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delaying their publication. |In the interest of all users of the
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environnmental health criteria docunents, readers are kindly
requested to comuni cate any errors that may have occurred to the
Manager of the International Programme on Chemical Safety, Wrld
Heal th Organi zati on, Geneva, Switzerland, in order that they may be
i ncluded in corrigenda, which will appear in subsequent vol unes.

PREFACE

The International Radiation Protection Association (|RPA)
initiated activities concerned with non-ionizing radiation by
form ng a Wrking Goup on Non-lonizing Radiation in 1974. This
Working Goup | ater becane the International Non-lonizing Radiation
Conmittee (IRPA/INIRC), at the I RPA neeting held in Paris in 1977.
The IRPA/INIRC reviews the scientific literature on non-ioni zing
radi ati on and makes assessments of the health risks of human
exposure to such radiation. Based on the Environmental Health
Criteria Docunments devel oped in conjunction with the Internationa
Programme on Chemical Safety (IPCS), Wrld Health O ganization, the
| RPA/ I Nl RC recomends gui delines on exposure limts, drafts codes
of safe practice, and works in conjunction with other internationa
organi zations to pronote safety and standardi zation in the non-
ionizing radiation field.

The first draft of this docunment was conpiled by DR M
REPACHOLI. An editorial group chaired by DR P. CZERSKI and
i ncluding DR V. AKI MENKO, PROFESSOR J. BERNHARDT, DR B.
BOSNJAKOVI C, MRS A. DUCHENE, PROFESSOR M GRANDCLFO, DR M
REPACHOLI, MR D. SLINEY, and DR T. TENFORDE net in Neuherberg in
May 1985 to devel op the second draft. A snall editorial group
consisting of DR P. CZERSKI, DR M SWCORD, and DR P. WAIGHT net in
Geneva in April 1986 to collate and incorporate the conments
received fromI|PCS Focal Points and individual experts. The fina
draft was then sent to WHO | RPA Task G oup nmenbers and fornally
reviewed in Kiev, USSR 30 June - 4 July 1986. Final scientific
editing of the docunent was conpleted by DR M REPACHOLI, with the
assistance of DR M SWCORD, in Geneva in July 1986. The
scientific assistance and hel pful comrents of DR T. TENFORDE, and
the permission to use his extensive literature files, are
grateful ly acknow edged.

Thi s docunent conprises a review of data of effects of nagnetic
field exposure on biol ogical systens, pertinent to the evaluation
of health risks for man. The purpose of the docunent is to provide
an overvi ew of the known bi ol ogical effects of nmagnetic fields, to
identify gaps in this know edge so that direction for further
research can be given, and to provide infornmation for health
authorities and regul atory agencies on the possible effects of
magnetic-field exposure on human health, so that gui dance can be
given on the assessnent of risks from occupati onal and genera
popul ati on exposure.

Subj ects revi ewed include: the physical characteristics of
magnetic fields; measurenment techniques; applications of magnetic
fields and sources of exposure; nechanisns of interaction
bi ol ogi cal effects; and gui dance on the devel opnent of protective
neasures, such as regulations or safe-use guidelines. Health
agencies and regulatory authorities are encouraged to set up and
devel op progranmmes that ensure that the naxi mum benefit occurs with
the | owest exposure. It is hoped that this criteria docunment wll
provi de useful information for the devel opment of nationa
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protection nmeasures agai nst nagnetic fields.

The WHO Regi onal O fice for Europe prepared a publication
entitled Non-lonizing Radiation Protection (WHO, 1982). A revised
and updated edition, conpleted in 1986, includes a section (5) on
El ectrical and Magnetic Fields at Extrenely Low Frequenci es.

1. SUMVARY, CONCLUSI ONS, AND RECOMVENDATI ONS FOR FURTHER STUDI ES

Thi s docunment includes a detailed review and eval uati on of data
on effects on human bei ngs and ot her biol ogical systens exposed to
static magnetic fields or to tinme-varying fields at extrenely | ow
frequencies (ELF) of up to about 300 Hz. Data fromthe biol ogica
effects of exposure to sinusoidally varying fields are mainly
concerned with effects in the range up to 20 Hz or at 50 and 60 Hz,
and only limted data are avail able on effects at higher
frequencies. Data on studies with higher frequencies and pul se
repetition rates, and non-sinusoi dal waveforns have al so been
consi dered, but radiofrequency magnetic fields in the frequency
range 100 kHz - 300 GHz have been excl uded because these have been
treated in the Environmental Health Criteria 16: Radi of requency and
m crowaves (VWHO 1981).

Information for health authorities on the biological effects
and possible health effects of magnetic fields, is given to provide
gui dance for the assessnment of the occupational and public health
significance of exposure to magnetic fields and to indicate areas
that may be hazardous. Information on hunman exposure levels is
provi ded, which, on the basis of present know edge, is considered
appropriate for the prevention of health hazards.

1.1. Physical Characteristics and Dosinetric Concepts

A magnetic field always exists when there is an electric
current flowing. A static magnetic field is formed in the case of
direct current, and a tinme-varying magnetic field is produced by
alternating current sources

The fundanental vector quantities describing a magnetic field
are field strength, H (unit: A/m and magnetic flux density, B
(unit: T, tesla). These quantities are related through B = pH
where p is the magnetic perneability of the medi um

The term"dosinetry" is used to quantify exposure. Present
under st andi ng of interaction nmechanisns is insufficient to devel op
anything but prelimnary dosimetric concepts for static or ELF
magnetic fields.

In practical radiation protection, it is useful to consider
static and time-varying magnetic fields separately. In the case of
static magnetic fields, protection limts tend to be stated
primarily in terms of the external field strength or magnetic fl ux
density and the duration of exposure. Since tine-varying nagnetic
fields induce eddy currents within the body, evaluation nay be
based on the electric eddy current density (electric field
strength) in critical organs. Derived protection linmts can then
be expressed as exposures to external magnetic fields, whereby
field strength, pul se shape (rise and decay tine) and frequency,
orientation of the body, and duration of the exposure need to be
speci fi ed.

1.2. Natural Background and Man- Made Magnetic Fields

The natural magnetic field consists of a conponent originating
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in the earth, acting as a pernanent magnet, and several snmall
conponents with different spectral characteristics. At the

surface of the earth, the vertical conponent of the permanent field
is maxi mal at the magnetic poles, amounting to about 6.7 x 10° T
(67 uT), and is zero at the nagnetic equator; the horizontal
component is maxi mal at the magnetic equator, anounting to about
3.3 x 10°° T (33 uT), and is zero at the magnetic pole. The flux
density of the natural tinme-varying fields decreases from about

107 to 10 T when the frequency of the atnospheric

el ectromagnetic fields increases fromabout 0.1 Hz to 3 kHz.

The magnetic fields from nman-made sources generally have higher
intensities than the naturally occurring fields. 1In the honme and
public places, magnetic flux densities ranging from0.03 pT to
30 uT are produced around househol d appliances, and up to 35 pT near
transm ssion lines (50 and 60 Hz), depending on the current carried
and the distance fromthe line. For magnetically-levitated
transportation systens, static magnetic fields of 6 - 60 nil are
expected in the region of a passenger's head. Security systens in
libraries and storehouses operate at frequencies of between 0.1 and
10 kHz and produce fields of up to about 1 nf.

Qccupati onal exposure to nmagnetic fields is nmainly encountered
in industrial processes involving high electric current equipnent,
in certain new technol ogi es for energy production and storage, and
in specialized research facilities. Around various types of
wel di ng machi nes, furnaces, and induction heaters, the nmagnetic
flux densities at the operator |ocation range fromabout 1 uT to
nore than 10 nil, depending on the nagnetic field frequency and the
distance fromthe coil. Conpared to devices operating at high
frequenci es, |lower frequency induction heaters expose operators to
hi gher magnetic flux densities. At operator-accessible |ocations
in industries using electrolytic processes, the nmean static field
level is about 5 - 10 nf.

In areas accessible to operations personnel in thernonuclear
magneti ¢ fusion and magnet ohydr odynam ¢ generating systens, the
static magnetic field flux densities may reach 50 nT. Sinmilar
field strengths occur near special research facilities, e.g.
bubbl e chanbers. Typical values for the nagnetic flux density at
wor k- pl aces near 50 or 60 Hz overhead transm ssion |ines,
substations, and in power stations are up to 0.05 nil

In nedical practice, exposure to nagnetic fields results mainly
fromthe use of nagnetic resonance (MR) inagi ng or spectroscopy
nmet hods for diagnostic purposes or fromdevices generating nagnetic
fields for therapeutic purposes. In the MR-devices in use at
present, the patient is exposed to stationary nagnetic fields with
intensities of up to 2 T and, during exam nations, to tinme-varying
magnetic fields as high as 20 T/s. However, nopbst patients are not
exposed to tinme-varying fields exceeding 1.5 T/s. The peak
exposure value for the patient caused by therapeutic nmagnetic
devices is of the order of 0.1 - 2.5 nT.

The increasing use of nagnetic field-producing equi pnment in
i ndustrial processes, research facilities, energy production and
distribution, new transportation technol ogi es, consuner products
and nedical practice, increases the possibility of human exposure
to magnetic fields. Al though, up to now, both occupational and
gener al - popul ati on exposures to nmagnetic fields have generally been
at low |l evels, sone new technol ogies, e.g., nmagnetically-levitated
trains, mght result in exposure of the general population to
| evel s conparable with the highest ones in sone working
envi ronments. Thus, new technol ogi es involving the production of
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magnetic fields should be carefully evaluated with respect to
potential health risks.

1.3. Field Measurenent

In order to adequately characterize a nmagnetic field, the
magni t ude, frequency, and direction of the field nust be
determ ned. The spatial properties of the field can becone
complicated by tine-varying changes in the direction of the
resultant magnetic field vector. For exanple, for a circularly
pol ari zed field, the magnetic vector describes an ellipse during
the course of a cycle and does not reach zero nagnitude.
Principles of calculation and neasurenent of these fields are
outl i ned.

A human or animal body located in a magnetic field causes
virtually no perturbation of the field. A tine-varying nagnetic
field induces electric currents in the exposed body. The factors
af fecting the magnitude of the induced currents are di scussed
bel ow.

1.4. Biological Interactions

The foll owing topics are summari zed: the present state of
know edge on the mechani sms by which magnetic fields interact with
l'iving systens, and the biological effects of these fields. On the
basis of available information, the areas of future research that
appear to hold the greatest potential for elucidating sone poorly
under st ood aspects of magnetic field interactions with biologica
systens are given at the end of this section

1.4.1. Interaction nechani sns

There are three established physical nechanisns through which
static and ELF magnetic fields interact with living matter

A Magneti c i nduction

This mechanismis relevant to both static and tine-varying
fields, and originates through the follow ng types of interaction

(a) El ectrodynamic interactions with noving el ectrol ytes

Both static and tine-varying fields exert Lorentz forces on
novi ng ionic charge carriers, and thereby give rise to induced

electric fields and currents. This interaction is the basis of
magneti cal | y-i nduced bl ood fl ow potentials that have been studied
with both static and tinme-varying ELF fields. It is also the
physi cal basis of the weak induced potentials that provide sensory
directional cues to elasnobranch fish as they swimthrough the
static geomagnetic field.

(b) Faraday currents

Ti me-varying magnetic fields induce currents in living tissues
in accordance with the Faraday | aw of induction. Avail able evidence
suggests that this nechanismmay underlie the visuosensory
stinmulation that produces magnet ophosphenes and ot her effects on
electrically excitable tissues. |In addition, indirect evidence
suggests that rapidly tine-varying nagnetic fields nmay exert
effects on a variety of cellular and tissue systens by inducing
| ocal currents that exceed the naturally occurring levels. This
effect may be the basis for the wi de spectrum of biol ogica
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perturbations that have been observed with pul sed nmagnetic fields,
such as those used clinically for bone fracture reunion

B. Magnet omechani cal effects

The two types of nechanical effects that a static nmagnetic
field exerts on biological objects are:

(a) Magnet o- ori ent ati on

In a uniformstatic field, both diamagnetic and para-nagnetic
nol ecul es experience a torque, which tends to orientate themin a
configuration that mnimzes their free energy within the field.
This effect has been well studied for assenblies of dianmagnetic
macronol ecul es with differing nmagnetic susceptibilities along the
princi pal axes of symretry. |Included in this class of
nmacronol ecul es are the arrays of photopignments in retinal rod disc
menbr anes.

(b) Magnet omechani cal transl ation

Spatial gradients of static nagnetic fields produce a net force
on paramagnetic and ferromagnetic materials that leads to
transl ational notion. Because of the linted anmbunt of nagnetic
material in nmost living objects, the influence of this effect on
bi ol ogi cal functions is negligible.

C. El ectronic interactions

Certain classes of chemical reactions involve radical electron
intermedi ate states in which interactions with a static nmagnetic
field produce an effect on electronic spin states. It is possible,
that the usual lifetine of biologically relevant el ectron
internmedi ate states is sufficiently short that nmagnetic field
interactions exert only a small, and perhaps negligible, influence
on the yield of chem cal reaction products.

In addition to the nechani sns of nmagnetic field interactions
for which there is direct experinental evidence, several other
nechani sns have been proposed, on theoretical grounds, in an effort
to explain various biological effects that have been reported to
occur in static and ELF fields of very lowintensity. However, it
nmust be enphasi zed, that many proposed nechani sns have not been
subj ected to direct experinental tests.

1.4.2. Biological effects of magnetic fields

Sone organi sns possess sensitivity to static nmagnetic fields
with low intensities conparable to that of the geonagnetic field
(about 50 pT). Phenonena for which there is substantial
experinmental evidence of sensitivity to the earth's field include:

(a) direction finding by elasnmobranch fish (shark, skate,
and ray);

(b) orientation and swi nm ng direction of magnetotactic
bacteri a;

(c) kinetic movenents of nolluscs;
(d) mgratory patterns of birds; and

(e) waggl e dance of bees.
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In addition, a nunber of in vitro studies have been nade of
magnetic orientation in assenblies of macronol ecul es, including
retinal rod outer segments, nuscle fibres, photosynthetic systens
(chl oropl ast grana, photosynthetic bacteria, and Chlorella cells),
hal obacteria purpl e nenbranes, and various synthetic liquid
crystals and gels. As discussed in the precedi ng sutmmary of
nmechani sns of magnetic field interaction, certain classes of

chem cal reactions that involve a radical electron internediate
state may al so be sensitive to static magnetic fields of noderate
intensity (< 10 nil).

The avail abl e experinmental information on the response of
organi sns, including |and-dwelling nammali an species, to static and
ELF magnetic fields indicates that three biol ogical effects can be
regarded as established phenonena:

(a) the induction of electrical potentials within the
circulatory system

(b) magnet ophosphene i nduction by pul sed and ELF nmagnetic
fields with a tine rate of change exceeding 1.3 T/s
or sinusoidal fields of 15 - 60 Hz and field
strengths ranging from2 to 10 nil (frequency
dependent); and

(c) the induction by tinme-varying fields of a w de
variety of cellular and tissue alterations, when the
i nduced current density exceeds 10 mA nf; nany of
these effects appear to be the consequence of
interactions with cell nenbrane conponents.

For static magnetic fields with flux densities of less than 2
T, there exists a body of experinental data that indicates the
absence of irreversible effects on nany devel opnent al
behavi oural, and physi ol ogi cal paraneters in higher organisns.
Broadly summari zed, avail abl e evi dence suggests that the foll ow ng
9 classes of biological functions are not significantly affected by
static magnetic fields at levels up to 2 T:

(a) «cell growh;

(b) reproduction;

(c) pre- and post-natal devel opnent;

(d) bioelectric activity of isolated neurons;

(e) Dbehaviour;

(f) cardiovascular functions (acute exposures);

(g) the blood-form ng system and bl ood,;

(h) imune system functions;

(i) physiological regulation and circadi an rhythns.

For tinme-varying magnetic fields in the ELF frequency range,
few systemati c studies have been carried out to define the
threshold field characteristics for producing significant
perturbations of biological functions. Nevertheless, available

evi dence suggests that ELF nagnetic fields nust induce current
densities in tissues and extracellular fluids that exceed

10 m¥ nf, in order to produce significant alterations in the

Page 11 of 144



Magnetic fields (EHC 69, 1987)

devel opnment, physiol ogy, and behavi our of intact higher organisns.
In in vitro studies, various phenonena have been reported in the

1 - 10 m¥ nf range, but their health significance has not been
determ ned. However, it should be noted that therapeutic
applications of magnetic fields make use of this range.

1.5. Effects on Man

1.5.1. Static fields

Studi es on workers involved in the manufacture of permanent
magnets in the USSR i ndicated various subjective synptons and
functional disturbances including irritability, fatigue, headache,
| oss of appetite, bradycardia, tachycardia, decreased bl ood
pressure, altered EEG itching, burning, and nunbness. However,

l ack of any statistical analysis or assessnent of the inpact of
physi cal or chem cal hazards in the working environnent
significantly reduces the value of these reports. Although the
studi es are inconclusive, they suggest that, if long-termeffects
occur, they are very subtle, since no cunulative gross effects are
evi dent .

Recent epi dem ol ogi cal surveys in the USA have failed to reveal
any significant health effects associated with |ong-term exposure
to static magnetic fields. A study of the health data on 320
workers in plants using large electrolytic cells for chenica
separati on processes, where the average static field level in the
work environnent was 7.6 nT and the maximumfield was 14.6 nmrl
i ndi cated slight changes in white blood cell picture (still within
the normal range) in the exposed group conpared with the 186
controls. None of the observed changes in bl ood pressure or blood
paraneters was considered indicative of a significant adverse
ef fect associated with magnetic field exposure.

The preval ence of disease anbng 792 workers at the US Nationa
Accel erator Laboratories, who were exposed occupationally to static
magnetic fields, was conpared with that in a control group
consi sting of 792 unexposed workers matched for age, race, and
soci oeconomi ¢ status. The range of magnetic field exposures was
from0.5 nml for long durations to 2 T for periods of several hours.
No significant increase or decrease in the preval ence of 19
categories of disease was observed in the exposed group relative to
the controls.

Wirkers exposed to large static nagnetic fields in the
al um niumindustry were reported to have an el evated | eukaeni a
nortality rate. Although these studies suggest an increased cancer
risk for persons directly involved in al um nium production, there
is no clear evidence, at present, indicating the responsible
carcinogeni c factors within the work environment.

It can be concluded that avail abl e know edge i ndicates the
absence of any adverse effects on human health due to exposure to
static magnetic fields up to 2 T. It is not possible to make any
definitive statements about safety or hazard associated with
exposure to fields above 2 T. Fromtheoretical considerations and
sonme experinental data, it could be inferred that short-term
exposure to static fields above 5 T may produce significant
detrinmental effects on health.

1.5.2. Tine-varying fields

Ti me-varying magnetic fields generate internal electric
currents. For exanple, 3 T/s can induce current densities of about
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30 pA/nf around the perimeter of the human head. |nduced electric
current densities can be used as the decisive paraneter in the
assessment of the biological effects at the cellular |evel

In ternms of a health risk assessnent, it is difficult to
correlate the internal tissue current densities with the externa
magnetic field strength. However, assum ng worst-case conditions,
it is possible to calculate, at |east within one order of
magni t ude, the magnetic flux density that woul d produce potentially
hazardous current densities in tissues. The follow ng statenents
can be made on induced current density ranges and correl at ed

magnetic flux densities of a sinusoidal honbgeneous field, which
produce biol ogi cal effects from whol e-body exposure:

(a) Between 1 and 10 mA/ nf (i nduced by nmgnetic fields
above 0.5 - 5 nT at 50/60 Hz, or 10 - 100 nT at 3
Hz), m nor biol ogical effects have been reported.

(b) Between 10 and 100 mA/ nf (above 5 - 50 nil at 50/60 Hz
or 100 - 1000 nT at 3 Hz), there are well established
effects, including visual and nervous system
effects. Facilitation of bone fracture reuni on has
been report ed.

(c) Between 100 and 1000 nmA/ nf (above 50 - 500 nil at
50/60 Hz or 1 - 10 T at 3 Hz), stinulation of
excitable tissue is observed and there are possible
heal t h hazards

(d) above 1000 mA/ nf (greater than 500 nT at 50/ 60 Hz or
10 T at 3 Hz), extra systoles and ventricul ar
fibrillation, i.e., acute health hazards, have been
est abl i shed.

For non-sinusoi dal waveforns that have short duration pul ses,
the tine rate of change of the magnetic flux density nust be

specified. 1In analysing certain biological effects, especially the
stimulation of excitable tissue, the peak current density val ues
are nore relevant than root nean square (rns) values. |n addition

non- homogeneous magnetic fields must be considered, since high
field gradients exi st near strong magnetic field sources. The

i nduction |oops in extrenmties are usually snaller than those in
the whol e body, so higher nagnetic field strengths are tol erable
for extremties than for the whol e body.

Several |aboratory studies have been conducted w th human
subj ects exposed to sinusoidally time-varying nmagnetic fields with
frequencies in the ELF range. None of these investigations has
reveal ed adverse clinical or psychol ogical changes in the exposed
subj ects. The strongest field used in these studies with human
vol unteers was a 5-nil, 50-Hz field to which subjects were exposed
for 4 h.

Several recent epidem ological reports present prelimnary data
i ndicative of an increase in the incidence of cancer anobng
children, adults, and occupational groups. |In other
epi demi ol ogi cal studies in the USA, no apparent increases in
genetic defects or abnormal pregnancies were reported. The studies
that show an excess of cancers in children and adults suggest an
association with exposure to very weak (107 - 106 T 50 or 60 tz
magnetic fields that are of a magnitude conmonly found in the
environment. These associ ati ons cannot be satisfactorily expl ai ned
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by the available theoretical basis for carcinogenesis by ELF
el ectromagnetic fields. The prelimnary nature of the
epi dem ol ogi cal evidence, and the relatively small increnent in

reported incidence, suggest that, although these epi dem ol ogi ca
data cannot be di snmissed, there nust be considerable further study
before they can be accept ed.

Fromthe avail abl e data on human exposure to tine-varying
magnetic fields, it can be concluded that induced current densities
bel ow 10 mA/ nf have not been shown to produce any significant
bi ol ogi cal effects. In the range of 10 - 100 mA/ n? (fromfiel ds
hi gher than 5 - 50 ml' at 50/ 60 Hz), biological effects have been
establ i shed, but these induced current densities fromshort-term
exposure (few hours) may cause nminor transient effects on health.
The heal th consequences of exposure to these levels for nmany
hours, days, or weeks are not known at present. Above 100 mA/ n?f
(greater than 50 nT at 50/60 Hz), various stimulation thresholds
are exceeded and hazards to health nay occur

1.6. Exposure Cuidelines and Standards

St andards or guidelines limting human exposure to static ELF
magnetic fields have been developed in a few countries. O
particular interest is the increasing tendency of countries to
[imt magnetic field exposure from particular devices (e.g.
magneti ¢ resonance di aghostic techniques). Details of these
standards and guidelines are given in section 9 of the docunent.

1.7. Protective Measures

Two aspects of magnetic field safety that deserve speci al
attention are the potential influence of these fields on the
functioning of electronic devices, and the risk of injury due to
the large forces exerted on ferromagnetic objects in strong static
magnetic field gradients. O particular concern is the malfunction
of cardi ac pacemakers and the di spl acenent of aneurysmclips and
prosthetic devices.

1.7.1. Cardi ac pacenmakers

Both static and tine-varying magnetic fields can interfere with
the proper functioning of modern demand pacemakers. Sone
pacenakers may revert froma synchronous to an asynchronous node of
operation in time-varying fields with tine rates of change above
approximately 40 nif/s. Certain pacenaker nodels al so exhibit
abnormal operation due to closure of a reed relay switch in static
magnetic fields that exceed 1.7 - 4.7 nil. Magnetic fields can al so
affect the functioning of other medical electronic nonitoring
devi ces, such as EEG and ECG equi pnent.

1.7.2. Metallic inplants

The sensitivity of inplanted surgical devices to nmagnetic
fields is dependent on their alloy conposition. A large nunber of
netal lic devices such as intrauterine devices, surgical clips,
prost heses, infusion needles, and catheters nmay have a significant
torque exerted on themby intense magnetic field gradients. This
may result in their displacenent and produce serious consequences.

Al'l persons entering nagnetic field environnents should be screened
carefully and, if necessary, prohibited from access.

1.7.3. Hazards from | oose paranmagnetic objects
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Dependi ng on the wei ght and shape of a paranagnetic object
subject to an intense nmagnetic field, it can becone a nissile with
hi gh nomentum Care should be taken to exclude such objects as,
for exanple, scissors, scal pels, and handtools fromthe vicinity of
strong magnetic field sources.

1.8. Recomendations for Future Research

On the basis of present know edge of magnetic field bioeffects,
several key areas of future research can be identified as being
essential for achieving a conprehensive understandi ng of the
bi ol ogi cal consequences of exposure to these fields. No attenpt
has been nmade to list all possible research areas. |Instead,
enphasi s has been placed on areas considered to have an i npact on
heal th hazard assessnent.

For static magnetic fields, there is a clear need for
additional studies in the follow ng areas, in each of which the
avail able information is either inadequate or contradictory:

(a) studies on functional alterations in the cardi ovascul ar
and central nervous system where magnetic field
i nteractions have previously been observed; particul ar
enphasi s should be placed on the effects of long-term
exposur es;

(b) sensitivity of enzyne reactions that involve radica
internmedi ate states, which may be an inportant issue in
| ong-term occupati onal exposures;

(c) «cellular, tissue, and animal responses to static fields
above 2 T, as proposed for use in clinical M
spectroscopy.

For time-varying magnetic fields with repetition frequencies in
the ELF range, key areas of future research can al so be recomended
on the basis of avail able information:

(a) Conprehensive epideni ol ogi cal studies should be
carried out to resolve the issue of whether an
el evated risk of |eukaem a and other forns of cancer
is associated with occupational and residentia
exposure to ELF fields. These studies should include
the use of appropriate techniques for the assessnent
of field exposure paraneters (e.g., the use of
m ni ature personal dosineters). Relevant research
with cellular and ani mal systens should al so be
conducted in an effort to elucidate interaction
mechani sms of ELF fields that could lead to an
el evated cancer ri sk.

(b) Studies on the response of devel opi ng enbryoni c and
fetal systens, and other cell and tissue systens that
have been identified as being responsive to ELF
magnetic fields, should be continued with particul ar
focus on effects mediated via interactions with cel
menbr anes.

(c) Studies are needed on the effects of |ow |levels of
i nduced current density (< 100 mA/ nf) on nerve tissue.

2. PHYSI CAL CHARACTERI STI CS, DOSI METRI C CONCEPTS, AND MEASUREMENT
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Just as an electric field is always linked with an electric
charge, a magnetic field always appears when electric current
flows. A magnetic field can be illustrated by lines of force. A
static magnetic field is formed in the case of direct current,
whereas a tinme-varying magnetic field is induced by alternating
current sources.

The electric (E) and magnetic (H) fields that exist near
sources of electromagnetic fields nmust be considered separately,
because the very | ong wavel ength (thousands of kil onetres)
characteristic of extrenely | ow frequencies (ELF) neans that
neasurenents are made in the non-radiating near field. The E and H
fields do not have the sane constant relationship that exists in
the far field of a radiating source.

A description of the physical characteristics of static and ELF
magnetic fields has been given by Grandol fo & Vecchia (1985a). An
ani mal or human body does not appreciably distort a nmagnetic field.
Ti me-varying magnetic fields induce currents within the body. The
magni tude of these internal currents is deternmi ned by the radius of
the current path, the frequency of the nmagnetic field and its
intensity at the location within the body. Unlike the electric
field for which the internal field strength is many orders of
magni tude | ess than that of the external field, the magnetic field
strength is virtually the same outside the body as within. The
magneti cal | y-i nduced electric field strengths and correspondi ng
current density are greatest at the periphery of the body where the
conducting paths are | ongest, whereas nicroscopic current |oops
anywhere within the body woul d have extrenely snmall current
densities. The magnitude of the current density is also influenced
by tissue conductivity where the exact paths of the current flow
depend in a conplicated way on the conducting properties of the
various tissues.

2.1. Quantities and Units

The quantities, units, and synmbols used in describing nagnetic
fields are given in Table 1.

The fundanental vector quantities describing a magnetic field
are the field strength (H and the magnetic flux density (B) (or
equi val ently, the magnetic induction).

The nmagnetic field strength (H is the force with which the
field acts on an elenent of current situated at a particul ar
point. The value of His nmeasured in anpere per netre (A/m. The
trajectories of the notion of an el enment of current (or the
orientations of an elenentary nagnet) in a magnetic field are
called the magnetic |ines of force.

Table 1. Magnetic field quantities and units in the S
System

Quantity Synbol Uni t

Frequency f hertz (W)

Current I anpere (A

Current density J anpere per square netre
(Al P

Magnetic field strength H anpere per netre (AN
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Magnetic fl ux PHI weber (W) = Vs
Magnetic flux density B tesla (T) = W/nf
Permeability ] henry per netre (Hm
Permeability of vacuum o Ho = 1.257 x 10°% H/'m
Ti me t seconds (s)

As in the case of electric fields, single-phase and three-phase
magnetic fields can be defined: the field at any point nay be
described in ternms of its time-varying nmagnitude and invari ant
direction (single-phase), or by the field ellipse, i.e., the
magni tude and direction of the major and mnor sem -axes (three
phase).

The magnetic flux density (B), rather than the magnetic field
strength, (H = B/u), is used to describe the magnetic field
generated by currents in the conductors of transm ssion |ines and
substations. Thus, the magnetic field is defined as a vector field
of magnetic flux density B (B-field). The value of p (the nmagnetic
perneability) is determ ned by the properties of the nedium and,
for nost biological material is equal to Y, the value of the
perneability of free space (air). Thus, for biological materials
the values of B and H are related by a constant (o).

Before the introduction of the International Systemof units
(Sl), the use of the CGS system (based on the three independent
quantities: length (cm, nass (g) and tine (s)) was custonmary. Sl
i s based on seven independent quantities: length (n), mass (g),
time (s), electric current (A), thernodynam c tenperature (K)
um nous intensity (cd), and anmount of substance (mol). The
equat i ons describing the el ectromagneti c phenonena are equival ent
but not identical in the SI and the CGS systens. For an
el ectromagnetic field, only the first four of the seven quantities
nentioned above, are relevant. The CGS unit of magnetic field
strength is the oersted and that of the magnetic induction is the
gauss.

In the CGS system o, i s a dinensionless quantity equal to
unity, and as a result, for biological materials, B can be set
equal to H, as a close approximation. This convention has been
used extensively in the biological literature, where many authors
have used B and H as interchangeabl e quantities. Thus, nany
publications contain equations that are appropriate for use only
with the CGS systemof units since the perneability of free space,
Mo, has been omitted.

The SI system has now been universally accepted. The CGS
systemis obsol ete and shoul d not be used.

In addition, the termgamma is used and is equal to 1 nanotesla
(10°° tesla). For convenience, the conversion factors relating the
various quantities used in |aboratory practice are given in Table 2.
Tabl e 2. Conversion factors for units

To
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T=Wn 1 104 10° 7.96 x 10° 10*
G 1074 1 10° 79.6 1
gama 10°° 10°° 1 7.96 x 100*  10°
Al'm 1.256 x 10°® 1.256 x 1002 1256 1 1.256 x 1072
OCe 104 1 10° 79.6 1
Synbol s T =tesla

W = weber

G = gauss

A = anpere

m = netre

Ce = oersted

For a nore conplete inventory and di scussion of quantities and
units, the reader is referred to a report of the | RPA/Internationa
Non-1oni zi ng Radiation Committee entitled "Review of Concepts,
quantities, units, and term nology for non-ionizing radiation
protection" (IRPA 1985).

2.2. Dosinetric Concepts

In its broadest sense, the term"dosinetry" is used to quantify
exposure to radiation. Quantitative descriptions of exposure, for
the purpose of fornulating protection standards and exposure
l[imts, require the use of appropriate quantities. "Appropriate"
means that the quantities should represent, as far as possible, the
physi cal processes that are closely linked to the biol ogica

effects of the fields. Since our know edge of interaction

nmechani sns i s i nconplete, exposure conditions are often quantified
in terms of the unperturbed external magnetic field strength and
the duration of exposure.

The known physi cal nechani sns by which nmagnetic fields interact
with living matter are described in section 4. Sone factors
affecting the interaction of fields with organisns are sunmari zed
in Table 3. To fully assess the data obtained in bioeffects
research, exposure conditions rmust be well controlled and neasured.
In this case, the "dosinmetry" in bioeffects research with nagnetic
fields is very conplex, since all relevant factors nust be taken
into account. The accuracy and sophistication of radiation
protection dosinetry must be related to the conditions and actua
or potential adverse consequences of exposure to nmagnetic fields.

In practical radiation protection, it is useful to consider
static and tinme-varying magnetic fields separately.

Table 3. Factors affecting interaction of magnetic fields

Paraneters of the nagnetic field source

Frequency

Modul ation (Pul se, AM FM, rise and decay tines (dB/dt)
Pol ari sation

Field strength

Field pattern (unifornity)

Surroundi ng material properties

cukwnhE

Paraneters related to exposure
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Ti ssue properties (conductivity, anisotropy, perneability)
Si ze, geonetry

Oientation relative to polarization

Mode of exposure (partial; whole body)

PwnhpE

Extraneous factors

1 Metal inplants (ferromagnetic)
2 Metal objects in the field

3. Drugs (nedications)

4 Chemical pollutants

2.2.1. Static magnetic fields

In the assessnent of exposure to static magnetic fields for
practical radiation protection purposes, the appropriate quantities
are less well defined. Protection limts tend to be stated in
terns of the external field strength and the durati on of exposure,
where the integrated product of field and exposure tinme could be
consi dered as a neasure of exposure. However, at present, there
is no biological basis for choosing this dosinetric concept.

Further devel opnent of dosinetric concepts and their theoretica
and experinental basis is required.

2.2.2. Tinme-varying nmagnetic fields

I n eval uati ng hunman exposure to tine-varying nagnetic fields of
frequenci es between about 10 Hz and 100 kHz, the electric eddy
current density can be enployed as the decisive paranmeter in
assessnment of the biological effects at the cellular |eve
(Bernhardt, 1979, 1985, 1986; Czerski, 1986; Tenforde, 1986a).
Field strength and eddy current density are related by the specific
conductivity of the medi um

By conparing the current densities, it may be possible to
predict effects in human beings fromthose found in studies on
animal and isolated cells. In this context, it is irrelevant
whet her the current density surrounding a cell is introduced into
the body through el ectrodes or induced in the body by externa
magnetic fields. However, the current paths within the body may be
different.

The eval uati on of human exposure using current densities is
based primarily on a concept of "dose" to the critical organs.
Al t hough this assunption is based on the nost |ikely hypothesis,
this mechani sm of energy absorption in tissues should not be
considered to the exclusion of all others. The paraneters of
internal field strength and duration should al so be taken into
account. Basic protection limts can be expressed in pernissible
current densities; derived protection limts can be expressed as
exposures to external nmagnetic fields, where field strength,
frequency, orientation of the body, and duration of exposure need
to be specified. Refinenents may include field gradi ent val ues,
partial body exposure, etc. |nduced eddy currents in organs cannot
be neasured, at present, under any practical conditions.
Therefore, the only protection quantities that can be used to
assess exposure to time-varying rmagnetic fields are the field
strength distribution in time and space.

2.3. Measurenent of Magnetic Fields

During the last thirty years, the neasurenent of magnetic
fi el ds has undergone consi derabl e devel opnment. Progress in
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techni ques has made it possible to devel op new nethods of
neasurenent as well as to inprove old ones. Sone of the incentive
for considerabl e devel opnent in magnetic nmeasurenent techni ques has
ari sen because of the necessity to accurately neasure nmagnetic
fields that often vary in both space and tine in large particle
accel erators. The rapid devel opnent of plasnma physics as well as
that of astronautics has created new demands for magnetic field
measur enent s.

A description of the nbst comon neasuring techni ques follows,
together with a conparison of their advantages and linitations.
Further details can be found in WIIlianmson & Kauf man (1981),
Grandol fo & Vecchia (1985a), and Stuchly (1986).

The two nost popul ar types of nagnetic field probes are a
shiel ded coil and a Hall-probe. Mst of the commercially available
magnetic field neters use one of them Recently, in addition to
Hal | probes, other seniconductor devices, nanely bipolar
transi stors and FET transistors, have been proposed as nmagnetic
field sensors. They offer sone advantages over Hall probes, such
as higher sensitivity, greater spatial resolution, and broader
frequency response.

For nmeasurenents of very weak magnetic fields, such as those
produced by endogeneous currents in biol ogical systens, other
sensors are used. These include fluxgates, optically punped
nmagnet oneters, nagnetostrictive sensors with optical fibres, and
super conducti ng quantuminterference devices (SQUIDS). These
devices are rather specialized and expensive and are not nornally
used for the measurenent of extraneous fields in bionedica
applications (Stuchly, 1986).

2.3.1. Search coils

The operating principle of a coil B-field probe can be
expl ai ned by considering a closed | oop of a conductor with area A
imMmersed in a quasi-static, uniformmagnetic field of flux density
B, and angul ar frequency onega(= 2 pi f), as shown in Fig. 1 (Conti,
1985).

An el ectronotive force (EMF) is induced in the loop (and a
current (1) will flow) as a consequence of changes in the magnetic
flux PH (B) through the area A, in accordance with the follow ng
| aw.

d
EMF = -- PHI(B) (1)
dt
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ﬁ= ﬁn sin wwrt

P EMF o 1

EMF=-4 g§.= —wrh Bg oos wt

Conducting loop in power fregquency B-—field.

If the vector B = B, sin onega t is assuned to be uniform and
to have its direction perpendicular to the plane of the | oop, the
EMF is given by the follow ng rel ati onshi p:

d
EMF = - -- (A Bysin onega t) = onmega B, A cos onega t (2)
dt

Equation (2) shows that neasurenent of induced el ectronotive
force provides a neasure of the B-field strength.

For a | oop of many turns, the EMF given by Equation (2) wll
devel op over each turn and the voltage (V) will increase
accordingly. The induced current has been assunmed to be so smal
that the opposing B-field generated by | can be ignored.

There is no theoretical limt on the frequency of operation of
coils as sensors, except for the loop size. |In practice, factors
such as the electric field perturbation and the pick up by the
| eads connecting the loop to the metering device require
nodi fications of the sensor design

A single coil has a directional spatial response
characteristic, and has to be rotated to obtain a maxi num readi ng
to determ ne the actual nagnitude and direction of the field.

Al ternatively, a probe consisting of three nmutually perpendicul ar
coils can be desi gned.

2.3.2. The Hall probe

The nost commonly used method in field mapping is the Hal
probe. Wen a strip of conducting material is placed along the G
axis in a coordinate system Qy,, with a current | running in the
direction Q  while a magnetic field Bis applied in the direction
Q, at right angles to the surface of the strip, a potentia
difference appears in the direction O, between the two sides of the
strip.

The Hall effect can be explained as the result of the action
exerted on the charge carriers by the magnetic field, which forces
them sideways in the strip. Thus, electric charges appear on the
sides of the strip and, as a result, a transverse Hall electric
field is created.

Several factors set |limts on the accuracy obtainable, the nost
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serious being the tenmperature coefficient of the Hall voltage.

Anot her conplication can be that of the planar Hall effect, which
makes the neasurenment of a weak field component normal to the plane
of the Hall plate problematical, when a strong field conmponent is
present parallel to this plane. Mny possible renedi es have been
proposed, but they are all relatively difficult to apply. Last,

but not least, is the problemof the representation of the
calibration curve since the Hall coefficient varies with the
magnetic field.

The neasurenent of the Hall voltage sets a limt of about 0.1
nl on the sensitivity and resolution of the neasurenent, if
conventional direct current excitation is applied to the probe.
The sensitivity can be inproved considerably by using alternating
current excitation. Higher accuracy at low field strengths can be
achi eved by using synchronous detection techniques for the
neasurenent of the Hall voltage.

Hal | plates are usually calibrated in a magnet in which the
field is measured simultaneously using a nucl ear nmagnetic resonance
probe. A well designed Hall-probe assenbly can be calibrated to an
accuracy of 0.01% (Gernmain, 1963).

2.3.3. Nuclear nmmgnetic resonance probe

Nucl ear magnetic resonance (NVR) is the classical nethod of
neasuri ng the absolute value of a nagnetic field.

If a charged particle possessing an angul ar nmonentum vector, J,
is placed in a constant magnetic field B, the magnetic nonent, u
of the particle becones orientated with respect to B. The vectors
J and u are proportional, u = ganma J where gamm is the
gyromagnetic ratio of the particle considered. In a quantum
nechani cs description, this orientation can only be such that the
component of J along B is equal to nh/2pi, where m= x(I - k),
| is the spin of the particle, and k is an integer smaller or
equal to I. Thus, mcan take on several discrete values, each
giving a different orientation for J and u. Each of these
orientations of uin the nagnetic field corresponds with a
different energy level, where these levels differ in energy by
DELTA E = B gammua h/ 2pi

If a sanple containing a |arge nunber of particles, either
el ectrons or protons, is irradiated with photons of the right
frequency, upsilon, such that h upsilon, = DELTA E, an exchange of
energy occurs. As a result of photon absorption, particles in the
sanple junp fromthe |lower to the higher energy level. The
principle of the NVR neasurenent technique is to determ ne the
resonant frequency of the test specinmen in the nagnetic field to be
measured. It is an absol ute neasurenent that can be made with very
great accuracy. The measuring range of this method is from about

102 to 10 T, without definite limts.

In field measurenents using the proton nmagnetic resonance
met hod, an accuracy of 10°% is easily obtained with sinple

apparatus and an accuracy of 10°° can be reached with extensive
precautions and refined equiprent.

The inherent shortconmng of the NVR nethod is its limtation
to fields with a |l ow gradient and the |ack of information about
the field direction.

2.3.4. Personal dosineters
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A personal dosinmeter suitable for nonitoring exposures to
static and time-varying magnetic fields has been devel oped by
Fujita & Tenforde (1982). Using thin-filmHall sensors that record
magneti c i nduction (B) along three orthogonal axes, the tine rate
of change of the nagnetic induction (dB/dt) is determ ned for
val ues of B recorded during consecutive sanpling intervals. The
paraneters stored by the dosineter include the average and peak
val ues of B and dB/dt during a preset tine interval, and the nunber
of times that specified threshold |evels of these paraneters are
exceeded. An audible alarm sounds when B or dB/dt exceeds a preset
threshold level. This personal dosineter is battery operated, and
is capabl e of recording nmagnetic field exposure throughout an 8-h
wor ki ng day. A mcroprocessor-controlled field dosineter for
nmoni tori ng personal exposures to power-frequency magnetic fields
has been devel oped by Lo et al. (1986). This dosineter uses
el ectrically-shielded, 500-turn copper coils and synchronous
detector circuits for field nmeasurenents along three orthogona
axes. For 60-Hz fields a nmeasurenment accuracy of 1 - 2%is
achi eved over the range of magnetic flux densities from5 nT to
60 uT (rms).

3. NATURAL BACKGROUND AND MAN- MADE MAGNETI C FI ELDS
3.1. Natural Mgnetic Fields

The natural magnetic field consists of one conponent due to the
earth acting as a permanent nmagnet and several other snall
conponents, which differ in characteristics and are related to such
i nfluences as solar activity and atnospheric events (Al eksandrov et
al ., 1972; Pol k, 1974; Benkova, 1975; Grandolfo & Vecchia, 1985b).
The earth's magnetic field originates fromelectric current flowin
the upper layer of the earth's core. There are significant |oca
differences in the strength of this field. At the surface of the
earth, the vertical conponent is maximal at the magnetic poles,
amounting to about 6.7 x 10°° T (67 uT) and is zero at the nagnetic
equator. The horizontal conponent is nmaximal at the magnetic
equator, about 3.3 x 10°° T (33 pT), and is zero at the magnetic
pol e.

The naturally occurring time-varying fields in the atnosphere
have several origins, including diurnally varying fields of the
order of 3 x 108 T (0.03 uT) associated with solar and | unar
i nfl uences on ionospheric currents. The largest tine-varying
at nospheric nmagnetic fields arise intermttently fromintense
solar activity and thunderstorns, and reach intensities of the
order of 5 x 1077 T (0.5 uT) during | arge magnetic storns.

About 2000 thunderstorns are occurring sinultaneously over the
globe with lightning striking the earth's surface about 16 tines
per second; the currents involved may reach 2 x 10° A at the |eve
of the earth (Kl einmenova, 1963). El ectromagnetic fields having a
very broad frequency range (froma few Hz up to a few MHz)
originate the nonment |ightning strikes and propagate over |ong
di stances influencing the nmagnitude of magnetic fields.

Superi nmposed on the nagnetic fields associated with irregular

at nospheric events is a weak tinme-varying field resulting fromthe
Schumann resonance phenonenon. These fields are generated by

i ghtni ng di scharges and propagate in the resonant atnospheric
cavity fornmed by the earth's surface and the | ower boundary of the
i onosphere.

The characteristics of the time-varying conponents of the
natural magnetic field can be summari zed as fol | ows:
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(a) The magnetic flux densities from5 to 10 x 108 T are
at pul sation frequencies from0.002 to 0.1 Hz.

(b) The geomagnetic pulsations up to 5 Hz are of short
duration, lasting froma few mnutes to a few hours.

(c) The magnetic flux densities of the field decrease
with increasing frequency from10 T at 5 - 7 Hz to
100 T at 3 kHz.

3.2. WMan- Made Sources

The static and tine-varying nmagnetic fields originating from
man- made sources generally have much higher intensities than the
naturally occurring fields. This statenent is particularly true
for sources operating at the power frequencies of 50 or 60 Hz
(e.g., home appliances), where fields occur that are many orders of
magni tude greater than the natural fields at the sane frequencies
O her man-made sources are to be found in research, industrial and
medi cal procedures, and in several other technologies related to
energy production and transportation that are in the devel opnent al
stage (Denetsky & Al ekseev, 1981; Stuchly, 1986; Tenforde, 1986b).
A list of applications of magnetic field technologies is given in
Tabl e 4.

Table 4. WMagnetic field technol ogi es?

Ener gy technol ogi es

Ther nonucl ear fusion reactors

Magnet ohydr odynani ¢ syst ens

Super conducti ng magnet energy storage systens
Super conducti ng generators and transm ssion |ines

Research facilities
Bubbl e chanbers
Super conducti ng spectroneters
Particle accelerators
| sot ope separation units
| ndustry
Al um ni um producti on
El ectrol ytic processes
Producti on of nmagnets and nagnetic naterials
Transportation
Magnetically levitated vehicles

Medi ci ne

Magneti c resonance
Ther apeutic applications

a From Tenforde (1986b).

3.2.1. Magnetic fields in the honme and public prem ses

3.2.1.1 Househol d appliances

Some conmon el ectrical appliances and the typical nagnetic
fields near themare listed in Table 5. In a survey of nmagnetic
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fields around al nbst 100 different 60-Hz househol d appli ances,

levels fromO0.03 uT to 30 pT were neasured at a distance of 30 cm
At approximately 150 cm fromthe
the | evel

fromthe device (Gauger

1984

).

appl i ance produci ng the highest magnetic field,
Background magnetic field flux densities in

fallen to about 0.5 uT.

the honmes where the fields from appliances were neasured,
between 0.05 to 1 uT (Tell

1983; Male et al.,

had

r anged
1984; Stuchly,

1986) .
Table 5. Magnetic flux densities at 60 Hz near various appliances
in the USA?
Appl i ance Magnetic flux density (uT) at distance z

z = 3cm z = 30 cm Zz = 1m
Can openers 1000 - 2000 3.5 - 30 0.07 - 1
Hair dryers 6 - 2000 <0.01-7 <0.01-0.3
El ectric shavers 15 - 1500 0.08 - 9 < 0.01 - 0.3
Sabre and circular saws 250 - 1000 1- 25 0.01 - 1
Drills 400 - 800 2 - 3.5 0.08 - 0.2
Vacuum cl eaners 200 - 800 2 - 20 0.13 - 2
M xer s 60 - 700 0.6 - 10 0.02 - 0.25
Fl uorescent desk | anps 40 - 400 0.5 - 0.02 - 0.25
Gar bage di sposal s 80 - 250 1-2 0.03 - 0.1
M cr owave ovens 75 - 200 4 - 8 0.25 - 0.6
Fl uorescent fi xtures 15 - 200 0.2 - 0.01 - 0.3
El ectric ranges 6 - 200 0.35 - 4 0.01 - 0.1
Portabl e heaters 10 - 180 0.15 - 5 0.01 - 0.25
Bl ender s 25 - 130 0.6 - 0.03 - 0.12
Tel evi si on 2.5 - 50 0.04 - 2 < 0.01 - 0.15
El ectric ovens 1- 50 0.15 - 0.5 0.01 - 0.04
Cl ot hes washers 0.8 - 50 0.15 - 3 0.01 - 0.15
I rons 8 - 30 0.12 - 0.3 0.01 - 0.025
Fans and bl owers 2 - 30 0.03 - 4 0.01 - 0.35
Cof f ee nmmkers 1.8 - 25 0.08 - 0.15 < 0.01
Di shwasher s 3.5 - 20 0.6 - 3 0.07 - 0.3
Toasters 7 - 18 0.06 - 0.7 < 0.01
Crock pots 1.5 - 8 0.08 - 0.15 < 0.01
Cl ot hes dryers 0.3 -8 0.08 - 0.3 0.02 - 0.06
Refrigerators 0.5- 1.7 0.01 - 0.25 < 0.01

a From Gauger (1984).
3.2.1.2 Transnmission |lines

The magnetic field beneath hi gh-voltage overhead transm ssion
lines is mainly transversed to the line axis (Fig. 2). The nmaxinmm
flux density at ground | evel nay be under the centre line or under
the outer conductors, depending on the phase rel ationship between
the conductors. Apart fromthe geonetry of the conductor, the
maxi mum magnetic field strength is determ ned only by the magnitude
of the current. The maxi num magnetic flux density at ground | eve
for a double-circuit 500 kV overhead transmission |line systemis
approximately 35 uT per kil oanpere. The field at ground | eve
beneath a 765-kV, 60-Hz power line carrying 1 kA per phase is

15 pT (Scott-Walton et al., 1979). The magnetic flux density
decreases with distance fromthe conductor to values of the order
of 1 - 10 uT at a lateral distance of about 20 - 60 mfromthe
line, as shown in Fig. 2 (Lanbdin, 1978; Zaffanella & Deno, 1978).
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for 230-EV and 5300-kEV double circuit lines, and a possible design for a
future 1100-k¥V line. From: Lee et al. {1982}

3.2.1.3 Transportation

Several countries are currently designing and testing prototype
vehicl es that are suspended and gui ded by magnetic forces. |If
successful, the magnetically-levitated vehicle could offer high-
speed public transportation (roughly 200 - 400 kmh), with greatly
reduced | evels of noise and pollution, conpared with conventiona
nodes of transportation.

The technical problenms of magnetic levitation are consid-erable
and include the presence of large fringe nagnetic fields within the
passenger conpartnent. |n some designs, the field level at the
fl oor of the passenger conpartnment may be 50 - 100 nil, and
estimates of the field at the location of a passenger's head range
from6 to 60 nT (Hassenzahl et al., 1978). The magnetic fl ux
density within the passenger conpartment can be significantly
reduced by several procedures and it may be possible to achieve a
5- to 10-fold reduction in the magnetic field levels to which
passengers are exposed.

3.2.1.4 Security systens

Different security systenms have been devel oped for personne
identification or for electronic surveillance against theft in
libraries and shops. Such devices operate at frequencies rangi ng
between 0.1 and 10 kHz. Identification is achieved when a person
passes through the coil carrying an identification tag or articles

bearing a nmagnetic strip. The naxi mum nagnetic flux generated by
the coil is about 1 nl at the ground.

The maxi mum magnetic flux for wal k-through netal detectors used
at airports is below 0.1 nil, and they have frequenci es of operation
bel ow 1 MHz.

3.2.2. Magnetic fields in the work-place

3.2.2.1 Industrial processes

Qccupati onal exposure to nagnetic fields cones predom nantly
fromworking near industrial equipnent using high currents. Such
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devi ces include various types of welding machi ne, el ectroslag
refining, various furnaces, induction heaters, and stirrers.
Details of surveys of magnetic field strengths in industria
settings are given in Table 6. Surveys on induction heaters used in
i ndustry perforned in Canada (Stuchly & Lecuyer, 1985), in Pol and
(Ani ol czyk, 1981), and in Sweden (Lo6vsund et al., 1982), show
magnetic flux densities at operator |ocations ranging fromO0.7 pT
to 6 nl, depending on the frequency used and the distance fromthe
machine. In their study of magnetic fields fromindustria
el ectro-steel and wel di ng equi prent, Loévsund et al. (1982) found
that spot wel di ng machi nes (50 Hz, 15 - 106 kA) and | adl e furnaces
(50 Hz, 13 - 15 kA) produced fields up to 10 nil, at distances up to
1 m In the production of alumniumusing a Soderberg cell, the
final reduction process may lead to static field exposures of about
40 nir.
Table 6. Cccupational sources of exposure to nmagnetic fields
Sour ce Magnetic fl ux Di st ance Ref er ence
densities (nT) (m

VDTs up - 2.8 x 10°* 0.3 Stuchly et al. (1983)
Wl di ng arcs 0.1- 5.8 0- 0.8 Lovsund et al. (1982)
(0 - 50 Hz)

| nduction heaters 0.9 - 65 0.1-1 Lovsund et al. (1982)
(50 - 10 Hz)

50-Hz Ladl e 0.2 - 8 0.5 -1 Lovsund et al. (1982)
furnace

50-Hz Arc up - 1 2 Lovsund et al. (1982)
furnace

10- Hz I nduction 0.2 - 0.3 2 Lovsund et al. (1982)
stirrer

50-Hz Electroslag 0.5 - 1.7 0.2 - 0.9 Lovsund et al. (1982)
wel di ng

Sour ce Magnetic fl ux Di st ance Ref er ence
densities (nT) (m

El ectrol yte 7.6 (nean) oper at or Marsh et al. (1982)
process position

(0 - 50 Hz)

| sot ope 1- 50 oper at or Tenforde (1986¢)
separation position

(static fields)

In the course of studies on the health of workers in industries
using electrolytic processes, Marsh et al. (1982) found that the
nean static magnetic field | evel at operator-accessible |ocations
was 7.6 nT and the maxi mumwas 14.6 ml. Ti me-wei ght ed-average field
exposures were calculated to be about 4 and 11.8 nil for the nean
and maximum field |l evels, respectively.

Vyal ov (1974) characterized the average nagnetic field | evels
to which Soviet workers in permanent nagnet production plants were
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exposed. He found that the static nagnetic field at the | evel of a
worker's hands was typically 2 - 5 nil. At the level of the chest
and head, the field was generally in the range of 0.3 - 0.5 nfl.

3.2.2.2 Energy technol ogi es

H gh static magnetic field strengths may be encountered around
new and devel opi ng technol ogi es used for energy production and
storage, such as magnet ohydrodynam c systens, superconducting
magneti ¢ energy storage systens, and thernonucl ear fusion
(Tenforde, 1986b).

The t hernmonucl ear fusion process involves the conbination of
two light nuclei to forma heavier nucleus with a resultant rel ease
of energy. Various nethods can be used to confine an ignited
pl asma, including high-intensity nmagnetic fields. It is now
generally believed that fields as high as 9 - 12 T will be required
for the sustained magnetic confinenent of an ignited pl asna.

Fringe fields up to 50 nT will exist at |locations within the main
reactor building in areas accessible to operations personnel
Al'though only a limted nunber of scientists and naintenance
personnel woul d norrmally be expected to enter fields of this
intensity, it is expected that they will do so for brief periods
during nornmal reactor operation.

Power generation by magnet ohydrodynam ¢ (MHD) separati on of
i oni ¢ charges has been studied as a potential means for increasing
the net power output of a gas- or coal-fired electric power
facility. To a first approximation, a typical MID generator can be
represented as a magnetic dipole with a | arge net nonment of

approxi mately 8000 MA x nf (Hassenzahl et al., 1978). The field

| evel at a distance of about 50 mfromthe device would then be
approximately 10 nT and the field |l evel would fall below 0.1 nrl
only at distances greater than 250 m

3.2.2.3 Switching stations and power plants

Typi cal values for the magnetic flux density at work-pl aces,
near overhead lines, in substations, and in power stations (16,
2/ 3, 50, 60Hz) range up to 0.05 nil (Krause, 1986).

3.2.2.4 Research facilities

Sel ected groups of workers in research |aboratories may be
exposed to high magnetic field strengths, particularly near bubble
chanbers and particle accelerators

During the | ast three decades, bubble chanbers have played a
major role in the study of high-energy nuclear reactions. The
bubbl e chanber is contained within a sol enoi dal magnet operating at
field levels up to approximtely 3 T.

At the location where an operator changes the fil mcassettes,
the field is estimated to be approximately 0.4 - 0.5 T at foot |eve
and about 0.05 T at the level of the head. The film changing
procedure requires 5 min to conplete, and is carried out
approximately three tinmes per day, i.e., once per 8-h work shift
(Tenforde, 1986b).

Li near accel erators and synchrotrons have found applications
in nearly every scientific field, including such areas as hi gh-
ener gy physics, nuclear chem stry, cancer radiotherapy, and
i sot ope production for research and nedicine. The scale of these
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devices ranges froma few netres to several kilonetres. Sinmlarly,
the focusing and beam extracti on nmagnets used in various

accel erator designs differ widely in field strengths and in the
magnetic field profile. Although high nagnetic fields may be
present near accel erator nmagnets, personnel are sel dom exposed to
these fields, because of exclusion fromthe high ionizing radiation
zone surroundi ng the beamline.

3.2.2.5 Video display termnals

The use of conputers with screen-based output units or video
display termnals (VDT) grows at an ever increasing rate. VDT
operators have expressed concerns about possible effects from
em ssions of |lowlevel radiations. Magnetic fields (frequency 15 -
125 kHz) as high as 0.69 A/m (0.9 pT) have been neasured close to
the surface of the screen (Bureau of Radiol ogical Health, 1981)
under worst-case conditions. This result has been confirned by nmany
surveys (Roy et al., 1984; Repacholi, 1985a). |In a conprehensive
revi ew of nmeasurenents and surveys of VDTs by national agencies and
i ndi vi dual experts, it was concluded that there are no radiation
em ssions from VDTs that woul d have any consequences for health
(Repacholi, 1985a). There is no need to performroutine radiation
nmeasurenents since, even under worst-case conditions, the em ssions
are well below any international or national standards.

3.3. Magnetic Fields in Medical Practice

3.3.1. Diagnosis, nmagnetic resonance inmaging, and netabolic studies

Magneti c resonance (MR) imagi ng used for diagnostic purposes
i nvol ves both static and tinme-varying magnetic fields. M inmaging
applied to living tissues provides a promni sing new techni que for
nedi cal imaging with high spatial resolutions (Budinger &
Lauterbur, 1984). 1In this technique, nuclear magnetic nonents are
aligned by the application of a static magnetic field (B,), and
undergo a precessional notion around the field direction with a
Larnmor frequency characteristic of each nucleus (section 2.3.3).
When a radi ofrequency (RF) field with a matching frequency is
applied transverse to the direction of B,, a resonant energy
absorption occurs. The return of the nagnetic spin state to
equilibriumfoll owi ng resonant energy absorption is characterized
by two relaxation tines, T, and T,. The T, paraneter is called the
spin-lattice relaxation tinme, and reflects the |local tenperature
and viscosity in the vicinity of the magnetic nuclei. The T,
paraneter is called the "spin-spin" relaxation tine, and reflects
the Il ocal magnetic field resulting fromthe nucl ear nonents of
nei ghbouring nuclei. Both the T, and T, relaxation times provide
informati on that can be converted into contrast differences in NWR
i mges of tissue-proton density. The intensity of the radiated
signal reflects the tissue concentration of nmagnetic nuclei such as
protons, 3¥C, 2°Na, 3!P, and *°K. The sel ective detection of
different nmagnetic nuclei is possible, because of their different
characteristic resonant frequencies at a given magnetic field
strength.

The decay of a MR signal occurs with a characteristic tine
variation that conveys detailed information about the |oca
envi ronnment of the nmagnetic nuclei. In proton MR inages, |arge
contrast differences can be observed between regions of tissue that
have significantly different water or lipid contents. Various MR
i magi ng met hods have been devel oped that are able to denobnstrate
di fferences between normal and pathol ogi cal regions of the sane
ti ssue (Crooks & Kaufman, 1983). Principles and applications of
magneti ¢ resonance techniques in nmedicine can be found in Mansfield
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& Morris (1982), Foster (1984), and Mat hur (1984).

In addition to use as an i maging techni que, MR spectroscopy
based on **C and 3P signals can provide unique infornmation on
ti ssue netabolism For exanple, 3P MR spectroscopy has been shown
to give quantitative informati on on phosphate netabolismin the
heart, liver, kidney, brain, and nuscle tissue.

The present generation of MR inaging devices, used in clinica
practice, enploy stationary nagnetic fields with intensities
ranging from0.3 T to about 2 T and RF fields with frequencies up
to 100 MHz (the proton resonant frequency in a 2 T field is 85.15
MHz). In addition, weak spatial gradients of the stationary
magnetic field (about 0.001 T/m are used to define the tissue
| ocation of MR signhals. The gradient direction is rapidly swtched
fromone projection axis to the next in order to reconstruct the

entire i mage of the specinen. These rapidly sw tched gradi ent
fields produce a tinme-varying magnetic field within the tissue
volume. In the MR inmaging devices that are currently in existence,
the maximumtime rate of change of the nmagnetic field is normally
about 1.5 T/second, but nmay be considerably higher in a few
speci al i zed devi ces.

The feasibility of using static magnetic fields with strengths
greater than 2T is being explored as a neans of increasing the
signal -to-noise ratio in MRimages. |n addition, the use of higher
fields could significantly reduce the tine required to obtain
chem cal shift images, which provide high-resolution informtion on
the spatial distribution of 3P nuclei and protons associated with
tissue water and fat.

3.3.2. Therapy

Patients suffering frombone fractures that do not heal well or
unite have been treated with pul sed nagnetic fields (Bassett et
al ., 1974, 1977, 1982; Mtbreit & Manyachin, 1984). Studies are
al so being conducted on the use of pul sed magnetic fields to
enhance wound healing and tissue regeneration

Various devices generating nmagnetic field pulses are used for
bone grow h stinulation. A typical exanple is the device that
generates an average magnetic flux density of about 0.3 nT, a peak
strength of about 2.5 nil, and induces peak electric field strengths
in the bone in the range of 0.075 - 0.175 V/ m (Bassett et al.

1974). Two different pulse patterns are used: a quasi-rectangul ar
pul se of 250 - 400 ps duration with a secondary pul se of opposite
polarity of 20 ps width, and a repetition rate of 40 - 77 Hz; and a
train of pulses with a duration of 2.5 nms and a repetition rate of
5- 20 Hz (Fig. 3). Near the surface of the exposed linb, the

devi ce produces a peak magnetic flux density of the order of 1.0 nrl
causi ng peak ionic current densities of about 10 to 100 mA/nf (1 to
10 pA/cnf) in tissue. These ionic currents perturb cell function

even though nost of the current flows around the cell in the
extracel lul ar space (Pilla, 1979; Beltrane et al., 1980; Pilla et
al., 1983). Applications of magnetic field devices in nedicine are

rapi dly expanding. Further information can be obtained in the
nonogr aph edited by Bistolfi (1983). Magnetic fields are being
widely used in the USSR for various therapeutic applications
(Bogol yubov, 1981).
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Time-varying pulsed magnetic fields {dE/dt)}
in bone—-growth stimulation and fracture

repair. PT = pulse train; 5P = single pulse.
From: Bogolyubow {1981}

4. MECHANI SM5 OF | NTERACTI ON

A broad spectrum of interaction nechani sns can occur between
magnetic fields and living tissue. At the |level of macronol ecul es
and | arger structures, interactions of stationary nagnetic fields
wi t h bi ol ogi cal systens can be characterized as el ectrodynamni c or
magnet omechanical in nature. El ectrodynamc effects originate
through the interaction of nagnetic fields with electrolyte flows,
| eading to the induction of electrical potentials and currents.
Magnet onechani cal phenonena include orientational effects on
macr onol ecul ar assenblies in honogeneous fields, and the
transl ati on of paranmagnetic and ferronagnetic nol ecul ar species in
strong gradient fields. Magnetic fields that are tinme-varying al so
interact with living tissues at the nmacroscopi ¢ and nicroscopic
| evel s to produce circulating currents via the nechani sm of
magneti c induction. The theory behind each of these interaction
mechani sms wi Il be described in this section

At the atomic and subatonic |evels, several types of nagnetic
field interactions have been shown to occur in biological systens
(Cope, 1971, 1973, 1978, 1981). Two such interactions are the
nucl ear magnetic resonance in living tissues described earlier and
the effects on electronic spin states and their rel evance to
certain classes of electron transfer reactions described in this
section.

O her interaction nmechanisns that are being studied at the
present tine are discussed at the end of this section. Recent
reviews of the theoretical bases for magnetic field interactions
i ncl ude those of Bernhardt (1979, 1986), Schulten (1982, 1986),

Pi rusyan & Kuznetsov (1983), Abashin & Yevtushenko (1984), Swi cord
(1985); Tenforde (1985a,c, 1986a,d), Kaune (1985), Frankel (1986),
and Tenforde & Budi nger (1986).

4.1. Static Magnetic Fields

4.1.1. El ectrodynam ¢ and nagnet ohydrodynani c i nteractions

Steady flows of ionic currents interact with applied stationary
magnetic fields via the well known Lorentz force |aw (equation 3):

F=q (v x B) (3)

where F is the net force exerted on a charge q nmoving with velocity
v, and B is the nagnetic flux density. The termv x B represents a
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vector cross-product. |In the case of electrolytes flow ng through
channel s (e.g., blood vessels), the interaction of an applied
magnetic field with ionic charge carriers under steady-state
conditions will result in a local force on the charge carriers of
magnitude q v B sin THETA where THETA is the angl e between the
direction of charge notion and the nagnetic field. This force will
be perpendicular to both the magnetic field and the direction of
current flow, i.e., the induced field, E, is transverse to both

v and B. This phenonenon, which is the basis of the Hall effect in
solid state materials, is also relevant to biological processes that
i nvol ve el ectrol yte fl ow.

An interesting exanmple of the role of magnetically-induced
electrical potentials in a biological systemis the geo-nmagnetic
direction-finding nmechani smused by el asnobranch fish, including
the shark, skate, and ray (Kalmjn, 1974, 1978, 1981, 1984; IIlinsky
& Brown, 1985). The heads of these animals contain long jelly-
filled canal s known as the anpullae of Lorenzini, which have a high
el ectrical conductivity simlar to that of seawater. As the fish
swi ms through the earth's nmagnetic field, a small vol tage gradient
is induced in the canals, which is detected by the sensory
epithelia lining the terminal anpullary region. The induced
electric field, which can be detected at levels as low as 0.5 pVv/ m
(Kalmijn, 1982), has a distinct polarity that is dependent on the
relative orientation of the geonmagnetic field direction of sw mi ng.
In this way, the marine el asnmobranchs use the -(v x B) fields
induced in their anpullary canals as a directional conpass.

A second exanpl e of induced electric potentials is provided by
bl ood flow in the presence of an applied static nmagnetic field.
For the specific case of a cylindrical vessel with a dianeter (d)
and the local electric field strength (E), the magnitude of the
i nduced potential PSI, is given by equation 4:

PSI = |E|d =|v||Bld sin THETA (4)

The exi stence of nmagnetically-induced bl ood flow potentials in
the central circulatory systens of several species of manmal s has
been denobnstrated experinentally. These induced potentials can be
conveni ently studied from el ectrocardi ogram (ECG records obtai ned
with surface el ectrodes. The ECG signal in the T-wave regi on shows
a substantial augnentation in the presence of magnetic fields and
this phenonenon is conpletely and i mredi ately reversible on
term nation of the exposure. Based on its tenporal sequence in the
ECG record, the increased anplitude of the T-wave in nmagnetic
fields has been attributed to the superposition of an induced
potential associated with pulsatile blood flowinto the aortic
vessel. This effect is illustrated in Fig. 4 and discussed in nore
detail in section 5. The occurrence of a change in the ECGis an
excel l ent exanpl e of a physical effect of an applied magnetic field
that does not result froma biological response to the field.

For a man with a peak blood flow rate of 0.63 ms and an aortic
dianeter of 0.025 m the predicted nmaxi nrumval ue of the aortic fl ow
potential is 16 nV per tesla (Mansfield & Morris, 1982). The
actual potential across the cardiac nuscle fibres would be nuch
smal ler, so that the threshold change in cardiac potential required
to initiate depolarization of cardiac nmuscle nay not be reached,
even in magnetic fields of a fewtesla. However, the induced
potential differences can be significant in cases where the
excitation stinmulation or conduction of excitation is inpaired.
This is one of the reasons why, in recommendations for the safe
nmedi cal use of magnetic resonance equi pnent where a field of nore
than 2 T is used, nmonitoring of cardiac and circulatory function of
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the patient is reconmended (Bernhardt & Kossel, 1984, 1985).
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Schematic diagram of the aortic
blood—flow induced by an
external magnetic field and
superimposed on the normal

electrocardiogram. A, and A,
denote the approximate time at
wrhich the aortic valwve opens

and closes. From: Tenforde (19847}

Potential differences may al so be induced by nmoving cross
sections in a nmagnetic field, e.g. by cardiac contractions. In
theory (Bernhardt & Kossel, 1984), a field strength of 0.1 VVmor a
current density of about 10 - 20 mA/nf per tesla is induced in
cardiac nuscle. A large current density in the vicinity of the
heart may cause ventricular fibrillation. However, the threshold
magnetic field strengths for the induction of effects on cardiac
function, including alteration of excitation or inpulse conduction
are not known.

Anot her bi ol ogi cal process involving ionic flows that are
subject to electrodynamic interaction with an applied magnetic
field is the conduction of electrical inpulses in nerve tissue.
Wkswo & Barach (1980) have cal cul ated that a magnetic field
strength of 24 T could produce a deflecting force on nerve ionic
currents equal to one tenth of the force that they experience from
interaction with the electric field of the nerve nmenbrane. A
theoretical nodel suggests that magnetic fields with flux densities
of 2 T or less should not produce any neasurabl e change in the
conduction velocity of nerve inpulses. This conclusion is supported
by experinental data (section 5).

Theoretical anal yses of magnetic field interactions with nerve

ionic currents have al so been nmade by Val entinuzzi (1965) and

Li bof f (1980). Liboff has raised the interesting question of

whet her tinme variations in the magnetic flux |linkage with ion
current | oops along the nerve nenbrane could lead to significant

i nduced potentials. Due to the rotational symetry of the nerve
axon, it is expected that these induced electrical fields would
cancel . However, for the unlikely condition of highly asymetric
current | oops, Liboff (1980) suggests that applied fields of |ess

than 1 T could theoretically introduce significant perturbations in
the menbrane current flows during inpul se conduction. At present,
there are not sufficient data to test this hypothesis.

Theoretically, intracellular ionic fluxes are al so susceptible
to magnetic field interaction, but there is little experinental
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information relating to this possibility (Czerski, 1986).

4.1.2. WMagnetomechanical effects

4.1.2.1 Oientation of dianagnetically anisotropic nmacronol ecul es

A |l arge nunmber of diamagnetic biol ogical nmacronol ecul es exhi bit
orientation in strong nagnetic fields. |In general, these
macr onol ecul es have a rod-li ke shape, and nagneto-orientation
occurs as a result of an anisotropy in the nmagnetic susceptibility
tensor (*) along the different axes of rotational symetry. The
magneti ¢ nmoment per unit volume (M of these nmolecules in a field
with intensity His equal to *H. The theoretical calcul ation of
the interaction energy per unit volume has been di scussed by
Tenforde (1985a) and Frankel (1986). The rod-Ilike nolecules will
rotate to achieve a mninmumenergy in the applied nmagnetic field.
For individual macronol ecul es, the magnetic interaction energy
predicted theoretically will be small conpared to the thermal
interaction energy kT, unless enornous field strengths are used.
This fact has been denpnstrated for DNA solutions in which the
extent of nmagneto-orientation has been studied from neasurenents of
magneti cal | y-i nduced bire-fringence (the Cotton-Muton effect).
Measurenents on calf thynmus DNA (Maret et al., 1975; Maret &
Dransfel d, 1977), resulted in a degree of orientation of only 1%in
an applied field of 13 T.

Despite the weak interaction of individual nmacronol ecules with
i ntense magnetic fields, there are several exanples of
macr onol ecul ar assenblies that exhibit orientation in fields of 1 T
or less. This phenonmenon results froma sunmation of the
di amagneti ¢ ani sotropies of the individual nolecules within the
assenbly, thereby giving rise to a |large effective ani sotropy and
magnetic interaction energy for the entire nol ecul ar aggregate.
Exanmpl es of biol ogical systens that exhibit orientation in fields
of 1 T or less are retinal rod outer segnents (Chal azonitis et al.
1970; Hong et al., 1971; Vilenchik, 1982), photosynthetic systens
such as chl oropl ast grana, photosynthetic bacteria, and Chlorella
cells (Geacintov et al., 1971, 1972; Becker et al., 1973, 1978a, b;
Breton, 1974), purple nenbranes of Hal obacteria (Neugebauer et al.
1977), muscle fibres (Arnold et al., 1958), and "sickl ed"
erythrocytes (Mirayama, 1965). A nore detail ed discussion can be
found in Maret & Dransfield (1985).

Several of the physical principles underlying magneto-
ori entation phenonena have been experinentally denmonstrated for
retinal rod outer segnents. The first observation that isolated
rod outer segnents, which consist of pignmented di sc nenbranes
stacked in a regular array, will orient in a 1 T stationary

magnetic field was made in 1970 (Chal azonitis et al., 1970). The
oriented segnents are aligned with the di sc nmenbranes perpendi cul ar
to the applied field direction, which indicates that nagneto-
orientation results fromthe | arge sumred di anagneti c ani sotropy of
t he rhodopsi n phot opi gnments, as opposed to the |anellar nmenbrane
phosphol i pi ds (Hong, 1980; Becker et al., 1978b). An estimate of
the sunmed ani sotropy for the rod outer segnents can be obtai ned by
observing the kinetics of the nagneto-orientation process. The tine
for rods to rotate by 90° is predicted to be approximtely 4
seconds ina 1.0 T field (Hong et al., 1971; Hong, 1977, 1980), and
this value agrees well with experinental observations on the

ki netics of rod orientation (Chagneux & Chal azonitis, 1972;
Chagneux et al., 1977). It should be noted that the slow
orientational response of rod outer segments to an applied magnetic
field makes this nmechani sman unlikely basis for the
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nmagnet ophosphene phenonenon that is observed in tine-varying
fields.

4.1.2.2 Oientation of organisnms with permanent nmagnetic nonments

An interesting specinmen for the biophysical study of nagnetic
field interactions was provided by Bl akenore's acci dental discovery
of magnetotactic bacteria (Bl akenore, 1975). Approximtely 2% of
the dry nmass of these aquatic organisns is iron, which has been
shown by Moyssbauer spectroscopy to be predom nantly in the form of
magnetite (FesQ;) (Frankel et al., 1979). The nagnetite inclusions
are arranged as chains of approximately 20 - 30 single domain
crystals. The orientation of the net nagnetic nmonent is such that
magnetotactic bacteria in the northern heni sphere migrate towards
the north pole of the geomagnetic field, whereas strains of these
bacteria that grow in the southern hem sphere nove towards the
south magnetic pole (Bl akenore et al., 1980; Rosenblatt et al.
1982a,b). Magnetotactic bacteria that have been found at the
geomagneti c equator are nearly equal m xtures of south-seeking and
nort h-seeki ng organi sns (Frankel et al., 1981). Because of the
polarities of their nagnetic nonments, the namgnetotactic bacteria in
both the northern and southern hem spheres migrate downwards in
response to the vertical conmponent of the geomagnetic field. It
has been proposed that this downward directed notion, which carries
the bacteria into the bottom sedi nents of their aquatic environnent,
is essential for the survival of these microaerophilic organisns
(Bl akenore, 1975; Frankel et al., 1979). This phenonenon is an
i nteresting exanple of an interaction between a physical response
to a magnetic field and bi ol ogi cal environnental adaptation and
sel ection processes.

4.1.2.3 Translation of substances in a magnetic field gradient

A material with a net magnetic nmoment will experience a force
in a magnetic field gradient (spatially non-uniform nagnetic
field). As aresult of this force, paranagnetic and ferronmagnetic
materials will mgrate along the direction of the magnetic field
gradi ent .

One of the interesting applications of the magnetonechani ca
force exerted by a magnetic field gradient is the differentia
separation of erythrocytes fromwhole blood (Melville et al., 1975;
Paul et al., 1978). 1In this procedure, deoxygenated erythrocytes,

i n which the haenpgl obin is paramagnetic, are attracted to a wire
mesh with a strong gradient field and thereby separated from ot her
cl asses of blood cells. Magneto-mnechanical forces are also applied
in: surgical traumatology to fix skeleton elenents in specific
position (Yarovitsky, 1986); in designs of various intestinal and
oesophageal val ves; and for the accunul ation of drugs (in conpounds
with ferromagnetics) in specific parts of the human body. In
opht hal mol ogy, strong constant magnets are applied to extract
foreign (ferromagnetic) objects.

An inportant safety consideration is the displacenent of
metallic inclusions or inmplants in human bei ngs exposed to strong
magnetic field gradients, as this could pose a health risk (New et
al ., 1983).

4.1.3. Effects on electronic spin states

A number of organic reaction processes that involve electron
transfer via radical pair internediates are highly sensitive to
magnetic field interactions. A well-studied exanple that is
biologically relevant is the photo-induced charge transfer reaction
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that occurs in bacterial photosynthesis (Bl ankenship et al., 1977;
Werner et al., 1978; Haberhorn & M chel -Beyerle, 1979; M chel -
Beyerle et al., 1979; Hoff, 1981; Ogrodnik et al., 1982). Wthin
10 picoseconds (ps) follow ng excitation of bacteriochl orophyl
(BChl) to its first excited singlet state, a radical pair
internediate state is formed that consists of a (BChl)*? cationic

di mer and a bacteri opheophytin (BPh)™ anion. Wthin 200 ps,

el ectron transfer occurs to the ultimate acceptor, an ubi qui none-
iron conplex. However, if the acceptor nmolecule is chenmcally
reduced, the lifetinme of the radical pair internediate state

i ncreases to approxi mately 10 nanoseconds (ns). Wth an extended
lifetinme, hyperfine interactions between the nuclear and el ectron
spin magnetic nonments |ead to an interconversion of the radica
pairs between the singlet and triplet states. Under this condition
the internmedi ate state decays directly back to the singlet ground
state, or decays via a netastable triplet state. Because of the
weakness of the hyperfine interaction, the triplet states are
nearly degenerate and the el ectron spins of the radical pair

i nternedi ate can nove with nearly equal probabilities between the
singlet S, and the triplet T, and Ts; states. However, in the
presence of an applied magnetic field that exceeds approximately 10
nl, the resulting Zeeman interaction with the radical electron
spins will lift the degeneracy of the triplet state and effectively
bl ock the T.; triplet channels. Theoretically, the yield of

triplet product should be reduced by two thirds in the presence of
the external field, and this has been confirmed experinmentally by

| aser pul se excitation and optical absorption neasurenents (M chel -
Beyerle et al., 1979).

In considering the biological inplication of these studies, it
shoul d be kept in mnd that the ultimte el ectron acceptor
nol ecul es have been altered by chenical reduction and such
conditions do not normally occur in nature. However, the
possi bility cannot be excluded that simlar phenonena nay occur in
ot her radical -nedi at ed bi ol ogi cal processes under nor nal
conditions. It has been proposed, for exanple, by Schulten et al
(1978), that an anisotropic Zeeman interaction with a radica
nedi at ed reacti on systemcould provide a basis for geonagnetic
direction finding.

Magnetic field effects on organic chenical reactions in which
the splitting and subsequent reconbination of a non-excited singlet
nol ecul e involves a radical pair as a short-lived internediate
stage have al so been well docunented (Molin et al., 1979;
McLauchl an, 1981). As described above, the effect of the nagnetic
field is on the singlet-triplet transition rate of the radica
pair, thus affecting the relative proportion of reconbi nant and
escape products, by up to 30%in sone cases. The magnitude of the
response depends on the difference in the nagnetic properties of
the two radical internediates, and will be particularly enhanced in
reactions involving transition netals such as iron (Mdlin et al.
1979). These effects also increase with the lifetinme of the
radical pair. This is typically 100 ps - 100 ns in solution, but
is longer when the reacting nolecule is held in a nmicellar "cage"
or bound to an enzyne.

A number of enzyne reactions involving radical internediates
have been identified (Saunders & Cass, 1983), though the evidence
i s tenuous because they are generated and react at the enzyne
active site and their presence can only be inferred by indirect
net hods. Enzynes, the action of which nay involve radica
intermedi ates, are:

(a) Cytochrome P-450: A class of haem containing enzyme
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i nvolved in drug netabolismand steroid hydroxyl ati on;

(b) Li poxygenase: A non-haemiron enzyne that is a key
enzyne in prostaglandin and t hronboxane synthesis; and

(c) Cycl o- oxygenase: The enzyne involved in converting
arachadoni c acid to prostagl andi ns.

These enzymes all contain iron and use oxygen (&) as one of the
substrates. They can be expected to be sensitive to nagnetic
fields, if the radical reconbination is rate determning, i.e., if
the radical is relatively long-lived.

4.2. Time-Varying Magnetic Fields

In accordance with Faraday's |law, magnetic fields that vary in

time will induce potentials and circulating currents in biologica
syst ens.
pi r? dB sigma r dB
J=Esigm=------- X -- X sigm = ------- -- (5)
2 pir dt 2 dt
where J = current density (A nf)
E = induced potential (V/m

r radius of the inductive loop (m

sigma = tissue conductivity (S/m

dB = rate of change of nagnetic flux density
dt

For sinusoidal fields of frequency f, equation (5) reduces to:
J =pi r f sigma By,
where B, is the nagnetic field anplitude

Thus, the nmagnitude of the induced electric fields and current
densities is proportional to the radius of the loop, the tissue
conductivity, and the rate of change of magnetic flux density.

The dependence of the induced field and current on the radius
of the | oop through which nmagnetic flux |inkage occurs is an
i mportant consideration for biological systens. Tine-varying
fields of nobdest strength may induce significant circul ating
currents at the macroscopic | evel, but substantially smaller
currents at the cellular |evel

An inportant factor to be considered in the response of
bi ol ogi cal systens to a tinme-varying nmagnetic field is the
waveform Many different types of magnetic field waveform are used
in practice, including sinusoidal, square-wave, saw tooth, and
pul sed fields. For these fields, the two paranmeters of key
inportance are the rise and decay tines of the signal, which
determine the maximumtine rates of change of the field, (dB/dt),
and hence the maxi mum i nstant aneous current densities induced in
ti ssues. These al so depend on tissue conductivity, which is
frequency dependent and differs between tissues.

Luben et al. (1982) and Cain et al. (1984) denbnstrated in
vitro that pul sed magnetic fields, generated in pulse trains (72
Hz) or recurrent bursts (15 Hz), blocked the response of nouse
osteobl asts to parathyroid hornobne. The effects seenmed to be
nedi ated at the cell nenbrane by bl ocking receptor-adenylate
cyclase coupling in the nenbrane (Cain et al., 1985). The
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adenyl ate cycl ase and cyclic AMP systens are part of the hornone
response anplification system These effects were associated with
current densities of 10 - 100 mA nf and el ectric field strengths of
0.1 - 1V/Imin extracellular fluids. Effects at the cell nenbrane
receptor level seemto be involved in the effects of 450 Mz fields
sinusoi dal ly nodul ated at ELF frequencies on T-1ynphocyte cytotoxic
functions (Lyle et al., 1983).

Nunmerous effects resulting ELF electric fields in cells and
tissues, induced by pul sed magnetic fields, have been descri bed.
These effects include stinulation of bone growth, nerve and linb
regeneration, cell differentiation, effects on ionic fluxes and on
DNA, RNA, and protein synthesis (Sheppard, 1985). Experinental
data seemto indicate that the site of the prinmary interaction is
the cell menbrane and proposed nechani snms presune a role of the
i nduced electric field. Effects on gene expression, such as the
initiation and alteration of transcription (Goodrman et al., 1983;
CGoodman & Henderson, 1986), or effects on Escherichia coli lac
operon (Aarholt et al., 1982) nay be nediated through interaction
with the genetic apparatus (chronosones). Effects on cell nenbrane
and/ or gene expression may be responsible for abnormalities in
chi ck enmbryo devel opment described by Del gado et al. (1982) and
Ubeda et al. (1983). However, the latter studies have not been
confirnmed by Maffeo et al. (1984).

A wel | -docunent ed biol ogical effect of tine-varying nagnetic
fields is the occurrence of magnet ophosphenes. Vari ous
i nvestigations |eading to the elucidation of this phenonenon are
sunmari zed in Table 7. First observed by d' Arsonval (1896),
magnet ophosphenes are detected as a sensation of flickering |ight
induced in the eye, when it is exposed to nmagnetic fields with fl ux
densities greater than about 10 nT and frequencies greater than 10
Hz. The mininumfield strength required to produce visua
phosphenes (Fig. 5) occurs at a frequency of 20 Hz (Barlow et al.
1947b; Lovsund et al., 1979, 1980a, b; Tenforde & Budi nger, 1986).
There is evidence (Lovsund et al., 1981) to suggest that the tine-
varying magnetic field effect occurs in the photoreceptors rather
than in the post-synaptic neurons. Furthernore, Lo6vsund et al
(1980a, b, 1981) concluded fromtheir studies on volunteers that the
nmechani sns of underlying rmagnetically and el ectrically-induced
phosphenes are possibly the sane.

The idea that the magnetically-induced electric field strength
(and hence current density) in tissues is the physical quantity
determning the biological effects at the cellular |evel has been
pursued by Bernhardt (1979, 1985). He used el ectrophysi ol ogi ca
data in order to find "safe" and "hazardous" current densities and
to define corresponding nmagnetic field strengths. The problemis
the correlation of the internal current densities with the externa
magnetic field strengths. Bernhardt (1985) concluded that, using
his calculations, it was possible to estimate the current density
| evel s within one order of nmmgnitude. Satisfactory agreenent of
theoretical predictions with data on the threshold for
magnet ophosphene perception in human vol unteers was obtai ned
(Bernhardt, 1985). This was established to be between 2 and 10 nT
(for frequencies greater than 10 Hz).

Table 7. Magnet ophosphene studies

Ref er ence Princi pal findings
d' Arsonval (1896) Initial report of nagnetophosphenes produced by a
42-Hz field
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Thonpson (1909-10)

Dunl ap (1911)

Magnusson &
Stevens (1911-12)

Barl ow et al.
(1947a, b)

Sei del
(1968)

et al.

Lovsund et al.
(1979-81)

Table 7. (contd.)

Silny (1981);
Ber nhar dt (1985)

Budi nger et al.
(1984a)
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Descri bed nagnet ophosphenes produced by a 50-Hz
field as a colourless, flickering illum nation that
is nost intense in the peripheral region of the eye

Denonstrated t hat nagnet ophosphenes produced by a
25-Hz field are nore intense than those produced by
a 60-Hz field of conparable intensity

Denonstrated the producti on of nagnet ophosphenes by
pul sed DC fields as well as by tinme-varying fields
with frequencies from?7 to 66 Hz; observed strongest
magnet ophosphenes with fields oscillating at 20 - 30
Hz

Denonstrated threshold field intensity of 20 nir
(rms) at 30 Hz, and showed that the threshold for
magnet ophosphenes is relatively insensitive to back-
ground illum nation conpared with that for el ectro-
phosphenes; characterized "fatigue" phenonenon with
a 60 Hz magnetic field applied for 1 min, which was
followed by a refractory period of 40 s, during

whi ch a second phosphene coul d not be elicited,
denmonstrated that nmagnetic fields nust be applied in
the region of the eye to produce phosphenes, and
that sensitivity is abolished by pressure applied to
the eyebal |

observed conparable |ight patterns associated with
visual stimulation by ELF electric and nagnetic
fields, but found different probabilities of occur-
rence of certain types of phosphene patterns

Anal ysed threshold field intensity for production of
magnet ophosphenes over frequency range of 10 - 45
Hz; denpnstrated nmaxi num sensitivity to a 20-Hz
field; studied effects of dark adaptation, back-
ground illum nation, and visual defects on sensi-
tivity to magnet ophosphenes; conpared threshold
stimuli required to produce el ectrophosphenes and
magnet ophosphenes; characterized changes in el ectro-
physi ol ogi cal responses of isolated frog retinas
exposed to ELF magnetic fields

Princi pal findings

Found mininumtinme rate of change for magneto-
phosphenes in sinusoidal fields at 17 Hz to be
0.3 T/s

Found mininumtime rate of change of pul sed magnetic
field to be 1.3 - 1.9 T/s to produce nagnet o-
phosphenes
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Anot her potentially inportant target of ELF magnetic field
interactions is the nervous system From a consideration of the
naturally occurring fields in the central nervous system Bernhardt
(1979) concluded that magnetic fields in the 1 - 100 Hz frequency
range, which can induce current densities in tissue of approximtely
1 mVnf or |ess, should not have a direct effect on the brain's
electrical activity. The strength of a 60-Hz nagnetic field that
woul d i nduce a peak current density of this magnitude in the
crani um of a human subj ect was calculated to be about 0.5 nil
(Tenforde, 1985a).

In a careful study on hunman perception to 60 Hz nagnetic
fields, Tucker & Schmtt (1978) did not find any significantly
perceptive individuals anong nore than 200 subj ects exposed to a
field with an anplitude of 2.1 nil. Several behavioural tests on

nm ce exposed to a 60-Hz magnetic field that induced a peak current

density approaching 1 md¥ nf in the peripheral cranial region al so
yi el ded negative findings (Davis et al., 1984). The results of
these studi es suggest that ELF magnetic fields nmust have
significantly greater amplitudes than the theoretically cal cul ated
threshold values in order to perturb aninmal behaviour. However, it
is inportant to recognize the inherent deficiencies of a sinple
theoretical nodel that treats the central nervous systemas a
regi on of uniformconductivity. |In addition, the induced current
in a loop of maximumradius at the brain's surface nmay not be the
rel evant paraneter to consider in predicting the response to ELF
magnetic fields. The regions of the central nervous systemthat

m ght be responsive to these fields nmay have significantly snaller
di mensions than the entire cranium Thus, a large increase in the
ELF magnetic field strength woul d be necessary to evoke a

nmeasur abl e el ectrical and/or behavioural perturbation

It is reasonable to suppose that these effects result fromthe
interaction of the induced electric fields and currents with the
menbranes of nerve and nuscle cells, thereby causing changes in the
electrical excitability of these cells in the same way as naturally
occurring or directly applied electric fields.
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The perneability to ions of the nerve (and nuscle) cel
menbr anes depends on the menbrane potential. It is this voltage-
dependent perneability that gives the cells the property of being
electrically excitable. Wen an electric field is applied, various
charged side-groups of certain proteins enbedded in the nenbrane
change their configuration, thereby causing a | arger structura
change in the protein as a whole. In this new conformation, ions
are able to pass through the menbrane by binding tenporarily with
the protein nolecule at various sites, thus "hopping" through the
nmenbrane. |n any area of a nenbrane, there are a | arge nunber of
"gating" nolecules, and the effect of an induced electric field may
involve an alteration in the proportion of gates that are open
This type of interaction could significantly influence menbrane
permeability.

In addition, there is a specific type of protein nolecule for
each species of ion, permtting different ionic responses to the
same electric field. Thus, in response to a depolarizing electric
field, there is a large increase in Na® pernmeability in the
menbrane of a nerve cell tending to depolarize the cell further
This event is followed by a slower change in K" perneability and an
i nactivation of the Na* channel, resulting in a repolarization
I nduced fields sufficient to exceed a threshold depol arization
value can result in an action potential that is capable of
stimulating other excitable cells. These effects are well
understood. ELF magnetic fields inducing such | arge depol ari zations
may result in nerve stinulation or nuscle contraction, or even in
fibrillation. ELF nagnetic fields inducing weak electric fields
may al so interact with, or nodul ate, nervous systemactivity in a
manner that is |less well understood. However, these interactions
can produce changes in electrical excitability. Such interactions
may be involved in, for exanple, magneto- or el ectrophosphenes.

The ELF field interactions described above exhibit frequency-
dependent threshol ds characteristic of nervous tissue, and have
been well docurmented by Bernhardt (1979, 1985). This frequency
dependence is very inportant when relating experinental results
obt ai ned using high frequencies or very short pulses to effects
anticipated at 50/60 Hz, at |least as far as acute responses are
concerned. The main factors governing this dependence are
acconmmodation and ionic nobility. As a result, there is a
characteristic U shaped dependence of threshold current density on
frequency, with the | owest values for npbst nervous tissues
occurring between 10 Hz and 100 kHz. At |ow frequencies, the
effects of accommpdati on predom nate, which is thought to be
related to the slow inactivation of the Na* channel. At higher
frequencies, the tine available during each cycle for ions to
m grate across the menbrane, an all or nothing event, becones
[imting; direct electrical excitation gives way to heating
sonewher e between 100 Hz and 300 kHz.

It should be noted that the theoretically calculated field
intensities at 20 Hz for stinulating the visual systemare only
slightly lower than the perception threshold for magnet ophosphenes
(Bernhardt, 1985). Wth regard to "hazardous val ues" and the upper
limt of the field strength that leads to injury, the ultinmate
criterion for the definition of injury may be the initiation of
heart fibrillation. The threshold for extra-systole induction at
60 Hz is estimated to be above 300 ml for stimulation tinmes of 1
second or longer, and the threshold for ventricular fibrillation is
hi gher by a factor of 3 - 5 (Bernhardt, 1985). For shorter
exposure tines, higher field strengths are necessary to produce
sim | ar biological effects.
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Silny (1986) neasured the stinulation threshold of the heart in
8 dogs exposed to tine-varying magnetic fields. He converted the
threshol ds found in dogs to the equival ent threshol ds expected in
human beings. Fromhis data, the fibrillation threshold for the
human heart was estimated to be 1 T at 50 Hz, for nagnetic fields
acting perpendicular to the body axis.

4.3. O her Magnetic Field Interactions Under Study

The transduction nechani smfor ELF nagnetic fields described in
section 4.2 is supported by experinental data for electrically
excitable tissues. For other biological effects observed with ELF
fields that induce smaller current densities (below the Ievel that
could significantly affect the cell nmenbrane potential), other
transducti on nechani sns have been proposed. For exanple, changes
in cell-surface receptor nol ecules and in ion binding to nmenbrane
surfaces have been reported to occur, as a result of exposure to
ELF magnetic fields. It has been proposed that the pericellular
currents induced by an ELF field may produce el ectrochemn ca
alterations in conponents of the cell menbrane surface. These
events, in turn, send signhals across the cell nenbrane barrier that
produce alterations in intracellular biochem cal and physiol ogi ca
functions. This hypothesized schene of transductive coupling

bet ween i nduced electric currents in the extracellular nmedi um and
the intracellular events occurring in living cells is illustrated
schematically in Fig. 6.

ELF field

-

Induced electric currents
in pericellular fluids

+ : :
Long-range cooperative Electrocherical events Losalized events in sell
phenomena in cell ot ool merabrane 1'mz-11'-1]-'1II:\J:'-:,u.nv:-E-EJ =284 teffetcts
membranes, = g M rfoce leadinz to Y o ':'rrlnin‘? receptors;
coherent electric oscillations tronsmembrone sienals oo SFClolron resonanoe
in meacromolecules; soliton £ interactions in membrane
QT EE pores

-

Effects on cell
biochemistry and
functions

FProposed mechanisms of ELF magnetic field interactions at cell surfaces.

From: Tenforde & Eaune {in press).

The key elenent in the sequence of events through which
externally applied ELF fields influence cellular properties is the
transductive signalling event within the cell nmenbrane. Nunerous
theoretical nodels have been proposed for the transnmenbrane
signalling process (or processes) that are triggered by induced
pericellular electric currents (Adey, 1980, 1981, 1983). 1In the
broadest sense, these hypothesi zed nmechani sms can be grouped into
two general classes:

(a) long-range cooperative phenonena established within
the matrix of glycoproteins and |ipoproteins that
constitute the cell menbrane; and

(b) localized events occurring at specific |igand-binding
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sites (receptors) at the outer nenbrane surface, or
events occurring within ion-selective channel s that
span the nenbrane and el ectrically couple the
intracel lular and extracellular fluids.

These cl asses of phenonena are depicted by the boxes at the left
and right sides of Fig. 6 and will be discussed separately.

4.3.1. Long-range cooperative phenonena in cell nenbranes

The electric fields induced in tissue by externally-applied
| owanplitude ELF el ectromagnetic fields are several orders of
magni tude | ess than the voltage gradi ent that exists across the
living cell menbrane. It has therefore been proposed that the
cellular response to external ELF fields may involve an
anplification process in which a weak electric field induced in the

extracellular fluid acts as a "trigger" for the initiation of |ong-
range cooperative events within the cell nenbrane (Adey, 1981).

The basic prem se underlying this theoretical concept is that the
cell menbrane exists in a nmetastable, non-equilibriumstate that
can be significantly perturbed by a weak el ectrical stimulus.
Various physical nodels of such interactions have generally treated
the cell nenbrane as a lattice in which nonlinear oscillations are
establi shed by weak electrical (or electrochemical) stimuli. These
oscillations are anplified by the collective excitation of patches
of menbrane nol ecul es that extend over a significant portion of

the cell surface. The stored energy resulting fromthis collective
node of nol ecular excitation is then released as netabolic chem ca
energy through the activation of ion punps or enzymatic reactions
within the nmenbrane (Frohlich, 1968, 1977; G odsky, 1976, 1977,
Kaczmar ek, 1977; Lawence & Adey, 1982, 1983; Adey, 1983).

4.3.2. Localized interactions of external ELF fields with
cell nenbrane structures

Recent experimental evidence and theoretical nodels have given
support to the concept that the interactions of ELF el ectronagnetic
fields with living cells occur at specific loci on the cel
nmenbrane. |In many ways, this concept is nore attractive than the
hypot hesi zed | ong-range nmenbrane interactions descri bed above.
Apart fromthe abstract nature of such theories, the concept of
| ong-range interactions that involve a large fraction of the cel
menbrane surface is generally feasible only for el ectronagnetic
fields with frequencies well above the ELF range. Recent
theoretical efforts have therefore focused on the possibility that
weak ELF field interactions could significantly alter either
i gand-receptor interactions at the nenbrane surface, or the
transnenbrane novenent of electrolytes. Theoretical and
experinmental developnments in this area include the foll ow ng:

(a) Li gand-receptor interactions

Chiabrera et al. (1984) proposed a nodel of nenbrane
interactions in which a microel ectrophoretic notion induced in
the cell nmenbrane by weak ELF electric fields influences the
aver age di stance between charged |igands and the cell-surface
receptors to which they are bound. |In this theoretical nodel
the effect of the inposed electric field is to decrease the
nean |ifetime of the |igand-receptor conplexes on the nmenbrane
surface. The authors propose that this effect could influence
various bi ol ogi cal phenonena such as the activation of

| ynphocytes by antigens and various lectins. An ELF field
interaction of this type could also influence the gating
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nmechani sns that control the nenbrane transport of various types
of cations such as cal ci um

(b) Conbi ned static and ELF field interactions

Sone experinmental evidence suggests that ion cyclotron
resonance effects could occur between ELF fields and static
magnetic fields with intensities conparable to that of the

geomagnetic field. Briefly summarized, it has been reported
that magnetic resonance conditions influence the dielectric
properties and growh rate of yeast cells (Jafary-Asl et al.
1982), the rate of |ysozynme reaction with a cell nenbrane
substrate (Jafary-Asl et al., 1982), the behaviour of rats in a
timng discrimnation task (Liboff et al., 1985), and the rate
of calciumion release fromthe surfaces of brain cells exposed
invitroto lowintensity electromagnetic fields (Bl acknman et
al ., 1985a,b). The first two of these biological effects were
clainmed to occur in response to conventional nuclear magnetic
resonance conditions under which the static field intensity and
the frequency of the electromagnetic field were related by the

Larnor rel ationship for various nuclei, including 'H 2%Na,
81p, 350, and *°K (Jafary-Asl et al., 1982). In a third study
(Li boff et al., 1985), reversible changes in rodent timng

behavi our were observed when rats were sinultaneously exposed
to a horizontal 60-Hz magnetic field and a vertica
magnetostatic field with a flux density of 26 uT. This

conbi nation of static field intensity and oscillating field
frequency satisfies the cyclotron resonance conditions for
[ithiumions, which are thought to exert neuropharnacol ogi ca
effects. In the fourth study (Blackman et al., 1985b), a
generalized rel ati onship was derived between the biologically
effective electromagnetic field frequency and the static
magnetic field flux density. This relationship established a
proportionality between the frequency of the oscillating field
and the static magnetic field flux density nultiplied by an

i ndex, (2n + 1), where n = 0 or 1.

Li bof f (1985) proposed that these weak interactions, which
i nvol ve energy transfer fromthe external field that is 8 orders of
magni tude | ess than the Boltzmann thermal energy (kT), could
neverthel ess inpart kinetic energy to ions, such as cal cium noving
through transnenbrane channels. The theoretical argunent was nade
by McLeod & Liboff (1986) that ion channels provide an environnent
in which danping effects on ion notion due to collision may be
reduced relative to the high collision frequencies that exist in
bul k aqueous nedia. Neverthel ess, a sinple calculation indicates
that, under the various experinmental conditions described above,
the induced electric field within ion transport channels is of the
order of 102 V/m This field level is 2 orders of nmgnitude |ess
than the Nyqui st thernoel ectric noise present in nenbrane channels
(Bawi n & Adey, 1976). Overall, the experinmental data that suggest
a possible role of cyclotron resonance effects on ion binding to
menbrane surfaces and on cation transport through cell menbrane
pores are intriguing, but there is a clear need for refinenents in
the theoretical description of this phenonenon and to substantiate
the experinmental results.

5. EXPERI MENTAL DATA ON THE BI OLOG CAL EFFECTS OF STATI C MAGNETI C FI ELDS
In this section, the aimis to present a review of experinental
observations on the biological effects of exposure to nagnetic

fields, and to relate themto data presented in the preceding
section, in which the nechanisns of interaction were discussed.
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Enpirical observations for which no theoretical explanations are
avai l abl e, at present, will be pointed out, and an attenpt will be
made to identify gaps in know edge. The data di scussed here were
sel ected on the basis of their relevance for the assessnent of
health risks. Thus, nmany papers have been onitted fromthe

di scussi on.

Several conprehensive sources of experinental data on the
bi ol ogi cal effects of magnetic fields are available. dder results
have been collected in tw volunmes edited by Barnothy, MF., ed.
(1964, 1969) and the nonograph by Khol odov (1966, 1974); nore
recent results can be found in the report of the American Institute
of Biological Sciences (1985). Sone recent reviews include those
prepared by Bogol yubov (1981), Khol odov (1982), Schulten (1982),
Gal aktionova et al. (1985), Sidjakin (in press), Tenforde (1979,
1985a, b, c, 1986a), and Tenforde et al. (1985). Valuable information
and extensive bibliographies can be found in review papers by
Budi nger (1979, 1981), Budinger & Collander (1983), Persson &
St ahl berg (1984), and Tenforde & Budi nger (1986), which address the
bi ol ogi cal effects of magnetic fields in the context of the safety
of magnetic resonance imaging and in vivo spectroscopy.

Al the above reviews are concerned with potential risks for
human health from exposure to magnetic fields of a strength greater
than that of the geomagnetic field. This docunment does not dea
with magnetic fields of a strength bel ow that of the geomagnetic
field. However, readers interested in this aspect are referred to
revi ews by Nakhil'nitskaya et al. (1978) and Kopanov & Shakul a
(1985).

The organization of this section will follow the order of
i ncreasi ng biological conplexity of the system studied.

5.1. Ml ecular Interactions

Research on magnetic field interactions with biol ogica
nol ecul es has led to a diversity of findings as exenplified by the
results of studies on various enzynes sunmari zed in Table 8. A
total of 15 reports has appeared in which the reaction rates of 17
different enzynes were studied during exposure to stationary
magnetic fields over a broad range of field strengths, and with
wi dely varying exposure times, reaction tenperatures and pH | evel s,
and conditions of field uniformty. Overall, 58% of the
experinental studies showed no effects of the field exposure, while
33% and 8% of the tests showed increases and decreases,
respectively, in the rate of enzyme reactions in the exposed
samples relative to controls. As discussed earlier in section 4,
in certain systens, such as enzynes that involve radica

i nternedi ate stages as part of their reaction pathways, it mght be
anticipated that the reaction would be sensitive to the presence of
a magnetic field. However, for several other enzyme systens there
i s no obvious physical mechanismthat could explain the observed
magnetic sensitivity at the field intensities that were used. It
is interesting to note, for exanple, that Cook & Snith (1964) found
that the activity of trypsin increased by up to 23% during a 2-h
exposure to a 0.8-T field, whereas Vajda (1980) and Nazarova et al
(1982) did not observe any change in enzyne activity during
exposures of 2-8 h duration in a 1.4-T field. Furthernore,
Nazarova et al. (1982) found that trypsin activity was not affected
by a 2.5 h exposure to a 10-T field, and Rabi novitch et al

(1967a, b) did not observe any change in trypsin activity either
during a 9 mn exposure to a 22-T field, or following a 3.7 h
pretreatment of the enzyme in a 20.8-T field.
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Anot her aspect of the data presented in Table 8 that nerits
comrent is the finding in two different |aboratories of an increase
in the reaction rate of the nmetall oenzyne catal ase in response to
exposure to a nmagnetic field (Haberditzl, 1967; Vainer et al.

1978). Vainer et al. (1978) reported that the reaction rate of
catalase varied linearly with field between 0 and 0.8 T, increasing
by 20% at 0.8 T. The action of this enzyne may involve a radica

i nternedi ate state which, as discussed in the preceedi ng section

m ght be anticipated to exhibit nagnetic sensitivity. Severa

other biologically inportant enzynes that nmay have radica
internediate steps in their pathways include the cytochronme P-450
enzynes, which are involved in steroid hornone netabolism and

| i poxygenase and cycl o- oxygenase, both of which are involved in the
synt hesi s of prostaglandi ns (Saunders & Cass, 1983). Further
studi es on these enzyne systems woul d provide useful insight into
whet her enzynatic pathways that involve radical internediate states
exhibit sensitivity to a stationary nmagnetic field, with possible
consequences for cellular and tissue functions (Schulten, 1986).

A wel | -studi ed mechani sm by which static magnetic fields can
i nfl uence macronol ecules is through a magneto-orientational effect.
As discussed in section 4, this phenonenon produces neasurable
effects on single nolecules, only at field strengths greater than
10 T. Various nmacronol ecul ar assenblies, such as retina
phot opi gnments, can be oriented in fields of less than 1 T.
However, at present, there are no data suggesting that nagneto-
orientation of these various macronol ecul es exerts profound effects
on vital nenbrane, cellular, or tissue function. For exanple,
manmal i an vi sual functions have been found to be unaffected by
static magnetic fields up to 1.5 T (Gaffey & Tenforde, 1984).

Table 8. Magnetic field effects on enzyne systens

Enzyme Appl i ed Ef fect on Ref er ence
field enzyne
strength activity
(tesla)
Acet yl chol i nest erase 1.7 i ncrease Young (1969)
Al cohol dehydrogenase 1.4 none Mul ler et al. (1971)
Al dol ase 17 none Rabi novitch et al
(1967a, b)
Aspar agi nase 1.7 i ncrease Shi shl o (1974)
bet a- gal act osi dase 1 none Thomas & Morri s
(1981)
Car boxydi snut ase 2 i ncrease Akoyunogl ou (1964)
Cat al ase 6 i ncrease Haberditzl (1967)
Cat al ase 0.8 i ncrease Vai ner et al. (1978)
Cyt ochrone oxi dase 1.3 i ncrease CGorczynska et al
(1982)
DNase 0.3 i ncrease Konol ova et al
(1972)
G umati c dehydrogenase 7.8 decrease Haberditzl (1967)
Hi sti dase 1.7 decr ease Shi shl o (1974)
Lacti c dehydrogenase 1.4 none Mul ler et al. (1971)
Per oxi dase 17 none Rabi novitch et al
(1967a, b)
RNase 17 none Rabi novitch et al
(1967a, b)
RNase 4.8 none Maling et al. (1965)
RNase 1.4 none Mul ler et al. (1971)
RNase 0.3 none Konol ova et al
(1972)
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Succi nat e- cyt ochr one-C

reduct ase 4.8 none Maling et al. (1965)
Trypsin 0.8 i ncrease Cook & Smith (1964)
Trypsin 20.8 none Rabi novitch et al

(1967a, b)
Trypsin 10 none Nazarova et al
(1982)
Trypsin 1.4 none Vaj da (1980)
Tryosi nase 17 none Rabi novitch et al
(1967a, b)

5.2. Effects at the Cell Leve

The results of a nunmber of studies conducted in the 1960s and
earlier suggested that exposure to stationary fields mght lead to
physi ol ogi cal , norphol ogical, and growh abnornalities at the
cellular level (Barnothy, MF., 1964, 1969). Degenerative changes
such as pycnosis (Miulay & Miul ay, 1961; Pereira et al., 1967),
decreased DNA synthesis (D Souza et al., 1969) and growth
i nhibition (Gerencer et al., 1962; Butler & Dean, 1964) were noted
for various types of nornmal and tunour cells. |In contrast to these
observations, a |large nunber of nore recent studies using nmagnetic

field intensities and exposure tinmes that were equal to or greater
than those used in the earlier work have failed to produce effects
on cell growth (Montgonery & Smith, 1963; Hal pern & Greene, 1964;
Hall et al., 1964; Rockwell, 1977; Iwasaki et al., 1978; Frazier et
al., 1979, Nath et al., 1980). It is also interesting to note that
early reports (Barnothy, J.M, 1964; Goss, 1964) of in vivo
tumour growth inhibition by stationary nmagnetic fields have not
been replicated in other studies (Eiselein et al., 1961; Chandra &
Stefani, 1979). Al of the studies nentioned above were perforned
under different exposure conditions and thus are difficult to
conpar e.

Malinin et al. (1976) reported that exposure of human W- 38
fibroblasts and murine L-929 cells to a 0.5-T field for 4-8 h at

4 °K led to subsequent growth inhibition conpared with controls, when

the cells were thawed and cultured at 30 °C. The exposed cul tures
al so appeared to undergo norphol ogi cal transformation and to | ose
sensitivity to contact inhibition of cell division in long-term
cultures. These observations were |ater shown to be the result of
usi ng unconventional culture techniques in which control cells were
subcultured at 5- to 6-day intervals, while cultures grown from
exposed cells were only passaged at 28- to 45-day intervals. Wen
Frazier et al. (1979) used sinmilar culture techni ques, they were
able to replicate, in unexposed cultures of W-38 and L-929 cells,
t he norphol ogi cal transformation that had been reported by Malinin
et al. (1976) to result frommagnetic field exposure. Thus, the
results of Malinin et al. (1976) should be discounted in an

eval uati on of nmagnetic field effects on cell cultures.

Al t hough the preponderance of avail abl e experinental evidence
i ndicates that stationary nagnetic fields with intensities up to 2
T exert little influence on cell growh properties, there are
potential nechani sns, discussed by Tenforde (1985b), by neans of
whi ch effects might occur. These include:

(a) Enzymatic pathways that contain radical internedi ate stages
and may be sensitive to the presence of strong nagnetic
fields;

(b) The redistribution of paramagnetic oxygen nolecules in the
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presence of a strong magnetic field gradient (Aceto et al.
1970). The magnet onechani cal novenent of di ssol ved oxygen
in an aqueous medi um has been denonstrated experinentally
(Lyu et al., 1978; Ueno & Harada, 1982), but, as yet, there
are no clear tests of the potential biological consequences
of this effect.

As the lanellar phospholipids of cell nenbranes are

di amagnetically ani sotropic, the orientational effect of an
appl i ed magnetic field exceeding approximately 0.1 - 1 T
could significantly perturb menbrane transport properties
(Labes, 1966). |In support of this proposal, direct

evi dence has been obtained for nmagnetic field effects on
the di ffusional properties of liquid crystals (Teucher et
al ., 1971; Hakem & Labes, 1974, 1975). Using neasured

val ues for the anisotropic diamagnetic susceptibility of
nodel phosphol i pi d nmenbranes (Boroske & Helfrich, 1978),

it can be estimated fromtheoretical considerations that
the magnetic interaction energy within a typical cel
menbrane will exceed the Boltzmann thermal energy, KT, in
stationary fields greater than approxinately 0.5 T
(Tenforde, 1985b). At sufficiently high nagnetic field
intensities, a perturbation of nenbrane properties m ght
therefore be expected to occur, with possible consequences
for other cellular functions.

The sensitivity of cell nenbranes to magnetic field
interactions may be greatest at phase transition
tenperatures (Amer, 1965; Aceto et al., 1970). This

hypot hesis is based on the concept that perturbations

i ntroduced by relatively weak magnetic interactions should
be anplified near a phase transition tenperature at which
nmenbrane properties undergo abrupt changes. Sone indirect
support for this hypothesis was obtained from studi es on
thermal | y-i nduced devel opmental failure in flour beetles
(Anmer, 1965), in which higher tenperatures were required to
elicit devel opnental wing abnornalities in the presence of
a strong nmagnetic field. More direct evidence for nenbrane
sensitivity to static nagnetic fields at phase transition
tenperatures has recently been obtained (Liburdy et al.
1986; Liburdy & Tenforde, 1986). These investigators
observed changes in the perneability of |iposone bilayer
nmenbr anes conposed of saturated phospholipids, when the

| i posomes were exposed to static magnetic fields at
tenperatures in the prephase transition region from40 to
40.7 °C. At temperatures of |ower than 40 °C or higher than
40.7 °C, no effects on |iposone nmenbrane transport were
observed in fields as high as 7.5 T.

5.3. Effects on Ogans and Ti ssues

Exanpl es of manmmalian tissue and organ alterations that have
been observed followi ng magnetic field exposure include changes in:

(a)

(b)

(c)

bl ood and bone marrow cel | ul ar conposition (Barnothy
et al., 1956; Barnothy & Sunegi, 1969a,b; Nakagawa et
al . 1980; Corchonskaya, 1984);

serum chem stry (Nakagawa et al. 1980; Tvildiani et

al . 1983);
m crocircul ati on (Denetsky et al., 1979; G ohmann et
al ., 1986)
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(d) thronbocyte coagul ati on (Rusyayev, 1979);

(e) electrolyte balance in blood, urine, and various
ti ssues (Hanneman, 1969; Markuze et al., 1973;
Tvildiani et al., 1981);

(f) functional and structural properties of various
organs and tissues (Reno & Nutini, 1963, 1964;
Tor opt sev, 1968; Gal akti onova & Strzhi zhovsky, 1973;
Bucking et al., 1974; Wrdsworth, 1974; Khol odov &
Shi shl o, 1980; Strzhizhovsky et al., 1980; Rabi no-
vitch et al., 1983; Strzhizhovsky & Mastryukova
1983) ;

(g) imune response (Pautrizel et al., 1969; Kandil &
El ashmawy, 1981); and

(h) endocrine regulation (Klinovskaya & Masl ova, 1981
1983; Friedman & Carey, 1972).

Wth the exception of one study on endocri ne changes
(KlI'i novskaya & Masl ova, 1983), all of the reported alterations in
ti ssue and organ properties were observed at static magnetic field
| evels below 1 T. These observations are therefore difficult to
reconcile with the growi ng body of evidence that the devel opnent,
growt h, and honeostatic regulation of nmamals is not significantly
af fected by prol onged exposure to fields of this nagnitude.

Many of the experinental reports have been based on studies
with small nunbers of exposed and control subjects, and often no
attenpt has been nade by the investigators to replicate their
experinental results. Furthernore, the nmagnetic field exposure

conditions frequently have not been well docunmented. In sone
studi es, inadequate controls were used, such as the use of cage-
control animals, instead of sham exposed controls. |In this case

effects attributed to nagnetic fields nay have occurred in response
to stresses inposed by other factors, such as adaptation to new
caging conditions, differences in anbient tenperature, sound

| evels, lighting conditions, and so forth. There have been few
attenpts to verify the findings of tissue and organ effects through
i ndependent replication in other |aboratories. In the few cases

where such attenpts have been nmade, the original results have not
been successfully replicated. For exanple, the early reports
(Barnothy et al., 1956; Barnothy & Sunegi, 1969a,b; Nakagawa et

al ., 1980) of haematopoietic alterations have not been confirmed in
other studies (Eiselein et al., 1961; Nahas et al., 1975; Viktova
et al., 1976; Battocletti et al., 1981). Sinilarly, earlier
reports (Pautrizel et al., 1969; Kandil & El ashmawy, 1981) that
magnetic fields alter the i nmune status of exposed subjects have
not been confirnmed by Bellossi (1983) or in nore recent studies
designed to test hunoral and cell-nmediated i Mmunity in mce exposed
for 6 days to a 1.5-T stationary magnetic field (Tenforde &
Shifrine, 1984).

It should be added that, where effects have been identified,
efforts have sel dom been nade to expl ore the consequences for other
rel ated end-points, as a nmeans of verifying the previous findings.
Furthernmore, only a few studi es have addressed nagnetic field
effects on tissues and organs using classical anatom cal and
physi ol ogi cal methods. |In view of these considerations, the

exi stence of deleterious effects of static nmagnetic fields on
ti ssue and organ functions nust, at present, be considered as
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quest i onabl e.
5.4. Effects on the Crculatory System

The occurrence of magnetically induced potentials associated
with blood flowin the aorta (Fig. 4, section 4.1) has been
denonstrated on el ectrocardi ogram (ECG recordings fromrats
(Gaffey & Tenforde, 1981), rabbits (Togawa et al., 1967), dogs and
baboons (Gaffey & Tenforde 1979; Gaffey et al., 1980), and nonkeys
(Bei scher & Knepton, 1964; Beischer, 1969; Tenforde et al., 1983)
exposed to static magnetic fields (Fig. 7). The primary change in
the ECGin the field is an alteration of the signal anplitude at
the Il ocus of the T-wave. The repolarization of ventricular heart
muscl e, which gives rise to the T-wave, occurs in the normal ECG at
approximately the sane tine in the cardiac cycle as the ejection of
blood into the aorta. It is therefore reasonable to expect that
the flow potential induced by the magnetic field is superinposed on
the T-wave.

GRS
500 uv Bl T
tb 20 ms= J\J_LA_J\_HA
g0 mm Hg (&) Pre-exposure control
t’ 20 s m
{BEY B = 0.32 tesla
m
{C) B = 0.62 tesla
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{0 B =1.07 tesln
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Electrocardiograom and arterial blood pressure of a
monkey exposed to static magnetic fields {B} up to
1.5 T. An increase in T-wawe amplitude {Fig. 4} is

observed, but no changes in the arterial pressure
are demonstrable. From: Tenforde % Budinger {1986).

Fromthe theoretical discussion in section 4, four predictions
can be nade regarding the induced blood flow potential and the
associ at ed magnet ohydr odynami ¢ effects:

(a) an induced flow potential should have a |inear
dependence on the applied nmagnetic field strength;

(b) the magnitude of the potential should be a function

of the orientation of the aninmal relative to the
field direction;
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(c) the induced potentials observed in the ECG shoul d
increase with the size of the aninal

(d) the resultant magnet ohydrodynam c effects should be
smal | .

In the follow ng section, experinental data will be described
that relate to these predictions.

5.4.1. Linear relationship of induced flow potential and nmagnetic
field strength

Experinmental tests of the linear relationship between the
magnet i cal | y-i nduced aortic blood flow potential and the applied
magnetic field strength have been carried out by recording the ECG
of several species of mammals during exposure to graded field
intensities. Fromthe ECG records of rats exposed to static fields
ranging from0.1 to 2.1 T, a field-strength-dependent increase in
T-wave anplitude was observed at field levels greater than 0.3 T
(Gaffey & Tenforde, 1981). The T-wave signal increase was a linear
function of the applied field up to 1.4 T. |In dogs (Gaffey &
Tenforde, 1979), baboons (Gaffey et al., 1980), and nonkeys
(Tenforde et al., 1983), the threshold for detection of the T-wave
anplitude change was 0.1 T, and the increase in signal strength was
a linear function of the nmagnetic field up to 1 T (Fig. 7).

These data support the concept that the T-wave alteration is a
consequence of the superposition of an induced aortic blood fl ow
potential, which is theoretically predicted to have a strictly
| i near dependence on the magnetic field strength.

5.4.2. Induced flow potentials and field orientation

From theoretical considerations, it is predicted that the
magni tude and the sign of the induced flow potential should be a
function of the angle between the direction of blood flow and the
direction of the applied nmagnetic field. Consistent with this
prediction, it has been shown for rabbits (Togawa et al., 1967) and
for rats (Gaffey & Tenforde, 1981) that the anplitude of the T-wave
signal can be increased, decreased, or remmin unchanged by the
superinposed aortic blood flow potential, depending on the
orientation of the aninmal relative to the field. It has also been
denonstrated that the naxi mum change in the T-wave anplitude occurs
when the Iong axis of a rat, and hence its ascending aortic vessel

is oriented perpendicular to the field (Gaffey & Tenforde, 1981).
This observation is conpletely consistent with the theoretica
prediction that the nagnitude of the magnetically-induced aortic

bl ood fl ow potential should achieve its nmaxi num val ue when the fl ow
vector and the magnetic field vector are orthogonal

5.4.3. Dependence of induced blood flow potentials on animl size

The theoretical considerations in section 4 suggest that the
magni t ude of induced aortic blood flow potentials should be
significantly greater for large aninal species than for the rodent.
When ECG measurenents were made on animals exposed to a 1-T field,
with an orientation perpendicular to the body axis, the maxi num
aortic flow potentials recorded at the body surface were 75 pVv for
rats (average weight 0.25 kg) (Gaffey & Tenforde, 1981), 175 uV for
baboons (5 kg) (Gaffey et al., 1980), 200 pV for nonkeys (5 kg)
(Tenforde et al., 1983), and 390 pV for dogs (9 kg) (Gaffey &
Tenforde, 1979). Thus, greater nagnetically-induced bl ood fl ow
potentials were observed with |larger aninmal species, conformng to
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theoretical expectations.

5.4.4. Magnet ohydrodynanic effects

A test of potential alterations in haenodynanic paraneters as a
consequence of magnet ohydrodynami c interacti ons was nmade by
recording the arterial blood pressure of nonkeys during exposure to
honogeneous, static magnetic fields ranging from0.1to 1.5 T. The
study was conducted with an accuracy of + 2 mmHg in the recording
of systolic and diastolic blood pressures. No neasurable
alteration in bl ood pressure was observed in fields up to 1.5 T
(Fig. 7). This observation is consistent with the theoretica
predi ction that negligi ble haenodynanmic alterations result from
magnet ohydrodynanmi c interactions with blood flowin fields of |ess
than 2 T (Tenforde et al., 1983).

5.4.5. Cardiac perfornmance

Several indices of cardiac function have been studied in order
to assess the possible physiological effects of the electrica
potentials induced by an applied nagnetic field. These indices
i nclude bl ood pressure, heart rate, and the bioelectric activity of
heart nuscle. As described above, there is no neasurable
alteration in the blood pressure of nobnkeys exposed to a 1.5-T
stationary field. The heart rate and el ectrical properties of
heart muscl es have been determ ned from ECG neasurenents on rats
exposed to stationary fields up to 2.1 T (Gaffey & Tenforde, 1981),
rabbits in a 1-T field (Togawa et al., 1967), dogs (Gaffey &
Tenforde, 1979) and baboons (Gaffey et al., 1980) in fields up to
1.5 T, and monkeys exposed to fields of up to 1.5 T (Tenforde et
al., 1983) and to a 10-T field (Beischer, 1969). Significant
changes in heart rate were not observed during acute nagnetic field
exposures in any of these studies. Sinilarly, the anplitudes of
the P, Q R and S waves of the ECG were not altered, indicating
that the applied magnetic field had no effect on the depol arization
characteristics of the auricular and ventricular heart nuscle. The

data fromthese studies on various species of animals al so
indicated that no cardiac arrhythm as occurred during acute
exposures to the field | evel s studied.

These experinental observations provide evidence that little or
no cardi ovascul ar stress should result from exposure to the highest
static magnetic field |evels routinely encountered by nan.

However, this conclusion nmust be tenpered by the recognition that
no data are available in the literature relating to cardi ovascul ar
performance during protracted exposure to |large stationary nmagnetic
fields. Also, fromthe theoretical considerations discussed in
section 4, it would be anticipated that neasurabl e haenodynanic
pertubations could occur during exposure to static fields that
significantly exceed 2 T. For exanple, it has been predicted
theoretically (Tenforde, 1985a) that a 5-T field would produce a
reduction in aortic blood flow velocity of up to 7% in a hunman

adul t.

5.5. Nervous System and Behavi our

On the basis of the theoretical nopbdels described in section 4,
it is not anticipated that stationary magnetic fields with
intensities up to 2 T would produce neasurable alterations in nerve
bi oel ectric properties. The theoretical expectations agree wth
the existing experinental information on the behavi our of isolated
neurons in large static magnetic fields.
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5.5.1. Excitation threshold of isol ated neurons

Fromthe theoretical considerations of Wkswo & Barach (1980),
it can be estimated that a static magnetic field of at least 24 T
woul d be needed to reduce the velocity of action potenti al
conduction in isolated neurons by 10% The threshold for neura
excitation has been exam ned for both intact frog sciatic nerves
and single nyelinated sciatic nerve fibres during exposure to a
honogeneous, static magnetic field (Liberman et al., 1959; Gaffey &
Tenforde, 1983). In both studies, the field orientation was
transverse to the nerve axis. No evidence was obtained in these
studies of an effect of a 1-T nagnetic field on the m ni num
electrical stimulus required to evoke action potentials in either
single fibres or intact sciatic nerves.

An inportant observation that has a direct bearing on such
studi es was nmade by Gaffey & Tenforde (1983), who determined the
tenmperature coefficient of the frog sciatic nerve excitation
threshold, and found it to rise with increasing tenperature. To
obtain reliable results, it was found that the tenperature nust be
controlled to within 0.1 °C

5.5.2. Action potential anplitude and conduction velocity in
i sol at ed neurons

Several groups of investigators have studied the properties of
evoked action potentials in isolated nerve preparations during
exposure to static nmagnetic fields oriented either parallel or

per pendi cul ar to the nerve axis. Schwartz (1978) exposed the

ci rcunoesophageal nerve of the |lobster to static fields with a

maxi mum strength of 1.2 T. The nerve preparati on was maintained in
an L-shaped chanber, and the field gradient along the sections of
nerve oriented parallel and perpendicular to the field |ines were 2
and 15 T/m respectively. No effects of either the parallel or

per pendi cul ar fields, applied for periods of up to 30 mn, were
observed on the nerve conduction velocity. Gaffey & Tenforde
(1983) conducted simlar neasurenents on intact sciatic nerves
exposed to either parallel or perpendicular 2-T static fields that
wer e honogeneous to within 0.1% over the entire Iength of the
nerve. Wth both field configurations, no effects were observed
during a continuous 4-h exposure on either the anplitude or the
conduction velocity of nmaxi nal evoked action potentials. Extending
the duration of exposure to 17 h was al so found not to influence on
the i nmpul se conduction vel ocity.

Schwartz (1979) measured the nmenbrane potential s and
transmenbrane currents in | obster circunoesophageal nerves exposed
to a l.2-T stationary field. Both parallel and perpendicular field
orientations relative to the nerve axis were used in these
experinents, and the field gradients were identical to those
descri bed above in the discussion of Schwartz's studi es on nerve
conduction velocity (Schwartz, 1978). No effects of the parallel
or perpendi cul ar nmagnetic fields were observed on either the action
potentials or the transnenbrane currents during nerve excitation

In contrast to the negative results of the studies described
above, the results of two other studies have shown effects of
static magnetic fields on nerve bioelectric activity (Reno, 1969;
Edel man et al., 1979). However, Tenforde (1985b) suggested that
the apparent magnetic field effects observed in these studies are
probably attributable to a | ack of precise tenperature control, the
i mportance of which has al ready been di scussed above.
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5.5.3. Absolute and relative refractory periods of isolated neurons

Fol I owi ng the passage of a maxinmal action potential, an
i sol ated peripheral nerve enters an absolute refractory period of 1
- 2 nms duration, during which a second inpul se cannot be evoked.
Fol | owi ng the absolute refractory period, the nerve enters a
relative refractory period during which action potentials of
progressively increasing anplitude can be evoked by electrica
stimulation. After a period of approximately 4 - 6 ms, the second
action potential reaches the sane maxi mal anplitude as the inpul se
elicited by the initial stinulus, thus nmarking the end of the
relative refractory period. The characteristics of both the
absolute and relative refractory periods have been exani ned during
the exposure of frog sciatic nerves to a honmogeneous 2-T field
(Gaffey & Tenforde, 1983; Tenforde et al., 1985). Using both
paral | el and perpendicul ar configurations of the nagnetic field
relative to the nerve axis, no influence of the field was observed
on the duration of either the absolute or the relative refractory
periods. In addition, the anplitudes of inpul ses evoked during the
relative refractory period were unaffected by the magnetic field
exposure.

In summary, the majority of the experinental studies that have
been conducted to date indicate that static nagnetic fields up to 2
T have little or no influence on the bioelectric properties of
i sol ated neurons.

5.5.4. Effects of static magnetic fields on the el ectroencephal ogram

Several reports have been made of changes in brain electrica
activity during the exposure of experinental animals to static
fields ranging fromapproximately 0.1 to 9.1 T. The information is
inconsistent, at tinmes contradictory, and requires additiona
investigations before a definite judgenent can be nmde.

In a series of el ectroencephal ogram (EEG studies on squirre
nonkeys, Bei scher & Knepton (1966) observed that exposure to static
magnetic fields produced a significant increase in the anplitude
and frequency of brain electrical signals recorded bel ow the scalp
inthe frontal, parietal, tenporal, occipital, and nedian cranial
regions. Recordings of the EEG were made i n honbgeneous fields
with field strengths ranging from1.47 to 9.13 T. EEG recordi ngs
were also made in strong gradient fields. During exposures ranging
from3 to 45 mn, it was found that the predoni nant EEG frequencies
shifted fromtheir pre-exposure range of 8 - 12 Hz to 14 - 50 Hz,

i ndependently of the field intensity or honmpbgeneity. The
anplitude of the signals also increased fromthe control |evel of
25 - 50 pv to 50 - 400 pVv. These changes were uniformy observed
in the different cranial regions, which were sinultaneously
nonitored; there was no | atency in the response on application of
the field. Wen the field was renoved, both the anplitude and
frequency spectrum of the EEG signals returned to their pre-
exposure levels, indicating the transient nature of this effect.

In analysing the results of their studies, Beischer & Knepton
(1966) considered several potential sources of artifacts,
including ripple currents fromthe magnet power supply, animal
novenment s associated with heart contractions and breathing, pick-up
of stray 60-Hz fields by the EEG el ectrodes and | eads, and skel et al
nmuscle trenors. Al of these factors, except for nuscle trenors
coul d be excluded because their characteristic frequencies were
out side the frequency range observed for the predom nant EEG
signals in the presence of a static magnetic field. However, the
characteristics of the EEG tracings obtained fromnonkeys in the
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magnetic field suggest that "nyographic noise" from skel etal
nuscl es may have been superinposed on the brain electrical signals.
It is also possible that other uncontrolled factors, present only
during excitation of the magnet coils, including nechanica

vi brations, audi bl e noise, and an increased anbi ent tenperature,
could have led to an altered pattern of brain electrical activity.

In contrast to the above findings with nonkeys, Khol odov
reported that the exposure of rabbits to relatively weak static
fields (0.08 - 0.10 T) produced an EEG signature characteristic of
a general inhibitory state in the central nervous system (Khol odov,
1964, 1966; Khol odov et al., 1969). The nmmjor changes in the EEG
during magnetic field exposure were the occurrence of slow waves

and hi gh-anplitude spindles observed in the electrical activity
recorded fromdifferent regions of the brain. The phenonenon was
not uniformy exhibited in all of the tests conducted by Khol odov;
in a series of 100 field exposures on 12 rabbits, the author
observed the occurrence of spindles in 30%of the tests, and an

i ncrease in the nunber of slow waves with frequencies of |ess than
4 Hz in 19% of the tests (Khol odov, 1966). The percentage of

ani mal s exhi biting EEG responses to the field was not stated. Both
spi ndl es and sl ow waves in the EEG occurred with a | atency of
approximately 15 s after the field was turned on, and reached
maxi mum | evel s after 45 s of exposure. The increased nunber of

spi ndl es and sl ow waves persisted during exposure to a 0.1-T field
for 3 min, and decreased i mediately after the field was turned
off. However, 15 to 25 s after the exposure was term nated, a
transient increase in the nunber of spindles and sl ow waves
occurred with a duration of approximately 20 - 30 s.

Khol odov (1966) presented evidence that the EEG al terations
observed in his studies on rabbits were not artifacts resulting
fromthe induced potentials that occur during the switching on and
of f of an electromagnet. This possibility was excluded on the
basis of trials in which the magnet was energi zed and de-energi zed
at various rates, with no resulting change in the character of the
observed EEG al terations.

Khol odov (1966, 1981, 1982) al so descri bed histol ogi cal changes
in the brains of mammals exposed to static magnetic fields for
brief periods. The significance of these anatonical changes was not
clearly established. The differences in the results obtained by
Bei scher & Knepton (1966) and by Khol odov (1966) nmay be related to
the one order of mmgnitude difference between the field strengths
used in their studies. Furthernore, Battocletti et al. (1981) did
not find changes in potentials evoked by stinulation of extremties
i n rhesus nonkeys exposed to 2 T for 48 h

The positive observations nmay be expl ai ned by additive effects
on el enents of the central nervous system (Val entinuzzi, 1965).
It should be noted that no recent studies on the effects of static
magnetic fields on the bioelectric activity of the brain were found
in the published literature. |t seens that this area deserves
further study using nodern el ectroencephal ographi ¢ net hods. The
application of recordings fromsingle |locations in the brain to
elucidate the neural basis for sensitivity to magnetic cues in
pi geons (Semmet al., 1984; Semm 1986) may serve as an exanple.

5.5.5. Behavioural effects

An inherent sensitivity to the weak geomagnetic field and
correl ated behavi oural responses has been denonstrated for a nunber
of different organisns and ani nal species. |t has been well
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docunented experinentally that weak magnetic fields influence the
mgratory patterns of birds (Keeton, 1971; Emen et al., 1976;
Bookman, 1977), the kinetic novement of nolluscs (Ratner, 1976),
the waggl e dance of bees (Martin & Lindauer, 1977), the direction-
finding of elasnobranch fish (Kalmjn, 1978, 1982), and the

orientation and swimm ng direction of magnetic bacteria (Bl akenore,
1975; Bl akenore et al., 1980). The nechani sns underlying the
magnetic sensitivity of elasno-branchs and magnetotactic bacteria
have been discussed in sections 4.1.1 and 4.1.2. 2.

A precise mechani smunderlying the magnetic sensitivity of
ot her organi sms has not been el ucidated, although snall deposits of
magnetite crystals have been discovered in the crani um of pigeons
(Wal cott et al., 1979), in the tooth denticles of nolluscs
(Lowenstam 1962; Kirschvink & Lowenstam 1979), and in the
abdom nal region of bees (CGould et al., 1978). WMagnetite has been
al so reported in various anatomi cal sites in dol phins (Zoeger et
al ., 1981), tuna (Val ker et al., 1984), butterflies (Jones &
MacFadden 1982), turtles (Perry et al., 1981), nice (Mather &
Baker, 1981), and human beings (Kirschvink, 1981; Baker et al.
1983). The possible role of magnetite in the geonagnetic
di rection-finding mechani sm possessed by sone of these species has
not been established, nor is it clear for all of the mammuali an
species in which magnetite deposits have been reported to occur
(Baker, 1980; CGould & Able, 1981).

Al t hough the directional cues derived fromthe weak geonagnetic
field by certain species of animals have been denonstrated by
careful study, the possible effects of magnetic fields on the
behavi our of higher organisnms are by no neans established. Severa
studies with rodents have reported effects of static nagnetic
fields of less than 1 T on loconpotor activity and patterns of food
and water consunption (Aminev et al., 1967; Russell & Hendrick
1969; Pelyhe et al., 1973; Nakagawa, 1979; Nakagawa et al., 1980;
Shust et al., 1980). 1In contrast to these earlier reports, Davis
et al. (1984) did not observe any behavioural abnornalities in mice
exposed for prolonged periods to a 1.5-T field. The behavioura
end-points examned in this extensive study included nenory
retenti on of an el ectroshock-notivated passive avoi dance task
general |ocomotor activity, and sensitivity of the subjects to a
neur ophar macol ogi cal agent (pentylenetetrazole). Smirnova (1982)
al so did not find any behavioural effects in rats exposed to 0.3 T
or 1.6 T for 5 mn/day for 3 successive days.

The effects on primate behavi our of exposure to intense
magnetic fields was studied by Thach (1968). |In one study, 3
squirrel nonkeys (Saimri sciureus) were conditioned to respond to
a visual vigilance task and subsequently exposed to static nagnetic
fields in the core of a water-cooled Bitter nagnet. Response was
greatly suppressed by fields of 7 T or nore. A threshold seened to
exi st between 4.6 and 7 T. 1In a second study (deLorge, 1979), 8
squirrel nonkeys were trained in several operant tasks and a
simlar suppression response was observed in fields up to 9.7 T.

In addition, 2 of the nonkeys regurgitated when exposed to these
hi gher fields. Al of these effects were reported to be
repr oduci bl e.

5.6. Visual System

As discussed in section 4.2, one of the nost clearly
est abli shed magnetic field effects in biological systens is the
phenomenon of magnet ophosphenes, in which a flickering light is
produced in the visual field during exposure to time-varying
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magnetic fields.

Al t hough the phenonenon of phosphenes has not been reported by
human observers during exposure to large static magnetic fields,
there are two potential interaction mechani snms between these fields
and el enents of the retina that are involved in the visual response
to photic stinmulation. First, the photoreceptor outer segnents
are subject to orientation in a static magnetic field as the result
of their |arge diamagnetic ani sotropy (Chal azonitis et al., 1970;
Hong et al., 1971; Becker et al., 1978b; Hong, 1980). Second, the
initial photoisonerization event elicited by photon absorption in
retinal photopignments is followed by a series of ionic fluxes that
| ead to excitation of the retinal neurons, and ultinmately the
vi sual cortex via a conpl ex neural pathway. This conponent of the
phot ot ransducti on process could be influenced by static nmagnetic
fields as the result of ionic current distortion and/or inductive
effects, as discussed in section 4. However, el ectrophysiologica
studies on the retinal response to photic stinuli in cats and
nonkeys have not shown any effects of exposure to a 1.5-T static
magnetic field (Gaffey & Tenforde, 1984; Tenforde et al., 1985).

That phot oreceptors may play a crucial role in nagneto-
reception is suggested by the fact that inhibitory effects of |ow
magnetic fields on pineal nelatonin synthesis were not found in
albino rats (O cese et al., 1985) or in rats exposed to magnetic
fields in total darkness (Reuss & O cese, 1986), thus supporting
the theory of Leask (1978) that incident radiation is an inportant

factor in magnetic field sensitivity, i.e., light mght be
essential to the process of mmgnetoreception. |In contrast to rats
(both al bino and pi gnented strains), hanmsters did not respond to
magnetic stinuli, as measured by the inhibition of pineal gland

nmet abol i sm (O cese & Reuss, 1986), and species-specific differences
as well as reciprocal effects between photoreceptors and retina
pi gnents shoul d be taken into consideration

Since birds possess a direction-finding sense that appears to
be based on simultaneous detection of the earth's magnetic and
gravitational fields, Sermet al. (1984) undertook a study to
expl ore possi bl e neural nechanisns for the integration of magnetic
and gravitational cues. Leask (1977) proposed that the magnetic
field conpass was located in the retina of the bird. Thus, Semm et
al. (1984) recorded single unit electrical activity in the latera
and superior vestibular nuclei, the vestibul o-cerebellum and the
nucl eus of the basal optic root, which has a projection to the
vesti bul ar system in pigeons, under nagnetic stinmulation by fields
of about 42 pT. The responses of these cell systems were
direction-selective, i.e., different cells responded to different
directional changes in the magnetic field. The interpretation of
this was that magnetic cues may be conveyed fromthe visual to the

vestibul ar systemvia a projection fromthe basal optical root, and
then related to the novenent of the bird.

The effects of static nagnetic fields on turtle retinas in
vitro were studi ed by Raybourn (1983) (see also Tenforde et al.
1985). No changes were seen in electroretinograns (ERG from dark-
or |ight-adapted eyes during exposure to 1-T fields. However, 2-
to 3-nT fields suppressed the B-wave of the ERG in eyes prepared
during the light-to-dark adaptation phase, which lasts for about 2
h. No effects of 1.5-T fields on the ERGin cats and nonkeys were
observed (Gaffey & Tenforde, 1984; Tenforde et al., 1985), but
circadian variations were not studied. These findings have not
been interpreted. The static magnetic field strength at which
effects were noted in turtle retinas was too low to influence ionic

Page 57 of 144



Magnetic fields (EHC 69, 1987)

fluxes that occurred in the retina followi ng stinulation by |ight.
5.7. Physiol ogical Regulation and G rcadi an Rhyt hns

I n assessing the responses of living organisns to static
magnetic fields, an inportant aspect is the naintenance of nornal
honeostatic regulation. The literature on this subject is often
contradictory. For exanple, the finding by Sperber et al. (1984)
that thermoregulation in rodents is affected by strong nmagnetic
field spatial gradients, could not be replicated by Tenforde
(1986¢c). It should be noted that G emmel et al. (1984) described
changes in thernoregul ation in human bei ngs exposed to nmagnetic
fields. One of the central issues in this assessnent is whether
exposure to magnetic fields produces an alteration in the normal
ci rcadi an rhythm of maj or physiol ogi cal and behavi oural vari abl es.
Several of the investigations discussed in this section indicate
that exposure of manmals to static nagnetic fields may lead to
hormonal alterations and to other netabolic effects that could
potentially affect physiological regulation, and thereby lead to an
alteration in the normal circadian rhythm Although there is
relatively little informati on available on this subject, severa
reports in the literature suggest that weak magnetic fields may
i nfluence circadi an regul ation

Brown & Scow (1978) observed a nodul ati on of the normal 24-h
circadian activity period in hanmsters, when a weak nagnetic field
with a maxinumintensity of 26 uT was applied in 26-h cycles. The
nocturnal sensitivity of mice to norphine was found by Kavaliers et
al. (1984) to be di m nished, when the aninals were exposed to a
rotating magnetic field with an intensity ranging from 105 uT to
9 ml. A cancellation of the earth's magnetic field by Hel mholtz
coils was found to alter the circadian activity of birds (Bliss &
Hepner, 1976). It has recently been reported that artificia
changes in the strength and direction of the |ocal geonmagnetic
field are sufficient to alter the electrical activity of pinea
cells in the guinea-pig (Senmet al., 1980; Semm 1983), rat (Reuss
et al., 1983), and pigeon (Semmet al., 1982, 1984; Senmm 1983,
1986). In related studies, it was denonstrated in albino rats that
artificial changes in the anbient magnetic field reduced the
nocturnal rise in pineal nelatonin contents and the activity of the

i nvol ved enzymes, N -acetyltransferase (Wl ker et al., 1983; d cese
et al., 1985; O cese & Reuss, 1986) and hydroxyi ndole- O -
net hyl transferase (Reuss & O cese, 1986). Interestingly, this

effect was not found using NVR-strength fields of 0.14 T (Reuss et
al ., 1985).

In other recent studies (Tenforde, 1985c; Tenforde et al.
1986b,), prolonged exposures of mice to a 1.5-T static nagnetic
field did not produce any alterations in the circadian rhythm of
several physiol ogical and behavi oural variables. Noninvasive
transducer techni ques were used to provide continuous measurenents
of core body temperature, respiration, body mass, food intake and
excreta, and two independent indices of |oconotor activity. The
rodents were subjected to a honogeneous 1.5-T field under 3
di fferent exposure reginens: (a) continuous exposure for 5 days;
(b) intermttent exposure in an 8 h-on/16 h-off cycle for 10
consecutive days; and (c) serial exposures to the field under the

5-day continuous and 10-day intermttent schedules. |In addition
the sensitivity of circadian oscillations to a 1.5-T field was
tested both in mce that were mmintained on a diurnal |ight/dark

cycle, and in mce that were placed in a free-running circadi an
state by the mai ntenance of continuous dimillumnation. Under al
of these conditions, no influence of a 1.5-T field was observed on
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the circadian variations in any of the physi ol ogi cal or behavioura
par aneters studi ed.

In an effort to elucidate whether static magnetic fields
perturb the light-elicited electrical activity of the retina,
Raybourn (1983) recorded the external ERG of isolated turtle
retinas during light stimulation in the presence of magnetic fields
of graded strength. Wien the retinal preparations fromlight-
adapt ed or dark-adapted eyes were studied, no changes in the ERG
occurred in fields up to 1 T. However, the anplitude of the ERG
b-wave, which results fromthe electrical activity of nerve cells
in the retina, was consistently suppressed in retinas prepared
during the light-to-dark transition phase of the diurnal 12 h-
light/12 h-dark cycle. During this transition phase, which extended
for approximately 2 h after the onset of darkness, the
phot oreceptor cells underwent rapid changes in both physiol ogica
and netabolic activities (Bubenik et al., 1978; Young, 1978).

The magnetic field effect was observed with intensities as | ow
as 2 - 3 ml, and was rapidly reversible follow ng term nati on of
exposure. This effect was observed in both the cone-dom nant
retinas of Pseudenys scripts turtles, and the ni xed rod-cone
retinas of Chelydra serpentina turtles, suggesting that it is
i ndependent of the photoreceptor cell type. The circadian
dependence of the magnetic field sensitivity was clearly
denmonstrated by studies in which the light/dark cycle was phase
shifted by several hours (Tenforde et al., 1985).

An alteration in human tw light visual acuity has been reported
to occur in response to changes in the strength of the amnbient
geomagnetic field (Krause et al., 1984). It has been suggested
that this visual alteration may have its origin in a quantum

nmechani cal effect on biochem cal reactions in the retina, sinmlar
to that discussed by Schulten et al. (1978).

5.8. Cenetics, Reproduction, and Devel opnent

Devel opi ng organi sns frequently exhibit a strong response to
noxi ous environnmental factors. This observation has stinulated a
relatively |large nunber of studies on the potential effects of
static magnetic fields on the genetics, reproduction, and
devel opnment of various organisns. Investigations on a variety of
non- manmal i an test systens have |l ed to several reports of nutagenic
and devel opnental effects resulting fromexposure to both gradient
and honogeneous magnetic fields. Effects observed with strong
magnetic field gradients have included alterations in the sex ratio
and devel oprment of Drosophila pupae (Milay & Miulay, 1964; Markuze
et al., 1973; Tvildiani et al., 1981), and abnornmal devel opnent of
sea urchin, frog, and sal amander eggs (Perakis, 1947; Neurath,

1968; Levengood, 1969; Ueno et al., 1984). |Inhibition of linb
regeneration in crabs (Lee & Weis, 1980) has al so been observed.
Honogeneous magnetic fiel ds have been reported to alter the

devel opnment of chicken enbryos (Joshi et al., 1978), and guppies
(Brewer, 1979), and the rate of fertilization of trout eggs (Strand
et al., 1983). It is interesting to note that Perakis (1947) did
not find any effects of a honogeneous 3.3-T field on the

devel opnment of sea urchin eggs, and Ueno et al. (1984) did not
observe any effects of a 1-T honpgeneous field on the devel opnent
of frog enbryos. The absence of effects of honbgeneous magnetic
fields on frog egg devel opnent is also supported by the
experinental observations of lwasaki et al. (1978) and MId et al
(1981). In contrast, devel opnental abnornalities were observed in
both sea urchin eggs and frog enbryos exposed to | arge nmagnetic
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field gradients (Perakis, 1947; Ueno et al., 1984). Ueno et al
(1984) suggested that the devel opnental effects of gradient fields
may result froma redistribution of dissolved oxygen or fromthe
orientation of mtochondrial cytochromes in |arge nmagnetic fields

with gradients exceeding 10* T/m

In studies on mammal s, it has been reported that honobgeneous
and gradient fields up to 0.94 T inhibit weight gain in young mce
and produce weight loss in older aninals (Barnothy, J.M, 1964).
The rate and nunber of live births and the average birth wei ght
have al so been reported to decrease followi ng prenatal and
postnatal exposure of mice to a honogeneous field (Nakagawa, 1979).
In contrast to these reports, studies on young mce exposed for up
to 15 days to a nearly honpbgeneous field with a naxi num strength of
1.44 T did not reveal any effects on growth rate (Eiselein et al.
1961). Bellossi et al. (1984) did not observe any variations in
grow h of either nmice or rats exposed to static magnetic fields of
up to 800 nir for up to 250 days. The intrauterine exposure of mice
and rats to either a 1-T honogeneous field or a 2.5-T/ m gradient
field was also found not to influence fetal or postnata
devel opment (Sikov et al., 1979).

Exposure of mice to static magnetic fields of 1.6 T, during a
30-day period, resulted in reversible changes in spernmatogenic
epitheliumand in a considerable decrease in the nunber of nature
germcells (Gal aktionova et al., 1985). These and other authors
(Toroptsev et al., 1974; Udintsev & Khlynin, 1979) considered the
testes a vul nerabl e organ when exposed to static or tine-varying
(20 nmT, 50 Hz) nagnetic fields. Morphol ogical changes in the
testes and ot her organs, which occur after a 6-h exposure to
magnetic fields, revert to normal after approxi nately one nonth.

Several studies have been carried out to deterni ne whether
genetic defects can be detected followi ng nmagnetic field exposure.
No increase in nutation frequency was observed by Kal e & Baum
(1979) anobng the progeny of Drosophila nmal es exposed as eggs,
| arvae, pupae, and adults to 1.3 - 3.7-T honbgeneous nagnetic
fields. Simlar results were obtained by Mttler (1971) and
Di ebolt (1978), who exposed Drosophila males to fields of 1 -

1.1 T. Baumet al. (1979) also found that exposure of the plant
Tradescantia to honogeneous fields up to 3.7 T did not lead to any
i ncrease conpared with controls in three nmutagenic indices, nanely,
pol I en abortion, mcronuclei formation, and pink stamen hair
production. Doninant |ethal assays have been conducted by Mhlum et
al. (1979) with male nmice exposed to either a uniform1-T or a 2.5-
T/mgradient field for 28 days prior to mating. No effects of
exposure to either the honbgeneous or the gradient field were
observed. This result and the study of Strzhizhovsky et al

(1980) indicate that such exposure does not induce chronpbsonma
aberrations in nale germcells.

Recent studi es have al so denponstrated that the exposure of
cul tured Chinese hanster ovary cells to a 0.35-T honpgeneous field
does not lead to alteration in DNA synthesis or chronosone
structure (WIff et al., 1980). The structure and bi ol ogi ca
activity of bacteriophage DNA have al so been found to be unaffected
by exposure to a 2-T honbgeneous field (Roots et al., 1982).

5.9. Concl usi ons

Studies on the effects of static magnetic fields on enzyne
reactions and cellular and tissue functions have provi ded diverse,
and often contradictory, findings. Nevertheless, available
evi dence indicates that there are fewirreversible effects on such
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systens, with the possible exception of:

(a) enzynmes and photosynthetic systenms that involve
radi cal -nedi at ed reaction internedi ates; and

(b) cellular systens in which the menbrane is undergoi ng
a structural phase transition during magnetic field
exposure.

The occurrence of significant genetic or devel opnenta
alterations in cellular tissues and ani mal systens exposed to high-
intensity static nagnetic fields appears unlikely from avail abl e

evi dence. One possible exception relates to unconfirned reports of
alterations in the enbryoni c devel opnent of anphibi an species
exposed to strong nmagnetic field gradients.

The magnetic induction of electrical potentials and currents in
the central circul atory system does not produce neasurabl e
cardi ovascul ar stress during short-term exposure to static fields
of up to 2 T. This conclusion nmust be tenpered by the recognition
that data do not exist on cardi ovascul ar performance during
protracted magnetic field exposure.

The majority of experinental studies conducted with isolated
neurons indicate that static magnetic fields of up to 2 T have no
irreversible influence on neuronal bioelectric properties. Severa
reports have referred to changes in brain electrical activity and
behavi our in aninmals exposed to fields ranging from0.1 to 9 T, but
the data are inconsistent and at tinmes contradictory.

An inherent sensitivity to the weak geomagnetic field and
correl ated behavi oural responses have been denonstrated for a
nunber of different organi sns and ani mal species. However,
behavi oural effects in higher organi sms have not been established
at field strengths of less than 2 T. Although the data are
i nconsi stent, effects on physiol ogi cal regulation and circadian
rhyt hns have been reported in animals, due to alterations in the
| ocal geomagnetic field. Negative findings in higher organi sns
have been reported in studies involving field levels as high as
1.5 T

Thus, reversible or transient effects have been reported in
| ower aninmals due to exposure to lowintensity static fields or due
to alterations in the anbi ent geomagnetic field. However, no
irreversible effects have been established due to static magnetic
field exposures of up to 2 T.

6. BIOLOGE CAL EFFECTS OF Tl M- VARYI NG MAGNETI C FI ELDS

An extensive literature exists on the response of aninmals and
isolated cellular and tissue systenms to ELF nagnetic fields. At
present, this body of research is difficult to interpret in a
systemati ¢ manner because of two factors:

(a) A wide range of intensities, frequencies, waveforns, and
exposure durations have been used. Many of the earlier
studi es involved sinusoidal fields oscillating at
frequenci es bel ow 100 Hz, but research during the | ast
several years has focused increasingly on the biol ogica
effects of square-wave or pulsed fields with conplex
wavef or ms.

(b) Very few of the reported effects of ELF nmagnetic fields
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have been independently replicated in different
| aboratori es.

In spite of these difficulties, there is a grow ng body of
evi dence that suggests that living systens exhibit a response to
ELF magnetic fields under conditions in which the field intensity
and rate of change in tine (dB/dt) are sufficient to induce
currents greater than the naturally occurring levels in tissues and
extracellular fluids. This effect is best illustrated by the
phenonenon of magnet ophosphenes, which is the one well established
bi ol ogi cal effect of ELF nagnetic fields. Although |ess well
established, there is al so evidence suggesting that pul sed nagnetic
fields, such as those used clinically to facilitate bone fracture
reuni on, may exert direct biological effects through the induction
of tissue currents that exceed the endogenous | evels.

The followi ng topics are summarized in this section
(a) magnet ophosphene research;
(b) studies on the nervous system and ani mal behavi our

(c) «cellular, tissue, and animal responses to nagnetic
fields with various waveforns and repetition
frequencies in the ELF range;

(d) studies on the effects of pul sed magnetic fields on
bone growm h and repair; and

(e) thresholds for biological effects as a function of
field frequency and induced current densities.

6.1. Visual System

Hi gh-intensity magnetic fields oscillating in the ELF range
produce vi sual sensations in human subjects that are known as
magnet ophosphenes. Thi s phenonenon has al ready been di scussed in
section 4. 2.

Studies (Silny, 1981, 1984, 1986) have been perforned to
characterize ELF magnetic-field effects on visually evoked
potentials (VEP). Fields greater than 50 nil in the frequency range
bel ow 100 Hz were denpnstrated to reverse the polarity and reduce
the anplitude of VEP recorded from human volunteers. This effect
persisted after the term nation of the magnetic field exposure.
Approximately 40 min after the magnetic field exposure, the VEP was
found to return to a normal form This effect of magnetic fields
was shown to be frequency-dependent, the field strength required to
elicit an alteration in the VEP decreasing as the field frequency
increased from5 to 100 Hz. It should be noted that the field
strength required to alter the VEP is approxi mately one order of
magni tude greater than that required to elicit clear
magnet ophosphene patterns.

6.2. Studies on Nerve and Miuscle Tissue

Several studies have been made on the electrical response of
neurons to stinulation with tinme-varying magnetic fields. As
di scussed by Bernhardt (1979, 1985), the current densities induced
by the field nust exceed 1 - 10 mAnf in order to have an
appreci able effect on the nerve bioelectric activity, and a
threshol d extracel lular current density of about 20 mA/ nf has been
found experinmentally with Aplysia pacenmaker neurons stimul ated
by an ELF electric field (Wachtel, 1979). |In a subsequent study
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with Aplysia (Sheppard, 1983), an induced current density of
approxi mately 5 mA/ nf produced by a 10-nil, 60-Hz sinusoidal field
was i neffective in altering the spontaneous neuronal electrica
activity. Ueno et al. (1981) were also unable to alter the
anpl i tude, conduction velocity, or refractory period of evoked
action potentials in |obster giant axons, by applying sinusoidal
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.

Usi ng magnetic flux densities in the range of 0.2 - 0.8 T,
Kolin et al. (1959) were able to stinulate frog nerve-nuscle
preparations at field frequencies of 60 and 100 Hz. Cberg (1973)
and Ueno et al. (1978) were also able to stinulate contractions in
frog nerve-nuscle preparations by using pul sed magnetic fields with
pul se durations of less than 1 ns. 1In addition, the excitation of
frog sartorius and cardiac nuscles (lrwin et al., 1970) and of the
sciatic nerves of dogs and rabbits (Maass & Asa, 1970) has been
reported to occur in response to pul sed magnetic fields. On the
basi s of el ectromyographic recordings fromthe human arm Pol son
et al. (1982) were able to characterize the pul sed nagnetic field
paraneters that elicited a neural response. They indicated that
the threshold rate of change of the magnetic field (dB/dt), which
was necessary to stinmulate the major nerve trunks of the arm was
approxi mately 10* T/s. These fields were discrete pul ses, 180 pus
long, which will result in a high threshold conpared with that for
a continuously applied sinusoidal stinmulus of between 10 and 100
Hz.

A threshol d of perception of about 2 x 10%® T/s was reported
(McRobbi e & Foster, 1984) in human vol unteers whose forearns were
exposed to a damped sinusoidal magnetic field (2 - 3 cycles of a
period equal to 0.3 ns). The currents induced in the periphera

tissues of the forearmwere calculated to be approxi mately 5 A/ nf.

O her effects of time-varying magnetic fields on electrically
excitabl e ti ssue have been sumuari zed by Bernhardt (1985) (section
4.2). The frequency dependence of these effects has been descri bed
by Bernhardt (1985, 1986) (section 8.2).

Fromthese studies, it appears that sinusoidal magnetic fields
with intensities in the range generally used in the |aboratory or
wel | above the levels encountered by human beings in occupationa
settings or in the honme environnent, are insufficient to alter the
bi oel ectric properties of isolated neurons. However, direct
magnetic stinulation of nerve and nuscle tissues can be achi eved by
using pulsed fields with a rapid tinme rate of change of the
magnetic flux density. It should also be borne in nind that the
effects of sinusoidal fields on conplex, integrated neurona
networ ks, such as those within the central nervous system nmay be
consi derably greater than the effects that occur in single neurons
or nerve bundles. This anplification of a field effect could occur
through a summation of the small responses evoked in individua
neuronal elenments (Valentinuzzi, 1965). An additive response
nmechani sm may al so underlie the production of magnet ophosphenes
through the stimulation of nmultiple neuronal elenments of the retina
(Val entinuzzi, 1962).

6.3. Ani nal Behavi our

During the past two decades, a | arge nunber of studies on
ani mal behavi oural responses to ELF magnetic fields have been
reported. A chronological listing of these reports and a sunmary
of the principal findings are given in Table 9.
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Several studies in which the behavi our of honeybees and birds
was observed to be altered in the presence of conbined ELF electric
and magnetic fields (Southern, 1975; Larkin & Sutherland, 1977;
Greenberg et al., 1981a,b) have not been included, because of
difficulty in attributing these effects to either the electric or
magnetic field component. |In the case of bees, it appears that ELF
electric fields may induce step-potential currents in the hive that
have harnful effects when the field intensity exceeds approxi mately
2 kVim (G eenberg et al., 1981b). However, altered behavi oura
patterns in honeybees have al so been reported to occur in strong
60-Hz magnetic fields in the absence of an external electric field
(Cal dwel | & Russo, 1968). The nechani smunderlying the observed
di sruption of avian mgration by the 72- to 80-Hz electric and
magnetic fields froman ELF comunication test systemis not known
(Sout hern, 1975; Larkin & Sutherland, 1977). However, there are
nunerous reports that weak static nmagnetic fields, conparable in
strength to the earth's field, may influence the migration patterns
of birds (Keeton, 1971; Emen et al., 1976; Booknan, 1977) and very
weak time-varying magnetic fields have al so been clained to affect

avian orientation (Papi et al.

1983).

I ncreased reac

Al tered explor.

Decr eased open
i ncreased defe
postnatal ly at

Decr eased avoi
el ectrical sho
postnatal ly at

No effect on rt

No effect on r:

Suppressed rat:
condi ti oned st
aver si ve shock

I ncreased anbu
renoval fromfi

Tabl e 9. Behavioural effects of exposure to time-varying nagnetic fields
Ref erence Subj ect Exposure conditi ons? Results
Friedman et al. human 0.1 and 0.2 Hz, 0.5 - 1.1 nf,;
(1967) bei ng acut e exposures
Cal dwel | & Russo honey 60 Hz, 2.2 - 30 n,;
(1968) bee 10-m n exposures
Per si nger rat 0.5 Hz, 0.3 - 3 nil; rotating
(1969) field; exposure during entire

gestational period
Per si nger & Foster r at 0.5 Hz, 0.3 - 3 nil; rotating
(1970) field; exposure during entire

gestational period
Grissett & delLorge nmonkey 45 and 75 Hz, 0.3 nil; fields
(1971) applied in 10 daily sessions

of 1 h duration
Grissett nmonkey 45 Hz, 1 nT; continuous
(1971) exposure for 42 days
Per si nger & Pear rat 0.5 Hz, 0.3 - 3 nil, rotating
(1972) field; exposure during entire

gestational period

at 70 days

Persinger et al. r at 0.5 Hz, 0.3 - 3 nfl, rotating
(1972) field; exposure of adult

Gssenkopp & Shapiro duck

animals for 21 - 30 days

0.5 Hz, 2 - 10 and 10 - 30 n,

I ncreased anbu
rate when test:

(1972) egg rotating field; exposure for
entire prenatal period

Table 9. (contd.)

Ref erence Subj ect Exposure conditi ons?
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delLorge
(1972, 1973a, b,
1974, 1979, 1985)

Bei scher et al.
(1973)

G bson & Moroney
(1974)

Mant el
(1975)

Medvedev et al.
(1976)

Smth & Justesen
(1977)

Andri anova
& Sm rnova
(1977)

Brown & Scow
(1978)

Tucker & Schmtt
(1978)

Becker, von
(1979)

human
bei ng

human
bei ng

human
bei ng

human
bei ng

nouse

nouse

hanst er

human
bei ng

termte

10, 15, 45, 60, and 75 Hz,

0.8 - 1 nil; fields applied
in 4 - 13 daily sessions of
2- to 8-h duration

45 Hz, 0.1 nT; 22.5-h exposure

45 Hz, 0.1 nml; 24-h exposure

50 Hz, 0.3 nil; 3-h exposure

50 Hz, 10 - 13 uT; acute
exposur es

60 Hz, 1.4 - 2 nT; 2-nmin
aperi odi c exposures over
2 days

100 Hz, 10 ml; acute exposures

10°° Hz, 0.8 - 26 uT; 26-h

schedul e of high (14 h) to
low (12 h) field swtching
over period of 4 - 5 nonths

60 Hz, 1.06 nT over whol e body,
or 2.12 nil over head region;
repetitive acute exposures

50 Hz, 0.05 uT in shielded room

exposures up to several weeks

No consi st ent
activity, reac
time, overall
mat ch- t o- sanpl
No effect on ri
No consi st ent
psychonotor fu
No effect on ri
I ncreased | ate
reacti ons

I ncreased | oco

aggression-rel.

Hei ght ened not

Modi fi ed circad
activity

No perception

Stimul ati on of
activity

Table 9. (contd.)

Cl arke & Justesen
(1979)

Udi nt sev & Mbroz
(1982)

Udi nt sev & Moroz
(1982)

Del gado et al.
(1983)

Papi et al.
(1983)

G aham et al.

chi cken

rat

nonkey

pi geon

human

60 Hz, 2.4 nil; aperiodic
exposures during 1-h interva
for 10 days

50 Hz, 20 nil, 15 nin/day for
7 days

50 Hz, 20 nT, 6.5 h/day for
7 days

9 - 500 Hz, 0.1 nir (applied
to cerebellum; 9-h daily
exposures for maxi mum of

19 days

0.034, 0.043, and 0.067 Hz,
60 T peak intensity;
exposures up to 4 h

60 Hz, 40 uT; acute exposures

I ncreased vari
el ectric shock
magnetic field
sti nul us

Transitory sti
system
Si gni ficant ch

Modi fication o
exi ctation of |

Initial disturl

no effect on h

No perception
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(1984) bei ng

Creimet al. rat 60 Hz; 3.03 nT; 1-h exposure

(1984)

Davis et al. nouse 60 Hz; 2.33 nT; 3-day

(1984) conti nuous exposure

Li boff et al. rat 60 Hz, 56 pT (with a trans-

(1985) verse 26-uT static field);
30-m n exposures

Creimet al. r at 60 Hz, 3 ml, 1- to 23-h

(1985)

exposures

No fi el d-assoc

No change in m
| oconot or acti vi
neur ophar macol

Changes in tim

No avoi dance o
in a shuttle b

The magnetic fields were sinusoidal unless otherw se indicated.
In assessing the effects of time-varying magnetic fields on the

behavi our of manmalian species, the publications on this subject,

listed in Table 9, are nearly equally divided between positive

fi ndi ngs and observati ons of no behavioural effects in mamal s.

However, a careful examination of this list leads to the

i nteresting conclusion that nmost investigations in which

behavi oural effects were not observed, the tine rate of change of

the applied magnetic field was sufficient to induce peak

intracranial current densities at, or above, the endogenous |eve

of approximately 1 mA¥nf. |In contrast, only one of the positive

findi ngs of behavioural alterations in manmals (Andrianova &

Sm rnova, 1977) involved the use of a tinme-varying magnetic field

capabl e of inducing intracranial currents at this |evel

I n exani ning the possible reasons for this apparent disparity,
it is inportant to assess the potential influence on aninal
behavi our of extraneous factors, such as nechanical vibration and
audi bl e noi se, that nmay acconpany the activation of nagnet coils.
The inportance of these factors has been well denonstrated by
Tucker & Schmitt (1978), who found that perceptive individuals
coul d sense the presence of a 60-Hz magnetic field through
auxiliary clues. Wen these investigators devel oped an exposure
chanmber that provided extrene isolation fromvibration and audi bl e
noi se, none of the nmore than 200 individuals tested could detect
60-Hz fields with intensities of 1.1 nl over the whole body or 2.1
nl over the head region. The sensitivity of behavioural indices to
adventitious factors, such as changes in baronetric pressure, was
al so di scussed by delLorge (1973b), who enphasized that the
correlation of such variables to positive findings of apparent
time-varying magnetic field effects nmust be exam ned.

6.4. Cellular, Tissue, and Wol e O gani sm Responses

Magnetic fields with a broad range of intensities, ELF
frequenci es, wavefornms, and exposure durations have been eval uated
for their ability to induce effects at the cellular, tissue, and
animal |evels. These studies have recently been revi ened
(Tenforde, 1985c, 1986a,d), and only a brief summary will be given
here of the cellular and tissue responses to ELF magnetic fields
that have been reported on the basis of both in vitro and in vivo
st udi es.

Reports of alterations produced in cellular, tissue, and ani nal
systens as a result of exposure to | ow frequency magnetic fields
are sumuarized in Table 10, where a brief sunmary is given of the
principal findings in each study. The follow ng types of
i nvestigations have not been included in Table 10 for the reasons
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stat ed bel ow:

(a)

(b)

()

The
i ncl ude

(a)

(b)

(¢)

(d)

(e)

(t)

(9)

(h)

Studies on time-varying magnetic field effects on the

vi sual system (rmagnet ophosphene induction), nervous

ti ssues, and ani mal behavi our, and epi deni ol ogi cal studies
on carcinogenic risk, because these subjects are di scussed
el sewhere in this section and in section 8;

Reports | acki ng adequate docunentation of field
exposure conditions (e.g., frequency, waveform intensity,

and duration of exposure). Sinilarly, studies in which
the biol ogical nmeasurenents were qualitative rather than
quantitative, as in certain medical reports on bone
fracture reunion follow ng therapy with pul sed nmagnetic
fields;

Reports of research that involved conbi ned exposures

to ELF electric and magnetic fields, because of the
obvious difficulty in delineating the relative effects of
the two types of fields.

reported changes resulting fromELF nagnetic field exposure
the foll ow ng:

Altered cell growh rate (Batkin & Tabrah, 1977,
Tabrah et al., 1978; Goodman et al., 1979; G eenebaum
et al., 1979, 1982; Aarholt et al., 1981; Ranon et
al., 1981; Phillips et al., 1986a);

Decreased rate of cellular respiration (Cook et al
1969; Coodman et al., 1979; G eenebaumet al., 1979,
1982; Kol odub & Chernysheva, 1980);

Al tered netabolism of carbohydrates, proteins, and
nucleic acids (Udintsev et al., 1976, 1978; Kartashev
et al., 1978; Udintsev & Khlynin, 1979; Kol odub &
Chernysheva, 1980; Kol odub et al., 1981; Norton

1982; Archer & Ratcliffe, 1983; Buyavi kh, 1984;

Li boff et al., 1984);

Ef fects on gene expression and genetic regul ati on of
cell function (Chiabrera et al., 1978, 1979; Beltrane
et al., 1980; Aarholt et al., 1982; Goodman et al.
1983; Goodman & Henderson, 1986);

Endocrine alterations (Riesen et al., 1971; Udintsev
& Moroz, 1974; Sakharova et al., 1977, 1981; Kol esova
et al., 1978; Udintsev et al., 1978);

Al tered hornonal responses of cells and tissues,
including effects on cell surface receptors (D xey &
Rein, 1982; Luben et al., 1982; Marsakova, 1983;
Jolley et al., 1983; Cain et al., 1984; Chan &

Ni chol son, 1986);

Al tered i mmune response to antigens and nitogens
(dintsov, 1965; M zushima et al., 1975; Conti et
al ., 1983; Budd & Czerski, 1985);

Mor phol ogi cal and ot her nonspecific tissue changes in
adult animals, frequently reversible with time after
exposure (Druz & Madiyevskii, 1966; Toroptsev et al.
1974; Sakharova et al., 1981; Toroptsev & Sol datova,
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1981; Sol datova, 1982; Shober et al.

(i) Teratol ogica

and devel oprent al

1982) ;

ef fects (GCssenkopp et
1981, 1982; Kreuger et
1983; UWbeda et al., 1983).

Ef fects of exposure to time-varying magnetic fields on cells,

ti ssues

al ., 1972; Delgado et al.
al., 1972; Ramrez et al.
Tabl e 10.
Ref erence Test
speci men
Qdi nt sov (1965) nmouse

Druz & Madiyevskii rat

(1966)
Ri esen et al. gui nea-pi g
(1971) brain
m t ochondri a
invitro
Ri esen et al. rat brain

(1971)
invitro

Tar akhovsky et al. rat

(1971)

Kreuger et al. chi cken
(1972)

Gssenkopp et al. rat
(1972)

Bei scher et al.

synapt osones

human bei ng

50 Hz, 20 nil; 6.5-h single
exposure or 6.5 h daily for
15 days

3 Hz, 0.1 - 0.8 T, and 50 Hz,
0.05 - 0.2 T; 1-min exposures
60 Hz, 10 nil; 10 - 110-min
exposur es

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

50 Hz, 13 - 14 nil; exposure

for 1 nonth

45 Hz, 0.14 nT, and 60 Hz,
0. 12-nT exposure for 1 nonth

0.5 Hz, 0.05 - 0.30 or

0.3 - 1.5 nil, rotating field,;
exposure during entire
gestational period

45 Hz, 0.1 nil; 22.5-h
exposure

15 and 45 Hz, 0.82 - 0.93 n;
fields applied in 5 - 8 daily
sessions of 2-h duration

I ncreased resi st
i nfection

Change in hydrat
of brain, kidney

No effect on res
(oxi dati ve phosp

Decr eased upt ake
at 0 °C, but not
or 37 °C

Changes in serum
haemat ocrit, and

Reduced growth r.

I ncreased thyroi:
at 105 - 130 day:
thynmus or adrena
with controls

El evated serumt
effects on bl ood
serum chem stry

No alteration in
serum chem stry
i des)

(1973)
DeLorge (1974) nmonkey
Table 10. (contd.)
Ref er ence Test
speci nmen
Toroptsev et al. gui nea-pig

(1974)

Udi nstev & Moroz r at
(1974)

M zushina et al. r at
(1975)

50 Hz, 20 nil; 6.5-h single
exposure or 6.5 h daily for
24 days

50 Hz, 20 nT; 1 -
exposure

7 days

50 Hz, 0.12 T; 3-h exposure

Pat honor phol ogi ¢
ki dneys, liver,
eyes, capillarie

I ncrease in adre
corticosteroids

Anti -infl anmat or:
carrageenan-i ndu
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(1975)

Mantel | (1975)
Udi nt sev et al.
(1976)

Bat ki n & Tabr ah
(1977)

Sakharova et al.
(1977)

Kart ashev et al.
(1978)

Kol esova et al.
(1978)

Tabrah et al.
(1978)
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nouse

human bei ng

rat

nouse

neur obl ast oma

rat

yeast

rat

Tet r ahynena
pyriforms

45 Hz, 0.1 ml; 24-h exposure

50 Hz, 0.3 nl; 3-h exposure
50 Hz, 20 nil; 1-day
exposure

60 Hz, 1.2 nil; 13-day

exposure

50 Hz, 20 nil; 1-day

exposure
0.1 - 100 Hz, 0.025 - 0.40
mr; 20 - 30-m n exposure
50 Hz, 20 nT; single 24-h

exposure and 6.5 h daily
for 5 days

60 Hz, 5 - 10 nT
exposures up to 72 h

adj uvant - i nduced
No change in liv
No haemat ol ogi ca
I ncreased | act at
activity and cha
heart and skel et
Decr eased tunour
I ncreased cat ech

Changes in rate

Devel oprment of i

di vision d
i ncreased

Cel |
rate,

Tabl e 10.

(contd.)

Test
speci men

Persinger et al.
(1978)

Per si nger &
Coderre
(1978)

Udi nt sev et al.
(1978)

Udi nt sev &
Khl yni n (1979)

Kronenberg &
Tenf or de
(1979)

Chandra & Stef ani
(1979)

Goodnman et al.
(1979);

G eenebaum et al .

(1979, 1982)

rat

rat

rat

cul tured
nmouse
tunmour cells

nouse
mamrar y
carci noma

slime noul d

0.5 Hz, 0.1 T -
rotating field;
10- day exposure

0.5 Hz, 0.01 T - 1 n,
rotating field; 5-day
exposure

50 Hz, 20 nl; 0.25- to
6.5-h and 24 h exposures

50 Hz, 20 nT; 1-day
exposure

60 Hz, 2.33 nil; 4-day

exposure

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

75 Hz, 0.2 nil; 400-day
exposure

No significant c
follicle nunbers
and pituitary wel
wat er consunpti o
No significant c
cell nunmbers in
prenatally and p
as adults

Changes in iodin
and t hyroxi ne up
Met abol i ¢ change

No ef fect on cel

No effect on tum

Lengt hened nucl e
altered respirat
upt ake)
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frog
eryt hrocytes

Si ngl e bidirectional pulses

at 40 - 70 Hz, or 4-kHz bursts cel
of bidirectional pulses with
10 - 20 Hz repetition rate;

2-ml peak intensity; 12- to
24-h exposures

Changes in chrom
nucl eus, su
dedifferentiatio

Tabl e 10.

(contd.)

Test
speci men

Kol odub &
Cher nysheva
(1980)

Fam (1981)

Aarholt et al.
(1981)

Rarmon et al .
(1981)

Toroptsev &
Sol dat ova
(1981)

Kol odub et al.
(1981)

Sakharova et al.
(1981)

Del gado et al.
(1981, 1982)

Sol dat ova
(1982)

nouse

bacteria

bacteria

rat

rat

chi cken
enbryo

rat

50 Hz, 9.4, and 40 nT,;
5 h daily for 15 days

60 Hz, 0.11 T, 23 h daily for

7 days

16.66 and 50 Hz, O -
10- to 12-h exposure

2 n;

60 and 600 Hz, 2 nil; 17- to
64- h exposure

50 Hz, 20 nT; 1- to 24-h

exposure

50 Hz, 9.4 - 40 nil, daily
3-h exposures for up to 6
nmont hs

50 Hz, 20 nil, 1-day exposure

10, 100, and 1000 Hz; 0. 12,
1.2, and 12 uT; 0.5-ns
rectangul ar pul ses; 2-day
exposure

50 Hz; 20, 40, and 70 nT,;
6.5 h daily for 5 days, or
24-h continuous exposure

Altered brain nme
field intensity,
rate of respirat
of glycogen, cre
gl utam ne, and i

Decreased body w
wat er consunpti o
hi stol ogy and re

Decreased growth

Decreased growth

Pat honor phol ogi ¢

Changes in carbo
in the nyocardiu

Changes in catec
nor phol ogy in br.
spleen, and circ

Mor phol ogi cal ab
tissue, heart, b
sonites

Pat honor phol ogi ¢
tissue

Tabl e 10.

(contd.)

Test
speci men

Sander et al.
(1982)

Luben et al.
(1982)

human bei ng

nouse
ost eobl ast
culture

50 Hz, 5 nT; 4-h exposure

Singl e bidirectional pul ses
at 72 Hz, or 4-kHz bursts of
bidirectional pulses wth

No changes in EC
cell counts, or

Reduced cAMP pro
to parathyroid h
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Shober et al.
(1982)

Norton (1982)

Aarholt et al.

(1982)

D xey & Rein
(1982)

Conti et al.
(1983)

Goodnman et al.

(1983)
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nouse

cul tured
chi cken
enbryo

st er num

bacteria
(E. coli)

rat pheo-
chr onocyt oma
cell in
vitro

cul tured
human

| ynphocyte

sci ar a-
coprophila
salivary
gi ant

chr onosone

15 Hz repetition rate; 2 nrl
peak intensity; 3-day exposure

10 Hz, 1 nil; 1-day exposure

4 kHz bursts of bidirectiona
pul ses with 15 Hz repetition
rate; 2 nl peak intensity;
four 6-h exposures during 2
days

Square wave pul ses at 50 Hz;
0.20 - 0.66 n, 2- to 3-h
exposur es

500 Hz; bidirectional pulses;
160 - 850 uT; 3-h exposure

1, 3, 50, and 200 Hz; 2.3 -
6.5 nT; square-wave pul ses
3-day exposure

Singl e bidirectional pul ses
at 72 Hz, or 4-kHz bursts of
bidirectional pulses with 15
Hz repetition rate; 2 nil peak
intensity; 5- to 90-mn
exposur es

Decr eased sodi um

I ncreased hydrox
hyal uronate, and
decreased gl ycos:
i ncreased | ysozy

Changes in rate
bet a- gal act osi d

Stinmulation of n

Inhibition of le

m t ogenesis by 3

Initiation and i
transcription at

Tabl e 10.

(contd.)

Test
speci men

Jolley et al.
(1983)

Ramrez et al.

(1983)

Ubeda et al.
(1983)

Archer &
Ratcliffe
(1983)

Li boff et al.
(1984)

rabbi t
pancr eas

Dr osophi | a
€gg

chi cken
enbryo

cul tured
chi cken
tibia

cul tured
human
fibrobl ast

4 kHz bursts of bidirectiona
pul ses with 15-Hz repetition
rate; 2-nil peak intensity;
18- h exposure

0. 5-nms square-wave pul ses at

100 Hz, 1.76 nT peak-to-peak
intensity; or 50 Hz, 1.41 nir
sinusoi dal field; 2-day
exposure

0.5 ns bidirectional pulses

at 100 Hz (4 different

waveforns); 0.4- to 104-uT
peak intensity; 2-day
exposure

1 Hz, 15 - 60 ml square-

wave pul ses; 7-day exposure

15 Hz - 4 kHz; 2.3 -
18- to 96-h exposures

560 uT;

Reduced Ca** cont
reduced insulin
gl ucose sti mul at

Decr eased vi abi

Ter at ogeni ¢ chani
circulatory syst

Decreased col | ag
col I agenous pr ot
alteration in gl
synt hesi s

I ncreased DNA sy
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Cain et al. cultured Singl e bidirectional pul ses I nhibition of cA
(1984) nouse at 72 Hz, or 4-kHz bursts of Ca™ release inr
cal varium bidirectional pulses wth par at hyroi d horm

15-Hz repetition rate;

2.5-nT peak intensity;

exposure for 1 - 16 h
Temur' yants r at 8 Hz, 5.2 uT; daily 3-h Transi ent hyperl

et al. (1985)

exposures for up to 45 days

Tabl e 10. (contd.)

Ref erence Test Exposure conditi ons? Results

speci men

Murray & cul tured 15-Hz bidirectional pulses; Enhanced col | age
Far ndal e chi cken 2.2-nT peak intensity; daily synthesis, and d
(1985) fibrobl ast 12-h exposures for 1 - 6 days of exposu

8 days

Cain et al. cul tured Si ngl e bidirectional pul ses Decreased cAMP p

(1985) nouse at 15 Hz; 0.8-nT peak orni thi ne decarb
cal varium intensity; 15- to 60-nin response to para
exposures

Ueno et al. t oad 20 Hz, 2 kHz, and 20 kHz; Terat ogenic effe
(1985) enbryo 10 - 15 nl; 15-min to 8-h

( Xenopus exposur es
| aevi s)

@Qundersen & rat nuscle 60 and 70 Hz (linear and Effects on ninia
G eenebaum circul ar polarization); potentials
(1985) 0.1 nil; 10-min exposure

Wnters et al. human and 60 Hz, 0.1 nil; 24-h exposure No effects on m:
(1985a, b) dog | euko- RNA or protein s

cytes of cell surface

Phillips et al. cul tured 60 Hz, 0.14 nT; 1-day I ncrease in grow
(19864, b) human exposure transferring rec

col on of tunour-specif
t unmour

& The magnetic fields were sinusoidal unless otherw se indicated.

These observations were made with sinusoidal and square-wave
time-varying magnetic fields and with pul sed nagnetic fields that
had repetition rates in the ELF frequency range. Wth few
exceptions, the peak field intensities that were used exceeded 0.5
nl and the current density induced in the exposed sanpl es exceeded
10 mV nf. The currents induced within the cellular and tissue
fluids were therefore at, or above, the upper limt of the
natural ly occurring |evels.

It is noteworthy that nost of the studies with square waveforns
and with pul sed fields that induced current densities greater than
10 m¥ n? led to findings of positive bioeffects (Del gado et al.,
1981; Dixey & Rein, 1982; Luben et al., 1982; Norton, 1982; Archer &
Ratcliffe, 1983; Conti et al., 1983; Goodman et al., 1983; Jolley
et al., 1983; Ramirez et al., 1983; Cain et al., 1984).

Devel opmental effects were observed at |ower induced current
density levels by Delgado et al. (1982) and Upbeda et al. (1983),
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when they exposed chick enbryos to pul sed nmagnetic fields.
Juutilainen et al. (1986) and Juutilainen & Saali (1986) found that
this effect depended on the waveform and frequency of the magnetic
field. A large international study is nowin progress in an effort
to replicate these findings. |t has been suggested that the
currents induced by such fields could exert an el ectrochenica
effect at the cell surface (Luben et al., 1982; Jolley et al.
1983). This effect, in turn, may influence hornone-receptor

i nteractions, adenyl ate cyclase activity, and the nenbrane
transport and intracellular concentration of calciumions. Al of
these nenbrane functions are known to play an inportant role in
cell nmetabolismand growh dynanics

Aarholt et al. (1982) nmeasured the rate of beta-gal actosi dase
synthesis in cultures of E. coli exposed to 50-Hz square-wave
magnetic fields, in order to investigate the effect of such
exposure on the lac operon function. Followi ng a 30-nmi n exposure
at 0.2 nT - 0.30 nT, a decrease in beta-gal actosi dase synthesis
rate of about one-third was reported. At 0.32 nil, the synthesis
rate returned to control values, and increased by a factor of 2 at
0.54 and 0.56 nT. No differences conpared with control val ues was
seen at 0.58 nl and hi gher values up to 0.70 ml. No nmeasurenents
were made at higher field strengths.

Chiabrera et al. (1979) reported a decrease in the chromatin
density of frog erythrocytes exposed to pul sed nmagnetic fields,
such as those used in bone growh stinulation. This inparted to
the cells an appearance of earlier maturation stages. There were
nor phol ogi cal and cytophotonetric changes in chromatin density,
whi ch suggested gene depression, but such a concl usi on does not
appear to be justified, since RNA protein, and/or haenogl obin
synthesi s were not investigated.

Usi ng bi ochem cal and aut oradi ographi ¢ techni ques, Goodnan et
al. (1983) demonstrated the initiation of RNA transcription at two
different sets of loci in salivary gland giant chronbpsones exposed
to pul sed magnetic fields. One set of |loci becane activated
following 45 mn of exposure to single pulses with a 72-Hz
repetition rate, another set after 15 min of exposure to pul se

trains with a repetition rate of 15 Hz. Changes in protein
synthesis in salivary gland cells exposed under identica
conditions, reported by Ryaby et al. (1983), offer confirmatory
evidence. Al the reports quoted above seemto indicate that

pul sed nagnetic fields nay affect gene expression. However, it
shoul d be noted that these studies were not duplicated or otherw se
verified by independent teans of research workers.

Ei ghteen of the investigations with ELF sinusoidal nagnetic
fields have invol ved exposure of rodents to 50-Hz and 60-Hz fields
with intensities ranging from0.01 to 0.8 T (COdintsov, 1965; Druz &
Madi yevskii, 1966; Tarakhovsky et al., 1971; Toroptsev et al.

1974; UWdintsev & Moroz, 1974; M zu-shima et al., 1975; Udintsev et
al ., 1976; Sakharova et al., 1977, 1981; Kol esova et al., 1978;

Udi ntsev et al., 1978; Udintsev & Khlynin, 1979; Chandra & Stefani
1979; Kol odub & Chernysheva, 1980; Fam 1981; Kol odub et al., 1981
Toropt sev & Sol dat ova, 1981; Sol datova, 1982). Wth the exception
of one report in which tumour growth rate was observed not to be

i nfluenced by brief exposure to a 60-Hz, 0.16-T field (Chandra &
Stefani, 1979), all of the studies report positive findings of
cellular and tissue effects fromELF magnetic fields. The nmaxinum
current densities induced in the experinmental animals by the
applied fiel d exceeded approxi mately 10 mA/nf in these studies, and
were therefore at, or above, the upper linmt of the endogenous
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currents that are normally present within the body (Bernhardt,
1979).

In contrast to the findings of positive biological effects
listed above, present evidence suggests that ani mal haenatol ogi ca
paraneters are unaffected by ELF nagnetic fields at intensities
that reportedly influence other cellular and tissue systens. Wth
the exception of one isolated report (Tarakhovsky et al., 1971),
all of the published studies on haematol ogi cal paraneters in
exposed ani mal s have shown no consistent field-associated effects
(Bei scher et al., 1973; delLorge, 1974; Mantell, 1975; GCol dberg &
Mel ' ni k- Guykazyan, 1980; Fam 1981; Sander et al., 1982). The
apparent |ack of sensitivity of the haenatol ogical systemto
magnetic fields is in distinct contrast to the well-docunented
effects of ionizing radiation and high-intensity mcrowave fields
on this particul ar physiol ogi cal system

Three of the studies listed in Table 10 invol ved short-term
exposures of human volunteers to ELF magnetic fields (Beischer et
al ., 1973; Mantell, 1975, Sander et al., 1982). Wth the exception
of one unconfirmed report of an elevation in serumtriglycerides in
the exposed subjects (Beischer et al., 1973), none of these
i nvestigations reveal ed adverse effects of ELF magnetic fields with
intensities conparable to or exceeding the |levels generally
encountered by man. Particularly notable in this regard is the
report by Sander et al. (1982), who observed that a 4-h exposure of
human vol unteers to a 50-Hz, 5-nT field produced no changes in
serum chenistry, blood cell counts, blood gases and | actate
concentration, electrocardi ogram pul se rate, skin tenperature,
hormones (cortisol, insulin, gastrin, thyroxine), and various
neur onal measurenents, including visually evoked potentials
recorded in the el ectroencephal ogram

6.5 Effects of Pulsed Magnetic Fields on Bone Growh and Repair

Direct current electrical stimulation has been used since the
ni neteenth century for the treatnent of bone non-unions and
pseudart hroses. Al though this procedure has net with sone success
clinically, the use of direct currents has been shown to produce
several undesirable side-effects including:

(a) surgical trauma and a risk of infection through the
i npl antation of el ectrodes in bone;

(b) the devel opnent of el ectrode polarization with tineg,
whi ch [ eads to increased i npedance and decreased
current for a given applied voltage;

(c) osteogenesis, which has been found to increase near
the negative el ectrode (cathode), but decrease near
the positive el ectrode (anode).

These di sadvant ages of direct current electrical stimulation
have been overcome by the recent introduction of pulsed nmagnetic
field generators as a neans of inducing ELF electrical currents
within bone tissue (Bassett et al., 1974). By using nagnetic coils
pl aced about a linb containing a fractured bone, electric fields
with a typical strength of 0.2 - 2 V/mcan be induced within the
bone tissue. In the usual configuration, two coils are placed
about the linb and positioned such that the bone fracture lies
along a line joining the centres of the coils, and hence al ong the
magnetic field lines. Assumng the conductivity of bone to be 0.01
S/'mat ELF frequencies (Lunt, 1982), the local current densities
i nduced in bone by the pul sed magnetic fields can be estinated to

Page 74 of 144



Magnetic fields (EHC 69, 1987)

lie in the range of approximately 2 - 20 mMnf. Initial studies on
bone fracture reunion in dogs denonstrated that a pulse repetition
frequency of 65 Hz was nore effective than 1 Hz (Bassett et al.
1974), and several subsequent studies have reveal ed that
frequencies of 60 - 75 Hz are the nost advantageous in facilitating
fracture union and preventing pseudo-arthroses (Bassett, 1982).

Following the initial denponstration of the efficacy of pul sed
magnetic fields in achieving bone fracture reunion in experinental
ani mal s, several successful clinical trials have been reported
concerning the treatnment of bone fractures and arthroses in human
beings by this nethod. 1In a four-year clinical trial involving
nore than 100 patients, Bassett et al. (1977) reported an 85%
success rate in the treatnment of |ong-established pseudo-arthroses.
The successful use of pulsed magnetic fields in the facilitation of
bone healing in human subjects has subsequently been reported by
several clinical groups (Watson & Downes, 1978; Bassett et al.
1982; Hi nsenkanp, 1982; Bigliani et al., 1983).

Barker et al. (1984) recently published an interimreport on a
doubl e-blind clinical trial in which 9 patients with non-united
tibial fractures were treated with active nmagnetic stimul ators,
while a group of 7 control patients were fitted with dunmmy
stimulators. After 24 weeks of treatnent, the fracture united in 5
of the 9 patients with active stinulators, and fractures in 5 of

the 7 patients with dummy stinulators also united. Thus, there was
no statistically significant difference between the treated and
control groups. This prelimnary result suggests that earlier
clains of clinical success with pulsed nmagnetic field applicators
may have been biased by the use of control groups that were not

subj ected to the sane i mobilization procedure as the patients
under going active treatnent. Controlled, double-blind studies on

| arge nunbers of patients are needed to assess this nodality of
treat nent.

The nmechani sm by which the weak ELF electric currents induced
in bone tissues by pul sed magnetic fields could exert an influence
on fracture repair is also under investigation in a nunber of
| aboratories. Evidence from in vitro studies on osteoblasts and
chondrocytes indicates that the pul sed fields influence hornone
binding to receptors at the cell surface, and thereby depress the
intracel lul ar concentration of calciumions and cyclic AWMP
(Bassett, 1982; Luben et al., 1982). These effects, in turn, can
significantly influence cellular netabolismand stinulate grow h.
St udi es by Hinsenkanp & Rooze (1982) with in vitro cultures of
linbs from nouse fetuses denonstrated that el ectronagnetic
stimulation | eads to chondrocyte proliferation and an i nproved
al i gnment of trabecul ae and cartilage. Archer & Ratcliffe (1983)
reported that cultured tibias fromchi cken enbryos had a reduced
col | agen content follow ng exposure to a pul sed magnetic field for
7 days. The observation was al so nade by these workers that the
total synthesis of sulfated gl ycosoam noglycans, which are ngjor
components of the extracellular matrix, was not affected by
exposure to the pul sed magnetic field. The further elucidation of
the macronol ecul ar and devel opnental changes that acconpany the
stinmulation of bone tissue by pul sed ELF nmagnetic fields renains a
chal  engi ng area of research, which will ultimately |end usefu
i nsight into the mechani sms by which weak ELF fields interact with
living cells.

6.6 Concl usi ons

A wel |l established and repeatable effect of human exposure to
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ELF magnetic fields is the induction of magnet ophosphenes. This
effect shows a strong frequency dependence on flux density. The
threshol d for magnet ophosphenes is between 2 and 10 nil in the
frequency range of 10 - 100 Hz.

Much nore intense fields are required to directly stinulate
nerve and nuscle tissue. These effects are al so frequency
dependent with threshol ds above 50 nT (10 - 100 Hz).

Nurer ous investigations with ELF magnetic fields with
si nusoi dal, square-wave, and pul sed waveforns have led to reports
of alterations in cell, tissue, and aninal systens, when the
i nduced current density exceeded approxi mately 10 mA/ nf. These
reported changes have included alterations in cell netabolism and
growt h properties, gene expression, endocrine and i nmune functi ons,
and teratol ogi cal and devel opnental effects. However, several of
t hese studi es have not been successfully replicated.

A |l arge nunber of |aboratory studi es have reveal ed evi dence of
changes in cellular metabolismand growh properties as a result of
exposure to pul sed magnetic fields. However, in clinica
applications of these fields for the facilitation of bone fracture
reuni on, not enough doubl e-blind studies on | arge nunbers of
patients have been carried out to assess the efficacy of this
treat nent.

7. HUVAN STUDI ES

Si nce epi demi ol ogi cal studi es have assuned an inportant role in
the assessnment of the human health risks of non-ionizing radiation
exposure, the characteristics of these studies nust be considered
rel evant to determ ning causal relationships. Although there are
inherent limtations in an observational nethod, sufficient data
can be conpiled from epi dem ol ogi cal studies to establish a causa
rel ati onship, as has occurred, for exanple, for cigarette snoking
and | ung cancer.

The termcausality is used when there is a biologica
associ ation, and where a statistical pattern can be inferred. In
general terns, a causal relationship is supported by a strong
associ ati on between exposure and di sease. Consistency in
denonstrating the same associ ation across different popul ati ons,
for exanple different occupational groups or different regions of
the country, supports a causal relationship. Exposure to the
physical factor prior to the effect is absolutely necessary for the
association to be interpreted as causal. A dose-response
relationship in which risk shows a positive correlation with a
| evel of exposure provides a stronger inference of causality.
Al t hough the nechani sminvol ved does not need to be known exactly,
it is highly desirable to develop a predictive theory.

7.1 Studies on Wrking Popul ations

7.1.1 Wbrkers exposed to static nmagnetic fields

Studi es on Sovi et workers involved in the manufacture of
per manent nagnets indi cated vari ous subjective and physi ol ogi ca
synptons: irritability, fatigue, headache, |oss of appetite,
bradycardi a, tachycardi a, decreased bl ood pressure, altered EEG
i tching, burning, and nunbness (VWalov et al., 1964; Walov &
Li si chki na, 1966; VWyal ov, 1967). The strength of the nmagnetic
fields causing these synptons was not reported and there was no
control group, which significantly reduces the value of the
reports. A later study on workers in industries involving nagnet
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production and nachi ne buil ding (VWalov, 1971, 1974), involving 645
exposed persons and 138 controls, reported subjective conplaints
and m nor physiol ogical effects, especially in haematol ogi cal and
cardi ovascul ar indices. The average static magnetic field
strengths to which these workers were exposed were typically 2 - 5
nT at the level of the hands and 0.3 - 0.5 nil at the chest and head
| evels. Unfortunately, no statistical anal yses were perforned.

Marsh et al. (1982) studied workers (320 exposed, 186 controls)
in the USA enployed in industries using electrolytic cells that
generated large static nmagnetic fields. The exposed workers were
subj ected to average magnetic fields of 7.6 nil in operator
accessi bl e locations and maxi mumfields of 14.6 nil. The tine-
wei ght ed average field exposures were calculated to be 4 and 11.8
nl for the mean and maximumfield | evels, respectively. Al though
no maj or health effects were found, mnor haematol ogi ca
alterations and bl ood pressure changes were observed.

The preval ence of 19 common di seases was studied in 792 workers
in high-energy accel erator |aboratories, bubble chanbers, calutrons
(i sotope separation facilities), and high-field magnet facilities,
conpared with the same nunber of nmatched controls (Budinger et al.
1984b). A subgroup of 198 workers exposed to 0.3 T or higher
static fields for 1 h or longer was al so conpared with mat ched
controls. No significant changes were found in the preval ence of
di seases of the skin; circulation; respiratory tract; nale genita
organs; genito-urinary tract; bone, nuscle, and tendon; gastro-
intestinal tract; nervous system |I|iver and gall bl adder; bl ood;
and eye. The preval ences of benign and malignant di seases,
allergic and metabolic diseases; senility and other ill-defined
di seases; and accidents including poisonings were al so unaffected.

In a study on 211 contact welders in the USSR, Abranovich-
Pol j akov et al. (1979) showed an increase in nervous system
di sorders and | eukocyte counts, and alterations in ECG conpared
with 113 non-wel ders. Although the authors related this to
exposure to 0.1- to 0.2-s pulsed magnetic fields of strengths 1000
- 100 000 A/Am (1.25 nT - 125 nil), exposure to other hazards, such
as netal fumes could al so be expected to |ead to effects on health.

M | ham (1979, 1982, 1985b) reported that workers in the
alum niumindustry have a significantly elevated nortality from al
cl asses of |eukaemi a and from acute | eukaenmi a. This conclusion was
based on a study of the death records of 438 000 nales in the state
of Washington (USA) from 1956-79. The proportionate nortality
ratios (PMRs) for all classes of |eukaem a and acute | eukaem a
among al um ni um wor kers were 189 and 258, respectively ( P < 0.01).
This finding was subsequently confirmed by Rockette & Arena (1983),
though their broader study involving 14 alum niumplants in the USA
showed only a small overall excess of |eukaenia nortality with a
standardi zed nortality ratio of 127.9, which was not statistically
significant. The study by Rockette & Arena (1983) also revealed a
trend towards increased pancreatic cancer, |ynphohaematopoietic
cancers, genito-urinary cancer, non-malignant respiratory disease
and various unspecified benign neoplasns. Overall, the elevated
ri sk of these various cancers was not statistically significant.
M | ham (1982) suggested that the elevated risk of |eukaem a anong
al um ni um wor kers mi ght be associated with exposure to the static
magnetic fields that result fromthe high DC electric currents used
in the electrolytic reduction of alum na to al um ni um net al
However, at present, there is no clear evidence indicating a |ink
bet ween the nagnetic fields present in alumniumplants and the
i ncreased incidence of | eukaem a or other cancers. The process
used for al um nium production creates coal-tar pitch volatiles
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fluoride fumes, sulfur oxides, and carbon dioxide. Al of these
environnmental contam nants nust be taken into account in any
attenpt to relate magnetic field exposure and cancer risk anong
workers in the alum niumindustry.

Two ot her recent studies on persons exposed occupationally to
static magnetic fields have failed to detect an el evated risk of
cancer (Budinger et al., 1984b; Barregard et al., 1985). The
results of the study by Budinger et al. (1984b) did not reveal any

el evation in the incidence of benign or nalignant neopl asns anong
792 exposed workers conpared with an equal nunber of matched
controls. Barregard et al. (1985) studied cancer incidence during
a 25-year period among a small cohort of workers at a chl oroal kal
pl ant where the 100-kA DC currents used for the electrolytic
production of chlorine gave rise to static magnetic fields of 4 -
29 nT in the working environnent. The observed versus expected

i nci dence of cancer anobng these workers was not significantly
different.

Sone of the reported effects in man exposed to nmagnetic fields
are sumari zed in Table 11. Although these studies are
i nconcl usive, they suggest that, if long-termeffects occur, they
are very subtle, since no cunulative gross effects are evident. In
general, the avail able data on cancer incidence anong workers in
occupations that involve exposure to large static nmagnetic fields
do not support an associ ati on between cancer incidence and exposure
to these fields.

7.1.2 Cancer epidem ol ogi cal studies on workers exposed to ELF
el ectromagnetic fields

Prelim nary observations, sone published as letters to the
editor (M1 ham 1982; Wight et al., 1982; MDowal |, 1983; Vagert &
Ain, 1983; Coleman et al., 1983; Glman et al., 1985; Lin et al.
1985; M I ham 1985a,b; Pearce et al., 1985; Stern et al., 1986)
reported an epi dem ol ogi cal association of |eukaem a and ot her
tumours with electrical/el ectronic occupations involving presuned
exposure to power-frequency el ectronagnetic fields (Table 12).
Table 11. Studies of workers exposed to static magnetic fields

Exposur e Reported effects Ref erence
characteristics (exposed popul ati on)

Workers in nagnet Subj ective and m nor VWyal ov (1974)
producti on; average physi ol ogi cal effects

exposure: 2 - 5 ml (645 exposed, 138 controls,

(hands), 0.3 - 0.5 niT no statistical analysis)

(chest and head)

1982,

Cont act wel ders; 0.1- I ncreased nervous system Abr anovi ch-
to 0.2-s pul sed nagnetic cardiac, and bl ood Pol i akov et al
fields of 1.25 - 125 di sorders (211 exposed, (1979)
nr, 8 h/day 113 control s)
Workers in al um nium I ncreased risk of |eukaenia M| ham (1979,
plants (no fields (death records of 1985b)
reported) 438 000 ral es, but few

cases)

Exposur e Reported effects Ref erence
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characteristics (exposed popul ati on)

I ndustries using M nor haenmat ol ogi cal Marsh (1982)
electrolytic cells al terations, but no mgjor

(average, 7.6 n, health effects (320

maxi mum 14.6 ni) exposed, 186 controls)

Workers in al um nium Smal | excess of |eukaem a Rockette &
pl ants (no fields mortality; non-significant Arena (1983)
reported) ri sk of other cancers

H gh energy accelerator No increased preval ence of Budi nger et al

| aboratory (fields up 19 common di seases (1984b)
to 2 T) i ncludi ng cancers (792
exposed, 792 controls)
El ectrol ytic production No increased incidence of Barregard et al
of chlorine (fields cancer over 25-year period (1985)
4 - 29 ni

In an analysis of data for occupational nortality, M| ham
(1982) noted higher than expected proportionate nortality due to
acute nyel oid | eukaem a anbng nen "whose occupation requires them
to be in electric or magnetic fields."” The data base consisted of
438 000 deaths of nen, 20 years of age or ol der who, from 1950 to
1979, were residents of Washington state (USA). Al though the
proportionate nortality ratio (PMR = observed/ expected x 100) is a
useful statistical neasure, it has technical linmtations that
shoul d be explored in a conplete study. PMRs significant at the

P < 0.01 level were observed for "electricians", TV and radio

repai rmen, power-station operators, and al umi ni um workers, though
simlarity in field exposure anbng these groups was not proved and

is unlikely.
Table 12. Cancer incidence and occupational exposure to power frequency
el ectromagnetic fields

Ref erence Subj ect Cancer risk
Wkiund et al. (1981) Tel ecommunication workers  No cancer risk
M | ham (1982, 1985hb) El ectrical occupations I ncreased | eukaeni a
Wight et al. (1982) El ectrical occupations I ncreased | eukaeni a
McDowal | (1983) El ectrical occupations I ncreased | eukaeni a
Col eman et al. (1983) El ectrical occupations I ncreased | eukaeni a
Vager6 & Ain (1983) El ectrical occupations No | eukaemni a ri sk

Ref erence Subj ect Cancer risk
Swer dl ow (1983) El ectrical occupations I ncreased eye
nel anoma
Pearce et al. (1985) El ectrical occupations I ncreased | eukaen a
Lin et al. (1985) El ectrical occupations I ncreased brain
t unour s
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M | ham (1985a) Amat eur radi o operators I ncreased | eukaem a
Glman et al. (1985) Mal es i n underground m nes I ncreased | eukaeni a
Vager6 et al. (1985) El ectrical occupations No | eukaemni a ri sk

i ncreased urinary
cancer; increased
mal i gnant nel anoma

Calle & Savitz (1985) El ectrical occupations No | eukaemni a ri sk

AQin et al. (1985) El ectrical occupations I ncreased nal i gnant
mel anoma

Stern et al. (1986) El ectrician and wel ders I ncreased | eukaeni a

Torngvi st et al. El ectric power industry No | eukaem a ri sk

(1986) no brain tunmour risk

Wight et al. (1982) sought to verify MIlhams (1982) results
by examining a simlar statistic, the proportional incidence ratio
(PIR) of a different and nmuch smaller data base. They found
significant increases ( P < 0.05) in the incidence of acute nyeloid
| eukaeni a, based on a total of 4 cases in power |inenen and
tel ephone linenmen, two groups for which the Washington data yield
insignificant PMRs. Calle & Savitz (1985) anal ysed nortality from
| eukaem a anong 81 nmen in el ectrical occupations in Wsconsin
during the period 1963-78. The classification of occupationa
groups used by these authors was identical to those of MI ham
(1982) and Wight et al. (1982). PMR was calculated on the basis
of all deaths occurring during this period in Wsconsin. No excess
nortality fromleukaenm a was found, with the possible exception of
acute leukaema in electrical engineers. The PVR was 257 (one-
sided P < 0.05). When the |eukaema nortality data were pool ed
across all 10 electrical occupations, the PVMR val ues were 103 and
113 for all |eukaem a and acute | eukaemi a, respectively. Calle &
Savitz (1985) concluded, on this basis, that there was no
consi stent overall pattern of excess |eukaem a risk anmong workers
in electrical occupations.

Addi tional data on occupational |eukaenmia rates in the United
Ki ngdom were provided in two letters to the editor. MDowall (1983)
found increased evidence of |eukaem a in occupationally exposed
el ectrical workers using PMRs and al so by a case-control study.
Col eman et al. (1983) al so exam ned the | eukaem a incidence for the
same el ectrical occupations with evidence for a 17% excess that was
especially strong for electrical fitters and tel egraph operators,
for whomthe extent of electric or magnetic field exposure has not
been est abl i shed.

The suggestion of a small, but significant, increase in the
ri sk of leukaemia in electrical workers in New Zeal and with the
potential for exposure to alternating electrical and nmagnetic
fields was found by Pearce et al. (1985). The authors stated that
their study woul d al so support that the increased risk of |eukaemn a
was due to exposure to nmetal fumes and substances used in
el ectrical conmponent assenbly, since the greatest excess of risks
was found for el ectronic equi pmrent assenbl ers and radi o and
television repairers

A recent study by Stern et al. (1986) has led to the
observation of an el evated incidence of |eukaen a anong
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electricians and wel ders in the Portsnmouth Naval Shipyard (New
Hanpshire, USA). A matched case-control study was conducted of 53
| eukaem a deat hs and 212 controls identified froma popul ati on of
24 545 workers enployed at this naval nucl ear shipyard between 1
January 1952 and 15 August 1977. No correl ations were found

bet ween | eukaemi a nortality and exposure to ionizing radiation or
to organic solvents. The Mantel -Haenszel odds ratio was 3 for the
nortality fromlynphatic | eukaem a anong the electricians ( P <
0.05). For welders, the odds ratio was 2.25 for myel oid | eukaemn a
( P<0.05). These elevations in |leukaenia nortality were
attributed by the authors to el ectromagnetic field exposure anong
workers in the affected groups.

O her studies on groups with presumed occupational exposure to
el ectromagnetic fields have failed to detect an excess of |eukaen a
cases (Vagerd & din, 1983; Vagerd et al., 1985; Tornqvist et al.
1986). However, in these studies, a significant increase in the
i nci dence of pharyngeal cancer (Vager6 & Ain, 1983), urinary
cancer (Vagero et al., 1985), and malignant skin nelanoma (Ain et
al ., 1985; Vagero et al., 1985) was noted. An excess risk of
mal i gnant nel anonma of the skin was primarily associated with
occupations that involved sol dering.

Usi ng years of enploynent as a neasure of exposure to
el ectromagnetic fields, Glnman et al. (1985) reported a significant
increase in the incidence of |eukaem a anong white male coal miners
who had worked for nore than 25 years underground conpared wth
m ners who had worked for |ess than 25 years underground. |t was
suggested that the el ectromagnetic fields associated with power
lines, transforners, etc. were a possible factor in this increased
risk.

In an epi deni ol ogi cal study on tel econmuni cati ons workers based
on the Swedi sh Cancer Environment Registry, Wklund et al. (1981)
did not find any increased risk for this occupational group
conmpared with the Swedish popul ati on as a whol e.

Swer dl ow (1983) suggested an association with an increase in
the incidence of adult nelanoma of the eye in electrical and
el ectronic workers and al so the non-manual social classes (white-
col | ar workers).

An increased incidence of cancer deaths in nmale nenbers of the
Ameri can Radi o Relay League in California and Washi ngton States was
found by M| ham (1985a). Lin et al. (1985) recently reported an
i ncreased nunber of brain tunour deaths anong white male workers in
3 electrical/electronic occupations in the state of Maryland (USA)
during the period 1969-82. The Mntel - Haenszel odds ratio was 2.15
(with a 95% confidence interval of 1.10 - 4.06) for workers who had
experienced definite electromagnetic field exposure during the
course of their work

7.1.3 Concl usions

The associ ati on between cancer incidence and occupati ona
exposure to power-frequency electric and nmagnetic fields suggested
by many of the recent epidem ol ogical studies reviewed here is not
clearly consistent. |In many of these studies, the ELF field |l evels
to which the occupational groups under study were exposed were not
characterized. Also, in a nunber of the investigations,
confoundi ng vari abl es of high carcinogenic potential, e.g., certain
organi ¢ fumes and hydrocarbon particul ates, were not taken into
account. Therefore, even if it is concluded that the risk of
| eukaemnmi a or other types of cancer was increased for certain
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occupational groups, it does not follow that the ELF electric or
magnetic field exposure was the rel evant etiological factor

In general, given the linmted statistical power of the studies
reported to date, the reported increase in the incidence of
| eukaeni a and ot her cancers has been |l ess than a factor of 2 (for
exanmple, from1 per 10° to 2 per 10° conpared with a case-contro
group or the general population. These epidem ol ogi cal studi es have
often invol ved very few di sease cases in an occupational category,
as well as inconsistent category definitions. As discussed in the
introduction to this section, epidemological nethods can detect
associations with a reasonabl e degree of certainty in studies such
as these, if appropriate criteria are applied to a | arge enough
data base of good integrity. The suggestion of |eukaenia and ot her
cancers related to ELF el ectromagnetic field exposure raises
i mportant questions that should be addressed by studies of adequate
statistical power, in which confounding variables are taken into
account. There is an urgent need for well-designed experinental
studi es on the carcinogenic effects of ELF el ectromagnetic field
exposure, using the tine-honoured nethods that have been previously
used for testing the carcinogenic effects of chem cal substances.
Until such data are obtained and additional epidem ol ogical studies
are carried out, the problemof the carcinogenic effects of ELF
el ectromagnetic field exposure should be considered to be unresol ved

7.2 Epidem ol ogical Studies on the General Popul ation

Wert hei mer & Leeper (1979) reported a 2- to 3-fold increase in
the incidence of |eukaem a anong Col orado children, presumably
exposed to fields fromhigh electric current configurations.
Magnetic fields (associated with the electric currents) were
estimated by scoring the type of electrical wiring configuration
close to the homes into categories of high or [ow current
configurations.

The sane authors (Werthei ner & Leeper, 1982) extended their
work to a study of the incidence of adult cancer in those |iving
near high-current electric wiring. The associations denonstrated
wer e not dependent on age, urbanicity, neighbourhood or socio-
econom c | evel and were nost clearly denonstrated where
urban/industrial factors were not present to obscure the pattern
The four types of cancer that appeared to be particularly el evated
in the exposed adult popul ati ons were cancer of the nervous system
uterus, breast, and | ynphomas. The authors suggested that
magnetic fields m ght have a tunour-pronoter effect, since the
increases were naxinmal at 7 years fromthe tinme of taking up
residence in the area.

These prelimnary studies have linmtations comobn to many
epi dem ol ogi cal studies involving cohort selection and additiona
probl ems suggesting possible biases in the techniques for scoring
the wiring configurations, and in the assunption that the scoring
techni que accurately determ nes nmagnetic field strength |evels
among the cases exam ned. Further questions are raised, because
cases were ascertained after death, and therefore no account was
taken of cancer cases still alive and, because birth and death
addresses were used, again introducing the potential for observer
bi as. Considerable interest has been provoked by these findings
and it is expected that many of the issues will be dealt with in
future research

The hypot hesi s that such weak nagnetic fields (of the order of
0.1 - 0.7 uT) produce biological effects has rai sed questions, such
as those of MIler (1980), who criticized the Wertheimer & Leeper
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(1979) study on the basis that the magnetic field fromelectrica
appliances in the hone would far exceed contributions from
electrical wiring configurations in the environment.

Tonenius et al. (1982) and Tonmenius (1986) reported an
i ncreased incidence of tumours (malignant and benign) in children
living in homes where the nagnetic field outside the front door was
nore than 0.3 uT. The data involved a snmall nunber of cases and
again the field measurenent was questionabl e, because the relation
of personal exposure to the value of the field measured outside the
hone was not established. Tonenius (1986) did not find an increased
i nci dence of |eukaem a but an increased incidence of nervous
systemtunours in residences with magnetic fields greater than 0.3
MT. Furthernmore, if a cut-off nagnetic field strength other than
0.3 uT was used, no association of tumour incidence and nmagnetic
field exposure woul d occur.

These studies, and the prelimnary occupational data (see
above) causing sone concern in relation to electric or magnetic
field exposure, nust be investigated further to deternine whether
the suggested Iink with cancer induction or pronotion can be
established. Recently, the results of three studies carried out in
the United Kingdom did not show any associ ati on between nagnetic
fields and cancer (Col eman et al., 1985; Myers et al., 1985;
McDowal | 1986). It should be noted that these studies are open to
the same criticisns as those above that indicate an association
particularly with regard to the linmted statistical power and |ack
of quantification of exposure. A summary of studies on cancer
i nci dence and popul ati on exposure to el ectromagnetic fields is
given in Table 13.

Anot her aspect of ELF magnetic field effects that should be
considered in the context of behavioural alterations is the report
of a correlation between the incidence of suicides and the
intensity of residential 50-Hz nmagnetic fields from power-Iline
sources (Perry et al., 1981). On the basis of coroner and police
records fromvarious urban and rural regions wthin a 5000 knf area
in the Mdlands of England, a statistically significant increase in
suicide rate was found anong individuals who lived in residences
where the 50-Hz field intensity exceeded 0.15 puT at the front
entrance. A subsequent statistical analysis of the sane data
i ndicated that the cunulative probability ratio for the incidence
of suicide increased above the null effect |level of unity for
residential 50-Hz magnetic field intensities exceeding 15 nT
(Smith, 1982). However, oscillations occurred in the cumul ative
probability ratio as a function of increasing nagnetic field
intensity, and at 0.2 uT, the ratio for the "urban" study group was
consistent with the absence of any 50-Hz magnetic field effect.
From an epi deni ol ogi cal perspective, the lack of a clear-cut
dependence of the suicide incidence on nmagnetic field intensity
suggests that the apparent correl ation between these variabl es may
be purely fortuitous. An extension of the studies initiated by
Perry et al. (1981), using a significantly |arger popul ation of
i ndividuals, will be required before any firmjudgenent can be nmade
regardi ng the proposed correl ati on between suicide incidence and
ELF magnetic field exposure. Thus, these data cannot serve as a
basis for the evaluation of possible health effects, particularly
as McDowal |'s (1986) data based on an analysis of nortality in a
group of nearly 8000 persons, identified as living in the vicinity
of electrical transmssion facilities, did not support an
associ ati on with suicide.

7.3 Studi es on Human Vol unt eers
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A nunber of research workers (Mantell, 1975; Hauf, 1976, 1982;
Deni sov et al., 1979; Sander et al., 1982; Kholodov & Berlin, 1984)
have performed controlled studies on human volunteers in
| aboratories where the field strength and exposure duration were
accurately known. The strongest fields and | engths of exposure
were used by Sander et al. (1982) and Khol odov & Berlin (1984).

Tabl e 13. Cancer incidence and popul ati on exposure to el ectromagnetic
fields
Ref erence Subj ect s Cancer deaths

Veért hei mer & Children living near I ncreased | eukaeni a
Leeper (1979) hi gh current configurations
No increased | eukaeni a

Fulton et al. Children living near high

(1980)

Wert hei mer &
Leeper (1982)

Col eman et al.
(1985)

MWers et al.
(1985)

Rodval | et al.
(1985)

Tomeni us (1986)

McDowal | (1986)

current configurations

Adults living near high
current configurations

Persons |iving near
hi gh voltage |ines

Children living near
hi gh voltage |ines

Persons |iving near
hi gh voltage |ines

Children living near
hi gh voltage |ines

Persons |iving near

I ncreased cancer

No i ncreased | eukaen a

No i ncreased cancer

No i ncreased cancer

No i ncreased | eukaen a
I ncreased nervous
system t unours

No i ncreased cancer

hi gh voltage |ines

Sander et al. (1982) exposed human volunteers to 50-Hz magnetic
fields of 5 ml. These exposures did not produce any effects with
the exception of some minor variations in certain haenatol ogi ca
paraneters. Al of the studies on human vol unteers exposed to
relatively weak magnetic fields produced negative results (Table

14).
Table 14. Effects of ELF magnetic fields on man
Exposur e Ef f ect Ref erence

0.3 nl, 50 Hz (for 3 h) No effect on reaction Mantel | (1975); Hauf
time or EEG (1976)

3 nl, 10 Hz Threshol d for

perception or sensation

Deni sov et al. (1979)

5 nl, 50 Hz (for 4 h/
day for 1 week)

No effect on many
physi ol ogi cal paraneters

Sander et al. (1982)

3 nl, 10 Hz Threshol d for Khol odov & Berlin

perception or sensation (1984)
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Exposur e Ef f ect Ref er ence

2 - 10 nl, 15 - 20 Hz; Threshol d for perception Various authors
10 nir, 50/60 Hz of magnet ophosphenes (Table 7)

60 nml, 50 Hz Threshold for visually Silny (1986)

evoked potentials

Khol odov & Berlin (1984) exposed the head, arns, and | egs of
human vol unteers to determine the thresholds for sensation or
perception of magnetic fields. They reported that, for pul sed
magnetic fields (f = 10 Hz) the threshold was about 3 mfl, for
sweepi ng nagnetic fields, about 0.5 nil, and for static fields,
about 8 nir.

When t he hands of human vol unteers were exposed to static
magnetic fields of up to 0.1 T for up to 30 min, skin tenmperature
and sensitivity decreased, and capillary spasns were reported
(Roschin, 1985).

8. HEALTH EFFECTS ASSESSMENT

The process of making a health risk evaluation is quite conplex
and i nvol ves consi deration of such concepts as nunerical val ues of
ri sk, acceptability of risk, reasonable or conparative risk, public
perception of risk, and cost-benefit analyses (Sinclair, 1981).

I n maki ng an assessnent of the health risks from exposure to
magnetic fields, criteria nust be devel oped to identify which
effects are to be considered a hazard for human health. The
difficulty in defining the health hazard occurs when val ue
j udgenents are involved that may not be based on scientific
anal ysi s.

Strict guidelines nust be established prior to review ng the
literature on the biological effects of exposure to nmagnetic
fields. Certain studies are conducted to identify underlying
nmechani sns of interaction. WMany of these will be conducted on
bi ol ogi cal systens exposed in vitro to magnetic fields. Health
ef fects assessnents cannot be based on in vitro studies alone,
because effects found in vitro may not necessarily occur in vivo.

In vitro studies nmake it possible to deternmine the toxicity of an
agent in increasingly conplex steps. For exanple, effects on
sol utions of biological nolecules mght be used as a nodel system
to study predoni nant nechani sns of action. Unconplicated systens
can assist in the exploration and eval uati on of mechani snms and may
serve as a useful basis for designing studies at the next |evel of
bi ol ogi cal conmplexity, the cellular level. By restricting the
conplexity of the experinental system there will be | ess chance of
possi bl e subtle effects bei ng masked by gross or dom nant effects.

Thus, health agencies can place only linmted value on in vitro
studies. However, the in vitro results may indicate that a
cautious or prudent approach should be adopted when setting
standards. Once nechani sns of interaction are understood and found
to occur in laboratory animals, the next step is to deternmine if it
is possible to extrapolate the results to man

Present know edge of the interaction nechani sns operating when
bi ol ogi cal systens are exposed to magnetic fields is not sufficient
to predict theoretically the whole range of effects of exposure to
these fields, particularly the long-termeffects. Thus, care nust
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be applied in attenpting to predict or extrapolate effects in man
fromeffects found in | aboratory aninals.

An approach to making a health risk assessnent is to evaluate
the avail abl e data on exposure |l evels and bioceffects to deternine
if thresholds for effects occur (Repacholi, 1985b). It should be
noted that, in undertaking such an evaluation, only reports that
provi de adequate informati on on experinental technique and
dosi netry should be used. Ideally, only data that have been
reproduced or substantiated by independent |aboratories and have a
direct bearing on health risk should be consi dered.

I f possible, the health risk assessnent should be based on
wel | - concei ved, -conducted, and -anal ysed epi dem ol ogi cal studies.
Unfortunately, epidemological studies on human bei ngs exposed to
magnetic fields tend to suffer fromone or nore of the follow ng
deficiencies: small nunbers of subjects (resulting in | ow
statistical accuracy); a |lack of adequate dosinetry or ill-defined
exposure conditions; lack of information on confounding vari abl es,
such as exposure to other physical or chenical agents; and a | ack
of a properly matched, stable control group that woul d provide
unequi vocal interpretation of the data to give a direct causa
relationship with the hazardous physical agent.

Health risk analysis for the devel opnent of standards m ght
adopt a phenonenol ogi cal or conservative approach (Kossel, 1982;
Repachol i, 1983a,b). |In this case, it is assumed, until nore
i nformati on becones avail able, that exposure to fields that produce
an adverse biol ogical effect could be hazardous, since |ater
studies may reveal that the biological effect was a precursor to
real injury.

8.1. Static Magnetic Fields

Fromthe avail abl e data summarized in section 7, it can be
concl uded that short-term exposure to static magnetic fields of
less than 2 T does not present a health hazard. Because of the
| ack of experinental data and from anal ysis of established
nmechani sns of interaction, exposure to fields above 2 T cannot yet
be eval uat ed.

8.2. Time-Varying Magnetic Fields

In eval uati ng human exposure to tinme-varying nagnetic
frequencies up to about 300 Hz, it is possible to use an organ-dose
concept (Bernhardt et al., 1986). This is based on two
assunpti ons:

(a) There are no indications that a specific tinme-varying
magnetic field effect exists at tissue field strengths
bel ow t he val ue at which induced eddy currents may cause
bi ol ogi cal effects. Reports on calciumefflux (Adey 1981

Bl ackman et al., 1985b) and on effects in chick enbryos
(Del gado et al., 1981, 1982; UWbeda et al., 1983;
Juutilainen et al., 1986), if confirnmed, would appear to

be due to ot her nechani sns.

(b) When possible health risks for nan from exposure to tine-
varying magnetic fields are eval uated, the biol ogica
effects mainly considered are those that originate froma
direct action on the cells in nerve and nuscle tissues.
The physical quantity determ ning the biological effect is
the induced electric field strength in the tissue
surrounding the living cell
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There is a considerabl e anount of experinental data on
stimulation thresholds for different nerves and nuscle cells, often
expressed in the formof electric current density values and not as
field strength values. Only a few papers provide data on field
strength thresholds. Therefore, the current density may be used as
the decisive paranmeter in the assessnent of the biological effects
at the cellular level. Field strength and current density are
rel ated by the conductivity of the nedium

Selection of the current density as a neasure of an action at
the cellular level also nakes it possible to extrapolate conditions
in the human body from experinental aninmal studies or from
nmeasurenents taken on isolated cells, by way of mnutual conparison
of the current densities. It seens irrelevant whether the electric
current density surrounding a cell is introduced into the body
through el ectrodes or induced in the body by external nagnetic
fields. However, the current paths within the body may be
different in the two cases.

Several ranges of current densities nay be consi dered.
(a) Up to 10 mA/ n?f

It can be assunmed that a current density of less than 1 mA nf,
i nduced by an external nagnetic field, should not produce adverse
neur ol ogi cal or behavioural effects, since naturally flow ng
currents in the brain are of the sane order of nmagnitude. Simlar
argunents pertain to fields that produce current densities of |ess

than 10 m¥nf in the heart. In general, the endogenous current
densities in major tissue and organ systens, other than the heart
and brain, are below the 1 mA/nf level. Cellular responses in

various tissues have been observed as shown in Fig. 8, and effects
on tissue (bone) repair have been noted.

(b) 10 - 100 mA/ n?

In this range, electro- and nmagnet ophosphenes are observed.
Magnet ophosphenes can be considered harm ess for a short exposure;
however, the consequences of a |ong-termexposure with current
densities at, or above, 10 mA/nf are not known. Furthernore, this
current density will produce a nenbrane potential of the order of
0.1 nV (Bernhardt et al., 1986), which may influence the activity
in other neurons. The results of electrophysiological studies have
shown that information can be transferred between neurona

el enents, even without action potentials (Schmitt et al., 1975).
It nust be expected that current densities that are bel ow the nerve
stimulation thresholds, may still influence brain function

associated with electrical activity.
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Threshold walues of the sinusoidal magnetic field for different
biological effects

(¢) 100 - 1000 mA/ nt

It has been shown by a nunber of research groups that current
densities in this range, which result fromelectric currents
applied in vitro and in vivo to manmalian central nervous tissue,
can influence neuron excitability w thout causing direct
stimulation. Mich of this work has been carried out using rat
hi ppocanpal slices (Bawin et al., 1975, 1978, 1984, 1986) and
gui nea-pi g hi ppocanpal slices (Jeffries, 1981). The thresholds for
stimulation of sensory receptors and of nerve and nuscle cells may
also lie in this range. It is possible that such stinulation could
be hazardous. An unexpected stinmulation of nuscle tissue nmay | ead
to a dangerous reaction. Changes in excitability or the direct
stimulation of central nervous tissue nay | ead to adverse changes
in mental function

(d)  Above 1000 mA nf

An increased probability of ventricular fibrillation occurs at
current densities above 1000 mA nf. The probability of this effect
i ncreases with both duration of exposure and current density
magni tude. Continuous (tetanic) nuscle contraction nay al so occur
In studies where 50/60-Hz electric currents have been applied to
human vol unteers via el ectrodes, tetany of the nuscles concerned
wi t h breathing has been produced which, obviously, would be fatal
i f prol onged.

A summary of the ranges of induced currents that produce these
possible effects is given in Table 15

Table 15. Induced current density ranges between 3 and 300 Hz
for producing biological effects

Current density Effects
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(M nt)

<1 Absence of established effects

1- 10 M nor bi ol ogical effects reported

10 - 100 Wel | established effects, visua
(magnet ophosphenes) and possi bl e nervous
systemeffects; facilitation of bone
fracture reunion reported

100 - 1000 Changes in central nervous system
excitability established; stinulation
threshol ds; possible health hazards

> 1000 Extrasystol es, ventricular fibrillation

possi bl e; definite health hazards

In terms of a health risk assessnment, it is difficult to
correlate the internal tissue current densities with the externa
magnetic field strengths. Calculation of current densities using
Faraday's law is conmplicated by the fact that the exact current
pat hs depend in a conplex way on the distribution and the
conducting properties of the body tissues. Current densities
i nduced in human beings and animals are extrenely non-uni form
Current enhancenents have been predicted in the human neck
axillae, and | ower pelvic region for exposure to a horizontal ELF
magnetic field (Kaune & Curley, 1986). There are differences in
the conductivity of the white and grey cerebral matter.
Furthernore, the effective dianeter of the current pathways (| oops)
is not known. However, using "worst case" assunptions, an
estimate of the order of magnitude for "safe" and dangerous
magnetic field strengths and their frequency dependence can be nade
(Bernhardt, 1979, 1985).

The threshold field strengths and i nduced current densities
required to produce visual effects by exposure to tinme-varying
magnetic fields have been studied as a function of frequency
(sections 4.2 and 6.1). In addition, the effects of electrica
stimulation on cell menbrane potentials, sensory receptors, and
cardi ac, nerve and nuscle tissues have been characterized as a
function of frequency (section 6.2). The frequency dependence of
the thresholds for the direct electrical stimulation of cells and
tissues, as well as the thresholds for nmagnetic field generation of
phosphenes and for altering the VEP, have recently been summuari zed
by Bernhardt (1985). By calculating the nagnetic flux density that

woul d produce current densities in tissues conparable with those
produced by direct electrical stinulation, Bernhardt (1985, 1986)
has constructed a family of curves representing the approxinate
threshold field | evel s necessary to produce electrical stinulation
of cells and tissues by tinme-varying magnetic fields with a

si nusoi dal waveform These threshold field levels are plotted in
Fig. 8 as a function of frequency in the ELF range. Seven curves
are shown in this figure, including sone experinental data as
explained in the caption

Wth the possible exception of production of nagneto-
phosphenes, over the entire ELF range, the threshold field levels
that produce stinmulating effects in various target organs and
tissues are greater than those that induce a current density of 1
mV nf in the brain or heart. This observation is consistent with
the results of cell and tissue studies summarized in section 6.3,
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whi ch indicate that the threshold current density for which
perturbations are consistently observed is approxi mately 10 mA nf.

The values given in Fig. 8 for the current densities are
applicable only to the peripheral regions of the heart or the head.
For zones closer to the centre of the heart or the head (having a
shorter current path), higher strengths of the nmagnetic field are
necessary to induce the sane current densities. FromFig. 8, a
magnetic field strength that is considered not to produce any
bi ol ogi cal effect is about 0.4 nil for 50 or 60 Hz. Although sone
experinental data fit satisfactorily into Fig. 8, it nmust be
understood that the figure only gives an idea of the magnitude of
the current density in the body. Mean values were taken as the
basis to determine the distribution of the electric field in the
heart and the head, where the exact current paths are not known.
Local increases in the internal field strength cannot be precl uded.
The extent of high local field strengths needs further elucidation
by continued studies.

Safety factors nay be defined nore precisely only after further
studies. This has to be considered in the case where curve Gin
Fig. 8 is used to eval uate human exposure to tine-varying magnetic
fields or to provide a basis for discussion on the definition and
determ nati on of personnel exposure linits.

8.3. Concl usions

1. Only a few nechanisns of the interaction of biological tissue
with magnetic fields have been established. Sone of the biologica
ef fects data suggest that other nechanisns nay play a role, but
these have yet to be confirmed experinentally. Thus, only a
prelim nary assessnent of the human health risks from exposure to
magnetic fields can be nade.

2. A nunber of | ower organi sns have shown a renarkabl e
sensitivity to the earth's magnetic field, because of highly
devel oped receptors. Similar receptors have not been found in
human bei ngs.

3. For human exposure to static nagnetic fields, it is not

possi ble to nake any definitive statenent about the safety or
hazard associated with short- or |long-termexposure to fields above
2 T. Available know edge suggests the absence of any neasurabl e
effect of static fields on many maj or devel oprnental, behavi oural

or physi ol ogi cal paraneters in higher organisms. Recent nedi um
term (days) studies on exposure of animals to static fields of up
to 2 T have not denponstrated any detrinmental effects.

4. Fromthe scientific data base on higher organi sns exposed to
magnetic fields, only 4 types of effect can be regarded as
established. The first three nay be expl ai ned by pl ausible
nmechani sns of interaction and produce a basis for extrapolation to
man. These effects are:

(a) induction of electrical potentials and magnet ohydr o-
dynanic effects within the circulatory system

(b) the formation of nmamgnet ophosphenes with a tine rate
of change of magnetic field exceeding 0.3 T/s at
17 Hz; the effect depends strongly on frequency
(conpare Fig. 8);

(c) direct stimulation of nerve and nuscle cells by very
short (less than 1 ns) pul ses of rapidly changing
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magnetic fields (several thousand T/s). Current
densities are estimated to exceed 1000 mA/ nf. These
effects are strongly frequency dependent and nay
exhibit lower thresholds (100 - 1000 mA/ nf) under
nore favourable stimulus conditions (10 - 100 Hz).

(d) other cellular and tissue alterations when the
i nduced current densities exceed approximately 10

mA/ nt.

5. For human exposure to time-varying magnetic fields, it seens
reasonable to assunme that a health risk assessnment can be nmade on
the basis of significant perturbations of biological functions
caused by electric currents induced by the fields. Available data
suggest that, when current densities |ess than 10 mA/ nf are induced
in tissues and extracel lular fluids, the induction of adverse
health effects is unlikely. However, the possibility of sone
perturbing effects occurring follow ng | ong-term exposure cannot be
excl uded.

The tinme-varying fields that induce currents in the body depend
critically on the waveform and pul se shape. In this regard, the
peak instantaneous current densities appear to be inportant.
Furthernore, the frequency dependence of effects produced by tine-
varying fields has to be taken into consideration

9. STANDARDS AND THEI R RATI ONALES

Wth advances in technology resulting in increasing nunbers of
devi ces using magnetic fields, the potential for hunan exposure to
these fields has increased to the point that valid questions are
rai sed concerning safety.

Except for the USSR (USSR, 1970, 1978, 1985) and the Federal
Republic of Germany (1986), no countries have devel oped, or are
devel opi ng, mandatory standards limting nmagnetic field exposure
because, until recently, there was only a small probability of
human exposure to magnetic fields strong enough to cause adverse
health effects. However, with the advent of high-energy
accel erators and fusion reactors using strong nmagnets, nagnetic
| evitation systens for transport and, nost recently, the
application of magnetic resonance techniques in diagnostic
nedi ci ne, serious consideration has been given to devel opi ng
exposure limts in various countries.

A safety standard is a general term incorporating both
regul ations and guidelines, and is defined to be a set of
specifications or rules to pronote the safety of an individual or
group of people. A regulation is promulgated under a legal statute
and is referred to as a mandatory standard. A guideline generally
has no legal force and is issued for guidance only - a voluntary
standard. Safety standards can specify nmaxi num exposure lints and
ot her safety rules for personnel exposures, or provide details on
the performance, construction, design, or functioning of a device.

The purpose of this section is to briefly sunmarize the
exi sting standards on nagnetic fields and to discuss their
scientific basis.

9.1. Static Magnetic Fields
Only a few guidelines linmiting occupational exposure to static

magnetic fields have been devel oped. The limts of human exposure
to static magnetic fields in the USSR, US Departnent of Energy, and
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certain accel erator |aboratories in the USA, and the CERN

Accel erator Laboratory in Geneva are sumari zed in Table 16. Only
one standard (USSR, 1978) has been pronulgated to regulate static
magnetic fields. A new DINVDE draft electromagnetic field
standard is being discussed in the Federal Republic of Gernany
(1986) and this includes 0 Hz nagnetic fields.

The earliest static magnetic field guidelines were devel oped
as an unofficial recommendation in the USSR (VWal ov, 1967).
Clinical investigations (VWalov et al., 1964; Vyalov & Lisichkina,
1966; Wyal ov, 1971, 1974) formed the basis for the Soviet Standard
(USSR, 1978). The standard requires that the static magnetic field
strength at the work-place does not exceed 8 KAm(0.01 T).

Table 16. Limits of occupational exposure to static magnetic fields
Aut hor Field Exposure tine Body region Conment s
USSR (1978) 0.01 T 8nh whol e body regul ati on i ssued by
Heal t h
Stanford 0.02 T extended (h) whol e body unofficial, occupatio
Li near 0.2 T short (mn) whol e body
Accel er at or 0.2 T ext ended (h) arms, hands
Center (1970) 2T short (nin) arns, hands
US Depart nent of 0.01 T 8nh whol e body recomended to DCE co
Ener gy (DCE) 0.1 T 1 h or less whol e body
(Al pen, 1979) 0.5 T 10 min or |less whole body
0.1 T 8 h arns, hands
17T 1 h or less arns, hands
2T 10 min or less arns, hands
CERN Accel er at or 0.2 T m nut es whol e body Recommended practice
Lab, Geneva 2T short hands, arns
(NRPB, 1981) and feet
Law ence 0.06 T day trunk maxi mum aver age/ day i
Li vernore >0.5T
Nat i ona
Laborat ory 0.06 T day trunk maxi mum aver age/ week
(LLNL, 1985) <0.5T
0.6 T day extremties maxi mum aver age/ week
< 0.5 T) or per day (
>0.5T
2T short (mn) whol e body peak exposure limt

Three sets of guidelines recoomending Iimts of occupationa

exposure to static magnetic fields exist
are applicable in high-energy physics |aboratories,

in the USA

is a US Departnent of Energy (DOCE) guideline.

At the Stanford Linear Accel erator

unof fi ci al

Cent er
gui del i nes were established in 1970.
t he whol e body or

Two of these
and the other

in California,
They suggest that
head of workers should not be exposed to static

magnetic fields exceeding 0.02 T for extended periods (h) or fields

exceeding 0.2 T to the arns and hands.

whol e body or

fields exceeding 0.2 and 2 T,

respectively.

For short periods (mn), the
head, and arms and hands shoul d not be exposed to

The 2-T limt also
allows filmchanges at Stanford's bubbl e chamnber
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The Law ence Livernore National Laboratory (LLNL, 1985) has
drafted a set of policy guidelines for working in magnetic fields
associ ated with the hi gh-energy accelerators. The guidelines
(Table 16) state that:

Maxi mum exposure: Wrkers nust never be exposed to fields
exceeding 2 T, regardl ess of the duration of the exposure
or the exposed part of the body;

Fields less than 500 nil: |f the peak field to which
workers are exposed is |ess than 500 n, personnel nmay be
exposed to a week-1ong nmaxi mum average field strength of
no nmore than 60 nl (nmeasured at the torso) or 600 nir
(rmeasured at the extremities);

Fields greater than 500 nl: If the peak exposure is
greater than 500 nil, workers should be exposed to a daily
maxi mum average field strength of no nore than 60 nir
(measured at the torso) or 600 niI (nmeasured at the
extremties).

In addition, the following restrictions are nade: Al ways use
caution signs indicating the presence of a magnetic field, whenever
the field strength is 1 nT or greater. Use additiona
adnmi ni strative controls or barricades (ropes or fences), whenever
practical. Do not allow workers with cardi ac pacemakers or other
nedi cal electronic inplants into areas where the magnetic-field
intensity exceeds 1 niT. Magnetic fields greater than this |eve
can trigger a change in the operating node of sone pacenakers.
Persons with small metallic inplants (such as aneurysm clips) nust
al so be stopped fromentering an area where the field intensity is
greater than 1 nml. Stronger magnetic fields may rotate or even
renove aneurysmclips fromthe arteries to which they are attached.
Wirkers with large netallic inplants, such as hip prostheses,
shoul d be advised to avoid working anywhere inside the perineter of
1-nT field intensity.

A rational e supporting the guidelines acconpani es the docunent
(LLNL, 1985). The 60-ml limt is set to 1 nmV of the
magnet ohydnami ¢ vol tage (vol tage generated by bl ood, an ionized
fluid, nmoving in a fixed magnetic field) in an obese person engaged

in noderately heavy work (cardiac output 10 litres/mn). 2 T
l[imts the rise in blood pressure to 1%

The US Departnment of Energy (DOE) formed an ad hoc committee to
revi ew technol ogi es that use magnetic fields, to make an assessnent
of the scientific literature on biological effects, and to
establish guidelines for static magnetic fields, field gradients,
and tinme-varying nagnetic fields. In July 1979, the Al pen
Conmittee (Al pen, 1979) nmade its recommendations to DCE as shown in
Table 16. The guideline in sone cases is a factor of 2 |ower than
that for continuous exposure at the Stanford Li near Accel erator
Center. This guideline was recommended by the Departnent of Energy
to its contractor organi zations as an interimnmneasure, unti
official standards are promul gated. Although the Al pen Comittee
made a review of the literature it has not published a rationale
supporting the values recommended in their guideline. According to
Tenforde, the 0.01 T limt was reconmended for continuous exposure,
because this represented the accepted threshold for
magnet ophosphene producti on by ELF magnetic fields, and the
threshol d for inducing nmeasurable electrical potentials in the
central circulatory systemduring exposure to static nmagnetic
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fields.

A simlarly reconmended practice for limting static magnetic
field exposures of workers exists at the CERN accel erat or
l aboratory in Geneva (NRPB, 1981). CERN recommends that exposure
of the hands, arms, and feet should not exceed 2 T for periods of
the order of mnutes. This is reduced by a factor of 10, if the
head or whol e body is exposed.

Wth the advent of nagnetic resonance imaging (M), the need
for occupational exposure limts has becone nore apparent, and
ot her organizations that traditionally reconmend occupationa
exposure limts have begun to address this need, despite a
reluctance in the past to recommend limts for magnetic fields
(Sliney, 1986).

9.2. Time-Varying Magnetic Fields

Except for guidelines limting patient and operator exposure
during clinical magnetic resonance imaging, the only standard
[imting exposure of time-varying magnetic fields in the ELF range
is the Soviet Standard (USSR, 1985), as shown in Table 17. The 50-
Hz magnetic field standard (USSR, 1985) issued by the Mnistry of
Public Health of the USSR in January 1985 nakes a distinction
bet ween conti nuous and pul sed fields and limts the duration of
exposure, depending on the pul se characteristics. The limts for
exposure to continuous wave fields equate to 7.5 nil for 1 h and 1.8
nlr for 8 h. This standard seens to have been devel oped for arc
wel di ng, since pulsed field exposure occurs nost frequently in
wel ding. The scientific basis for this standard does not appear to
have been publi shed.

The Federal Republic of Gernmany (1986) is discussing extention
of its current electromagnetic field standard (Federal Republic of
Germany, 1984) down to O Hz.

9.3. Magnetic Resonance | nmagi ng Cuidelines

Conparing the magnetic field limts in Table 16 with the
strength of the magnets used in MR, it is not surprising that
regul atory and heal th agenci es have begun to | ook nore seriously at
this imaging nodality (Repacholi, 1986). Hundreds of MRl machines
have been installed throughout the world and concern about their
safety has been expressed (Bore, 1985). Sone of these nachines use
superconductive magnets with fields for diagnostic application up
to about 2.0 T, and there are prototypes with nmagnets giving fields
of 4 - 5 T. These prototypes are being studied to determ ne the
feasibility of in vivo spectroscopy.

During the imgi ng procedure, lasting up to tens of m nutes,
the patient lies on a table and all parts of the body are exposed
to strong static magnetic fields, changing (or time-varying)
magnetic fields and radi ofrequency radiation. Rapidly swtched
gradient fields are superinposed on the static field to all ow
spatial information to be obtained. These tinme-varying fields
i nduce electric currents in the body.

Tabl e 18 shows the guidelines on static and tine-varying
magnetic field exposure for the clinical examination of patients
during MR, recommended by the Center for Devices and Radi ol ogi ca
Heal th (CDRH, 1982) of the US Departnent of Health and Human
Servi ces, the National Radiological Protection Board (NRPB, 1984)
in the United Kingdom the Federal Health O fice (FHO 1984) of the
Federal Republic of Gernmany, and Health and Wl fare Canada (Health
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and Wel fare Canada, 1986).

In January 1984, the Health Council of the Netherlands (HCN
1984) issued interim advice on the use of magnetic resonance
i magi ng. This general docunent contains a section on possible
health risks including statenents such as: there are no risks to
health fromstatic nmagnetic field exposures up to 0.5 T, and even
exposures to fields up to 2 T appear safe. More research is needed
to determne the safety of fields stronger than 2 T. The docunent
al so recommends that limts for tinme-varying nmagnetic fields and
radi of requency fields accepted in the USA (CDRH, 1982) or the
United Ki ngdom (NRPB, 1981) shoul d be foll owed.

Tabl e 17. Maxi mum perm ssible I evels of magnetic fields with a
frequency of 50 Hz?

Dur ati on Magnetic field strength A/lm

of Conti nuous and Pul sed magnetic Pul sed magnetic

exposure pul sed nagnetic field field

(h) fields with pul se 60 s >ty,>1s 0.02s <ty,<1s
width ty > 0.02 s tp > 2s tp > 2 s
and pause t, < 2 s

T 6000 gooo 10000

1.5 5500 7500 9500

2 4900 6900 8900

2.5 4500 6500 8500

3 4000 6000 8000

3.5 3600 5600 7600

4 3200 5200 7200

4.5 2900 4900 6900

5 2500 4500 6500

5.5 2300 4300 6300

6 2000 4000 6000

6.5 1800 3800 5800

7 1600 3600 5600

7.5 1500 3500 5500

8 1400 3400 5400

& From USSR (1985).

Not e: The above regi nes of pul sed exposures are used in wel ding.
twis the pulse w dth duration.
t, is the pul se pause duration
Magnetic flux density in ml = Magnetic field strength
in Amx 1.256

10°

Table 18. Quidelines on magnetic field exposure in clinical MR
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Country Static fields Ti me-varying fields
USA Patient - 2 T whole and Patient - 3 T/s whole and parti al
CDRH partial body exposure body exposure
(1982)
Exposure exceeding these limts should be eval uated on an
i ndi vi dual basis
United Qperator - 0.02 T (long Patient and volunteers - 20 T/s
Ki ngdom peri ods, whol e body); (rns) periods of magnetic
NRPB 0.2 T (long peri ods, field change > 10 ns
(1984) arns, hands);
0.2 T (15 mn, whole or
body)
2 T (15 nin, arns, (dB/dt)? < 4 (rms) for dura-
hands) tion of magnetic field change
< 10 ms where dB/dt in T/s and
t ins
Patient and volunteers -
2.5 T (whole and parti al
body exposure)
Ger many, Patient - 2 T (whole and Patient - whole and partial body
Feder al partial body exposure) exposure: nmaxi mum i nduced current
Republic of density
FHO (1984) 30 mVnf or 0.3 V/melectric
field strength for duration of
magnetic field change of 10 ns
or | onger
or

(300/t) mnf or (3/t) VIimfor

duration of magnetic field
(t) shorter than 10 ns (t

Canada Qperator - 0.01 T (whol e Patient - 3 T/s (rns)
Heal th and body during worki ng day)
Wl fare
Canada - >0.01T
(1986) (keep to m ni mum

Patient - 2 T (whole and
partial body exposure)

9.3.1 United Ki ngdom

The NRPB (1984) recommends that the followi ng conditions should
be fulfilled during the operation of nmagnetic resonance i magi ng
equi prent in the United Ki ngdom

(a) Static fields

For people (patients and volunteers) exposed to the inmaging
process, the static nmagnetic field should not exceed 2.5 T for the
whol e or a substantial portion of the body. The NRPB Advi sory
Group fornulating the guidelines suggested that static fields have
been shown to affect certain chemical reactions in vitro and that
reproduci bl e changes in primate behavi our have been found in fields
of several tesla. Although flow potentials are generated across
bl ood vessels by the flow of blood perpendicular to the field,
their biological significance at fields of a few tesla remains
uncl ear. However, at 2.5 T, the peak flow potential is calcul ated
to be approachi ng the depol arization threshold for myocardia

change
in ns)
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nmuscle. Although only a fraction of this potential occurs across
each cell, it was considered prudent to linmt acute exposure to 2.5
T, until further information becomes avail abl e.

Qccupational static field exposure linmits are recommended for
staff operating MR equi pnent. Exposure for prolonged periods to
nore than 0.02 T for the whole body or 0.2 T for the arns or hands
shoul d be avoided. NRPB (1984) recommends that these limts may be
increased to 0.2 T for the whole body and 2 T for the arnms and
hands for periods totalling less than 15 nmin at a tine, provided
i ntervals of about 1 h occur between such exposures.

These operator linmts are essentially the sane as those
recomrended by the Stanford Linear Accelerator Center (Table 16),
where no adverse synptons have been reported from staff working at
the facility, since the introduction of their guidelines in 1970.

(b) Ti me-varying fields

For the tine-varying fields, excluding radiofrequency fields,
the NRPB (1984) recommends limts based on the duration of magnetic
flux density changes (i.e., the tine during which electric currents
are being induced). Wen the duration of exposure exceeds 10 ns,
exposures shoul d not exceed root nmean square (rns) rates of change
of magnetic flux density (dB/dt) of 20 T/s for all persons
(patients exposed to the imagi ng process, volunteers). For
durations of change of |ess than 10 ns, the rel ationship (dB/ dt)?t
| ess than 4 should be observed where dB/dt is in T/s, andt is the
duration of the change of the nagnetic field in seconds. For
continuously varying magnetic fields, such as sinusoidal fields,
the duration of the change can be considered as half the period of
the waveform

The rationale for the NRPB guidelines is given in a publication
by Saunders & Snmith (1984). The NRPB Advi sory G oup recogni zed
that rapidly changing magnetic fields can induce electric currents

in tissues that could be sufficiently large to interfere with the
normal functioning of nerve cells and nuscle fibres. These conduct
electrical inpulses in the formof |ocalized nmenbrane
depol ari zati on produced by the flow of ions and, above a certain
threshold, give rise to sensation or nuscle contractions. From
experinental data it was inferred that the threshold woul d be

| owest when the current pulse width (or duration of nagnetic fl ux
density change) exceeded about 10 ms.

It was felt that, although the sensation of magnetic phosphenes
occurred at a threshold in man of about 1.3 T/s (at 20 Hz), this
sensation of light flashes in the eye has not been shown to be
hazardous. However, excitation of nerves and rnuscles could be
hazar dous, but requires exposure to high rates of change of
magnetic flux density. The threshold for excitation depends on the
pul se I ength and pul se repetition frequency of the induced current.
Since insufficient information is available to define safe limts,
they nmust be derived fromeffects of electric currents applied by
el ectrodes. The threshold current density to induce ventricul ar
fibrillation is 3 Alnf. Thus, to achieve a factor of 10 safety
margin, it was decided that MRl operating conditions should be such
as to induce current densities that did not exceed 0.3 A/nf for a
duration of magnetic flux density change greater than 10 ns.

For durations of the current pulse of half period (t) of |ess
than 10 ns, the evidence suggests that, when t decreases, the
threshold rns current density for inducing ventricular fibrillation
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increases. Experinmental data suggest that the square of the rns
current density multiplied by the duration (t) remains constant.
The magnetic field vector in nmost MRl equipnent is parallel to the
| ongi tudi nal axis of the body (z-axis). The current density

i nduced by time variation of the z-gradient is proportional to the
conductivity, the inductive |oop radius, and the rate of change of
the magnetic field. Assunming the average value for tissue
conductivity to be 0.2 S/m the radius of the body to be 0.15 m
the limt applied to the rms current density of 0.3 A/nf for pul ses
or half periods of induced current exceeding 10 ns restricts the
rme rate of change of the z gradient magnetic flux density to 20
T/s, when the duration of magnetic field change exceeds 10 ns. For
durations shorter than 10 ns, (Saunders & Smith, 1984), the
relationship for determining the linmt for the tine-varying field
can be derived:

(dB/dt)?t < 4,
where dB/dt is in T/s, and t is in seconds

It was assuned that the current densities induced in the body
by variation of the anterior-posterior (y) and lateral (x)
gradients would not be significantly greater than for the z
gradi ent s.

(c) QO her gui del i nes

(1) RF exposure of the patient and staff nust be
restricted so that the rise in tenperature does not
exceed 1 °C, as shown by skin and rectal tenperature,
or more than 1 °C in any mass of tissue not exceeding
1 g in the body.

(ii) Patients should be exposed only with the approva
of a registered nedical practitioner or research
ethics committee.

(iii) Patients nust be fully infornmed of the procedure
and consent freely to it.

(iv) Only nedically assessed suitable volunteers shoul d
be used in trials.

(v) Frequently exposed vol unteers shoul d have regul ar
ECG checks.

(vi) It is prudent to exclude wonen in the first three
nont hs of pregnancy.

(vii) Special care is needed for patients with cardi ac
pacenmakers or large netallic inplants.

(viii)Warning notices should be posted indicating that
magnetic and RF fields nmay affect pacenakers and
el ectroni c equi pnent.

9.3.2 USA

The recomendati ons i ssued by the Center for Devices and
Radi ol ogi cal Health (CDRH, 1982) in the USA are intended to assi st
the medi cal profession and manufacturers in making health risk
benefit assessnments. Based on infornmation available in the
literature, it was suggested that, in the case of diagnostic
nmagneti ¢ resonance applications involving exposure to static
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magnetic fields not exceeding 2 T or tine-varying fields not
exceeding 3 T/s, the benefits outweigh the risks, within the
current medi cal indications and contra-indications. Pregnant wonen
shoul d not be exposed as the safety of such exposure has not been
established. 1t should be noted that the CDRH gui delines are not
limts for patient exposure in MRl inmaging investigations. The
recomendati ons are essentially criteria that provide a demarcation
bet ween devi ces exceeding the magnetic field levels stated in the
gui delines and therefore requiring further evaluation to deternine
if any health risk exists for the patient, and devi ces operating
bel ow the I evel s given in the guidelines.

The recomendations for the magnetic field |l evels were
determ ned after consideration of existing unofficial standards and
recomendati ons and their rationales, and a review of the
scientific literature. The scientific rationale for the guidelines

is essentially that proposed by Budi nger (1981). Budi nger
concluded, after a review of the bioeffects literature and a
theoretical analysis of the known interaction nmechani snms of static
magnetic fields with biological systems, that harnful effects on
human bei ngs or reproduci ble cellular, biochem cal, and genetic

ef fects have not yet been observed and are not expected at fields
of less than 2 T. For changi ng magnetic fields, Budinger concluded
that the thresholds for effects of induced currents is above that
produced by 1 - 100 Hz sinusoidal fields of strength 5 nil. However
he did note that potential biological effects due to differences in
waveform repetition rate, peak nagnetic field, and duration of
exposure required further study.

The CDRH al so recommends that the radi ofrequency field exposure
of the patient should be Iimted, so that the specific absorption
rate (SAR) does not exceed 0.4 WKkg, averaged over the whol e body,
or 2 Wkg, averaged over any gram of tissue.

9.3.3 Federal Republic of CGernmany

The Federal Health Ofice (FHO, 1984) has nade reconmendati ons
to physicians who work with clinical MRl devices. It is stated that
no adverse health effects on patients, operators, or any other
persons in the vicinity of MR equi pnent have been detected so
far. However, possible effects on the body can be estimted from
i nduced currents and potentials in the body. The guidelines for
static and tinme-varying magnetic fields are based on these
estimations and study of the literature. It is stated that, if
there is conpliance with these recomrendati ons, any detrinental
effects will be detected at the earliest possible tine. A
translation of the original guidelines fromGerman to English is
provided in Bernhardt & Kossel (1985).

(a) Static fields

The FHO reconmends that patients imaged in an MRl facility
shoul d not be exposed to static magnetic fields exceeding 2 T. |If
patients are exposed to fields higher than 2 T, they should be
nonitored for cardiac and circul atory function

The rationale for determining this value is as foll ows:
orientation effects are observed in such systens as DNA, retina
rods, and sickle cells at static field strengths above 1 - 2 T.

El ectric potentials induced in flow ng bl ood exposed to static
fields above 0.3 T have been noted in ECG neasurenents in ani nal s,
but no adverse health effects have been observed in animls exposed
to fields up to 10 T. However, the potential differences induced
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by cardiac contractions in a magnetic field exceeding 2 T nmay inpair
the excitation stinmulation or conduction of excitation

(b) Ti me-varying fields

Ti me-varying magnetic fields induce electrical potentials, the
size of which depends on the magnetic field strength, pulse
duration and frequency. Using essentially the reasoning outlined

by Bernhardt (1985) for estimating the values of induced electric
potentials and currents that are likely to cause biol ogica
effects, the FHO (1984) recommends that patients should not be
exposed to time-varying magnetic fields having a duration of
magnetic field change equal to or greater than 10 nms, which induce
electric fields greater than 0.3 VWV mor current densities exceeding
30 m¥nf. |f the duration of the magnetic field change of the
time-varying fields is less than 10 nms, then the nmaxi numinduced
electric field is 3/t V/mand naxi muminduced current density is
300/t mV¥nf (0.3/t Anf), where t is the duration of magnetic field
change in mlliseconds. The MR machi ne manufacturer nust inform
the purchaser of the operating conditions that will result in the

i nduced field strength and current density renaini ng bel ow the
recormended values. |f these values are capable of bei ng exceeded
by the nmachi ne, the manufacturer nust prove that it is safe.

A brief rationale for these reconmended val ues is given in FHO
(1984). Conpared with natural currents, induced current densities
of 1 mA nf have no detectable effect on the body. Current densities
of 10 m¥ nf induce effects that depend on the frequency of the
ti me-varying magnetic field, but do not pose hazards. At
frequenci es between 10 and 50 Hz, magnetic fields above 5 nT
produce magnet ophosphenes. Ventricular fibrillation my be caused
if the magnetic field induces current densities exceedi ng 1000
mA/ nf or electric fields exceeding 100 mv/cm

The final values of induced electric field and current density
represent estimates, based on studies and theoretical calculations
(described by Bernhardt, 1985), that are thought to provide a wide
margi n of safety.

(c) Oher reconmendations

1. Exposure to radi ofrequency fields should be such that
the SAR does not exceed 1 Wkg (whole body) or 5 Wkg
(partial body - per kg of tissue, except the eyes).

2. Prior to patient exami nation, care nust be taken with
regard to inplants nmade of ferromagnetic materials,
i npl anted cardi ac pacenakers, dislocation of catheters,
vascul ar clips, and the |ike.

3. Patients nmust undergo additional nedical exam nations
(described in FHO, 1984), if the recomended exposure
limts are exceeded.

9.3.4 Canada

The Bureau of Radiation and Medi cal Devices of Health and
Wel fare Canada (Health and Wel fare Canada, 1986) has published a
saf ety code containing guidelines on exposure to el ectronmagnetic
fields from magnetic resonance clinical systens. The docunent
contains information on |l evels of exposure for typical devices,
exposure guidelines fromvarious countries, a sumrary of health
effects frommagnetic and radi ofrequency fields, and gui dance on

Page 100 of 144



Magnetic fields (EHC 69, 1987)

exposure of patients and operators. Details of the guidelines are
given in Table 18.

Heal th and Wel fare Canada (1985) have al so published
recomendati ons to ensure the protection of patients and
operational personnel frompotential hazards in MRI. This report
contains recomendati ons on magnetic fields as shown bel ow

(a) static magnetic fields rmust be below 0.5 nil in
unrestricted areas;

(b) entrance to areas in excess of 1.5 nil nust be
strictly controlled, to prevent introduction of
magnetic material by patients, operational personnel
and visitors;

(c) equipnent for cardiopul nonary resuscitation nust be
avai | abl e and usable within the inmaging roomand, if
possible, in areas where the field exceeds 10 nT;

(d) static magnetic fields should not exceed 2.5 T (this
differs fromthe 2 T recommended in Health and
Wl fare Canada (in press)); and

(e) time-varying magnetic fields should not exceed 3 T/s.
10. PROTECTI VE MEASURES AND ANCI LLARY HAZARDS

Protective measures for the industrial and scientific use of
magnetic fields can be categorized as engi neering desi gn neasures,
the use of separation distance, and administrative controls.

Anot her general category of hazard control neasures, nanely
personal protective equipnent (e.g., special garnments and face
masks) do not exist for magnetic fields. However, protective
nmeasures agai nst ancillary hazards frommagnetic interference with
energency or mnedi cal electronic equipnent and for surgical and
dental inplants are a special area of concern regarding health
aspects of magnetic fields. The nmechanical forces inparted to
ferromagnetic inplants and | oose objects in high-field facilities
require that precautions be taken

The techniques to mininze needl ess exposure to high intensity
magnetic fields around | arge research facilities generally fal
into three types:

(a) Di stance and tine

Limt human access and/or occupancy duration in | ocations where
field strengths are high. Since the external magnetic flux density
decreases with distance fromthe source, separation distance is a
fundanmental protective nmeasure. For exanple, at |arge distances
froma static magnetic field dipole source, the field decreases
approxi mately as the reciprocal cube of the separation distance.

(b) Magneti c shi el di ng

The use of ferromagnetic core materials restricts the spatial
extent of external flux lines of a magnetic device. Externa
encl osures of ferronmagnetic materials can also "capture" flux |lines
and reduce external flux densities. However, shielding is normally
an expensive control measure and of limted use for scientific
instruments. Furthermore, it has not generally been shown to be
cost-effective for large installations when conpared to the use of
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separation distance (Hassenzahl et al., 1978).
(c) El ectromagnetic interference (EM) and cardi ac pacemnakers

Certain types of nodern cardiac pacenakers exhibit mal function
in response to EM produced either by endogenous nyopotentials or
by external sources such as high-voltage systens. The nopdern
i mpl ant abl e pacemakers are mcroprocessor-controlled and function
in a "demand" node in which stinulatory pulses are delivered to
the heart, only if it fails to exhibit intrinsic electrica
activity. The endogenous cardiac activity is detected by a signal-
sensing circuit, in order to avoid conpetitive pacing between the
pacenmaker's stinuli and the heart's intrinsic activity. The nodern
pacenakers al so contain a noise detection circuit that can
discrimnate electric fields with different frequencies and
wavefornms fromthose associated with the heart's bioelectrica
activity. Wen EM is sensed, the demand pacenaker reverts to a
fi xed-rate paci ng node, which may be asynchronous wi th the nornal

cardiac activity. This pacing node is frequently referred to as
the "reversion" or "noise" node of operation, and can be
undesirable if the pacenaker signals are conpetitive with the
intrinsic cardiac electrical activity.

Two different configurations of electrode |eads are used in
pacenakers, and these have very different sensitivities to EM. In
one type, ternmed the "bipolar" design, both | eads are inplanted
within the heart at a typical separation distance of 3 cm In the
second type, ternmed the "unipolar" design, the cathode lead is
inmplanted in the heart and the pacemaker case serves as the anode.
Because of the considerabl e physical separation of the anode and
cat hode | eads in the unipolar design, this type of pacemaker
provides a large antenna for the reception of EM. O the two
desi gns for pacenmaker el ectrode configurations, only the unipolar
type has been found to be sensitive to EM. Anong the 350 000 -
500 000 individuals in the USA who have inpl anted pacenakers,
approxi mately 50% have nodels with the unipolar el ectrode design

During the past decade, several |aboratory tests and studi es on
pacenaker patients have been conducted to assess the response of
di fferent pacenaker nodels to power-frequency electric and magnetic
fields (Jenkins & Wody, 1978; Butrous et al., 1983; Giffin, 1985;
Moss & Carstensen, 1985). Two types of pacenaker nal function have
been observed in response to EM: (a) an aberrant pacing rate, with
irregul ar or slow pacing; and (b) reversion to fixed-rate
(asynchronous) pacing. The probability that a mal function will
occur in the presence of an external electromagnetic field is
strongly dependent on the pacenaker nodel, since sone manufacturers
have incorporated a feature into their pacenaker nodel s that
automatically decreases the sensitivity of the anplifier circuit
when EM is sensed. These specific brands of pacenaker thereby
avoid reversion to an asynchronous node in response to EM.

Giffin (1985) estimated the total popul ati on of pacenaker
patients in the USA who might be at serious risk fromthe effects
of EM. He assuned that: (a) 350 000 - 500 000 individuals wear
pacenakers; (b) 50% of the pacemakers are of the unipol ar design
(c) 10 - 20% of the unipolar pacenakers are highly sensitive to
EM; and (d) 20 - 25% of the patients with sensitive pacenakers are
totally dependent on the pacenaker to sustain their cardiac
rhythm Wth these assunptions, it can be cal cul ated that
approxi mately 3500 - 12 000 paceraker wearers m ght be at serious
risk fromEM. However, it nust be borne in nmnd that only a snal
fraction of the individuals at risk are likely to encounter a
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source of EM during the tine periods when their cardiac function
is totally dependent on an inplanted pacenmaker. The above estimate
of the population at risk nmust therefore be regarded as an upper
[imt that perhaps greatly overestimates the actual probability of
the occurrence of a potentially fatal pacenaker malfunction in
response to EM.

Bot h power-frequency electric and nagnetic fields have been
found to introduce EM that can alter the functioning of many
commercially avail abl e pacenakers. |In studies on 11 patients with

7 different inplanted pacenmaker nodels from 4 manufacturers, Mss &

Carstensen (1985) observed alterations in pacenmaker function during
exposure to 60-Hz electric fields ranging from2 - 9 kVVim Only
nodel s produced by 2 out of the 4 nmanufacturers were sensitive to
EM fromfields of this strength. A similar set of observations
was nmade by Butrous et al. (1983).

A total of 26 pacemaker npdels were exam ned by Jenkins & Wody
(1978). Twenty of these units were found to revert to an
asynchronous node of pacing or to exhibit abnornal pacing
characteristics in 60-Hz fields ranging fromO0.11 to 0.4 nil, with
the average threshold field level for an effect being 0.21 nil. The
m ni mum val ue of dB/dt producing an effect was therefore 41.5 ml/s
(for the 60-Hz, 0.11-nTl field). Pacemaker mal functions produced by
power - frequency magnetic fields require field |l evels that are
greater than those associated with hi gh-voltage transm ssion |ines
and nost other types of electrical systems. However, the fields in
the imediate vicinity of various types of industrial nachinery and
appl i ances (section 3) are sufficiently strong to represent a
potential source of EM that could alter pacemaker functioning.

Pavlicek et al. (1983) found that a rapidly sw tched gradi ent
field used in magnetic resonance imaging with a tine variation of 3
T/s could i nduce potentials up to 20 mV in the loop formed by the
el ectrode | ead and the case of a unipolar pacemaker. This signa
anplitude is sufficiently large to avoid rejection by the
pacenaker's EM discrimnation circuitry, and could therefore be
recogni zed as a valid cardiac signal

Pacemaker mal functions can al so be caused by static magnetic
fields, which produce closure of a reed relay switch used to test
the pacenaker's performance while operating in a fixed rate pacing
node. On the basis of a study of pacenakers produced by 6 ngjor
manuf acturers, Pavlicek et al. (1983) found the npbst sensitive
nodel to exhibit reed switch closure and reversion to fixed-rate
pacing in a 1.7-nl static field. Field levels of 1.7 - 4.7 nil were
observed to produce closure of the reed switches in all of the
nodel s tested. Al of the nodels were also found to experience
forces and torques when placed in MRl devices operated at fields of
up to 0.5 T. Two of the pacenmkers experienced a torque that was
strong enough to produce significant novenment of these units within
tissue.

(d) Admi ni strative nmeasures

The use of warning signs, and special access areas to limt
exposure of personnel near |arge magnet facilities has been of
greatest use to control exposure. Admnistrative controls, such as
these, are generally preferable to using nmagnetic shielding, which
can be extrenely expensive. |In sonme circunstances, for exanple MR
facilities, a conbination of shielding, restricted access, and the
use of netal detectors may be appropriate to avoid detrinental
effects fromexposure to high strength magnetic fields. Loose
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ferromagneti c and paramagnetic objects can be converted into
dangerous mi ssil es when subjected to intense magnetic field

gradients. Avoi dance of this hazard can only be achi eved by
renoving | oose netallic objects fromthe area and personnel. Such
items as scissors, nail files, screwdrivers, and scal pels should be
banned fromthe i mmediate vicinity.

O particular concern in MR, are the forces exerted by static
magnetic fields on inplanted netal objects such as aneurysm clips
and pacenakers. Even the nobst nodern pacenmakers will nmal function
when placed in an MRl machine (Erl ebacher et al., 1986). New et
al. (1983) al so neasured the nmagnetic torques exerted on 21 types
of haenostatic clips and various other materials such as dental
amalgam O the 21 clips, 19 of which were aneurysmclips, 16
showed a deflection near the portals of two magnets operating at
0.147 T and 1.44 T, respectively. O the remaining naterials
tested, only a shunt connector denonstrated significant
ferromagnetic properties. The non-magnetic materials were
primarily conposed of austenitic stainless steel. Surgical clips
conmposed of tantalumor titaniumare also non-ferronmagnetic. dips
conposed of martensitic stainless steels are ferromagnetic and
experience significant forces and torques in static nagnetic
fields. These findings indicate a clear requirenent for strict
adm ni strative controls in determ ning whether patients bearing
medi cal inplants could be adversely affected by the fields present
in MR devices.
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