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1. INTRODUCTION 

The principal topic of this chapter is the interaction with living systems 

of time-varying magnetic fields in the extremely-low-frequency (ELF) ranae 

below 300 Hz. Magnetic fields in the ELF range are present throughout the 

environment and originate from -both natural and man -made sources. 
1 

The 

natura 11 y occurring, time-varying fields - in the atmosphere have several 

origins, including diurnally varying fields on the order of 30 nT associated 

with so 1 ar and 1 unar infl uences on ionospher ic currents. The largest 

time-varying atmospheric magnetic fields arise intermittently from intense 

solar activity and thunderstorms, and reach intensities on the order of 0.5 ~T 

during a larae magnetic storm. Superimposed on the magnetic fields associated 

with irregular atmospheric events is a weak ELF field resulting from the 

Schumann resonance phenomenon. These fields are generated by lightning 

discharaes and propaaate in the resonant atmospheric cavity formed by the 

earth I S surface and the lower boundary of the ionosphere. The five lowest 

resonant frequencies are below 40 Hz, and the magnetic flux den-sities per unit 

bandwidth associated with the Schumann resonance phonomenon vary from 0.25 -

3.6 pT/Hz. 1/ 2 

The time-varying ELF magnetic fields originating from man-made sources 

generally have much higher intensities than the naturally occurring atmospheric 

fields, and in some occupational settings reach levels that aporoach 0.1 T. 

Two sources of ELF fields that have been topics of considerable public interest 

are hiqh-voltage transmission lines and land-based naval communication systems. • 

The fields at ground level beneath a 765-kV, 60-Hz power line carrying 1 kA per 

phase is 15 ~T. 2 The surface field associated with the ELF antennas that are 

proposed for use in submarine communicat ions is 20 ~T. 3 Household appl iances 
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operated from a 60-Hz line voltage produce local fields· in their immediate 

vicinity with intensities as high as 2.5 mT. 1 However, the magnetic field 

strength decreases rapidly as a funct ion of distance from the surfaces of 

household devices. The video display terminals present in roost roodern offices 

generate local ELF magnetic fields with intensities up to 2 lJT.4 A number of 

industrial processes that involve induction heating produce ELF maonetic fields 

of hiah intensity within the occupational environment. For example, based on a 

survey of electrosteel and welding industries in Sweden, it was reported that 

the local fields near 50-Hz ladle furnaces reached intensities of R mT, and 

intensities as high as 0.07 T were rreasured near induction heating devices 

operating in the 50 Hz to 10 kHz range. 5 

In this chapter a sUlTlTlary and crit ical eval uat ion wi 11 be given of the 

published literature describing effects of time-varying ELF maanetic fields on 

living systems. Selected aspects of this subject have also been summarized in 

several review articles and rronographs published in recent years. 6- 9 In an 

effort to provide a framework for the descript ion of ELF magnet ic field 

bioeffects, the published literature has been divided into four major 

categor ies. These categories incl ude ELF magnet ic fiel d interact ions with the 

visual system, the nervous system, various cellular and tissue systems, and 

carcinooenic effects. Brief sUlTlTlaries are also given of ELF maonetic field 

interaction mechanisms and various medical applications of these fields. 
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2.. THEORETICAL PRINCIPLES 

The interact ion of time-varying ELF maQnet ic fields with 1 iving tissues 

. occurs principally through the induction of electric currents in accord with 

Faraday's law. To illustrate the relevant physical principles, consider a 
. ~ 

purely sinusoidal time-varying magnetic field B, with frequency f and amplitude 
~ 

B : o 

f = § sin(2wft) o . (1) 

Because _of the \!Eakly diamaqnetic nature of animal tissues, their magnetic 

permeability is nearly identical to that of air (within approximately one part 

in 106), and an applied ELF magnetic field is transmitted·into and through the 

body tissues with neqliqible attenuation. In the ELF frequency range there ;s 

also no attenuation of the magnetic field at the air/tissue interface due to 

wave reflection or skin depth, as discussed by C. Polk in the Introduction to 

this monograph. 

If the sinusoidal field B is incident upon a circular loop of radius rand 

area S = wr 2 , with a parallel orientation of the field vector and the normal to 

the surface, then by Faraday's law the magnitude of the peak induced potential, 

Vpeak ' around the loop is given by: 

= 
dt 

= 2w 2r Zf 1 B 0 I .. 
peak 

~ 

(2 ) 

The magnitude of the peak induced electric field, E is equal to the peak 
peak' 

potential divided by the loop circumference: 

v = peak (3) 
2wr 
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A third Quantity of interest in the analysis of ELF field interactions is the 
-+ 

maqnitude of the peak induced current density, Jp k' 'fttIich can be calculated - ea 

from Ohm's 1 aw: 

(4) 

where (J = electrical conductivity. 

It is of interest to use the above equations to calculate the maQnitude of 

a time-varying ELF magnet ic field that \r()uld be expected to perturb the 

function of critical biolo~ical tissues such as the heart and the central 

nervous system. Us in9 data from several sources, Bernhardt 10 has est imated 

that the endogenous current dens it ies associated with electrical act ivity of 

the brain and heart have lower limits of 1 and 10 mA/m2, respectively, and 

perturbations of normal biological functions might be expected to occur in the 

presence of ELF maQnetic fields that induce tissue currents above these levels. 

Consider for illustration a 60-Hz sinusoidal magnetic field that is normally 

incident upon a circular loop of tissue with a radius r = 0.06 m, comparable to 

the human heart, and a conductivity (J = 0.2 S/m. ll From eQn. (4), the 

amplitude of the maonetic flux density that would induce a peak current density 

of 10 mA/m2 is 4.4 mT. A similar calculation for brain tissue with an average 

conductivity 10 of 0.1 S/m and a loop radius r = 0.1 m, comparable to the human 

cranium, leads to the predict ion that a peak current dens ity of 1 mA/m2 is 
-+ 

induced by a 60-Hz maQnet ic field with an anpl itude I B I = 0.53 mT. Because 
- 0 

ELF magnetic fields with intensities higher than 5 mT are present in the 

vicinity of certain types of instruments and industrial processes, the 

induction of tissue fields at levels that could potentially perturb bioloQical 

functions is therefore possible. 

As discussed in the Introduction to this monograph and in chapter II-4, 

ELF magnetic fields can also interact with biological tissues through magneto-
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orientat ion effect s. Th is phenomenon ar i ses from the interact ion of a magnet ic 

field with paramagnetic substances possessing permanent magnetic moments (e.g., 

the magnetite inclusions in maonetotactic bacteria), or with macromolecular 

assemblies in ~ich the summed diamaonetic anisotropy is large (e.q., the 

photopigment rrolecules'of retinal photoreceptors). The interactions of such 

systems with static magnetic fields have been \oIEll studied, and many of the 

interest in9 biomagnet ic phenomena that have been characterized in such 

biological systems are summarized in chapter II-4 by R. P. Frankel. In 

considering the possible role of magneto-orientation phenomena in the 

b 10 logical interact ions of time-varying magnet ic fields, it is important to 

reco~Jnize that the frictional resistance to rrotion in biological tissues is 

high, and thus serves to damp out even low-frequency oscillation_s associated 

with time-varying magnet ic orientat ional forces. This is well illustrated by 

the fact that the orientation of diamaqnetically anisotropic retinal 

photoreceptor outerseqments in a 1 Tstatic field occurs with a characteristic 

t,"me of 4 s '"n water. 12 A t" "f" ld "th f d" lme-vary,no le Wl a reauency excee lnq 

approximately 1 Hz \l«)uld therefore be unable to induce a "fl ickering" 

orientational phenomenon in this systen because the frictional drag force would 

not allow the rrotion of the retinal rods to keep pace with the oscillating 

field. A similar conclusion can be drawn for the interaction of paramagnetic 

entities such asmagnetotactic bacteria with an ELF time-varying magnetic 

field. With the possible exception of auasi-static fields with freauencies in 

the range 0 to 1 Hz, it is therefore probable that magneto-orientation 

phenomena play little if any role in the interaction of ELF IT'aonetic fields 

with living systems. 

Returnino to the electrical phenomena associated with time-varyino 

maqnetic field interactions, a factor that is often overlooked in biological 
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investigations is the importance of the waveform in determining the response of 

1 iving tissues to the field. Numerous types of magnet ic field waveforms have 

been used in bioloqical studies, includin~ both sinusoidal and square-wave 

fields, and pulsed fields with burst repetition rates that lie in the ELF 

frequency ranqe. For both square-wave and pulsed fields, two parameters of key 

importance are the rise and decay times of the signal, which determine the 

maximum time rates of change of the field and hence the maximum instantaneous 

current densities that are induced in livin~ tissue. For example, a sharply 

rising square-wave magnetic field pulse will induce a peak current density in 

tissue that exceeds the value achieved with a sinusoidal field havin~ the same 

r.m.s. intensity and fundamental frequency. Another factor that must be 

considered for waveforms with a rapid rise time is the skin depth. As 

discussed in the Introduction to this rronograph, maqnetic fields with a rise 

time less than 10 ns will be attenuated at the air/tissue interface due to the 

finite ·skin depth and reflection losses. Pulses with such short rise times, 

however, are seldom used in biological studies. 

Another factor that is of key importance in determining the response of 

1 iving systems to ELF magnet ic fields with any type of waveform is the 

fundamental field frequency. The phenomenon of magnetophosphenes, which will 

be discussed in .the next sect ion of th is chapter, is 1 imited to time-varying 

magnetic fields with frequencies less than 100 Hz. The mechanism underlying 
." 

the loss of sensitivity at higher frequencies has not been elucidated, but it 

is conceivab 1 e that the vi sua 1 system cannot process and respond to induced 

electrical currents with frequencies above 100 Hz. This hypothesis is 

supported by the fact that flicker fusion occurs in response to' repetitive 

phot ic st imul i with frequencies above approx imate 1 y 30 Hz. A lthouqh the 

frequency dependence of the bioloqical response to time-varying maanetic fields 
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has not been well characterized for systems other than the visual apparatus, it 

is conceivable that a similar dependence may exist in tissues such as the eNS 

and heart in ~ich the endogenous electrical activity has dominant frequencies 

that are less than 50 Hz. 
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3. MAGNETOPHOSPHENES 

Among the various interactions of time-varying ELF fields with living 

tissues, perhaps the rost wi de 1 y known and well documented effect is the 

production of visual sensations known as phosphenes. In the broadest sense, 

the term phosphene, \tttl i ch is der i ved from the Greek 'llUrds "phos II (1 i ght) and 

"phainein" (to show), means the production of luminous sensations in the eye by 

agents other than liqht. These physical aoents include mechanical pressure 

applied directly to the eye, and electrical stimulation at ELF frequencies 

appl ied to the body surface in the re9ion of the head through contact 

electrodes. In 1896 d'Arsonval first reported that phosphenes could also be 

produced by placing the head in an external magnetic field osci1latin(J in the 

13 ELF frequency range. 

dlArsonval's initial qualitative observations, ~ich were made with a 42 

Hz maqnetic field, have been followed by numerous studies in which efforts have 

been made to define the visual characteristics of magnetophosphenes, their 

dependence on the freauency and intensity of the applied field, and the exact 

locus of the field effect within the complex visual pathway. In 1910 

14 Thompson, who was apparent ly unaware of d I Arsonva j 's ear 1 i er 'llUrk, reported 

that a SO-Hz, O.l-T (peak) field produced a colorless, flickerina illumination 

over the entire visual field \tttlich was roost intense in the peripheral region. 

DunlaplS confirmed Thompson 's observations during the followinq year, and he 

further demonstrated that roore intense magnetophosphenes were generated by a 

2S-Hz field relative to a 60-Hz field of comparable intensity. Shortly after 

Dunlap's experiments were published, Magnusson and Stevens 16 reported the 

results of phosphene studies in \tttlich they used pulsed DC fields and time-

varying fields with frequencies ranqing from 7 - 68 Hz. With pulsed fields 
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j 

they' were able to elicit a flash of light that rroved rapidly in a narrow band 

across the visual field. Using AC ma~netic fields of various frequencies and 

approximate 1 y equal intens it ies, Magnusson and Steven. found that the strongest 

maqnetophosphenes were produced in the 20 - 30 Hz frequency range. They also 

found that field frequencies less than 15 Hz led to a pulsatinq succession of 

flashes covering the entire visual field. In the 10 - 35 Hz frequency range, 

the magnetophosphenes were reported to form a cont inuous network of standing 

waves that flickered at a rate synchronized with the freQuency of the applied 
. 

magnetic field. FreQuencies above 40 Hz generated magnetophosphenes with a 

more uniform luminosity, but which continued to exhibit flickering. 

The first systemat ic study of the dependence of maqnetophosphene 

properties on the intensity of the applied magnetic field was made by Barlow 

et al. 17 These invest igators demonstrated that the duration of an induced 

phosphene was dependent upon the magnet ic field intens ity .above a thresho 1 d 

level of 20 mT (r.m.s.). These \t()rkers also characterized a "fatigue" 

phenomenon in ~ich the application of an ELF magnetic field stimulus for 

periods up to 1 min led to a subseQuent refractory period during which a second 

magnetophosphene could not be elicited. With a 60-Hz, 79-mT (r.m.s.) field 

appl ied for 1 min, the subsequent refractory period ,lasted as. long as 40 s. 

Barlow et al.
17 

also demonstrated that magnetophosphenes are produced by ELF 

magnetic fields applied in the region of the eye and not by fields directed 
/ 

I 

towards the visual cortex in the occipital region of the brain. Together with 

the observation that pressure on the eyeball abolished visual sensitivity to 

ELF magnetic fields, this fact led Barlow and his coworkers to sUQqest that the 

retina is the locus of excitation leading to the phosphene phenomenon. Another 

17 lR interest ing findino by Barlow et al. ' was that magneto- and electrophos-

phenes shared many propert ies in common, except th at the thresho 1 d intens ity 
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for inducing phosphenes by ELF magnetic fields was relatively insensitive to 

background lighting conditions, whereas the threshold intensity for electro

phosphene induction changed rapidly as a function of light or dark adaptation. 

In a later study, Seidel et al.
19 

also reported that the types of 1 ight 

patterns induced in the visual field by ELF magnetic and electric fields were 

similar, but that the probability of occurrence of various classes of patterns 

was different for the two types of stimuli. A comprehensive description of the 

various types of phosphene patterns has been given by Oster. 20 

During the past several years, an extens ive series of invest igat ions of 

magnetophosphenes has been carried out by the Swedish scientists P. Lovsund, 

P. A. Oberg and S. E. G. Nilsson. 21 - 15 In this research, the relationship 

between the frequency of the applied field and the threshold intensity required 

to el icit phosphenes has been defined with preci s ion for both ELF electric and 

magnetic field stimuli. A determination of the threshold magnetic field 

intensity required to elicit phosphenes was measured over the frequency range 

of 10 - 45 Hz. 21 ,23,24 The threshold versus frequency curve was found to be a 

clear function of the state of dark adaptation, the intensity of superimposed 

background lighting, and the wavelength (and hence color) of the transmitted 

background illumination within the visual field. Following a 30-min dark 

adaptation period, the maximtnn sensitivity for ma~:metically-induced ohosphenes 

occurred at a frequency of 30 Hz. The minimum field intensity required for the 

generat ion of phosphenes was 10 mT at th i s frequency. In broad -spectrum 1 i qht 

with intensities ranging from 0.1 - 130 cd/m2, the sensitivity maximum occurred 

at 20 Hz. For low levels of backqround illumination (0.1 - 1.2 cd/m2), the 

magnet ic fie 1 d thresho 1 d intens ity was 10 mT. However, with background 

illumination at the 130 cd/m 2 fevel, the threshold field intensity increased to 

14 mT. Immediately followinq removal of the 130 cd/m2 light, the averaqe 
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threshold field intensity rreasured at frequencies of 20, 30 and 35 Hz dropped 

to 10'mT and then slowly rose to a plateau level of 16 mT during the ensuinQ 

30-min dark adaptat ion period. During the same dark adapt at ion interval, the 

threshold value for light detection dropped by a factor of 10
4

. Lovsund 

et al. 24 concluded from this observation that the visual elements responsible 

for slow dark adaptation processes lie before the "magnetoreceptors" in the 

opt k pathway. 

A very interesting series of experiments that related normal color Vision 

to magnetophosphene sensitivity was also performed by Lovsund et a1. 24 For 

subjects with normal color vision and for deutans who possess defects in green-

sensitive photopiQments, measurements were made of the magnetic field threshold 

intens ity as a funct ion of frequency ";'en the background ill uminat ion was 

filtered to produce narrow wavelenCJth bands centered at 443, 531 and 572 nm, 

which correspond to ..-light absorptjon maxima of different cone photopigments. 

For all three wavelengths, normal subjects exhibited a local maximum in 

magnetic field sensitivity at 20 Hz, a local minimum at 30 Hz, and an increase 

in sensitivity at higher frequencies that reached ~ greater level at 40 - 45 Hz 

than the sensitivity rreasured at 20 Hz (Fiqure 1). For broad-spectrum light, 

the local maximum and minimum at 20 and 30 Hz, respectively, were also 

observed, but the increase in sens it iv ity at higher frequencies was less 

pronounced and did not reach the same level as the sensitivity maximum at 20 

Hz. For deutans the maximum sensitivity was observed at' 20 Hz with the three 

wavelenqths of background liqht, but the local minimum in sensitivity at 30 Hz 

was found only for 443 nm background ill uminat ion. With all three backqround 

colors, the sensitivity of deutans was less at 40 - 45 Hz than at 20 Hz, in 

distinct contrast to the observations made with subjects having normal color 

vision. From these observations, Lovsund et al. 24 concluded that visual 
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processes mediated by green- and red-sensitive cones, ~ich are responsive to 

flickering light frequencies as high as 60 Hz, may provide the pathways for 

enhanced reception by normal subjects of magnetophosphenes induced by fields 

with freauencies in the 40 - 45 Hz range. The cone pigment defects present in 

deutans "",uld inhibit sens it ivity to magnetophosphenes induced by fields in 

this range of frequencies. 

Two other studies with visually defective subjects that implicate the 

retina as a site of generation of phosphenes by ELFmaanetic fields were 

performed by Lovsund et al. 24 In a patient with Retinitis piamentosa, in whom 

the photoreceptors and pigment epithelium were defective but the bipolar and 

ganglion cell layers of the retina were conserved, maqnetophosphenes could be 

generated that had pro longed after-.images. In a second pat ient in wh ich both 

eyes had been removed as the result of severe glaucoma, phosphenes could not be 

induced by ELF magnetic fields, thereby precluding the possibility that 

magnetophosphenes can be initiated directly in the visual oathways of the 

br a in. 

The Swedish invest igators have also extended the comparat ive studies of 

maqneto- and electrophosphene phenomena that were initiated by Barlow et al. 17 

The threshold field intensities required to elicit phosphenes were measured 

both for electric and maqnetic fields over the frequency range 10 - 45 Hz.23 

Because the eddy currents induced by maqnetic fields vary as the product of 

field frequency and peak intensity, the threshold electric field current 

required to qenerate phosphenes was divided by the frequency in order to permit 

a direct comparison with the threshold magnetic field intensity. When this 

"norma 1 izat ion" procedure was used, the curves of thresho 1 d st imul i versus 

frequency for the generation of phosphenes by ELF electric and maqnetic fields 

were qualitatively similar (FicJUre 2). With both types of fields, the maximum 
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sens it ivity occurred at a frequency of 20 Hz. However, the thresho 1 d intens ity 

versus frequency curve for electrophosphenes did not exhibit the local minimum 

in sensitivity at 30 Hz observed for magnetophosphenes. This observation 

sug~ests that some differences may exist in the retinal current paths involved 

in the generation of phosphenes by ELF electric and magnetic fields. The 

differences in sens it ivity to magneto- and el ectrophosphenes that are 

associated with the state of dark adaptation 17 and the wavelength of light used 

for background illumination 23 also support this tentative conclusion. 

In a recent series of studies on in vitro frog ret inal preparat ions, 

Lovsund et al. 25 have'made intracellular electrical recordings from the 

ganglion cell layer of the retina immediately following termination of exposure 

to a 20-Hz, 60-mT field in the presence or absence of broad-spectrum back9round 

1 i~ht. It was found that the average 1 atency tim:! for response of the gaFlgl ion 

cells to a photic stimulus was increased frol"! 87 to 92 ms (p < 0.05) in the 

presence of the magnetic field. In addition, the ganglion cells" that exhibited 

electrical activity during photic stimulation ("on" cells) ceased their 

activity during magnetic field stimulation (i.e., they became "off" cells). 

The converse behavior of ganglion cells was also observed. These observations 

indicate that stimulation of the retina by light and by an ELF magnetic field 

elicits responses in similar post-synaptic neural pathways. 

An important electrophysiolo~ical findino by Lovsund et al. 2S was the 

observation that the electrical response of frog retinal ganglion cells to both 

photic and ELF magnetic field stimuli was blocked when either sodium aspartate 

or cobalt chloride was added to the Ringer's solution in the eyecup 

preparat ion. These compounds inhibit the transfer of informat ion from the 

photoreceptors to the neuronal elements of the retina. The 

electrophysiolooical observations on chemically-blocked retinal preparations 
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appear to impl icate the photoreceptors per se as the locus of ELF maonet ic 

field stimulation. The ori~in of maqnetic field responses within the receptors 

is consistent with the hypothesis of Knighton 26 that a transretinal electric 

current may act to po 1 arize the photoreceptor synapt ic membrane, and thereby 

alter the post-synaptic transmission of electrical information. One 

experimental observat ion made by Lovsund et al. 24 which appears to be 

inconsistent with this hypothesis is the ability of an applied ELF maonetic 

field to induce phosphenes in a patient with Retinitis piqmentosa, as described 

previously. The disparity in these observations, however, may be attributable 

to a small number of functional photoreceptors within the otherwise degenerated 

retina of the Retinitis patient. In this context, it is of interest to note 

that Kato et al. 27 found that electrophosphenes could be generated in patients 

with pigmentary retinal dystrophy, but a substantially larger stimulus 

intensity was reouired over the ent ire frequency range of 7 - 80 Hz than with 

subjects that had norma 1 vis ion. Lovsund et ale 25 have al so specul ated that 

sensitivity to ELF magnetic fields may exist within both the photoreceptor and 

the neuronal elements of the ret ina, but that the former are st imul ated with 

qreater ease. In order to ident ify rrore clearly the ret inal elements 

stimulated by ELF maqnetic fields, it ~uld be advantaQeous to conduct further 

studies on the in.duction of maqnetophosphenesin subjects with ....ell-defined 

pathological alterations of the retina. 
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4. NERVOUS TISSUE INTERACTIONS AND ANIMAL BEHAVIOR 

Several. studies have been made of the electrical response of neurons to 

stimulation with time-varying magnetic fields. As discussed by Bernhardt,10 

the current densities induced by the field must exceed 1 - 10 mA/m2 in order to 

have an appreciable effect on nerve bioelectric activity, and a threshold 

extracellular current density of about 20 mA/m2 has been found experimentally 

with Aplysia pacemaker neurons stimulated by an ELF electric field. 28 In a 

subsequent study with Aplysia,29 an induced current density of approximately 5 

mA/m2 produced by a 10 mT, 60-Hz sinusoidal field was ineffective in altering 

the spontaneous neuronal electrical activity. Ueno et al. 30 were also unable 

to alter the cmpl itude, conduct ion velocity or refractory period of evoked 

action potentials in lobster giant axons by applying ELF magnetic fields with 

intensities of 1.2 T at 5 - 20 Hz, 0.8 T at 50 Hz, and 0.5 T at 100 Hz. 

However, using magnetic flux densities in the range of 0.2 - 0.8 T, Kolin 

et a1. 31 were able to stimulate froq nerve-muscle preparations at field 

" 32 33 freQ.uencies of 60 and 1000 Hz. Oberg and Ueno et ale were also able to 

st imul ate contract ions in frog nerve-musc le preparat ions by us ing pu lsed 

magnetic fields with pulse durations less than 1 ms. In addition, the 

excitation of frog sartorius and cardiac muscles 34 and the sciatic nerves of 

dogs and rabbits 35 has been reported to occur in response to pulsed maqnetic 

fields. From these studies, it appears that sinusoidal ,ELF ma~metic fields 

with intensities in the range generally used in the laboratory or encountered 

by humans in occupational settings are insufficient to alter the bioelectric 

properties of isolated neurons. However, direct maqnetic stimulation of nerve 

and muscle tissues can be achieved by using pulsed fields with a large time 

rate of chanqe of the maqnetic flux density. It should also be borne in mind 
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that the effects of ELF sinusoidal fields on complex, integrated neuronal 

networks such as those within the central nervous system may be considerably 

greater than the effects that occur in single neurons or nerve bundles. This 

amplification of a field effect could occur through a sUrTmation of the small 

responses evoked in individual neuronal elements. 36 An additive response 

mechanism may also underlie the production of magnetophosphenes through the 

stimulation of multiple neuronal elements of the retina by ELF magnetic 

fields. 37 

Turning next to the subject of potential effects of magnetic fields on 

behavior, reports from a number of laboratories suggest that the act ivity 

patterns and reaction rates of several species of animals are altered by low

intensity fields in the ELF frequency range. 38-49 These reports are summarized 

in Table 1, \IA1ich does not include studies in which the behavior of birds and 

honeybees was found to be altered in the presence of combined ELF electric and 

magnetic fields. 50- 53 Based on the simple theoretical principles discussed 

earlier in this chapter, the ELF magnetic field intensities used in many of the 

experiments described in Table 1 ~uld not be expected to induce sufficiently' 

large internal currents to directly influence the nervous system of the various 

animal species in which positive effects were found. However, in the case of 

bees and avian species, the observed sensitivity to ELF time-varying fields may 

originate through a field interaction mechanism similar to that which is 

. believed to underlie the response of these animals to low-intensity static 

magnetic fields. As discussed in chapter II-4 by R. ~. Frankel, deposits of 

maQnetite crystals have been identified in bees and avians,54,55 and the 

magnetic force interaction with these ferrimagnetic inclusions may produce 

autonomic responses. From a theoretical perspective, it is unlikely that a 

time-varying ELF field could orient or produce siqnificant rrotion of the 
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magnetite inclusions, as discussed earlier in thi.s chapter. The time-varying . , 

force' produced by the field may, however, trigger somatosensory responses. At 

pr.esent there is no convincing evidence to sug!]est that a similar interaction 

mechanism exists in mammalian species. 

In addition to the relatively large number of positive findings of ELF 

magnetic field effects on the behavior of mammals includina man, several 

. - 56-64 . . .. j".' h extenslVe reports have appeared dUrlng recent years 1n WII1C no evidence 

could be found for a behavioral response of mice, monkeys and humans to ELF 

ma~metic fields with intensities in the range 1 - 2 mT. These behavioral 

studies are also surrmarized in Table 1. With the exception of the study by 

56 Beischer et aJ. on human react ion time, the field· intens it ies used in these 

experiments produced intracranial current densities that approached, or were 

slightly above, the value 1 mA/m2 which has been predicted on theoretical 

grounds to be the lower thresho ld 1 imit for producing a direct effect on the 

centra 1 nervous system .10 It is interest ina to note that CITlong the var ious 

positive findings of ELF ma!]netic field effects on mamma'lian behavior, only one 

study with mice 46 used a field frequency and intensity that \l()u1d be expected 

to induce internal body currents comparable to those present in the experiments 

where no field effects were observed. In examining the possib 1e reasons 

underlying the disparity CfTIong experimental results obtained in different 

laboratories, it is important to assess the potential role of extraneous 

factors such as rrechanical vibration and audible noise that may accompany the 

activation of ma9net coils. The importance of these factors has been elegantly 

demonstrated by Tucker and Schmitt,63 who found that perceptive individuals 

could sense the presence of a 60-Hz magnetic field through auxiliary clues. 

When these invest igators developed an exposure chamber that provided extreme 

isolation from vibration and audible noise, none of the roore than 200 

;, 
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individuals tested could detect 60-Hz fields with intensities of 1.1 mT over 

the W10le body or 2.1 mT over the head region. The sensitivity of behavioral 

indices to adventitious factors such as changes in barometric pressure has also 

been di scussed by deLorge, 59 who emphas ized that the corre 1 at ion of such 

variables to positive findings of apparent ELF field effects must be examined. 

Another aspect of ELF magnetic field effects that should be considered in 

the context of behav.ioral alterations is the recent report of a correlation 

between the incidence of suicides and the intensity of residential 50-Hz 

magnetic fields from power-line sources. 65 Based on coroner and police records 

from var ious urban and rural regions with in a 5000 km2 area in the Mid 1 ands of 

Engl and, a stat ist ically sianificant increase in suicide rate was found among 

"individuals that lived in residences where the 50-Hz field intensity exceeded 

0.15 lJT at the front entrance. A subsequent statistical analysis of the same 

data indicated that the cumulative probability ratio for the incidence of 

suicide increased above the null effect level of unity for residential 50-Hz 

magnetic field intensities exceedin~ 15 nT. 66 However, oscillations occurred 

in the cumulative probability ratio as a function of increasing magnetic field 

intensity, and at 0.2 lJT the ratio for the "urban" study group was consistent 

with the absence of any 50-Hz magnetic field effect. From an epidemiological 

perspective, the lack of a clear-cut dependence of the suicide incidence on 

magnet ic fiel d intens ity suggests that the apparent corre 1 at ion between these 

variables may be purely fortuitous. An extension of the studies initiated by 

Perry et a1. 65 using a significantly larger population of individuals will be 

required before any firm judgment can be made regardinq the proposed 

correlation between suicide incidence and ELF magnetic field exposure. 
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5. ELF MAGNETIC FIELDS AND CANCER 

Nine reports have appeared in the literature during the past, 5 years which 

suggest from epidemiological evidence that a link may exist between residential 

and occupational exposure"to ELF magnetic fields and the incidence of cancer. 

. n7 
The first of these reports was by Wertheimer and Leeper,' who found that 

cancer deaths (primarily leukemia) in children less than 19 years of age in the 

Denver, Colorado area was correlated with the presence of high-current primar,Y 

and secondary wiringconfigurat ions in the vicinity of their res idences. This 

retrospect ive epidemioloqical study was based on 344 fatal childhood cancer 

cases durina the period 1950-1973, and an equal number of age-matched controls 

chosen fran birth records. The electrical power 1 ines near the birth and death 

res idences of the cancer cases and the res idences of the controls were 

inspected and classified as being either hiah-current confiqurations (Hee) or 

low-current configurations (LeC), which were assumed to reflect the local 

intensity of the 60-Hz magnetic field within the homes of the subjects. The 

percentage of the can~er cases whose birth and death res idences were near HCC 

was found to be significantly greater than for the residences of the control 

subjects, from wh ich Wertheimer and Leeper cone 1 uded. that an assoc i at ion may 

exist between the strength of magnetic fields from the residential power 

distribution lines and the frequency of childhood cancer. In a subsequent 

publication, these authors reported that a similar association exists for the 

incidence of adult cancer. 68 This later study was based on 1179 cancer cases 

(78% fatal cancers) in Denver~ Boulder and Lonomont, Colorado during the period 

1967-1977 . 

Followinq the initial report of wertheimer and Leeper on childhood cancer, 

two other epidemiological studies have been made to determine \ttt1ether a 

'. 
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relationship exists between residential magnetic fields f~om power-line sources 

and the incidence of leukemia in children. In the first of these studies, 

Fulton et al. 69 used methodolo~y that was matched as closely as possible to 

that of Wertheimer and Leeper's study, including the designation of HCC and LCC 

power lines. This study involved 119 leukemia patients with ages of onset from 

o - 20 years, wtlose address histories \Ere obtained from medical records at 

Rhode Island Hospital, and 240 control subjects chosen from Rhode Island birth 

certificates. In their study, Fulton et al. 69 concluded that no statistically 

sign ificant carrel at ion exi sted between the incidence of leukemi a and the 

residential power-lines configurations. Wertheimer and Leeper
70 

were critical 

of the study by Fulton et al. 69 on the basis that the control and case groups 

had not been matched for interstate mi grat ion, for years of occupancy of 

res idences, or for the ages of t~e ch i 1 dren at the time their res ident i a 1 

addresses were determined from birth records and hospital medical records. In 

a subsequent analysis of the data obtained by Fulton et al. 69 Wertheimer and 

Leeper
70 

excluded cases and controls aged eight and above in order to define a 

complete residential history for the remaining subjects (53 cases and 71 

controls). In this subset of the total population studied by Fulton and his 

associates, Wertheimer and Leeper found a weakly significant correlation (p -

0.05) between the incidence of leukemia and residential HCC wirinq 

configurat ions. 

Another study of childhood leukemia incidence was conducted in the County 

of Stockholm by Tomenius et al.,71 who analyzed the residential 50-Hz magnetic 

fields for 716 cases that had a stable address from the time of birth to the 

time of leukemia diagnosis, and for 716 controls that were matched for age, sex 

and birth locat ion. These invest igators eval uated the electrical wiring 

configurations near the residences of the study population, and also made 
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measurements at the entrance door to each res idence of the magnet ic field 

intens ity in the frequency range above 30 Hz. Among the res idences where a 

ma~netic field intensity exceeding 0.3 \.IT was recorded, the incidence of 

1 eukemi a was greater by a stat ist icall y significant crnount than the expected 

level. From the data presented by Tomenius et al.,ll it is interesting to note 

that a statistically si~nificant increase in the incidence of leukemia was not 

evident for the study population living in residences \OI1ere the magnetic field 

intensity exceeded 0.4 \.IT. In addition, the arithmetic mean of the magnetic 

field intensity for the residences of all the leukemia cases did not exceed the 

mean value for the residences of the control group.' 

Durinq 1982 and 1983, a total of four brief epidemiological reports were 

published in the format of letters to journal editors, all of \OI1ich showed an 

apparent associat ion between the incidence of adult leukemia and occupat ional 

exposure to ELF electric and ma~netic fields. The following is a brief summary 

of these fOur reports. (1) Milham 72 analyzed 438,000 deaths ~ong adult males 

in Washinqton State during the period 1950-1979, and encoded the data into 158 

cause-of~death groups in each of 21B occupational classes. In 10 out of 11 

occupat ions in which the exposure to electric and magnet ic fields was assumed 

to be greater than average, the proport ionate mortal tty rat io for leukemi a was 

found to be elevated. The increase in leukemia rrortality was significant at 

the level p < 0.01 for electricians, power-station operators and aluminum 

workers. It,is interestinq to note that the highest magnetic field intensities 

to ~ich the aluminum 'fIUrkers are exposed originate from DC electric current 

73 . 74 sources, rather than from power-frequency sources. (2) Wnght et al. used 

the Cancer Survei 11 ance Program regi stry for Los Ange les County dur ;n~ the 

years 1972-1979 to study the proportional incidence ratios for all leukemias, 

acute leukemi as and acute mye 1 oaenous leukemi a among wh ite rna 1 es in 10 
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occupations that involved exposure to ELF electric and magnetic fields. At the 

significance level p < 0.05, a higher than average incidence of acute leukemia 

was found anong power linemen, and of acute myelogenous leukemia anong power 

linemen and telephone linemen. In the pooled data for all 10 job classifica-

t ions, the overall proport iona 1 inc idence rat ios for acute leukemi a and acute 

myelo~enous leukemia were si~:mificant at the level p < 0.05. (3) McDowa11 75 

analyzed the incidence of leukemia using occupational mortality data for males 

with ages of 15 and above that were collected in England and Wales durinq the 

period 1970-1973. For 10 electrical occupations the overall incidence of 

leukemia was not 9'"eater than expected at a statistically significant level. 

However, a trend towards increased risk was noted in the data, and the relative 

risk of contracting acute myelogenous leukemia for the various electrical 

occupations that were studied was 1.6 - 4.0 in comparison with a randomly

selected control population. (4) Coleman et al.76 analyzed the incidence of 

leukemia in South-East England among men aged 15 - 74 working in the salT'e 10 

electrical occupations that were studied by McDowall. 75 In the study b.v 

Coleman et al. 76 the South Thames Cancer Registry, which encompasses a total 

population of 6.5 million, was used to determine the proportional registration 

ratio for leukemia during the period 1961-197~. For all 10 electrical 

occupations taken together, there was a 17% excess of all types of leukemias 

above the expected level, Wlich was significant at the p < 0.05 level. Two 

." occupations for which the incidence of all leukemias was sic:mificantly above the 

expected level were electrical/electronic fitters and telegraph/radio 

operators, for which the excess incidence was 84% and 146%, respectively. 

Two other studi es have recent 1 y been pub 1 i shed on the inc idence of 

leukemia amonCf electrical and telecommunications workers, in both of which the 

Swedish Cancer-Environment Reqistry for the period 1961-1977 was used as an 
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epidemiological data base. In the first study by Wiklund et al., 77 no 

increased risk was observed for telecommunicat ions workers compared with the 

. • ~ . 78 Swedish population as a whole. The second study by Vagero and Olln reported 

a sliqhtly hioher total incidence of cancer among male and female 'foOrkers in 

electrical manufacturinq industries as compared to the general population. 

Overall, 9 or the 11 recent epidemiolooical studies that have sought to 

find an associat ion between cancer incidence and res ident i al or occupat ional 

exposure to ELF fields from electric power sources have obtained positive 

results. As pointed out by Liburdy,79 a number of other studies on humans and 

1 aboratory an imal s have not found an assoc i at ion between exposure to e lectro-

magnetic fields and carcinogenesis. In assessing the literature in which 

positive correlations have been found, the following methodological 

deficiencies should be noted: (1) The sample populations in many of the 

epidemiological studies were small, and an increase in cancer incidence by a 

factor of 20r less might be expected on the basis of chance alone. In these 

studies, it ~uld have been informat ive if the authors had presented data on 

several non-exposed occupational groups in which the sample size was comparable 

to that of the exposed groups. ( 2) Control qroups were frequently chosen in a 

nonblind manner involving subjective criteria, and the control population was 

often not matched with the exposed group on the bas i s of age, sex, soc; 0-

economic class, or urban/rural residential status. (3) in' all of the studies 

thus far reported, the magnetic field dosimetry was at best qualitative. In 

studies of residential ELF magnetic fields, the neglect of local fields from 

appliances may have lead to incorrect conclusions concerning the.peak and 

average exposure of individuals to power-frequency fields and the higher 

harmonics that emanate from el~Ctrical devices used within the home. 80 (4) 

Concomitant environmental factors of known carcinogenic potential (e.g., aryl 
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hydrocarbons) were ignored in all of the epidemiological studies that have 

attempted to relate ELF fields and cancer incidence. 

In view of the numerous deficiencies in the epidemiological studies 

conducted to date, it is not possible at this point in time to conclude that a 

definite association exists between the exposure of individuals to ELF magnetic 

(or electric) fields and their relative risk of contracting leukemia or other 

forms of cancer. In addition, the field levels to which humans are generally 

exposed are sufficiently low that it is difficult. to conceive plausible 

mechanisms that might underlie a causal relationship between cancer incidence 

and ELF magnetic field exposure. To put this issue into clearer perspective, 

it is instructive to consider the internal potentials and currents induced in 

humans as the result of motion through the earth's magnet.ic field. A 

straightforward calculation based on Faraday's law indicates that the motion of 

a human bending forward at the waist within the geomagnetic field will induce 

instantaneous internal currents comparable to those produced by exposure to an 

external 60-Hz sinusoidal field with an intensity of approximately 0.1 - 0.2 

lJT. This magnetic field intensity is comparable to the ambient power-frequency 

fields in many residences and occupational sett ings. Such considerat ions 

indicate the clear need for careful dos imetry in any attempt to detect a 

relationship between power-frequency magnetic fields and cancer. The conduct 

of prospect ive epidemiological studies with carefully matched control groups 

would also be of great value in assessing the validity of conclusions drawn 

from many of the retrospective studies that have been carried out during the 

past few years. 

- .j~-' 
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6. SUMMARY OF CELLULAR AND TISSUE INTERACTIONS 

During the past two decades , a I arge number of reports have appeared in 

the literature that describe the effects of time-varyinq ELF maanetic fields on 

a variety of cellular and tissue systems. Many of these reports are summarized 

in Table 2, in \tA1ich the literature citations have been ordered chronolooi

cally. Publications in which the maanetic field parameters and/or the exposure 

conditions were not described have been excluded from the table. In addition, 

reports of research that involved combined exposures to ELF electric and 

magnetic fields have not been included (e.q., refs. 3, 112, 113) hecause of the 

obvious difficulty in delineating the relative effects of the two types of 

fields. 

Despite the large number of test specimens that have been examined for 

sensitivity to ELF maqnetic fields, it is difficlJlt at present to draw firm 

conclusions concerning the bioeffects of these fields at the cellular and 

tissue levels as a result of several factors: (1) A wide range of intensities, 

frequencies, waveforms, and exposure durat ions have been used. Many of the 

earlier studies utilized sinusoidal fields oscillating at 15-75 Hz, but 

research during the last few years has focused increasingly on the bioeffects 

of square-wave or pulsed fields with complex waveforms. Aroong the studies 

conducted with purely SinuSoidal fields, the field intensities have ranqed from 

approximately 1 uT to 0.1 T, and the exposure durations have varied from 10 min 

to 1-4 weeks of either cant inuous or intermittent exposures. (2) A lthouqh the 

vast majority of the published literature describes positive bioeffects of 

time-varying ELF magnet ic fields, none of the findinqs 1 isted in Table 2 have 

been verified by means of independent replication in other laboratories. (3) A 

number of apparent inconsistencies can be found in the comparison of data 
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acquired on similar (but not identical) test specimens. For example, exposure 

to a low-intensity E.LF magnet ic field was reported to produce an elevat ion in 

the serum triglyceride levels of human Subjects,56 but comparable effects were 
. 59 not observed in monkeys. 

Irrespective of the inadequacies in the existing database, a survey of the 

extant literature indicates that several aspects of the biochemistry and 

physiology of cells and organ~zed tissues may be perturbed by exposure to 

time-varying ELF magnetic fields. Briefly summarized, the reported bioeffects 

for which there is a growing body of evidence include: (1) decreased rate of 

cellular respiration;91,93,94 (2) altered metabolism of carbohydrates, 

proteins and nucleic acids;88,94,106,110,111.(3) endocrine changes and 

altered hormonal responses of cells and tissues;82,83,85,98,104,107 (4) 

.. 89 91-93 96 97 decreased cellular growth rate;' "(5) teratology and developmental 
100 101 108 109 . . . effects; , , , (6) morpholoalcal tlssue chanaes in adult animals, 

frequently reversible with time after exposure;84,99,102 and (7) altered immune 

t . t . d 1 t' 81 ,86,105 response 0 vanous an lqens an ec lns. It is also interesting to 

note that no consistent field-associated alterations have been observed in the 

56 59 95 103 . . hematological system, , " WhlCh lS known to be sensitive to ionizing 

radiation and high-intensity microwave fields. 

With regard to the interaction mechanisms that may underlie the reported 

cellular and tissue effects of time-varying ELF magnetic fields, an 

interpretive difficulty is once again posed by the larae variety of waveforms, 

intensities and frequencies that have been used by different investi9ators. In 

studies on the effects of pulsed magnetic fields with time rates of change from 

5-100 T/s,104,106,107 the peak induced electric field and current density in· 

the medium were greater than 100 mV/m and 10 mA/m2, respectively. The induced 

currents exceed the endogenous electrical currents that are normally present in 
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extracellular fluids in vivo. It has been suggested that the currents induced 

by pulsed maqnetic fields may exert an electrochemical effect at the cell 

surface which, in turn, influences the rrembrane transport and intracellular 

concentration of calcium ions.104~107 Because of the important role played by 

calcium ions in met abo 1 ism and growth regul at ion, this proposal deserves 

careful consideration in the context of ELF magnetic field effects at the 

cellular and tissue levels. 

In several studies that used repet it ive square waveforms with frequencies 

100 101 105 10R-110 . . .. 
in the ELF ranqe, ' " a hlqh tlme rate of chanqe of the maanet lC 

flux density may have been present durinq the rising portion of the square 

wave. Unfortunately, the t irre constants associ ated with the square wave pulses 

were usually not stated by the authors of these reports, and it is therefore 

difficult to est imate the peak fields and currents that were induced in their 

experimental specimens ~ One exception is the report by Ubedaet al. 109 on 

embryo lo~ica 1 changes in ch ick e99s exposed to O.5-ms bidirect iona 1 pul ses 

repeated with a 100 Hz frequency. Four different waveforms with pulse rise 

times of 2" 42 and 100 ~s and pulse amol itudes ranginq from 0.4 - 1(l4 ~T were 

used in this study. Although not all combinations of pulse rise times and 

amplitudes were used, the teratogenic effects observed in chick embryos 

appeared to be relatively insensitive to the peak value of dBldt that occurred 

during the riSing portion of the pulse. Unfortunately, the authors used only 

the lowest pulse anplitude in combination with the shortest pulse rise time, 

and the maximum value of dBldt that was achieved with any combination of 

amplitude and rise time was 1 Tis. This value is small in comparison with the 

maximum value of 52 Tis that could have been achieved by using a 2 ~s rise time 

in combination with a 104 ~T pulse amplitude. 

Several investigations with ELF sinusoidal fielrls have involved the 
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exposure of rodents to 50 and 60 Hz fields with intensities in the ran~e 0.02 -

0.16 T. 81 ,84-86,88,90,95,98,99 The maximum current densities induced in the 

experimental subjects ran~ed from approximately 1 - 20 mA/m 2 in these studies, 

which may be sufficient to perturb certain bioloqical funct ions as discussed 

above. However, many of the other studies on ELF sinusoidal fields that are 

surrmarized in Table 2 were conducted with low field intens it ies that induced 

current densities substantially less than 1 mA/m 2 in the test specimens. In 

these studies, it is possible that the observed biological effects may have 

resulted from interact ion lrechan isms other than the induct ion of elect rica 1 

currents in accord with Faraday's law. This possibility was recently suggested 

by Liboff et al. 111 on the basis of measurements of DNA synthesis in human 

fibroblasts exposed to sinusoidal magnetic fields with low intensities in the 

range 2.3 - 560 \JT. An enhanced DNA synthesis rate was observed for field 

frequencies ranging from 15 Hz to 4 kHz, and this effect was independent of the 

current dens ity induced in the cell cul tures. The lack of dependence on the 

time rate of change of the field (and hence the induced current density) was 

tested for values of dB/dt (= 21ff 180 I) that ranged from approximately 1.8 x 

-4 10 TIs to 1.8 TIs. As a possible explanation of the observations made by 

Liboff et alo , 111 Polk
114 

has recently suggested an interaction lrechanism in 

which the Lorentz force exerted on rooving counterions produces root ion and a 

resultinq electric current that is independent of the field frequency. This 

interaction, \Id1ich relies upon the preexistence of coherent rootion within a 

surface-bound counterion atmosphere, could produce local currents that are 

several orders of maqnitude larger than the Faraday currents induced on the 

cell surface by the time-varying magnetic fields used in the experiments of 

L iboff et al. 1I1 
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7. MEDICAl· AND DIAGNOSTIC APPLICATIONS OF ELF MAGNETIC FIELDS 

Magnetic fields have been used medically in several types of diagnostic 

and therapeutic procedures, and some relatively new techniques such as 

magnetoencepha10graphy have considerable potential for future medical 

applications. In this section, a brief description is given of electromagnetic 

blood flow measurements, the use of pulsed magne~ic fields for the facilitation 

of bone fracture reunion, and the measurement of endooenous magnetic fields as 

indicators of various biolooica1 functions. A large number of publications has 

appeared on each of these top ics, and an effort wi 11 not be made here to 

provide an extensive review. Each of the techniques will be briefly described, 

citing only a limited number of relevant publications. 

Electromaqnetic Blood Flow Measurements 

As a result of maonet ic induct ion, a conduct ive f1 ui d such as blood wi 11 

develop a transverse electrical potential \otttlen flowing in the presence of a 

maonetic field. It can be shown from simple physical principles that the 

magnitude of the induced potential, V., for axisynmetric blood flow in a 
1 

cylindrical vessel is given by:115,116 

y. =1~IIBldsina 
1 

where ~ = mean axial flow velocity, d = vessel diameter, B ~ maonetic flux 

density (static or time-varyino), and a = anq1e between ~ and B. The 

(5) 

ma~metica11'y-induced potential described by eqn. (5) was first used by Kolin as 

the basis of a method for measurinq blood flow rate without openino a vessel or 

. t d . f· b t h d . t th . 1 t· 115,117 Th ln ro uClnq orelqn su s ances suc as yes 1n 0 e Clrcu a 10n. e 

orioinal electromaonetic flowmeter developed b.Y Kolin emoloyed a static 
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magnetic field, which was later replaced by a 60-Hz field in order to avoid 

artifacts associated with polarization of the electrodes used to measure the 

induced potential. Present models of the blood flowmeter are constructed with 

small cuffs that fit closely around the blood vessel perimeter, and contain 

both the magnet coil and the pick-up electrodes. The use of flowmeters with 

either perivascul ar or: intravascul ar transducers has become over the years a 

widely accepted clinical method for monitoring blood flow during surgical 

118 procedures. This technique can be used for measurino the rate of blood flow 

in major vessels such as the portal vein 119 and the coronary artery120 with a 

precision of 1 - 2% over a period of several hours. Other useful applications 

of the flowmeter principle include the measurement of microscopic variations in 

vascular diameter 121 and the determination of blood flow through large segments 

of an organ such as the pancreas. 122 

Several studies with experimental animals have also demonstrated the 

feasibility of exposing the whole body, or a large segment of the body such as 

the chest, to an external uniform magnetic field in order to measure blood flow 

123 rates in major vessels of the circulatory system. This procedure is 

noninvas ive insofar as the convent iona 1 surface leads used to measure the 

electrocardiogram can also detect the major blood flow potentials that are 

induced by an external magnet icfield. The appl ied field can be either stat ic 

or time-varying, althouoh the former is technically simpler to use in this 

application. The measurement with surface electrodes of maqnetically-induced 

potentials associated. with pulsatile blood flow into the aorta has been 

d t t d f 1 " f "1 "1 d" k 124-120 emons ra e or severa specles 0 anlma 5, mc u In(J mon eys, 

baboons, 127 rabbl"ts128 and rats. 129 A "bl f t d" 1 1" t" f POSSl e u ure me lca app lca lon 0 

this technique is the noninvasive measurement of blood flows within the atrial 

and ventricular chambers of the heart following the opening and closing of the 
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mitral and tricuspid valves. 

Facilitation of RoneFracture Reunion by ELF Pulsed Magnetic Fields 

The use of direct current electrical stimulation to treat bone nonuhions 

and pseudoarthroses dates back to the early part of the nineteenth century. As 

described by Bassett, 130 several invest i~ators during the nineteenth century 

and the first half of the twent ieth century reported success in the treatment 

of bone fractures by electrotherapy. Heiqhtened interest in this area arose 

during the 1950's and 1960's as the result of several demonstrations of the 

piezoelectric properties of bone. 131 ,132 

A lthough some measure of success was ach ieved in treat in~ bone non un ions 

by electrical st imul at ion, the use of direct currents led to several 

undesirable side eff~cts, includin~ (1) surgical trauma and a risk of infection 

through the implantation of electrodes in bone; (2) the development of 

electrode polarization with time, which led to increased impedance and 

decreased current for a given applied voltaqe; (3) osteogenesis was found to be 

increased near the neqative (cathodic) pole, but decreased near the positive 

(anodic) pole. These disadvantaqesof direct current electrical stimulation 

were overcome by the recent introduct ion of pulsed magnet ic field qenerators as 

a means of inducing ELF electrical currents into bone tissue. 133 By usinG 

maonetic coils placed about a limb containino a fractured bone, electric fields 

with a typical strength of 0.2 - 2.0 Vim can be induced within the bone tissue. 

In the usual configuration, two coils are placed about the limb and positioned 

such that the bone fracture lies along a line joininG the centers of .the coils, 

and hence along the maqnetic field lines. Assuminq the conductivity of bone to 

be 0.01 S/m at ELF freQuencies,134 the local current densities induced in bone 
"';:" 

by the pulsed maqnet ic field can be est imated to 1 ie in the ranqe of 
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approximately 2 - 20 mA/m 2 • Initial studies on bone fracture reunion in dogs 

demonstrated that a pulse repetition frequency of 65 Hz was more effective than 

1 Hz,133 and several subsequent studies have found that frequencies of 60 - 75 

Hz are the most advantageous in facil Hat ing fracture union and prevent ina 

130 pseudoarthroses. 

Following the initial demonstration of the efficacy of pulsed magnetic 

fields in achievinq bone fracture reunion in experimental animals, several 

clinical trials have reported success in treating bone fractures and arthroses 

in humans by this method. In a 4-year clinical trial involving more than 100 

patients, Bassettet al. 135 reported an 85% success rate in the treatment of 

long-established pseudoarthroses. The successful use of pulsed magnetic fields 

in the facilitation of bone healing in human subjects has subsequently been 

reported by several clinical groups.136-139 The importance of continuing these 

clinical trials, including the use of dummy stimulators in control subjects, 

has been emphasized by Barker and lunt. 140 In this context, the recent 

development of a light-weight portable magnetic field stimulator by Watson and 

141 Downes may prove very benefici al in fad 1 itat ing the long-term treatment of 

patients with bone fractures. 

The mechanism by which the weak ELF electric currents induced in bone 

tissue by Dulsed magnetic fields exert an influence on fracture repair is under 

investigation in a number of laboratories. Evidence from in vitro studies on 

ost eob 1 asts and chondrocytes indi cate that the pul sed fi e 1 ds depress the 

intracellular concentrations of calcium ions ann cyclic AMP.104,130 These 

effects, in turn, can significantly influence cellular metabolism and stimulate 

growth. Studies by Hinsenkamp and Rooze 142 with in vitro cultures of limbs 

from mouse fetuses have demonstrated that electromagnetic stimulation leads to 

chondrocyte proliferation and an improved alignment of trabeculae and 
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cartilage. Archer and Ratcliffe110 recently demonstrated that cultured tibiae 

from chicken embryos exhibit a reduced collaoen content following exposure to a 

pulsed magnetic field for 7 days. The interestino observation was also made in 

this study that the total synthesis of sulfated glycosoaminoglycans, which are 

major components of the extracellular matrix, was not affected by exposure to 

the pulsed magnetic field. The further elucidation of the macromolecular and 

developmental changes that accompany the stimulation of bone tissue by pulsed 

ELF magnetic fields remains a challenging area of research, W1ich will 

ultimately lend useful insi~ht into the mechanisms by W1ich ~ak ELF fields 

interact with livin~ cells. 

Another aspect of pulsed ma~metic field interactions that should be noted 

is their apparent stimulatory effect on certain nonosseous tissues. It has 

been reported, for example, that electromagnetic stimulation facilitates 

1 igament heal ing in rabbits,143 and promotes the regeneration of peripheral 

d th " "1 d f 11" " "" 144-141' 0 f" 1 t f th nerves an e sp1na cor 0 OW1nq 1nJury. ne 1na aspec 0 e 

clinical use of pulsed ELF maonetic fields that deserves mention is the concern 

that has been expressed reoardinq the potential tumorioenic risk arising from 

the growth stimulatory effects of these fields. 134 ,147 This issue has not been 

fully resolved, but it has been reported that increased tumor incidence did not 

result from the cont inuous exposure of rats during 94 weeks of adult life to a 

5 Hz pulsed field with a 5 ns rise time produced by a 4~,7kV/m electric field 

generator. 148 This field exposure was also found not to produce untoward 

effects on the hematological system, fertility, or reproductive capacity. 

Maqnetic Fields of Biological Origin and Their Potential Use in Medical 

Diagnosis 

Circulating electric currents from excitable tissues produce small 

" 
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magnet ic fields in the ELF frequency r,lnge that can be measured externally. 

T~ studies in the early 1960's using multiturn loops of copper wire as pick-up 

coils first demonstrated that the magnet ic field produced by a nerve impulse 

could be detected .149,150 . In 1963 Baule and McFee 151 extended this ~rk to 

show that the peak magnetic fields associated with cardiac bioelectric activity 

could be detected by coils at the body surface. Cohen 152 subsequently made 

similar measurements in a macmet.ically shielded room that substantially reduced 

the background fields and allowed a clear recording of the maanetocardiogram 

(MCG). By using sianal averaainQ techniaues, Cohen 153 was also able to detect 

the alpha rhythm in the magnetoencephalogram (MEG) with a coil detector in the 

magnetically shie.lded room. However, the peak. magnetic field of the brain 

measured at the body surface154 (- 3 pT) is substantially lower than the peak 

field of the heart 154 (- 100 pT), and a direct measurement of the MEG was not 

possible with a coil detector. In the early 1970's, this limitation was 

overcome by the development of the superconducting quantum interference device 

(SOUID), which is capable of measuring extraordinarily small magnetic 

fie~ds.155 By using this device in a magnetically shielded room, Cohen
156 

was 

able to make the first direct measurement of the MEG without signal averaging. 

During the past decade, the souro techni~ue has been further developed and used 

in combination with first-order and second-order gradiometer configurations of 

the detection coils. The use of a qradiometer coil configuration provides a 
II ~,,.... .. 

substantial reduction in the level of interference from ambient magnetic noise . 

These external fields have a nearly uniform intensity over dimensions 

comparable to the human body, while the fields originating within the body are 

highly nonuniform over the same spatial dimensions. The SQUID gradiometer 

techni~ue now provides a field detection sensitivity of approximately 5 - 10 

fT/Hzl/2 for static and ELF time-varyino fields. 157 
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The development of SQUID instrumentation for the measurement of 

biomagnetic fields has led to a rapid expansion of research in this area, as 

rev iewed by Wi 11 i amson and Kaufman. 158 A comprehens ive rronograph th at 

discusses all of the major aspects of biomagnetism was published in 1982. 159 

Four organs that have been a focus of biomagnet ic research efforts are the 

heart, brain, lun9 and 1 iver. Var ious abnormal cardi ac condit ions such as 

arteriovenous block, myocardi al infarct ion, and coronary artery di sease have 

been analyzed from the MCG,160-162 although it is not clear as yet that this 

technique provides unique information relative to the electrocardiogram. 

Studies of the MEG have received increased interest during the past decade, 

primarily because the MEG appears to give a rrore <precise local izat ion of 

current sources within the br.ain than is provided by the electroencephalogram 

(EEG).163,164 The MEG and EEG also provide complementary information because 

of the orthoaonal configuration of the electric and ma~met ic field vectors 

.. f th t 165-167 B h h . 1 1 an s, n9 rom e same curren source. ot t e spat 1 a and tempor a 

features of visually and somat ically evoked responses in the brain have been 

shown in several studies to be well characterized by the ft1EG.168-172 

An app 1 icat ion of biomagnet ic measurements that appears to be part icul ar ly 

promising from a clinical viewpoint is the detection of ferromaqnetic materials 

within the lung and other organs. Cohen 173 has demonstrated that the 

accumulation of small Quantities of asbestos within the lung can be detected 

magnetically as a result of the adsorbed magnetite carried by asbestos 

particles. A SQUID magnetometer has also been used to detect an abnormally 

large Quantity of iron within the liver in patients with Thalassemia major. 174 

Although the total number of clinical applications up to the present time has 

been relatively small, the initial results have indicated the potential of 

biomagnetic rreasurements as a noninvasive tool for studying both normal and 
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pathological conditions of various organs . 

• 
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8. GENERAL SUMMARY AND CONCLUSIONS 

It is evident from the literature survey presented in this chapter that a 

wide variety of effects of time-varying ELF magnetic fields have been observed 

in cellular, tissue and animal systems. Several of these effects have been 

well established through careful research in different laboratories. Notable 

examples are the experimental studies on maqnetophosphenes, the induct ion of 

blood flow potentials and the facilitation of bone fracture reunion. However, 

in many instances the reports of ELF magnetic field bioeffects must be viewed 

with caution, either because of a lack of independent verification of the 

experimenial findings, or because the reported field effects may have resulted 

from the presence of confounding variables~ Examples of ELF magnetic field 

effects ","ere such considerat ions are clearly relevant are the findings of 

behavioral alterations in laboratory animals and the association between human 

cancer incidence. and exposure to power-freauency fields. These reported 

effects, as well as many findinos of ELF magnetic field effects in cellular and 

tissue systems, also present a difficult interpretive problem because the field 

intensities involved are so low that no plausible mechanism can be proposed at 

the present time to explain the observed effects. From this perspective there 

is a clear need for subst.antially more research of both a theoretical and an 

experimental nature to define in an unambiguous manner the interact ions that 

occur between ELF magnetic fields and living organisms. 
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Table 1 

BEHAVIORAL EfFECTS OF EXPOSIJRE TO TIME-VARYING ELf MAGNETIC fiELDS 

A. POSITIVE fINDINGS 

Subject 

Human 

Honeyhee 

Rat 

Rat 

Rat 

Rat 

Duck eQqs 

Human 

Mouse 

Hamster 

Exposure Condit ions a 

0.1 and 0.2 Hz, 0~5-1.1 mT; 
acute exposures 

60 Hz. ?2-30 mT; 
IO-min exposures 

0.5 Hz. 0.3-3.0 mT. rotating 
field; exposure durinp entire 
gestational period 

Same as Ref. 40 

Same as Ref. 40 

SiIlIe as Ref. 40. but with adu 1 t 
animals exposed for 21-30 days 

0.5 Hz. 2-10 and 10-30 mT. 
rotatinQ field; exposure for 
entire prenatal period 

50 Hz. 10-13 pT; 
acute exposures 

60 Hz. 1.4-2.0 mT 
2-min aperiodic exposures 
over 2 days 

-5 . 
10 Hz, 0.8-26 pT; 
26-h sihedule of high (14 h) to 
low (12 h) field switching over 
period of 4-5 months . 

Results 

Increased reaction time in 0.2 Hz field 

Altered exploratory behavior 

Decreased open-field activity and 
increased defecatfonwhen tested 
postnatally at 21-25 days 

Decreased avoidance of aversive 
electrical shock \tkJen tested 
postnatally at 30 days 

Suppressed rate of respons~ to a 
conditioned~tfmulus preceding an 
aversive shock \tkJen tested 
postnatally at 70 days 

Increased ambulatory activity after 
removal from field 

Increased ambulation and defecation 
rate when tested postnatally 

Increased latency of sensorimotor 
reactions 

Increased locomotor activity and 
aqqression-related vocalization 

Modified circadian rhythm in 
locomotor activity 

~' 
.., 
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Table 1 (continued) 

BEHAVIORAl EFFECTS OF EXPOSURE TO TIME-VARYING ELF MAGNETIC FIELDS 

A. POSITIVE fINDINGS (continued) 

Subject 

Chicken 

Monkey 

Subject 

Human 

Monkey 

Human 

fw10use 

a Exposure Conditions 

60 Hz, 2.4 mT; aperiodic 
exposures during I-h interval 
for 10 days 

9-500 Hz, 0.1 mT (applied to 
cerebellum); 9-h daily exposures 
for maximum of 19 days 

B.NEGATIVE FINDINGS 

Exposure Conditions a 

45Hz, 0 . 1 m T ; 
22.5-h exposure 

10, 15, 45, 60 and 75 Hz, 
0.B-1.0 mT; fields applied in 
4-13 daily sessions of 2-8 h 
duration 

60 Hz, 1.06 mT over whole body, 
or 2.12 mT over head region; 
repetitive acute exposures 

60 Hz, 2.33 mT; 
3-day continuous exposure 

Results 

Increased variability of response to 
electric shock stimulus when 60-Hz 
ma9netic field used as conditional 
stimulus 

Modification of threshold for excitation 
of motor neurons 

Results 

No effect on reaction time 

No consistent influence on motor 
activity, reaction time, inter-
response time, overall lever responding, 
or match-to-sample performance 

No perception of field 

No change in memory retention, 
locomotor activity, or sensitivity 
to a neuropharmacologic agent 

a The maqnetic fields were sinusoidal unless otherwise indicated. 
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Tab le 2 

CELLULAR AND TISSUE INTERACTIONS OF TIME-VARYING ELF MAGNETIC FIELDS 

Test Specimen Exposure Condit ions a 

Mouse 

Guinea pi~ brain 
m i tochondr i a 

Rat brain 
synaptosomes 

Rat 

Human 

Monkey 

Guinea pig 

Rat 

Rat 

Mouse 

50 Hz, 20 mT; 
6.~-h sin~le exposure or 
6.5-h daily for 15 d 

flO Hz, 10 mT; 
10-110 min exposures 

60 Hz, 5-10 mT; 
30-min exposure 

n.5 Hz, 0.0~-0.30 or 
0.3-1.S mT, rotating field; 
exposure durin~ entire 
gestational. period 

45 Hz, 0.1 mT; 
22.5-h exposure 

15 and 4~ Hz. 0.82-0.93 mT; 
fields applied in 5-8 daily 
sessions of 2-h duration 

50 Hz, 20 mT; 
6.5-h single exposure or 
6.5-h daily for 24 d 

50 Hz, 20 m T;. . 
1-7 days exposure 

50 Hz. O. 12 T; 
3":h exposure 

45 Hz, 0.1 mT; 
24 -h exposure 

Results 

Increased resistance to Listeria 
infection 

No effect on respiration 
(oxidative phosphorylation) 

Decreased uptake of norepinephrine 
at O·C, but not at 10, 25 or 37·C 

Increased thyroid and testicle weights 
at 105-130 days of a~e; no change in 
thymus or adrenal weiqhts relative to 
controls 

Elevated serum triglycerides; no other 
effects on blood cell counts or serum 
chemistry 

No alteration in blood cell counts 
or serum chemistry (including 
triglycerides) 

Pathomorpholo~ical changes in testes, 
kidneys, liver.lun~s, nervo'us tissues, 
eyes, capillaries and lymphatic system 

) 

Increase in adrenal 
II-hydroxy corticosteroids 

Anti-inflammatory effects of field on 
carr~qeenan-induced ~dema and adjuvant
induced arthritis 

No change in liver triglycerides 

.. 
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Table 2 (continued) 

CElLULAR AND TISSUE INTERACTIONS OF TIME-VARYING ElF MAGNETIC FIELDS 

Test Specimen 

Rat 

Mouse 
neuroblastoma 

Mouse mammary 
carcinoma 

Slime mold 

Rat 

Mouse 

Bacter 1a 

Bacteria 

Rat 

Rat 

Exposure Conditions a 

50 Hz, 20 mT; 
24-h exposure 

60 Hz, 1.2 mT; 
13-d exposure 

60 Hz, 0.16 T; 
I-h daily exposures for 
1-4 d 

75 Hz, 0.2 mT 
400-d exposure 

50 Hz, 9.4 and 40 mT; 
5-h daily fot 15 d 

60 Hz, 0.11 T; 
23 h daily for 7 d 

10.66 and 50 Hz. 0-2.0 mT; 
10-12 h exposure 

60 and 600 Hz. 2 mT; 
17-64 h exposure 

50 Hz. 20 mT; 
24-h exposure 

50 Hz, 20 mT; 
1 to 24 h exposures 

Resu It s 

Increased LDH activity and change 
in distribution in heart and skeletal 
muscles 

Decreased tumor growth rate 

No effect on tumor growth rate 

Lengthened nuclear division cycle and 
respiration rate (decreased O2 uptake) 

Altered brain metabolism at hiQher 
field intensity, including decreased 
rate of respiration, decreased levels of 
glycogen, creatine phosphate and 
glutamine, and increased DNA content 

Decreased body weight and increased 
water consumption; hematology, organ 
histology and reproduction not affected 

Decreased growth rate 

Decreased growth rate and cytolysis 

Mobilization of adrenal catecholamines 

Pathomorphological changes in brain 

........ 
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Table 2 (continued) 

CELLULAR AND TISSlIE INTERACTIONS OF TIME-VARYING ELF MAGNETIC FIELDS 

Test Spec imen 

Chicken embryo 

Rat 

HlJlTlan 

Mouse osteoblast 
cultures 

Human lymphocytes 

Drosophila 
sa 11 vary (J lands 

Rabbit pancreas 

Drosoph i 1 a eggs 

Exposure Conditions a 

10,100 and 1000 Hz; 0.12, 
1.2 and 12 ~T; 0.5-ms 
rectanQular pulses; 
2-d exposure 

50 Hz; 20, 40.and 70 mT; 
6.5 h daily and ~ d, or 
24·h continuous exposure 

50Hz, 5 mT; 
4-h exposure 

-
Sin9le bidirectional pulses 
at 72 Hz, or 4-kHz bursts of 
bidirectional pulses with 
15~Hz repetition rate; 2 mT 
peak intensity; 3-d exposure 

I, 3, 50 and 200 Hz; 
2.3-fi.5 mT; square-wave 
pulses; 3-d exposure 

15- and 72-Hz pul ses as in 
Ref. 104 above; 5-90 min 
exposures 

4-kHz bursts of bidirec
tional pulses with 15-Hz 
repetition rate; 2 mT 
peak intensity; lA-h 
expo5ute 

O.~-ms square wave pulses 
at too Hz, or 50-Hz, 
1.41-mT sinusoid~l field; 
2-d exposure 

Results 

Morphological abnormalities in 
nervous tissue, heart, blood 
vessels and somites 

Pathomorphological changes 
in brain tissue 

No changes in ECG, EEG, hormones, blood 
cell counts, or blood chemistry 

Reduced cAMP production in response to 
parathyroid hormone 

Inhibition of lectin-induced 
mito(Jenesis by 3 and 50 Hz fields 

Increased RNA transcription 

++ Reduced Ca content and efflux; 
reduced insulin release during 
glucose stimulation 

Oecreased viability of eggs 

~. !-

~ 
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Table 2 (continued) 

CELLULAR AND TISSUE INTERACTIONS OF TIME-VARYING ELF ~AGNETIC FIELDS 

Reference 

109: Ubeda ~ ~ .• 1983 

110: Archer and Ratcl iffe. 1983 

Ill: liboff ~.!l.. 19A4 

Test Specimen Exposure Conditions a 

Ch i eken embryos 

Cultured chicken 
tibiae 

Cu 1 t ured human 
fibroblasts 

0.5-ms bidirectional pulses at 
100 Hz (4 different waveforms); 
0.4-104 ~T peak intensity; 2-d 
exposure 

1 Hz. 15-60 mT square-wave 
pulses; 7-d exposure 

15 Hz-4 kHz; 2.3-560 ~T; 
1A-96 h exposures 

a The magnetic fields were sinusoidal unless otherwise indicated. 

Results 

Teratoqenic changes 1n nervous 
system. circulatory system and 
foregut 

Decreased collagenous and 
noncollagenous protein synthesis; 
no alteration in glycosoaminoglycan 
and DNA synthesis 

Increased DNA synthesis 
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FIGURE LEGENDS 

Fiqure 1. The mean threshold magnetic flux densities required to elicit 1" 

maQnetophosphenes are plotted as a funct ion of frequency for 6 

subjects with normal color vision and for 9 deutans with defects in 

color vision. Threshold values were determined ,at wavelengths of 

443, 531 and 572 nm with a luminance of' 3 cd/m 2 • Error bars 

represent ± 1 S.E.,... (Reproduced from ref. 24 with permission of 

the authors and publisher.) 

Figure 2. The mean threshold electric currents and magnetic flux densities for, 

elicitin9 electro- and magnetophosphenes are plotted as a function 

of frequency for 10 subjects with normal v1.sion. The data have been 

normalized relative to the ,threshold values determined at 20 Hz, the 

frequency at which maximum sensitivity was ,observed' for the 

induct i()n of both electro- and maqnetophosphenes. The threshold 

electric current divided by the field frequency has also been 

plotted (see text for explanation). All stUdies were conducted with 

a broad-spectrum white light background at a luminance of 3 cd/m2 • 

(Reproduced from ref .23 with permission of the authors and 

pub 1 isher. ) 
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Background Luminance: 3 cd/m2 
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Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 
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