrine effects of EMF exposure. As shown in Chapter 5, the effects of stimulation
to Uie neuroendocrine system can be highly dependent on clock time or circadian phase.
Thus, the relative importance of night time exposure as compared to daytime exposure, for
example, or of highly periodic exposure as compared to random time exposures, should
probably be ascertained in appropriate laboratory studies.

Government agencies or their select committees in the U.S.A., the U.K., and Holland who
have reviewed the EMF literature for evaluation as to a possible cause and effect relationship
between EMF and cancer have stated that there is presentiy insufficient evidence to conclude
that such a relationship exists. However, it should be noted that these conclusions were
reached before results from Uie two recent Swedish studies were made public. Cunentiy
stated policy of the Swedish government, based in large partof results from the Feychting
and Ahlbom (1992) and Floderus et al. (1992) studies, is that future decisions regarding
siting and construction of power lines will be made under the assumption that magnetic field
exposure may increase risk of leukemia.
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8. MAGLEV MAGNETIC FIELDS AND EMF-ASSOCIATED
BIOLOGICAL EFFECTS

8.1 SYNOPSIS

This chapter considers the various attributes of magnetic fields that appear to influence
responses in biological systems. The discussion takes into account proposed biophysical and
physiologic mechanisms in addressing the question of what may constitute dose in EMF
bioeffects. The various proposed mechanisms for signal detection and physiologic response
are then considered as to their possible relevance to magnetic fields as measured for the
TR-07 maglev and other electrically-powered transport systems.

8.2 INTRODUCTION

Gaining an understanding ofwhich EMF characteristics are responsible for various biological
effects observed in nature and in laboratory studies is critical to the study of possible health
effects from EMF exposure. It appears unlikely that there is a single field attribute that
determines response in all biological systems. Rather, there is evidence that various
biological systems respond to different field parameters, and often do so in a fairly specific
manner. Such specificity can be found in many areas of the literature on EMF interactions
with living systems and has been discussed throughout this document.

8.3 SPECIFICITY IN RESPONSE TO EMF EXPOSURE

Early reports of changes in calcium ion flux in response to EMF exposure included
observations of windows of response that were frequency dependent. Observation ofa
frequency dependent or frequency windowed response in a biological system may result from
either the physiologic mechanisms or biophysical mechanisms involved.

In humans, for example, the magnetic field required for perception ofvisual phosphenes, as
mediated by the retina and the optic tract nerves, shows a frequency dependence (Tenforde,
1991). Minimum flux densities required to produce the phenomenon are observed when the
frequency of the magnetic field is between approximately 20 and 30 Hz. Frequency of the
ELF signal component also appears important in a number of other human responses.
Magnetic-field-induced changes in EEG (e.g., Bell et al., 1991) and MEG, (Anninos et al.,
1991) also suggest that frequency is an important attribute in eliciting physiological response.
Other EMF effects in humans showing frequency dependence is stimulation ofbone growth

(Pilla 1974) and effectiveness of low-energy emission therapy for treatment of insomnia
(Hajdukovic, etal., 1992).

With regard to stimulation ofbone growth, Pilla et al. (1985) have also identified a
frequency-related magnetic field parameter, the time-rate-of-change of a pulse leading or
trailing edge, as important in this effect. Likewise, Lerchl et al. (1991) has identified the
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dB/dt characteristics of the switched (pulsed) dc magnetic field as important in determining
pineal response in animals.

In laboratory experiments, frequency dependence has been reported for a number of
phenomena. Calcium-dependent diatom mobility was enhanced by exposure to a 16 Hz
magnetic field when these organisms were placed on a calcium-depleted agar medium
(Liboff, et al., 1990). In other experiments, mitogen-stimulated rat lymphocytes exposed to
a combination of a 16 Hz sine wave at 42 /xT and a static magnetic field at 23 /*T, showed
an inhibition of calcium ion influx. Exposure of the cells to either field alone was without
effect. Exposure of the rat lymphocytes to a 60-Hz, 22-mT field enhanced, rather than
inhibited, calcium uptake following mitogen stimulation.

In the literature on EMF are many more examples of frequency-dependent responses. Those
cited here suffice to illustrate that bimodal responses (inhibitory/stimulatory) have been
observed that are frequency dependent, that frequency-dependent phenomena have been
observed in human responses to EMF, and that both physiologic (e.g., perception of
phosphenes) and physical mechanisms (e.g., resonance-condition dependent uptake of calcium
ions by diatoms) can be involved in determining frequency specificity.

Amplitude is another attribute of magnetic fields that has been observed to be specific for a
number of responses. Amplitude specificity may be manifest in terms of windows,
thresholds, and dose/response relationships. All have been observed. In humans,
EMF-induced changes in heart rate exhibit an amplitude window between approximately 100
and 400 mG. While precisely measured thresholds are not common in the literature on
EMF, there are a number of examples, including the work of Liburdy (1992) who recently
reported that 60 Hz magnetic fields of 12.4 mG antagonize the cytostatic effects of melatonin
in MCF-7 cells, while the same fields at 4.5 mG had no effect. Liburdy also has provided
evidence for flux density dose-response in in-vitro studies, and showed that the observed
effects in this system were due to the induced electric field.

In in-vivo studies, reports of McLean et al. (1990), and Beniashvilli et al. (1991) provide
examples of dose response, both in terms of flux density and total time of exposure. In these
studies, animals exposed to higher flux density fields experienced more skin papillomas and
mammary cancers respectively than animals at lower or control flux densities. In the
Beniashvilli studies, longer daily exposure times (3 hr/day as compared to 30 min/day) also
resulted in shorter latency, higher incidence, and higher tumor burden.

Intermittency of field presentation enhanced the slowing of the heart rate in humans by 60 Hz
magnetic and electric fields, and intermittency is also an important field characteristic in
determining effects of EMF on event-related brain potentials and other performance measures
in humans (Cook et al., 1992). Other results from human studies (e.g., Wilson et al; 1990)
are consistent with the hypothesis that intermittency may be an important field attribute.
Intermittency on the seconds to minutes time scale can be considered as contributing
frequency components below the ELF range.

With regard to intermittency, it has suggested an exposure metric based on the concept that it
is change in field state that is an important determinant of effect. The underlying concept
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here is that the external field affects homeostasis and that changes in such fields require an
adaptive response by the organism. Rapid changes or repeated changes may tax the adaptive
capability of the organism, leading to a stress response. Kavet (1992) has proposed that
intermittency be somehow assessed in future epidemiologic studies. Lee et al. (1992) have
evaluated a rate of change metric for assessing exposure from electric bed heating devices in
conjunction with an epidemiologic study on miscarriage.

Coherence of the time-varying magnetic field is another attribute that has been proposed as
being important to eliciting certain effects. Litovitz (1992) asserts that cells and tissues can
detect and respond to signals that are coherent in that the same information reaches cells for
a certain minimum period of time. Thus, in this model, a pure sinusoidal 60 Hz signal that
is coherent and has a duration of approximately 10 seconds or more will elicit a response.
Coherent signals that last for substantially less than this time will have no effect according to
this model.

Phase-locking to the input signals demonstrated in theAplasia neuron is an observed
phenomena cited as being consistent with this model. In phase-locking, the aplasia neuron
will consistently fire near the positive peak of a sinusoidal input signal, so long as the signal
frequency is near that of the natural firing rate of the cell. Doubling the input signal
frequency often results in the firing of the neuron to coincide with every other peak in the
sinusoidal signal. Coherence theory predicts that there would be no response to a constant
amplitude signal that altered between 50 Hz and 60 Hzat a constant a rate of more man once
every 10 seconds or so, and that there would be a response to either of the signals if
unaltered.

As illustrated by these examples, especially those from human studies, it is important to
consider the spectral attributes of the electric and magnetic fields in attempting to determine
what constitutes dose. Frequency, intermittency, coherence, flux density, and time-rate-of-
change for pulsed fields are among the spectral characteristics that have been identified as
important in various biological systems for which EMF effects have been studied.

8.4 MAGNETIC AND ELECTROMAGNETIC EFFECT MECHANISMS

At a fundamental level, possible metrics for dose related to magnetic fields may be classed as
either magnetic or electromagnetic. What we will term themagnetic mechanisms assumes
that the primary effect arises from coupling of the magnetic field with magnetic moments in
biological tissue. In these models, the magnetic field affects, for example, the motion of
charged species such as divalant cations or energy states of free radicals through Zeemann
processes, thus influencing free radical concentrations and their roles in promoting other
biochemical reactions.

Some have proposed that the magnetic field acts directly to distort the normal conformation
of receptors or other large proteins that have biological function which is dependent on
tertiary structure or shape. Among the magnetic force models are several which hold that
such parameters as ac magnetic field frequency and intensity and ambient dc field intensity
are determinant. These are often termed resonance models.
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In what have been termed the electromagnetic, or induced current models, also termed
Faradayic models, biological effect is assumed to arise from electrical fields and their
resulting cunents induced in biological tissue by the time-varying magnetic field. In these
models, time-rate-of-change of the field, higher frequency content, ac field strength, and
body dimensions are important parameters. When broadband field characteristics are
considered, these processes may become relatively more important, because the magnitude of
the induced electric field increases with frequency.

8.5 PROPOSED DOSE METRICS FOR ENVIRONMENTAL MAGNETIC FIELDS

A number of magnetic field attributes or combinations of attributes or parameters have been
considered as possible determinant or important factors in the literature of observed EMF
bioeffects. New definitions of dose continue to be proposed. Review of the literature
shows that a number of characteristics of magnetic fields have been proposed as determinant,
or important, in eliciting biological response. The following attributes have been suggested,
and there are data in the literature that are at least consistent with each proposed
characteristic. They are:

time-weighted average exposure to the sinusoidal field
time exposed to sinusoidal fields above a certain intensity threshold
time-rate-of-change of the field
intermittency or on/off nature of the field
frequency or frequency content, especially of pulsed fields
resonance characteristics:

ratio of magnetic field frequency to local ambient dc magnetic field
strength
ratio of a combination of sinusoidal field frequency and field strength to
local dc magnetic field strength

• temporal aspects of exposure:
periodicity, repetition rate
clock time or circadian phase characteristics

• coherence.

Table 8-1 provides (in the right-hand column) a few examples of reported effects that
support, or are consistent with, the proposed dose metrics listed in the right-hand column.
This list of possible dose metrics has many similarities with the list of possible effects
functions proposed by Morgan and Nair (1992) as discussed above.
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Table 8-1. Examples of studies consistent with each of seven selected dose metrics.

Dose Metric Effect and Study First Author.

Time-weighted average
magnetic field'*'

Childhood leukemia studies (Savitz, et al.; London, et al.)
Skin tumor co-promotion (McLean et al.; Beniashvili et al.)

Intermittency / on-off nature
of the field

Heart interbeat interval increase (Cook et al.)
Human mental task performance (Cook et al.)
Melatonin reduction in rats (Lerchl et al.)

Frequency / frequency
content/ repetition rate

Bone growth stimulation (Pilla et al.)
Transcription effects (Goodman et al. )

Clock time or circadian phase
of exposure

Circadian activity rhythms (Groh et al.)
Baboon blood melatonin levels (Rogers et al.)
Hamster melatonin phase shift (Yellon et al.)

Resonance conditions

(ac frequency and dc field flux
density)

Radial maze performance (Lovely et al.)
Calcium efflux (Blackman et al.)
Re-evaluation of London et al. data.

(Bowman et al.)

Peak field exposure Leukemia in electrical workers (Matanoski et al.)
Intensity dependent effects in co-promotion cancer studies (Beniashvili et
al.; McLean et al.)

* for the epidemiologic studies; as estimated by proximity to power lines

8.6 MAGNETIC FIELD PARAMETERS AND DOSE IN INDUCED FIELD
MODELS

Time-varying magnetic fields induce electric fields in biological tissue. It is important to
establish whether the magnetic or the electromagnetic (electric field) component, or some
combination of these two, is responsible for the bioeffect. With regard to the well-studied
therapeutic application of bone growth stimulation, the induced electric field is clearly
responsible for the effect, a conclusion supported by the similarity between effects of injected
and induce cunents. Similarly, nearly all of the in-vitro bioeffects described in Chapter 5
can be related to the induced electric field. Studies such as those by Liburdy et al. (1992)
(see Chapter 4) clearly demonstrate that the induced electric field is the responsible stimulus.
With regard to these effects, the question reduces to a definition of the critical amplitude

and spectral density characteristics of the induced electric field at the target site.

An equally important issue is the reactivity of the biological system to the exogenous field.
Many results to date, from both clinical and in-vitro studies, suggest that biological systems
are generally unreactive to weak EMF unless shifted from homeostasis by chemical stimuli,
trauma, pathology, etc. Best known among the many examples of this phenomenon is the
clinical bone repair application, in which only the repairing bone site is affected by EMF.
The sunounding normal bone, which also detects a similar EM dose, is unaffected. Other
examples include the absence of an effect of EMF on calcium uptake, unless cells are
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stimulated with a mitogen. With this in mind, a brief outline of the signal and target
characteristics that affect electric field dosimetry is presented below.

The following physical characteristics are among those that determine the amplitude and
spectral density of the induced electric field in the target tissue:

• The maximum time-rate-of-change of the magnetic field (dB/dt) determines the peak E
field at the target.

• The pulse shape determines its spectral or frequency content which may allow the
dielectric properties of the target to be matched.

• The relative geometries of the EMF (coil position, polarization, etc.) and the target
determine which part of the target receives the peak E.

The characteristics of the EMF signal on which the reactivity of a biological system may
depend are:

• The periodicity or repetition rate which accommodates refractory times in the
responding biochemical pathway(s).

• The total exposure time in one 24-hour period, relating to such processes as cell
cycle, clock time, or circadian phase.

The characteristics of the target tissue which determine EMF sensitivity are:

• The maximum size of the induced current loop determines peak E. This means that,
from the same source, peak E will be much higher in the brain than in the small toe.

• Isolated cells vs tissues or organs. The cell array tissue model clearly shows that
cell-cell communication via electrically conducting gap junctions increases EMF
sensitivity by several orders of magnitude vs a single cell exposed to the same EMF
source.

The biochemical and physiological state of the target. This means that the detected
EMF signal may result in a bioeffect only if the target is not in a resting
(maintenance) state.

8.7 MAGNETIC FIELD PARAMETERS DETERMINING DOSE IN THE
DIRECT MAGNETIC EFFECT MODELS

Substantial data have accumulated from observations of animals in their natural habitat and
from both in vivo and in vitro studies in the laboratory showing that the magnetic field may
interact directly with magnetic moments in tissue to effect biological response. From the
early work of Blackman and colleagues (e.g., 1985a,b) and of Liboff (e.g., 1990), there is
also evidence that that the dc component of the magnetic field may be important in certain of
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these responses. This view has given rise to the various resonance models as discussed in
Chapter 4.

In the resonance models, it is tiie relative orientation, frequency, and flux density of tiie ac
field relative to the dc field tiiat gives rise to conditions wherein magnetic moments such as
ions or unpaired electrons can couple to the field. According to these models, including the
mechanisms suggested by Lednev (1991), certain combinations of these field parameters will
be effective in affecting the motion of specific ions and others will not.

In the free-radical effects model (McLaughlin, 1991), the flux density of the magnetic field is
the determinant parameter, and frequency, as long as it is in the ELF or quasi-static range, is
unimportant. It is not clear that thermodynamic considerations such as inherent noise in the
system is of much consequence in this model since the unpaired electron interactions are fast
indeed (nanosecond range), and these electrons will interact with the external magnetic field
in a manner based on spin orientation rather than on the translational (or thermal) motion of
their associated radicals.

Thus, according to the various magnetic moment models, the following parameters may be of
importance in determining dose:

presence of the dc magnetic field
orientation of the dc magnetic field
flux density of the dc magnetic field
frequency of the ac magnetic field
flux density of the ac magnetic field
duration of coherent exposure
polarization of the ac magnetic field

8.8 EXPERT OPINION ON WHAT MAY CONSTITUTE DOSE

As an example ofthe various field attributes that have been proposed as important in
determining dose from magnetic field exposure, we consider the recently published work by
Morgan and Nair (1992). These authors used expert opinion in a structured workshop setting
to review available data on EMF biological effects and determine what
attributes of the fields or "effects functions" may be important or warrant further
investigation as determinant parameters that may constitute dose.

Experts ranked the possible significance of seven possible effects functions as being
"supportive," "consistent," "irrelevant," or "at odds" with six classes of observed biological
effects as reported in the literature. Figure 8-1, adapted from their report, shows the
relative importance attached to each of several field attributes as they may relate to these
classes of biological effects. Frequency windows, of course, cannot be considered as a
potential dose metric, but their observation was considered an important aspect of the
literature on EMF exposure, and their possible relevance to the six classes of observed
biological effects was at issue.
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Figure 8-1. Results from a poll of expert opinion as to the relevance of various proposed
magnetic field dose metrics or "effects functions" to classes of biological effects. (Adapted
from Morgan and Nair, 1992)

8.9 ELECTRICALLY-POWERED TRANSPORT SYSTEM MAGNETIC FIELDS

AND BIOLOGICAL EFFECTS STUDIES

Electric drive power for all of the transport systems considered in Chapter 3 is supplied as dc
or at frequencies up to 60 Hz. Characterization of the fields by ERM concentrated on the
frequency range below about 2.5 kHz, and, as anticipated, the amplitude of frequency
components in the 305-2560 bandwidth were relatively low for all of the technologies
considered.

From measurements available to date, it is apparent that the TR-07 maglev vehicle does not
give rise to magnetic fields that are greater in flux density than those already encountered in
many existing electrically powered rail systems. Recently available information on the
bandwidth and frequency characteristics of several existing electrically powered rail
transports systems allows some comparisons with the available maglev data.
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It is appropriate to consider possible biological effects that are observed as a consequence of
exposure to dc and magnetic fields with frequencies below about 2.5 kHz, as well as those
that may be related to other magnetic field attributes of these systems. With regard to Uie
dc components, there is evidence from animal studies mat mammals can detect and respond
to these fields. Work of Welker et al. (1983), Lerchl et al. (1991), and more recently of
Groh (1993) demonstrates this response in rats. The latter studies indicate that intermittent
exposure to the dc component at flux densities in the 1-2 G range appeared more effective in
reducing NAT activity and melatonin concentrations in rats than did intermittent exposure to
the ac component or Uie combined ac or dc components. When considered in light of results
by Yellon et al. (1991) and Wilson et al. (1993), which indicate that exposures of short
duration (15 min.) are capable of altering melatonin, it would be prudent to determine if
exposure to dc fields presented in similar manner can alter melatonin secretion in humans.
While it can be reasonably argued that a number of stimuli in man's environment can alter
melatonin rhythms, the possibleeffects of intermittent dc magnetic fields such as those
associated with the 3000 series Washington, D.C, Metro cars should be explored further.

Of the several systems considered by ERM, maglev magnetic fields exhibit less coherence in
ELF ranges than the ac powered rail systems. If coherence is eventually confirmed to be a
factor in dose, then the 25 Hz and 60 Hz systems would be of more interest than maglev.
maglev also appears to score lower for both ac and dc peak fields than at least one of the
other systems. Intermittency perse is difficult to judge, because it depends on the length of
tiie trip and tiie number of stops. However, it is probably safe to assume that subway
systems would always score higher man maglev in intermittency of the dc field at least,
simply because of the number of stops during an average journey.

In view of these data, there is no evidence that the TR-07 maglev vehicle is likely to
represent any risk from magnetic field exposure mat is greater than that associated with one
or more of the presently operating electrically powered rail systems. However, because of
the unusual temporal characteristics of the maglev magnetic fields, and in view of the results
from preliminary studies on Uie effects of high amplitude synthetic maglev fields on
neuroendocrine function in rats, Uie same considerations that are cunentiy being given to
conventional rail exposure should also apply to maglev. It should also be noted that TR-07 is
only one typeof system and thatother system designs may generate magnetic fields that are
substantially different in terms of both flux density and frequency content.

8.10 REPORT SUMMARY AND CONCLUSIONS

A number of epidemiologic studies have shown an association between EMF exposure
surrogates and increased risk for certain cancers. From a scientific standpoint, whether this
association represents a cause and effect linkage of EMF to cancer risk remains to be
determined.

EMF exposure cannot cause direct chemical damage to the genome. Laboratory studies,
both in vitro and in vivo, have shown that weak electric and magnetic fields can interact with
biological systems to elicit a variety of responses. Mechanisms for these effects likely
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involve cell membrane and second messenger systems and, therefore, could possibly
contribute to increased cancer risk via epigenetic processes.

One epigenetic mechanism for which there is now support from both laboratory and
epidemiologic data is the reduction of pineal melatonin secretion by exposure to EMF.
Cancers associated with EMF exposure have a number of common characteristics. Based on
animal models and human studies, melatonin appears to be protective against the cancers
associated with EMF exposure in epidemiologic studies. Excepted are the brain cancers,
where no data on the effects of melatonin have yet been published. Data showing effects on
immune system components are also of interest, because compromised immune function is a
risk factor in certain leukemias and lymphomas.

Laboratory and clinical studies have demonstrated that EMF fields can interact with
biological systems to affect cell growth and a number of neuroendocrine endpoints.
However, there is not yet a great deal of direct evidence for an effect on cancer risk. With
few exceptions, the most relevant studies are those that tested fields as tumor promoters or
co-promoters. EMF exposure has been reported to enhance onset of skin cancer (initiation
with DMBA and promotion with TPA) and breast cancer (after initiation with DMBA only or
after initiation with NMU and promotion with TPA).

Study of EMF effects on cellular regulatory mechanisms and gene expression promises to be
a fruitful area in terms of knowledge of EMF interactions as well as gene function.
Research in these areas must include repetition of critical findings to verify the existence of
gene expression effects. Cellular studies have provided evidence that EMF exposure can
affect gene transcription and translation. Findings of alterations in NAT enzyme activity in
animal studies are consistent with such effects. Recent reports indicate that EMF effects may
extend to the expression of oncogenes or proto-oncogenes in certain cell types. These
observations should be extended to define the biological parameters necessary for the effects.
To determine the link between these effects and cancer risk, cellular studies will likely
require the development of new model systems; an ability to progress from cellular work to
tissues and finally to whole animals will be a key for this next generation of cellular work.

It appears likely that more than one mechanism for the transduction of the EMF signals by
biological systems will eventually emerge. It is unlikely that a single mechanism could
account for the various EMF effects in a variety of animals and over the wide range of field
strengths and frequencies for which such effects have been observed.

Considering data from EMF epidemiologic studies, including those of the Swedish study, the
association between measured 60 Hz Magnetic Fields and increased cancer risk appears
weak. Specifically there is poor conelation between increased time weighted average
exposure and increased cancer risk. Because of this fact, and considering occupational data
suggesting that high amplitude peak exposure, intermittent exposure, or exposure to fields
with a high time-rate-of-change, or higher frequency components may conelate with risk,
interest has increased in developing exposure metrics that take account of these latter
characteristics for fields found in the environment.
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Induced cunent models for the interaction of EMF with biological systems are consistent
with much of the data from clinical studies on bone healing, as well as with a variety of in
vitro studies designed to determine directly if electrical cunents were the active attribute of
the fields. This model should be seriously considered in cases where epidemiology has
suggested an association between exposure and disease in environments where strong or
rapidly time-varying magnetic fields may be found.

Direct magnetic field models continue to be proposed and laboratory data continue to be
gathered that are consistent with such mechanisms. The latter are of additional interest to
electric transport systems because of the frequent presence of relatively strong dc magnetic
field components.

Increased research in the area of EMF effects on biological systems is rapidly becoming an
economic necessity, as well as a possible health effects issue. Future research should
concentrate on improved understanding of mechanisms, with the objective of determining
what constitutes dose. Regardless of whether any increased cancer risk is eventually causally
linked to EMF exposure, this research will provide valuable knowledge regarding biological
responses to the changes made by man in his EMF environment.

Among presentiy operating electric rail systems are associated magnetic fields that exceed
those of the TR-07 vehicle in terms of each of the characteristics cited as possibly being a
component of dose in EMF-associated biological effects. There is some evidence that
simulated maglev fields may affect pineal function in rats. Given the attributes of the
simulated fields which were most effective in eliciting these effects in these preliminary
studies by Groh, 1993, these results do not constitute strong evidence that the magnetic fields
generated by the TR-07 maglev vehicle are likely to represent any risk that is greater than
that associated with magnetic fields from one or more of the presently operating electrically
powered rail systems.
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APPENDIX A

PINEAL GLAND FUNCTION AND MELATONIN:
PHYSIOLOGICAL EFFECTS OF MELATONIN AND

CONSEQUENCES OF PINEAL DYSFUNCTION

A-l



A.l INTRODUCTION

Physiologic actions of melatonin far transcend the early observations that unequivocally
documented it as the essential neuromediator of seasonal reproductive events in photoperiodic
species (Reiter, 1973, 1974). Melatonin has been subsequently found to be linked to the
function of a variety of other endocrine organs as well as to organs and organ systems not
classically included in the neuroendocrine framework (Vriend, 1983; Heldmaier and Lynch,
1986; Kothari, 1988; Armstrong, 1989; Maestroni et al., 1989). Cunent knowledge holds
that the pineal gland, via the secretion of its chief hormone melatonin, seems to be one of the
most ubiquitously acting organs of internal secretion (Reiter, 1991a, b). Thus, perturbations
of the melatonin rhythm could lead to a variety of physiological consequences which have the
status of melatonin synthesis and release as their common denominator.

Circadian production of melatonin seems to bean essential event for normal physiology.
Perturbations of this rhythm are associated with a multitude of clinical conditions considered
abnormal (Blask, 1984; Waldhauser et al., 1984; Gupta and Attanasio, 1988; Sack and
Lewy, 1988; Thompson, 1988; Waldhauser and Dietzel, 1988; Reiter, 1992). Thus, any
event that alters the 24-hour rhythm of either melatonin production and/or secretion may
predictably have physiological consequences.
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Figure A-l. Medial view of a half of the human brain showing the location of the pineal
gland near the anatomical center. In the human, the pineal gland is about the size of apea,
weighing an average of 120 mg with wide individual variations. The pineal gland in all
mammals including man is anatomically connected to the eyes which, in this figure, would
be just anterior to the optic nerve.
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A.2 MELATONIN SYNTHESIS

In mammals, melatonin is a synthesis product and hormone of the pineal gland, a small
outgrowth of the dorsal diencephalon ofthe brain (Vollrath, 1981). In many mammals
including man, the pineal is near the anatomical center ofthe brain (Figure A-l); in other
mammals, it has, during embryological development, migrated to a more superficial position
such that its final location is on the midline just beneath the superior saggital sinus and at the
junction of the parietal and occipital bones (Vollrath, 1981).

Functional activity ofthe pineal gland is synchronized by the prevailing light:dark cycle.
Normally, melatonin synthesis and secretion are low during the day and elevated at night
(Reiter, 1986a). This is true for both nocturnally and diurnally active mammals and means
that nighttime levels of melatonin in the blood are always higher than those measured during
the day (Vaughan, 1984; Arendt, 1988a, b). Because of this persistent rhythm of melatonin,
the pineal gland imparts essential time of day information to every organ in the body that
otherwise cannot "see" light and that has the necessary machinery (melatonin receptors or
binding sites) to read the melatonin message. Besides providing time of day information,
since day length (and as a result night length) vary with season, the melatonin signal also
provides time of year message as well. It is well known that the nighttime duration of
elevated melatonin is proportional to the length of the night and, in fact, this forms the basis
for one of the hypotheses, i.e., the duration hypothesis, of melatonin action (Reiter, 1987).

In the true sense of the word, the pineal gland is an end organ of the visual system just as is
the visual cortex of the cerebral hemispheres. Both the pineal gland and the visual cortex are
anatomically linked to the eyes and both respond to light input to the retinas; the pineal
responds to the photoperiodic cycle with the production and secretion of hormone while the
visual cortex translates neural messages into visual impressions.

Neural connections between the eyes and the pineal gland involve the ^hypothalamic
fibers which originate from the ganglion cells of the retinas and terminate in the SCN of the
hypothalamus (Moore and Klein, 1974). The SCN are important structures in circadian
physiology since they seem to be in whole or in part the anatomical substrate for the
biological clock governing circadian rhythmicity.

Indeed, most 24-hour rhythms in the organism seem to require intact SCN (Moore, 1981); as
aconsequence, the SCN are often refened to as the central rhythm generator. Between the
SCN and the pineal gland, the neuroanatomical connections include synapses in theparave^tiicula? nuclei of the hypothalamus, the intermediolateral cell column of the upper
tiuracic cord and the superior cervical ganglia (SCG) in the neck (Bittman, 1984) (Figure
aT ThTsCG contain postganglionic sympathetic neurons that end among the parenchymali\\ofNte PSgland (Ariens Kappers, 1960) where, during the night, they release theneul^SLfr^ (NE) which drives the nocturnal production and secretion^f
melatonin (Axelrod, 1974). Besides the postganglionic^^

relevance to pineal melatonin production has not been established.
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The point has already been made that the lightidark cycle is the major factor that determines
the circadian production of melatonin. The nighttimeincrease in the conversion of serotonin
to melatonin within the pineal gland is determined by the activity of the sympathetic neurons
which innervate it (Axelrod, 1974). The neural activity originates in the SCN when the
nuclei are relieved of the inhibitory effects of light which reaches the SCN via Uie
retino-hypothalamic tracts (which are found in the optic nerves) (Figure A-2).

Suprochiosmotic
nucleus
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thoracic
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Superior
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v Pre-ganglionic
\ sympathetic
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Figure A-2. Schematic representation of the anatomical connections between the eyes and
the pineal gland of mammals including man. The retinohypothalamic tract projects from the
eyes to the suprachiasmatic nuclei (SCN). The neural connections between the SCN and the
pineal gland must be intact for the gland to produce melatonin during darkness Ifthese
pathways are interrupted, the gland must be intact for the gland to produce melatonin during
darkness. Ifthese pathways are interrupted, the gland is rendered non-functional so far as
can be presently ascertained.
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Action potentials in the postganglionic sympathetic fibers which terminate in the pineal gland
release NE into the synaptic clefts adjacent to the pinealocytes (Zatz, 1981), the
hormone-producing cells of the gland. The released NE interacts primarily with b-adrenergic
receptors and, to a lesser extent, with a-adrenergic receptors, located in the pinealocyte
membranes. These interactions lead to a cascade of intracellular events (Figure A-3) which
culminate eventually in the intracellular production of melatonin (Axelrod, 1974; Ebadi,
1984; Reiter, 1991b).

The intracellular second messenger which mediates the nocturnal synthesis of melatonin is
cyclic AMP (Weiss and Costa, 1968). The increased production of the cyclic nucleotide
leads to the expression of the enzyme, N-acetyltransferase (NAT), which N-acetylates
serotonin to N-acetylserotonin, the immediate precursor of melatonin. N-acetylserotonin is
converted to melatonin by the enzyme hydroxyindole-O- methyltransferase (HIOMT) (Figure
A-3).
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Figure A-3 Schematic representation of the synthesis of melatonin and other
tryptophan-derived compounds in the pineal gland. The enzymes involved in converting
serotonin to melatonin are NAT and hydroxyindole-O-methyltransferase (HIOMT),
monoamine oxidase (MAO).
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The transcriptional and translational processes that induce the rise in NAT activity at night
have been only poorly defined (Reiter, 1991b). NAT activity, depending on the species
studied, exhibits very large (rat - Klein and Weller, 1970) or more modest (Syrian hamster,
gerbil, guinea pig - Rudeen et al., 1975) nighttime increases. This enzyme seems to rate
limit the quantity of melatonin formed (Ebadi, 1984). Thus, in general, the rise in NAT
activity is usually accompanied by a parallel increase in the levels of melatonin within the
pineal gland.

Once produced, melatonin seems to be quickly released from thegland. Because of its high
lipophilicity, it is generally believed that melatonin merely diffuses passively out of the
pinealocytes and into the rich capillary beds which perfuse the gland. On the other hand,
melatonin does seem to be released from the pineal gland in a pulsatile (episodic) manner;
the episodic mode of secretion seems not to be totally consistent with a compound that
continually diffuses through the cell membrane.

Regardless of the specific mode of secretion, blood melatonin levels parallel the production
of the indole within the pineal gland (Wilkinson et al., 1977; Arendt, 1985). Thus, the
measurement of the concentrations of melatonin in the blood provides a reasonable
assessment of the synthetic activity of the pineal gland immediately preceding the blood
collection.

However, organs other than the pineal gland could at least theoretically contribute to the
circulating melatonin levels. Organs known to contain the enzymatic pathways necessary to
produce melatonin include the retinas (Pang and Allen, 1986), Harderian glands (large
tubulloalveolar exocrine, and possibly endocrine, glands located in the orbital cavity of some
mammals) (Menendez-Pelaez et al., 1988), extra-orbital lacrimal glands (Mhatre et al.,
1988), the gut (Bubinek et al., 1977), and red blood cells (Rosengarten et al., 1972). Under
certain conditions, thedischarge of melatonin from these organs could confound the
interpretation of circulating melatonin levels in terms of pineal melatonin release. To date,
however, no one has reliably demonstrated in mammals that organs other than the pineal
gland actually release melatonin into the blood vascular system.

Blood melatonin values are typically 5-10 times greater at night than during the day (Figure
A-4). Melatonin is primarily bound to albumin (Pardridge and Mietus, 1980) and is rapidly
cleared from the blood (half-time of 10-40 min) (Gibbs and Vriend, 1981; Chan et al.,
1984). The primary metabolic site for melatonin degradation is the liver, with the chief
hepatic metabolite being 6-hydroxymelatonin sulfate (Arendt, 1986). About 75% of the
circulating melatonin is taken up by the hepatic cells on any given pass of the blood through
the liver (Pardridge and Mietus, 1980). 6-hydroxymelatonin sulfate escapes from the hepatic
cells back into the blood; it is excreted from the kidneys into the urine where it, like blood
melatonin levels, exhibits a clear circadian rhythm (Figure A-5) (Fellenberg et al., 1981;
Broadway etal., 1988).

Thus, both blood levels ofmelatonin and the urinary concentrations of6-hydroxymelatonin
sulfate are used as reliable indices of pineal synthetic activity. Small amounts of melatonin
also are excreted into the urine where they can be estimated (Lynch et al., 1975); however,
because of the small quantities of melatonin (< 1%ofthat produced by the pineal gland)
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Clock taws

Figure A-4. Night rise in serum melatonin levels (mean ± se) in seven healthy male
subjects. Individuals often exhibit marked differences in terms of the amplitude.and phasing
of the melatonin rhythm; within an individual, however, the melatonin level is highly
reproducible. (From Waldhauser et al., 1984.)

Fieure A-5 Levels of the chief melatonin metabolite, 6-hydroxymelatonin sulfate, in the
urine of an'adult human male. Nighttime levels are always higher thari da^me values.
Sleep, although usually associated with darkness, is not arequirement for the rhythm.
(Modified from Fellenberg etal., 1981.)
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found in the urine, they are usually considered to be a less reliable index of pineal melatonin
production.

While both blood melatonin and urinary 6-hydroxymelatonin sulfate levels are well correlated
with the synthesis of the indole within the pineal gland, other fluids may provide equally
reliable indices of pineal activity. Once in blood, melatonin, again presumably because of its
highly lipophilic nature, quickly passes into other bodily fluids where it also exhibits a
24-hour rhythmicity. Thus, the cerebrospinal fluid (Wilson et al., 1977; Reppert et al.,
1979), saliva (Vakkuri, 1985), male seminal fluid (Bomman et al., 1989), ovarian follicular
fluid (Brzezinski et al., 1987), and fluid of the anterior chamber of the eye (Yu et al., 1990)
also exhibit circadian cycles of melatonin reminiscent of those seen in the blood.

Rhythms in these fluids are usually of somewhat lower amplitude than those seen in the
blood (Figure A-6) (Laakso et al., 1990). Foreach of the above-mentioned fluids,
point-to-point correlations of melatonin concentrations in a specific fluid with those in the
blood have not always been as detailed as those of Laakso et al. (1990).

16 22 10 10 16 22

TIME OF THE DAY

10

Figure A-6. Concomitant serum (solid line) and salivary (dashed line) melatonin levels in
three adult humans over a 24-hour period. Whereas both fluids exhibit a 24-hour rhythm in
melatonin concentrations, salivary levels are usually lower. (Modified from Laakso et al
1990.)
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One point that many researchers have repeatedly stressed when examining the 24-hour cycle
of melatonin in the blood of humans is the reproducibility of the cycle over time Thus
whereas two individuals may have quite different nocturnal blood melatonin peaks » ™Ua*
different phasing of the rhythm, within agiven individual the rhythm is repeated with high
fidelity over time (Arendt, 1988a). Finally, in general, the melatonin rhythm is usually
considered rather stable and not easily perturbed. Considering its stability it clearly imparts
important temporal as well as physiological information to avanety of other organs. As
noted above, the actions of melatonin seem to be very broad (Reiter, 1991a).

A.3 PHYSIOLOGICAL EFFECTS OF MELATONIN

Shortly after the discovery of melatonin (Lerner et al., 1958, 1959) the indoleamine was
examined for its endocrine consequences. In particular, its relationship to reproductive
phyTiology was studied since earlier investigators, although often using questionable scientific
data, had proposed a hormonal interaction of the pineal gland with theneuroendJcrine-reproductive axis (Kitay and Altschule, 1954) Over the next^ *"*>>
however, it became apparent that the chief pineal hormone had avanety of effects both on
other endocrine organs and tissues generally not considered to be part of the endocnne
system (Reiter, 1991a).

The following section describes the diverse actions of melatonin on avariety of organ
systems. These particular actions of melatonin were included in this report because many
apply to the problem at hand; namely, they may relate to amechanism by which either
electric or magnetic fields may produce some or all of their physiological consequences
(Wilson and Anderson, 1990).

A.4 PHYSIOLOGICAL CONSEQUENCES OF PINEAL GLAND DYSFUNCTION

A.4.1 Reproduction and Development

As already mentioned, functional association of the pineal gland with reproductive physiology
was suspected for several decades before definitive experiments unequivocally estoblished the
connection (Kitay and Altschule, 1954). Soon after researchers discovered that he daily
light-dark cycle changed the melatonin output of the pineal gland (Wurtman et al., 1963),
appropriately designed experiments quickly showed that the pineal gland has amajor
regSry effect on the reproductive capabilities of mammals (Hoffman and Reiter, 1965).
It is now well documented that changing patterns of melatonin production and secretion by
the pineal gland determine the fertile and infertile states which are charactenstic of the
seasonal reproductive cycles in animals (Reiter, 1980; Bittman, 1984; Stetson andWats^Whitmyre, 1984). In these cases, melatonin acts as aphotopenodic messenger of the
pineal glandI and synchronizes reproductive capability with the appropriate season o the year.
In its functional capacity as areproductive regulatory hormone, melatonin can clear y(1)
inhibit the function of the hypothalamo-pituitary-gonadal axis, i.e. have antigonadotrophic
actions (Tamarkin et al., 1976), and (2) promote reproductive fertility, l;e-na^
progonadotrophic actions (Bittman, 1984). However, if given at either the inappropnate time
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(Chen et al., 1980) or via a non-physiological means (Reiter et al., 1975; Chen, 1981),
melatonin may be ineffective in either inhibiting or stimulating reproductive function.

The effects of melatonin on reproductive physiology are highly species dependent. Besides
the general status of the reproductive system following melatonin treatment, all of the
reproductively active hormones have been extensively studied in animals treated with the
pineal indoleamine. There is no doubt whatsoever that the rhythmic production of melatonin
plays a major role in determining the functional status of the reproductive system in adult
non-human mammals.

Just as the administration of melatonin to animals illustrates the regulatory effect of the
indoleamine on reproduction, modification of endogenous melatonin production has clear
sexual consequences as well. Thus, briefly suppressing the nightly melatonin peak or
disturbing (e.g., shifting) the melatonin rhythm substantially alters the ability of this hormone
to regulate reproduction. Usually, the suppression of nightly melatonin is achieved by short
pulses of tight at night (Earnest and Turek, 1983; Brainard etal., 1986) or by drug
administration (Champney, 1990); however, perturbations of the melatonin rhythm produced
by exposure of animals to electric and/or magnetic fields would be expected to have similar
consequences in terms of the function of the sexual organs.

Whereas the preceding discussion primarily concerns the reproductive effects of melatonin in
adultanimals, the actions of the indole on sexual maturation have also been studied in detail.
Pubertal development is a complex process involving many hormones, one of which is
melatonin. When melatonin is infused at physiological concentrations into animals
undergoing puberty, sexual maturation is very significantiy delayed (Carter and Goldman,
1983). Conversely, reducing natural melatonin production by a variety of means has been
shown to hasten reproductive development (Reiter, 1986a, b). Thus, perturbing the
melatonin rhythm by either shortening the duration of the elevated levels at night, reducing
the amplitude ofthe nocturnal peak, or changing the phasing ofthe cycle would be expected
to alter one or more aspects of sexual physiology in animals undergoing puberty, just as in
adults.

Three facets of the melatonin rhythm may be important in determining the ability of the
pineal hormone to modify reproduction. As already noted, maximal pineal melatonin
production and secretion are events virtually exclusively associated with the daily period of
darkness. Likewise, the longer the night, the more prolonged the elevated melatonin
(Goldman, 1983; Reiter, 1987). There is strong evidence mat the duration of the melatonin
peak is critical to the ability of the hormone to influence reproductive physiology and,
indeed, any function in the organism (Carter and Goldman, 1983; Goldman, 1983; Reiter,
1987). This is refened to as the duration hypothesis of melatonin action. On the other
hand, there are those who argue that melatonin's efficacy depends on its peak being
coincident with a sensitivity period for melatonin (Stetson and Watson-Whitmyre, 1986;
Reiter, 1987).

In this scheme, two rhythms are required, i.e., the melatonin cycle and the melatonin
sensitivity cycle. Only when high melatonin evels are present during the period ofmaximal
sensitivity is melatonin effective as a hormone; this isgenerally refened to as the internal
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coincidence hypothesis of melatonin action. Athhd .hypothesi,. ta«>»'""•Jf '°

vies are. This is conveniently identified as the amplitude hypothecs.
Each of the hypotheses presented above has its advocates as ^*g£»«?^^
Possibly none of these hypotheses is totally correct or totally wrong. Rather,t^s
coSTthat under difTrent^"^^^^J^^SSi^m
KXS-r=X£^»2—•^m ->not toe
to be dramatic to result in a functional difference.

Melatonin also seems to be linked to reproductive physiology in humans^Xufer'andfindmgs are certainly less clear than they are in experimentaljuiimah; ™^£^
Geisinger (1986) have reported significant reductions in nighttime melatoninlevels in malesa^dSes going through puberty (Figure A-7). These researcher,|claimt£t these
reductions which are anormal maturational process, may be necessary for sexualrntSon. Without the attenuation of the nighttime melatonin peak&m —als passing
forough puberty, the investigators predict sexual maturation would be delayed.
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Figure A-7 Nighttime levels of blood melatonin in children, adolescents, and young adult
humans according to chronological age of the individuals. The drop in nocturnal melatonin
levels between ages 5and 15 years may be permissive to pubertal development. (From
Waldhauser and Dietzel, 1988.)
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Certainly, other experimental work in humans (Tetsuo et al., 1982) lends validity to this
assumption; however, there are also researchers who claim that the melatonin cycle changes
minimally or not at all during pubescence and thus melatonin has tittle to do with sexual
maturation (Ehrenkranz et al., 1982; Tamarkin et al., 1982). Some of the studies in this
area of research have shortcomings or deficiencies that make it difficult to interpret the
results. Ifexcessively long or high melatonin levels at night do delay sexual maturation in
the human, it is conceivable that depressed or absent melatonin would advance puberty.
Pineal tumors, which presumably destroy the endocrine cells of the pineal gland (and thereby
likely depress melatonin), are often associated with precocious puberty (Vaughan et al.,
1"78).

In adult humans, a number of studies suggest an association of pineal dysfunction with
alterations of the gonadal hormones. As noted, the neuroendocrine system of adult mammals
can be markedly influenced by the secretory pattern ofmelatonin. Excessive melatonin
secretion at night has been reported in females with depressed fertility, e.g., in women with
hypothalamic amenonhea (Berga et al., 1988) and anorexia nervosa (Tortosa et al., 1989).
Likewise, human males suffering from either oligospermia or aspermia have abnormally high
circulating levels of melatonin (Karasek et al., 1990). Unusually high serum melatonin
concentrations have also been reported in women with severe premenstrual syndrome (Parry
et al., 1990), and exogenously administered melatonin in humans changes the pulsatility of
luteinizing hormone (LH) secretion from the anterior pituitary gland (Cagnacci et al., 1991).

The precisely timed ultradian release of LH (which is reflective of the release of
gonadotropin releasing hormone or GnRH in the median eminence of the brain) is essential
for normal reproductive function in humans (Cromley et al., 1987). If endogenously
secreted melatonin indeed has the capability of altering this finely timed system, changes in
the production and secretion of pineal melatonin could change reproductive physiology
accordingly. The magnitude of the change in the absolute melatonin level as well as the
degree ofphase shift of the rhythm that would be required to noticeably disrupt normal
reproductive function in humans remains unknown. However, based on overwhelming
evidence showing a strong causal link between melatonin rhythmicity and reproduction in
many non-human mammals, similar interactions are likely in humans.

A.4.2 Depression

Disorders of circadian rhythmicity are not uncommonly associated with depression and/or
other affective syndromes (Siever et al., 1987). The melatonin rhythm, which is strongly
circadian-based, has been implicated in a variety of abnormal psychological states. In
particular, alterations of this rhythm have been described in seasonal affective disorder
(SAD) (Lewy et al., 1990), bipolar mood disorder (Mayeda and Nurnberger, 1990), mood
and sleep disorders (James, 1990), as well as schizophrenia (Miles and Grey, 1988), to
mention only a few.

Inasmuch as electric and magnetic field exposure commonly leads to a reduction or phase
shift of the melatonin cycle, the association of the melatonin rhythm with psychological
depression is of significant interest. A subgroup of depressed patients were defined about 10
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years ago (Beck-Friis et al., 1983) wherein the subjects had what was refened to as low
melatonin syndrome" (also sometimes identified as "depressive hypomelatoninemia ). This
researeh greup subsequently defined the following features of what has come to be^known as
tow^elaLin syndrome: reduced nocturnal melatonin levels, an abnormal^dexameth^
suppression test; adisrupted 24-hour Cortisol rhythm, and aless pronounced daily and annualyc^rati^n in depreLe symptoms (Wetterberg et al., 1990) Although the syndrome
ro named and extensively studied by Beck-Friis, Wetterberg, and their colleagues, many
otiTerstave made similar observations, and it now seems well documented mat reduced
circulating melatonin levels, particularly at night, are afeature of some patients with
psychological depression (Mendelwicz et al., 1979; Boyce, 1985).

Figure A-8 illustrates the 24-hour melatonin rhythm in psychologically normal and depressed
individuals (Claustrat et al., 1984). Also of interest, the m^^n^^(^T^subjects may be more susceptible to suppression than that in normal subjects Q*W«*->
L985) Hence, depressed individuals (possibly already with lower melatonin levels tiian
normal) mTy be more susceptible to electric and magnetic field exposure than are otherwise
normal humans.
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Figure A-8. Besides producing and secreting less melatonin at night, the pineal gland in
elderly men exhibits a shorter duration of elevated nocturnal melatonin. (From Nir et al.,
1986.)
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There is at least one major question relating to the low melatonin syndrome as described. Is
there agroup of psychologically normal individuals who have melatonin levels in the range
of those of the depressed subjects? Also unanswered is whether low melatonin can be
regarded as a trait or a state marker ofdepressive illness. It is clear, however, that
psychological depression, at least under some circumstances, may be accompanied by what
appears to be an abnormal melatonin rhythm.

Besides depression, individuals with schizophrenia have been found to exhibit agreatly
reduced melatonin cycle (Ferrier et al., 1982; Monteleone et al., 1992). At this point, it is
again not clear whether the markedly depressed 24-hour melatonin rhythm is a result, a
consequence, or even related to the schizophrenic state.

Reduced melatonin cycles are apossible causative factor in depressive illness; phase shifts in
the rhythm have also been implicated. This is particularly true in a condition mentioned
earlier, namely, SADS (Lewy et al., 1990). Whereas SADS is most often present in the
winter months (then identified as winter depression), it can occur at any time of the year
Many individuals with SADS appear to exhibit adelayed circadian rhythmicity inducing a
later than normal rise in their nocturnal melatonin levels (Lewy, 1983). Readjusting their
melatonin rise onset to an earlier time in the evening (usually by early morning light
exposure) often ameliorates the condition of SADS.

Electromagnetic field exposure, besides reducing the nighttime melatonin peak in animals,
has been reported to change the phasing of the rhythm as well. Thus, theoretically at least,
psychological depression, in some cases, could be a result of an altered melatonin cycle
induced by EMF. This hypothesis, however, only provides a theoretical framework for
subsequent investigation.

A.4.3 Cancer

The pineal gland has been implicated in tumor growth regulation for several decades
(Georgiou, 1929; Das Gupta and Terz, 1967) although the significance of this work has come
into focus only in the last 10 years when it was unequivocally demonstrated that melatonin
plays a substantial role in inhibiting the growth of certain cancer cells (Blask and Hill, 1986).

The antiproliferative influence of melatonin on cancer cells both in vitro (Bartsch and
Bartsch, 1984; Blask et al., 1988) and in vivo (Lapin, 1976; Blask, 1984) has now been
demonstrated. These studies have been interpreted to mean that melatonin is a naturally
occurring oncostatic agent (Blask, 1984). Most importantly, when melatonin was tested for
its oncostatic effects on human MCF-7 human breast cancer cells in vitro, it was found that
concentrations of melatonin in the physiological range (10-9M and 10-11M) in human blood
led to an 80% growth inhibition of the cultured cells; outside of this range of concentrations
(either higher or lower), melatonin was ineffective in modifying the growth of the cancer
cells (Blask and Hill, 1986). This is a critical finding since it proves that normal blood
concentrations of melatonin may normally curtail tumor growth and, furthermore, if levels of
melatonin fall out of this range, for any cause, the risk for growth of cancer cells may
increase.
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Besides the in vitro studies, many whole animal experiments have documented the abih yof
the pineal secretory product to restrict the promotion of tumors. For example, Tarnation et
al. (1981) and Kothari (1987, 1988) have reported agreatly reduced incidence of chemical
carcinogen-induced mammary cancer in rats treated exogenous* with melatonin I«.virtually
all studies, the effects of melatonin seem to be an inhibition of tumor promotion rather than
tumor initiation (Blask et al., 1991). Thus, whereas the reduced melatonin levels will
seemingly not limit the transformation of normal cells into tumor cells, it may prevent ther
Proliferation. Figure A-9 illustrates the proposed complex interactions of melatonin with thegrawftXJSiiy gland tumors. The figure illustrates that, in addition to affecting tumor
cells, melatonin also suppresses the release or prevents the action of other hormones that
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Figure A-9. Depicts the possible consequences of EMF detection by the pineal gland,
which results in reduction or phase shifting of the nighttime peak in melatonin.
Consequences are based on effects of melatonin in animal models.
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stimulate the growth of these tumors. As seen from this figure, besides melatonin, other
pineal factors may operate as oncostatic agents. This idea has also been recentiy espoused by
H. Bartsch and C. Bartsch (1988).

In humans, reduced melatonin levels in the blood have sometimes been found when tumors
are present. The implication of these findings is that the lower than normal melatonin levels
may be causally related to the cancer; however, at this point, these are only conelations
without any proof ofcausality. Nevertheless, based on the experimental work summarized
above, the reduced melatonin levels in the blood ofsome cancer patients should be
considered as possibly related to the growth of the tumor.

Melatonin levels have been described in a variety of tumor patients. Most notably, a reduced
nocturnal peak of melatonin has been reported in human females with breast cancer (Bartsch
et al., 1985; Tamarkin et al., 1982a, b; Danforth et al., 1985). The latter two studies found
the lower amplitude melatonin cycles especially in females with breast tumors which were
estrogen receptor positive. The blood melatonin rhythm has been studied in patients with
carcinoma ofthe prostate on a number ofoccasions. Although the findings are not
universally consistent (Blask and Hill, 1988), the most extensive study ofserum levels of
immunoreactive melatonin in elderly men (mean age of 70 years) with various prostate
problems, including benign prostatic hyperplasia (BPH), incidental prostate cancer (IPC), and
clinical prostatic carcinoma (CPC), revealed a potential relationship between melatonin and
the development of prostate cancer (Bartsch et al., 1985).

The most notable finding was that in the CPC patients, i.e., those with overt tumors, the
melatonin rhythm in the blood was virtually absent. While there were apparentiy some
abnormalities in the melatonin rhythms of the subjects with BPH and IPC, their levels were
clearly higher than those in the subjects suffering from CPC.

While breast and prostate tumor patients have been used more often than any others to
examine melatonin levels relative to cancer growth, it may be equally worthwhile to consider
extensive studies in patients with other types of tumors. It is possible that subjects with a
wide variety of tumor types may be deficient in melatonin. For example, experimental
evidence has linked melatonin with the ability of melanotic melanoma (MM) togrow and
metastasize in the hamster; thus, the lower the melatonin, the more aggressive is the tumor
(Das Gupta and Terz, 1967; Ghosh et al., 1983). Narita and Kudo (1985) found that
melatonin had a similar growth-retarding effect on the growth of melanoma cells in male
BALB/c athymic mice.

Melatonin cycles of humans with malignant melanomas have not been extensively
investigated. Interestingly, melatonin was discovered because of its capability to cause the
movement of pigment granules in melanin-containing cells. If melatonin were to be active in
terms of any tumor cells, those may be melanoma cells.

A variety of tumors have been reported to be associated with exposure of humans to EMF.
Breast cancers, brain tumors, and various types of leukemia are most often noted. Melatonin
levels in patients with brain tumors and leukemias remain essentially unstudied. However, in
animal studies, melatonin protects against at least one transplanted leukemia (Buswell, 1975).
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There appears to be some conespondence between those neoplasms against which melatonin
has been^hown to be protective in laboratory studies, and those which appear associated with
EMF epidemiologic studies. Melatonin has been demonstrated to protect against leukemia
(Buswell, 1975), breast cancer (Blask et al., 1988), prostate cancer (Philo and Berkown%
1988), and melanoma (Das Gupta and Terz, 1967). Melatonin infusion has been reported
successful in the treatment of lymphomas and breast cancer, as well as leukemia and several
other neoplasms in humans.

Epidemiologic studies have cited leukemia, breast cancer, melanoma, prostate cancer^brain
cancer, and lymphoma as neoplasms associated with EMF exposure or sunogates. (For a
review see Theriault, 1991.) No reports were found in the literature concerning melatonin
effects on central nervous system cancers of interest (gliomas or astrocytomas). It is not
known whether pineal function affects these neoplasms.

The seemingly higher incidence of breast cancer in humans exposed to EMF, along with tiie
extensive experimental work (some of which is cited above) in which melatonin was found to
be linked to toe growth of such tumors, prompted Stevens (1987) to propose the melatonin
hypothesis to explain the increased breast cancer risk in these individuals. This hypothesis
was expanded by Stevens et al. (1992). If found to be valid, it could well be extended to
any other cancer types that have ahigher than normal incidence in humans living in high
electromagnetic field environments.

This hypothesis is of interest to the field as awhole and bears consideration. Early tests of
this hypothesis, wherein breast cancer risk was ascertained for men in occupations with
increased EMF exposure, have been reported. As discussed in the next chapter, three such
studies have been reported to date and all have shown increased breast cancer nsk in men
who are occupationally exposed.

A.4.4 Immune System Effects

In general, melatonin has been shown to have an immunostimulatory role (Maestroni et al.,
1989). It has been suggested that one general function of the circadian melatonin rhythm is
to optimize the ability of the organism to cope with environmental challenges. Although a
single group initially conducted the bulk of these studies, the field has expanded and vanous
scientists are now working on these interesting interactions.

Exogenous melatonin administration enhances antibody production by the spleen of mice
injected with sheep red blood cells (SRBC). The primary antibody response to the SRBC
was measured using the plaque-forming cell assay. Consistent with melatonin's actions on
other systems, it was effective only when it was injected in the late afternoon but not when
administered in the morning (Maestroni etal., 1986). Maestroni and Conti (1988) also
found that melatonin's immunostimulatory effects were apparent only in antigen-primed
animals. An examination of the initial studies of these workers suggests that the
immuno-enhancing action of melatonin in mice is antigen-dependent and is primarily exerted
on humoral responses to T-dependent antigens.
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Avariety of stressful conditions produce dramatic involution ofthe lymphoid organs and
profound depression of immune reactivity; likewise, the injection of pharmacological doses
of corticosteroids has similar effects on the immune system. Again, as little as 1mg
melatonin injected into mice daily virtually totally counteracted the effects of restraint stress
and ofcorticosteroid administration (Maestroni and Conti, 1988). As previously
demonstrated, the ability of melatonin to overcome the involutionary changes ofthe immune
system in stressed or corticosteroid-treated mice was apparent only ifthey were primed with
T-dependent antigen.

Maestroni and Conti (1988) have gone on to show that the beneficial influence of melatonin
on immune function is via the endogenous opioid system (EOS) on antigen-activated
immunocompetent cells. When activated and non-activated mouse spleen cells were
incubated in the presence of melatonin, it was readily shown that melatonin stimulates
activated T-helper cells to release opioid agonists which, in turn, can enhance
immunoresponsiveness; similar observations were obtained when the tests were done on
human lymphocytes (Maestroni and Conti, 1991a, b). In summarizing the work of this
group, it is apparent that melatonin is an important factor which is physiologically relevant to
the T helper cell/opioid peptide/immune system.

Besides melatonin's action directly on cancer cells and its ability to suppress hormones that
promote tumor growth, Maestroni and Conti (1991a) found melatonin may potentiate the
anti-cancer action of interleukin-2 (IL-2) in murine tumor models in vivo. Ifthis important
finding is documented in a series of laboratories and under a variety of experimental
conditions, it would be important in any situation where circulating melatonin levels are
abnormally depressed. In general, Maestroni and Conti (1991b) provide interesting evidence
and argue effectively that melatonin may reduce tumor growth via the indirect method
described above; however, the definitive studies in humans showing that melatonin is reliably
immunostimulatory and oncostatic have yet to be performed.

A.4.5 Aging Effects

In advanced age, the melatonin rhythm deteriorates, although there is evidence that the
neuroendocrine system exhibits an increased sensitivity to the hormone (Reiter, 1992). The
attenuation of the melatonin cycle with age seems to be a gradual process associated with the
generalized decline in the functional capacity of many organs; thus, there seems to be no
specific degenerative aging process which abruptly diminishes the ability of the pineal gland
either to synthesize or secrete melatonin. Among mammals, reduced pineal melatonin
synthesis with age has been studied most thoroughly in the Syrian hamster, rat, Mongolian
gerbil, and man.

The biosynthetic activity of the human pineal gland responds like that of other species in
advanced age; thus, the general consensus is that the amplitude of the blood melatonin
rhythm drops gradually as humans become old (Touitou et al., 1981; Iguchi et al., 1982).
Besides producing and secreting less melatonin at night, the pineal gland in elderly
individuals exhibits a shorter duration of elevated nocturnal melatonin (Nir et al., 1986)
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(Figure A-8). Finally, the chief urinary metabolite of melatonin, 6-hydroxymelatonin sulfate,
shows a gradual age-related decline in humans between 20 and 95 years ofage.

While a reduction in the amplitude of the melatonin rhythm in advanced age is now well
documented, this is not the only parameter of the rhythm that changes with age. Usually, as
the melatonin peak diminishes, so does the duration of elevated melatonin. Both the
amplitude as well as the duration of the melatonin peak may be important to aspects of
melatonin's ability to express its physiological activity. The most frequently proposed
mechanism invoked to explain the attenuation of the pineal and plasma melatonin rhythms in
old age is areduction in the number of b-adrenergic receptors on the pinealocyte membrane.
These receptors are primarily responsible for mediating the effects of nocturnally released
NE from sympathetic neurons within the gland and initiating the intracellular events which
lead to the augmented nighttime production of melatonin.

The progressive attenuation of the melatonin rhythm during aging may relate to agradual
diminution of b-receptor availability on the pinealocyte membrane. That the observed
depression in pinealocyte b-receptor density accounts for the reduced melatonin-forming
ability of the pineal gland in advanced age has recentiy received strong experimental support.
Fisher 344 rats are a commonly used model in investigations ofaging phenomena. Using
this rat strain, it has been shown that life can be dramatically prolonged by restricting food
intake throughout life.

Thus, ad libitum fed Fisher 344 rats usually die at approximately 30 months of age, while
food-restricted animals not uncommonly survive to 44 months ofage. When pineal
biosynthetic activity and b-adrenergic receptor density were compared, ad libitum fed old rats
(compared to 3-month-old animals) had highly depressed nocturnal pineal NAT activity and
pineal and serum melatonin levels (Stokkan etal., 1991). All three parameters were
significantiy preserved in old rats that had experienced virtually life-long food restriction.
Preservation ofpineal melatonin synthesis was accompanied by a similar maintenance of high
b-adrenergic receptor density in the pineal gland.

In recent years, melatonin has been at least theoretically defined as an anti-aging hormone.
Indeed, the hypothesis has been put forward that "aging is secondary to pineal failure"
(Rozenchwaig et al., 1987). According to this hypothesis, aging is a syndrome ofa relative
melatonin deficiency accompanied by a diminished melatonin:serotonin ratio, which is
detrimental to neurophysiology and causally related to the aging process. The findings
discussed above could relate to the theory. Namely, dietary restriction clearly increases the
life span ofa variety ofanimals; likewise, the procedure also tends to preserve the pineal
melatonin rhythm.

Conservation of the melatonin rhythm in food-restricted animals is particularly interesting
since, typically, prolonged food restriction depresses the function of virtually every other
endocrine organ, yet the melatonin cycle responds in an opposite manner, i.e., it is
maintained.

Data relating the ability of melatonin to influence the duration of survival are limited, but the
conelations are positive. When mice are given melatonin in their drinking water, they lived
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noticeably longer (20%), i.e., from a mean of 752±80 days in non-melatonin treated mice to a
mean of 931 ±80 days in mice given melatonin every night (Maestroni et al., 1989). The
contrary expectation would be that pinealectomized animals, with the resulting melatonin
deficiency, would die at an earlier age than animals with the pineal intact; such studies have
not been performed.

A.5 SUMMARY

Far from functioning as independent biological systems, the nervous, endocrine, and immune
systems are now recognized to be closely coupled. These systems communicate among
themselves using electrical nerve impulses, neurotransmitters, hormones, and
"immunotransmitters."

In-vivo effects of EMF exposure in the laboratory appear to a great extent to be mediated by
the nervous system. The physiologic mechanisms by which primary effects on nervous
system function may have consequential effects on endocrine and immune system function are
now understood relatively well.

Reviewers agree that evidence is now insufficient to determine if a causal association exists
between EMF exposure and cancer. Plausible mechanisms for such a causal link have been
suggested as hypotheses for further testing. The melatonin hypothesis is only one ofmany
possible physiologic mechanisms that have been proposed to account for the association
between EMF exposure and health effects as determined by epidemiologic studies. This
hypothesis has been of interest because it can be tested readily in both animal and human
populations.
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