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The International Radiation Protection Association (IRPA) 
initiated activities concerned with non-ionizing radiation by 
forming a Working Group on Non-Ionizing Radiation in 1974. 
This Working Group later became the International Non-Ionizing 
Radiation Committee (IRPA/ihilic), at the IRPA meeting held in 
Paris in 1977, The IRPA/INIRC reviews the scientific litera-
ture on non-ionizing radiation and makes assessments of the 
health risks of human exposure to such radiation. Based on 
the hnvironmental Health Criteria Documents developed in 
conjunction with the International Programme on Chemical 
Safety (IPCS), World Health Organization, the IRPA/INIRU 
recommends guidelines on exposure limits, drafts codes of safe 
practice, and works in conjunction with other international 
organizations to promote safety and standardization in the 
non-ionizing radiation field. 

The first draft of this document was compiled by 
DR N. REPACfIOLI. An editorial group chaired by DR P. CZERSKI 
and including DR V. AKIMENKO, PROFESSOR J. BERN1IARDT, DR B. 
BOSNJAKOVIC, MRS A. DUCHENE, PROFESSOR M. CRANDOLFO, 
DR N. REPACHOLI, MR B. SLINEY, and DR T. TENFORDE met in 
Neuherberg in May 1985 to develop the second draft. A small 
editorial group consisting of DR P. CZERSKI, DR M. SWICORD, 
and DR P. WEIGHT met in Geneva in April 1986 to collate and 
incorporate the comments received from IPCS Focal Points and 
individual experts. The final draft was then sent to WHO/IRPA 
Task Group members and formally reviewed in Kiev, USSR, 30 
June - 4 July 1986. Final scientific editing of the document 
was completed by DR N. REPACHOLI, with the assistance of 
DR N. SWICORD, in Geneva in July 1986. The scientific 
assistance and helpful comments of DR 12. TENFORDE, and the 
permission to use his extensive literature files, are 
gratefully acknowledged. 

This document comprises a review of data of effects of 
magnetic field exposure on biological systems, pertinent to 
the evaluation of health risks for man. The purpose of the 
document is to provide an overview of the known biological 
effects of magnetic fields, to identify gaps in this knowledge 
so that direction for further research can be given, and to 
provide information for health authorities and regulatory 
agencies on the possible effects of magnetic-field exposure on 
human health, so that guidance can be given on the assessment 
of risks from occupational and general population exposure. 

Subjects reviewed include; the physical characteristics of 
magnetic fields; measurement techniques; applications of 
magnetic fields and sources of exposure; mechanisms of 
interaction; biological effects; and guidance on the develop- 
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rnCnt of protective measures, such as regulatLons or sale-use 
guidelines. health agelicies and regulatory auLborities are 
encouraged to set up and develop programmes that ensure that 
the maximum benefit occurs with the lowest exposure. It is 
hoped that this criteria document will provide useful inform-
ation for the development of national protection measures 
against magnetic fields. 

The NHO Regional Office for Europe prepared a publication 
entitled Non-Ionizing Radiation Protection (WhO, 1982). A 
revised and updated edition, completed in 1966, includes a 
section (5) on Electrical and Magnetic Fields at Extremely Low 
Frequencies. 
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I. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR 
FURThER STUDIES 

This document includes a detailed review and evaluation of 
data on effects on human beings and other biological systems 
exposed to static magnetic fields or to time-varying fields at 
extremely low frequencies (ELF) of up to about 300 lIz. Data 
from the biological effects of exposure to sinusoidally 
varying fields are mainly concerned with effects in the range 
up to 20 lIz or at 50 and 60 Hz, and only limited data are 
available on effects at higher frequencies. Data on studies 
with higher frequencies and pulse repetition rates, and non-
sinusoidal waveforms have also been considered, but radio-
frequency magnetic fields in the frequency range 100 kFIz - 
300 CHz have been excluded because these have been treated in 
the Environmental Health Criteria 16; Radiofrequency and 
nicrowaves (WHO, 1981). 

Information for health authorities on the biological 
effects and possible health effects of magnetic fields, is 
given to provide guidance for the assessment of the occupa-
tional and public health significance of exposure to magnetic 
fields and to indicate areas that may be hazardous. Informa-
tion on huivan exposure levels is provided, which, on the basis 
of present knowledge, is considered appropriate for the 
prevention of health hazards. 

1.1 Physical Characteristics and Dosimetric 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 time-varying magnetic field is 
produced by alternating current sources. 

The fundamental vector quantities describing a magnetic 
field are field strength, H (unit; A/rn) and magnetic flux 
density, B (unit: T, tesla). These quantities are related 
through B = pH, where p is the magnetic permeability of 
the medium. 

The term "dosimetry" is used to quantify exposure. 
Present understanding of interaction mechanisms is insuf-
ficient to develop anything but preliminary 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 limits tend 
to be stated primarily in terms of the external field strength 
or magnetic flux density and the duration of exposure. Since 
time-varying magnetic fields induce eddy currents within the 
body, evaluation may be based on the electric eddy current 
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density (electric field strength) in critical organs. Derived 
protection limits can then be expressed as exposures to 
external magnetic fields, whereby field strength, pulse shape 
(rise and decay time) and frequency, orientation of the body, 
and duration of the exposure need to be specified. 

1.2 Natural Backtrouud and Man-Made Magnetic Fields 

The natural magnetic field consists of a component 
originating in the earth, acting as a permanent magnet, and 
several small components with different spectral character-
istics. At the surface of the earth, the vertical component 
of the permanent field is maximal at the magnetic poles, 
amounting to about 6.7 x 10 T (67 jT), and is zero at 
the magnetic equator; the horizontal component is maximal at 
the magnetic equator, amounting to about 3.3 x 10 T (33 
tT), and is zero at the magnetic pole. The flux density of 
the natural time-varying fields decreases from about 10 -  to 
101 T when the frequency of the atmospheric electro-
magnetic fields increases from about 0.1 Hz to 3 kL-iz. 

The magnetic fields from man-made sources generally have 
higher intensities than the naturally occurring fields. in 
the home and public places, magnetic flux densities ranging 
from 0.03 iT to 30 tT are produced around household 
appliances, and up to 35 IZ near transmission lines (50 and 
60 Hz), depending on the current carried and the distance from 
the line. For magnetically- levitated transportation systems, 
static magnetic fields of 6 - 60 mT are expected in the region 
of a passengers head. Security systems in libraries and 
storehouses operate at frequencies of between 0.1 and 10 kHz 
and produce fields of up to about 1 ml. 

Occupational exposure to magnetic fields is mainly 
encountered in industrial processes involving high electric 
current equipment, in certain new technologies for energy 
production and storage, and in specialized research 
facilities. Around various types of welding machines, 
furnaces, and induction heaters, the magnetic flux densities 
at the operator location range from about 1 il  to more than 
10 ml, depending on the magnetic field frequency and the 
distance from the coil. Compared to devices operating at high 
frequencies, lower frequency induction heaters expose 
operators to higher magnetic flux densities. At operator-
accessible locations in industries using electrolytic 
processes, the mean static field level is about 5 - 10 mT. 

In areas accessible to operations personnel in thermo-
nuclear magnetic fusion and magnetohydrodynamic generating 
systems, the static magnetic field flux densities may reach 
50 ml. Similar field strengths occur near special research 
facilities, e.g., bubble chambers. Typical values for the 
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magnetic flux density at work-places near 50 or 60 Hz overhead 
transmission lines, substations, and in power stations are up 
to 0.05 mT. 

In medical practice, exposure to magnetic fields results 
mainly from the use of magnetic resonance (MR) imaging or 
spectroscopy methods for diagnostic purposes or from devices 
generating magnetic fields for therapeutic purposes. In the 
MR-devices in use at present, the patient is exposed to 
stationary magnetic fields with intensities of up to 2 T and, 
during examinations, to time-varying magnetic fields as high 
as 20 1./s. However, most patients are not exposed to time-
varying fields exceeding 1.5 TIs. The peak exposure value for 
the patient caused by therapeutic magnetic devices is of the 
order of 0.1 - 2.5 mT. 

The increasing use of magnetic field-producing equipment 
in industrial processes, research facilities, energy 
production and distribution, new transportation technologies, 
consumer products and medical practice, increases the 
possibility of human exposure to magnetic fields. Although, 
up to now, both occupational and general-population exposures 
to magnetic fields have generally been at low levels, some new 
technologies, e.g., magnetically-levitated trains, might 
result in exposure of the general population to levels compar-
able with the highest ones in some working environments. Thus, 
new technologies involving the production of magnetic fields 
should be carefully evaluated with respect to potential health 
risks. 

1.3 field Measurement 

In order to adequately characterize a magnetic field, the 
magnitude, frequency, and direction of the field must be 
determined. The spatial properties of the field can become 
complicated by time-varying changes iii the direction of the 
resultant magnetic field vector. For example, for a circularly 
polarized field, the magnetic vector describes an ellipse 
during the course of a cycle and does not reach zero inagni-
tude. Principles of calculation and measurement of these 
fields are outlined. 

A human or animal body located in a magnetic field causes 
virtually no perturbation of the field. A time-varying 
magnetic field induces electric currents in the exposed body. 
The factors affecting the magnitude of the induced currents 
are discussed below. 

1.4 Biological Interactions 

The following topics are suarized the present state of 
knowledge on the mechanisms by which magnetic fields interact 
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with living systems, 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 some poorly understood aspects of magnetic field 
interactions with biological systems are given at the end of 
this section. 

1.4.1 	Interaction mechanisms 

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

A. Magnetic induction 

This mechanism is relevant to both static and time-varying 
fields, and originates through the following types of inter-
act ion: 

Electrodynamic interactions with moving electrolytes 

Both static and time-varying fields exert Lorentz forces 
on moving ionic charge carriers, and thereby give rise to 
induced electric fields and currents. This interaction is the 
basis of magnetically-induced blood flow potentials that have 
been studied with both static and time-varying ELF fields. It 
is also the physical basis of the weak induced potentials that 
provide sensory directional cues to elasmobranch fish as they 
swim through the static geomagnetic field. 

Faraday currents 

Time-varying magnetic fields induce currents in living 
tissues in accordance with the Faraday law of induction. 
Available evidence suggests that this mechanism may underlie 
the visuosensory stimulation that produces magnetophosphenes 
and other effects on electrically excitable tissues. In 
addition, indirect evidence suggests that rapidly time-varying 
magnetic fields may exert effects on a variety of cellular and 
tissue systems by inducing local currents that exceed the 
naturally occurring levels. This effect may be the basis for 
the wide spectrum of biological perturbations that have been 
observed with pulsed magnetic fields, such as those used 
clinically for bone fracture reunion. 



- 17 - 

B. Magnetomechanical effects 

The two types of mechanical effects that a static magnetic 
field exerts on biological objects are. 

ilagneto-orientation 

In a uniform static field, both diamagnetic and para-
magnetic molecules experience a torque, which tends to 
orientate then in a configuration that minimises their free 
energy within the field. This effect has been well studied for 
assemblies of diamagnetic macromolecules with differing 
magnetic susceptibilities along the principal axes of 
symmetry. Included in this class of macromolecules are the 
arrays of photopigmenta in retinal rod disc membranes. 

Magnetomechanical translation 

Spatial gradients of static magnetic fields produce a net 
force on paramagnetic and ferromagnetic materials that leads 
to translational motion, because of the limited amount of 
magnetic material in most living objects, the influence of 
this effect on biological functions is negligible. 

C. Electronic interactions 

Certain classes of chemical reactions involve radical 
electron intermediate states in which interactions with a 
static magnetic field produce an effect on electronic spin 
states. It is possible, that the usual lifetinie of biolog-
ically relevant electron intermediate states is sufficiently 
short that magnetic field interactions exert only a small, and 
perhaps negligible, influence on the yield of chemical 
reaction products. 

In addition to the mechanisms of magnetic field inter-
actions for which there is direct experimental evidence, 
several other mechanisms 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 low intensity. However, it must be emphasized, that many 
proposed mechanisms have not been subjected to direct experi-
mental tests. 

1.4.2 	biological effects of magnetic fields 

Some organisms possess sensitivity to static magnetic 
fields with low intensities comparable to that of the 
geomagnetic field (about 50 1iT). Phenomena for which there 

2 
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is substantial experimental evidence of sensitivity to the 
earth's field include: 

direction finding by elasmobranch fish (shark, skate, 
and ray) 

orientation and swimming direction of inagnetotactic 
bacteria; 

kinetic movements of molluscs; 

migratory patterns of birds; and 

waggle dance of bees. 

In addition, a number of in vitro studies have been made of 
magnetic orientation in assemblies of macromolecules, 
including retinal rod outer segments, muscle fibres, photo-
synthetic systems (chloroplast grams, photosynthetic bacteria, 
and Ghlorella cells), halobacteria purple membranes, and 
various synthetic liquid crystals and gels. As discussed in 
the preceding summary of mechanisms of magnetic field inter-
action, certain classes of chemical reactions that involve a 
radical electron intermediate state may also be sensitive to 
static magnetic fields of moderate intensity (< 10 mT). 

The available experimental information on the response of 
organisms, including land-dwelling mammalian species, to 
static and ELF magnetic fields indicates that three biological 
effects can be regarded as established phenomena 

the induction of electrical potentials within the 
circulatory system; 

magnetophosphene induction by pulsed and ELF magnetic 
fields with a time rate of change exceeding 1.3 I/s 
or sinusoidal fields of 15 - 60 Hz and field 
strengths ranging from 2 to 10 mT (frequency 
dependent); and 

the induction by time-varying fields of a wide 
variety of cellular and tissue alterations, when the 
induced current density exceeds 10 mA/rn 2 ; many of 
these effects appear to be the consequence of inter-
actions with cell membrane components. 

For static magnetic fields with flux densities of less 
than 2 T, there exists a body of experimental data that 
indicates the absence of irreversible effects on many develop-
mental, behavioural, and physiological parameters in higher 
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organisms. 	Broadly summarized, available evidence suggests 
that the following 9 classes of biological' functions are not 
significantly affected by static magnetic fields at levels up 
to 2 T; 

cell growth; 

reproduction; 

pre- and post-natal development; 

bioelectric activity of isolated neurons; 

behaviour; 

cardiovascular functions (acute exposures); 

the blood-forming system and blood; 

immune system functions; 

physiological regulation and circadian rhythms. 

For time-varying magnetic fields in the ELF frequency 
range, few systematic studies have been carried Out to define 
the threshold field characteristics for producing significant 
perturbations of biological functions. Nevertheless, available 
evidence suggests that ELF magnetic fields must induce current 
densities in tissues and extracellular fluids that exceed 
10 mA/m 2, in order to produce significant alterations in the 
development, physiology, and behaviour of intact higher 
organisms. In in vitro studies, various phenomena have been 
reported in the 1 - 10 mA/rn 2  range, but their health 
significance has not been determined. 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 

Studies on workers involved in the manufacture of 
permanent magnets in the USSR indicated various subjective 
symptoms and functional disturbances including irritability, 
fatigue, headache, loss of appetite, bradycardia, tachycardia, 
decreased blood pressure, altered EEG, itching, burning, and 
numbness. However, lack of any statistical analysis or 
assessment of the impact of physical or chemical hazards in 
the working environment significantly reduces the value of 
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these reports. 	Although the studies are inconclusive 	they 
suggest that, if long-term effects occur, they are very 
subtle, since no cumulative gross effects are evident. 

Recent epxiemiologscal surveys in the USA have failed to 
reveal any significant health effects associated with long-
term exposure to static magnetic fields. 	A study of the 
health data on 320 workers in plants using large electrolytic 
cells for chemical separation processes, where the average  
static field level in the work environment was 7.6 nT and the 
maximum field was 14.6 aT, indicated sltgnt changes in white 
blood cell picture (still within the normal range) in the 
exposed group compared with the 186 controls. 	None of the 
observed changes in blood pressure or blood parameters was 
considered indicative of a significant adverse effect asso-
ciated with magnetic field exposure. 

The prevalence of disease among 792 workers at the 05 
National Accelerator Laboratories, Who were exposed 
occupationally to static magnetic fields, was compared with 
that in a control gioup consisting of 792 unexosed workers -. 
matched for age, race, and socioeconomic status. The range of 
magnetic field exposures was from 0.5 mT for long durations to 
2 T for periods of several hours. No significant increase or 
decrease in the prevalence of 19 categories of disease was 
observed in the exposed group relative to the controls. 

Workers exposed to large static magnetic fields in the 
aluminium industry were reported to have an elevated leukaemia 
mortality rate. Although these studies suggest an increased 
cancer risk for persons directly involved in aluminium produc-
tion, there is no clear evidence, at present, indicating the 
responsible carcinogenic factors within the work environment. 

It can be concluded that available knowledge indicates 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 hazaru asso-
ciated with exposure to fields above 2 T. F'ronm theoretical 
considerations and some experimental data, it could be 
inferred that short-term exposure to static fields above 5 T 
may produce significant detrimental effects on health. 

1.5.2 	Time-varying fields 

Time-varying magnetic fields generate internal electric 
currents. For example, 3 T/s can induce current densities of 
about 30 	A/rn 2  around the perimeter of the human head.  
Induced electric current densities can be used as the decisive 
parameter in the assessment of the biological effects at the 
cellular level. 

In terms of a health risk assessment, it is difficult to 
correlate the internal tissue current densities with the 
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external magnetic field strength. 	However, assuming worst- 
case conditions, it is possible to calculate, at least within 
one order of magnitude, the magnetic flux density that would 
produce potentially hazardous current densities in tissues. 
The following statements can be made on induced current 
density ranges and correlated magnetic flux densities of a 
sinusoidal homogeneous field, which produce biological effects 
from whole-body exposure 

Between 1 and 10 mA/m2 (induced by magnetic fields 
above 0.5 - 5 mT at 50/60 Hz, or 10 - 100 rnT at 3 
Hz), minor biological effects have been reported. 

Between 10 and 100 	/2 (above 5 - 50 mT at 50/60 
Hz or 100 - 1000 mT at 3 Hz), there are well 
established effects, including visual and nervous 
system effects. 	Facilitation of 	bone 	fracture 
reunion has been reported. 

Between 100 and 1000 mA/m 2  (above 50 - 500 niT at 
50/60 Hz or 1 - 10 T at 3 Hz), stimulation of 
excitable tissue is observed and there are possible 
health hazards. 

above 1000 mA/ni 2  (greater than 500 mT at 50/60 Hz 
or 1(J T at 3 Hz), extra syatoles and ventricular 
fibrillation, i.e., acute health hazards, have been 
established. 

For non-sinusoidal waveforms that he short duration 
pulses, the time rate of change of the magnetic flux density 
must be specified, in analysing certain biological effects, 
especially the stimulation of excitable tissue, the peak 
current density values are more relevant than root mean square 
(rms) values. In addition, non-homogeneous magnetic fields 
must be considered, since high field gradients exist near 
strong magnetic field sources. The induction loops in extrem-
ities are usually smaller than those in the whole body, so 
higher magnetic field strengths are tolerable for extremities 
than for the whole body. 

Several laboratory studies have been conducted with human 
subjects exposed to sinusoidally time-varying magnetic fields 
with frequencies in the ELF range. None of these investiga-
tions has revealed adverse clinical or psychological changes 
in the exposed subjects. The strongest field used in these 
studies with human volunteers was a 5-niT, 50-Hz field to which 
subjects were exposed for 4 h. 

Several recent epidesiiological reports present preliminary 
data indicative of an increase in the incidence of cancer 
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among children, adults, and occupational groups. 	In other 
epidemiological 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 (10 - 
106 T) 50 or 60 Hz magnetic fields that are of a magnitude 
commonly found in the environment. These associations cannot 
be satisfactorily explained by the available theoretical basis 
for carcinogenesis by EF electromagnetic fields. The pre-
liminary nature of the epidemiological evidence, and the 
relatively small increment in reported incidence, suggest 
that, although these epidemiological data Cannot be dismissed, 
there must be considerable further study before they can be 
accepted. 

From the available data on human exposure to time-varying 
magnetic fields, it can be concluded that induced current 
densities below 10 mA/m 2  have not been chowo to produce any 
significant biological effects. In the range of 10 - lUU 
isA/rn 2  (from fields higher than 5 - 50 iaT at 50/0n Hz), 
biological effects have been established, but these induced 
current densities from short-term exposure (few hours) may 
cause minor transient effects on health. The health conse-
quences of exposure to these levels for many hours, days, or 
weeks are not known at present. Above 100 mA/rn 2  (greater 
than 50 meT at 50/60 Hz), various stimulation thresholds are 
exceeded and hazards to health may occur. 

1.6 Exposure Guidelines and Standards 

Standards or guidelines limiting human exposure to Static 
ELF magnetic fields have been developed in a few countries. 
Of particular interest is the increasing tendency of countries 
to limit magnetic field exposure from particular devices 
(e.g., magnetic resonance diagnostic techniques). Details of 
these standards and guidelines are given in section 9 of the 
document. 

1.7 Protective Measures 

Two aspects of magnetic field safety that deserve special 
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. Of particular concern is the 
malfunction of cardiac pacemakers and the displacement of 
aneurysm clips and prosthetic devices. 
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1.1.1 	Cardiac pacemakers 

Both static and Lime-varying magnetic fields can interfere 
with the proper functioning of modern demand pacemakers. Some 
pacemakers may revert from a synchronous to an asynchronous 
mode of operation in time-varying fields with time rates of 
change above approximately 40 mT/s. Certain pacemaker models 
also exhibit abnormal operOtion due to closure of a reed relay 
switch in static magnetic fields that exceed 1.7 - 4.7 ml. 
Magnetic fields can also affect the functioning of other 
medical electronic monitoring devices, such as EEG and ECO 
equipment. 

1.7.2 	Metallic implants 

The sensitivity of implanted surgical devices to magnetic 
fields is dependent on their alloy composition. A large 
number of metallic devices such as intrauterine devices, 
surgical clips, prostheses, infusion needles, and catheters 
may have a significant torque exerted on them by intense 
magnetic field gradients. This may result in their displace-
ment and produce serious consequences. All persons entering 
magnetic field environments should be screened carefully and, 
if necessary, prohibited from access. 

1.7.3 	Hazards from loose paramagnetic objects 

Depending on the weight and shape of a paramagnetic object 
subject to an intense magnetic field, it can become a missile 
with high momentum. Care should be taken to exclude such 
objects as, for example, scissors, scalpels, and handtools 
from the vicinity of strong magnetic field sources. 

1.8 Recommendations for Future Research 

On the basis of present knowledge of magnetic field bo-
effects, several key areas of future research can be identi-
fied as being essential for achieving a comprehensive under-
standing of the biological consequences of exposure to these 
fields. No attempt has been made to list all possible 
research areas. Instead, emphasis has been placed on areas 
considered to have an impact on health hazard assessment. 

For static magnetic fields, there is a clear need for 
additional studies in the following areas, in each of which 
the available information is either inadequate or contra-
dictory.  

(a) studies on functional alterations in the cardio-
vascular and central nervous system where magnetic 
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field interactions have previously been observed; 
particular emphasis should be pieced on the effects 
01 long-term exposures; 

sensitivity of erisyme reactions that involve radical 
intermediate states, which may be an important issue 
in long-term occupational exposures; 

cellular, tissue, and animal, responses to static 
fields above 2 T, as proposed for use in clinical hR 
spec troscopy. 

For 	time-varying 	magnetic 	fields 	with 	repetition 
frequencies in the ELF range, key areas of future research can 
also be recommended on the basis of available inforivaLion 

Comprehensive 	epidemiological 	studies 	should 	be 
carried out to resolve the issue of whetner art 
elevated risk of leuLrasrnia and other forms of cancer 
is associated with occupational and resinential 
exposure to ELF fields. These studies should include 
the use of appropriate techniques for the assessment 
of field exposure parameters (e.g., the 	use of 
miniature personal dosimeters). 	Relevant research 
with cellular and animal systems should also be 
conducted in an effort to elucidate interaction 
mechanisms of ELF fields that could lead to an 
elevated cancer risk. 

Studies on the response of developing embryonic and 
fetal systems, and other cell and tissue systems that 
have been identified as being responsive to ELF 
magnetic fields, should be continued with particular 
focus on effects mediated via interactions with cell 
membranes. 

Studies are needed on the effects of low levels of 
induced current density (< 100 mAim2)  on nerve 
tissue, 
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2. PhYSICAL CHARACTERISTICS, DOSIETRIC CONCEPTS, 
AND ASURJMENT 

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 lliies 
af force. A static magnetic field is formed in the case of 
direct current, whereas a time-varying magnetic field is 
induced by alternating current sources. 

The electric (E) and magnetic (H) fields that exist near 
sources of electromagnetic fields must be considered 
separately, because the very long wavelength (thousands of 
kilometres) characteristic of extremely low frequencies (ELF) 
means that measurements are made in the non-radiating near 
field. The E and H fields do not have the same 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 Grandolfo & Vecchia 
(2985a). An animal or human body does not appreciably distort 
a magnetic field. Time-varying magnetic fields induce currents 
wi.thin the body. The magnitude of these internal currents is 
determined by the radius of the current path, the frequency of 
the magnetic field and its intensity at the location within 
the body. Unlike the electric field for which the internal 
field strength is many orders of magnitude less than that of 
the external field, the magnetic field strength is virtually 
the same outside the body as within. The magnetically-induced 
electric field strengths and corresponding Current density are 
greatest at the periphery of the body where the conducting 
paths are longest, whereas microscopic Current loops anywhere 
within the body would have extremely small 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 complicated way on the conducting properties of 
the various tissues. 

2.1 Quantities and Units 

The quantities, units, and symbols used in describing 

magnetic fields are given in Table I. 
The fundamental vector quantities describing a magnetic 

field are the field strength (H) and the magnetic flux 
density (B) (or equivalently, the magnetic induction). 

The magnetic field strength (H) is the force with which 
the field acts on an element of current situated at a parti-
cular point. The value of H is measured in ampere per metre 
(A/m). The trajectories of the motion of an element of 
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Table 1. Magnetic held quaritatlea anu units in tie SI Sysreni 

Quantity 	 Syb0l 	Unit 

Frequency S Iiertt 	(ilz) 

Current I a:npere 	A) 

Current density J ampere per square retrC 
(A/rn') 

Magnetic field strength a ampere per metre 

Magnetic flux seber (Mb) 	Vs 

Magnetic ilux density B tesla 	(T) 	Wi/a' 

Permeability P henry per nietiC (Him) 

Permeability of vacuum We p0 	= 	1.257 
10 	C/rn 

Time t seconas 	(a) 

Current (or the orientations of an elementary magnet) in a 
magnetic field are called the magnetic lines of force. 

As in the case of electric fields, single-phase and 
three-phase magnetic fields can be defined: the field at any 
point may be described in terms of its time-varying magnitude 
and invariant direction (single-phase), or by the field 
ellipse, i.e., the magnitude and direction of the major and 
minor semi-axes (three phase). 

The magnetic flux density (B), rather than the magnetic 
field strength, (Ii = Big), is used to describe the 
magnetic field generated by currents in the conductors of 
transmission lines and substations. Thus, the magnetic field 
is defined as a vector field of magnetic flux densLty B 
(is-field). The value of i (the magnetic permeability) is 
determined by the properties of the medium, and, for most 
biological material is equal to po, the value of the 
permeability of free space (air). Thus, for biological 
materials the values of B and H are related by a constant 
(go). 

Before the introduction of the International System of 
units (SI), the use of the CGS system (based on the three 
independent quantities: length (cm), mass (g) and time (s)) 
was customary. SI is based on seven independent quantities: 
length (in), mass (g), time (a), electric current (A), 
thermodynamic temperature (K), luminous intensity (cd), and 
amount of substance (mol). The equations describing the 
electromagnetic phenomena are equivalent but not identical in 
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the SI and the CGS systems. For an electromagnetic field, 
only the first four of the seven quantities mentioned 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, is a dimensionless 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 inter-
changeable quantities. Thus, many publications contain 
equations that are appropriate for use only with the CGS 
system of units since the permeability of free space, p,, 
has been omitted. 

The SI system has now been universally accepted. The CCS 
system is obsolete and should not be used. 

In addition, the term gamma is used and is equal to 1 
nanotesla (10 -1  tesla). For convenience, the conversion 
factors relating the various quantities used in laboratory 
practice are given in Table 2. 

Table 2. Conversion factors for units 

To 
tam 

I 	Wb/a G A/rn Oe 

Convert 

T = Th1m 2  1 10 4  10' 7.96 Y 	10' 104 

C 10 1 10' 79.6 1 

10 - ' 10' 1 7.96 	x 	10' 10 - ' 

A/ia 1.256 x 	10' 1.256 a 10' 1256 1 1.216x10' 

Oe 10' 1 10' 19.6 1 

Symbols: T = tealS 
Wb amber 
G - gauss 
A ampere 
a = metre 

= gamma 
Oc = cers ted 

For a more complete inventory and discussion of quantities 
and units, the reader is referred to a report of the 
IRPA/International Non-Ionizing Radiation Committee entitled 
"Review of Concepts, quantities, units, and terminology for 
non-ionizing radiation protection" (IRPA, 1985). 
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2.2 Dosimetric Concepts 

In its broadest sense, the term "dosimetry" is used to 
quantify exposure to radiation. Quantitative descriptions of 
exposure, for the purpose of formulating protection standards 
and exposure limits, require the use of appropriate quanti- 
ties. "Appropriate" means that the quantities should 
represent, as far as possible, the physical processes that are 
closely linked to the biological effects of the fields. Since 
our knowledge of interaction mechanisms is incomplete, expo-
sure conditions are often quantified in terms of the unper-
turbed external magnetic field strength and the duration of 
exposure. 

The known physical mechanisms by which magnetic fields 
interact with living matter are described in section 4. Some 
factors affecting the interaction of fields with organisms are 
summarized in Table 3. To fully assess the data obtained in 
bioeffects research, 	exposure conditions must be well 
controlled and measured. 	In this case, the "dosimetry" in 
bioeffects research with magnetic fields is very complex, 
since all relevant factors must be taken into account. The 
accuracy and sophistication of radiation protection dosimetry 
must be related to the conditions and actual or potential 
adverse consequences of exposure to magnetic fields. 

Table 3. Factors effecting interaction of Izagnetic fields 

Parneters of the magnetic field source 

Frequency 
Modulation ('ulse, AM, FM), rise and decay times (dll/dt) 
Polarisation 

Field airCiigtb 
Field pattern (uniformity) 

	

4. 	Surrounding material properties 

Parameters related to exposure 

	

L. 	Tissue properties (conductivity, anisotropy, permeability) 
Size, geometry 
Orientation relative to polarization 
Mode of exposure (partial; wide body) 

LxtaLiOus factors 

Metal implants (ferromagnetic) 
Metal obecrs in tie field 
Drugs (medications) 
Chemical patlutant 
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In practical radiation protection, 	it is useful to 
coLlaider static and tune-varying magnetic fields separately. 

	

2.2.1 	Static masnetic fields 

In the assessment of exposure to static magnetic fields 
for practical radiation protection purposes, the appropriate 
quantities are less well defined. Protection limits tend to 
be stated in termS of the external field strength and the 
duration of exposure, where the integrated product of field 
and exposure time could be considered as a measure of expo-
sure. However, at present, there is no biological basis for 
choosing this dosimetric concept. Further development of 
dosimetric concepts and their theoretical and experimental 
basis is required. 

	

2.2.2 	Time-varying magnetic fields 

In evaluating human exposure to time-varying magnetic 
fields of frequencies between about 10 Hz and 100 kI-Iz, the 
electric eddy current density can be employed as the decisive 
parameter in assessment of the biological effects at the 
cellular level (Berndardt, 1979, 1985, 1986; Czerski, 1986; 
l'enforde, 1986a). Field strength and eddy current density are 
related by the specific conductivity of the medium. 

By comparing the current densities, it may be possible to 
predict effects in human beings from those found in studies on 
animal and isolated cll. In this context, it is irrelevant 
whether the current density surrounding a cell is introduced 
into the body through electrodes or induced in the body by 
external magnetic fields. However, the current paths within 
the body may be different. 

The evaluation of human exposure using current densities 
is based primarily on a concept of "dose" to the critical 
organs. Although this assumption is based on the most likely 
hypothesis, this mechanism of energy absorption in tissues 
should not be considered to the exclusion of all others. The 

parameters of internal field strength and duration should also 
be taken into account. Basic protection limits can be 
expressed in permissible currant densities; derived protection 
limits can be expressed as exposures to external magnetic 
fields, where field strength, frequency, orientation of the 
body, and duration of exposure need to be specified. Refine-
ments may include field gradient values, partial body expo-
sure, etc. Induced eddy currents in organs cannot be measured, 
at present, under any practical conditions. Therefore, the 
only protection quantities that can be used to assess exposure 
to time-varying magnetic fields are the field strength distri-
bution in time and space. 
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2.3 Measurement of hagnetLc Fielcts 

During the last thirty years, the measurement at magnetic 
fields has undergone considerable development. Progress in 
techniques has made it possible to develop new methods of 
measurement as well as to improve old ones. Some of the 
incentive for considerable development in magnetic measurement 
techniques has arisen because of the necessity to accurately 
measure magnetic fields that often vary in both space and time 
in large particle accelerators. The rapid development of 
plasma physics as well as that of astronautics has created new 
demands for magnetic field measurements. 

A description of the most coimaon measuring techniques 
follows, together with a comparison of their advantages and 
limltations. Further details can be found in Williamson & 
Kaufman (1981), Grandolto & Vecchia (1985a), and Stuchly 
(1986). 

The two most popular types of magnetic field probes are a 
shielded coil and a Hall-probe. Most of the comiaercially 
available magnetic field meters use one of them. Recently, in 
addition to Hall probes, other semiconductor devices, namely 
bipolar transistors and FET transistors, have been proposed as 
magnetic field sensors. They offer some advantages over Mall 
probes, such as higher sensitivity, greater spatial reso-
lution, and broader frequency response. 

For measurements of very weak magnetic fields, such as 
those produced by endogeneous currents in biological systems, 
other sensors are used. These include fluxgates, optically 
pumped magnetometers, magnetostrictive sensors with optical 
fibres, and superconducting quantum interference devices 
(SQuIDS). These devices are rather specialized and expensive 
and are not normally used for the measurement of extraneous 
fields in biomedical applications (Stuchly, 1936). 

2.3.1 	Search coils 

The operating principle of a coil 8-field probe can be 
explained by considering a closed loop of a conductor with 
area A immersed in a quasi-static, uniform magnetic field of 
flux density B, and angular frequency e(= 211f), as shown 
in Fig. 1 (Conti, 1985). 

An electromotive force (EMF) is induced in the loop (and a 
current (I) will flow) as a consequence of changes in the - 
magnetic flux (B) through the area A, in accordance with 
the following law: 

EMF = - cL. 0 () 	 (1) 
dt 
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B 0  sLn w 

EMFc r-wA 0 coswt 

Fig. 1. Conducting loop in power frequency B-field. 

If the vector B = B o  sin wt is assumed to be uniform 
and to have its direction perpendicular to the plane of the 
loop, the EMF is given by the following relationship 

EMF = - 	(A B 0sin at) =aB0  A cos at 	(2) 
dt 

Equation (2) shows that measurement of induced electro-
motive force provides a measure of the B-field strength. 

For a loop of many turns, the EMF given by Equation (2) 
will develop over each turn and the voltage (\T)  will increase 
accordingly. The induced Current has been assumed to be so 
small that the opposing B-field generated by I can be ignored. 

There is no theoretical limit 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 leads connecting the ioop to the metering 
device require modifications of the sensor design. 

A single coil has a directional spatial response charact-
eristic, and has to be rotated to obtain a maximum reading to 
determine the actual magnitude and direction of the field. 
Alternatively, a probe consisting of three mutually perpen-
dicular coils can be designed. 

2.3.2 	The Hall probe 

The most commonly used method in field mapping is the Hall 
probe. When a strip of conducting material is placed along 
the 0, axis in a coordinate system with a current I 
running in the direction O while a magnetic field B is 
applied in the direction 0 at right angles to the surface 
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of the strip, a potential difference appears in the direction 
0 between the two sides of the sLrrp. 

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 FlaIl electric field is created. 

Several factors set itmits on the accuracy obtainable, the 
most serious being the temperature coefficient of the Elall 
voltage. Another complication can be that of the planar Hall 
effect, which makes the measurement of a weak field coelponent 
normal to the plane of the Hail plate problematical, when a 
strong field component is present parallel to this plane. 
Many possible remedies have been proposed, but they are all 
relatively difficult to apply. Last, but not least, is Inc 
problem of the representation of the calibration curve since 
the Hall coefficient varies with the magnetic field. 

The measurement of the Hall voltage sets a limit or about 
0.1 mT on the sensitivity and resolution of the measurement, 
if conventional direct current excitation is applied to the 
probe. The sensitivity can be improved considerably by using 
alternating current excitation. Higher accuracy at low field 
strengths can be achieved by using synchronous detection 
techniques for the measurement of the Hall voltage. 

Hall plates are usually calibrated in a magnet in which 
the field is measured simultaneously using a nuclear magnetic 
resonance probe. A well designed Hall-probe assembly can be - 
calibrated to an accuracy of 0.01% (Cerinain, 1963). 

2.3.3 	Nuclear magnetic resonance probe 

Nuclear magnetic resonance (Ni4R) is the classical method 
of measuring the absolute value of a magnetic field. 

If a charged particle possessing an angular momentum 
vector, J, is placed in a constant magnetic field B, the 
magnetic moment, u, of the particle becomes orientated with 
respect to B. The vectors J and u are proportional, 
u 'J where Y is the gyromagnetic ratio of the 
particle considered. In a quantum mechanics description, this 
orientation can only be such that the component of J along 
B is equal to mh/21, where m = it(1 - k), I is the spin 
of the particle, and k is an integer smaller or equal to I. 
Thus, m can take on several discrete values, each giving a 
different orientattoo for J and U. Each of these 
orientations of u in the magnetic field corresponds with a 
different energy level, where these levels differ in energy by 
AE = B Th/2. 

It a sample containing a large number of particles, either 
electrons or protons, i5 irradiated with photons of the right 
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frequency, 	u0 , 	such 	that 	il u0  = SE, 	an 	exchange 	0 t 

energy occurs. As a result of photon absorption, particles in 
the sample jump from the lower to the higher energy level. 
The principle of the NMR measurement technique is to determine 
the resonant frequency of the test specimen in the magnetic 
field to be meaSured. It is an absolute measurement that can 
be made with very great accuracy. The measuring range of this 
method is from about 10-2  to 10 T, without definite limits. 

In field measurements using the proton magnetic resonance 
method, an accuracy of lO' is easily obtained with simple 
apparatus and an accuracy of 10 can be reached with exten-
sive precautions and refined equipment. 

The inherent shortcoming of the NMR method is its limit-
ation to fields with a low gradient and the lack of inform-
ation about the field direction. 

2.3.4 	Personal dosimeters 

A personal dosimeter suitable for monitoring exposures to 
stOtic and time-varying magnetic fields has been developed by 
Fujita & Tenforde (1982). Using thin-film Hall sensors that 
record magnetic induction (B) along three orthogonal axes, the 
time rate of change of the magnetic induction (dB/dt) is 
determined for values of B recorded during consecutive 
sampling intervals. The parameters stored by the dosimeter 
include the average and peak values of B and dB/dt during a 
preset time interval, and the number of times that specified 
threshold Levels of these parameters are exceeded. An audible 
alarm sounds when F, or hE/dc exceeds a preset threshold level. 
This personal dosimeter is battery operated, and is capable of 
recording magnetic field exposure throughout an B-h working 
day. A microprocessor-controlled field dosimeter for 
monitoring personal exposures to power-frequency magnetic 
fields has been developed by to et al. (1986). This dosimeter 
uses electrically-shielded, 500-turn copper coils and 
synchronous detector circuits for field measurements along 
three orthogonal axes. For 60-Hz fields a measurement 
accuracy of I - 2% is achieved over the range of magnetic flux 
densities from 5 nT to 60 pT (rats). 
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3 * NATURAL BACKGROUND AND MAN-MADE MAGNETIC FIELDS 

3.1 Natural Magnetic Fields 

The natural magnetic field consists of one component due 
to the earth acting as a permanent magnet and several other 
small components 1  which differ in characteristics and are 
related to such influences as solar activity and atmospheric 
events (Aleksandrov et al., 1972; Polk, 1974; Benkova, 1975; 
Crandotfo & Vecchia, 1985b). The earth's magnetic field 
originates from electric current flow in the upper layer of 
the earth's core. There are significant local differences in 
the strength of this field. At the surface of the earth, the 
vertical component is maximal at the magnetic poles, amounting 
to about 6.7 x 10 - ' T (67 T) and is zero at the magnetic 
equator. The horizontal component is maximal at the magnetic 
equator, about 3.3 x 10' T (33 iT), and is zero at the 
magnetic pole. 

The naturally occurring time-varying fields in the atmo-
sphere have several origins, including diurnally varying 
fields of the order of 3 x 10' T (0.03 T) associated 
with solar and lunar influences on ionospheric currents. The 
largest time-varying atmospheric magnetic fields arise inter-
mittently from intense solar activity and thunderstorms, and 
reach intensities of the order of 5 x 10 -  T (0.5 T) 
during large magnetic storms. 

About 2000 thunderstorms are occurring simultaneously over 
the globe with lightning striking the earth's surface about 16 
times per second; the currents involved may reach 2 x 10' A 
at the level of the earth (Kleimenova, 1963). Electromagnetic 
fields having a very broad frequency range (from a few Hz up 
to a few MHz) originate the moment lightning strikes and 
propagate over long distances influencing the magnitude of 
magnetic fields. Superimposed on the magnetic fields asso-
ciated with irregular atmospheric events is a weak time-
varying field resulting from the Schumann resonance pheno-
menon. These fields are generated by lightning discharges and 
propagate in the resonant atmospheric cavity formed by the 
earth's surface and the lower boundary of the ionosphere. 

The characteristics of the time-varying components of the 
natural magnetic field can be summarized as fol1ows 

The magnetic flux densities from 5 to 10 x 10 	T 
are at pulsation frequencies from 0.002 to 0.1 Hz. 

The geomagnetic pulsations up to 5 Hz are of short 
duration, lasting from a few minutes to a few hours. 
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(c) The magnetic flux densities of the field decrease 
with increasing frequency from 10-11 T at 5 - 1 Hz 
to 10' T at 3 kIlz. 

3.2 Man-Made Sources 

The static and time-varying magnetic fields originating 
from man-made sources generally have much higher intensities 
than the naturally occurring fields. This statement is parti-
cularly 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 magnitude greater than the natural fields 
at the same frequencies. Other man-made sources are to be 
found in research, industrial and medical procedures, and in 
several Other technologies related to energy production and 
transportation that are in the developmental stage (Demetsky & 
Alelcseev, 1961; Stuchly, 1986; Tenforde, 1986b). A list of 
applications of magnetic field technologies is given in 
Table 4. 

Table 4. Magnetic field technolegIes.f 

Fne rgy . technol o gj e s 

Thermonuclear fusion reactors 
Magrie tohydrodynarnic sys Lens 
Superconducting magnet energy storage systems 
Superconducting generators and transmiSsion lines 

Research tacilities 

Bubble chambers 
Supsrcocducting spectrolseters 
Particle accelerators 
Isotope separation units 

1ndustr y  

Aluminutin production 
E loct rolytic processes 
Production of magnets and magnetic materials 

Transpurtet_ion 

Hagnoticaily levitated vehicles 

Hodcjne 

Magnetic resonance 
Therepeut cc spyl jest inni 

.f 	Froui: Teclorde 1966b). 
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3.2.1 	Magnetic fields in the home and public premises 

3.2.1.1 Household appliances 

Some common electrical appliances and the typical magnetic 
fields near them are listed in Table 5. 	In a survey of 	' 
magnetic fields around almost 100 different 60-Hz household 
appliances, levels from 0.03 IE to 30 pT were measured at 
a distance of 30 cm from the device (Gauger, 1984). 	At 
approximately 150 cm from the appliance producing the highest 
magnetic field, the level had fallen to about 0.5 pT. 
Background magnetic field flux densities in the homes where 
the fields from appliances were measured, ranged between 0.05 
to 1 iT (Tell, 1983; Male et al., 1984; Stuchly, 1986). 

Table 5. 	Magnetic flux densities at 60 Hz near various appliances 
in the USAC 

Appliance Magnetic flux density (uT) 	at distance z 
3 cm z 30 cia z 	= 1 	ni 

Can openers 1000 - 	2000 3.5 	- 30 0.07 - 1 
Hair dryers 6 - 	2000 < 0.01 - 	7 < 0.01 - 0.3 
Electric 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 cleaners 200 - 	800 2 - 20 0.13 2 
Mixers 60 - 	700 0.6 	- 10 0.02 - 0.25 
Fluorescent desk lamps 40 - 	400 0.5 - 	2 0.02 - 0.25 
Garbage disposals 80 - 	250 1 - 	2 0.03 - 0.1 
Microwave ovens 75 - 	200 4 - 	8 0.25 - 0.6 
Fluorescent fixtures 15 - 	200 0.2 - 	4 0.01 - 0.3 
Electric ranges 6 - 	200 0.35 - 	4 0.01 - 0.1 
Portable heaters 10 - 	180 0.15 - 	5 0.01 - 0.25 
Blend5ts 25 - 	130 0.6 - 	2 0.03 - 0.L2 
TelCvision 2.5 - 	50 0.04 - 	2 < 0,01 - 0.15 
Electric ovens 1 - 	50 0.15 - 0.5 0.01 - 0.04 
Clothes washers 0.8 - 	50 0.15 - 	3 0.01 - 0.15 
Irons 8 - 	30 0.12 - 0.3 0.01 - 0.025 
Fans and blowers 2 - 	30 0.03 - 	4 0.01 - 0.35 
Coifee makers 1.8 25 0.08 - 0.15 < 0.01 
Dishwashers 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 
Clothes dryers 0.3 - 	8 0.08 - 0.3 0.02 - 0.36 
Refrigerators 0.5 - 	1.7 0.01 - 0.25 < 0.01 

From: Gauger (1984). 



3.2.1.2 Transmission lines 

The magnetic field beneath high-voltage overhead trans-
mission lines is mainly transversed to the line axis (Fig. 2). 
The maximum flux density at ground level may be under the 
centre line or under the outer conductors, depending on the 
phase relationship between the conductors. Apart from the 
geometry of the conductor, the maximum magnetic field strength 
is determined only by the magnitude of the current. The 
maximum magnetic flux density at ground level for a double 
circuit 500 kV overhead transmission line system is approxi-
mately 35 pT per kiloampere. The field at ground level 
beneath a 765-ky, 60-Hz power line carrying 1 kA per phase is 
15 if (Scott-Walton et al., 1979). The magnetic flux 
density decreases with distance from the conductor to values 
of the order of 1 - 10 jiT at a lateral distance of about 
20 - 60 so from the line, as shown in Fig. 2 (Lajubdin, 1978; 
Zaffanella & Deno, 1978). 

1100kV line operating at 1200kV 

OkVOL 

2624 A/phase 6000 MW tutl 

Double cirtujt 230kV use - 

iao 	80 	60 	40 	20 	0 	20 	40 	60 	80 
Lateral distance from transmission line centrelirse, at midspan (m) 

Fig. 2. Profile of calculated uagneti.c field strength (60 liz) at 1 a 
above ground for 230-ky and 500-ky dob1e circuit lines, and a 
possible design for a future 1100-ky line. Froni Lee ot al. 
(1982). 

3.2.1.3 Transportation 

Several countries are currently designing and testing 
prototype vehicles that are suspended and guided by magnetic 
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forces. 	If successful, the magnetically-levitated vehicle 
could offer high-speed public transportation (roughly 200 - 
400 km/h), with greatly reduced levels of noise and pollution, 
compared with conventional modes of transportation. 

The technical problems of magnetic levitation are consid-
erable and include the presence of large fringe magnetic 
fields within the passenger compartment. In some designs, the 
field level at the floor of the passenger compartment may be 
50 - 100 mT, and estimates of the field at the location of a 
passenger's head range from 6 to 60 mT (Hassenzahl et al., 
1978). The magnetic flux density within the passenger 
compartment 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 systems 

Different security systems have been developed for 
personnel identification or for electronic surveillance 
against theft in libraries and shops. Such devices operate at 
frequencies ranging between 0.1 and 10 kHz. Identification is 
achieved when a person passes through the coil carrying an 
identification tag or articles bearing a magnetic strip. The 
maximum magnetic flux generated by the coil is about I ml at 
the ground. 

The maximum magnetic flux for walk-through metal detectors 
used at airports is below 0.1 ml, and they have frequencies of 
operation below 1 MHz. 

3.2.2 	Magnetic fields in the work-place 

3.2.2.1 Industrial processes 

Occupational exposure to magnetic fields comes predom-
inantly from working near industrial equipment using high 
currents. Such devices include various types of welding 
machine, electroslag refining, various furnaces, induction 
heaters, and stirrers. Details of surveys of magnetic field 
strengths in industrial settings are given in Table 6. 
Surveys on induction heaters used in industry performed in 
Canada (Stuchly & Lecuyer, 1985), in Poland (Aniolezyk, 1981), 
and in Sweden (Lbvsund et al., 1982), show magnetic flux 
densities at operator locations ranging from 0.7 11 to 6 mT, 
depending on the frequency used and the distance from the 
machine. In their study of magnetic fields from industrial 
electra-steel and welding equipment, L&vsund et al. (1982) 
found that spot welding machines (50 Hz, 15 - 106 kA) and 
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Table 6. 	Occupational sources of exposure to magnetic fields 

Source Magnetic flux Distance Reference 
densities (aT) (is) 

VDTs up - 2.8 x 	10 0.3 Stuchly er 	al. (1983) 

— 	 Weldin8 arcs 0.1 - 	5.8 0 - 0.8 Lljvsund et 	al. (1982) 
(0 - 50 Hz) 

Indtt ion heaters 0.9 65 0.1 	— 	1 L5vsund ci al (1982) 
(50 - 	10 Hz) 

SO-liz Ladle 0.2 - 8 0.5 - 	1 L0vsund CL 	al. (1982) 
furnace 

50-11z Arc up - 	 1 2 Lbvsund et 	al. (1982) 
furnace 

10-Hz Induction 0.2 - 0.3 2 Liivsund CL 	al. (1982) 
stirrer 

50-liz Electroslag 3.5 - 	 1.7 0.2 - 	0.9 Lijvsund Ct 	al. (1982) 
weld fog 

flectrolyte 7.6 (mean) operator Marsh et al. 	(1982) 
process postLion 
(0 - 50 Hz) 

IsotOpe 1 - 50 operator Tenforde (1986c) 
separation position 
(Statji 	fields) 

ladle furnaces (50 Hz, 13 - 15 MA) produced fields up to 
10 mT, at distances up to I in. In the production of aluminium 
using a Soderberg cell, the final reduction process may lead 
to static field exposures of about 40 mT. 

In the course of studies on the health of woraers in 
industries using electrolytic processes, Marsh eL al. (1982) 
found that the mean static magnetic field level at operator-
accessible locations was 7.6 mT and the maximum was 14.6 mT. 
T ime-we igh ted- average field exposures were calculated to be 
about 4 and 11.8 mT for the mean and maximum field levels, 
respectively. 

Vyalov (1974) characterised the average magnetic field 
levels to which Soviet workers in permanent magnet production 
plants were exposed. He found that the static magnetic field 
at the level of a worker's hands was typically 2 - 5 mT. At 
the level of the chest and head, the field was generally in 
the range of 0.3 — 0.5 mT. 
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3.2.2.2 Energy technologies 

High static magnetic field strengths may be encountered 
around new and developing technologies used for energy 
production and storage, such as magnetohydrodynarnic systems, 
superconducting magnetic energy storage systems, and thermo-
nuclear fusion (Tenforde, 1986b). 

The thermonuclear fusion process involves the combination 
of two light nuclei to form a heavier nucleus with a resultant 
release of energy. Various methods can be used to confine alt 
ignited plasma, including high-intensity magnetic fields. It 
is now generally believed that fields as high as 9 - 12 T will 
be required for the sustained magnetic confinement of an 
ignited plasma. 	Fringe fields up to 50 ml will exist at 
locations within the main reactor building in areas accessible 
to operations personnel. Although only a limited number of 
scientists and maintenance personnel would normally be 
expected to enter fields of this intensity, it is expected 
that they will do so for brief periods during normal reactor 
Operation. 

Power generation by magnetohydrodynamic (MilD) separation 
of ionic 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 
MilD generator can be represented as a magnetic dipole with a 
large net moment of approximately 8000 MA.ni (Hasseuzahl et 
al., 1978). The field level at a distance of about 50 m from 
the device would then be approximately 10 mT and the field 
level would fall below 0.1 mT only at distances greater than 
250 m. 

3.2.2.3 Switching stations and power plants 

Typical values for the magnetic flux density at work-
places, near overhead lines, in substations, and in power 
stations (16, 213, 50, 60Hz) range up to 0.05 mT (Krause, 
1986). 

3.2.2.4 Research facilities 

Selected groups of workers in research laboratories may be 
exposed to high magnetic field strengths, particularly near 
bubble chambers and particle accelerators. 

During the last three decades, bubble chambers have played 
a major role in the study of high-energy nuclear reactions. 
The bubble chamber is contained within a solenoidal magnet 
operating at field levels up to approximately 3 T. 

At the location where an operator changes the film 
cassettes, the field is estimated to be approximately 0.4 - 
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0.5 1 at foot level and about 0.05 T at the level of the 
head. The film changing procedure requires 5 olin to complete, 
and is carried out approximately three times per day, i.e., 
once per 8-h work shift (Tenforde, 1986b). 

Linear accelerators and synchrotrons have found applica-
tions in nearly every scientific field, including such areas 
as high-energy physics, nuclear chemistry, cancer radio-
therapy, and isotope production for research and medicine. 
The scale of these devices ranges from a few metres to several 
kilometres. Similarly, the focusing and beam extraction 
magnets used in various accelerator designs differ widely in 
field strengths and in the magnetic field profile. Although 
high magnetic fields may be present near accelerator magnets, 
personnel are seldom exposed to these fields, because of 
exclusion from the high ionizing radiation zone surrounding 
the beam line. 

3.2.2.5 Video display terminals 

The use of computers with screen-based output units or 
video display terminals (VDT) grows at an ever increasing 
rate. VDT operators have expressed concerns about possible 
effects from emissions of low-level radiations. Magnetic 
fields (frequency 15 - 125 kl-iz) as high as 0.69 A/rn (0.9 T) 
have been measured close to the surface of the screen (Eureau 
of Radiological Health, 1981) under worst-case conditions. 
This result has been confirmed by many surveys (Roy at al., 
1984; Repacholi, 1985a). In a comprehensive review of 
measurements and surveys of VDTs by national agencies and 
individual experts, it was concluded that there are no 
radiation emissions from VDTs that would have any consequences 
for health (Repacholi, 1985a). There is no need to perform 
routine radiation measurements since, even under worst-case 
conditions, the emissions are well below any international or 
national standards. 

3.3 Magnetic Fields in Medical Practice 

3.3.1 	Diagnosis,_magnetic resonance imaging, and metabolic 
studies 

Magnetic resonance (Ma) imaging used for diagnostic 
purposes involves both static and time-varying magnetic 
fields. MR imaging applied to living tissues provides a 
promising new technique for medical imaging with high spatial 
resolutions (Budinger & Lauterbur, 1984). In this technique, 
nuclear magnetic moments are aligned by the application of a 
static magnetic field (BO), and undergo a precessional 
motion around the field direction with a Larmor frequency 
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characterLstic of each nucleus (section 2.3.3). 	1hen a 
radiofrequency (RF) field with a matching frequency is applied 
transverse to the direction of B., a resonant energy absorp-
tion occurs. The return of the magnetic spin State to equili-
briuni following resonant energy absorptlun is characterized by 
two relaxation times, T1 and 12. 	The T1 parameter is 
called the spin-lattice relaxation time, and reflects the 
local temperature and viscosity in the vicinity of the  
magnetic nuclei. The T2 parameter is called the 'spin-spin' 
relaxation time, and reflects the local magnetic fieLd 
resulting from the nuclear moments of neighbouring nuclei. 
Tloth the T1 and T2 relaxation times provide information 
that can be converted into contrast differences in NMR images 
of tissue-proton density. 	The intensity of the radiated 
signal reflects the tissue concentration of magnetic nuclei 
such 	as 	protons, 	'k, 	2Na, 	3 '1', 	and 	3 K. 	The 
selective detection of different magnetic 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 time 
variation that conveys detailed information about the local 
environment of the magnetic nuclei. In proton MR images, 
large contrast differences can be observed bctwccn regions of 
tissue that have significantly different water or lipid 
contents. Various MR imaging methods have been developed that 
are able to demonstrate differences between normal and patho-
logical regions of the same tissue (Crooks & Kaufman, 1983). 
Principles and applications of magnetic resonance techniques 
in medicine can be found in Mansfield & Morris (1982), Foster 
(1984), and Mathur (1984). 

In addition to use as an imaging technique, MR spectro-
scopy based on 1 'C and 	I IF signals can provide unique 
information on tissue metabolism. For example, 3 1 P MR 
spectroscopy has been shown to give quantitative information 
on phosphate metabolism in the heart, liver, kidney, brain, 
and muscle tissue. 

The present generation of MR imaging devices, used in 
clinical practice, employ stationary magnetic fields with 
intensities ranging from 0.3 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 location of MR signals. The gradient 
direction is rapidly switched from one projection axis to the 
next in order to reconstruct the entire image of the specimen. 
These rapidly switched gradient fields produce a time-varying 
magnetic field within the tissue volume. In the MR imaging 
devices that are currently in existence, the maximum time rate 
of change of the magnetic field is normally about 
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1.5 T/sccond, but may be considerably higher in a few special-
ized devices. 

The feasibility of using static magnetic fields with 
strengths greater than 21 is being explored as a means of 
increasing the signal-to-noise ratio in MR images. In 
addition, the use of higher fields could significantly reduce 
the time required to obtain chemical shift images, which 
provide high-resolution information on the spatial distri-
bution of 31P nuclei and protons associated with tissue 
water and fat. 

3.3.2 	Therapy 

1atients suffering from bone fractures that do not heal 
well or unite have been treated with pulsed magnetic fields 
(Bassett et al., 1974, 1977, 1982; Mitbreit & h4anyachin 1  
1984). Studies are also being conducted on the use of pulsed 
magnetic fields to enhance wound healing and tLssue regener-
ation. 

Various devices generating magnetic field pulses are used 
for bone growth stimulation. A typical example is the device 
that generates an average magnetic flux density of about 
0.3 mT, a peak strength of about 2.5 raT, and induces peak 
electric field strengths in the bone in the range of 0.075 - 
0.175 V/rn (Bassett et al., 1974). Two different pulse 
patterns are used: a quasi-rectangular pulse of 250 - 400 jis 
duration with a secondary pulse of opposite polarity of 
20 is width, and a repetition rate of 40 - 77 Hz; and a 
train of pulses with a duration of 2.5 ms and a repetition 
rate of 5 - 20 lIz (Fig. 3). Near the surface of the exposed 
limb, the device produces a peak magnetic flux density of the 
order of 1.0 rnT causing peak ionic current densities of about 
10 to 100 mA/m 2  (1 to 10 1Icm2) in tissue. These ionic 
currents perturb cell function, even though most of the 
current flows around the cell in the extracellular space 
(Pilla, 1979; Beltrarne et al., 1980; Pilla et al., 1983). 
Applications of magnetic field devices in medicine are rapidly 
expanding. 	Further information can be obtained in the 
monograph edited by Bistolfi (1983). 	Magnetic fields are 
being widely used in the USSR for various therapeutic 
applications (Bogolyubov, 1981). 
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4. MECHANISMS OF INTERACTION 

A broad spectrum of interaction mechanisms can occur 
between magnetic fields and living tissue. At the level of 
macromolecules and larger structures, interactions of 
stationary magnetic fields with biological systems can be 
characterized as electrodynamic or magnetomechanical in 
nature. Electrodynainic effects originate through the inter -
action of magnetic fields with electrolyte flows, leading to 
the induction of electrical potentials and currents. Magneto-
mechanical phenomena include orientational effects on macro-
molecular assemblies in homogeneous fields, and the trans-
lation of paramagnetic and ferromagnetic molecular species in 
strong gradient fields. Magnetic fields that are time-varying 
also interact with living tissues at the macroscopic and 
microscopic levels to produce circulating currents via the 
mechanism of magnetic induction. The theory behind each of 
these interaction mechanisms will be described in this section. 

At the atomic and subatomic levels, several types of 
magnetic field interactions have been shown to occur in 
biological systems (Cope, 1971, 1973, 1978, 1981). Two such 
interactions are the nuclear magnetic resonance in living 
tissues described earlier and the effects on electronic spin 
states and their relevance to certain classes of electron 
transfer reactions described in this section. 

Other interaction mechanisms that are being studied at the 
present time are discussed at the end of this section. Recent 
reviews of the theoretical bases for magnetic field inter-
actions include those of Bernhardt (1979, 1986), Sctiiulten 
(1982, 1986), Pirusyan & Kuznetsov (1983), Abashin & 
Yevtushenko (1984), Swicord (1985); Tenforde (1985a,c, 
1986a,d), Kaune (1985), Frankel (1986), and Tenforde & 
Budinger (1986). 

4.1 Static Magnetic Fields 

4.1.1 	Electrodynamic and maguetohydrodynamic interactions 

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

F = q (v x B) 	(3) 

where F is the net force exerted on a charge q moving with 
velocity v, and B is the magnetic flux density. The term 
V x B represents a vector cross-product. In the case of 
electrolytes flowing through channels (e.g. blood vessels) 
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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 sice where 
C is the angle between the direction of charge motion and 
the magnetic field. This force will be perpendicular to both 
the magnetic field and the direction of current flow, i.e., 
the induced field, E1, is transverse to both v and B. 
This phenomenon, which is the basis of the dali effect in 
solid state materials, 	is also relevant 	to biological 
processes that involve electrolyte flow. 

An interesting example of the role of magnetically-induced 
electrical potentials in a biological system is toe geo-
magnetic direction-finding mechanism used by elasinobranch 
fish, including the shark, skate, and ray (Kalmijn, 1974, 
1978, 1981, 1984; Ilinsky & Brown, 1985). The heads of these 
animals contain long jelly-filled canals known as the ampullae 
of Lorenzini, which have a high electrical conductivity 
similar to that of seawater. As the fish swims through the 
earth's magnetic field, a 5mall voltage gradient is induced in 
the canals, which is detected by the sensory epithelia lining 
the terminal ampullary region. The induced electric field, 
which can be detected at levels as low as 0.5 iV/m (almijn, 
1982), has a distinct polarity that is dependent on the rela-
tive orientation of the geomagnetic field direction of swim-
ming. In this way, the marine elasmobranchs use the -(v x B) 
fields induced in their ampullary canals as a directional 
compass. _ 

A second example of induced electric potentials is 
provided by blood flow in the presence of an applied static 
magnetic field. For the specific case of a cylindrical vessel 
with a diameter (d) and the local electric field strength 
(Ej), the magnitude of the induced potential Y, is given 
by equation 4: 

= IE1d =IvI BI d sine 	(4) 

The existence of magnetically-induced blood flow poten-
tials in the central circulatory systems of several species of 
mammals has been demonstrated experimentally. These induced 
potentials can be conveniently studied from electrocardiogram 
(ECC) records obtained with surface electrodes. 	The ECC 
signal in the T-wave region shows a substantial augmentation 
in the presence of magnetic fields and this phenomenon is 
completely and immediately reversible on termination of the 	— 
exposure. Based on its temporal sequence in the ECC record, 
the increased amplitude of the T-wave in magnetic fields has 
been attributed to the superposition of an induced potential 
associated with pulsatile blood flow into the aortic vessel. 
This effect is illustrated in Fig. 4 and discussed in more 
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Fig. 4. Schematic diagram of the a€ntic blood—flow potential induced by 
an external magnetic field and superimposed on the normal 
electrocardiogram. A. and A. denote the approximate rime at 
which the aortic valve opens and closes. From Tenforde (1984). 

detail in section S. The occtrence of a change in the ECO is 
an excellent example of a physical effect of an applied 
magnetic field that does not result from a biological response 
to the field. 

For a man with a peak blood flow rate of 0.63 m/s and an 
aortic diameter of 0.025 m, the predicted maximum value of the 
aortic flow potential is 16 mV per tesla (tiansfield & Morris, 
1982). The actual potential across the cardiac muscle fibres 
would be much smaller, so that the threshold change in cardiac 
potential required to initiate depolarization of cardiac 
muscle may not be reached even in magnetic fields of a few 
tesla. However, the induced potential differences can be 
significant in cases where the excitation stimulation or 
conduction of excitation is impaired. This is one of the 
reasons why, in recommendations for the safe medical use of 
magnetic resonance equipment where a field of more than 2 T is 
used, monitoring of cardiac and circulatory function of the 
patient is recommended (Bernhardt 8 Kossel, 1984, 1985). 

Potential differences may also be induced by moving cross 
sections in a magnetic field, e.g. by cardiac contractions. 
In theory (Bernhardt & Kossel, 1984), a field strength of 
0.1 V/rn or a current density of about 10 - 20 mA/m 2  per 
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tesla is induced in cardiac muscle. A large current density 
in the vicinity of the heart may cause ventricular fibril-
lation, however, the threshold magnetic field strengths for 
the induction of effects on cardiac function, including 
alteration of excitation or impulse conduction, are not known. 

Another biological process involving ionic flows that are 
subject to electrodynamic interaction with an applied magnetic 
field is the conduction of electrical impulses in nerve 
tissue. Wikswo & Barach (1960) have calculated 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 membrane. A theoretical model suggests that 
magnetic fields with flux densities of 2 T or less should not 
produce any measurable change in the conduction velocity of 
nerve impulses. This conclusion is supported by experimental 
data (section 5). 

Theoretical analyses of magnetic field interactions with 
nerve ionic currents have also been made by Valentinuzzi 
(1965) and Liboff (1980). Liboff has raised the interesting 
question of whether time variatlons in the magnetic flux 
linkage with ion current loops along the nerve membrane could 
lead to significant induced potentials. Due to the rotationa' 
symmetry of the nerve axon, it is expected that these induced 
electrical fields would cancel. However, for the unlikely 
condition of highly asymmetric current loops, Liboff (1980) 
suggests that applied fields of less than 1 I could 
theoretically introduce significant perturbations in the 
membrane current flows during impulse conduction. At present, 
there are not sufficient data to test this hypothesis. 

Theoretically, intracellular ionic fluxes are also 
susceptible to magnetic field interaction, but there is little 
experimental information relating to this possibility 
(Czerski, 1966). 

4.1.2 	Magnetomechanical effects 

4.1.2.1 Orientation of diamagnetically anisotropic macro-
molecule a 

A large number of diamagnetic biological macromolecules 
exhibit orientation in strong magnetic fields. In general, 
these macromolecules have a rod-like shape, and magneto-
orientation occurs as a result of an anisotropy in the 
magnetic susceptibility tensor (X) along the different 
axes of rotational symmetry. The magnetic moment per unit 
volume (M) of these molecules in a field with intensity H is 
equal to XII. The theoretical calculation of the inter-
action energy per unit volume has been discussed by Tenforde 
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(1985a) and Frankel (1986). 	The rod-like molecules will 
rotate to achieve a minimum energy in the applied magnetic 
field. For individual macromolecules, the magnetic inter -
action energy predicted theoretically will be small compared 
to the thermal interaction energy kT, unless enormous field 
strengths are used. This fact has been demonstrated for DN 
solutions in which the extent of magneto-orientation has been 
studied from measurements of magnetically-induced bire-
iringence (the Cotton-Mouton effect). Measurements on calf 
thymus DNA (Naret et al., 1975; Maret & Dransfeld, 1977), 
resulted in a degree of orientation of only ii in an applied 
field of 13 T. 

Despite the weak interaction of individual macromolecules 
with intense magnetic fields, there are several examples of 
macromolecular assemblies that exhibit orientation in fields 
of 1 T or less. This phenomenon results from a summation of 
the diamagnetic anisotropies of the individual molecules 
within the assembly, thereby giving rise to a large effective 
anisotropy and magnetic interaction energy for the entire 
molecular aggregate. dxaiaples of biological systems that 
exhibit orientation in fields of I T or less are retinal rod 
outer segments (Chalazenitis et ml., 1970; Hong et ml., 1971; 
Vilenchik, 1982), photosynthetic systems such as chloroplast 
grana, photosynthetic bacteria, and Chlorella cells (Ceacintov 
et ml., 1971, 1972; Becker et ml., 1973, 1978a,b; Breton, 
1974), purple membranes of i-ialobacteris (Neugebauer et ml., 
1977), muscle fibres (Arnold et al., 1958), and 'sickled" 
erythrocytes (Murmyama, 1965). A more detailed discussion can 
be found in Maret & Dransfield (1985). 

Several of the physical principles underlying magneto-
orientation phenomena have been experimentally demonstrated 
for retinal rod outer segments. The first observation that 
isolated rod outer segments, which consist of pigmented disc 
membranes stacked in a regular array, will orient in a 1 T 
stationary magnetic field was made in 1970 (Chalazonitis et 
aLl,. 1970). The oriented segments are aligned with the disc 
niembranes perpendicular to the applied field direction, which 
indicates that magneto-orientation results from the large 
summed diamagnetic anisotropy of the rhodopsin photopigments, 
as opposed to the lamellar membrane phospholipids (Hong, 1980; 
becker et al., 1978b). An estimate of the summed anisotropy 
for the rod outer segments can be obtained by observing the 
kinetics of the magneto-orientation process. The time for rods 

=.-._  to rotate by 90 °  is predicted to be approximately 4 seconds 
in a 1.0 T field (Hong et al,, 1971; Hong, 1977, 1980), and 
this value agrees well with experimental observations on the 
kinetics of rod orientation (Chagneux & Chalazonitis, 1972; 
Chagneux et al., 1977). It should be noted that the slow 
orientational response of rod outer segments to an applied 
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magnetic field makes this mechanism an unlikely basis for the 
siagnetophosphene phenomenon that is observed in t liso-varying 
fields. 

4.1.2.2 Orientation of organisms with permanent magnetic 
moments 

An interesting specimen for the biophysical study of 
magnetic field interactions was provided by Biakemore's 
accidental discovery of magnetotactic bacteria (Blakemore, 
1975). Approximately 2/ of the dry mass of these aquatic 
organisms is iron, which has been shown by MoSsbaUBr spectro-
scopy to be predominantly in the form of magnetite (Fe304) 
(Frankel et al., 1979). The magrietite inclusions are arranged 
as chains of approximately 20 - 30 single domain crystals. 
The orientation of the net magnetic moment is such that 
magnetotactic bacteria in the northern hemisphere migrate 
towards the north pole of the geomagnetic field, whereas 
strains of these bacteria that grow in the southern hemisphere 
move towards the south magnetic pole (Blakemore et al., 1980; 
Rosenblatt et al., 1982a,b). Magnetotactic bacteria that have 
been found at the geomagnetic equator are nearly equal 
mixtures of south-seeking and north-seeking organisms (Franmel 
et ci., 1981). Because of the polarities of their magnetic 
moments, the magnetotactic bacteria in both the northern and 
southern hemispheres migrate downwards in response to the 
vertical component of the geomagnetic field. it nas been 
proposed that this downward directed motion, which carries the 
bacteria into the bottom sediments of their aquatic environ-
ment, is essential for the survival of these microaerophilic 
organisms (Blakemore, 1975; Frankel et al., 1979). This 
phenomenon is an interesting example of an interaction between 
a physical response to a magnetic field and biological 
environmental adaptation and selection processes. 

4.1.2.3 Translation of substances in a magnetic field gradient 

A material with a net magnetic moment will experience a 
force in a magnetic field gradient (spatially non-uniform 
magnetic field). As a result of this force, arainagnetic and 
ferromagnetic materials will migrate along the direction of 
the magnetic field gradient. 

One of the interesting applications of the magneto-
mechanical force exerted by a magnetic field gradient is the 	- 
differential separation of erythrocytes from whole blood 
(Melville et al., 	1975; Paul et al., 	1978). 	In this 
procedure, deoxygenated erythrocytes, in which the haemoglobin 
is paramagnetic, are attracted to a wire mesh with a strong 
gradient field and thereby separated from other classes of 
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blood cells. Magneto-mechanical forces are also applied in: 
surgical trauinatology to fix skcicton elements in specific 
position (iarovitsky, 1966); in designs of various intestinal 
and oesophageal valves; and for the accumulation of drugs (in 
compounds with ferromagnetics) in specific parts of the human 
bely. In ophthalmology, strong constant magnets are applied 
to extract foreign (terroniagnetic) objects. 

An important safety consideration is the displacement of 
metallic inclusions or implants in human beings exposed to 
strong magnetic field gradtents, as this could pose a health 
risk (New et al., 1963). 

4.1.3 	gffects on electronic spin statcs 

A number of organic reaction processes that involve 
electron transfer via radical pair intermediates are highly 
sensitive to magnetic field interactions. A well-studied 
example that is biologically relevant is the photoinducecl 
charge transfer reaction that occurs in bacterial photo-
synthesis (Blankenship et al., 1977; Werner et al., 1978; 
Flaberhorn & Michel-Beyerle, 1979; Michel-Beyerle et al. , 1979; 
Hoff, 1981; Ogrodnik et al., 1982). Within 10 picoseconds 
(pa) following excitation of bacteriochlorophyll (BChl) to its 
first excited singlet state, a radicaljair intermediate state 
is formed that consists of a (EChl)+ cationic dimer and a 
bacteriopheophytin (EPh) - anion. Within 200 ps, electron 
transfer occurs to the ultimate acceptor, an ub iqu inone- iron 
complex. However, if the acceptor molecule is chemically 
reduced, the lifetime of the radical pair intermediate state 
increases to approximately 10 nanoseconds (ne). With an 
extended lifetime, hyperfine interactions between the nuclear 
and electron spin magnetic moments lead to an interconversion 
of the radical pai.rs between the singlet and triplet states. 
Under this condition, the intermediate state decays directly 
back to the singlet ground state, or decays via a metastable 
triplet state. Because of the weakness of the hyperfine 
interaction, the triplet states are nearly degenerate and the 
electron spins of the radical pair intermediate can move with 
nearly equal probabilities between the singlet S 0  and the 
triplet T0  and T± 1 States. However, in the presence of 
an applied magnetic field that exceeds approximately 10 niT, 
the resulting Zeeman interaction with the radical electron 

- 	spins will lift the degeneracy of the triplet state and 
effectively block the T± 1  triplet channels. 	Theoret- 
ically, the yield of triplet product should be reduced by two 
thirds in the presence of the external field, and this has 
been confirmed experimentally by laser pulse excitation and 
optical absorption measurements (Michel-Beyerle at al., 1979). 
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In considering the biological implication of these 
studies, it should be kept in mind that the ultimate electron 
acceptor molecules have been altered by chemical reduction and 
such conditions do not normally occur in nature. however, the 
possibility cannot be excluded that similar phenomena may 
occur in other radical-mediated biological processes under 
normal conditions. It has been proposed, for example, by 
Schulten et ml. (1978), that an anisotropic Zeeman interaction 
with a radical mediated reaction system could provide a basis 
for geomagnetic direction finding. 

Magnetic field effects on organic chemical reactions in 
which the splitting and subsequent recombination of a 
non-excited singlet molecule involves a radical pair as a 
short-lived intermediate stage have also been well documented 
(Molin et al., 1979; McLauchlan, 1981). As described above, 
the effect of the magnetic field is on the singlet-triplet 
transition rate of the radical pair, thus affecting the 
relative proportion of recombinant and escape products, by up 
to 30/ in some cases. The magnitude of the response depends 
on the difference in the magnetic properties of the two 
radical intermediates, and will be particularly enhanced in 
reactions involving transition metals such as iron (Molin et 
ml., 1979). These effects also increase with the lifetime of 
the radical pair. This is typically 100 ps - 100 ns in 
solution, but is longer when the reacting molecule is held in 
a micellar "cage 1' or bound to an enzyme. 

A number of enzyme reactions involving radical inter-
mediates have been identified (Saunders & Cass, 1983), though 
the evidence is tenuous because they are generated and react 
at the enzyme active site and their presence can only be 
inferred by indirect methods. Enzymes, the action of which 
may involve radical intermediates, are: 

Cytochrome P-450; A class of haem-containing enzyme 
involved in drug metabolism and steroid hydroxylation; 

Lipoxygenase A non-haem iron enzyme that is a key 
enzyme in prostaglandin and thromboxane synthesis; and 

Cyclo-oxygenase The enzyme involved in converting 
arachadonic acid to prostaglandins. 

These enzymes all contain iron and use oxygen (02)  as one of 
the substrates. They can be expected to be sensitive to 
magnetic fields, if the radical recombination is rate 
determining, i.e., if the radical is relatively long-lived. 
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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 biological systems. 

1n 2 	dB -  

	

J=Eo 	 (5) 

where J = current density (A/rn 2 ) 

E = induced potential (V/rn) 
r = radius of the inductive ioop (m) 
o = tissue conductivity (S/rn) 
dB 	rate of change of magnetic 
dt 	flux density 

For sinusoidal fields of frequency f, equation (5) reduces to 

J = if r f a B 0 , 

where B. is the magnetic field aniplitude 

Thus, the magnitude 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 loop through which magnetic flux linkage occurs 
is an important consideration for biologict systems. Time-
varying fields of modest strength may induce significant 
circulating currents at the macroscopic Level, but 
substantially smaller currents at the cellular level. 

An important factor to be considered in the response of 
biological systems to a time-varying magnetic field is the 
waveform. Many different types of magnetic field waveform are 
used in practice, including sinusoidal, square-wave, saw 
tooth, and pulsed fields. For these fields, the two parameters 
of key importance are the rise and decay times of the signal, 
which determine the maximum time rates of change of the field, 
(dB/dt), and hence the maximum instantaneous current densities 
induced in tissues. These also depend on tissue conductivity, 
which is frequency dependent and differs between tissues. 

Luben et al. (1982) and Cain et al. (1984) demonstrated in 
vitro that pulsed magnetic fields, generated in pulse trains 
(72 Hz) or recurrent bursts (15 Hz), blocked the response of 
mouse osteoblasts to parathyroid hormone. The effects seemed 
to be mediated at the cell membrane by blocking receptor-
adenylate cyclase coupling in the membrane (Cain et al., 
1985). The adenylate cyclase and cyclic AMP systems are part 
of the hormone response amplification system. These effects 
were associated with current densities of 10 - 100 roAJm2  and 
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electric treid strengths of 0.1 - I V/ia in extracullular 
fluids. Effects at the cell membrane receptor level seem to 
be involved in the effects of 450 Mi-Is fields sinusoidally 
modulated at ELI frequencies on I-lymphocyte cytotoxic 
functions (lyle et al., 1983). 

humorous ettects resulting ELF electric fields iii cells 
and tissues, induced by pulsed magnetic fields, have been 
described. These ettects include stultIulatLOn of bone growth, 
nerve and limb regeneration, cell differentiation, effects on 
ionic fluxes and on DNA, AdA, and protein synthesis (Sheppard, 
1985). Experimental data seem to indicate that the site of 
the primary interaction is the cell membrane and proposed 
mechanisms presume a role of the induced electric field. 
Effects on gene expression, such as Lne initiation and 
alteration of transcription (Goodman et al. , 1983, Goodman N 
Henderson, 1980), or effects on Escherichra colt lac operon 
(Aarholt et at., 1982) may be mediated through interaction 
with the genetic apparatus (chromosomes). Effects en cell 
membrane and/or gone expression may be responsible for 
abnormalities in chick embryo development described by Delgado 
et al. (1982) and Llbeda ot al. (1983). -lowever, the latter 
studies have not been confirmed by Maffeo et al. (1984). 

A well-documented biological effect of timc-varying 
magnetic fields is the occurrence of magoetophosphenes. 
Various investigations leading to the elucidation of this 
phenomenon are summarized in fable 7. 	Iirst observed by 
d'Arsonval 	(1896), magoetophosphenes are detected as a 
sensation of flickering light induced in the eye, when it is 
exposed to magnetic fields with flux densities greater than 
about 10 ml and frequencies greater than 10 lIz. The minimum 
field strength required to produce visual phosphenes (Fig. 5) 
occurs at a frequency of 20 lIz (Barlow et al., 1947b; Evsund 
et al., 1979, 1980a,b; Tenforde & I3udinger, 19130). Tiiere is 
evidence (Lvsund et al., 1981) to suggest that the time-
varying magnetic field effect occurs in the photoreceptors 
rather than in the post-synaptic neurons. Furthermore, 
Lbvsurid et al. (1980a,b, 1981) concluded from their studies on 
volunteers that the mechanisms of underlying magnetically and 
electrically-induced phosphenes are possibly the same. 

The idea that the magnetically-induced electric field 
strength (and hence current density) in tissues is the 
physical quantity determining the biological effects at the 
cellular level has been pursued by Bernhardt (1979, 1985). He 
used electrophysiological data in order to find "safe" and 
"hazardous" Current densities and to define corresponding 
magnetic field strengths. The problem is the correlation of 
the internal current densities with the external magnetic 
field strengths. Bernhardt (1985) concluded that, using his 
calculations, it was possible to estimate the current density 
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Table 7. ilegetoposphene studies 

Relerciic a 	 Priric pal findings 

d 'Arsorival 	1890) Initial 	report 	ol 	IsdgaetOphOspLlefles 	p (OUL1CCO 	by 	a 

4h-Hz tield 

Tboispsori 	( 1W9-1U) Described 	agnetOphOspheilns 	pr000cea 	by 	a 	50-Hi 

field 	as 	a 	colourless, 	flitkering 	tllsdninatidu 	that 

is must 	intense 	in the 	periphìeral 	region of 	the eye 

Dunlap 	(1911) Demonstrated 	that 	magnetephosphenes 	pruduceC 	by 	a 
25-Hz 	I leld 	are 	LUDVP 	intense 	than 	those 	preOuced 	by 

a Id -Hz 	field of comparable 	intensity 

HagnassorI & Demonstrated the production of 	nagnetcphusphsenes by 

Stevens 	(1911-12) pulsed 	DC 	fields 	as 	well 	as 	by 	time-varying 	fields 
with frequencies 	from 7 	to 66 I-Is; 	observed 	strongest 

magnetophospheiies with 	fields 	ocil1at fag at 	23 - 	30 

us 

Barlow et al. Deniìstrsted 	threshold 	field 	Intensity 	of 	20 ml 

(1947a,b) (rms) at 30 lIz, 	and 	Showed that 	the 	threshold 	for 

,sagcmtopEsospbenes 	is 	relatively 	juseDSitiVe 	to back- 

ground 	illumination compared with 	that 	for 	eluctra- 

phosphenes 	characterized 	"fatigue 	phenomenon 	with 
a 	10 Hz magnetic 	field 	applied 	for 	1 ala, 	which was 
followed 	by 	a 	refractory 	period 	of 	40 	s, 	during 
which 	a 	second 	phospbene 	could 	not 	be 	elicited; 
demonstrated that magnetic 	fields must be 	applies 	in 
the 	region 	of 	the 	eye 	to 	produce 	phospuenes, 	and 
that sensitivity 	is abolished by 	pressure 	applied 	to 
the eyeball 

SeideL et at. 	(1968) Observed 	comparable 	light 	patterns 	associated 	with 

visual 	stimulation 	by 	JILE 	electric 	and 	magnatic 
fields, 	but 	found 	different 	probabilities 	of 	occur- 

rence of certain types of phosphaie patterns 

LSvsund Ct si. Analysed threshold field intensity for production 	of 

(1979-131) inagnetophosphenes 	over 	frequency 	range 	of 	10 	- 	45 
Hz; 	demonstrated 	marimum 	sensitivity 	to 	a 	20-Eli 
field; 	studied 	eflects 	of 	dark 	adaptation, 	back- 
ground 	illumination, 	and 	visual 	defects 	on 	sensi- 
tivity 	to 	magnetophosphenes 	compared 	threshold 

stimuli 	required 	to 	produce 	eleCtrophaspheues 	and 

magnetophosphenes; 	characterized changes 	in electro- 

physiological 	responses 	of 	isolated 	frog 	retinas 

eicposed to tLF magnetic fields 

Silny (1981); Found 	IntOIdUOTS 	time 	rate 	of change for magneto- 

Bernhmrdt 	(1985) phosphenes 	in 	sinusoidal 	fields 	at 	17 	lIz 	to 	be 

0.3 	F/s 

Budinger Ct al. Found minimum time rate of change of pulsed 	magnetic 

(1984a) field 	to 	be 	1.3 	- 	1,9 	T/s 	to 	produce 	magneto- 
phosphenes 
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Fig. 5. Frequency dependence of threshold values for magnotophosphene 
induction. Froin Ldvsund et al. (1960a). At 20 Hz (the froqueccy 
of maxiwuTo sensitivity), the time rate of change of the nagnotic 
field (db/dt) is 1.3 TIe. 

levels within one order of magnitude. Satiefactory agreement 
of theoretical predictions with data on the threshold for 
magnetophosphene perception in human volunteers was obtained 
(Bernhardt, 1985). This was established to be between 2 and 
10 niT (for frequencies greater than 10 Hz). 

Another potentially important 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 
liz frequency range, which can induce current densities in 
tissue of approximately 1 mAim °  or less, should not have a 
direct effect on the brain's electrical activity. The 
strength of a 60-Hz magnetic field that would induce a peak 
current density of this magnitude in the cranium of a human 
subject was calculated to be about 0.5 iuT (Tenforde, 085a). 

In a careful study on human perception to 60 Hz magnetic 
fields, Tucker & Schmitt (1978) did not find any significantly 
perceptive individuals among more than 200 subjects exposed to 
a field with an amplitude of 2.1 mT. Several behavioural 
tests on mice exposed to a 60-li4 magnetic field that induced a 
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peak current density approaching I mA/mZ  in the peripheral 
cranial region also yielded negative findings (Davis et al., 
1984). The results of these studies suggest that ELF magnetic 
fields must have significantly greater amplitudes than the 
theoretically calculated threshold values in order to perturb 
animal behaviour. However, it is important to recognize the 
inherent deficiencies of a simple theoretical model that 
treats the central nervous system as a region of uniform 
conductivity. In addition, the induced current in a loop of 
maximum radius at the brain's surface may not be the relevant 
parameter to consider in predicting the response to EF 
magnetic fields. The regions of the central nervous system 
that might be responsive to these fields may have signifi-
cantly smaller dimensions than the entire cranium. Thus, a 
large increase in the ELF magnetic field strength would be 
necessary to evoke a measurable electrical and/or behavioural 
perturbation. 

It is reasonable to suppose that these effects result from 
the interaction of the induced electric fields and currents 
with the membranes of nerve and muscle cells, thereby causing 
changes in the electrical excitability of these cells in the 
same way as naturally occurring or directly applied electric 
fields. 

The permeability to ions of the nerve (and muscle) cell 
membranes depends on the membrane potential. It is this 
voltage-dependent permeability that gives the cells the 
property of being electrically excitable. When an electric 
field is applied, various charged side-groups of certain 
proteins embedded in the membrane change their configuration, 
thereby causing a larger structural change in the protein as a 
whole. In this new conformation, ions are able to pass through 
the membrane by binding temporarily with the protein molecule 
at various sites, thus "hopping' through the membrane. In any 
area of a membrane, there are a large number of "gating" 
molecules, 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 
membrane permeability. 

In addition, there is a specific type of protein molecule 
for each species of ion, permitting different ionic responses 
to the same electric field. Thus, in response to a depolar-
izing electric field, there is a large increase in N a+ 
permeability in the membrane of a nerve cell tending to 
depolarize the cell further. This event is followed by a 
slower change in K+  permeability and an inactivation of the 
Na+ channel, resulting in a repolarization. Induced fields 
sufficient to exceed a threshold depolarization value can 
result in an action potential that is capable of stimulating 
other excitable cells. These effects are well understood. 
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ELF magnetic fields inducing such large depolarizations may 
result in nerve stimulation or muscle contraction, or even in 
fibrillation. ELF magnetic fields inducing weak electric 
fields may also interact with, or modulate, nervous system 
activity in a manner that is less well understood. However, 
these interactions can produce changes in electrical 
excitability. Such interactions may be involved in, for 
example, magneto- or electrophoaphenes. 

The ELF field interactions described above exhibit 
irequency-dependent thresholds characteristic of nervous 
tissue, and have been well documented by Bernhardt (1979, 
198)). This frequency dependence is very important when 
relating experimental results obtained uS1flg high frequencies 
or very short pulses to effects anticipated at 50160 I-Is, at 
least as far as acute responses are concerned. The main 
factors governing this dependence are accommodation and ionic 
mobility. As a result, there is a characteristic U-shaped 
dependence of threshold current density on frequency, with the 
lowest values for most nervous tissues occurring between 10 Hz 
and 100 kHz. AL low frequencies, the effects of accommodation 
predominate, which is thought to be related to the slow 
inactivation of the Na+  channel. At higher frequencies, the 
time available during each cycle for ions to migrate across 
the membrane, an all or nothing event, becomes limiting; 
direct electrical exciLation gives way to heating somewhere 
between 100 Hz and 300 kHz. 

It should be noted that the theoretically calculated field 
intensities at 20 i-Is for stimulating the visual system are 
only slightly lower than the perception threshold for magneto-
phosphenes (Bernhardt, 1985). With regard to 'hazardous 
values' and the upper limit of the field strength that leads 
to injury, the ultimate 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 times of 1 second or longer, and the 
threshold for ventricular fibrillation is higher by a factor 
of 3 - 5 (Bernhardt, 1985). For shorter exposure times, 
higher field strengths are necessary to produce similar 
biological effects. 

Silny (1986) measured the stimulation threshold of the 
heart in 8 dogs exposed to time-varying magnetic fields. He 
converted the thresholds found in dogs to the equivalent 
thresholds expected in human beings. From his data, the 
fibrillation threshold for the human heart was estimated to be 
1 I at 50 Hz, for magnetic fields acting perpendicular to the 
body axis. 
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4.3 Other Magnetic Field Interactions Under 

The transduction mechanisui for ELF magnetic fields 
described in section 4.2 is supported by experimental data for 
electrically excitable tissues. For other biological effects 
observed with ELF fields that induce smaller current densities 
(below the level that could significantly affect the cell 
membrane potential), other transduction mechanisms have been 
proposed. For example, changes in cell-surface receptor 
molecules and in ion binding to membrane 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 electrochesuical altera-
tions in components of the cell niambrane surface. These 
events, in turn, send signals across the cell membrane barrier 
that produce alterations in intracellular biochemical and 
physiological functions. This hypothesized scheme of truns-
ductive coupling between induced electric currents in the 
extracellular medium and the intracellular events occurring in 
living cells is illustrated schematically in Fig. 6. 
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Fig. 6. Proposed rnsc5eriisms of FLF magnetic field interactions at cell 
surfaces. From; Tenforde I Kauflo (in press). 

The key element in the sequence ofevents through which 
externally applied ELF fields influence cellular properties is 
the transductive signalling event within the cell membrane. 
Numerous theoretical models have been proposed for the 
tranemembrane signalling process (or processes) that are 
triggered by induced periceliular electric currents (Adey, 
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1980, 1981, 1983). in the broadest sense, these hypothesized 
mechanisms can be grouped into two general classes; 

long-range cooperative phenomena established within 
the matrix of glycoproteins and lipoproteins that 
constitute the cell membrane; and 

localized events occurring at specific ligand-cinding 
sites (receptors) at the outer membrane surface, or 
events occurring within ion-selective channels that 
span the membrane and electrically couple the 
intracellular and extracellular fluids. 

These classes of phenomena 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 ghenomena in cell membranes 

The electric fields induced in tissue by externally-
applied low-amplitude ELF electromagnetic fields are several 
orders of magnitude less than the voltage gradient that exists 
across the living cell membrane. it has therefore been 
proposed that the cellular response to external ELF fields may 
involve an amplification process in which a weak electric 
field induced in the extracellular fluid acts as a 'trigger" 
for the initiation of long-range cooperative events within the 
cell membrane (Adey, 1981). The basic premise underlying this 
theoretical concept is that the cell membrane exists in a 
metastable, non-equilibrium state that can be significantly 
perturbed by a weak electrical stimulus. VariouS physical 
models of such interactions have generally treated the cell 
membrane as a lattice in which nonlinear oscillations are 
established by weak electrical (or 1ectrochemical) stimuli. 
These oscillations are amplified by the collective excitation 
of patches of membrane molecules that extend over a signifi-
caht portion of the cell surface. The stored energy resulting 
from this collective mode of molecular excitation is then 
released as metabolic chemical energy through the activation 
of ion pumps or enzymatic reactions within the membrane 

(Frohlich, 1968, 1977; Grodsky, 1976, 1977; Kaczmarek, 1977; 
Lawrence & Adey, 1982, 1983; Adey, 1983). 

4.3.2 	Localized interactions of external ELF fields with 
cell membrane structures 

Recent experimental evidence and theoretical models have 
given support to the concept that the interactions of ELF 
electromagnetic fields with living cells occur at specific 
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loci on the cell membrane. In many ways, this concept is more 
attractive than the hypothesized long-range membrane inter-
actions described above. Apart from the abstract nature of 
such theories, the concept of long-range interactions that 
involve a large fraction of the cell membrane surface is 
generally feasible only for electromagnetic 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 
ligand-receptor interactions at the membrane surface, or the 
transmembrane movement of electrolytes. Theoretical and 
experimental developments in this area include the fo11owing 

Ligand-receptor interactions 

Chiabrera et al. (1984) proposed a model of membrane 
interactions in which a microelectrophoretic motion 
induced in the cell membrane by weak ELF electric fields 
influences the average distance between charged ligands 
and the cell-surface receptors to wnich they are bound. 
In this theoretical model, the effect of the imposed 
electric field is to decrease the mean lifetime of the 
ligand-receptor complexes on the membrane surface. The 
authors propose that this effect could influence various 
biological phenomena such as the activation of lymphocytes 
by antigens and various lectins. An ELF field interaction 
of this type could also influence the gating mechanisms 
that control the membrane transport of various types of 
cations such as calcium. 

Combined static and ELF field interactions 

Some experimental evidence suggests that ion cyclo-
tron resonance effects could occur between ELF fields and 
static magnetic fields with intensities comparable to that 
of the geomagnetic field. Briefly summarized, it has been 
reported that magnetic resonance conditions influence the 
dielectric properties and growth rate of yeast cells 
(Jafary-AsI et al., 1982), the rate of lysozyme reaction 
with a cell membrane substrate (Jafary-AsI et al., 1982), 
the behaviour of rats in a timing discrimination task 
(Liboff et al., 1985), and the rate of calcium ion release 
from the surfaces of brain cells exposed in vitro to 
low-intensity electromagnetic fields (Blackman et al., 
19b5a,b). The first two of these biological effects were 
claimed 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 Larmor relationship for various 
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(Jafary-Asl et at., l9b). 	In a third stuuy 
(Liboff et at., 19b5) 	reversjble changes in rodent 
timing behaviour were observed when rats were s 
taneous ly exposed to a horizontal 00-11z megneti C 

held and a vertieni magitetosLalte tielu with a tlux 
density of 20 4r. 	lois coLubinatLuLi of static field 
1rLcensiLy and oscillating Ii do 1requncy sai. isties 
the cyclotron resonance conditions for IiLiLtUILL ions, 
wnich are thought 	to exert neuropnarmacoiogical 
effects. 	In the fourth study (Blackjiiau Ct at., 
1985b), a generalized retntronsiirp was cerived 
between the biologically effective electromagnetic 
field frequency and the static magnetic held tiux 
density. This reiacionsh.i.p established a proportion-
ality between the frequency of the oscillating field 
and the static magnetic field flux density multiplied 
by an index, (2n + 1), where n = 0 or 1. 

Liboff (1985) proposed that these weak interactions, which 
involve energy transfer from the external field that is if 
orders of magnitude teas than the Boltzmann thermal energy 
(kT), could nevertheless impart kinetic energy to ions, such 
as calcium, moving through transmemhrane channels. The 
theoretical argument was made by hlcLeod & Liboft (1986) that 
ion channels provIde an environment in which damping effects 
on ion motion due to collision may be reduced relative to the 
high collision frequencies that exist in hulk aqueous media. 
Nevertheless, a simple calculation indicates that, under the 
various experimental conditions described above, the induced 
electric field within ion transport channels is of the order 
of 10b0 V/n. This field lovol is 2 orders of magnitude 
less than the Nyquist thermoelectric noise present in membrane 
channels (Bawin 8 Adey, 1976). Overall, the experimental data 
that suggest a possible role of cyclotron resonance effects on 
ion binding to membrane surfaces and on cation transport 
through cell membrane pores are intriguing, but there is a 
clear need for refinements in the theoretical description of 
this phenomenon and to substantiate the experimental results. 
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5. EXPIII1lAL DATA ON TOE BIOLOGICAL EFFECTS OP 
bTATJIC \GhET IC FIELOS 

In this secLion, the aim is to 1resent a review at 
OXpCrILSOILLO1 	ObservatiOns 	on 	the 	bioloLcal 	CrICCLS 	Or 

exposure to magnetic 	d5, and to relate them to data 
presented in the preceding section, in which the mechanisms of 
interaction were dIscussed. Empirical observations for which 
no theoretical explanations are available, at present, will be 
pointed out, and an attempt will be made to identify gaps in 
knowledge. The data discussed here were selected on the basis 
of their relevance for the assessment of health risks. Thus, 
many papers have been omitted from the discussion. 

Several comprehensive sources of experimental data on the 
biological effects of magnetic fields are available. Older 
results have been collected in two volumes edited by Barnothy, 
M.F., ed. (1964, 1969) and the monograph by Kholodov (1966, 
1974); more recent results can be found in the report of the 
AmerIcan Institute of Siological Sciences (1985). Some recent 
reviews include those prepared by hogolyubov (1981), Kholodov 
(1982), Schulten (1982), Galaktioniova et al. (1985), Sidjakin 
(in press), Tenforde (1979, 1985a,b,c, 1986a), and Tenfords et 
al. (1985). Valuable information and extensive bibliographies 
can be found in review papers by Budinger (1979, 1981), 
Budinger & Collander (1983), Persson & Stahlberg (1984), and 
Tenforde & Budinger (1986) , which address the biological 
effects of magnetic fields in the context of the safety of 
magnetic resonance imaging and invivo spectroscopy. 

All 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 
document does not deal with magnetic fields of a strength 
below that of the geomagnetic field, however, readers 
interested in this aspect are referred to reviews by 
Nakhil'nitskaya et al. (1978) and Kopanov & Shakuis (1965). 

The organization of this section will follow the order of 
increasing biological complexity of the system studied. 

5.1 Molecular Interactions 

Research on magnetic field interactions with biological 
molecules has led to a diversity of findings as exemplified by 

_  the results of studies on various enzymes summarized in 
Table 8. A total of 15 reports has appeared in which the 
reaction rates of 17 different enzymes were studied during 
exposure to stationary magnetic fields over a broad range of 
field strengths, and with widely varying exposure times, 
reaction temperatures and pH levels, and conditions of field 
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table 8. Mapnctic field CffOCLO 00 CflCyFiIC SystemS 

Enzyme Applied field 
ritLenELk 
( tee in) 

Effect 	on 
0007cC actIvity 

ilefererice 

Acety1cho1inesteras 1.7 increcee ioun(1 	(1969) 
Alcohol deIiydroennsc 1.4 none iloller 	Ct 	ci. 	(1971) 
Aidolase 17 none knher.ovctch 	Ct 	al. 

( l9Elc,b) 
Asparug inane 1.7 inc roan.. El. iel.io 	( 197.) 
f-alactos idase 1 no hones 	S Morris 

11981) 
Carfcxydismrctcse 2 lr,crense Akoyuno11lou 	(1964) 
Catciase 8 increas ilaberdiLzl(1907) 
Cataisse 0.9 Incra6e V9jerL 	ci. 	(1978) 
Cytoclirorne oxidase 1.3 Gorczy,rska 	Ci 	ci. 

(1982) 
ONasO lid CtCCLCOSC Koc.inva CL 	ci. 

(1972) 
liumatic deliydro7ei -.asc 7.8 r1ecrec.. lioberditzi 	(967) 
Hitidase 1.7 dCcrcse 5hinln1 	(1974) 
Lactic dehydrogenane 1.4 none holler 	CL 	ci. 	(1971) 
Peroxidase 17 none Ribjnojtl, 	et 	ci. 

Ekase 17 Curie Hahinovjtch 	ct 	ci. 
(1967s,b) 

Ekase 4.b none 7lijng 	CL 	ci. 	(1965) 
RNasC 1.4 none X,,Iler 	ci 	ci. 	(1971) 
Rhane 0.3 none Koniolc.va 	eL 	ci. 

(1972) 
Succinaic-cytoc irnee - C 
reductse 4.8 0000 lulling 	ci 	ci. 	(1965) 

Trypsin 0.8 increase Cook & 	Emit!. 	(1964) 
Trypsin 20.8 none Rabireovitcli 	Ct 	ci. 

(1967a,b) 
Trypsin 10 none Nacci- ove et ci. 

(1982) 
Trypsin 1.4 none Vajda 	(1980) 
Tryosiriase 17 none Rabii,ovjtch 	et 	ci. 

(1967a, b) 

uniformity. Overall, 58% of the experimental 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 
systems, such as enzymes that involve radical intermediate 
stages as part of their reaction pathways, it might be 
anticipated that the reaction would be sensitive to the 
presence of a magnetic field. However, for several other 
enzyme systems there is no obvious physical mechanism that 
could explain the observed magnetic sensitivity at the field 
intensities that were used. It is interesting to note, for 
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example, that Cook & Smith (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 enzyme activity during exposures 
of 2-S h duration in a 1.4-T field. Furthermore, Nazarova et 
al. (1982) found that trypsin activity was not affected by a 
2.5 h exposure to a 10-T field, and Rabinovitch et al. 
(1967a,b) did not observe any change in trypsin activity 
either during a 9 min exposure to a 22-T field, or following a 
3.7 h pretreatment of the enzyme in a 20.8-T field. 

Another aspect of the data presented in Table S that 
merits comment is the finding in two different laboratories of 
an increase in the reaction rate of the metalloenzyme catalase 
in response to exposure to a magnetic 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 
enzyme may involve a radical intermediate state which, as 
discussed in the preceeding section, might be anticipated to 
exhibit magnetic sensitivity. Several other biologically 
important enzymes that may have radical intermediate steps in 
their pathways include the cytochrome P-450 enzymes, which are 
involved in steroid hormone metabolism, and lipoxygenase and 
cyclo-oxygenase, both of which are involved in the synthesis 
of prostaglandins (Saunders & Cass, 1983). Further studies on 
these enzyme systems would provide useful insight into whether 
enzymatic pathways that involve radical intermediate states 
exhibit sensitivity to a stationary magnetic field, with 
possible consequences for cellular and tissue functions 
(Schulten, 1986). 

A well-studied mechanism by which static magnetic ficids 
can influence macromolecules is through a magneto- 
orientational effect. As discussed in section 4, this 
phenomenon produces measurable effects on single molecules, 
only at field strengths greater than 10 T. Various macro-
molecular assemblies, such as retinal photopigments, can be 
oriented in fields of less than I T. However, at present, 
there are no data suggesting that magneto-orientation of these 
various macromolecules exerts profound effects on vital 
membrane, cellular, or tissue function. For example, mammalian 
visual functions have been found to be unaffected by static 
magnetic fields up to 1.5 T (Gaffey & Tenforde, 1984). 

5.2 Effects at the Cell Level 

The results of a number of studies conducted in the 1960s 
and earlier suggested that exposure to stationary fields might 
lead to physiological, morphological, and growth abnormalities 
at the cellular level (Parnothy, M.F., 1964, 1969). Degenera- 
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tive changes such as pycnosis (Mulay & Mulay, 1961; Pereira et 
al., 1967), decreased DNA synthesis (D'Souza et al., 1969) and 
growth inhibition (Gerencer et al., 1962; Butler & Dean, 1964) 
were noted for various types of normal and tumour cells. In 
contrast to these observations, a large number of more recent 
studies using magnetic field intensities and exposure times 
that were equal to or greater than those used in the earlier 
work have failed to produce effects on cell growth (Montgomery _. 
& Smith, 1963; Halpern 8 Greene, 1964; Hall et al., 1964; 
Rockwell, 1977; Iwasaki et al., 1978; Frazier at al., 1979, 
Bath et al., 1980). IL is also interesting to note that early 
reports (Barnotoy, J.N., 1964; Gross, 1964) of in vivo tumour 
growth inhibition by stationary magnetic fields have not been 
replicated in other studies (Eiselein et al., 1961; Chandra & 
Stefani, 1979). 	All of the studies mentioned above were 
performed under different exposure conditions anci thus are 
difficult to compare. 

Malinin at al. (1970) reported that exposure of human 
W1-36 fibroblasts and jaurine L-929 cells to a 0.5-I field for 
4-8 h at 4 'K led to subsequent growth inhibition compared 
with controls, when the cells were thawed and cultured at 
30 C. The exposed cultures also appeared to undergo 
morphological transformation and Co lose sensitivity to 
contact inhibition of cell division in long-term cultures. 
These observations were later shown to be the result of using 
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. when Frazier et al. (1979) used similar culture 
techniques, they were able to replicate, in unexposed cultures 
of WI-38 and L-929 cells, the morphological transformation 
that had been reported by Malinin et al. (1976) to result from 
magnetic field exposure. Thus, the results of Malinin et al. 
(1976) should be discounted in an evaluation of magnetic field 
effects on cell cultures. 

Although the preponderance of available experimental 
evidence indicates that stationary magnetic fields with 
intensities up to 2 I exert little influence on cell growth 
properties, there are potential mechanisms, discussed by 
Tenforde (1985b), by means of which effects might occur. 
These include; 

Enzymatic pathways that contain radical intermediate 
stages and may be sensitive to the presence of strong 
magnetic fields; 

The redistribution of paramagnetic oxygen molecules 
in the presence of a strong magnetic field gradient 
(Aceto et al., 1970). The magnetomechanical movement 
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of dissolved oxygen in an aqueous medium has been 
demonstrated experimentally (Lyu et al., 1978; Ueno 8 
Ilarada, 1982), but, as yet, there are no clear teats 
of the potential biological consequences of this 
effect. 

(c) As the lamellar phospholipids of cell membranes are 
diamagnetically anisotropic, the orientational effect 
of an applied magnetic field exceeding approximately 
0.1 - 1 T could significantly perturb membrane trans-
port properties (Labes, 1966). In support of this 
proposal, direct evidence has been obtained for 
magnetic field effects on the diffusional properties 
of liquid crystals (Teucher et al., 1971; Hakemi & 
Labes, 1974, 1975). Using measured values for the 
anisotropic diamagnetic susceptibility of model phos-
pholipid membranes (Boroske & I-Ielfrich, 1978), it can 
be estimated from theoretical considerations that the 
magnetic interaction energy within a typical cell 
membrane will exceed the Boltzmann thermal energy, 
kT, in stationary fields greater than approximately 
0.5 I (Tenforde, 1985b). At sufficiently high mag-
netic field intensities, a perturbation of membrane 
properties might therefore be expected to occur, with 
possible consequences for other cellular functions. 

- 	(d) The eensitivity of cell membranes to magnetic field 
interactions may be greatest at phase transition 
temperatures (Amer, 1965; Aceto et al., 1970). This 
hypothesis is based on the concept that perturbations 
introduced by relatively weak magnetic interactions 
should be amplified near a phase transition tempera-
ture at which membrane properties undergo abrupt 
changes. Some indirect support for this hypothesis 
was obtained from studies on thermally-induced 
developmental failure in flour beetles (Amer, 1965), 
in which higher temperatures were required to elicit 
developmental wing abnormalities in the presence of a 
strong magnetic field. More direct evidence for 
membrane sensitivity to static magnetic fields at 
phase transition temperatures has recently been 
obtained (Liburdy et al., 1986; Liburdy & Tenforde, 
1986). These investigators observed changes in the 
permeability of liposome bilayer membranes composed 
of saturated phospholipids, when the liposomes were 
exposed to static magnetic fields at temperatures in 
the prephase transition region from 40 to 40.7 'C. 
At temperatures of lower than 40 '0 or higher than 
40.7 'C, no effects on liposome membrane transport 
were observed in fields as high as 7.5 T. 
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5.3 8ffects on 0gans and Tissues 

1xamples of mammalian tissue and organ alterations that 
have been observed following magnetic field exposure include 
changes in 

blood and bone marrow cellular composition (l3arnothy 
et al., 1956, Barnothy & Sumegi, 1969a,b; Nakogawa at 
al. 1980; Gorchonskaya, 1984); 

serum chemistry (Nakagaws et al. 1980; Tvildiani et 
al. 1983); 

microcirculation (Demetsky et al., 1979; Crohmann et 
al.., 1986) 

thrombocyte coagulation (Rusyayev, 1979); 

electrolyte balance in blood, urine, and variou.' 
tissues (Hanneman, 	1969; Markuze et al., 	1973; 
Tvildiani et al., 1981); 

(I) functional and structural properties of various 
organs and tissues (Rerlo & Nutini, 1963, 1964; 
Toroptsev, 1968; Galaktionova & Strzhizhovscy, 1973; 
Bucking et al., 1974; Wordsworth, 1974; KL-iolodOv & 
Shishlo, 1980; Strzhizhovsky et al., 1980; Rabino-
vitch et al., 1983; Strzhizhovsky & MastryukoVa, 
1983); 

imnune response (Pautrizel et al., 1969; Kandil 8 
ElaShmawy, 1981); and 

endocrine regulation (Klimovskaya & Maslova, 1981, 
1933; Friedman & Carey, 1972). 

With the exception of one study on endocrine changes 
(Klimovskaya & Maslova, 1983), all of the reported alter-
ations in tissue and organ properties were observed at static 
magnetic field levels below 1 T. These observations are 
therefore difficult to reconcile with the growing body of 
evidence that the development, growth, and homeostatic 
regulation of mammals is not significantly affected by 
prolonged exposure to fields of this magnitude. 

Many of the experimental reports have been based on 
studies with small numbers of exposed and control subjects, 
and often no attempt has been made by the investigators to 
replicate their experimental results. Furthermore, the 
magnetic field exposure conditions frequently have not been 
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well documented. 	in some studies, inadecluate controls were 
used, such as the use of cage-control animals, instead of 
sham-exposed controls. In this case, effects attributed to 
magnetic fields may have occurred in response to Stresses 
imposed by ottier factors, such as adaptation to new caging 
conditions, differences in ambient temperature, sound levels, 
lighting conditions, and so forth. 	There have been few 

— 	attempts to verify the findings of tissue and organ effects 
through independent replication in other laboratories. In the 
few cases where such attempts have been made, the original 
results have not been successtully replicsted. For example, 
the early reports (Earnothy et at., 1956; Baruothy 6 Surnegi, 
1969a,b; Nakagawa et al., 1980) of 1-IaeeLatopoietic alterations 
have not been confirmed in other studies (Fisekein et al., 
1961; Nahas et al., 1975; Viktova ci at., 197b; battocletti ci 
at., 1981). Similarly, earlier reports (Psutrizel of al., 
1969; Karidil & Elashmawy, 1981) that magnetic fields alter the 
immune status of exposed subjects have not been confirmed by 
Be1losi (1983) or in more recent studies designed to test 
)iumoral and cell-mediated immunity in mice 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 seldom been made to explore the 
consequences for other related end-points, as a means of 
verifying the previous findings. Furthermore, only a few 
studies have addressed magnetic field effects on tissues and 
organs using classical anatomical and physiological methods. 
In view of these considerations, the existence of deleterious 
effects of static magnetic fields on tissue and orgsn 
functions must, at present, be considered as questionable. 

5.4 Effects on the Circulatory System 

The occurrence of magneticaLly induced potentials asso-
ciated with blood flow in the aorta (Fig. 4, section 4.1) has 
been demonstrated on electrocardiogram (ECG) recordings from 
rats (Gaffey 8 Tenforde, 1981), rabbits (Togawa et al., 1967), 
dogs and baboons (Gaffey & Tenforde 1979; Gaffey et al., 
1980), and monkeys (J3eischer & Knepton, 1964; beischer, 1969; 
Tenforde et al., 1983) exposed to static magnetic fields 
(Fig.7). The primary change in the ECG in the field is an 
alteration of the signal amplitude at the locus of the T-wave. 
The repolarization of ventricular heart muscle, which gives 
rise to the T-wave, occurs in the normal ECG at approximately 
the same time 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 superimposed 
on the T-wave. 



- 70 - 

QIRS 
P-1  

50Qv 

80 mm H 	 (A) Pre-exposure contro' 

80mm 

HHr 
B = 0.32 tsIa 

JiHJ 
B = 052 tesa 

0 	1.07 tes)a 

B = 1.52 tesla 

Fig. 7. Electrocardiogram and arterial blood pressure of a inoOkey exposed 
to static magnetic fields (8) up to 1.5 T. An increase in T-wave 
amplitude (Fig. 4) is observed, but no changes in the arterial 
pressure are demonstrable. From: Tenforde 8 Budinger (1986). 
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From the theoretical discussion in section 4, four 
predictions can be made regarding the induced blood flow 
potential and the associated magnetohydrodynamic effects 

an induced flow potential should have a linear 
dependence on the applied magnetic field strength; 

the magnitude of the potential should be a function 
of the orientation of the aniiaal relative to the 
field direction; 

the induced potentials observed in the EGG should 
increase with the size of the animal; 

the resultant magnetohydrodynamic effects should be 
small. 

In the following section, experimental data will be 
described that relate to these predictions. 

5.4.1 	Linear relationship of induced flow potential and 
magnetic field strength 

Experimental tests of the linear relationship between the 
magnetically-induced aortic blood flow potential and the 
applied magnetic field strength have been carried out by 
recording the ECC of several species of mammals during expo-
sure to graded field intensities. From the EGG records of 
rats exposed to static fields ranging from 0.1 to 2.1 T )  a 
field-strength-dependent increase in T-wave amplitude was 
observed at field levels greater than 0.3 1. (Caffey & 
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 (Caffey et al., 1980), and monkeys 
(Tenforde et al., 1983), the threshold for detection of the 
I-wave amplitude change was 0.1 T, and the increase in signal 
strength was a linear function of the magnetic field up to 1 T 
(Fig. 7). 

These data support the concept that the I-wave alteration 
is a consequence of the superposition of an induced aortic 
blood flow potential, which is theoretically predicted to have 
a strictly linear dependence on the magnetic field strength. 

5.4.2 	Induced flow ootentials and field orientation 

From theoretical considerations, it is predicted that the 
magnitude 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 magnetic field. Consistent 
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with this prediction, it has been shown for rabbits (Togawa et 
ci., 1967) and for rats (Gaffey & Tenforde, 1981) that the 
amplitude of the I-wave signal can be increased, decreased, or 
remain unchanged by the superimposed aortic blood flow 
potential, depending on the orientation of the animal relative 
to the field. It has also been demonstrated that the maximum 
change in the I-wave amplitude occurs when the long axis of a 
rat, and hence its ascending aortic vessel, is oriented 
perpendicular to the field (Gaffey & Tenforde, 1981). This 
observation is completely consistent with the theoretical 
prediction that the magnitude of the magnetica1ly-induced 
aortic blood flow potential should achieve its maximum value 
when tte flow vector and the magnetic field vector are 
orthogonal. 

5.4.3 	Dependence of induced blood flow potentials on animal 
Size 

The theoretical considerations in section 4 auggest that 
the magnitude of induced aortic blood flow potentials should 
be significantly greater for large animal species than for the 
rodent. When ECG measurements were made on animals exposed to 
a 1-I field, with an orientation perpendicular to the body 
axis, the maximum aortic flow potentials recorded at the body 
surface were 15 iV for rats (average weight 0.25 kg) (Gaffey 
& Tenforde, 1981), 175 iV for baboons (5 kg) (Gaffey et al., 
1980), 200 jjV for monkeys (5 kg) (Tenforde et al., 1983), 
and 390 p1 for dogs (9 kg) (Gaffey & Tenforde, 1979). Thus, 
greater magnetically-induced blood flow potentials were 
observed with larger animal species, conforming to theoretical 
expectations. 

5.4.4 	Magnetoitydrodynamic effects 

A test of potential alterations in haemodynauiic parameters 
as a consequence of magnetohydrodynamic interactions was made 
by recording the arterial blood pressure of monkeys during 
exposure to homogeneous, static magnetic fields ranging from 
0.1 to 1.5 T. The study was conducted with an accuracy of 
± 2 mmHg in the recording of systolic and diastolic blood 
pressures. No measurable alteration in blood pressure was 	- 
observed in fields up to 1.5 T (Fig. 7). This observation is 
consistent with the theoretical prediction that negligible 
haemodynamic alterations result from magnetohydrodynamic 
interactions with blood flow in fields of less than 2 T 
(Tenforde et al., 1983). 
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5.4.5 	Cordiac performance 

Several indices of cardiac function have been studied in 
order to assese the possible physiological effects of the 
electrical potentials induced by an applied magnetic field. 
These indices include blood pressure, heart rate, and the 
bioelectric activity of heart muscle. As described above, 
there is no measurable alteration in the blood pressure of 
monkeys exposed to a 1.5-T stationary field. The heart rate 
and electrical properties of heart muscles have been deter-
mined from ECU measurements on rats exposed to stationary 
fields up to 2.1 T (Gaffey & Tenforde, 1981), rabbits in a l-T 
field (Togawa et al., 1967), dogs (Gaffey & Tenforde, 1979) 
and baboons (Gaffey Ct 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 lO-T field (Beischer, 1969). significant 
changes in heart rate were not observed during acute magnetic 
field exposures in any of these studies. Similarly, the 
amplitudes of the P, (, R, and S waves of the ECU were not 
altered, indicating that the applied magnetic field had no 
effect on the depolarization characteristics of the auricular 
and ventricular heart muscle. The data from these studies on 
various species of animals also indicated that no cardiac 
arrhythrnias occurred during acute exposures to the field 
levels studied. 

These experimental observations provide evidence that 
little or no cardiovascular stress should result from exposure 
to the highest static magnetic field levels routinely 
encountered by man. However, this conclusion must be tempered 
by the recognition that no data are availahie in the liter-
ature relating to cardiovascular performance during protracted 
exposure to large stationary magnetic fields. Also, from the 
theoretical considerations discussed in section 4, it would be 
anticipated that measurable haemodynamic pertubations could 
occur during exposure to static fields that significantly 
exceed 2 T. For example, 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 human adult. 

5.5 Nervous System and Behaviour 

On the basis of the theoretical models described in 
section 4, it is not anticipated that stationary magnetic 
fields with intensities up to 2 T would produce measurable 
alterations in nerve bioelectric properties. The theoretical 
expectations agree with the existing experimental information 
on the behaviour of isolated neurons in large static magnetic 
fields. 
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5.5.1 	Excitation threshold of isolated neurons 

From the theoretical considerations of Wikswo & Barach 
(1960), it can be estimated that a static magnetic field of at 
least 24 T would be needed to reduce the velocity of action 
potential conduction in isolated neurons by 101. The threshold 
for neural excitation has been examined for both intact frog 
sciatic nerves and single myclinated sciatic nerve fibres 
during exposure to a homogeneous, static magnetic field 
(i.iberinan Ct 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 l-T magnetic field on the minimum electrical stimulus 
required to evoke action potentials in either single fibres or 
intact sciatic nerves. 

An important observation that has a direct bearing on such 
Studies was made by Gaffey & Tenforde (1983), who determined 
the temperature coefficient of the frog sciatic nerve excita-
tion threshold, and found it to rise with increasing 
temperature. To obtain reliable reu1ts, it was found that 
the temperature must be controlled to within 0.1 C. 

5.5.2 	Action potential amplitude and conduction velocity in 
isolated neurons 

Several 	groups 	of 	investigators 	have 	studied 	the 
properties of evoked action potentials in isolated nerve 
preparations during exposure to static magnetic fields 
oriented either parallel or perpendicular to the nerve axis. 
Schwartz (1978) exposed the circumoesophageal nerve of the 
lobster to static fields with a maximum strength of 1.2 I. 
The nerve preparation was maintained in an L-shaped chamber, 
and the field gradient along the sections of nerve oriented 
parallel and perpendicular to the field lines were 2 and 
15 TIm, respectively. No effects of either the parallel or 
perpendicular fields, applied for periods of up to 30 mm, 
were observed on the nerve conduction velocity. Gaffey & 
Tenforde (1983) conducted similar measurements on intact 
sciatic nerves exposed to either parallel or perpendicular 2-T 
static fields that were homogeneous to within 0.11 over the 
entire length of the nerve. With both field configurations, 
no effects were observed during a continuous 4-h exposure on 
either the amplitude or the conduction velocity of maximal 
evoked action potentials. Extending the duration of exposure 
to 17 h was also found not to influence on the impulse 
conduction velocity. 

Schwartz (1979) measured the membrane potentials and 
tranamembrane currents in lobster circumoesophageal nerves 
exposed to a 1.2-T stationary field. Both parallel and 



perpendicular field orientations relative to the nerve axis 
were used in these experiments, and the field gradients were 
identical to those described above in the discussion of 
Schwartz's studies on nerve conduction velocity (Schwartz, 
1978). No effects of the parallel or perpendicular magnetic 
fields were observed on either the action potentials or the 
traneinesibrane 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; Edelman et al., 1979). however, 
Tenforde (1985b) suggested that the apparent magnetic field 
effects observed in these studies are probably attributable to 
a lack of precise temperature control, the importance of which 
has already been discussed above. 

5.5.3 	Absolute and relative refractory periods of isolated 
neurons 

Following the passage of a maximal action potential, an 
isolated peripheral nerve enters an absolute refractory period 
of 1 - 2 ms duration, during which a second impulse cannot be 
evoked. Following the absolute refractory period, the nerve 
enters a relative refractory period during which action 
potentials of progressively increasing amplitude can be evoked 
by electrical stimulation. After a period of approximately 
4 - 6 me, the second action potential reaches the same maximal 
amplitude as the impulse elicited by the initial stimulus, 
thus marking the end of the relative refractory period. The 
characteristics of both the absolute and relative refractory 
periods have been examined during the exposure of frog sciatic 
nerves to a homogeneous 2-T field (Gaffey & Tenforde, 1983; 
Tenforde et al., 1985). Using both parallel and perpendicular 
configurations of the magnetic 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 amplitudes of impulses evoked during the rela-
tive refractory period were unaffected by the magnetic field 
exposure. 

In summary, the majority of the experimental studies that 
have been conducted to date indicate that static magnetic 
fields up to 2 T have little or no influence on the bio-
electric properties of isolated neurons. 

5.5.4 	Effects of static magnetic fields on the electro- 
encephalogram 

Several reports have been made of changes in brain elec-
trical activity during the exposure of experimental animals to 
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static fields ranging from approximately 0.1 to 9.1 T. The 
information is inconsistent, at times contradictory, and 
requires additional investigations before a definite judgenient 
can be made. 

In a series of electroencephalogram (EEC) studies on 
squirrel monkeys, Beischer & Knepton (1966) observed that 
exposure to static magnetic fields produced a significant 
increase in the amplitude and frequency of brain electrical 
signals recorded below the scalp in the frontal, parietal, 
temporal, occipital, and median cranial regions. Recordings 
of the EEG were made in homogeneous fields with field 
strengths ranging from 1.47 to 9.13 T. EEC recordings were 
also made in strong gradient fields. During exposures ranging 
from 3 to 45 mm, it was found that the predominant EEC 
frequencies shifted from their pre-exposure range of 8 - 12 Hz 
to 14 - 50 Hz, independently of the field intensity or homo-
geneity. The amplitude of the signals also increased from the 
control level of 25 - 50 ijV to 50 - 400 pV. These changes 
were uniformly observed in the different cranial regions, 
which were simultaneously monitored; there was no latency in 
the response on application of the field. When the field was 
removed, both the amplitude 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 arti-
facts, including ripple currents from the magnet power supply, 
animal movementS associated with heart contractions and 
breathing, pick-up of stray 60-Hz fields by the EEG electrodes 
and leads, and skeletal muscle tremors. All of these factors, 
except for muscle tremors, could be excluded because their 
characteristic frequencies were outside the frequency range 
observed for the predominant EEG signals in the presence of a 
static magnetic field. However, the characteristics of the 
EEC tracings obtained from monkeys in the magnetic field 
suggest that "mnyographic noise" from skeletal muscles may have 
been superimposed on the brain electrical signals. It is also 
possible that other uncontrolled factors, present only during 
excitation of the magnet coils, including mechanical vibra-
tions, audible noise, and an increased ambient temperature, 
could have led to an altered pattern of brain electrical 
activity. 

In contrast to the above findings with monkeys, Kholodov 
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 (Kholodov, 1964, 1966; Kholodov et al., 1969). 
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The major changes in the EEC during magnetic field exposure 
were the occurrence of slow waves and high-amplitude spindles 
observed in the electrical activity recorded from different 
regions of the brain. The phenomenon was not uniformly 
exhibited in all of the tests conducteO by Kholodov; in a 
series of 100 field exposures on 12 rabbits, the author 
observed the occurrence of spindles in 30% of the tests, and 
an increase in the number of slow waves with frequencies of 
less than 4 Hz in 19% of the tests (Kholodov, 1966). The 
percentage of animals exhibiting EEC responses to the field 
was not stated. Both spindles and slow waves in the EEC 
occurred with a latency of approximately 15 a after the field 
was turned on, and reached maximum levels after 45 s of 
exposure. The increased number of spindles and slow waves 
persisted during exposure to a 0.1-T field for 3 mm, and 
decreased immediately after the field was turned off. 
However, 15 to 25 s after the exposure was terminated, a 
transient increase in the number of spindles and slow waves 
occurred with a duration of approximately 20 - 30 s. 

Kholodov (1966) presented evidence that the EEC alter-
ations observed in his studies on rabbits were not artifacts 
resulting from the induced potentials that occur during the 
switching on and off of an electromagnet. This possibility 
was excluded on the basis of trials in which the magnet was 
energized and de-energized at various rates, with no resulting 
change in the character of the observed EEC alterations. 

Kholodov (1966, 1981, 1982) also described histological 
changes in the brains of mammals exposed to static magnetic 
fields for brief periods. The significance of these anatomical 
changes was not clearly established. The diffetences in the 
results obtained by Beischer & Knepton (1966) and by Kholodov 
(1966) may be related to the one order of magnitude difference 
between the field strengths used in their studies. Further-
more, Battocletti et al. (1981) did not find changes in 
potentials evoked by stimulation of extremities in rhesus 
monkeys exposed to 2 T for 48 h. 

The positive observations may be explained by additive 
effects on elements of the central nervous system (Valent-
inuzzi, 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. 
It seems that this area deserves further study using modern 
electroencephalographic methods. The application of 

'.- recordings from single locations in the brain to elucidate the 
neural basis for sensitivity to magnetic cues in pigeons (Semis 
et al.,, 1984; Semis, 1986) may serve as an example. 
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5.5.5 	behavioural effects 

An inherent sensitivity to the weak geomagnetic field and 
correlated behavioural responses has been demonstrated for a 
number of different organisms and animal species. It has been 
well documented experimentally that weak magnetic fields 
influence the migratory patterns of birds (geeton, 1971; Emlen 
et al., 1978; bookinan, 1977), the kinetic movement of molluscs 
(Ratner, 1976), the waggle dance of bees (Martin & Lindauer, 
1977), the direction-finding of elasmobranch fish (Kalmijn, 
1978, 1982), and the orientation and swimming direction of 
magnetic bacteria (Blakemore, 1975; Blakemore et al. 1980). 
The mechanisms underlying the magnetic sensitivity of elasino-
brsnchs and magnetotactic bacteria have been discussed in 
sections 4.1.1 and 4.1.2.2. 

A precise mechanism underlying the magnetic sensitivity of 
other organisms has not been elucidated, although small 
deposits of magnetite crystals have been discovered in the 
cranium of pigeons (Walcott et al., 1979), in the tooth 
denticles of molluscs (Lowenstam, 1962; Kirschvink & 
Lowenstam, 1979), and in the abdominal region of bees (Could 
et al., 1978). Magnetite has been also reported in various 
anatomical sites in dolphins (Zooger et al., 1981), tuna 
(Walker et al., 1984), butterflies (Jones & MacFadden 1982), 
turtles (Perry et al,, 1981), mice (Mather & Baker, 1981), and 
human beings (Kirschvink, 1981; Baker at al., 1983). The 
possible role of rnagnetite in the geomagnetic direction-
finding mechanism possessed by some of these species has not 
been established, nor is it clear for all of the mammalian 
species in which magnetite deposits have been reported to 
occur (Baker, 1980; Gould & Able, 1981). 

Although the directional cues derived from the weak 
geomagnetic field by certain species of animals have been 
demonstrated by careful study, the possible effects of 
magnetic fields on the behaviour of higher organisms are by no 
means established. Several studies with rodents have reported 
effects of static magnetic fields of less than 1 1 on loco-
motor activity and patterns of food and water consumption 
(Aminev et al., 1967; Russell & hendrick, 1969; Pelyhe Ct al., 
1973; Nakagawa, 1979; Nakagawa et al., 1980; Shust et al., 
1980). In contrast to these earlier reports, Davis et al. 
(1984) did not observe any behavioural abnormalities in mice 
exposed for prolonged periods to a 1.5-1 field. The behav-
ioural end-points examined in this extensive study included 
memory retention of an electroshock-motivated passive avoid-
ance task, general locomotor activity, and sensitivity of the 
subjects to a neurophariiiacological agent (pentylenetetrazole). 
Smirnova (1982) also did not find any behavioural effects in 
rats exposed to 0.3 T or 1.6 T for 5 mm/day for 3 successive 
days. 
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The effects on primate behaviour of exposure to filtense 
magnetic fields was studied by Thach (1968). In one study, 3 
squirrel monkeys (Saimiri sciureus) were conditioned to 
respond to a visual vigilance task and subsequently exposed to 
static magnetic fields in the core of a water-cooled Bittet 
magnet. Response was greatly suppressed by fields of 7 I or 
more. A threshold seemed to exist between 4.6 and 7 T. In a 
second study (deLorge, 1979), 8 squirrel monkeys were trained 
in several operant tasks and a similar suppression response 
was observed in fields up to 9.7 T. In addition, 2 of the 
monkeys regurgitated when exposed to these higher fields. All 
of these effects were reported to be reproducible. 

5.6 Visual System 

As discussed in section 4.2, one of the most clearly 
established magnetic field effects in biological systems is 
the phenomenon of magnetophosphenes, in which a flickering 
light is produced in the visual field during exposure to 
time-varying magnetic fields. 

Although the phenomenon of phosphenes has not been 
reported by human observers during exposure to large static 
magnetic fields, there are two potential interaction 
mechanisms between these fields and elements of the retina 
that are involved in the visual response to photic stimu-
lation. first, the photoreceptor outer segments are subject 
to orientation in a static magnetic field as the result of 
their large diamagnetic anisotropy (Chalazonitis at al., 1970; 
Hong et al., 1971; Becker et al., 19788; Hong, 1980). Second, 
the initial photoisomerization event elicited by photon 
absorption in retinal photopiginents is followed by a series of 
ionic fluxes that lead to excitation of the retinal neurons, 
and ultimately the visual cortex via a complex neural pathway. 
This component of the phototransduction process could be 
influenced by static magnetic fields as the result of ionic 
current distortion and/or inductive effects, as discussed in 
section 4. However, electrophysiological studies on the 
retinal response to photic stimuli in cats and monkeys have 
not shown any effects of exposure to a 1.5-T static magnetic 
field (Caffey 8 Tenforde, 1984; Tenforde et al., 1985). 

That photoreceptors may play a crucial role in magneto-
reception is suggested by the fact that inhibitory effects of 
low magnetic fields on pineal melatonin synthesis were not 

•__  found in albino rats (Olcese et al., 1985) or in rats exposed 
to magnetic fields in total darkness (Reuse & Olcese, 1986), 
thus supporting the theory of Leask (1978) that incident 
radiation is an important factor in magnetic field sensit-
ivity, i.e., light might be essential to the process of 
magnetoreception. In contrast to rats (both albino and 
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pigmented strains), hamsters did not respond to magnetic 
stiul, as measured by the inhibition of pineal gland 
metabolism (Otcese & Reuss, 1986), and species-specific 
differences as well as reciprocal effects between photo-
receptors and retinal pigments should 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, Semis et al. (1984) undertook a study 
to explore possible neural mechanisms for the integration of 
magnetic and gravitational cues. Leask (1977) proposed that 
the magnetic field compass was located in the retina of the 
bird. Thus, Seemi or ci. (1984) recorded single unit electrical 
activity in the lateral and superior vestibular nuclei, the 
vestibulo-cerebellum, and the nucleus of the basal opttc root, 
which has a projection to the vestibular system, in pigeons, 
under magnetic stimulation by fields of about 42 jT. 	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 from the visual to the 
vestibular system via a projection from the basal optical 
root, and then related to the movement of the bird. 

The effects of static magnetic fields on turtle retinas in 
vitro were studied by Raybourn (1983) (see also Tenforde et 
al., 1985). No changes were seen in electroretinograns (ERG) 
from dark- or light-adapted eyes during exposure to 1-T 
fields. However, 2- to 3-mT 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 1.5-1 fields 
on the ERG in cats and monkeys were observed (Gaffey & 
Tenforde, 1984; Tenforde et al., 1985), but circadian 
variations were not studied. Thesp findings have not been 
interpreted. The static magnetic field strength at which 
effects were noted in turtle retinas was too low to influence 
ionic fluxes that occurred in the retina following stimulation 
by light. 

5.7 Physiological Regulation and Circadian Rhythms 

In assessing the responses of living organisms to static 
magnetic fields, an important aspect is the maintenance of ,  
normal homeostatic regulation. The literature on this subject 
is often contradictory. For example, the finding by Sperber 
et al. (1984) that thermoregulation in rodents is affected by 
strong magnetic field spatial gradients, could not be repli-
cated by Tenforde (1986c). It should be noted that Greuuiiel et 
al. (1984) described changes in therinoregulation in human 
beings exposed to magnetic fields. One of the central issues 
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in this assessment is whether exposure to magnetic fields 
produces an alteration in the normal circadian rhythm of ma3or 
physiological and behavioural variables. Several of the 
investigations discussed in this sectipn indicate that expo-
sure of mammals to static magnetic fields may lead to hormonal 
alterations and to other metabolic effects that could 
potentially affect physiological regulation, and thereby lead 
to an alteration in the normal circadian rhythm. Although 
there is relatively little information available on this 
subject, several reports in the literature suggest that weak 
magnetic fields may influence circadian regulation. 

Brown & Scow (1978) observed a modulation of the normal 
24-h circadian activity period in hamsters, when a wealt 
magnetic field with a maximum intensity of 26 liT was applied 
in 26-h cycles. The nocturnal sensitivity of mice to morphine 
was found by Kavaliers at al. (1984) to be diminished, when 
the animals were exposed to a rotating magnetic field with an 
intensity ranging from 105 pT to 9 niT. A cancellation of 
the earth's magnetic field by Helmholtz coils was found to 
alter the circadian activity of birds (Bliss & 1-lepner, 1976). 
It has recently been reported that artificial changes in the 
strength and direction of the local geomagnetic field are 
sufficient to altar the electrical activity of pineal cells in 
the guinea-pig (Semis et al., 1980; Semis, 1983), rat (Reuss et 
al., 1983), and pigeon (Semis et al., 1982, 1984; Semis, 1983, 
1986). In related studies, it was demonstrated in albino rats 
that artificial, changes in the ambient magnetic field reduced 
toe nocturnal rise in pineal melatonin contents and the 
activity of the involved enzymes, N-acetyltransferase (Weiker 
et al., 1983; Ulcese St al., 1985; Olcese & Reuss, 1986) and 
hydroxyindole-O-methyltransferase (Reuss B Olcese, 1986). 
Interestingly, this affect was not found using NMR-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-I static 
magnetic field did not produce any alterations in the 
circadian rhythm of several physiological and behavioural 
variables. Noninvasive transducer techniques were used to 
provide continuous measurements of core body temperature, 
respiration, body mass, food intake and excreta, and two 
independent indices of locomotor activity. The rodents were 
sub,jected to a homogeneous 1.5-I field under 3 different 
exposure regimens; (a) continuous exposure for 5 days; (b) 

-  intermittent exposure in an S 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 intermittent schedules. In 
addition, the sensitivity of circadian oscillations to a 1.5-T 
field was tested both in mice that were maintained on a 
diurnal light/dark cycle, and in mice that were placed in a 

6 
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free—running circadian state by the maintenance of continuous 
dim illumination. Under all of these conditions, no influence 
of a 1.5-I field was observed on the circadian variations in 
any of the physiological or behavioural, parameters studied. 

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 isolaLed turtle 
retinas during light stimulation in the presence of magnetic 
fields of graded strength. When the retinal preparations from 
light-adapted or dark-adapted eyes were studied, no changes in 
the ERG occurred in fields up to 1 T. Uowever, the amplitude 
of the ERG b-wave, which results from the electrical activity 
of nerve cells in the retina, was consistcntty 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 photoreceptor cells underwent rapid changes in 
both physiological and metabolic activities (Bubenik et at., 
1978; Young, 1976). 

The magnetic field effect was observed with intensities as 
low as 2 - 3 niT, and was rapidly reversible following termina-
tion of exposure. This effect was observed in both the cone-
dominant retinas of Pseudeinys scripts turtles, and the mixed 
rod-cone retinas of Chelydra serpentina turtles, suggesting 
that it is independent of the photoreceptor cell type. The 
circadian dependence of the magnetic field sensitivity was 
clearly demonstrated by studies in which the light/dark cycle 
was phase shifted by several hours (Tenforde et al., 1985). 

An alteration in human twilight visual acuity has been 
reported to occur in response to changes in the strength of 
the ambient geomagnetic field (Krause CL al., 1984). It has 
been suggested that this visual alteration may have its origin 
in a quantum mechanical effect on biochemical reactions in the 
retina, similar to that discussed by Schulten et al. (1978). 

5.8 Genetics, Reproduction, and Development 

Developing organisms frequently exhibit a strong response 
to noxious environmental factors. This observation has stimu-
lated a relatively large number of studies on the potential 
effects of static magnetic fields on the genetics, repro-
duction, and development of various organisms. Investigations 
on a variety of non-mammalian test systems have led to several 
reports of mutagenic and developmental effects resulting from 
exposure to both gradient and homogeneous magnetic fields. 
Effects observed with strong magnetic field gradients have 
included alterations in the sex ratio and development of 
Drosophila pupae (Mulay & Nulay, 1964; Harkuze et al., 1973; 
Tvildiani et al., 1981), and abnormal development of sea 
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urchin, frog, and salamander eggs (Perakis, 1947; Neureth, 
1968; Levengood, 1969; Ueno et al., 1984). Inhibition of limb 
regeneration in crabs (Lee & Weis, 1980) has also been 
observed. Homogeneous magnetic fields have been reported to 
alter the development of chicken embryos (Joshi et al., 1978), 
and guppies (brewer, 1979), and the rate of fertilization of 
trout eggs (Strand Ct al., 1983). it is interesting to note 
that Perakis (1947) did not find any effects of a homogeneous 
3.3-T field on the development of sea urchin eggs, and Ueno et 
al. (1984) did not observe any effects of a l-T homogeneoua 
field on the development of frog embryos. The absence of 
effects of homogeneous magnetic fields on frog egg development 
is also supported by the experimental observations of Iwasaki 
et al. (1978) and Mild et ci. (1981). In contrast, develop-
mental abnormalities were observed in both sea urchin eggs and 
frog embryos exposed to large magnetic field gradients 
(Perakis, 1947; Ueno et al., 1984). UenO et al. (1984) 
suggested that the developmental effects of gradient fields 
may result from a redistribution of dissolved oxygen or from 
the orientation of mitochondrial cytochromes in large magnetic 
fields with gradients exceeding 10 T/m. 

In studies on mammals, it has been reported that homo-
geneous and gradient fields up to 0.94 T inhibit weight gain 
in young mice and produce weight loss in older animals 
(barnothy, J.M., 1964). The rate and number of live birthe 
and the average birth weight have also been reported to 
decrease following prenatal and postnatal exposure of mice to 
a homogeneous field (Nakagawa, 1979). In contrast to these 
reports, studies on young mice exposed for up to 15 days to a 
nearly homogeneous field with a maximum strength of 1.44 1 did 
not reveal any effects on growth rate (Eiselein et al., 1961). 
Bellossi et al. (1984) did not observe any variations in 
growth of either mice or rats exposed to static magnetic 
fields of up to 800 otT for up to 250 days. The intrauterine 
exposure of mice and rats to either a l-T homogeneous field or 
a 2.5-T/m gradient field was also found not to influence fetal 
or postnatal development (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 
spermatogenic epithelium and in a considerable decrease in the 
number of mature germ cells (Galaktionova et al., 1985). 
These and other authors (Toroptsev Ct al., 1974; Lldintsev & 
Khlynin, 1979) considered the testes a vulnerable organ when 
exposed to static or time-varying (20 ml, 50 Hz) magnetic 
fields. Morphological changes in the testes and other organs, 
which occur after a 6-h exposure to magnetic fields, revert to 
normal after approximately one month. 

Several studies have been carried out to determine whether 
genetic defects can be detected following magnetic field 
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exposure. No increase in mutation frequency was observed by 
Kale f Baum (1979) among the progeny of Drosophila males 
exposed as eggs, larvae, pupae, and adults to 1.3 - 3.7-T 
homogeneous magnetic fields. Similar results were obtained by 
Mittler (1971) and Dieholt (1978), who exposed Drosophila 
males to fields of 1 - 1.1 I. Baum et al. (1979) also found 
that exposure of the plant Tradescantia to homogeneous fields 
up to 3.7 T did not lead to any increase compared with 
controls in three mutagenic indices, namely, pollen abortion, 
micronucici formation, and pink stamen hair production. 
Dominant lethal assays have been conducted by Mahlum et al. 
(1979) with male mice exposed to either a uniform lT or a 
2.5-T/m gradient field for 28 days prior to mating. No 
effects of exposure to either the homogeneous or the gradient 
field were observed. This result and the study of Strzhiz-
hovsky Ct al. (1980) indicate that such exposure does not 
induce chromosomal aberrations in male germ cells. 

Recent studies have also demonstrated that the exposure of 
cultured Chinese hamster ovary cells to a 0.35-T homogeneous 
field does not lead to alteration in DNA synthesis or chromo-
some structure (Wolff et al., 1980). The structure and 
biological activity of bacteriophage DNA have also been found 
to be unaffected by exposure to a 2-1 homogeneous field (Roots 
t al., 1982). 

5.9 Conclusions 

Studies on the effects of static magnetic fields on enzyme 
reactionS and cellular and tissue functions have provided 
diverse, and often contradictory, findings. Nevertheless, 
available evidence indicates that there are few irreversible 
effects on such systems, with the possible exception of 

enzymes and photosynthetic systems that involve 
radical-mediated reaction intermediates; and 

cellular systems in which the membrane is undergoing 
a structural phase transition during magnetic field 
exposure. 

The occurrence of significant genetic or developmental 
alterations in cellular tissues and animal systems exposed to 
high-intensity static magnetic fields appears unlikely from 
available evidence. One possible exception relates to 
unconfirmed reports of alterations in the embryonic develop 
ment of amphibian species exposed to strong magnetic field 
gradients. 

The magnetic induction of electrical potentials and 
currents in the central circulatory system does not produce 
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measurable cardiovascular stress during short-term exposure to 
static fields of up to 2 T. This conclusion must be tempered 
by the recognition that data do not exist on cardiovascular 
performance during protracted magnetic field exposure. 

The majority of experImental studies conducted with iso-
lated neurons indicate that static magnetic fields of up to 
2 T have no irreversible influence on neuronal bioclectric 
properties. Several reports have referred to changes in brain 
electrical activity and behaviour in animals exposed to fields 
ranging from 0.1 to 9 T, but the data are inconsistent and at 
times contradictory. 

An inherent sensitivity to the weak geomagnetic field and 
correlated behavioural responses have been demonstrated for a 
number of different organisms and animal species. however, 
behavioural effects in higher organisms have not been estab-
lished at field strengths of less than 2 T. Although the data 
are inconsistent, effects on physiological regulation and 
circadian rhythms have been reported in animals, due to alter-
ations in the local geomagnetic field. Negative findings in 
higher organisms have been reported in studies involving field 
levels as high as 1.5 T. 

Thus, reversible or transient effects have been reported 
in lower animals due to exposure to low-intensity static 
fields or due to alterations in the ambient geomagnetic field. 
however, no irreversible effects have been established due to 
static magnetic field exposures of up to 2 T. 
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6. UIOLOGICAL EFFECTS OFT LiCE-VARYING MAGNETIC FIELDS 

An extensive literature OxisLs on the response of animals 
and isolated cellular and tissue systems to ELF magnetic 
fields. At present, this body of research is difficult to 
interpret in a systematic manner because of two factors: 

A wide range of intensities, frequencies, waveforms, 
and exposure durations have been used. Many of the 
earlier studies involved sinusoidal fields oscil-
lating at frequencies below IOU Hz, but research 
during the last several years has focused increas-
ingly on the biological effects of square-wave or 
pulsed fields with complex waveforms. 

Very few of the reported effects of ELF magnetic 
fields 	have 	been 	independently 	replicated 	in 
different laboratories. 

In spite of these difficulties, there is a growing body of 
evidence that suggests that living systems exhibit a response 
to ELF magnetic fields under conditions in which the field 
intensity and rate of change in time (dB/dc) are sufficient to 
induce currents greater than the naturally occurring levels in 
tissues and extracellular fluids. This effect is best illus-
trated by the phenomenon of inagnetnphosphenes, which is the 
one well established biological effect of ELF magnetic fields. 
Although less well established, there is also evidence 
suggesting that pulsed magnetic fields, such as those used 
clinically to facilitate bone fracture reunion, may exert 
direct biological effects through the induction of tissue 
currents that exceed the endogetious levels. 

The following topics are summarized in this section: 

magnetophosphene research; 

studies on the nervous system and animal behaviour; 

cellular, tissue, and animal responses to magnetic 
fields 	with 	various 	waveforms 	and 	repetition 
frequencies in the ELF range; 

studies on the effects of pulsed magnetic fields on 
bone growth and repair; and 

thresholds for biological effects as a function of 

field frequency and induced current densities. 
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6.1 Visual System 

high-intensity magnetic fields oscillating in the ELF 
range produce visual sensations in human subjects that are 
known as nagnetophosphenes. This phenomenon has already been 
discussed in section 4.2. 

Studies (Silny, 1981, 1984, 1980) have been performed to 
characterize ELF magnetic-field effects on visually evoked 
potentials (VEP). Fields greater than 50 ml in the frequency 
range below 100 Hz were demonstrated to reverse the polarity 
and reduce the amplitude of VEP recorded from human volun- 
teers. 	This effect persisted after the termination 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 from S to 100 Hz. It should be noted that the field 
strength required to alter the VHF is approximately one order 
of magnitude greater than that required to elicit clear 
magnetophosphene patterns. 

6.2 Studies or Nerve and Muscle Tissue 

Several studies have been made on the electrical response 
of neurons to stimulation with time-varying magnetic fields. 
As discussed by Bernhardt (1979, 1985), the current densities 
induced by the field must exceed 1 - 10 mAim 5  in order to 
have an appreciable effect on the nerve bioelectric activity, 
and a threshold extracellular current density of about 
20 mA/m 2  has been found experimentally with Aplja pace-
maker neurons stimulated by an ELF electric fieldCWachtel, 
1979). In a subsequent study with Aplysia (Sheppard, 1983), 
an induced current density of approximately 5 mA/rn 2  produced 
by a 10-uT, 60-11a sinusoidal field was ineffective in altering 
the spontaneous neuronal electrical activity. Ueno et dl. 
(1981) were also unable to alter the amplitude, conduction 
velocity, or refractory period of evoked action potentials in 
lobster 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. 

Using magnetic flux densities in the range of 0.2 - 0.8 T, 
Kolin at al. (1959) were able to stimulate frog nerve-muscle 
preparations at field frequencies of 60 and 100 Hz. Oberg 
(1973) and Ueno et al. (1978) were also able to stimulate 
contractions in frog nerve-muscle preparations by using pulsed 
magnetic fields with pulse durations of less than I ma. In 
addition, the excitation of frog sartorius and cardiac muscles 
(Irwin et al., 1970) and of the sciatic nerves of dogs and 
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rabbits (Maass & Ass, 1970) has been reported to occur in 
response to pulsed magnetic fields. On the basis ol electro-
myographic recordings from the human arm, Poison et at. (1982) 

were able to characterize the pulsed magnetic field parameters 
that elicited a neural response. they indicated that the 
threshold rate of change of the magnetic field (dB/dt), whLch 
was necessary to stimulate the major nerve trunks of the arm, 
was approximately 10' T/s. These fields were discrete 
pulses, 180 its long, which will result in a high threshold 
compared with that for a continuously applied sinusoidal 
stimulus of between 10 and 100 lIz. 

A threshold of perception of about 2 x 10' T/s was 
reported (McRobbie & Foster, 1984) in human volunteers whose 
forearms were exposed to a damped sinusoidal magnetic field 
(2 - 3 cycles of a period equal to 0.3 ins). The currents 
induced in the peripheral tissues of the forearm were 
calculated to be approximately 5 A/ru'. 

Other 	effects 	of 	time-varying magnetic 	fields 	on 
electrically excitable tissue have been summarized by 
Eernhardt (1985) (section 4.2). The frequency dependence of 
these effects has been described by Bernhardt (1965, 1986) 
(section 8.2). 

From these studies, it appears that sinusoidal magnetic 
fields with intensities in the range generally used in the 
laboratory or well above the levels encountered by human 
beings in occupational settings or in the home environment, 
are jnufficient to alter the bioelectric properties of 
isolated neurons. 1-lowever, direct magnetic stimulation of 
nerve and muscle tissues can be achieved by using pulsed 
fields with a rapid time rate of change of the magnetic flux 
density. It should also be borne in mind that the effects of 
sinusoidal fields on complex, integrated neuronal networks, 
such as those within the central nervous system, may be 
considerably greater than the effects that occur in single 
neurons or nerve bundles. This amplification of a field 
effect could occur through a summation of the small responses 
evoked in individual neuronal elements (Valentinuzzi, 1965). 
An additive response mechanism may also underlie the produc-
tion of magnetophosphenes through the stimulation of multiple 
neuronal elements of the retina (Valentinuzzi, 1962). 

6.3 Animal Behaviour 

During the past two decades, a large number of studies on 
animal behavioural responses to ELF magnetic fields have been 
reported. A chronological listing of these reports and a 
summary of the principal findings are given in Table 9. 

several studies in which the behaviour of honeybees and 
birds was observed to be altered in the presence of combined 
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Table 9. Behavioural effects of exposure to time-varying magnetic fields 

Persinger & Foster (1970) 

Peringer et a'. (1972) 

Osenkopp & Shapiro (1972) 

Subject 	Exposure coditious 

human being 0.1 	and 0.2 Hz, 	0.5 - 	1.1 cii; 
acute exposures 

honey bee 60 Hz, 	2.2 - 30 xi; 
iC-rain exposures 

rat 0.5 	He, 	0.3 - 3 cii; 	rotating 
field; 	exposure during entire 
gestational period 

rat 0.5 Hz, 	0.3 - 3 iii; relating 
field; 	exposure during entire 
gistatioiial period 

monkey 45 and 73 Hz, 	0.3 ml; 	fields 
applied 	in 	10 daily 	sessions 
of 	1 	Ii durstioii 

monkey 45 Hz, 	I ml; 	continuous 
exposare for 42 days 

rat 0.3 Hz, 	3.3 - 3 aT, 	rotating 
field; exposure during entire 
gestatioa1 	period 

rar 0.5 Re, 	0.3 	3 cii, 	rotating 
field; exposure of adult 
Sniciali 	fir 21 - 30 days 

duck egg 0.5 Hz, 	2 - 	10 and 	10 - 30 ml, 
rotating field; 	exposure 	for 
entire prenatal period 

Results 

Increased reaction time in 0.2 -Hz field 

Altered exploratory belisviour 

Decreased optn-field activity and 
increased defecation when testid 
postoatally at 21 - 25 days 

Decreased avoidance of aversive 
electrical shock when tested 
postnatally at 30 days 

No effect on reaction time 

No effect on reaction time 

Suppressed rate of response to a 
Coridit iocied stimulus preceding all 
aversive shock wilen tested postuatally at 
70 days 

Increased ambulatory activity after 
reluova I from field 

Increased anhlulation and defecation 
rate when tested postriatally 

Reference 

Friedman et al. (1967) 

Caidwell & Russo (1968) 

Persinger (1969) 

Grisselt & deLcrrge (1971) 

Grissett (1971) 

Persinger & Pear (1972) 

cci 



Table 9 (conto). 

RefeterLce 	 Subject 	Exposure cooditious. 	 Results 

deLorge (1972, 1973a,b, 	monkey 	10 15, 45, 60, and 75 -Ic, 
1974, 1979, 1985) 0.8 - 1 maT; fields appLied 

in 4 - 13 daily sessions of 
2- to 8-h duration 

Beischer et al. (1973) 	human being 45 lIz, 0.1 ml; 22.5-h exposure 

Gibson & Moroney (1974) 	human being 45 Ha, 0.1 al; 24-h exposure 

Nacmtell (1975) human being 50 lIz, 	0.3 0T; 	5-h exposure 

Medvedev St al. 	(1976) human being 50 	lIz, 	11) 	- 	13 	l; 	acute 
expo sures 

Smith & Jusresen (1977) mouse 60 Hz, 	1.4 	- 2 cml; 	Z-isio 
aperiodic exposures over 2 days 

Andriaoova 6 Sssirmmovs mouse LOU Hz, 	10 maT; 	acute exposures 

(1977) 

Brown & Scow (1978) hamster 10' 	lIt, 	0.8 - 	26 	T; 	26-11  
schedule of high 	(14 h) 	to 
low (12 H) 	field switching 
over period of 4 - 5 niontlis 

Tucker & Schmitt (1978) human being 60 Hz, 	1.06 ml Over whole body, 
or 2.12 ml over head region; 
repetitive 	ac!e 	exposure 5 

Becker, von (1979) termite 50 lIz, 	0.05 5T in shielded room; 
exposurea up to several weeks 

No consistemmt influence on motor 
activity, reaction time, iflterrespOnse 
time, overall level responding, or 
match-to-sample perforesance 

No effect on reaction time 

No consistent effect on cognitive or 
payclmomOtor funec ions 

No effect on roaction time 

Increased latency of scnsorinmotor 
react ions 	 am 

no 

Increased locomoter activity and 
aggress ion-related vocal izat ion 

heightened meter activity 

Modified circadian rhythm in locomotor 
activity 

110 perception of field 

Stimulation of gallery building activity 
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Clarke & Justesen (1979) 

Udintscv & Moroz (1982) 

Udintaev & Moroz (1982) 

tlelgado at al. (1983) 

Papi at al. (1903) 

Graham et al. (1954) 

Crejic at at. (1904) 

Davis et ml. (1984) 

Liboff at ml. (1985) 

Creim at al. (1985) 

/  

chicken 60 Hz, 	2.4 ml; 	aperiodic expo- 
sures during 1-b interval for 
10 days 

rat 30 Hz, 20 mT, 	15 mill/day for 
7 days 

rat 50 Hz, 	20 isT, 	6.5 h/day for 
days 

monkey 9 - 500 Hz, 	0.1 aT 	(applied to 
cerebellum) ; 9h daily expo - 
sures 	for nsxiiiiuts of 	19 	days 

pigeon 0.034, 	0.043, 	and 0.067 Hz, 
60 	jil peak 	catensity; 
exposures up to 4 8 

human being 60 Hz, 40 	oT; acute exposures 

rat 60 Hz; 	3.23 niT; 	1-h exposure 

mouse 60 Hz; 	2.33 ml; 3- 6ay 
contin000s exposure 

rat 60 Hz, 56 5T (with a trans- 
verse 26-tI Static 	field); 
ID-rico exposures 

rat 60 Hz, 	3 niT, 	1 - 	to 	23- 11 
exposures 

F' 

increased variability of response to 
electric shock stimulus when 52-Ha 
magnetic field used as conditional stiniulu 

Transitory stimulation of adrenal system 

Significant changes in hormone levels 

Modification of threshold for excitation 
of motor neurons 

Initial disturbance of orientatioc, but 
no effect on homing performance 

No percepttan of field 

No fic-id-aoiated avoidance behaviour 

NO change in memory retention, locomotor 
activity, or seilsitivity to a mourn-
pharmacological agent 

Changes in tiding discrimination 

No avoidance of applied field 
in a shuttli box test 

. 	The magnetic fields were sinusoidal unless otherwise indicated. 
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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 harmful effects 
when the field intensity exceeds approximately 2 kV/rr. (Green- 
berg et al., 1981b). However, altered behavioural patterns in 	- 
honeybees have also been reported to occur in strong 60-hz 
magnetic fields in the absence of an external electric field 
(Caldwell & Russo, 1968). 	The mechanism unuerlying the 
observed disruption of avian migration by the 72- to dO-Hz 
electric and magnetic fields from an ELF communication Lest 
system is not known (Southern, 1975; Larkin & Sutherland, 
1977). However, there are numerous reports that weak static 
magnetic fields, comparable in strength to the earth's field, 
may influence the migration patterns of birds (Keeton, 1971; 
Emlen et al., 1976; Bookman, 1977) and very weak time-varying 
magnetic fields have also been claimed to affect avian 
orientation (Papi et al., 1983). 

In assessing the effects of time-varying magnetic fields 
on the behaviour of mammalian species, the publications on 
this subject, listed in Table 9, are nearly equally divided 
between positive findings and observations of no behavioural 
effects in mammals. However, a careful examination of this 
list leads to the interesting conclusion that most investigs- 
Lions in which behavioural effects were not observed, the time 	. 
rate of change of the applied magnetic field was sufficient to 
induce peak intracranial current densities at, or above, the 
endogenous level of approximately 1 mA/rn 2 . 	In contrast, 
only one of the positive findings of behavioural alterations 
in mammals (Andrianova & Smirnova, 1977) involved the use of a 
time-varying magnetic field capable of inducing intracranial 
currents at this level. 

In examining the possible reasons for this apparent 
disparity, it is important to assess the potential influence 
on animal behaviour of extraneous factors, such as mechanical 
vibration and audible noise, that may accompany the activation 
of magnet coils. The importance of these factors has been 
well demonstrated by Tucker & Schmitt (1978), who found that 
perceptive individuals could sense the presence of a 60-11z 
magnetic 	field 	through 	auxiliary 	clues. 	When 	these 
investigators developed an exposure chamber that provided 
extreme isolation from vibration and audible noise, none of  
the more than 200 individuals tested could detect 60-Hz fields 
with intensities of 1.1 ml over the whole body or 2.1 niT over 
the head region. The sensitivity of behavioural indices to 
adventitious factors, such as changes in barometric pressure, 
was also discussed by deLorge (1973b), who emphasized that the 
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correlation of such variables to positive findings of apparent 
time-varying magnetic field effects must be examined. 

6.4 Cellular. Tissue, and kliole Orpanism f{esponses 

gagnetic fields with a broad range of intensities, 8LF 
frequencies, waveforms, and exposure durations have been 
evaluated for their ability to induce effects at the cellular, 
tissue, and animal levels. These studies have recently been 
reviewed (Tenforde, 1983c, 1966a,d), and only a brief summary 
will be given here of the ceUular and tissue responses to ELF 
magnetic fields that have been reported on the basis of both 
in vitro and in vivo sLudieC. 

Reports of alterations produced in cellular, tissue, and 
animal systems as a result of exposure to low frequency 
magnetic fields are summarized in fable 10, where a brief 
summary is given of the principal findings in each study. The 
following types of investigations have not been included in 
Table 10 for the reasons stated below: 

Studies on time-varying magnetic field effects on the 
visual 	system 	(magnetophosphene 	induction), 	nervous 
tissues, and animal behaviour, and epidemiological studies 
on carcinogenic risk, because these subjects are discussed 
elsewhere in this section and in section 8; 

Reports lacking adequate documentation of field 
exposure conditions (e.g., frequency, waveform, intensity, 
and duration of exposure). 	Similarly, studies in which 
the biological measurements were qualitative rather than 
quantitative, as in certain medical reports on bone 
fracture reunion following therapy with pulsed magnetic 
fields; 

Reports of research that involved combined exposures 
to FLF electric and magnetic fields, because of the 
obvious difficulty in delineating the relative effects of 
the two types of fields. 

The reported changes resulting from ELF magnetic field 
'-. 	exposure include the following: 

(a) Altered cell growth rate (Balkin & Tabraki, 1977; 
Tabrah et al., 1978; Goodman et ml., 1979; Greenebaum 
et al., 1979, 1982; Aarholt at ml., 1981; Ramon at 

ml., 1981; Phillips et al., 1986a); 



Table 10. Effects of exposure to time-varying magnetic fields on cells, tissues, and whole animals 

Reference Test specimen Exposure conditions! Results 

Odiritsov (1965) mouse 50 lIz, 	20 mT; 	6.5-h single expo- Increased resistance to Listens 
sure or 6.5 Li daily for 15 days infection 

Druz & lladiyevskrs. (1966) rat 3 Hz, 	0.1 - 0.5 T, 	and 50 Hz, GhaOge no hydration capacity 
0.05 - 0.2 T; 	L—min exposures of brain, 	kidney, 	and liver tissues 

Riesen et al. 	(1971) guinea-pig 60 Ha, 	10 inT; 	10 - 110-min No effeoL on respiration 
brain exposures (oxidative phospllorylation) 
initochondria 
in vitro 

Riesen at ml. 	(1971) rat brain 60 Hz, 	5 - 	10 mT; 	30-nun Decreased uptake of norepinephrine 
synaptosoines exposure at 0 	'0, 	but 	not at 	10 	'C, 	25 	'0, 
in vitro or 31 	'C 

Tarakhovsky at al. 	(1971) rat 50 Ha, 	13 - 14 niT; 	exposure Changes 	iii serum chemistry, 
for 1 month haeuistoznit, 	and 	tissue morphology 

Kreuger et ml. 	(1972) 	chicken 45 Hz, 0.14 aT, and 60 Hz, Reduced growth rate in young animals 
0.12-nT exposure for 1 montti 

Ossenkopp at ml. 	(1972) 	rat 0.5 Hz, 0.05 - 0.30 or Increased thyroid and testicle weights 
0.3 	- 	1.5 niT, 	rotating field; at 	105 - 130 days of age; 	no charge 	in 
exposure during entire thymus or adrenal weights coiipared with 
gestational period controls 

Esiacher at aL. 	(1973) 	humari being 45 Hz, 	0.1 niT; 	22.5-11 exposure Elevated serum-triglycerides; 	no 	clients 
oil 	blood cell 	counts 	or 	other 	scrod 
cliernns try 

'C 
-I-- 
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DeLorge 	(1974) monkey 15 	and 	45 Hz, 	0.82 - 	0.93 niT; No alteration in blood cell 	counts or 
fields 	applied 	in 5 - 	8 daily serum chemistry (including trigycer- 
sessions of 2-h duration ides) 

Toroptsev et ml. (1974) guinea-pig 50 Hz, 	20 	zaT; 	6.5-h 	single Farhonrorphological changes in testes, 
exposure or 0.5 Ii daily 	for kidneys, 	liver, 	lungs, nervous tissues 
24 days eyes, 	capillaries, 	and 	lymphatic system 

Udinstev & Moroz (1974) rat 50 Hz, 	20 niT; 	1 - 7 days Increase 	in adrenal 	li-hydroxy 
exposure curt ices troids 

Mizushima er ml. (1975) rat 50 Hz, 	0.12 2; 	3-8 exposure Anti-inflammatory effects 	of 	field on 
carrogcenan-induced oedenia and 
adjuvani-induced arthrtt is 

Heiseher & $rehl. (1975) mouse 45 Hz, 	0.1 	niT; 	24-h 	exposure No cSiaege 	in liver-triglycerides 

Mantel). 	(1975) human being 50 Hz, 	0.3 niT; 	3-h exposure No 8aeemetolog(cL changes 

)Jdintsev at ml. (1916) rat 50 Hz, 	20 mT; 	1-day exposure tricreased 	lactate 	dellydrogenase 	activity 
and 	change 	in 	dis tribrrtjors 	in 	heart 	and 
skeletal 	reuse Icr. 

Batkin 4 Tabrah (1977) mouse 60 lIz, 	1.2 	ink; 	13-day 	exposure Decreosed tumour grovth rate 
neuroOlantoma 

Sakhmrova et ml. (1977) rat 50 Hz, 	23 ml; 	1-day exposure Increased catecliolamuines 	in tissue 

Kartashev et al. (1978) yeast 0.1 	- 	10(3 	lIz, 	0.025 	- 	0.43 	siT; Changes 	in rate of anaerobic 	glycolysis 
20 - 30mmin exposure 

Ko1eova at ml. (1978) rat 50 Hz, 	20 mT; single 24-8 Dcveloprreut of insulin deficiency 
exposure and 6.5 h daily 
for 5 days 

'C 
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Reference 
	

Test specimen 	Exposure conditions 
	

Re su it a 

Iabrah et al. (19 78) 	Tetrahyuena 
pyriformis 

Persinger Cl al. (1978) 	rat 

Perainger & Coderre (1978) rat 

Udintsev et al. (1978) 	rat 

Udintaev & Khlynrn (1979) 	rat 

Kronenberg & Tenforde cultured 
(1979) mouse 

tumour celLs 

Chandra & Stefarsi 	(1979) mouse 
mammary 
carc moms 

Goodman et ml. 	(1919); slime mould 
Greenebaum et 	ml. 	(1975, 
1982) 

60 Hz, 5 - 10 mT; 	Cell divismon delay, reduced growth 
exposures up to 72 ii 	rate, increased oxygen uptake 

05 lIz, 0.1 T - 1 sit, 	No significant changes in thyroid 
rotating field; 	follicle numbers, mast tells, adrenal 
10-day exposure 	and pituitary weights, body weight, or 

water consumption 

0.5 lIz, 0.01 T - 1 mT, 	No significant change in thyisus mast 
rotating field; 5-day exposure 	Cell numbers in snia1s exposed prenatally 

and postnatall.y or exposed as adults 

50 lIz, 20 niT; 0.25-  to 6.5-h 	Changes in iodine uptake by the thyroid 

and 24 Ii exposures 	and thyroxine uptake by tissues 

50 Hz, 20 mT; i-day exposure 	iietaboiic changes in testicle tissue 

60 Hz, 2.33 ml; 4-day exposure 	No effect on cell growth rate 

60 Hz, 0.16 1; 1 -h daily 	No effcct on tumour growth rate 
exposures for 1 - 4 days 

75 Hz, 0.2 ml; 400-day exposure Lengthened nuclear division cycle and 
altcred lespiratmon rate (decreased Op 

ak,) 

in 
C' 
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Chiabrera at al. 	(1979) frog Single bidirectional pulses at Changes in chroicatin structure in the 
erythrocytes 40 - 70 Hz, or 4-kllz bursts tell nucleus, 	suggestive of 

of bidirectional pulses with decliffsreistiation 
10 - 20 Ha repetition rate; 
2-mi peak 	intensity; 	12- to 
24-h exposures 

Kolodub 6 Chernysheva rat 50 	LIz, 	9.4, 	and 	40 	roT; Altered brain metabolism at higher 
(1980) 5 ii daily 	for 	15 	days field 	intensity, 	including decreased rate 

of respiration, 	decreased levels of 
glycogen, creStloc phosphate and 
glutanine, 	and increSsed DIA content 

Fam (1981) moose 60 liz, 	0.11 T; 	23 	h 	daily 	for Decreased body weight and 	increased 
7 days water consumption; 	haematology, 	organ 

histology, 	and reproduction not atiecteC 

Aarholt at al. 	(1981) bacteria 16.66 and 50Hz, 	0 - 2 roT; Decrcad growth rate 
10- to 12-h exposure 

Raison et al. 	(1981) bacteria 60 	and 	600 liz, 	2 	siT; 	17- to Decreased growth rate and cytulysis 
64-h exposure 

Toroptsev & Soldatova rat 50 Hz, 	20 niT; 	1- 	to 24-h Pathoteorphological changes 	in bratn 
(1981) exposure 

Kolodub at ml. 	(1981) rat 50 Hz, 	9.4 - 40 mT, 	daily Changes in carbohydrate metabolism 
3-h exposures for up to 6 in the myocardiuin 
menths 

Sakharova at ml. 	(1981) rat 50 Hz, 20 eT, 	1-day exposure Changes in catecholamine content and 
morphology 	in brain, 	heart, 	liver, 
spleen, 	and 	circulatory system 

'.0 
-J 
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Reference test specimen Exposure ccnditionsa Reu1ts 

Delgado Ct xl. 	(1981, 1982) 	chicken 10, 	10(1, 	and 	1000 Hz; 	0.12, MorphoLogical abnormalities in nervous 

embryo 1.2, 	and 	12 	5T; 	0.5-as tissue, 	heart, 	blood vess1s, 	and 

rectangular pulses; 	2-day soiuites 

exposure 

Soldatova (1952) rat 50 Hz; 	20, 40, 	and 70 ml; PthomorphoIogtcal changes in brain 

8.5 H daily for 5 days, or tissue 

24-Li continuous expzSUre 

Sander at al. 	(1982) human being 50 Hz, S aT; 4-b exposure No 	changer, 	in 	LCG, 	EeC, 	hormones, 	blood 

celL counts, 	or OL000 CLiemtstry 

Luben at al. 	(1982) moose Single bidirectional pulses Reduced CAMP production in response 

osteoblast at 72 Ha, 	or 	+-k1a bursts of to parathyrotd hormone 

culture bidirectional pulses with 

15 Hz repetitLon rate 	2 ruT 

peak intensiLy; 3-day cxposure 

Shober et al. 	(1982) arouse 10 lIz, 	1 sit; 	1-day exposure Decreased sodium ion contOnt of iiVCr 

NortOn (1982) cultured 4 kIlt bursts of bidirectional Increased dydroxyproline, 

chicken pulses with 15 Mc repetition hyaluroriate, 	and DNA synthesis; 

embryo rate; 2 uI psak intensity; decreased glyccsoaminoglycans; 

sternum four 6-h exposures during 2 increased lysozyise activity 

days 

Aarholt et al. 	(1982) bacteria Square wave pulses at 50 Hz; Changes in rate 01 	f-gatactosidasn 

(S. 	coli) 0.20 - 0.66 aT, 2 -  to 3-h syntLiesis 

exposures 

Dixey 8 Rein (1982) rat pheochro- 500 Hz; 	bidirectional pulses; Stimulation or noradrenalitie release 

mocytoma 160 - 850 	T; 	3-h exposure 

ceLl 	in 

vitro 

Os 



Table 10 (contd.) 

Contj at ml. 	(1983) cultured 	- 1, 	3, 	50, 	and 	200 He; 	2.3 - Inhibition of lectin-induced 
human 6.5 mT; 	square-wave pulses; mitogenosis by 3- and SO-Ha fields 
lymphocyte 3-day exposure 

Goodman et xl. 	(1983) sciara- Single bidirectional 	pulses Initiation and increase of RNA 
coprophila at 	72 	lIz, 	or 4-kl[z bursts 	of transcription at defined 	loci 
salivary bidirection5l pulses with 	15 Hz 
giant repetition rate; 	2 mT peak 
chromosome intensity; 	5-  to 90ciin exposures 

Jolley et al. 	(1983) rabbit 4 kliz bursts of bidirectional Reduced Ca 1 	content and efiflux; 
pancreas pulses with 15-Hi repetition reduced insulin release during 

rate; 2-el peak intensity; glucose atiouletion 
lb-h expcaure 

Rauiirez at ml. 	(1983) Drosophila 0.5-as square-wave pulses at Decreased viability of eggs 
egg 100 liz, 	1.76 ml peek-to-peak 

intensit 	or 50 Hz, 	1.41 ruT 
sinusoids! 	field; 2-day exposure 

Ubeda et ml. 	(1983) chicken 0.5 ma bidirectional pulses at Teratogenjc changes in nervous system, 
embryo 100 Hz (4 diferent waveforms); circulatory system, 	and foregut 

0.4- 10 	104i' peak intensity; 
2 - day exposure 

Archer & Ratc1ife (1983) cultured 1 Lii, 	15 - 60 mT square- Decreased collagenous and non-collaganous 
chicken wave pulass; 7-day exposure protein synthesis; no alteration in 
tibia glycososminoglycan DNA synthesis 

Liboff et al. 	(1984) cultured human 15 lIz - 4 kilt; 	2.3 - 560 	pT; Increased DNA synthesis 
fibrob1st 18- to 96-Is exposures 

Cain of ml. 	(1984) cultured Single bidirectional pulses Inhibition of cAMP production and 
mouse at 72 Hz, 	or 4- 81-Ic bursts of Ca 	release in response to 
calvarium bidirectional pulses with paraihyroid hormene 

iS-liz repetition rate; 
2.5-mT peak intensity; 
exposure for 1 - 6 11 



Table 10 (coatd). 

Reference Test specimen Exposure ccnditions2 Results 

Temur'yarits et al. 	(1985) rat 8Hz, 	5.2 	pI; 	daily 3-h Transient 	iyparlipacrnia in blaodserum 
exposures for up to 45 days 

Murray & Farndale (1985) cultured 15-Hz bidirectional pulses; Enhanced collagen and total protein 

chicken 2.2- nil peak 	intensity; 	daily synthesis, 	slid decreascd cASH' 	alter 

fibroblOst 12 -11 exposures 	for 	I - 6 days at eSposure 
5 dayS 

Cain et xl. (1985) cultured Single bidirectional pulses Decreased cAliF production and increased 
mouse at 	15 Hz; 0.8-mi pk 	intensity; ornitlisne decarboxylase activity in 
calvarium 11-  to CC-isis exposures response to parathytoso hormone 

Uena et al. (1985) toad 20 Hz, 	2 kHz, 	and 20 kSlz; Teratogenic eftects 
embryo 10 - 	15 sil; 	15 -sin 	to 	Ils 

exposures 
laevis) 

Gundersees & Greenebaum rat muscle 60 and 70 ha (linear and Etiects on icinature endp1at 

(1985) circular polarizatian); potentials 
0.1 ml; 	lb-miss exposure 

winters et al. 	(1985a,b) human and 60 Hz, 0.1 siT; 	24-h exposure No 	effects 	an zsitogen 	response-s. 	Dies, 

dog leuko- ASiA or 	protein synthesis, 	or 	levels 

cytes of ceil surface receptors 

Phillips et al. cultured 60 Hz, 	0.14 niT; 	1-day exposure tnctease in growth rate, 	nun-car 

(1986a,b) human transferring receptors, 	and 	iyiesslan 

colon of 	tuniour- apncitic antigens 
tumour 

. 	The magnetic fields were sinusoidal unless otherwise indsated. 

C 
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(6) Decreased rate of cellular respiration (Cook at al. 
1969; Goodman et al., 1979; Greenebaum et al., 1979, 
1982; Kolodub & Chernysheva, 1980); 

Altered metabolism of carbohydrates, proteins, and 
nucleic acids (tTdiintsev et al., 1976, 1978; Kartashev 
t al., 1978; Udintsev & Khlynin, 1979; Kolodub 8 

Chernysheva, 1980; Kolodub et al., 1981; Norton, 
1982; Archer & Ratcliffe 	1983; Buyavikh, 1984; 
Liboff et al., 1984); 

Effects on gene expression and genetic regulation of 
cell function (Chiabrera et al., 1978, 1979; Heltrame 
et al., 1980; Aarholt et al., 1982; GooOman et al., 
1983; Goodman 8 Henderson, 1986); 

Endocrine alterations (Riesen et al., 1971; tldintsev 
& lloros, 1974; Sakharova et al., 1977, 1981; Kolesova 
et al., 1978; Udintsev et al., 1978); 

(t) Altered hormonal responses of cells and tissues, 
including effects on cell surface receptors (Dixey & 
Rein, 1982; Luben at al., 1982; Marsakova, 1983; 
Jolley et al., 1983; Cain et si., 1984; Chan & 
Nicholson, 1986); 

Altered immune response to antigens and mitogens 
(Odintsov, 1965; Mizushima et al,, 1975; Conti at 
al., 1983; Budd & Czerski, 1985); 

Morphological and other nonspecific tissue changes in 
adult animals, frequently reversible with time after 
exposure (Druz & Madiyevskii, 1966; Toroptsev at al., 
1974; Sakharova at al., 1981; Toroptsev & Soldatova, 
1981; Soldatova, 1982; Shober et al., 1982); 

(1) Teratological and developmental effects (Ossenkopp et 
al., 1972; Delgado at al., 1981, 1982; Kreuger at 
al., 1972; Ramires et al., 1983; Ubeda at al., 1983). 

These observations were made with sinusoidal and square-
wave time-varying magnetic fields and with pulsed magnetic 
fields that had repetition rates in the ELF frequency range. 
With few exceptions, the peak field intensities that were used 
exceeded 0.5 mT and the current density induced in the exposed 
samples exceeded 10 mA/m2. The currents induced within the 
cellular and tissue fluids were therefore at, or above, the 
upper limit of the naturally occurring levels. 
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It is noteworthy that most of the studies with square 
waveforms and with pulsed fields that induceC current 
densities greater than 10 isA/rn 2  led to findings of positive 
bioeffects (Delgado at al., 1981; Dixey & Rein, 1982; Luben et 
sI, 1982; Norton, 1982, Archer & Ratcliffe, 1983; Conti et 
al., 1983; Goodman et a1. 1983; Jolley et 51., 1983; Ranirez 
at al., 1983; Cain at al., 1984). Developmental effects were 
observed at lower induced current density levels by Delgado et 
al. (1982) and Ubeda et al. (1983), when they exposed chick 
embryos to pulsed magnetic fields. Juutilainen et al. (1986) 
and Juutiiainen & Saali (1986) found that this effect depended 
on the waveform and frequency of the magnetic field. A large 
international study is now in progress in an effort to 
replicate these findings. It has been suggested that the 
currents induced by such fields could exert an electrochemical 
effect at the cell surface (Luben et al., 1982; Jolley et al., 
1983). This effect, in turn, may influence hormone-receptor 
interactions, adenylate cyclase activity, and the membrane 
transport and intracellular concentration of calcium ions. 
All of these membrane functions are known to play an important 
role in cell metabolism and growth dynamics. 

Aarholt et al. (1982) measured the rate of beta-galacto-
sidase synthesis in cultures of E. coli exposed to 50-11z 
square-wavd magnetic fields, in order to investigate the 
effect of such exposure on the lac operon function. Following 
a 30-min exposure at 0.2 off - 0.30 ml, a decrease in beta-
galactosidase synthesis rate of about one-third was reported. 
At 0.32 ml, the synthesis rate returned to control values, and 
increased by a factor of 2 at 0.54 and 0.56 mT. No differences 
compared with control values was seen at 0.58 mT and higher 
values up to 0.70 mT. No measurements were made at higher 
field strengths. 

Chiabrera et al. (1979) reported a decrease in faa 
chromatin density of frog erythrocytes exposed to pulsed 
magnetic fields, such as those used in bone growth stimu-
lation. This imparted to the cells an appearance of earlier 
ineturation stages. There were morphological and cytophoto-
metric changes in chromatin density, which suggested gene 
depression, but such a conclusion does not appear to be 
justified, since RNA, protein, andlor haemoglobin synthesis 
were not investigated. 

Using biochemical and autoradiographic techniques, Goodman 
et al. (1983) demonstrated the initiation of RNA transcription 
at two different sets of loci in salivary gland giant chromo-
somes exposed to pulsed magnetic fields. One sEt of loci 
became activated following 45 min of exposure to single pulses 
with a 72-Hz repetition rate, another set after 15 min of 
exposure to pulse trains with a repetition rate of 15 Hz. 
Changes in protein synthesis in salivary gland cells exposed 
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under identical conditions, reported by Ryaby et ci. (1983), 
offer confirmatory evidence. All the reports quoted above 
seers to indicate that pulscd magnetic fields may affect gene 
expression. However, it should be noted that these studies 
were not duplicated or otherwise verified by independent teams 
of research workers. 

Eighteen of the investigations with ELF sinusoidal 
magnetic fields have involved exposure of rodents to 50-Hz and 
60-Hz fields with intensities ranging from 0.01 to 0.8 1 
(Odintsov, 1965; Druz & Madiyevskii, 1966; Tarakhovsky et al., 
1911; Toroptsev et al., 1974; tJdintsev & Moroz, 1974; Mizu-
shima Ct al., 1975; Udintsev at al., 1976; Sakharova at al., 
1977, 1961; Kolesova et al., 1978; Udintsev et al., 1978; 
Udintsev & Khiynin, 1979; Chandra & Stefani, 1979; Kolodub 6 
Chernysheva, 1980; Fan, 1981; Kolodub at al., 1981; Toroptsev 
& Soldatova, 1981; Soidatova, 1982). With the exception of 
one report in which tumour growth rate was observed not to be 
influenced by brief exposure to a 60-Hz, 0.16-1 field (Chandra 
& Stefani, 1979), all of the studies report positive findings 
of cellular and tissue effects from ELF magnetic fields. The 
maximum current densities induced in the experimental animals 
by the applied field exceeded approximately 10 mA/rn 2  in 
these studies, and were therefore at, or above, the upper 
limit of the endogenous 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 animal hsemato-
logical parameters are unaffected by ELF magnetic fields at 
intensities that reportedly influence other cellular and 
tissue systems. With the exception of one isolated report 
(Tarakhovsky et al., 1971), all of the published studies on 
hoematological parameters in exposed animals have shown no 
consistent field-associated effects (Beischer at al., 1973; 
deLorge, 1974; Mantell, 1975; Goldberg 6 Mel'nik-Guykazyan, 
1980; Fam, 1981; Sander at al., 1982). The apparent lack of 
sensitivity of the haematological system to magnetic fields is 
in distinct contrast to the well-documented effects of 
ionizing radiation and high-intensity microwave fields on this 
particular physiological system. 

Three of the studies listed in Table l'O involved short-
term exposures of human volunteers to ELF magnetic fields 
(Beischer et al., 1973; Mantell, 1975, Sander et al., 1982). 
With the exception of one unconfirmed report of an elevation 
in serum-triglycerides in the exposed subjects (Beischer Ct 
al., 1973), none of these investigations revealed adverse 
effects of ELF magnetic fields with intensities comparable 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 
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volunteers to a 50-Hz, 5-mT field produced no changes in serum 
chemistry, blood cell counts, blood gases and lactate concen-
tration, electrocardiogram, pulse rate, skin temperature, 
hormones (cortisol, insulin, gastrin, thyroxine), and various 
neuronal measurements, including visually evoked potentials 
recorded in the electroencephalogram. 

6.5 Effects of Pulsed Magnetic Fields on Bone Growth 
and Repair 

Direct current electrical stimulation has been used since 
the nineteenth century for the treatment of bone non-unions 
and pseudarthroses. Although this procedure has met with some 
success clinically, the use of direct currents has been shown 
to produce several undesirable side-effects including: 

surgical trauma and a risk of infection through the 
implantation of electrodes in bone; 

the development of electrode polarization with time, 
which leads to increased impedance and decreased 
current for a given applied voltage; 

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

These 	disadvantages 	of 	direct 	current 	electrical 
stimulation have been overcome by the recent introduction of 
pulsed magnetic field generators as a means of inducing ELF 
electrical currents within bone tissue (Bassett et al., 
1974). By using magnetic coils placed about a limb containing 
a fractured bone, electric fields with a typical strength of 
0.2 - 2 V/rn can be induced within the bone tissue. In the 
usual configuration, two coils are placed about the limb and 
positioned such that the bone fracture lies along a line 
joining the certres of the coils, and hence along the magnetic 
field lines. Assuming the conductivity of bone to be 0.01 S/rn 
at ELF frequencies (Lunt, 1982), the local current densities 
induced in bone by the pulsed magnetic fields can be estimated 
to lie in the range of approximately 2 - 20 mA/ni 2 . Initial 
studies on bone fracture reunion in dogs demonstrated that a 
pulse repetition frequency of 65 Hz was more effective than 
1 Hz (Bassett et al., 1974), and several subsequent studies 
have revealed that frequencies of 60 - 75 Hz are the most 
sdvantageous in facilitating fracture union and preventing 
pseudoarthroses (Bassett. 1982). 

Following the initial demonstration of the efficacy of 
pulsed magnetic fields in achieving bone fracture reunion in 
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experimental animals, several successful clinical trials have 
been reported concerning the treatment of bone fractures and 
arthroses in human beings by this method. In a four-year 
clinical trial involving more than 100 patientS, Bassett et 
al. (1977) reported an 85% success rate in the treatment of 
long-established pseudoarthroses. The successful use of 
pulsed magnetic fields in the facilitation of bone healing in 
human subjects has subsequently been reported by several 
clinical groups (Watson & IJownes, 1978; Bassett et al., 1982; 
1-linsenkamp, 1982; Bigliani et al., 1983). 

Barker et al. (1984) recently published an interim report 
on a double-blind clinical trial in which 9 patients with 
non-united tibial fractures were treated with active magnetic 
stimuLators, while a group of 7 control patients were fitted 
with dummy stimulators. After 24 weeks of treatment, the 
fracture united in 5 of the 9 patients with active stimu-
lators, and fractures in 5 of the 7 patients with dummy 
stimulators also unIted. Thus, there was no statistically 
significant difference between the treated and control groups. 
This preliminary result suggests that earlier claims of 
clinical success with pulsed magnetic field applicators may 
have been biased by the use of control groups that were not 
subjected to the same immobilization procedure as the patients 
undergoing active treatment. Controlled, double-blind studies 
on large numbers of patients are needed to assess this 
modality of treatment. 

The mechanism by which the weak ELF electric currents 
induced in bone tissues by pulsed magnetic fields could exert 
an influence on fracture repair is also under investigation in 
a number of 1aboratorie. Evidence from in vitro studies on 
osteoblasts and chondrocytes indicates that the pulsed fields 
influence hormone binding to receptors at the cell surface, 
and thereby depress the intracellular concentration of calcium 
ions and cyclic AMP (Bassett, 1982; Luben et al., 1982). 
These effects, in turn, can significantly influence cellular 
metabolism and stimulate growth. Studies by Hinsenkamp & 
ROoze (1982) with in vitro cultures of limbs from mouse 
fetuses demonstrated that electromagnetic stimulation leads to 
chondrocyte proliferation and an improved alignment of 
trabeculae and cartilage. Archer & Ratcliffe (1983) reported 
that cultured tibias from chicken embryos had a reduced 
collagen content following exposure to a pulsed magnetic field 
for 7 days. The observation was also made by these workers 
that the total synthesis of sulfated glycosoaminoglycans, 
which are major components of the extracellular matrix, was 
not affected by exposure to the pulsed magnetic field. The 
further elucidation of the macromolecular and developmental 
changes that accompany the stimulation of bone tissue by 
pulsed ELF magnetic fields remains a challenging area of 
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research, which will ultimately lend useful insight into the 
mechanisms by which weak ELF fields interact with living cells. 

6.6 Conclusions 

A well established and repeatable effect of human exposure 
to ELF magnetic fields is the induction of magnetophosphenes. 
This effect shows a strong frequency dependence on flux 	- 
density. The threshold for magnetophosphenes is between 2 and 
10 mT in the frequency range of 10 - 100 Hz. 

Much more intense fields are required to directly 
stimulate nerve and muscle tissue. These effects are also 
frequency dependent with thresholds above 50 niT (10 - 100 Hz). 

Numerous investigations with ELF magnetic fields with 
sinusoidal, square-wave, and pulsed waveforms have led to 
reports of alterations in cell, tissue, and animal systems, 
when the induced current density exceeded approximately 
10 mA/m2.  These reported changes have included alterations 
in cell metabolism and growth properties, gene expression, 
endocrine and immune functions, and teracological and develop-
mental effects. However, several of these studies have not 
been successfully replicated. 

A large number of laboratory studies have revealed 
evidence of changes in cellular metabolism and growth 
properties as a result of exposure to pulsed magnetic fields. 
However, in clinical applications of these fields for the 
facilitation of bone fracture reunion, not enough double-blind 
studies on large numbers of patients have been carried out to 
assess the efficacy of this treatment. 
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7. 	HUMAN STUDIES 

Since epidemiological studies have aSsumed an important 
role in the assessment of the human health risks of non-
ionizing radiation exposure, the characteristics of these 
studies must be considered relevant to determining causal 
relationships. Although there are inherent limitations in an 
observational method, sufficient data can be compiled from 
epidemiological studies to establish a causal relationship, as 
has occurred, for example, for cigarette smoking and lung 
cancer. 

The term causality is used when there is a biological 
association, and where a statistical pattern can be inferred. 
In general terms, a causal relationship is supported by a 
strong association between exposure and disease. Consistency 
in demonstrating the same association across different 
populations, for example different occupational groups or 
different regions of the country, supports a causal relation-
ship. 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 level of exposure provides a 
stronger inference of causality. Although the mechanism 
involved does not need to be known exactly, it is highly 
desirable to develop a predictive theory. 

7.1 Studies on Working Populations 

7.1.1 	Workers exposed to Static magnetic fields 

Studies on Soviet workers involved in the manufacture of 
permanent magnets indicated various subjective and physio-
logical symptoms: irritability, fatigue, headache, loss of 
appetite, bradycardia, tachycardia, decreased blood pressure, 
altered EEC, itching, burning, and numbness (Vyalov et al., 
1964; Vyalov & Lisichkina, 1966; Vyalov, 1967). The strength 
of the magnetic fields causing these symptoms 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 magnet production and machine building 
(Vyalov, 1971, 1974), involving 645 exposed persons and 138 

-  controls, reported subjective complaints and minor physio-
logical effects, especially in haematological and cardio-
vascular indices. The average static magnetic field strengths 
to which these workers were exposed were typically 2 - 5 mT at 
the level of the hands and 0.3 - 0,5 mT at the chest and head 
levels. Unfortunately, no statistical analyses were performed. 
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Marsh et al. (1982) studied workers (320 exposed, 186 
controls) in the USA employed in industries using electrolytic 
cells that generated large static magnetic fields. 	The 
exposed workers were subjected to average magnetic fields of 
7.6 mT in operator accessible locations and maximum fields of 
14.6 mT. 	The time-weighted average field exposures were 
calculated to be 4 and 11.8 mT for the mean and niaximurn field 
levels, respectively. Although no major health effects were  
found, minor haeniatoiogical alterations and blood pressure 
changes were observed. 

The prevalence of 19 common diseases was studied in 792 
workers in high-energy accelerator laboratories, bubble 
chambers, calutrons (isotope separation facilities), and 
high-field magnet facilities, compared with the same number of 
matched controls (nudinger et al., 1984b). A subgroup of 198 
workers exposed to 0.3 T or higher static fields for I h or 
longer was also compared with matched controls. No signifi-
cant changes were found in the prevalence of diseases of the 
skin; circulation; respiratory tract; male genital organs; 
genito-urinary tract; bone, muscle, and tendon; gastro-
intestinal tract; nervous system; liver and gall bladder; 
blood; and eye. The prevalencea of benign and malignant 
diseases, allergic and metabolic diseases; senility and other 
ill-defined diseases; and accidents including poisonings were 
also unaffected. 

In a study on 211 contact welders in the USSR, Abramovich-
Poljakov et al. (1979) showed an increase in nervous system 	' 
disorders and leukocyte counts, and alterations in 8CC, 
compared with 113 non-welders. Although the authors related 
this to exposure to 0.1- to 0.2-s pulsed magnetic fields of 
strengths 1000 - 100 000 A/rn (1.25 mT - 125 siT), exposure to 
other hazards, such as metal fumes could also be expected to 
lead to effects on health. 

Milbarn (1979, 1982, 1985b) reported that workers in the 
aluminium industry have a significantly elevated mortality 
from all classes of leukeemia and from acute leukaemia. This 
conclusion was based on a study of the death records of 
438 000 males in the state of Washington (USA) from 1956-79. 
The proportionate mortality ratios (PMRs) for all classes of 
leukaemia and acute leukeemia among aluminium workers were 189 
and 258, respectively (P < 0.01). This finding was 
subsequently confirmed by Rockette & Arena (1983), though 
their broader study involving 14 aluminium plants in the USA 
showed only a small overall excess of leukaeinia mortality with 
a standardized mortality ratio of 127.9, which was not 
statistically significant. The study by Rockette & Arena 
(1983) also revealed a trend towards increased pancreatic 
cancer, lymphohaematopoietic cancers, genito-urinary cancer, 
non-malignant respiratory disease, and various unspecified 
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benign neoplasms. Overall, the elevated risk of these various 
cancers was not statistically significant. Milham (1982) 
suggested that the elevated risk of leukaemia among aluminium 
workers might be associated with exposure to the static 
magnetic fields that result from the high PC electric currents 
used in the electrolytic reduction of alumina to alumirtium 
metal. However, at present, there is no clear evidence 
indicating a link between the magnetic fields present in 
aluminium plants and the increased incidence of ieukaemia or 
other cancers. The process used for aluminium production 
creates coal-tar pitch votatiles, fluoride fumes, sulfur 
oxides, and carbon dioxide. All of these environmental 
contaminants must be taken into account in any attempt to 
relate magnetic field exposure and cancer risk among workers 
in the aluminium indutry,  

Two other recent studies on persons exposed occupationally 
to static magnetic fields have failed to detect an elevated 
risk of cancer (Budinger et al., 1984b; Barregard cc al., 
1985). The results of the study by Budinger et al. (1984b) 
did not reveal any elevation in the incidence of benign or 
malignant neoplasms among 792 exposed workers compared with an 
equal number of matched controls. Barregard et at. (1985) 
studied cancer incidence during a 25-year period among a small 
cohort of workers at a chloroaTikali plant where the lOO-k.A DC 
currents used for the electrolytic production of chlorine gave 
rise to static magnetic fields of 4 - 29 tnT in the working 
environment. The observed versus expected incidence of cancer 
among these workers was not significantly different. 

Some of the reported effects in man exposed to magnetic 
fields are summarized in Table Il. Aittiough these studies are 
inconclusive, they suggest that, if long-term effects occur, 
they are very subtle, since no cumulatiye gross effects are 
evident. In general, the available data on cancer incidence 
among workers in occupations that involve exposure to large 
static magnetic fields do not support an association between 
cancer incidence and exposure to these fields. 

7.1.2 	Cancer eoidemiological studies on workers exposed to 
ELF electromagnetic fields 

Preliminary observations, some published as letters to the 
editor (Milham 1982; Wright et al., 1982; McDowall, 1983; 
VagerZ5 & Olin, 1983; Coleman et at., 1983; Oilman et al., 
1985; Lin et al,, 1985; Milham, 1985a,b; Pearce eL at., 1985; 
Stern eL al., 1986) reported an epideiniological association of 
leukaeinia and other tumours with electrical/electronic 
occupations involving presumed exposure to power-frequency 
electromagnetic fields (Table 12). 
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Table 11. Studies of workers exposed to stetc magnetic ijelis 

Exposure 
characteristics 

Reported effects 
(exposed popular ion) 

Reference 

Workers in magnet Subjective and minor Vyalow 	(197.) 
producticti; 	average physiological 	et7fecLs 
exposure; 2 - 5 ml (645 exposed, 	138 controls, 
(hands), 0.5 - 0.5 aT no statistical 	analysis) 
(chest and head) 

Contact weldars; 	0.1- Increased nervous 	system, Abraniovied- 
to 1.2-s 	pulsed magnetic cardiac, 	anti 	blood Poliokov or 	ol. 
fields of 	1.25 - 	155 disorderi 	(211 	exposed, (1919) 
wT, S h/day 113 	controls) 

Worders 	in aluniLniLsi Increased 	risk of 	1euaee1la •Iilhani 	(197o, 
plants 	(no fields (dealti 	records 	of 1985b) 
reported) 438 606 malci, 	but few cases) 

Industries using Minor haematological Marsh 	(1982 
electrolytic cells alterations, 	but no major 
(average, 	1.6 ml; healiit 	effects 	(320 
heaximuls, 	14.8 mT) exposed, 	186 controls) 

liorker S 	Cr. alUn,,n ium Small excess of 	leukmia Rockette 	1, 
plants (no fields mortality; 	rioti-sIfniticant Arena (1583) 
reported) risk of other cancers 

Higb energy accelerator No increased prevalence of Budinger et al. 
laboratory (fields up 19 common diseases (19846) 
to 2 T) including cancers 	(792 

exposed, 	792 controls) 

ELectrolytic production No ic.creand 	incidence of hfarregard St 	al. 
of chlorine (fields cancer over 25-year period (1985) 
4 - 29 ml) 

in an analysis of data for occupational mortality, Milham 
(1982) noted higher than expected proportionate mortality due 
to acute myeloid ieukaemia among men "whose occupation 
reçuires them to be in electric or magnetic fields." The data 
base consisted of 436 000 deaths of men, 20 years of age or 
older who, from 1950 to 1979, were residents of Washington 
state (USA). Although the proportionate mortality ratio 
(PI'IR = observed/expected x 100) is a useful statistical 
measure, it has technical limitations that should be explored 
in a complete study. PMRs significant at the P < 0.01 level 
were observed for "electricians", TV and radio repairmen, 
power—station operators, and aluminium workers, though 
similarity in field exposure among these groups was not proved 
and is unlikely. 
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Table 12. Cancer incideOce and occuptioni exposure to power frequency 
c lea tromagitetic fields 

Reference 	 Stobjar t 
	 Cancer risk 

wllduno et ci. (1961) 
	

lelecommunicatton workers 

MilItasi (1982, 19555) 
	

Electrical nccupat ions 

Wright CL ci. (1982) 
	

Rico trical occupat ions 

ficliuwall (1983) 
	

Electrical occupatiocs 

Coleman ci ci. (1983) 
	

Electrical occupations 

VaerS S Olin (1983) 
	

S lectrical occupations 

Swerdiow (1983) 
	

Electrical occupations 

Pearce Ct ci. (1993) 	Electrical occupations 

Lin St ci. (1985) 	Elettrlcal occupations 

ililnotu (1985a) Amateur radio operators 

Ciltian Ct 	al. (1955) Nales in udcr9round nines 

ia5erd EL 	ci. (1985) Ciectrical occupations 

No cancer risk 

increased leukaemi5 

increased leukaemic 

Increased lcukaemia 

Increased 1eukemia 

No ieukaemia risk 

Increased eye mela -
noma 

increased 1eukeiuia 

increased brain 
tuuiours 

Increased ieukaeistc 

Increased lcukaentic 

No ieukaemis tick; 
increased urinary 
cancer; increased 
mai1itani melanoma 

No leukacutit ruE 

Increased isalignasit 
Stei arleula 

increased teukuemia 

No ieukacmic risk; 
no brain tumour risk 

Calie I Savita (1965) 	ilcclttcal occupations 

Olin CL ci. (1955) 	Electrical occupaLions 

Stern CL ci. (1986) 	Electrician and walden 

Toreqvist EL ci. 	Electric power industry 
(195b) 

Wright et al. (1982) sought to verify. Mi1hams (1982) 
results by examining a similar statistic, the proportional 
incidence ratio (PIR) of a different and much smaller data 
base. They found significant increases (P < 0.05) in the 
incidence of acute myeloid leukaemia, based on a total of 4 
cases in power linemen and telephone linemen, two groups for 
which the Washington data yield insignificant PMRs. Calle & 
Savitz (1985) analysed mortality from ieukaemia among 81 men 
in electrical occupations in Wisconsin during the period 
1963-78. The classification of occupational groups used by 
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these authors was identical to those of Milham (1982) and 
Wright et al. (1962). PMR was calculated on the basis of all 
deaths occurring during this period in Wisconsin. No excess 
mortality from leukaemia was found, with the possible excep-
tion of acute leukaemia in electrical engineers. The PMR was 
257 (one- sided P < 0.05). When the leukaemia mortality data 
were pooled across all 10 electrical occupations, the PMR 
values were 103 and 113 for all leukaeiuia and acute teukaemia, 
respectively. Calle & Savitz (1985) concluded, on this basis, 
that there was no consistent overall pattern of excess leuk-
aemia risk among workers in electrical occupations. 

Additional data on occupational leukaemia rates in the 
United Kingdom were provided in two letters to the editor. 
McDowall (1983) found increased evidence of leukaemja in 
occupationally exposed electrical workers using PMRa and also 
by a case-control study. Coleman et al. (1983) also examined 
the leukaemia incidence for the same electrical occupations 
with evidence for a 17% excess that was especially strong for 
electrical fitters and telegraph operators, for whom the 
extent of electric or magnetic field exposure has not been 
established. 

The suggestion of a small, but significant, increase in 
the risk of leukaeinia in electrical workers in New Zealand 
with the potential for exposure to alternating electrical and 
magnetic fields was found by Pearce et al. (1985). The 
authors stated that their study would also support that the 
increased risk of leukaemia was due to exposure to metal fumes 
and substances used in electrical component assembly, since 
the greatest excess of risks was found for electronic 
equipment assemblers and radio and television repairers. 

A recent study by Stern et al. (1986) has led to the 
observation of an elevated incidence of leukaemia among 
electricians and welders in the Portsmouth Naval Shipyard (New 
Hampshire, USA). A matched case-control study was conducted 
of 53 leukaemia deaths and 212 controls identified from a 
population of 24 545 workers employed at this naval nuclear 
shipyard between 1 January 1952 and 15 August 1977. No 
correlations were found between leukaemia mortality and 
exposure to ionizing radiation or to organic solvents. The 
Msntel-Haenszel odds ratio was 3 for the mortality from 
lymphatic leukaemia among the electricians (P < 0.05). For 
welders, the odds ratio was 2.25 for myeloid leukaemia (P < 
0.05). These elevations in leukaemia mortality were 
attributed by the authors to electromagnetic field exposure 
among workers in the affected groups. 

Other studies on groups with presumed occupational 
exposure to electromagnetic fields have failed to detect an 
excess of leukasmia cases (Vager6 & Olin, 1983; Vager6 et al., 
1985; Tornqvist et al., 1986). However, in these studies, a 
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significant increase in the incidence of pharyngeal cancer 
(Vager & Olin, 1983), urinary cancer (Vagerd et at., 1985), 
and mlignaut skin melanoma (Olin et al.., 1985; Vagero et at., 
1985) was noted. An excess risk of malignant melanoma of the 
Skin was primarily associated with occupations that involved 
soldering. 

Using years of employment as a measure of exposure to 
electromagnetic fields, Gilman et al. (1985) reported a 
significant increase in the incidence of leukaeisia among white 
male coal miners who had worked for more than 25 years 
underground compared with miners who had worked for less than 
25 years underground. it was suggested that the electro-
magnetic fields associated with power lines, transformers, 
etc. were a possible factor in this increased risk. 

in an epidemiological study on telecommunications workers 
based on the Swedish Cancer Environment Registry, Wiklund et 
al. (1981) did not find any increased riak for this occupa-
tional group compared with the Swedish population as a whole. 

Swerdlow (1983) suggested an association with an increase 
in the incidence of adult melanoma of the eye in electrical 
and electronic workers and also the non-manual social classes 
(white-collar workers). 

An increased incidence of cancer deaths in male members of 
the American Radio Relay League in California and Washington 
States was found by Nilham (1985a). Lin et al. (1985) recently 
reported an increased number of brain tumour deaths among 

.,.  white male workers in 3 electrical/electronic occupations in 
the state of Maryland (USA) during the period 1969-82. The 
Mantel-Haenszel odds ratio was 2.15 (with a 957 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 	Conclusions 

The association between cancer incidence and occupational 
exposure to power-frequency electric and magnetic fields 
suggested by many of the recent epidemiological studies 
reviewed here is not clearly consistent. In many of these 
studies, the ELF field levels to which the occupational groups 
under study were exposed were not characterized. Also, in a 
number of the investigations, confounding variables of high 
carcinogenic potential, e.g., certain organic fumes and hydro-
carbon particulates, were not taken into account. Therefore, 
even if it is concluded that the risk of leukaemia or other 
types of cancer was increased for certain occupational groups, 
it does not follow that the ELF electric or magnetic field 
exposure was the relevant etiological factor. 

8 
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In general, given the limited statistical power of the 
studies reported to date, the reported increase in the 
incidence of leukaemia and other cancers has been less than a 
factor of 2 (for example, from I per 106  to 2 per 10 6 ) 

compared with a case-control group or the general population. 
These epidemiological studies have often involved very few 
disease cases in an occupational category, as well as 
inconsistent category definitions. As discussed in the _ 
introduction to this section, epidemiological methods can 
detect associations with a reasonable degree of certainty in 
studies such as these, if appropriate criteria are applied to 
a large enough data base of good integrity. The suggestion of 
leukaemia and other cancers related to ELF electromagnetic 
field exposure raises important questions that should be 
addressed by studies of adequate statistical power, in which 
confounding variables are taken into account. There is all 
urgent need for well-designed experimental studies on the 
carcinogenic effects of ELF electromagnetic field exposure, 
using the time-honoured methods that have been previously used 
for testing the carcinogenic effects of chemical substances. 
Until such data are obtained and additional epidemiological 
studies are carried out, the problem of the carcinogenic 
effects of ELF electromagnetic field exposure should be 
considered to be unresolved. 

7.2 Epidemiological Studies on the General Population 

Wertheimer & Leeper (1979) reported a 2- to 3-fold 
increase in the incidence of leukaemia among Colorado 
children, presumably exposed to fields from high 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 low currant configurations. 

The same authors (Wertheimer & Leeper, 1982) extended 
their work to a study of the incidence of adult cancer in 
those living near high-current electric wiring. The asso-
ciations demonstrated were not dependent on age, urbanicity, 
neighbourhood or socio-econotuic level and were most clearly 
demonstrated where urban/industrial factors were not present 
to obscure the pattern. The four types of cancer that appeared 
to be particularly elevated in the exposed adult populations 
were cancer of the nervous system, uterus, breast, and lymph-
omas. The authors suggested that magnetic fields might have a 
tumour-promoter effect, since the increases were maximal at 7 
years from the time of taking up residence in the area. 

These preliminary studies have limitations common to many 
epidersiological studies involving cohort selection and addi-
tional problems suggesting possible biases in the techniques 
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for scoring the wiring configurations, and in the assumption 
that the scoring technique accurately determines magnetic 
field strength levels among the cases examined. Further 
questions are raised 1  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 bias. Consider-
able interest has been provoked by these findings and it is 
expected that many of the issues will be dealt with in future 
research. 

The hypothesis that such weak magnetic fields (of the 
order of 0.1 - 0.7 iT) produce biological effects has raised 
questions, such as those of Miller (1980), who criticized the 
Wertheimer & Leeper (1979) study on the basis that the 
magnetic field from electrical appliances in the home would 
far exceed contributions from electrical wiring configurations 
in the environment. 

Tomenius et al. (1982) and Tomenius (1986) reported an 
increased incidence of tumours (malignant and benign) in 
children living in homes where the magnetic field outside the 
front door was more than 0.3 jiT. The data involved a small 
number of cases and again the field measurement was question-
able, because the relation of personal exposure to the value 
of the field measured outside the home was not established. 
Tomenius (1986) did not find an increased incidence of leuk-
aemia but an increased incidence of nervous system tumours in 
residences with magnetic fields greater than 0.3 pT. 
Furthermore, if a cut-off magnetic field strength other than 
0.3 PT was used, no association of tumour incidence and 
magnetic field exposure would occur. 

These studies, and the preliminary occupational data (see 
above) causing some concern in relation to electric or 
magnetic field exposure, must be investigated further to 
determine whether the suggested link with cancer induction or 
promotion can be established. Recently, the results of three 
studies carried Out in the United Kingdom did not show any 
association between magnetic fields and cancer (Coleman et 
al., 1985; Myers et al., 1985; McDowalI. 1986). It should be 
noted that these studies are open to the same criticisms as 
those above that indicate an association, particularly with 
regard to the limited statistical power and lack of quantifi-
cation of exposure. A suamiary of studies on cancer incidence 
and population exposure to electromagnetic fields is given in 
Table 13, 

Another 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 magnetic fields from power-
line sources (Perry et al., 1981). On the basis of coroner 
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Table 13. Cancer incidence ecu population exposure to electron ;netic 
tie ifs 

Reference Subjects Cancer eeatbs 

Werthciner R Children 	living near lncrcased 	Leaemie 

Leaper (1979) ii igh current coe.figeret coos 

Fulton Cr ci. Children 	living near Sigh No increased leukaenru 

(1980) current configurations 

NerthCirner N Adults 	living neat high IncreaSed ca:cer 

Leepet 	(1982) current configurations 

Coleman et al. PerSojss living near No increased leukaemia 

(1995) high voltage 	Lines 

Myers et al. Children living near No increased cancer 
(1985) higS voltage 	lines 

Radvail at al. Persons 	living near No Increasea cancer 
(1985) Sigh voltage lines 

To,uenius 	(1986) Children 	living near No increasea leukaemia 
high voltage lines Increased nervous 

systew rumours 

ScOowall 	(1986) Persons 	lcvtng near No increases cancer 
high voltage lines 

and police records from various urban and rural regions within 
a 5000 km 2  area in the Midlands of England, a statistically 
significant increase in suicide rate was found among indivi-
duals who lived in residences where the 50-Hz field intensity 
exceeded 0.15 III at the front entrance. A subsequent 
statistical analysis of the same data indicated that the 
cumulative probability ratio for the incidence of suicide 
increased above the null effect level of unity for residential 
50-Hz magnetic field intensities exceeding 15 nT (Smith, 
1982). However, oscillations occurred in the cumulative 
probability ratio as a function of increasing magnetic field 
intensity, and at 0.2 pT, the ratio for the "urban" study 
group was consistent with the absence of any 50-Hz magnetic 
field effect. From an epidemiological perspective, the lack 
of a clear-cut dependence of the suicide incidence on magnetic 
field intensity suggests that the apparent correlation between 
these variables may be purely fortuitous. An extension of the 
studies initiated by Perry et al. (1981), using a signifi-
cantly larger population of individuals, will be required 
before any firm judgement can be made regarding the proposed 
correlation between suicide incidence and ELF magnetic field 
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exposure. Thus, these data cannot serve as a basis for the 
evaluation of possible health effects, particularly as 
McDowall's (1986) data based on an analysis of mortality in a 
group of nearly 8000 persons, identified as living in thu 
vicinity of electrical transmission facilities, did not 
support an association with suicide. 

7.3 Studies on Human Volunteers 

A number of research workers (Mantell, 1975; dauf, 1976, 
1982; Denisov et al., 1979; Sander et al., 1982; Kholodov & 
Berlin, 1984) have performed controlled studies on human 
volunteers in laboratories where the field strength and 
exposure duration were accurately known. The strongest fields 
and lengths of exposure were used by Sander et al. (1982) and 
Kholodov & Berlin (1984). 

Sander et al. (1982) exposed human volunteers to 50—Hz 
magnetic fields of 5 mE. These exposures did not produce any 
effects with the exception of some minor variations in certain 
haematological parameters. All of the studies on human 
volunteers exposed to relatively weak magnetic fields produced 
negative results (Table 14). 

Table 14. Effects of ELF nognetic fields on uan 

Exposure 	Effect 	Reference 

0.3 siT, 50 Hz (for 3 h) No effect on reaction 	Mantell (1975); flaf 
time or lEG 	(1976) 

3 sT 10 Hz 	Threshold for 	000i8ov et al. (1919) 
perception or sensation 

5 mT, 50 Hz (for 4 hI 	No effect on irony 	Sander et al. (1982) 
day for 1 week) 	physiological parameters 

3 siT, 10 Hz 	Threshold for 	Kholodov & terlin 
perception or sensation 	(1984) 

2 - 10 niT, 15 - 20 Hz; 	Threshold for perception 	Various authors 
10 mT, 50/60 Hz 	of magnetophasphaoes 	(Table 7) 

60 siT, 50 Hz 	Threshold for visually 	Silny (1986) 
evkd potentials 

Kkiolodov & Berlin (1984) exposed the head, arms, and legs 
of human volunteers to determine the thresholds for sensation 
or perception of magnetic fields. They reported that, for 
pulsed magnetic fields (f = 10 Hz) the threshold was about 3 
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mT, for sweeping magnetic fields, about 0.5 mT, and for static 
fields, about b mT. 

When the hands of human volunteers were exposed to static 
magnetic fields of up to 0.1 T for up to 30 win, skin 
temperature and sensitivity decreased, and capillary spasms 
were reported (Roschin, 1965). 
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8. HEALTH EFFECTS ASSESSNT 

The process of reeking a health risk evaluation is quite 
complex and involves consideration of such concepts as 
numerical values of risk, acceptability of risk, reasonable or 
comparative risk, public perception of risk, and cost-benefit 
analyses (Sinclair, 1981). 

In making an assessment of the health risks from exposure 
to magnetic fields, criteria must be developed to identify 
which effects are to be considered a hazard for human health. 
The difficulty in defining the health hazard occurs when value 
judgernenta are involved that may not be based on scientific 
analysis. 

Strict guidelines must be established prior to reviewing 
the literature on the biological effects of exposure to 
magnetic fields. Certain studies are conducted to identify 
underlying mechanisms of interaction. Many of these will be 
conducted on biological systems exposed in vitro to magnetic 
fields. Health effects assessments cannot be based on in 
vitro studies alone, because effects found in vitro may not 
necessarily occur in vivo. In vitro studies make it possible 
to determine the toxicity of an agent in increasingly complex 
steps. For example, effects on solutions of biological 
molecules might be used as a model system to study predominant 
mechanisms of action. Uncomplicated systems can assist in the 
exploration and evaluation of mechanisms and may serve as a 
useful basis for designing studies at the next level of 
biological complexity, the cellular level. By restricting the 
complexity of the experimental system, there will be less 
chance of possible subtle effects being masked by gross or 
dominant effects. 

Thus, health agencies can place only limited 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 mechanisms of interaction are 
understood and found to occur in laboratory animals, the next 
step is to determine if it is possible to extrapolate the 
results to man. 

Present knowledge of the interaction mechanisms operating 
when biological systems are exposed to magnetic fields is not 
sufficient to predict theoretically the whole range of effects 
of exposure to these fields, particularly the long-term 
effects. Thus, care must be applied in attempting to predict 
or extrapolate effects in man from effects found in laboratory 
animals. 

An approach to making a health risk assessment is to 
evaluate the available data on exposure levels and bioeffects 
to determine if thresholds for effects occur (Repacholi, 
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1985b). 	It should be noted that, in undertaking such an 
evaluation, only reports that provide adequate information on 
experimental technique and dosimetry should be used. Ideally, 
only data that have been reproduced or substantiated by 
independent laboratories and have a direct bearing on health 
risk should be considered. 

If possible, the health risk assessment should be based on 
well-conceived, -conducted, and -analysed epidemiologica) 
studies. Unfortunately, epidemiological studies on human 
beings exposed to magnetic fields tend to suffer from one or 
more of the following deficiencies: small numbers of subjects 
(resulting in low statistical accuracy); a lack of adequate 
dosimetry or ill-defined exposure conditions; lack of inform-
ation on confounding variables, such as exposure to other 
physical or chemical agents; and a lack of a properly matched, 
stable control group that would provide unequivocal inter -
pretation of the data to give a direct causal relationship 
with the hazardous physical agent. 

Health risk analysis for the development of standards 
might adopt a phenornenological or conservative approach 
(Kossel, 1982; Repacholi, 1983a,b). 	In this case, it is 
assumed, until more information becomes available, 	that 
exposure to fields that produce an adverse biologica' effect 
could be hazardous, since later studies may reveal that the 
biological effect was a precursor to real injury. 

8.1 Static Magnetic Fields 

From the available data summarized in section 7, it can be 
concluded that short-term exposure to static magnetic fields 
of less than 2 T does not present a health hazard. Because of 
the lack of experimental data and from analysis of established 
mechanisms of interaction, exposure to fields above 2 1 cannot 
yet be evaluated. 

8.2 Time-Varying Magnetic Fields 

In evaluating human exposure to time-varying magnetic 
frequencies up to about 300 Hz, it is possible to use an 
organ-dose concept (Bernhardt et al., 1986). This is based on 
two assumptions. 

(a) There are no indications that a specific time-varying  
magnetic field effect exists at tissue field strengths 
below the value at which induced eddy currents may cause 
biological effects. Reports on calcium efflux (Adey 1981; 
Blackman et al., 1985b) and on effects in chick embryos 
(Delgado et al., 1981, 1982; Ubeda et al., 1983; 
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Juutilainen et al., 1966), if confirmed, would appear to 
be due to other mechanisms. 

(b) When possible health risks for man from exposure to 
time-varying magnetic fields are evaluated, the biological 
effects mainly considered are those that originate from a 
direct action on the cells in nerve and muscle tissues. 
The physical quantity determining the biological effect is 
the induced electric field strength in the tissue 
surrounding the living cell. 

There is a considerable amount of experimental data on 
stimulation thresholds for different nerves and muscle cells, 
often expressed in the form of 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 parameter in the assess-
ment of the biological effects at the cellular level. Field 
strength and current density are related by the conductivity 
of the medium. 

Selection of the current density as a measure of an action 
at the cellular level also makes it possible to extrapolate 
conditions in the human body from experimental animal studies 
or from measurements taken on isolated cells, by way of mutual 
comparison of the current densities. It seems irrelevant 
whether the electric current density surrounding a cell is 
introduced into the body through electrodes or induced in the 
body by external magnetic fields. However, the current paths 
within the body may be different in the two cases. 

Several ranges of current densities may be considered, 

Up to 10 mA/rn 2  

It can be assumed that a current density of less than 
1 mA/rn 2 , induced by an external magnetic field, should not 
produce adverse neurological or behavioural effects, since 
naturally flowing currents in the brain are of the same order 
of magnitude. Similar arguments 2ertain to fields that 
produce current densities of less than 10 mA/rn 2  in the 
heart. In general, the endogenous current densities in major 
tissue and organ systems, other than the heart and brain, are 
below the 1 mA/rn 2  level. Cellular responses in various 
tissues have been observed as shown in Fig. 8, and effects on 
tissue (bone) repair have been noted. 

10 - 100 mA/rn 2  

In this range, 	electro- and magnetophosplienes are 
observed. Nagnetophosphenes can be considered harmless for a 
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Fig. 8: Threshold values of the sinusoidal magnetic field for different 
biological sflects. 

Curve A; cardiac sLruiulatio 	(fibrillation) threshold. From; 
Silny (1986). 
Curve 13; extra—systole stimulation threshold (with stimulus 
duration greater than 1 s). 
Curve C; threshold curve for stimulating excitable cells and for 
producing mosibrane potential, changes in single cel1. 
Curve D; effects on Visual evoked potentials in man. From; Silny 
(1981). 
Curve E. 	threshold 	for producing clearly distinguishable 
magnetophoaphenes. From: Silsiy (1981). 
Curve F: threshold for producing detectable phosphenes in about 
lob of volunteers. From; Bernhardt (1985). 
Curve G; current density curve of 1 mAim' calculated for a 6-
or 7.8—cm radius tissue loop with a conductivity of 0.2 S/rn, 
serving as a model for the heart or head. 

short exposure; however, the consequences of a long-term 
exposure with current densities at, or above, 10 nA/rn 2  are 
not known. Furthermore, this current density will produce a 
membrane potential of the order of 0.1 mV (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 neuronal elements, even 
without action potentials (Schmitt et sI., 1975). It must be 
expected that current densities that are below the nerve 
stimulation thresholds, may still influence brain function 
associated with electrical activity. 
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100 - WOO nA/ni 2  

ft 11as been shown by a number of research groups that 
current densities in this range, wiiitli result from electric 
currents applied in vitro arid in vivo to ma,mr,alian ceriLra 
nervous tlssue, can influence neuron excitability without 
ceus nig U tract s Limulat LOU. NuCh of this work has been 
carried out using rat hippocainpal slices (i3awin eL al., 1975, 
1978 3  1984, 1980) and guinea—pig Irippocampal slices (Jeifries, 
1981) . 	lire Liirrrsholds for stimulation of sensory receptors 
and oi nerve and iruscIc cells may also lie in this range. 	It 
is possible that such stimulation could be hazardous. 	An 
unexpectea sttniuiacioa of muscle tissue may lead to a 
dangerous reaction. (itianges in excitability or the direct 
tiiiiuLstioii of central nervous tissue may lead to adverse 

changes in mental function. 

Above 1000 mA/rn 2  

An increased probability of ventricular fibrillation 
occurs at current densities above 1000 mA/mn 2 . The 
probabitty of this effect increases with both duration of 
exposure and current density magnitude. Continuous (Letanic) 
muscle contraction may also occur. In studies where 50/60—Hz 
electric currents have bcen applied to human volunteers via 
electrodes, tetany of the muscles concerned with breathing has 
been produced which, obviously, world be fatal if prolonged. 

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

Sable 15. Iflduced current density raeges bctween 3 and 300 Mn 
for producing biological effct 

Current density (mA/ni') 	Effects 

< 1 	Absence of established effects 

10 	Sinai biological effects reported 

10 - 100 	Well 	established 	effects, 	visual 

(sagnietopimoephenes) and possible nervous 
system effects; facilitation of bone 
fracture reunion rcported 

100 - 1000 	Chsnges 	in 	control 	nervous 	system 
excitability 	established; 	stimulation 
thresholds; possible health h5sards 

>1000 	Extrasystoles, ventricular fibrilistiori 
possible; definite health hazards 
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In terms of a health risk assessment, it is difficult to 
correlate the internal tissue current densities with the 
external magnetic field strengths. Calculation of current 
densities using Faraday's law is complicated by the fact that 
the exact current paths depend in a complex way on the 
distribution and the conducting properties of the body 
tissues. Current densities induced in human beings and 
animals are extremely non-uniform. Current enhancements have 
been predicted in the human neck, axillae, and lower 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. Furthermore, the effective 
diameter of the current pathways (loops) is not known. Flow-
ever, using "worst case" assumptions, an estimate of the order 
of magnitude for "safe" and dangerous magnetic field strengths 
and their frequency dependence can be made (Bernhardt, 1979, 
1985). 

The threshold field strengths and 	induced current 
densities required to produce visual effects by exposure to 
time-varying magnetic fields have been studied as a function 
of frequency (sections 4.2 and 6.1). In addition, the effects 
of electrical stimulation on cell membrane potentials, sensory 
receptors, and cardiac, nerve and muscle 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 magnetic field generation of phosphenes and for 
altering the VEP, have recently been summarized by Bernhardt 
(1985). By calculating the magnetic flux density that would 
produce current densities in tissues comparable with those 
produced by direct electrical stimulation, Bernhardt (1985, 
1986) has constructed a family of curves representing the 
approximate threshold field levels necessary to produce 
electrical stimulation of cells and tissues by time-varying 
magnetic fields with a sinusoidal waveform. These threshold 
field levels are plotted in Fig. S as a function of frequency 
in the ELF range. Seven curves are shown in this figure, 
including some experimental data as explained in the caption. 

With the possible exception of production of magneto-
phosphenes, over the entire ELF range, the threshold field 
levels that produce stimulating effects in various target 
organs and tissues are greater than those that induce a 
current density of 1 mA/rn 2  in the brain or heart. This 

	

observation is consistent with the results of cell and tissue 	-• 
studies summarized in seCtion 6.3, which indicate that the 
threshold current density for which perturbations are 
consistently observed is approximately 10 mA/mi. 

The values given in Fig. 8 for the current densities are 
applicable only to the peripheral regions of the heart or the 
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head. For zones closer to the centre of the heart or the head 
(having a shorter current path), higher strengths of the 
magnetic field are necessary to induce the same current 
densities. From Fig. 8, a magnetic field strength that is 
considered not to produce any biological effect is about 
0.4 mT for 50 or 60 H. Although some experimental data fit 
satisfactorily into Fig. 8, it must 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 
precluded. The extent of high local field strengths needs 
further eiucidation by continued studies. 

Safety factors may be defined more precisely only after 
further studies. This has to be considered in the case where 
curve C in Fig. 8 is used to evaluate human exposure to time-
varying magnetic fields or to provide a basis for discussion 
on the definition and determination of personnel exposure 
limits. 

8.5 Conclusions 

Only a few mechanisms of the interaction of biological 
tissue with magnetic fields have been established. Some of 
the biological effects data suggest that other mechanisms may 
play a role, but these have yet to be confirmed experi-
mentally. Thus, only a preliminary assessment of the human 
health risks from exposure to magnetic fields can be made. 

A number of lower organisms have shown a remarkable 
sensitivity to the earth's magnetic field, because of highly 
developed receptors. Similar receptors have not been found in 
human beings. 

For human exposure to static magnetic fields, it is not 
possible to make any definitive statement about the safety or 
hazard associated with short- or long-term exposure to fields 
above 2 T. Available knowledge suggests the absence of any 
measurable effect of static fields on many major develop-
mental, behavioural, or physiological parameters in higher 
organisms. Recent medium-term (days) studies on exposure of 

-  animals to static fields of up to 2 T have not demonstrated 
any detrimental effects. 

From the scientific data base on higher organisms exposed 
to magnetic fields, only 4 types of effect can be regarded as 
established. The first three may be explained by plausible 
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mechanisms of interaction and produce a basis for extra-
polation to man. These effects are 

induction of electrical potentials and magnetohydro-
dynamic effects within the circulatory system; 

the formation of magnetophosphenes with a time rate 
of change of magnetic field exceeding 0.3 T/s at 
11 Hz; the effect depends strongly on frequency 
(compare Fig. 8); 

direct stimulation of nerve and muscle cells by very 
short (less than I ins) pulses of rapidly changing 
magnetic fields (several thousand T/s). 	Current 
densities are estimated to exceed 100U mA/ma. 
These effects are strongly frequency dependent and 
may exhibit lower thresholds (100 - 1000 mA/rn 2 ) 

under more favourable stimulus conditions (11) - 100 
Hz). 

other cellular and tissue alterations when the 
induced current densities exceed approximately 10 
mA/rn 2 

5. For human exposure to time-varying magnetic fields, it 
seems reasonable to assume that a health risk assessment can 
be made on the basis of significant perturbations of 
biological functions caused by electric currents induced by 
the fields. Available data suggest that, when current 
densities less than 10 mA/rn 2  are induced in tissues and 
extracellular fluids, the induction of adverse health effects 
is unlikely. However, the possibility of some perturbing 
effects occurring following long-term exposure cannot be 
excluded. 

The time-varying fields that induce currents in the body 
depend critically on the waveform and pulse shape. In this 
regard, the peak instantaneous current densities appear to be 
important. Furthermore, the frequency dependence of effects 
produced by time-varying fields has to be taken into 
cons iderat ion. 
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9. STANDARDS AND THEIR RATIONALES 

With advances in technology resulting in increasing 
numbers of devices using magnetic fields, the potential for 
human exposure to these fields has increasen to the point that 
valid questions are raised concerning safety. 

Except for the USSR (USSR, 1970, 1978, 1985) and the 
Federal Republic of Germany (1986), no countries have 
developed, or are developing, mandatory standards iLmiting 
magnetic 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 accelerators and fusion reactors 
using strong magnets, magnetic levitation systems for trans-
port and, most recently, the application of magnetic resonance 
techniques in diagnostic medicine, serious consideration has 
been given to developing exposure limits in various countries. 

A safety standard is a general term, incorporating both 
regulations and guidelines, and is defined to be a set of 
specifications or rules to promote 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 guide-
line generally has no legal force and is issued for guidance 
only - a voluntary standard. Safety standards can specify 
maximum exposure limits and other safety rules for personnel 
exposures, or provide details on the performance, construc-
tion, design, or functioning of a device. 

The purpose of this section is to briefly summarize the 
existing standards on magnetic fields and to discuss their 
scientific basis. 

9.1 Static Magnetic Fields 

Only a few guidelines limiting occupational exposure to 
static magnetic fields have been developed. The limits of 
human exposure to static magnetic fields in the USSR, US 
Department of Energy, and certain accelerator laboratories in 
the USA, and the CERN Accelerator Laboratory in Geneva are 
summarized in Table 16. Only one standard (USSR, 1978) has 
been promulgated to regulate static magnetic fields. A nes 
DIN-VDE draft electromagnetic field standard is being 
discussed in the Federal Republic of Germany (1986) and this 
includes 0 lIz magnetic fields. 

The earliest static magnetic field guidelines were devel-
oped as an unofficial recommendation in the USSR (Vyalov, 
1967), Clinical investigations (Vyalov et al., 1964; Vyalov & 
Lisiclikina, 1966; Vyalov, 1971, 1974) formed the basis for the 
Soviet Standard (USSR, 1978). The standard requires that the 



Table lb. Limits of occupational exposure to static maynetic fields 

Author Field Exposure time body reliun Conenenti 

USSR (1978) 0.01 T 8 b whole body r060lOtian 	issued by Ministry of 
Health 

Stanford 0.02 1 extendCd (b) whole body uoaffiia1, 	occupational 

Linear 0.2 1 short 	(siu) whole body 
Accelerator 0.2 T extended 	(i) seulo 	hands 
Center 	(1970) 2 1 ibort 	lain) arms, 	bands 

US Department of 0.01 T 8 	Ii wholo body recommended 	to 1)08 	sontroctors 
Energy (DOE) 0.1 	1 1 	n 	or 	less whole, body 

(Alperi, 	1979) 0.5 T 111 	1510 	or 	leis whole body 

0.1 1 8 h arms 	hands 
1 	T 1 	Ii 	or 	less arms, 	hands 
2 1 10 	sin or 	less arms, 	bands 

CERN Accelerator 0.2 T minutes whole body hlecosmmndd 	pratt icc 

Lab, Geneva 2 1 short hands, 	arias 

(NRPB, 	1981) ind 	fect 

Lawrence Livermore 0.06 1 day trunk c!aain!um average/day 	1! peak 	± telds 

National Laboratory > 0.5 T 
(LLNL,1985) 

0.06 1 day trunk aaxirsnoi average/week 	in pOak 	fields 

0.6 1 dcv extrerlitiPo 15051 Ian'S 	overoic/week 	(in 	peas 	fields 
C 	O.j 	i') 	or 	Icr 	thiip 	I CL! 	[mdl 	rictUs 
> 

2 1 short (mm) whole body peak exposure 	limit 

OS 
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static magnetic field strength at the work-place does not 
exceed 8 kA/m (0.01 T). 

Three sets of guidelines recommending limits of occupa-
tional exposure to static magnetic fields exist in the USA. 
Two of these are applicable in high-energy physics labora-
tories, and the other is a US Department of Energy (DOE) 
guideline. 

At the Stanford Linear Accelerator Center in California, 
unofficial guidelines were established in 1970. They suggest 
that the whole body or 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 arms and hands. 
For short periods (lain), the whole body or head, and arms and 
hands should not be exposed to fields exceeding 0.2 and 2 T, 
respectively. The 2-T limit also allows film changes at 
Stanford's bubble chamber. 

The Lawrence Livermore National Laboratory (LLNL, 1985) 
has drafted a set of policy guidelines for working in magnetic 
fields associated with the high-energy accelerators. The 
guidelines (Table 16) state that; 

Maximum exposure; Workers must never be exposed to fields 
exceeding 2 T, regardless of the duration of the exposure 
or the exposed part of the body; 

Fields less than 500 ml; If the peak field to which 
workers are exposed is less than 500 niT, personnel may be 
exposed to a week-long maximum average field strength of 
no more than 60 ml (measured at the torso) or 600 mT 
(measured at the extremities); 

Fields greater than 500 ml; If the peak exposure is 
greater than 500 mT, workers should be exposed to a daily 
maximum average field strength of no more than 6nT 
(measured at the torso) or 600 ml (measured at the 
extremities). 

In addition, the following restrictions are made; Always 
use caution signs indicating the presence of a magnetic field 1  
whenever the field strength is 1 mT or greater. Use additional 
administrative controls or barricades (ropes or fences), 
whenever practical. Do not allow workers with cardiac pace-
makers or other medical electronic implants into areas where 
the magnetic-field intensity exceeds 1 ml. Magnetic fields 
greater than this level can trigger a change in the operating 
mode of some pacemakers. Persons with small metallic implants 
(such as aneurysm clips) must also be stopped from entering an 
area where the field intensity is greater than 1 niT. Stronger 
magnetic fields may rotate or even remove aneurysm clips from 

9 
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the arteries to which they are attached. Workers with large 
metallic implants, such as hip prostheses, shoul-d be advised 
to avoid working anywhere inside the perimeter of 1-mi field 
intensity. 

A rationale supporting the guidelines accompanies the 
document (LLNL, 1985). The 60-mT limit is set to I mV of the 
mnagnetohydnamic voltage (voltage generated by blooct, 	an 
ionized fluid, moving in a fixed magnetic field) in an obese 
person engaged in moderately heavy work (cardiac output 10 
litres/mm). 2 I limits the rise in blood pressure to 11. 

The US Department of Energy (DOE) formed an ad hoc 
committee to review technologies that use magnetic fields, to 
make an assessment of the scientific literature on biological 
effects, and to estabtih guidelines for static magnetic 
fields, field gradients, and time-varying magnetic fields. In 
July 1979, the Alpen Committee (Alpen, 1979) made its 
recommendations to DOE as shown in Table 16. The guideline in 
some cases is a factor of 2 lower than that for continuous 
exposure at the Stanford Linear Accelerator Center. 	This 
guideline was recommended by the Department of Energy to its 
contractor organizations as an interim measure, until official 
standards are promulgated. Although the Alpen Committee 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 I limit was recommended for 
continuous exposure, because this represented the accepted 
threshold for aiagnetoptiosphene production by ELF magnetic 	.. 
fields, and the threshold for inducing measurable electrical 
potentials in the central circulatory system during exposure 
to static magnetic fields. 

A similarly recommended practice for limiting static 
magnetic field exposures of workers exists at the CERN 
accelerator laboratory in Geneva (NRPS, 1981). CERN recom-
mends that exposure of the hands, arms, and feet should not 
exceed 2 I for periods of the order of minutes. This is 
reduced by a factor of 10, if the head or whole body is 
exposed. 

With the advent of magnetic resonance imaging (Mill), the 
need for occupational exposure limits has become more 
apparent, and other organizations that traditionally recommend 
occupational exposure limits have begun to address this need, 
despite a reluctance in the past to recommend limits for 
magnetic fields (Sliney, 1986). 

9.2 Time-Varying Magnetic Fields 

Except for guidelines limiting patient and operator 
exposure during clinical magnetic resonance imaging, the only 
standard limiting exposure of time-varying magnetic fields in 
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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 Ministry of Public Health of the USSR in January 
1985 makes a distinction between continuous and pulsed fields 
and limits the duration of exposure, depending on the pulse 
characteristics. The limits for exposure to continuous wave 
fields equate to 7.5 ml for 1 h and 1.8 ml for 8 h. This 

- standard seems to have been developed for arc welding, since 
pulsed field exposure occurs most frequently in welding. The 
scientific basis for this standard does not appear to have 
been published. 

The Federal Republic of Germany (1986) is discussing 
extention of its current electromagnetic field standard 
(Federal Republic of Germany, 1984) down to 0 Hz. 

9.3 Magnetic Resonance Imaging Guidelines 

Comparing the magnetic field limits in Table 16 with the 
strength of the magnets used in MRI, it is not surprising that 
regulatory and health agencies have begun to look more 
seriously at this imaging modality (Repacholi, 1986) 
Hundreds of MR]I machines have been installed throughout the 
world and concern about their safety has been expressed (Bore, 
1985). Some of these machines use superconductive magnets 
with fields for diagnostic application up to about 2.0 T, and 
there are prototypes with magnets giving fields of 4 - 5 T. 
These prototypes are being studied to determine the 
feasibility of in vivo spectroscopy. 

During the imaging procedure, lasting up to tens of 
minutes, 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 radiofrequency radiation. 
Rapidly switched gradient fields are superimposed on the 
static field to allow spatial information to be obtained. 
These time-varying fields induce electric currents in the body. 

Table 18 shows the guidelines on static and time-varying 
magnetic field exposure for the clinical examination of 
patients during MRI, recoixmiended by the Center for Devices and 
Radiological Health (CDRH, 1982) of the US Department of 
Health and iluman Services, the National Radiological 
Protection Board (NRPB, 1984) in the United Kingdom, the 
Federal Health Office (FHO, 1984) of the Federal Republic of 
Germany, and Health and Welfare Canada (Health and Welfare 

- 	Canada, 1986). 
In January 1984, the Health Council of the Netherlands 

(HCN, 1984) issued interim advice on the use of magnetic 
resonance imaging. This general document contains a section 
on possible health risks including statements such as: there 
are no risks to health from static magnetic field exposures up 
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Table 11. lisxirnuri permissible leveLs of magnetic fields with a 
frequency of 50 Ha 

Duration 	 Magnetic field strength A/is 
of expu— Continuous and 	PulsCd isagnetic 	Pulsed magnetic 
sure (h) pulsed magnetic 	field 	field 

fields with pulse 	60 a > t > 1 s 	0.02 a C t. < 1 a 
width f  >0.02 s 	t > 2 s 	t > 2 s 	- 
and pause t < 2 a 

1 	6000 	6000 	10 000 

1.5 	5500 	7503 	9500 

2 	4930 	6903 	8900 

2.5 	4500 	6500 	8500 

3 	4000 	6030 	8000 

3.5 	3600 	5600 	1603 

4 	3230 	5203 	7200 

4.5 	2900 	4900 	6900 

5 	2530 	4503 	6500 

3.5 	2300 	4330 	6303 

6 	2033 	4000 	6003 

6.5 	1803 	3830 	5800 

7 	1600 	3600 	5603 

7.5 	1500 	3530 	5500 

8 	1400 	3400 	5400 

! From USSR (1955). 
WOte The above regimes of pulsed exposures are used in welding. 

t, is the pulse width duration. 
is the pulse pause duration. 

Magoetic flux density in mT = Magnetic field strength in Ala ii 1.256 
10 

to 0.5 T, and even exposures to fields up to 2 T appear safe. 
More research is needed to determine the safety of fields 
stronger than 2 T. The document also recommends that limits 
for time—varying magnetic fields and radiofrequency fields 
accepted in the USA (CDRII, 1982) or the United Kingdom (NRPB, 
1981) should be followed. 
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Table 13. Guidelines on magnetic fi1d exposure in clinical ?LC 

Country 	Static fields 	Tine-varying fields 

USA 	Patient - 2 T whole anu 	Patient - 3 T/s wiroje and partial 
COgS 	partial body exposure 	body exposure 
(1982) 

Lxposure excecoing these limits should be evaluated on an 
individual basis 

United 	Operator 	0.02 T (long 	Patient and volunteers - 20 Tic 

LH~tm 	periods, whole body); 	(rms) perfoas ot lssgrletic 
NRPS 	0.2 T (long periods, 	field change ) 10 ins 
(1969) 	arms, Lands); 

0.2 T (15 man, whole 	 Cr 
bOdy) 

2 T (15 rain, artis, 	(dB/dt)ct < 4 (ras) for dura- 
hands) 	 ton of magnetic field change 

< 10 ma where 3B/dt in 1/s and 
I in S 

Patient and volunteers - 

2.5 T (whole and partial 
body exposure) 

Germany, 	Patient - 2 T (whole and 	Patient - whole and partial body 
Federal 	partial body exposure) 	exposure: maximum induced current 
111cof 	 denaity 

FHO (1984) 	 30 ,sA/,n 5  or 0.3 V/rn electric 
field strength for duration of 
magnetic field change of 10 ins 
or longer 

or 
(300Jt) mA/ In n or (3/t) V/rn for 
duration of magnetic field change 
(t) shorter than 10 iris (t in iils) 

Canada 	Operator - 0.01 1 (whole 	Patient - 3 1/s (rrrrs) 
Health and 	body during working 'Jay) 
Welfare 
Canada 	- > 0.01 T 
(1986) 	(keep to minimum) 

Patient - 2 T (whole and 

partial body exposure) 

9.3.1 	United Kingdom 

The NRPB (1984) recommends that the following conditions 
should be fulfilled during the operation of magnetic resonance 
imaging equipment in the United Kingdom. 
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Static fields 

For people (patients and volunteers) exposed to the 
imaging process, the static magnetic field should not exceed 
2.5 T for the whole or a substantial portion of the body. The 
NRFB Advisory Group formulating the guidelines suggested that 
static fields have been shown to affect certain chemical 
reactions in vitro and that reproducible changes in primate .-
behaviour have been found in fields of several tesla. Although 
flow potentials are generated across blood vessels by the flow 
of blood perpendicular to the field, their biological signi-
Licance at fields of a few tesla remains unclear. However, at 
2.5 T, the peak flow potential is calculated to be approaching 
the depolarization threshold for myocardial muscle. Although 
only a fraction of this potential occurs across each cell, it 
was considered prudent to limit acute exposure to 2.5 T, until 
further information becomes available. 

Occupational static field exposure limits are recommended 
for staff operating MRI equipment. Exposure for prolonged 
periods to more than 0.02 T for the whole body or 0.2 I for 
the arms or hands should be avoided. NRPB (1984) recommends 
that these limits may be increased to 0.2 1 for the whole body 
and 2 1 for the arms and hands for periods totalling less than 
15 min at a Lime, provided intervals of about 1 h occur 
between such exposures. 

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

Time-varnfie1ds 

For the time-varying fields, excluding radiofrequency 
fields, the NRPB (194) recommends limits based on the 
duration of magnetic flux density changes (i.e., the time 
during which electric currents are being induced). When the 
duration of exposure exceeds 10 ms, exposures should not 
exceed root mean square (rms) rates of change of magnetic flux 
density (dh/dt) of 20 1/s for all persons (patients exposed to 
the imaging process, volunteers). For durations of change of 
less than 10 mc, the relationship (dB/dt)2t  less than 4 
should be observed where dB/dt is in T/s, and t is the 
duration of the change of the magnetic 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 & Smith (1984). The NRPB Advisory 
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Group recognized 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 muscle fibres. These conduct electrical impulses in the 
form of localized membrane depolarization produced by the flow 
of ions and, above a certain threshold, give rise to sensation 
or muscle contractions. From experimental data it was 
inferred that the threshold would be lowest when the current 
pulse width (or duration of magnetic flux 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 
muscles could be hazardous, but requires exposure to high 
rates of change of magnetic flux density. The threshold for 
excitation depends on the pulse length and pulse repetition 
frequency of the induced current. Since insufficient inform-
ation is available to define safe limits, they must be derived 
from effects of electric currents applied by electrodes. The 
threshold current density to induce ventricular fibrillation 
is 3 A/rn 2 . Thus, to achieve a factor of 10 safety margin, 
it was decided that IIR1 operating conditions should be such as 
to induce current densities that did not exceed 0.3 A/rn 2  for 
a duration of magnetic flux density change greater than 10 ma. 

For durations of the current pulse of half period (t) of 
less than 10 mc, the evidence suggests that, when C decreases, 
the threshold rats Current density for inducing ventricular 
fibrillation increases. Experimental data suggest that the 
square of the rms current density multiplied by the duration 
(t) remains constant. The magnetic field vector in most MRI 
equipment is parallel to the longitudiilal axis of the body 
(z-axis). The current density induced by time variation of 
the z-gradient is proportional to the conductivity, the 
inductive loop radius, and the rate of change of the magnetic 
field. Assuming the average value for tissue conductivity to 
be 0.2 S/rn, the radius of the body to be 0.15 m, the limit 
applied to the rms current density of 0.3 A/ni 2  for pulses or 
half periods of induced current exceeding 10 mc restricts the 
rats rate of change of the z gradient magnetic flux density to 
20 T/s, when the duration of magnetic field change exceeds 
10 ms. For durations shorter than 10 ms, (Saunders & Smith, 
1984), the relationship for determining the limit for the 
time-varying field can be derived 

(dB/dt) 2 t < 4, 

where dB/dt is in T/s, and t is in seconds 
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It was assumed 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 
a gradients. 

(c) Other guidelines 

PS exposure of the patient and staff must be res- 
tricted so that the rise in temperature does not 
exceed 1 C, as shownby skin and rectal temper-
ature, or more than 1 C in any mass of tissue not 
exceeding 1 g in the body. 

Patients should be exposed only with the approval 
of a registered medical practitioner or research 
ethics committee, 

Patients must be fully informed of the procedure 
and consent freely to it. 

Only medically assessed suitable volunteers should 
be used in trials. 

Frequently exposed volunteers should have regular 
ECC checks. 

It is prudent to exclude women in the first three 
months of pregnancy. 

Special care is needed for patients with cardiac 
pacemakers or large metallic implants. 

Warning notices should be posted indicating that 
magnetic and RE fields may affect pacemakers and 
electronic equipment. 

9.3.2 	USA 

The recommendations issued by the Center for Devices and 
Radiological Health (CDRR, 1982) in the USA are intended to 
assist the medical profession and manufacturers in making 
health risk benefit assessments. 	Based on information 
available in the literature, it was suggested that, in the 
case of diagnostic magnetic resonance applications involving  
exposure to static magnetic fields not exceeding 2 T or 
time-varying fields not exceeding 3 T/s, the benefits outweigh 
the risks, within the current medical indications and contra-
indications. Pregnant Women should not be exposed as the 
safety of such exposure has not been established. It should 
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be noted that the CDRH guidelines are not limits for patient 
exposure in MRI imaging investigations. The recommendations 
are essentially criteria that provide a demarcation between 
devices exceeding the magnetic field levels stated in the 
guidelines and therefore requiring further evaluation to 
determine if any health risk exists for the patient, and 
devices operating below the leve].s given in the guidelines. 

The recommendations for the magnetic field levels were 
determined after consideration of existing unofficial 
standards and recommendations and their rationales, and a 
review of the scientific literature. The scientific rationale 
for the guidelines is essentially that proposed by Budinger 
(1981). Budinger concluded, after a review of the bioeffects 
literature and a theoretical analysis of the known interaction 
mechanisms of static magnetic fields with biological systems, 
that harmful effects on human beings or reproducible cellular, 
biochemica]., and genetic effects have not yet been observed 
and are not expected at fields of less than 2 I. For changing 
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 mT. However, he did 
note that potential biological effects due to differences in 
waveform, repetition rate, peak magnetic field, and duration 
of exposure required further study. 

The CDR1-i also recommends that the radiofrequency field 
exposure of the patient should be limited, so that the 
specific absorption rate (SAR) does not exceed 0.4 W/kg, 
averaged over the whole body, or 2 W/kg, averaged over any 
gram of tissue. 

9.3.3 	Federal Republic of Germany 

The Federal Health Office (FHO, 1984) has made recom-
mendations to physicians who work with clinical MRI devices. 
It is stated that no adverse health effects on patients, 
operators, or any other persons in the vicinity of MRI equip-
ment have been detected so far. However, possible effects on 
the body can be estimated from induced currents and potentials 
in the body. The guidelines for static and time-varying 
magnetic fields are based on these estimations and study of 
the literature. It is stated that, if there is compliance 
with these recommendations, any detrimental effects will be 
detected at the earliest possible time. A translation of the 
original guidelines from German to English is provided in 
Bernhardt & Kossel (1985). 
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Static fields 

The FHO recommends that patients imaged in an MRI facility 
should not be exposed to static magnetic fields exceeding 2 T. 
If patients are exposed to fields higher than 2 1, they should 
be monitored for cardiac and circulatory function. 

The rationale for determining this value is as follows: 
orientation effects are observed in such systems as DNA,
retinal rods, and sickle cells at static field strengths above 
I - 2 T. Electric potentials induced in flowing blood exposed 
to static fields above 0.3 1 have been noted in ECC measure-
inents in animals, but no adverse health effects have been 
observed in animals exposed to fields up to 10 T. However, 
the potential differences induced by cardiac contractions in a 
magnetic field exceeding 21 may impair the excitation 
stimulation or conduction of excitation. 

Time-varying fields 

Time-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 Eernhardt (1985) for estimating the values of 
induced electric potentials and currents that are likely to 
cause biological effects, the Fl-b (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 tO us, which induce electric fields greater than 0.3 VIm 
or current densities exceeding 30 mA/m 2 . If the duration of 
the magnetic field change of the time-varying fields is less 
than 10 me, then the maximum induced electric field is 3It Vim 
and maximum induced current density is 300/t mAim 2  
(0.3/t A/m 2), where t is the duration of magnetic field 
change in milliseconds. The MR1 machine manufacturer must 
inform the purchaser of the operating conditions that will 
result in the induced field strength and current density 
remaining below the recommended values. If these values are 
capable of being exceeded by the machine, the manufacturer 
must prove that it is safe. 

A brief rationale for these recommended values is given in 
FHO (1984). Compared with natural currents, induced current 
densities of I mA/rn 2  have no detectable effect on the body. 
Current densities of 10 mA/in 2  induce effects that depend on 
the frequency of the time-varying magnetic field, but do not  
pose hazards. At frequencies between 10 and 50 Hz, magnetic 
fields above 5 rnT produce magnetopl-iosphenes. 	Ventricular 
fibrillation may be caused if the magnetic field induces 
current densities exceeding 1000 nA/rn 2  or electric fields 
exceeding 100 mV/cm. 
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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 margin of safety. 

(c) Other recommendations 

Exposure to radiofrequency fields should be such that 
the SAP. does not exceed 1 W/kg (whole body) or 5 W/kg 
(partial body - per kg of tissue, except the eyes). 

Prior to patient examination, care must be taken with 
regard to implants made of ferromagnetic materials, 
implanted cardiac pacemakers, dislocation of cath-
eters, vascular clips, and the like. 

Patients must undergo additional medical examinations 
(described in FHO, 1984), if the recommended exposure 
limits are exceeded. 

9.3.4 	Canada 

The Bureau of Radiation and Medical Devices of Health and 
Welfare Canada (Health and Welfare Canada, 1986) has published 
a safety code containing guidelines on exposure to electro-
magnetic fields from magnetic resonance clinical systems. The 
document contains information on leva.s of exposure for 
typical devices, exposure guidelines from various countries, a 
summary of health effects from magnetic and radiofrequency 
fields, and guidance on exposure of patients and operators. 
Details of the guidelines are given in Table lb. 

Health and Welfare Canada (1985) have also published 
recommendations to ensure the protection of patients and 
operational personnel from potential hazards in MRI. This 
report contains recommendations on magnetic fields as shown 
below.  

static magnetic fields must be below 0,5 mT in 
unrestricted areas; 

entrance to areas in excess of 1.5 mT must be 
strictly controlled, to prevent introduction of 
magnetic material by patients, operational personnel, 
and visitors; 

equipment I or cardiopulmonary resuscitation must be 
available and usable within the imaging room and, if 
possible, in areas where the field exceeds 10 ml; 
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static magnetic fields should not exceed 2.5 T (this 
differs from the 2 T recommended in Health and 
Welfare Canada (196)); and 

time—varying magnetic fields should not exceed 3 T/s. 
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10. PROTECTIVE NEASIIRFS AND ANCILLARY HAZARDS 

Protective measures for the industrial and scientific use 
of magnetic fields can be categorized as engineering design 
measures, the use of separation distance, and administrative 
controls. Another general category of hazard control measures, 
namely personal protective equipment (e.g., special garments 
and face masks) do not exist for magnetic fields. However, 
protective measures against ancillary hazards from magnetic 
interference with emergency or medical electronic equipment 
and for surgical and dental implants are a special area of 
concern regarding health aspects of magnetic fields. The 
mechanical forces imparted to ferromagnetic implants and loose 
objects in high-field facilities require that precautions be 
taken. 

The techniques to minimize needless exposure to high 
intensity smagnetac fields around large research facilities 
generally fall into three types 

Distance and time 

Limit human access and/or occupancy duration in locations 
where field strengths are high. Since the external magnetic 
flux density decreases with distance from the source, separa-
tion distance is a fundamental protective measure. For 
example, at large distances from a Static magnetic field 
dipole source, the field decreases approximately as the 
reciprocal cube of the separation distance. 

Ma&netic shielding 

The use of ferromagnetic core materials restricts the 
spatial extent of external flux lines of a magnetic device. 
External enclosures of ferromagnetic materials can also 
"capture' flux lines and reduce external flux densities. 
However, shielding is normally an expensive control measure 
and of limited use for scientific instruments. Furthermore, 
it has not generally been shown to be cost-effective for large 
installations when compared to the use of separation distance 
(llassenzahl et al,, 1978). 

Electromagnetic 	interference 	(EMI) 	and 	cardiac 
pacemakers 

Certain types of modern cardiac pacemakers exhibit 
malfunction in response to EMI produced either by endogenous 
myopotentials or by external sources such as high-voltage 
systems. The modern implantable pacemakers are microprocessor- 
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controlled and function in a "demand" node in which stiniu-
latory pulses are delivered to the heart, only if it fails to 
exhibit intrinsic electrical activity. The endogenous cardiac 
activity is detected by a signal-sensing circuit, in order to 
avoid competitive pacing between the pacemaker's stimuli, and 
the heart's intrinsic activity. The modern pacemakers also 
contain a noise detection circuit that can discriminate 
electric fields with different frequencies and waveforms from 
those associated with the heart's bioelectrical activity. 
When BMI is sensed, the demand pacemaker reverts to a fixed-
rate pacing mode, which may be asynchronous with the normal 
cardiac activity. This pacing mode is frequently referred to 
as the "reversion" or "noise" mode of operation, and can be 
undesirable it the pacemaker signals are competitive with the 
intrinsic cardiac electrical activity. 

Two different configurations of electrode leads are used 
in pacemakers, and these have very different sensitivities to 
EMI. In one type, termed the IbipolarIt  design, both leads are 
implanted within the heart at a typical separation distance of 
3 cm. In the second type, termed the "unipolar" design, the 
cathode lead is implanted in the heart and the pacemaker case 
serves as the anode. Because of the considerable physical 
separation of the anode and cathode leads in the unipolar 
design, this type of pacemaker provides a large antenna for 
the reception of EMI. Of the two designs for pacemaker 
electrode configurations, only the unipolar type has been 
found to be sensitive to EMI. Among the 350 000 - 500 000 
individuals in the USA who have implanted pacemakers, approxi-
mately 50% have models with the unipolar electrode design. 

During the past decade, several laboratory tests and 
studies on pacemaker patients have been conducted to assess 
the response of different pacemaker models to power-frequency 
electric and magnetic fields (Jenkins & Woody, 1978; Butrous 
et al., 1983; Griffin, 1985; Moss & Carstensen, 19b5). Two 
types of pacemaker malfunction have been observed in response 
to EIlL: (a) an aberrant pacing rate, with irregular or slow 
pacing; and (b) reversion to fixed-rate (asynchronous) pacing. 
The probability that a malfunction will occur in the presence 
of an external electromagnetic field is strongly dependent on 
the pacemaker model, since some manufacturers have incor-
porated a feature into their pacemaker models that auto-
matically decreases the sensitivity of the amplifier circuit 
when EMI is sensed. These specific brands of pacemaker 
thereby avoid reversion to an asynchronous mode in response to 
ENI. 

Griffin (1985) estimated the total population of pacemaker 
patients in the USA who might be at serious risk from the 
effects of EMI. He assumed that; (a) 350 000 - 500 000 
individuals wear pacemakers; (b) 50% of the pacemakers are of 
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the unipolar design; (c) 10 - 20% of the unipolar pacemakers 
are highly sensitive to EMI; and (d) 20 - 25% of the patients 
with sensitive pacemakers are totally dependent on the pace-
maker to sustain their cardiac rhythm. With these assumptions, 
it can be calculated that approximately 3500 - 12 000 pace-
maker wearers might be at serious risk from EM1. However, it 
must be borne in mind that only a small fraction of the 
individuals at risk are likely to encounter a source of EMI 
during the time periods when their cardiac function is totally 
dependent on an implanted pacemaker. The above estimate of 
the population at risk must therefore be regarded as an upper 
limit that perhaps greatly overestimates the actual prob-
ability of the occurrence of a potentially fatal pacemaker 
malfunction in response to EMI. 

Both power-frequency electric and magnetic fields have 
been found to introduce EM1 that can alter the functioning of 
many commercially available pacemakers. In studies on 11 
patients with 7 different implanted pacemaker models from 4 
manufacturers, Moss & Carstensen (1985) observed alterations 
in pacemaker function during exposure to 60-Hz electric fields 
ranging from 2 - 9 kV/m. Only models produced by 2 Out of the 
4 manufacturers were sensitive to EMI from fields of this 
strength. A similar set of observations was made by Butrous 
et al. (1983). 

A total of 26 pacemaker models were examined by Jenkins & 
Woody (1978). Twenty of these units were found to revert to an 
asynchronous mode of pacing or to exhibit abnormal pacing 
characteristics in 60-Hz fields ranging from 0.11 to 0.4 mT, 
with the average threshold field level for an effect being 
0.21 mT. The minimum value of dB/dt producing an effect was 
therefore 41.5 mT/s (for the 60-Hz, 0.11-mT field). Pacemaker 
malfunctions produced by power-frequency magnetic fields 
require field levels that are greater than those associated 
with high-voltage transmission lines and most other types of 
electrical systems. However, the fields in the immediate 
vicinity of various types of industrial machinery and 
appliances (section 3) are sufficiently strong to represent a 
potential source of EMI that could alter pacemaker functioning. 

Pavlicek et al. (1983) found that a rapidly switched 
gradient field used in magnetic resonance imaging with a time 
variation of 3 T/s could induce potentials up to 20 mV in the 
loop formed by the electrode lead and the case of a unipolar 
pacemaker. This signal amplitude is sufficiently large to 
avoid rejection by the pacemaker's EMI discrimination 
circuitry, and could therefore be recognized as a valid 
cardiac signal. 

Pacemaker malfunctions can also be caused by static 
magnetic fields, which produce closure of a reed relay switch 
used to test the pacemaker's performance while operating in a 
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fixed rate pacing mode. On the basis of a study of pacemakers 
produced by 6 major manufacturers, Paviicek et al. (1983) 
found the most sensitive model to exhibit reed switch closure 
and reversion to fixed-rate pacing in a l.l-mT static field. 
Field levels of 1.7 - 4.7 ml were observed to produce closure 
of the reed switches in all of the models tested. All of the 
models were also found to experience forces and torques when 
placed in MRI devices operated at fields of up to 0.5 T. Two 	...- 
of the pacemakers experienced a torque that was strong enough 
to produce significant movement of these units within tissue. 

(d) Administrative measures 

The use of warning signs, and special access areas to 
limit exposure of personnel near large magnet facilities has 
been of greatest use to control exposure. Administrative 
controls, such as these, are generally preferable to using 
magnetic shielding, which can be extremely expensive. In some 
circumstances, for example MRI facilities, a combination of 
shielding, restricted access, and the use of metal detectors 
may be appropriate to avoid detrimental effects from exposure 
to high strength magnetic fields. Loose ferromagnetic and 
paramagnetic objects can be converted into dangerous missiles 

when subjected to intense magnetic field gradients. Avoidance 
of this hazard can only be achieved by removing loose metallic 
objects from the area and personnel. Such items as scissors, 
nail files, screwdrivers, and scalpels should be banned from 
the immediate vicinity. 

Of particular concern in MRI, are the forces exerted by 
static magnetic fields on implanted metal objects such as 
aneurysm clips and pacemakers. Even the most modern pace-
makers will malfunction when placed in an MIII machine 
(Erlebacher et al., 1986). New et xl. (1983) also measured 
the magnetic torques exerted on 21 types of haemostatic clips 
and various other materials such as dental amalgam. Of the 21 
clips, 19 of which were aneurysm clips, 16 showed a deflection 
near the portals of two magnets operating at 0.147 1 and 1.44 
T, respectively.. Of the remaining materials tested, only a 
shunt connector demonstrated significant ferromagnetic 
properties. 	The non-magnetic materials were primarily 
composed of austenitic stainless steel. 	Surgical clips 
composed of tantalum or titanium are also non-ferromagnetic. 
Clips 	composed 	of 	martensitic 	stainless 	steels 	are 
ferromagnetic and experience significant forces and torques in 
static magnetic fields. 	These findings indicate a clear 
requirement for strict administrative controls in determining 
whether patients bearing medical implants could be adversely 
affected by the fields present in MIII devices. 



- 145 - 

REFERENCE S 

AAR1-IOLT, E., FLINN, E.A., 8 SMITH, C.W. 	(1981) 	Effects of 
low-frequency magnetic fields on bacterial growth rate. Phy .A. 
biot. Med., 26: 613-621. 

AARHOLT, E., FL.LNN, E.A., & SMIT1-I, C.W. 	(1982) 	Magnetic 
fields affects the Lac operon system. Phys. biol. Ned., 27; 
606-610. 

ABASHIN, V.N. & YEVIUSHENKO, G.I. (1984) The mechanisms of 
biological effects of low frequency electromagnetic fields in 
the biosphere. In; Biological effects of electromagnetic 
fields. Moscow, Nauka, Vol. 2, pp. 193-201. 

ABRANOVICH-POLJAKOV, D.K., KLEINER, A.I., KOLODUB, F.A., 
KRAXOVSKAYA, S.P., NEDBAILS, E.P., PENOVA, V.N., SMOLJANOVA, 
N.S., TRIKOZA, V.A., & STEINCERZ, L.A. (1979) [Clinical 
characteristics of effects of electromagnetic fields from 
contact welding.] Vrach. Delo, 4: 106-119 (in Russian). 

ACETO, H., Jr, TOBIAS, C.A., & SILVER, L.L. 	(1970) 	Some 
studies on the biological effects of magnetic fields. IEEE 
Trans. Nag., 6: 368-373. 

ADEY, W.R. 	(1980) Frequency and power windowing in tissue 
interactions with weak electromagnetic fields. Proc. IEEE, 68: 
119-125. 

ADEY, W.R. 	(1981) 	Tissue interactions with non-ionizing 
electromagnetic fields. Physiol. Rev., 61; 435-514. 

ADEY, W.R. 	(1983) 	Some fundamental aspects of biological 
effects of extremely low frequency (ELF). In: Crandolfo, N., 
Michaelson, S.M., & Rindi, A., ed. Biological effects and 
dosimetry of non-ionizing radiation, New York, London, Plenum 
Press, 561-580. 

AKOYUNOGLOU, C. 	(1964) 	Effect of a magnetic field on 
carboxydismutase. Nature (Lond.), 202: 452-454. 

ALEKSANDROV, M.S., BAKLENEVA, A.N., GLADSTEIN, N.D., OZEROV, 
V.P., POTAPOV, A.V., & REMIZOV, L.T. (1972) [Fluctuations of 
the earth's electromagnetic field,] Moscow, Nauka, p. 195 (in 
Russian). 

10 



146 - 

ALPEN, E.L. 	(1979) Magnetic field exposure guidelines. In; 
Tenforde, T.S., ed. Magnetic field effects on biological 
systems, New York, London, Plenum Press, pp. 25-32. 

AMER, N.M. 	(1965) 	The effects of homogeneous magnetic 
fields, ambient gas composition, and temperature on 
development of Tribolium confusuin, berkeley, University of 
California, Lawrence Radiation Laboratory (Report No. 
UCRL-16854). 

AMERICAN INSTITUTE OF BIOLOGICAL SCIENCES (1985) biological 
and human health effects of extremely lcw frequency 
electromagnetic fields, Arlington, Virginia, American 
Institute of Biological Sciences, p.  290. 

AMINEV, G.A., AMINEVA, R.I., & SITKIN, M.I. 	(1967) 	[The 
influence of magnetic fields on the learning process of mice 
in a I-shaped maze.] In: [Problems of bionics,] Moscow, Nauka, 
pp. 338-340 (in Russian). 

ANORIANOVA, L.A. & SMIRNOVA, N.P. (1977) [Motor activity of 
muscles in a magnetic field of varying intensity.] Kosm. bid. 
aviakosm. Med., 11: 54-58 (In Russian). 

ANIOLCZYK, R. (1981) Measurements and hygienic evaluation of 
electromagnetic fields in the environment of diathermy, 
welders, and induction heaters. Med. Pracy, 32: 119-128. 

ANTONOWICZ, K. 	(1974) 	Possible superconductivity at room 
temperature. Nature (Lond.)., 247: 358-360. 

ARCHER, C.W. & RATCL1F'E, N.A. (1983) The effects of pulsed 
magnetic fields on chick embryo cartilaginous skeletal 
rudiments in vitro. J. exp. Zool., 225; 243-256. 

ARNOLD, W., STEEL, K., & MUELLER, H. (1958) On the magnetic 
asymmetry of muscle fibres. Proc. Natl Acad. Sd. (USA), 44: 
1-11. 

ASANOVA, T.P. & RAJ'OV, A.I. 	(1966) 	[The state of persons 
working in electrical fields of outdoor 400- and 500-ky 
switchyards.] Gig. Tr. Prof. Zabol., 10: 50-52 (in Russian). 

BAKER, R.R. (1980) Goal orientation by blindfolded humans - 
after long distance displacement: possible involvement of a 
magnetic sense. Science, 210: 555-557. 



-. 147 - 

BAKER, R.R., MATHER, J.G., & KENNAUGH J.H. 	(1983) Magnetic 
bones in himin sinuses, Nature (Loud.) 1  310: 78-80. 

BARKER, A.T., DIXON, R.A., SHARRAD, W.J.W., & SUTCLIFFE, U.L. 
(1984) Pulsed magnetic field therapy for tibial non-union. 
Interim results of a double-blind trial. Lancet, 1: 994-996. 

• 	BARLOW, H.B., KOHN H.I.., & WALSH, E.G. 	(1947a) The effect of 
dark adaption and of light upon the electric threshold of the 
human eye. Am. J. Physiol. 1  148: 376-381. 

BARLOW, 11.8., KOHN, H.I., & WALSH, E.G. 	(1947b) 	Visual 
sensations aroused by magnetic fields. Am. J. Physiol., 148: 
372-375. 

BARNOTHY, J.M. 	(1964a) 	Development of young mice, In: 
barnothy, H.P., ed. Biological effects of magnetic fields, New 
York, London, Plenum Press, Vol. 1, pp.  93-99. 

BARNOTHY, J.M. (1964b) Rejection of transplanted tumors in 
mice. In: barnothy, H.P., ed. Biological effects of magnetic 
fields, New York, London, Plenum Press, Vol. 1, pp. 100-108. 

BARIJOTHY, 	J.M., 	BARNOTHY, 	H.P., 	& BOSZOR1OENYI-NACY, 	I. 
(1956) Influence of a magnetic field upon the leukocytes of 
the mouse. Nature (Londj, 177: 577-578. 

BARNOTHY, M.F., ad. 	(1964) 	Biological effects of magnetic 
fields, New York, London, Plenum Press, Vol. 1, p.  324. 

BARNOTHY, H.P., ed. 	(1969) 	Biological effects of magnetic 
fields, New York, London, Plenum Press, Vol. 2, p.  314. 

BARNOTHY, M.F. & SUNEGI, I. (1969a) Effects of the magnetic 
field on internal organs and the endocrine system of mice. In: 
Barnothy, N.F., ed. Bio1pggal effects of magnetic fields, New 
York, lew York, London, Plenum Press, Vol. 2, pp.  103-126. 

BARNOTHY, M.F. & SUMEGI, I. (1969b) Abnormalities in organs 
of mice induced by a magnetic field. Nature (Lond.), 221: 
2 70-27 1. 

BARREGARD, L., JARVHOLM, B,, & UNGETHUN, E. 	(1985) Cancer 
among workers exposed to strong static magnetic fields. 
Lancet, 2(8460): 892. 

BASSETT, C.A.L. (1982) Pulsing electromagnetic fields: a new 
method to modify cell behaviour of calcified and non-calcified 
tissues. Calcjf. Tissue mt., 34: 1-8. 



- 148 - 

BASSETT, 	C.A.L., PAWLUK, 	N.J., 	& PILLA, 	A.A. 	(1974) 
Augmentation 	of 	bone 	repair 	by 	inductively 	coupled 
electromagnetic fields. Science, 184: 575-577. 

BASSETT, C.A.L., PILLA, A.A., & PAWLUK, N.J. 	(1977) 	A 
non-operative salvage of surgically resistant pseudoarthroses 
and non-unions by pulsing electrociagetic fields. Olin. Orthop. 
relat. Res., 124: 128-143. 

BASSETT, C.A.L., MITC1-IELL, S.N., & GASTON, S.R. 	(1982) 
Pulsing electromagnetic field treatment in ununited fractures 
and tailed arthrodeses. J. Am. Med. Assoc., 247: 623-628. 

BATKIN, S. & TABRA1i, F.L. 	(1977) 	Effects of alternating 
magnetic field (12 Gauss) on transplanted neuroblastoma, lIes. 
Commun. chem. Pathol. Pharinacol., 16: 351-362. 

BATTOCLETTI, J.H., SALLES-CUNHA, S., HALBACTI, R.E., NELSON, 
J., SANCES, A., Jr, & ANTONICH, F.J. (1981) Exposure of 
rhesus monkeys to 20 0000 steady magnetic field; effect on 
blood parameters. Med. Phys., 8: 115-118. 

BAUM, J.W., SCHAIRER, l.A., & LINDAHL, K.L. (1979) Tests in 
the plant Tradescantia for mutagenic effects of strong fields. 
In: Tenforde, T.S., ed. Magic field effects on biological 

New York, London, Plenum Press, pp.  22-24. 

BAWIN, S.M. & ADEY, W.R. 	(1976) 	Sensitivity of calcium 
binding in cerebral tissue to weak environmental electric 
fields oscillating at low frequency. Proc. NatI. Acad. Sci. 
(USA), 73: 1999-2004. 

BAWIN, S.M., KAGZNAREK, L.K., & ABLY, W.R. (1975) Effects of 
modulated VHF fields on the central nervous system. Ann. N.Y. 
Acad. Sci., 247: 74-81. 

BAWIN, S.M., SHEPPARD, A., & ADEY, W.R. 	(1978) 	Possible 
mechanisms of weak electromagnetic field coupling in brain 
tissue. Bicelectrochem. Bioenegy, 5; 67-76. 

BAWIIN, S.M., SHEPPARD, A.R., MAHONEY, M.D., & ABLY, W.R. 
(1984) Influences of sinusoidal electric fields on 
excitability in rat hippocampal slice. Brain ReS., 323; 
227-237. 

BAWIN, 5.14., SHEPPARD, A.R., MAHONEY, M.D., ABU-ASSAL, M., & 
ABE?, W.R. (1986) Comparison between the effects of 
extracellular direct and sinusoidal currents on excitability 
in liippocampal slices. Brain Res., 362: 350-354. 



- 149 - 

BECKER, J.F., GEACINTOV, N.E., VAN NOSTRAND, F., & VAN NETTER, 
N. (1973) Orientation of chlorophyll in vivo. Studios with 
magnetic field oriented Cblorella. Biocheni. biopliys. Rca. 
Commun., 51: 597. 

BECKER, J.F., CEACINTOV, N.E., & SWENEERO, C.E. 	(1978a) 
Photovoltages 	in 	suspensions 	of 	magnetically 	oriented 

: 	chioroplasts. Biochim. diophys. Acta, 503; 545-554. 

BECKER, J.F., TRENTACOSTI, F., & GEACINI'OV, N.E. 	(1978b) 	A 
linear dichroisin study of the orientation of aromatic protein 
residues in magnetically oriented bovine rod outet segments. 
Photocheni. Photobiol., 27: 51-54. 

BECKER, VON, C. 	(1979) The influence of local geomagnetic 
and other physical conditions on various insects in an 
experimental area. Ztg ang. Zool., 66: 391-416. 

BEISOHER, D.E. 	(1962) 	Human tolerance to magnetic fields. 
Astronautics, 42: 24-25. 

BEISC1IER, D.E. (1969) Vectorcardiogram and Sortic blood flow 
of squirrel monkeys (SaimiriSCiureUS) in a strong super-
conductive electromagnet. In; Bornothy, N., ed. Biologicsl 
effects of magnetic fields, New York, London Plenum Press, 
Vol. 2, pp.  241-259. 

NEISCHER, D.E. & BREHL, R.J. 	(1975) 	Search for effects of 
45-Hz magnetic fields on liver triglycerides 	in mice, 
Pensacola, 	Florida, 	Naval 	Aerospace 	Medical 	Research 
Laboratory (Report No. NANRL-1197). 

BEISCHER, D.E. & KNEPTON, J.C., Jr 	(1964) 	Influence of 
strong magnetic fields on the electrocardiogram of squirrel 
monkeys (Saimiri sciureus). 	 35: 939-944. 

EEISCHER, 	D.E. 	& 	KNEPTON, 	J.C., 	Jr 	(1966) 	The 
electroencepha1oam of the squirrel monkey (Ssimiri sciureus) 
in a very high magnetic field, Pensacola, Florida, Naval 
Aerospace Medical Research Laboratory (NASA Order No. R-39) 

BEISCHER, D.E., GRISSETT, J.D., & MITCHELL, R.R. 	(1973) 
Exposure of man to innetic fields alternating at extre9fJy 
low frequeqy, Pensacola, Florida, Naval Aerospace Medical 
Research Laboratory (Report No. NAHRL-1180). 

BELLOSSI, A. (1983) No effect of a static uniform magnetic 
field on mouse trypanosomiasis. Radiat. environ. Biopy, 22; 
311-313 



- 150 - 

BELLOSSI, A., BUTTER-DUB, N.m., & SUTTER, B.CH.J. 	(1984) 
Effects of constant magnetic fields in rats and mice: a study 
of weight. Aviat. Space environ. Med., 55: 725-730. 

BELTRAME, F., CHIABRERA, A., CRATTAROLA, M., GUERIgI, P., 
PARODI, G., PONTA, 5., VEI{NAZZA, C., & VIVANI, R. (1980) 
Electromagnetic control of cell function. AltaFreq., 49: 
101-114. 1.  

I3ENKOVA, N.P. (1975) The magnetic field of the earth and its 
variation. In: Physical, mathematical and biological problems 
of effects of electromagnetic fields and ionization of air, 
Moscow, Nauka, PP.  13-24. 

BERNHARJ)T, J. (1979) The direct influence of electromagnetic 
fields on nerve and Lauscic cells in man within the frequency 
range of 1 Hz and 30 MHz. Radiat. environ. 8iophys., 16: 
309-329. 

EERNHARDT, J.H. (1985) Evaluation of human exposures to low 
frequency fields In: Theimpact of proposed radiofrgency 
radiation standards oniTitaryoperations, Neuilly-sur-Sejne, 
North Atlantic Treaty Organization, pp. 8.1-8.18, (AGARD 
Lecture Series No. 138). 

8ERNHARDT, J.H. (1986) Assessment of experimentally observed 
bioeftects in view of their clinical relevance and the 
exposure at work places. In: Bernhardt, 3., ed. Biological 
effects of static and extremely low frequençyagnetic fields, 
Munich, MMV Medizin Verlag, pp.157-168. 

BERNHARDT, J.H. & KOSSEL, F. 	(1984) 	[Health risks from 
NI4R-tomography and in vivo NKR spectroscnpy.] Portschr. Gob. 
Rntgenstrahlen NukI. Med., 141: 251-258 (in German). 

BERNUARDT, J.H. & KOSSEL, F. (1985) Recommendations for the 
safe use of NMR equipment. Olin. phs. physiol. Meas., 6(1): 
65-74. 

BERN}IARDT J.H., HAUBRICH, ll.J., NEWI, 0., KRAUSE, N., & 
SCHNEIDER, K.H. (1986) Limits for electric and magnetic 
fields in DIN 'IDE standards: considerations for the range 0 to 
10 ku. In: Proceedings of the 1986 International Conference 
on Large High Voltge Systems, Paris, CIGHE. 

B1GLIANI, L.U., ROSENWASSER, N.?., CAIJLO, N., SCHINK, N.M., & 
BASSETT, C.A.L. 	(1983) The use of pulsing electromagnetic 
fields to achieve arthrodesis of the knee following failed 



- 151 - 

total knee arthroplasty. A preliminary report. J. Done jt 
Surg., 65: 480. 

13ISTOLFJ, F., ed. 	(193) 	[Magnetic fields in medicinej 
Torino, Minerva Nedica, p.  399 (in Italian). 

BLACKMAN, C.F., 	ELDER, J.A., 	WElL, 	G.M., 	I3ENANE, 	S.C., 
EICHINCER, D.C., & HOUSE, D.E., (1979) Induction of 
calcium-ion efflux from brain tissue by radio-frequency 
radiation: effects of modulation frequency and field strength. 
Radio Sci., 14: 93-98. 

BLACKMAN, C.F., BENANE, S.C., ELDER, J.A., LAMPE, J.A., & 
FAULK, J.M. (1980) Induction of calcium-ion efflux from 
brain tissue by radiofrequency radiation: effect of sample 
number and modulation. Frequency of the power density window.  
Bloelectromagnetics, 1: 35-43. 

BLACKMAN, C.F., BENANE, S.G., HOUSE, D.E., JOINES, W.T., & 
SPEIGEL, R.J. (1982) Further developments of ELF-induced 
changes in calcium-ion efflux from brain tissues. In: 
Proceedinas of the 4th Annual Beetint of the Bioelectro-
magnetica Society, Los Angeles, June-July, 1982, Gaithersburg, 
Maryland, Bioelectromagnetics Society (Abstract F-4) 

BLACKMAN, C.F., BENANE, S.C., HOUSE, 0.8., & JOINES, W.I. 
(1985a) Effects of ELF 0-120 Hz) and modulated (50 Hz) 
fields on the efflux of calcium ions from brain tissue in 
vitro. Dioelectromagnetics, 6: 1-11. 

BLACKMAN, C.F., BENANE, S.C., RABINOWITZ, J.R., HOUSE, D.E., & 
JOINES, W.T. (1985b) A role for the magnetic field in the 
radiation-induced efflux of calcium ions from brain tissue in 
vitro. Bioelectromagnetica, 6: 327-337. 

BLAKEMORE, H. 	(1975) Nagnetotactic bacteria. Science, 190: 
377-379 

BLAJZEMORE, R.P., FRANI(EL, R.B., 6 KALMIJN, A.J. 	(1980) 
South-seeking 	magnetotactic 	bacteria 	in 	the 	southern 
hemisphere. Nature (Lond.), 286: 384-385. 

BLANKENSHIP, R.E.N., SCIIAAFSNA, T.J., & PARSON, W.W. (1977) 
Magnetic field effects on radical pair intermediates in 
bacterial photosynthesis. Diochem. Biophys. Acta, 461: 297-305. 

BLISS, V.L. & HEPNER, F.H. (1976) Circadian activity rhythm 
influenced by near zero magnetic field. Nature (Lend.), 261: 
411-412. 



- 152 - 

BOGOLYUBO'J, 	V.M. 	(1981) 	Status 	and 	perspective 	of 
investigations on biological and clini-ca1 effects of magnetic 
fields.] J. Vopt. kurortol. phisioter. lech. phizkul'tury, 4: 
1-5 (in Russian). 

B{JOKNAN, M.A. (1977) Sensitivity of the homing pigeon to an 
earth-strength magnetic field. Nature (Lund.), 267: 340-342. 

bORE, P.J. (1985) Safety of NMR. Lancet, 8437: 1107-1108. 

BOROSKE, E. & HELFRICH, W. (1978) Magnetic aresotropy of egg 
lecithin membranes. Biophys. J., 24: 863-868. 

ElISION, J. (1974) The state of chlorophyll and carotenoid in 
vivo. 11-A linear dichroism study of pigment orientation in 
photosynthetic bacteria. Biochem. biophys. Res. Coinmun., 59: 
1011-1017. 

- BREWER, H.B. (1979) - Some preliminary studies of the effects 
of a static magnetic field on the life cycle of the Lebistes 
reticulatus (guppy). Biophys. 3., 28: 305-314. 

BROWN, F.A., Jr & SCOW, K.M. (1978) Magnetic induction of a 
circadian cycle in hamsters. J. Interdiscipi. Cycle Res., 9: 
137-145. 

BUBENIK, G.A., PURIRILL, R.A., BROWN, G.M., & CROTA, L.J. 
(1978) Melatonin in the retina and the Harderian gland: 
ontogeny, diurnal variations and melatonin treatment. Exp.y! 
Ron., 27: 323-333. 

BUCKING, J., T-IERBST, M., & PIONTEK, P. (1974) The influence 
of a strong magnetic field on muscular contraction. Radial. 
environ. Biophys., 11: 79-85. 

13UDD, R.A. & CZSRSKI, P. 	(1985) 	Modulation of mammalian 
immunity by electromagnetic radiation (EMR). J. Microwave 
Power, 20: 217-231. 

BUDINGER, T.F. 	(1979) Thresholds for physiological effects 
due to lIP and magnetic fields used in NMR imaging. IEEE Trans. 
NucI. Sci., 26(2): 2821-2825. 

BUDINGER, T.F. (1981) Nuclear magnetic resonance (NIIR) in in  
vivo studies: known thresholds for health effects. J. Comput. 
iTsted Toniogr., 5(6): 800-811. 

BUDINGER, T.F. & CULLANDER, C. (1983) Biophysical phenomena 
and health hazards of in vivo magnetic resonance. In: 



- 153 - 

Ilargulis, A.R., Higgins, C.B., Kaufman, L., & Crooks, L.E., 
ed. Clinical mac resonance imaging, San Francisco, 
University of California Press, PP.  303-320. 

BUDIINGER, T.F. & LAUTERBLJR, P.C. 	(1984) 	Nuclear magnetic 
resonance technology for medical studies. Science, 	226: 
28B-298. 

' 	I3UDINGER, T.F., CULLANDER, C., & BORDOW, R. 	(1984a) Switched 
aagnetic field thresholds for the induction of magneto-
phosphenes (Presented at the 3rd Annual Meeting of the Society 
for Magnetic Resonance in Medicine, New York, 4-6 August). 

BUDtNGER, T.F., BRISTOL, K.S., YEN, C.K., & wOtC, P. 	(1984b) 
3io1ogl effects of static magnetic fields (Presented at the 
3rd Annual Meeting of the Society for Magnetic Resonance in 
Medicine, New York, 4-6 August). 

BUREAU OF RAI)IOLOGICAL HEALTH 	(1981) 	An evaluation of 
radiation emission from video display terminals, Rockville, 
Hayrland, Bureau of Radiological health (HHA-F]iA 81-8153). 

BUTLER, B.C. & DEAN, W.W. 	(1964) The inhibitory effect of a 
magnetostatic field upon the tissue growth of KB cells. Am.J. 
Med. Electron., 3: 123-125. 

BUTROUS, G.S., MALE, J.C., WEBEa, R.S., BARTON, D.G., MELDRUM, 
S.J., BONNELL, J.A., & CANM, A.J. (1983) The effect of power 
frequency high intensity electric fields on implanted cardiac 
pacemakers. Pacing din. Electrophysiol., 6: 1282-1292. 

BUYAVI1KH, A.C. 	(1984) 	[Effect of low-frequency magnetic 
field upon lipoprotein blood spectrum of a patient with 
hypertension.] Vrach. Dab, 9: 75-77 (in Russian). 

CAIN, ç.S., LUBEN, R.A., & ADEY, W.R. 	(1984) 	Pulsed 
electromagnetic field effects on PTH stimulated cAMP 
accumulation and bone resorption in mouse calvariae (Presented 
at the 23rd Annual Hanford Life Sciences Symposium on 
Interaction of Biological Systems with Static and ELF Electric 
and Magnetic Fields, Richland, Washington, 2-4 October). 

CAIN, C.S., DONATO, N.J., BYUS, C.V., ADEY, W.R., & LUBEN, 
R.A. (1985) Pulsed electromagnetic field influences 
PTH-stimulated cAMP accumulation and ornithine decarboxylase 
activity in primary bone marrow cells. In: Proceedins of the 
US Department of Energy Contractors Review Meeting, Arlington, 



- 154 

CALDWELL, W.E. & RUSSO, F. 	(1968) An exploratory study of 
the effects of an AC magnetic field upon the behaviour of the 
Italian Honey bee (Apis mellifica). J. Genet. Psych., 113: 
233-252. 

CALLE, E. & SAVITZ, D.A. 	(1985) Leukacaila in occupational 
groups with presumed exposure to electrical and magnetic 
fields. New Engl. J. Med., 313: 1476-1477. 

CDRH (1982) Guidelines for evaluating electromagnetiC risk 
for trials of clinical NNR systems, Rockville, Maryland, 
Center for Devices and Radiological Health, US Department of 
Health and Human Services, US Food and Drug Administration 
(February 25 and November 29). 

CIIAGNEUX, R. & CHALAZONITIS, N. 	(1972) 	Evaluation de 
l'anisotropie magnêtique des cellules multimembranaires dana 
un champ magntique constant (segments externes des btonnets 
de la rêtine de grenouille). C. R. Acad. Sci. (Paris) Ser. 5, 
274: 317-320. 

CHAGNEUX, R., CHAGNEUX, H., & CHALAZONITIS, N. 	(1977) 
Decrease in magnetic anisotropy of external segments of the 
retinal rods after a total photolysis. Biophys. 3., 18: 
125-127. 

CHALAZONITIS, It., CHAGNEUX, H., 6 ARVANITAKI, A. 	(1970) 
Rotation des segments externes des photorcepteurs dana le 
champ magnétique constant, C. R. Acad. Sci. Paris Ser.D, 271: 
130-133. 

CHAN, C.Y. & NICHOLSON, C. 	(1986) Modulation by applied 
electric fields of purkinje and stellate cell activity in the 
isolated turtle cerebellum. J. Physiol., 371: 89-114. 

CHANDRA, S. & STEFANI, S. 	(1979) 	Effect of constant and 
alternating magnetic fields on tumour cells in vitro and in 
vivo. In; Phillips, R.D., Gillis, M.F., Kaune, W., & Mablum, 
D.D., ed. Biolal effects of extreiuejy_low frequency 
electromagnetic fields, Springfield, Virginia, US Department 
of Energy, National Technical Information Service, pp.  436-446 
(NTIS Report No. CONF-781016). 

C11IABRERA, A., GRATTOVOLA, M., VERNAZZA, C., & VIVIANI, R. 	• 

(1978) 	Bioelectrochemical system models, electromagnetic 
interactions and noise. Bioelectrochem. Bioen er 	5: 97-115. 

CHIABRERA, A., HINSENKAMP, M., PILIA, A.A., RIABY, J., PONTA, 
D., BELMONT, A., BELTRANE, F., CP.ATTAROLO, H., & NICOLINI, C. 



- 155 - 

(1979) Cytofluorometry of electromagneticaUy controlled cell 
dedifferentiation. J. Histochem. Cytochem., 27: 375-38] 

CHIABRERA, A., GRATIAROLA, N., 	& VIVIANI, 	R. 	(1934) 
Interaction between electromagnetic fields and cells: micro-
electrophoretic effect on ligands and surface receptors. 
Bioelectromagnetics, 5: 173-191. 

CLARKE, R.L. & JUSTESEN, D.R. (1979) bthavioural sensitivity 
of a domestic bird to 60 Hz AC and to DC magnetic fields. 
Radio Sci., 14(6S): 209-216. 

COLEMAN, N., BELL, 3., & SKEET, H. 	(1983) 	Leukaemia 
incidence in electrical workers. Lancet, 1: 982-983. 

COLEMAN, H., BELL, C.M.J., TAYLOR, H.L., 8 THORNTON-JONES, H. 
(1985) Leukacmnia and electromanetic fields: a case control 
study (Paper presented at the International Conference on 
Electric and Magnetic Fields in Medicine and Biology, London, 
October, 1985). 

CONTI, P., GIGANTE, G.E., CIFONE, M.G., ALESSE, E., IANNI, C., 
REALE, N., 8 ANGELETTI, P.U. (1983) Reduced mitogenic 
stimulation of human lymphocytes by extremely low frequency 
electromagnetic fields. FEES Lett., 162: 156-160. 

_ 	CONTI, R. (1985) Instrumentation for measurements of power 
frequency electromagnetic fields. In: Crandolfo, N., 
Michaelson, 5.51., & Rindi, A., ed. Biological effects and 
Dosimetry of static and ELF electromagnetic fields, New York, 
London, Plenum Press, pp.  187-210. 

COOK, E.S. & SMITH, N.J. 	(1964) 	Increase of trypsin 
activity, In; Barnothy, N.F., ad. Biological effects of 
magnetic fields, New York, London, Plenum Press, Vol. 1, pp. 
246-254. 

COOK, E.S., FARDON, J.C., & NUTINI, L.G. 	(1969) 	Effects of 
magnetic fields on cellular respiration. In; Barnothy, M.F., 
ed. Biological effects of magnetic fields, New York, London, 
Plenum Press, Vol. 2, pp.  67-78. 

COPE, F.W. 	(1971) 	Evidence from activation energies from 
- 	superconductive tunnelling in biological systems at physio- 

logical temperatures. Physiol. Chem. Phys., 3 403-410. 

COPE, F.W. 	(1973) 	Biological sensitivity to weak magnetic 
fields due to biological superconductive Josephson junctions, 
Physiol. Chem. Phya., 5: 173-176. 



- 156 - 

COPE, F.W. 	(1974) Enhancement by high electric fields of 
superconduction in organic and biological solids at room 
temperature and a role in nerve conduction. Physiol. Chern. 
Phys., 6i 405-410. 

COPE, F.W. 	(1978) 	Discontinuous magnetic field effects 
(Barithausea noise) in nucleic acids as evidence for room 
temperature organic superconduction. Physiol. Chem. Ph1, 1O 
233-246. 

COPE, F.W. 	(1981) 	On the relativity and uncertainty of 
electromagnetic energy measurement at a superconductive 
boundary. Application to perception of weak magnetic fields by 
living systems. Physiol. Chem. Phys., 13: 231. 

CREIM, J.A., LOVELY, R.H., KAUNE, W.T., & PHILLIPS, R.D. 
(1984) Exposure to 30-Gauss magnetic fields does not cause 
avoidance behaviour in rats (Presented at the 23rd Annual 
Hanford Life Sciences Symposium on Interaction of biological 
Systems with Static and ELF Electric and Magnetic Fields, 
Richiand, Washington, 2-4 October). 

CREIM, J.A., LOVELY, K.H., KAUNE, W.T., MILLER, M.C., & 
ANDERSON, L.E. (1985) 60 Hz magnetic fields: do rats avoid 
exposure? (Presented at the 7th Annual Meeting of the 
Bloelectroniagnetics Society, San Francisco, California, 16-20 
June). 

CROOKS, L.E. & KAUFMAN, L. (1983) basic physical principles 
and imaging techniques. In: Margulis, A.R., Higgins, C.B., 
Kaufman, L., 8 Crooks, L.E., ed. Clinical magnetic resonance 
imaging, San Francisco, University of California Press, PP. 
13-30. 

CZERSKI, P. (1986) Experimental observations on bio-effects 
of static and time varying magnetic fields. In: Bernhardt, 
J.H., ed. biological effects of static and extremely low 
frequency magnetic fields, Munich, MMV Medizin Verlag, pp. 
75-85. 

DAVIS, H.P., MIZUNORI, J.Y., ALLEN, H., ROSENZWE1G, M.R., 
BENNETT, E.L., & TENFORDE, T.S. (1984) Behavioural studies 
with mice exposed to DC and 60 Hz magnetic fields. Bioelectro-
magnetics, 5: 147-164. 

D'ARSONVAL, M.A. 	(1896) 	Dispositifs pour la mesure des 
courants alternatifs 	toutes frquences. C. R. Soc. Biol. 
(Paris), 3: 450-451. 



- 157 - 

DELGADO, J.M.R., NONTEAGUDO, J.L., GARCIA, M.G., 6 LEAL, J. 
(1981) Teratogenic effects of weak magnetic fields. IRCS Med. 
Sci., 9: 392. 

IJELGADU, J.M.R., NONTEACUDO, J.L., GARCIA, M.G., & LEAL, J. 
(1982) Embryological changes induced by weak, extremely low 
frequency electromagnetic fields. J. Anat., 134: 533-551. 

DELGADO, 	J.M.R., 	MONTEAGUDO, 	J.L., 	6 RAMIREZ, 	(1983) 
Non-invasive magnetic stimulation of the monkey cerebellum 
(Presented at the 5th Annual Meeting of the Bloelectro-
magnetics Society, Boulder, Colorado, 12-16 June). 

DELORGE, J. (1972) Operant behaviour of rhesus monkeys in 
the presence of low-frequency lowi ntensity magnetic 
eLeeL-rie LiCLUS. 	experiment 	i., sensacota, 	lLoricLa, 	Navai 
Aerospace Medical Research Laboratory (Report No. NANRL-1155) 
(NTIS No. AD754058). 

DELORGE, J. (1973a) Operant behaviour of rhesus monkeys in 
thepresence of tow-frequency low-intensity magnetic and 
electric fields: exFeriment 2, Pensacola, Florida, Naval 
Aerospace Medical Research Laboratory (Report No. NMIRL-1179) 
(NTIS No. AD764532). 

DELORGE, J. (1973b) Operant behaviour of rhesus monkeys in 
the presence of low-frequency low-intensity magnetic and 
electric fields: experiment 3, Pensacola, Florida, Naval 
Aerospace Medical Research Laboratory (Report No. NAMRL-1196 
(NTIS No. AD774106). 

DELORCE, J. 	(1974) 	A psychobiological study of rhesus 
monkeys exposed to extremely low-frequency low-intensity 
magnetic fields, Pensacola, Florida, Naval Aerospace Medical 
Research Laboratory (Report No. NAMRL-1203) (NTIS No. 
AD/A000078). 

DELORGE, J. (1979) Effects of magnetic fields on behaviour 
in nonhuman primates. In Tenforde, T.S., ed. Magnetic field 
effects on biological ystems, New York, London, Plenum Press, 
pp. 37-38. 

DELORGE, J. 	(1985) 	Behavioural studies on monkeys in 
electric and magnetic fields at ELF frequencies. In 
Grandolfo, H., Michaelson, S.N., & Rindi, A., ed. Biological 
effects and dosimetryof static and ELF electromagnetic 
fields, New York, London, Plenum Press, pp. 433-439. 



- 158 - 

DEMETSKY, A.M. & ALEKSEEV, A.G. 	(1981) 	[Man-made magnetic 
fields in medical practice (experimental studies),] Minsk, 
lzd-vo Beiaru, p. 94 (in Rusiab)7 

UENETSKY, A.M., SURGANOVA, S.F., POPOVA, L.]I., & GAVILOVICH, 
P.F. (1979) Magnetic field effects on inicroclrculation. 
Zdravookhr Selorus, 12: 35. 

DENISOV, V.8., GAVRILOV, V.A., & INNONIKOV, 1.8. 	(1979) 
Human reactions to the influence of electric and magnetic 
fields at industrial frequency. In: Living systems in 
electromagnetic fields, Tomsk, University of Tomsk, pp. 54-64. 

D'SOUZA, L., RENO, V.R., NUTINI, L.G., & COOK, E.S. 	(1969) 
The effect of a magnetic field on DNA synthesis by ascites 
Sarcoma 37 cells. In: Barnothy, H.P., ed. Biological effects 
of magnetic fields, New York, London, Plenum Press, Vol. 2, 
pp. 53-59. 

DIEBOILT, J.R. 	(1978) 	The influence of electrostatic and 
magnetic fields on mutation in Drosophila melanogaster 
spermatozoa. Mutat. Res., 57: 169-174. 

DJIXEY, R. & REIN, C. 	(1982) 	3H-noradrenaline release 
potentiated in a clonal nerve cell line by low-intensity 
pulsed magnetic fields. Nature (Land.), 296: 253-256. 

DRUZ, V.A. & MADIYEVSKII, YU.M. (1966) [Effects of constant 
magnetic and low-frequency electromagnetic fields on the 
hydration capacity of surviving tissues.] Biofisika, 11; 
724-731 (in Russian with English abstract). 

DUNLAP, K. 	(1911) Visual sensations from the alternating 
magnetic field. Science, 33: 68-71. 

EDELNAN, A., TEULEN, J., & PUCHALSKA, I.B. (1979) Influence 
of magnetic fields on frog sciatic nerve. Biochem. biapy. 
ReS. Commun., 91: 118-122. 

EISELELN, 	B.S., 	BOUTELL, H.M., 	& BIUGS, 	M.W. 	(1961) 
Biological effects of magnetic fields - negative results, 
Aerosp. Med., 32: 383-386. 

EMLEN, 5.1., WILTSCHXO, W., DEMONC, N.J., WILTSCIIKO, R., & 
BERGMAN, S. (1976) Magnetic direction finding. evidence for 
its use in migratory indigo buntings. Science, 193: 505. 



- 159 - 

ERLEBACHER, J.A., CAHILL, P.T., PANNIZZO, F., & KNOWLES, 
R.J.R. (1986) Effects of magnetic resonance imaging on DDD 
pacemakers. Am. J. Cardiol., 57: 437-440. 

FAN, W.Z. (1981) Biological effects of 60-Hz magnetic field 
on mice. IEEE Trans. Mag., 17: 1510-1513. 

•.. 	 FEDERAL REPUBLIC OF GERMANY 	(1984) 	Hazards of electro 
magnetic fields. Protection of persons in the frequency range 
10 kHz to 3000 0Hz, Berlin, Deutsche Norm (DIN VDE No. 0848, 
July). 

FEDERAL REPUBLIC OF CERMANY (1986) Hazards from electro-
magnetic fields. Protection of persons in the freQuency range 
from 0 Hz to 3000 0Hz, Berlin, Deutsche Norm (New DIN-VDE 
draft, June). 

FHO (1984) [Recommendations on avoiding health risks caused 
by magnetic and radiofrequency electromagnetic fields during 
nuclear magnetic resonance tomography and in vivo nuclear 
magnetic resonance spectroscopy.1 Bundesesundheitsb1att, 
27(3): 92-96 (in German). 

FOSTER, N.A. 	(1984) 	Magnetic resonance in medicine and 
biology, Oxford, Pergamon Press. 

FRANKEL, R.B. 	(in presa) 	Biological effects of static 
" magnetic fields. In Polk, C. & Postow, H., ed. llandhook of 

biological effects of electromagnetic fields, Boca Raton, 
Florida, CRC Press. 

FRANKEL, R.B., BLAKEMORE, R.P., & WOLFE, R.S. 	(1979) 
Magnetite in fresh-water magnetotactic bacteria. Science, 203: 
1355-1356. 

FRANKEL, R.B., BLA.KEMORE, R.P., TORE-ES DE ARAUJO, F.F., & 
ESQUIVAL, D.M.S.. (1981).. Magnetotactic bacteria at the 
geomagnetic equator. Science, 212: 1269-1270. 

FRAZIER, M.E., ANDREWS, I.K., & THOMPSON, B.B. 	(1979) 	In 
vitro evaluation of biomagnetic effects, in: Phillips, R.D., 
Cillis, M.F., Kaune, W.T., & Mahlum, DD., ed. Biological 
effects of extremely low frequency electromagnetic fields, 

- Springfield, Virginia, US Department of Energy, National 
Technical Information Service, pp. 417-465 (NTIS Rep. No. 
CONF-781016). 

FRIEDMAN, H. & CAREY, R.J. 	(1972) 	Biomagnetic stressor 
effects in primates. Physiol. Behav., 9: 171-173. 



- 160 - 

FRIEL)MAN, ii., dECKER, R.O., & EACHNAN, C.H. 	(1967) effect of 
magnetic fields on rcaction time performance. Nature (Load.), 
213: 949-950. 

PROLILICH, H. (1966) Long-range coherence and energy storage 
in biological systems. lot. J. Quantum Chem., 2: 641-649. 

FRORLICII, H. 	(1977) Possibilities of long- and short-range 
electric interactions of biological Systems. Neurosci. Res, 
gggram Bull., 15: 67-72. 

FUJITA, T.Y. & TENFORDE, T.S. (11982) Portable magnetic field 
dosimeter with data acquisition cüpabilities. Rev. sci. 
Instrum., 53: 326-331. 

FUL'ION, J.P., COBB, S., PREBLE, I.., LEONE, L., & PORNAN, E. 
(1980) Electrical wiring configurations and childhood 
leukaeinia in Rhode island. An. J. Epidersiol., 113(3): 292-296. 

GAFFE?, C.T. & TENFORiJE, T.S. (1979) Changes in the electro-
cardiograms of rats and dogs exposed to DC magnetic fields, 
Berkeley, University of California, Lawrence Berkeley 
Laboratory (Report No. 9085). 

CAFFEY, C.T. & TENFORDE, T.S. (1981) Alterations in the rat 
electrocardiogram induced by stationary magnetic fields. 
Bioelectromagnetics, It; 357-370. 

GAFFEY, C.T. & TENFORIJE, T.S. 	(1983) Bioelectric properties 
of frog Sciatic nerves during exposure to stationary magnetic 
fields. Radiat. environ. Biophys., 22: 61-73. 

GAFFE?, C.T. & TENFORDE, T.S. 	(1984) 	Electroretinograms of 
cats and monkeys exposed to large stationary magnetic fields 
(Presented at the 6th Annual Meeting of the Bioelectro-
inagnetics Society, Atlanta, Georgia, 15-19 July). 

GAFFE?, C.T., TENFORDE, T.S., & DEAN, E.E. 	(1980) Altera- 
tions in the electrocardiograms of baboons exposed to DC 
magnetic fields. Bioelectromagnetics, 1; 209. 

CALAXTIONOVA, G.V. & STRZHIZHOVSKY, A.G. (1973) 	[Effect of 
permanent magnetic fields up to 4500 Oe on the mitotic 
activity of corneal epithelial cells in rnice.] Kosm. biol.  
aviakosm. Med., 1: 49-51 (in Russian). 

GALAKTIONOVA, G.V., NASTRYUKOVA, M., & STRZHIZHOVSKY, A.D. 
(1985) [Sensitivity of mammalian tissues to prolonged effects 



161 - 

of constant magnetic fields of high strengthj Kosm. biol. 
aviakosm. Med., 19: 78-81 (in Russian). 

GAUGER, J.R. 	(1984) 	Household appliance magnetic field 
survey, Arlington, Virginia, Naval Electronic Systems Command, 
(ItT Research Institute Report 80 6549-3). 

• 	GEACINTOV, N.M., VAN NOSTRAND, F., POPE, N., & TINKEL, J.B. 
(1971) Itagnetic field effect on the chlorophyll fluorescence 
in Chlorella. Biochim. Hiophys. Acta, 226: 486-491. 

GEACINTOV, N.E., VAN NOSTRAND, F., BECKER, J.F., & TINKEL, 
J.d. (1972) Magnetic field induced orientation of 
photosynthetic systems. Biochim. Biophys. Acta, 267: 65-79. 

GERENCER, V.F., BARNOTI-IY, M.F., & BARNOTHY, J.M. 	(1962) 
Inhibition of bacterial growth by magnetic fields. Nature 
(Lond.), 196: 539-541. 

GER11AIN, C. (1963) Bibliographical review of the methods of 
measuring magnetic fields. Nuci. Instrum. Method, 21: 17-46. 

GIBSON, R.F. & MORONEY, W.F. (1974) The effect of extremely 
'ow frequency magnetic fields on human performance: a 
preliminary study, Pensacola, Florida, Naval Aerospace Medical 
Research Laboratory (Report No. NANRL-1195). 

CILMAN, P.A., AMES, R.C., & NCCAWLEY, M.A. (1985) Leukaemia 
risk among US white male coal miners. J. occup. Med., 27: 
669-671. 

GOLDBERG, V.E. & MEL'NIK-CUYKAZYAN, E.V. (1980) [The effect 
of 50 Hz, 200 oersted variable magnetic field upon hemopoiesis 
in mice at 24-hour exposure.] In: [Problems of theoretical and 
clinical medicine,] Tomsk, USSR Academy of Medical Sciences, 
pp. 12-15 (in Russian). 

GOODMAN, E.M., GREENEBAUM, B., & MARRON, M.T. 	(1979) 
Biceffects of extremely low-frequency electromagnetic fields: 
variation with intensity, waveform, and individual or combined 
electric and magnetic fields. Radiat. Res., 78: 485-501. 

GO0DN:AN, R. & HENDERSON, A.S. 	(1986) 	Sine waves enhance 
- 	cellular transcription. Bioelectromagnetics, 7: 23-30. 

GOODMAN, 11., BASSETT, C.A.L., & HENDERSON, A.S. 	(1983) 
Pulsing electromagnetic fields induce cellular transcription. 
Science, 220: 1283-1285. 



- 162 - 

GORCHONSKAYA, E. 	(1984) 	Effect of static magnetic field 
upon hemorrhage.] Kosm. biol. aviakosm. Med., 18(6); 87-89 (in 
Russian) 

GORCZYNSKA, E., GALKA, C., KROLIKOWSKA, R., & WEGRZYNOWICZ, 
R. (1982) Effect of magnetic field on activity of cytochrome 
oxidase not moved or moved relative to magnetic field lines. 
Physiol. Cheni. Phys., 14: 201-207. 

GOULD, J.L. & ABLE, K.P. 	(1981) Human homing: an elusive 
phenomenon. Science, 214; 1061-1063. 

GOULD, J.L., KIRSCHVINK, J.L., & DEFFEYES, K.S. (1978) 	Bees 
have magnetic resonance. Science, 201: 1026-1028. 

GRAHAM, C., COHEN, H.D., COOK, M.R., PHELPS, J., GERKOVICH, 
H., & FOTOPOULES, S.S. (1984) A douhie-blind evaluation of 
60-11z field effect on human performance, physiology, and 
subjective state (Presented at the 23rd Annual Hanford Life 
Sciences Symposium on Interaction of Biological Systems with 
Static and ELF Electric and Magnetic Fields, Richiand, 
Washington, 2-4 October). 

GBAHAM, J., 'IESCI-i, C., & WENDHAUSEN, H. 	(1986) 	iBiological 
reaction of men and animals in static magnetic fields.] In; 
[Current problems concerning the physics, technology and 
biology of NMR in medicine,] Stuttgart, Urban and 
Schwarzenberg (in German). 

GRANDOLFO, N. & VECCHIA, P. (1985a) Physical description of 
exposure to static and ELF electromagnetic fields. In: 
Grandolfo, N., Michaelson, S.H., & Rindi, A., ed. Biological 
effects and dosimetry of static and ELF electromagnetic 
fields, New York, London, Plenum Press, pp.  31-48. 

GRANDOLFO, K. & VECCHIA, P. (1985b) Natural and man-made 
environmental exposures to static and ELF electromagnetic 
fields. In: Grandolfo, N., Michaelson, S.M., & Rindi, A., ed. 
Biological effects and dosimetry of static and ELF electro-
magnetic fields, New York, London, Plenum Press, pp.  49-70. 

GREENBERG, B., BINDOKAS, V.P., & GAUGER, J.R. 	(1981a) 
Biological effects of a 765-ky transmission line; exposures 
and thresholds in Honey bee colonies. Bioelectromagnetics, 2; 
315-328. 

GREENBERG, B., BINOOKAS, V.P., FRAZIER, N.J., & GAUGER, J.R. 
(1981b) Response of Honey bees Apis mellifera C. to high-
voltage transmission lines. Environ. Eritomol., 10; 600-610. 



- 163 - 

GREENEBAUM, B., GOODMAN, E.M., & MARRON, M.T. 	(1979) 
hxtreiaely low-frequency fields and the slime mold Physaruci 
o1ycepha1um: evidence of depressed cellular function and of 

internuclear interaction. Radio Sci., 14(6S); 103-107. 

GREENEBAUM, B., GOODMAN, E.M., & MARRON, M.T. 	(1982) 
Magnetic field effects on mitotic cycle length in Phrum. 
Eur. J. cell Blot., 27: 156-160. 

GREMMEL, H., WENDRAUSEN, H., & WUNSCI!, F. (1984) [Biological 
effects of static mptic fields associated with NMR 
tomography in man,] Kiel, University of Kid, Radiology 
Department (in German). 

GRIFFIN, J.C. 	(1985) 	The effects of ELF electric and 
magnetic fields on artificial cardiac pacemakers. In; 
Assessments and viewpoints on the bio±ical  and human health 
effects of extreme1y low frequency (ELF) electromagnetic 
fields, Washington DC, American institute of Biological 
Sciences, pp. 173-183. 

GRISSETT, J.D. (1971) Exposure of squirrel monkeys for long 
periods of extremely low-frequency magnetic fields: central 
nervous system effects as measured by reaction time, 
Pensacola, Florida, Naval Aerospace Medical Research 
Laboratory (Report No. NAIIRL-1146). 

GRISSETT, J.D. & DELORGE, J. (1971) Central nervous system 
effects as measured by reaction time insqrrel monkey 
exposed for short periods to extremely low-frequency magnetic 
fields, Pensacola, Florida, Naval Aerospace Medial Research 
Laboratory (Report No. NAMRL-1137). 

GROOSKY, I.T. (1976) Neuronal membrane: a physical synthesis. 
Math. Biosci., 28; 191-194. 

GRODSKY, I.T. (1977) Molecular and physical bases of tissue 
interaction with electromagnetic fields. Neurosci. Res. 
Proam Bull., 15: 191-219 

GROHNANN, J., TESCH, C., & WENDIIAUSEN, H. (1986) [Biological 
reaction of man and animals in static magnetic fields.] In: 
[Current 2roblems concerning the p1!ysics, technology and 
bioly of NfrIR in medicine,I Stuttgart, Urban & Schwarzenberg 
(in German). 

GROSS, L. 	(1964) Lifespan increase of tumor-bearing mice 
through pretreatment. In: Barnothy, M.F., ed. Biological 



- 164 - 

effects of magnetic fields, New York, London, Plenum Press, 
Vol. 1, pp. 132-139. 

GUNDERSEN, R. & GREENEBAUM, B. 	(1985) The effects of ELF 
magnetic fields on synaptic function (Presented at the 7th 
Annual Meeting of the Sioclectromagnetics Society, San 
Francisco, California, 16-20 June). 

HAI3ERDITZL, V. 	(1967) 	Enzyme activity in high magnetic 
fields. Nature (Lond.), 213: 72-73. 

HABERHORN, R. & I41CHEL-BEYRLE, M.E. (1979) On the mechanism 
of magnetic field effects in bacterial photosynthesis. 
Biophys. J., 26: 489-498. 

HAKEMI, H. & LAStS, N.M. 	(1974) 	New optical method for 
studying anisotropic diffusion in liquid crystals, J. Chem. 
Phy., 61: 4020-4025. 

HAKEHI, H. 6 LAMES, N.M. (1975) Self-diffusion coefficients 
of a nematic liquid crystal via an optical method. J. Chem. 

63: 3708-3712. 

HALL, E.J., BEDFORD, J.S., & LEASK, N.J.M. 	(1964) 	Some 
negative results in the search of a lethal effect of magnetic 
fields on biological materials. Nature (Lond.), 203; 1086-1087. 

HALPERM, N.H. & GREEN, A.E. 	(1964) 	Effects of magnetic 
fields on growth of MeLa Cells in tisSue culture. Nature 
(Load.), 202: 717. 

HANNEMAN, G.D. 	(1969) 	Changes in sodium and potassium 
content of urine from mice subjected to intense magnetic 
fields, In: Barnothy, H.P., ed. Biological effects of magnetic 
fields, New York, London, Plenum Press, Vol. 2, pp.  127-136. 

HATJF, H. (1976) Influence of 50 Hz alternating electric and 
magnetic fields on human beings. Rev. gem. electr., Numéro 
spcia1, July; 31-49. 

HAUF, H. 	(1982) 	Electric and magnetic fields at power 
frequencies, with particular reference to 50 and 60 Hz. In: 
Suess, N.J., ed. Non-ionizing radiation protection, 
Copenhagen, World liealth Organization, Regional Office for 
Europe, pp. 175-197 (WHO Regional Publications European Series 
No. 10). 

HASSENZAJJL, V., NAILAFFY, N., & WEINFROFEN, J. 	(1978) 
Evaluation of environmental control technologies for magnetic 



- 165 - 

fields, Springfield, Virginia, US Department of Energy, 
National Technical Information Service (NTIS Report No. 
OOE/EV-0029). 

HCN (1984) Interim advice on NNR, The Hague, Health Council 
of the Netherlands (19 January). 

HEALTH AND WELFARE CANADA (1985) Recommendations to ensure 
protection of ptients and operational personnel from 
potential hazards inpoton NIIR imaging, Ottawa, Environmental 
Health Directorate, p. 17 (Report 85-EHD-124). 

HEALTH AND WELFARE CANADA (1986) Guidelines on exposure to 
electromnetic fields from magnetic resonance clinical 
systems, Ottawa, Environmental Health Directorate (EHD Safety 
Code Report No. 86-EHD-127). 

HINSENKAIIP, N.G. 	(1982) 	Traitement des pseudarthroses par 
stimulation êlectrornagntique. Rev. tid. Bruxelles, 3(1); 
19-28 (with English abstract). 

IiINSENK.AMP, M.G. & ROOZE, M.A. 	(1982) 	Morphological effect 
of electromagnetic stimulation on the skeleton of fetal or 
newborn mice. Acta ortho. Scand., 	196; 39. 

HOFF, A.F. 	(1981) Magnetic field effects on photosynthetic 
.. 	reactions. Q. Rev. Biophys., 14; 599-665. 

HONG )  F.I. 	(1977) 	Photoelectric and magneto-orientation 
effects in pigmented biological 	membranes. 	J. 	colloid 
interface Sci., 58; 471-497. 

HONG, F.T. (1980) Magnetic anisotropy of the visual pigment 
rhodopsin. Biophys. 3., 29: 343-346. 

HONG, F.T., NAUZERALL, D., & MAURO, A. 	(1971) 	Magnetic 
anisotropy and the orientation of retinal rods in a homo-
geneous magnetic field. Proc. NatI Acad. Sci. (USA), 68; 
1283-1285. 

ILINSKY, O.P. & BROWN, R.S. 	(1985) 	[Electroreceptors in 
fish,] Leningrad, Nauka (in Russian). 

IRPA 	(1985) 	Review of concepts, quantities, units and 
terminology for non-ionizing radiation protection. Health 
Phys., 49(6); 1329-1362. 

IRWIN, 	D.D., 	RUSH, 	S., 	EVER1NG, 	R., 	LEPESCHKIN, 	E., 
MONTGOMERY, D.B., & WEGGEL, R.J. 	(1970) 	Stimulation of 



- 166 - 

cardiac muscle by a time-varying magnetic field. IEEE Trans. 
Mqg. , 6; 321-322. 

IWASAKI, I., OHARA, H., MATSUMOTO, S., & MATSUDAIRA, H. 
(1978) Test of biological sensitivity in three different 
biological systems. J. RadiaL. Res., 19: 287-294. 

JAFARY-ASL, A.H., SOLANKI, S.N., AARHOLT, 5., & SMITH, C.W. 
(1982) Dielectric measurements on live biological materials 
under magnetic resonance conditions. J. Biol. Phys., 11: 15-22. 

JEYFRIES, J.C.R. (1981) Influence of electric fields on the 
excitability of granule cells in guinea-pig hippocanpal 
slices. J. Physiol., 319: 143-152. 

JENKINS, B.M. & WOODY, J.A. 	(1978) 	Cardiac pacemaker 
responses to power frequency signals. In; Proceedings of the 
IEEE International Syiuposium on Electromagnetic Compatibility, 
Piscataway, New Jersey, Institute of Electrical and Electronic 
Engineering, Vol. SiB, pp.  273-277. 

JOLLEY, W.B., HINS1-IAW, D.B., KNIERIM, K., 6 HINSHAW, D.B. 
(1983) Magnetic field effects on calcium eftiux and insulin 
secretion in isolated rabbit islets of Langerhans. 
Bloelectromagnetics, 4; 103-106. 

JONES, D.S. & MACFADDEN, B.J. 	(1982) Induced magnetization 
in the 	monarch butterfly 	Dan3us _plexippus 	(Insecta, 
Lepidoptera). J. exp. Biol., 96: 1-9. 

JOS1-Il, M.Y., KHAN, ?1.Z., & DAMLE, F.S. 	(1978) 	Effect of 
magnetic field on chick inorphogenesis. Differentiation, 10: 
39-43. 

JUUTU.AINEN, J. & SAALI, J. 	(1986) 	Development of chick 
embryos in 1 Hz to 100 kllz magnetic fields. RadiaL. environ. 
Biophys., 25; 135-140. 

JUUTILAINEN, J., IIARRI, M., SAALI, K., 6 LAHTINEN, T. (1986) 
Effects of 100-Hz magnetic fields with varidua waveforms on 
the development of chick embryos. Radiat. environ. Biophys., 
25: 65-74. 

KACZIIAREK, L. 	(1977) Cation binding models for the inter- 
action of membranes with EM fields. Neurosci. HAs. Program 
Bull., 15: 54-60. 

KALE, P.G. & BAUM, J.W. 	(1979) 	Genetic effects of strong 
magnetic fields in Drosophila melanogaster. I. Homogeneous 



- 167 - 

fields ranging from 13 000 to 37 000 gauss. Environ. Mugcn., 
: 371-374. 

KALMIJN, A.J. 	(1974) The detection of electric fields from 
inanimate and animate sources other than electric organs. In: 
Autrum, H., Jung, K., LoOwenstein, 1.R., HacKay, 13.11., & 
Teiber, F1.L., ed. Handbook of sensory physioloVy , Berlin, 

• 	Heidelberg, New York, Springer-Verlag, pp.  147-200. 

IKALMIJN, A.J. 	(1978) 	Experimental evidence of geomagnetic 
orientation in elasmobranch fishes. In Sc[imi.dt-Koenig, K. & 
Keeton, W.T. , ed. Animal mjatio13, navation and homing, 
Berlin, Heidelberg, New York, Springer-Verlag, pp.  347-353. 

KALMIJN, 	A.J. 	(1981) 	Biophysics 	of geomagnetic 	field 
detection. IEEE Trans. Hag., 17: 1113-1124. 

KALNIJN, A.J. 	(1982) Electric and magnetic field detection 
in elasmobranch fishes. Science, 218: 916-918. 

KALNIJN, A.J. (1984) Theory of electromagnetic orientation: 
a further analysis. In: Bolis, L,, Keynes, R.D., & Maddrell, 
S.H.P., ed. Comparative physiology of senspy systems, 
Cambridge, Cambridge University Press, pp.  525-560. 

1KANDIL, A. & ELASHMAHY, H. 	(1981) 	The anti-inflammatory 
potential of a magnetic band. J. Drug Rca., 12: 127-130. 

KARTASHEV, A.C., KALYUZHIN, V.A., & M1GALKIN, I.V. 	(1978) 
[Effect of weak magnetic field on rate of glycolytic reaction 
of Saccharomyces cerevisiae.] Kosm. biol. aviakosm. Med., 12: 
76-77 (in Russian). 

KAUNE, W.T. 	(1985) 	Coupling of living organisms to ELF 
electric and magnetic fields. In: Biological and humon health 
effects of extremely low frequency electromagnetic fields, 
Arlington, Virginia, American Institute of Biological 
Sciences, pp. 25-60. 

KAUNE, W.T. & CURLEY, R. (1986) Induction of currents in 
humans and animals by ELF magnetic fields. In: Proceedings of 
the 8th Annual Meeting of the Bioelectrornagnetics Society, 
Madison, Wisconsin, 1-5 June, Gaithersburg, Maryland, 

- 	Bioelectromagnetics Society, p. 17. 

KAVALIERS, M., OSSENKOPP, K.P., & H1RST, N. (1984) Magnetic 
fields abolish the enhanced nocturnal analgesic response to 
morphine in mice. Physiol. Behav., 32: 261-264. 



- 168 - 

KEETON, W.T. 	(1971) Magnets interfere with pigeon homing. 
Proc. Nati Acad. Sci. (USA), 68: 102-106. 

KIIOLODOV, YU.A. 	(1964) 	Effects on the central nervous 
system. En; Barnothy, M.F., ed. Biolpgical effects of magnetic 
fields, New York, London, Plenum Press, Vol. 1, pp.  196-200. 

KHOLODCV, YU.A. 	(1966) 	[Effect of electromagnetic and 	, 
magnetic fields on the central nervous system,] Moscow, Nauka 
(in Russian). 

KHOLODOV, TU.A., ed. (1974) Influence of magnetic fields on 
biological objects, Springfield, Virginia, National Technical 
Information Service (NTIS Report No. JPP.S 63038). 

K1-IOLODOV, YU.A. (1981) 	[Peculiarities of the nervous system 
responses upon intensified magnetic fields.] Vopr. Kurort., 4; 
5-9 (in Russian). 

KHOL000V, IU.A. 	(1982) 	jThe brain in electromagnetic 
fields,] Moscow, Nauka, p.  120 (in Russian). 

IUIOLODOV, Y1J.A. & BERLIN, YU.V. (1984) ISensory reactions in 
man during interactions with magnetic fields.] In: [Electro-
magnetic fields in the biospere. II. Biological effects of 
electromagnetic fields,] Moscow, Nauka, PP.  83-89 (in Russian). 

KHOLODOV, YU.A. & SHISHLO, M.A. 	(1980) 	[Electromagnetic 
fields in physiology,] Moscow, Nauka (in Russian). 

IU-IOL000V, YU.A., ALEXANDROVSKAYA, M.M., LUKJANOVA, S.N., & 
UDAROVA, N.S. (1969) Investigations of the reactions of 
mammalian brain to static magnetic fields. In: Barnothy, M., 
ed. Biological effects of magnetic fields, New York, London, 
Plenum Press, Vol. 2, pp. 215-225. 

KIRSCHVINK, J.L. (1981) Ferromagnetic crystals (magnetite?) 
in human tissue. J. exp. Biol., 92: 333-335. 

KLRSCHVINK, J.L. & LOWENSIAN, H.A. (1979) Mineralization and 
magnetisation of chiton teeth: paleomagnetic, sedimentologic, 
and biologic implications of organic magnetite. Earth planet. 
Sci. LetE., 44: 193-204. 

KLE1MEN0VA, N.G. (1963) [Current concepts on the nature of 
high-frequency variations of the earth's electromagnetic 
field.] Izv. Ay. 58k, 12: 1798-1813 (in Russian). 



- 169 - 

KLIMOVSKAYA, L.U. & MASLOVA, A.F. (1981) Stationary magnetic 
fields and reticular influences on adrenergic and cholinergic 
systems. Kosm. biol. aviakosm. Med., 15; 74-76. 

KLIMOVSKAYA, L.D. & NASLOVA, A.F. (1983) Dynamics of changes 
in catecholamine and acetylcholine of blood during long-term 
exposure to high-induction stationary magnetic fields. Izv. 
Akad. Nauk SSR (Ser. giol.), 4: 606-608. 

KOLESOVA, N.I., VOLOSHINA, E.I., & UDINTSEV, N.A. 	(1978) 
Pathogenesis of insulin deficiency under the effect of an 
alternating magnetic field of industrial frequency. Patol. 
fiziol. Eksp., 6: 71-73. 

KOLIN, A., BRILL, N.Q., & 5R0MBERG, P.J. (1959) Stimulation 
of irritable tissues by means of an alternating magnetic 
field. Proc. Soc. Exp. Biol. Med. (NY), 102: 251-253. 

KOLODUB, F.A. & CHERNYSHEVA, O.N. (1980) Special features of 
carbohydrate-energy and nitrogen metabolism in the rat brain 
under the influence of magnetic fields of commercial 
frequency. Ukr. biokhim. Zh., 3; 299-303. 

KOLODUB, F.A., CHERNYSHEVA, 0.N., & EVTUSIIENKO, C.I. (1981) 
IMycocardial metabolic disturbances in rats exposed to alter-
nating magnetic fields with different parameters.] Kardio-
loglia. 21; 82-85 (in Russian with English abstract). 

K0}IOLOVA, G.S., ERYCIN, C.D., VASIL'EVA, 1.13., & EGOROV, I.A. 
(1972) Effect of a high-intensity constant magnetic field on 
enzymatic hydrolysis of nuclei acids. DokI. Akad. Nauk. SSR, 
204: 995-997. 

KOPANOV, V.I. 6 SHAKULA, A.V. (1985) The effect of ajpo-
geomagnetic field on biological objects, Leningrad, Nauka, 
p. 73. 

KOSSEL, F. (1982) Regulation and enforcement procedures, In: 
Suess, N.J., ed. Non-ionizing radiation protection, 
Copenhagen, World Health Organization, Regional Office for 
Europe (WHO Regional Publications, European Series No. 10). 

KRAUSE, K., CREMER-BARTELS, C., KUCH, L.E., & WEITKAMPER, U. 
(1984) [The influence of low magnetic field variations on 
human night vision acuity.] Fortscbr.Ophtalmol., 81; 183-185 
(in German). 

KRAUSE, N. (1986) Exposure of people to static and time 
variable magnetic fields in technology, medicine, research, 



170 - 

and public life: dosimetric aspects. In: Bernhardt, 3.1-i., ad. 
Biological effects of static and extremely low freqLLe ncy  
ingnetic fields, Munich, NIIV Medizin Verlag, pp. 51-71. 

KRONENBERG, S.S. & TENFORDE, T.S. 	(1979) Cell growth ins 
low-intensity, 60-Hz magIeLic field, Berkeley, California, 
Lawrence Berkeley Laboratory Report LBL-10050). 

KREUGER, W.F., BRADLEY, J.W., GIAROLA, A.J., & DARUVALLA, 
S.R. (1972) Influence of low-level electric and magnetic 
fields on the growth of young chickens. ISA Trans., BM 72335; 
183-186. 

LAEES, N.M. (1966) A possible explanation for the eftect of 
magnetic fields on biological systems. Nature (Lond.), 211; 
968. 

LAMBDIN, J.D. (1978) A comparison of measurement techniques 
to determine electric fields and magnetic flux under EIIV 
overhead power transmission lines, Las Vegas, Nevada, US 
Environmental Protection Agency ö/EAD 78-I). 

LARKIN, R.P. & SUThERLAND P.J. 	(1977) 	Migrating birds 
respond to Project Seafarer's electromagnetic field. Science, 
195; 777-779. 

LAWRENCE, A.F. & AIJEY, 	W.R. 	(1982) 	Non-linear wave 
mechanisms in interactions between excitable tissue and 
electromagnetic fields. Neurol. Res., 4: 115-131. 

LAWRENCE, A.F. 	& ADEY, W.R., 	ed. 	(1983) 	Non-linear 
electrodynamics in biological steins, New York, London, 
Plenum Press, p.  603. 

LEASK, M.J.M. 	(1977) 	A physicochemical mechanism for 
magnetic field detection by migratory birds and homing 
pigeons. Nature (Lond.), 267; 144-145. 

LEASK, M.J.M. 	(1978) Primitive models of magnetoreception. 
In: Schmidt-Koenig, K. & Keeton, W.T., ed. Animal migration, 
navigation, and honing, Berlin, Heidelberg, New York, 
Springer-Verlag, pp. 318-322. 

LEE, J.M., BRUNKE, J.H., LEE, G.E., REINER, G.L., & SHON, 
F.L. (1982) Electrical and biological effects of trans-
mission lines. a review, Portland, Oregon, US Department of 
Energy, Bonneville Power Administration. 



- 171 - 

LEE, P.H. & WEIS, J.J. (1980) Effects of magnetic fields on 
regeneration in fiddler crabs. Biol. Bull., 159-681, 

LEVENG000, W.C. (1966) Cytogenetic variations induced with a 
magnetic probe. Nature (Lond.), 209; 1009-1013. 

LEVENG000, W.C. 	(1967) 	Norphogenesis as influenced by 
- 	locally-administered magnetic fields. Biophys. J., 7: 297-307. 

LEVEN000D, W.C. 	(1969) A new teratogenic agent applied to 
amphibian embryos. J. Embryol. exp. Morphol., 21: 23-31. 

LIJ3ERMAN, E.A., VAINTSVAIG, M.N., & TSOFINA, L.N. 	(1959) 
[The effect of a constant magnetic field on the excitation 
threshold of isolated frog nerve.] Biofizika, 4: 505-506 (in 
Russian with English abstract). 

LIBOFF, A.R. 	(1985) 	Cyclotron resonance 	in membrane 
transport. In; Chiabrera, A., Nicolini, C., & Schwan, H.P., 
ed. Interactions beteen electromagnetic fields and cells, New 
York, London, Plenum Press, pp. 281-296. 

LIBOFF, A.R., WILLIAMS, T., Jr, STRONG, N.N., & WISTAR, R., 
Jr (1984) Time-varying magnetic fields; effect on DNA 
synthesis. Science, 223: 818-820. 

_ 	LISOFF, A.R., THOMAS, J.R., & SCHROT, J. (1985) Magnetically 
induced behaviour modification in rats. In; Proceedings of 
the 7th Annual Meeting of the Nioelectromagnetics Society, San 
Francisco, California, 16-20 June, Gaithersburg, Maryland, 
Bioelectromagnetics Society, p. 22. 

LIBOFF, R.L. 	(1980) 	Neuromagnetic thresholds. J. theor. 
Biol., 83; 427-436. 

LIBIJRDY, R.P. & TENFORDE, T.S. (1986) Membrane responses to 
magnetic and electromagnetic fields. In; Maret, G., ed. 
Biophysical effects of steady magnetic fields, Berlin, 
Heidelberg, New York, Springer-Verlag. 

LIBURDY, R.P., TENFORDE, T.S., & MACIN, R.L. (1986) Magnetic 
field-induced drug permeability in liposome vesicles. Radiat. 
Res., 108(1): 102-I11. 

LIN, R.S., DISCHINGER, P.C., CONDE, 3., & FARRELL, K.P. 
(1985) Occupational exposure to electromagnetic fields and 
the occurrence of brain tumors; an analysis of possible 
association. J. occup. Med., 27: 413-419. 



- 172 - 

LLNL (1985) Working in magnetic fie1ds Berkeley, University 
of California, Lawrence Livermore National Laboratory (Health 
and Safety Manual, Suppl. 26.12) (Revised by C. Miller, June 
27). 

LO, C.C., FUJITA, T.Y., & TENFORDE, T.S. 	(1986) 	A wide 
dynamic range portable 60 Hz magnetic dosimeter with data 
acquisition capabilities. IEEE Trans. Bud. Sc1., 33; 643-646. 

LOVSUND, P., OBERC, P.A., & NILSSON, S.E.G. (1979) Influence 
on vision of extremely low frequency electromagnetic fields. 
Acta ophthalmol. . 57: 812-821. 

LOVSUND, P., NILSSON, S.E.G., OBERG, P.A., & REUTER, T. 
(1980a) Magneto phosphenes: a quantitative analysis of 
thresholds. Med. biol. Eng. Comput., 18: 326-334. 

LOVSUND, P., OBERU, P.A., & NILSSON, S.E.C. (1980b) Magneto 
and electrophosphenes: a comparative study. Med. biol. 
Comput., 18: 758-764. 

LOVSUND, P., NILSSON, S.E.C., & OBERG, P.A. (1981) Influence 
on frog retina of alternating magnetic fields with special 
reference to ganglion cell activity. Med. biol. Eng. Comput., 
19: 679-685. 

LOVSUND, P., OBERG, P.A., & NILSSON, S.E.C. 	(1982) 	ELF 	_- 
magnetic fields in electrosteel and welding industries. Radio 
Sci., 17(5S): 35S-38S. 

LOWENSTAM, H.A. 	(1962) 	Magnetite in denticle capping in 
recent chitons (Polyplacophora). Geol. Soc. Am. Bull., 73; 
435-438. 

LTJBEN, R.A., CAIN, C.D., CHEN, M.C., ROSEN, D.M., & ADEY, 
W.R. (1982) Effects of electromagnetic stimuli on bone and 
bone cells in vitro; inhibition of responses to parathyroid 
hormone by low-energy low-frequency fields. Proc. NatI Acad. 
Sci, (USA), 79: 4180-4184. 

LUNT, M.J. 	(1982) Magnetic and electric fields produced 
during pulsed magnetic field therapy for non-union of tibia. 
Ned. biol. Eng. Comp, 20: 501-511. 

LYLE, D.B., SCHECTER, P., ADEY, W.R., & LUNDAX, R.L. (1983) 
Suppression of I-lymphocyte cytotoxicity following exposure to 
sinusoidally amplitude modulated HF fields. Bioelectro-
magnetics, 4: 281-292. 



- 173 - 

LYU, B.N., YEFINOV, N.L., KUL'SARTOV, V.K., & YAKUPOVA, R.N. 
(1978) Movement of oxygen dissolved in liquid in a permanent 
magnetic field.] Biofiziks, 23: 159-161 (in Russian with 
English summary). 

MAASS, J.A. & ASA, N.H. (1970) Contactless nerve stimulation 
and signal detection by inductive transducer. IEEE Trans. 

6; 322-326. 

NCDOWALL, M.E. 	(1983) 	Leukaemia mortality in electrical 
workers in England and Wales. Lancet, 8318: 246. 

NCDOWALL, N.E. (1986) Mortality of persons resident in the 
vicinity of electric transmission facilities. Br. J. Cancer, 
53: 271-279. 

MCLAUCHLAN, K.A. 	(1981) The effects of magnetic fields on 
chemical reactions. Sd. Prog. (Oxford), 67: 509-529. 

NCLEOD, B.R. & LIBOFF, A.R. 	(1986) Dynamic characteristics 
of membrane ions in multifield configurations of low-frequency 
electromagnetic radiation. BioelectromagneticS, 7; 177-189. 

HCROBBIE, D. & FOSTER, M.A. (1984) Thresholds for biological 
effects of time-varying magnetic fields. Cur'. phys. physiol. 
Ness., 5(2): 67-78. 

NAFFEO, S., MILLER, N., & CARSTENSEN, E.L. 	(1984) 	Lack of 
effect of weak low frequency electromagnetic fields on chick 
embryogenesis. J. Anat., 139; 613-618. 

MAGNUSSON, C.E. & STEVENS, H.C. 	(1911-12) Visual sensationS 
caused by changes in the strength of a magnetic field. Am. J. 
Physiol., 29: 124-136. 

NANLUN, D.D. (1977) Biomagnetic effects: a consideration in 
fusion reactor development. Environ. Health Pepect., 20: 
131-140. 

MMILUM, D.D., SIKOV, M.R., & DECKER, J.R. 	(1979) DOminant 
lethal studies in mice exposed to direct-current magnetic 
fields. In: Phillips, R.D., Gulls, M.F., Kaune, w.T., & 
Mahium, D.D., ed. Biological effects of extremely low 
freauency electromagnetic fields, Springfield, Virginia, US 
Department of Energy, National Technical Information Service, 
pp. 474-484 (NTIS Report No. CONF-781016). 

MALE, J.C., NORRIS, W.T., & WATTS, M.W. 	(1984) 	Human 
exposure to power frequency electric and magnetic fields. In: 



174 - 

Proceedings of the 23rd Hanford Life Sciences Symposium on 
Interaction of Biological Systems with Static and ELF Electric 
and MaeI7etic Fields, Richland, Washington, 2-4 October, 
Springfield, VirTIa, National Technical Information Service. 

HALING, J.H., WEISSELUTH, H., & JACOBS, E.E. 	(1965) Enzyme 
substrate reactions in high magnetic fields. Bioplyp 3., 5: 
7 67-776. 

MALININ, G.I., GREGORY, V.P., MORELLI, L., SHARMA, V.K., & 
H000K, J.C. (1976) Evidence of morphological and physio-
logical transformation of mammalian cells by strong magnetic 
fields. SCience, 194: 844-846. 

MANSFIELD, P. & MORRIS, P.G. 	(1982) 	NMR imaging in 
biomedicine. In: Waugh, J.S., ed. Bio7pnetic effects, New 
York, Academic Press, Suppl. 2, pp.  247-252. 

MANTELL, B. (1975) 	[Investigations into the effects on man 
of an alternating magnetic field at 50 Hz,] Freiburg, 
Uiiiversity of Freiburg (Ph.D. dissertation) (in German). 

MARRY, C. & DRANS1ELD, K. 	(1977) 	Macromolecules and 
membranes in high magnetic fields. Physica, 86-88B; 1071-1083. 

MARET, C. & DRANSFELD, K. (1985) Biornolecules and polymers 
in high steady magnetic fields. In: Herlach, F., ed. 
Applications of strong and ultrastrong magnetic fields. Topics 
in applied p)ysics, Berlin, Heidelberg, New York, Springer-
Verlag, Vol. 57, pp.  143-204. 

KARET, C., SCHICKFUS, M.V., MAYER, A., & DRANSFELD, K. 
(1975) Orientation of nucleic acids in high magnetic fields. 
Phys. Rev. Lett., 35: 397-400. 

MARKUZE, 	1.1., AMBARTSU}IYAN, 	R.G., 	CHIBRIKIN, 	V.M., 	& 
PIRUZYAN, L.A. (1973) [Investigation of the PH? action on 
the alteration of the electrolyte concentration in the blood 
and organs of animals.] Isv. Akad. Nauk SSR (Ser.Biol.), 2; 
281-283 (in Russian). 

MARSAKOVA, N.V. 	(1983) 	[CNS role in the iodine content 
changes within organs and tissues under variable H-field 
conditions.] J. Kosm. biol. aviakosm. Med., 17: 90-92 (in 

Russian). 

MARSH, J.L., ANSTRONG, T.J., JACOBSON, A.P., & SMITH, R.G. 
(1982) Health effects of occupational exposure to steady 
magnetic fields. Am. md. lljAssoc. 3., 43(6): 387-394. 



- 175 - 

MARTIN, H. & LINDAiJER, M. (1977) The effects of the earth's 
magnetic field on gravity orientation in the honeybee 
mellifica). J. comp. Physiol., 122: 145. 

MAThER, J.G. & BAKER, R.R. 	(1981) 	Magnetic sense of 
direction in woodmice for route-based navigation. Nature 
(Lond.), 291. 152-155. 

MATHUR, D.V. (1984) Review Article, biomedical implications 
of the relaxation behaviour of water related to NMR imaging. 
Br. J. Radiol., 57, 683: 955-976. 

}IEDVEDEV, M.A., URAZAEV, A.FI., & KULAI(OV, I.U.A. 	(1976) 
Etfect of a constant and low frequency magnetic field on the 

behavioural and autonomic responses of the human Operator.] 
Zh. Vyssh. Nary. Deiat., 26: 1131-1136 (in Russian with 
English abstract). 

MELVILLE, D., PAUL, F., & ROATH, S. 	(1975) Direct magnetic 
separation of red cells from whole blood. Nature (Lond.), 255; 
706. 

MICHEL-BEYERLE, M.E., SCHEER, H., SEIDLITZ, H., TEMPUS, D., & 
HABERKORN, R. (1979) Time-resolved magnetic field effect on 
triplet formation in photosynthetic reaction center of 
Rhodopseudomonas sphaeroides R'-26. FEBS Lett., 100; 9-12. 

MILD, K.H., SANDSTROM, M., & LOVTRUP, S. (1981) Development 
of Xenopus laevis embryos in a static magnetic field. 
Bioelectrornagnetics, 2: 199-201. 

NILJ-iAM, S., Jr. 	(1979) 	Mortality in aluminium reduction 
plant workers. J. occup. Med., 21: 475-480. 

MILHAM, S., Jr. (1982) Mortality from leukaeuiia in workers 
exposed to electrical and magnetic fields. New Engi. J. Med., 
307(4): 249. 

NILHAN, S., Jr (1985a) Silent keys: leukaemia mortality in 
amateur radio operators. Lancet, 1(8432); 812. 

MILHAM, 8., Jr 	(1985b) 	Mortality in workers exposed to 
electro- magnetic fields. Environ. Health Perspect., 62; 

- 	297-300. 

MILLER, M.W. (1980) Re: Electrical wiring configurations and 
childhood cancer. An. J. Epidemiol., 112: 165-167. 



- 176 - 

MITBREIT, E.N. & NANYAC}iiN, V.D. 	(1984) 	Influence of 
magnetic fields on the repair of bone, Moscow, Nauka, pp. 
292-296. 

MITILER, S. 	(1971) 	Failure of magnetism to influence 
production of X-ray induced sex-linked recessive lethals. 
Mutat. Res., 13: 287-288. 

MIZUSIIIMA, Y., AKAOKA, I., & NISHIDA, Y. 	(1975) Effects of 
magnetic field on inflammation. Experientia (Basel), 21: 
1411-1412. 

MOLIN, YU.N., SAGDEEV, R.Z., & SALIKHOV, K.M. (1979) Effects 
of magnetic field on radical reactions in solution. In 
Vol'Pin, N.E., ed. Soviet scientific review section B, Vol. 1, 
pp. 1-67 (Chemistry Review Series). 

MONTGOMERY, D.J. & SMITH, A.E. 	(1963) 	A search for 
biological effects of magnetic fields. Biomed. Sci. Instrum., 
1; 123. 

MOSS, A.J. & CARSTENSEN, E. (1985) Evaluation of the effects 
of electric fields on implanted cardiac pacemakers, Palo Alto, 
California, Electric Power Research Institute, pp.  679-6. 

MULAY, I.L. & MULAY, L.N. (1961) Effect of a magnetic field 
on Sarcoma 37 ascites tumour cells. Nature (Lond.), 190: 1019. 

MULAY, I.L. & MULAY, L.N. 	(1964) 	Effects on Drosophila 
melanogaster and 5-37 tumour cells: postulates for magnetic 
field interactions. In: BarnOthy, M.F., ed. Biological effects 
of magnetic fields, New York, London, Plenum Press, Vol. 1, 
pp. 146-169. 

MULLER, K., HABERDITZL, W., & PRITZE, B. (1971) Examination 
of the influence of magnetic fields on chemical reactions. Z. 
Phys. Chem., 248: 185-192. 

MURAYANA, M. (1965) Orientation of sickle cell erythrocytes 
in a magnetic field. Nature (Lond.), 206: 420-422. 

MURRAY, J.C. & FARNDALE, R.W. (1985) Modulation of collagen 
production in cultured fibroblasts by a low-frequency, pulsed 
magnetic field. Biochim. Biophys. Act, 838: 98-105. 

MYERS, A., CARTWRIGHT, J.A, BONNELL, J.A., MALE, J.C., & 
CARTWRIGHT, S.C. (1985) Overhead power lines and childhood 
cancer. In: Proceedings of the International Conference on 



- 177 - 

Electric and Magnetic Fields in Medicine and Bioloy, London, 
October 1985. 

NARAS, 0.0., BOCCALON, H., BIiRRYER, P., & WAGNER, B. 	(1975) 
Effects in rodents of a i-month exposure to magnetic fields 
(200-1200 Gauss). Aviat. Space environ. Med., 46: 1161-1163. 

NAKAGAWA, N. (1979) Effects of magnetic fields on fertility, 
general reproductive performance and growth of mice. Jpn J. 

34: 488-495. 

NAKACAWA, N,, MWWYA, H., MATSUDA, T., & TSUKANOTO, II. 
(1980) [Effects of static magnetic field on some lipid and 
protein metabolic processes of rabbit.] J. Transp. Ned., 34: 
376-384 (in JapOnese). 

NAK1-IIL'NITSKAYA, Z.N., EASTRYUKOVA, V.M., ANDRIANOV, L.A., & 
BOROUKINA, A.G. (1978) [Organism response to "zero magnetic 
fields" impact.] Kosm. biol. aviakosm. Ned., 12(2): 74-76 (in 
Russian). 

NATH, K., SCUIJLZ, 11.3., 8 BONGIORNI, P. 	(1980) 	Response to 
maniiaalian cells irradiated with 30MV X-rays in the presence of 
a uniform 20-kilogauss magnetic field. Tnt. J. Radiat. Bioi., 
38; 285-292. 

NAZAROVA, N.M., LIVSI-IITZ, V.A., ANgIN, V.8., VESELAGO, V.0., & 
KUZENTSOV, A.N. 	(1982) 	[Hydrolysis of globular proteins by 
trypsin in a strong magnetic field.] Biofizika, 27: 720 (in 
Russian with English abstract). 

NRUGEEAUER, 8.-CR., BLAPROCK, A.E., & WORCESTER, D.L. (1977) 
Magnetic orientation of purple membranes demonstrated by 
optical measurements and neutron scattering. Fed. Eur. homed. 
Soc. Lett., 78: 31-35. 

NEURAT}1, P.W. (1968) High gradient magnetic field inhibits 
embryonic development of frogs. Nature (Lond.), 219: 1358-1359. 

NEW, P.F.J., 	ROSEN, 	B,R., 	BRADY, 	T.J., 	BUONANNO, 	F.S., 
KISTLER, J.P., BURT, C.T., HINSHAW, W.S., NEWHOUSE, J.H., 
POHOST, G.M., & TAVERAS, J.N. 	(1983) Potential hazards and 
artifacts of ferromagnetic and non-ferromagnetic surgical and 

• 

	

	dental materials and devices in magnetic resonance imaging. 
Radiolg, 147; 139-148. 

NORTON, L.A. 	(1982) 	Effects of a pulsed electromagnetic 
field on a mixed chondroblsstic tissue culture. Gun. orthop. 
relat. Res., 167: 280-290. 

12 



- 178 

BRPJ3 (1981) Exposure to nuclear magnetic resonance clinical 
imaging. Radiograp, 47(563): 258-260. 

NRPB 	(1983) 	Ad hoc Advisory Group on Nuclear Bagnetic 
Resonance Clinical lmaging Revised guidance on acceptable 
limits of exposure during nuclear resonance clinical imaging. 
Br. J. Radiol., 56: 974-977. 

NRPB 	(1984) Advice on acceptable ltmits of exposure to 
nuclear magnetic resonance clinical imaging, Chilton, Didcot, 
Oxon, P.M. Stationery Office. 

OBERG, P.A. 	(1973) 	Magnetic stimulation of nerve tissue. 
Med. biol. En. , Il; 55-64. 

ODINTSOV, Y.N. (1965) [The effect of a magnetic fieLd on the 
natural resistance of white mice to Listeria infection.] Tr. 
Tomsk.Vaktsyn. Syvorotok, 16: 234-238 (in Russian with 
English abstract). 

OGRODNIK, A., KRUGER, H.E., ORTIIUBER, H., HABERKORN, K., 
MICHEL-BEYERLE, M.E., & SCHEER, B. 	(1982) 	Recombination 
dynamics 	in bacterial 	photosynthetic 	reaction 	centers. 
biopily s. 3., 39: 91-99. 

OLCESE, J. & REUSS, S. 	(1986) 	Magnetic field e:fects on 
pineal gland melatonin synthesis: comparative studies on 
albino and pigmented rodents. grain Rca., 369: 365-368. 

OLCESE, J., REUSS, S., & VDLL8ATH, L. 	(1985) 	Evidence for 
the involvement of the visual system in mediating magnetic 
field effects on pioeal melatonin synthesis in the rat. Brain 
Rca., 333: 382-384. 

OLIN, R., VAGERO, B., 	6. ARKB01I, 	A. 	(1985) 	MortaLity 
experience of electrical engineers. Br. J. md. Med., 42: 
211-212. 

OSSENKOPP, K.-P. B SHAPIRO, J. 	(1972) 	Effects of prenatal 
exposure to a 0.5 Hz low-intensity rotating magnetic field on 
qhite Peking ducklings. Am. Zool., 12: 650. 

OSSENKOPP, K.-P., KOLIEK, E.T., & PERSINGER, M.A. 	(1972) 
Prenatal exposure to an extremely low frequency-low intensity 
rotating magnetic field and increase in thyroid and testicle 
weight in rats. Dcv. Paychobiol., 5: 275-285. 

PAPI, F., MESCL1INT, E., & BALDACCINI, N.E. 	(1983) 	Homing 
behaviour of pigeons released after having been placed in 



- 179 

alternating iiiagnctic fields. Comp. Siochers. Siophys., 7trA: 
613-682 

PAUL, P., RDAfl-1, S., & IINLVILLL, U. 	(1978) 	Differential 
blood cell Separation using a high gradient magnetic field. 
Br. J. Haenratnl., 38: 273-280. 

PAUTRIZSL, R. , PRIORE, A., 3ERLUREAP, 1'., & PAUTNIZEL, A.N. 
(1969) Stimulation, par des moyeus pliysiques, des d4fenses de 
la souris et du rat centre la trypanosomose expórimcrntale. C. 
9.Acad. Sci. (Paris) Sr. 1)., 268: 1889-1892. 

PAVLICEK, 4., GEISINCEA, N., CASTLE, L., 8ONKOWSKI, G.P., 
1DEANLY, T.F., BREMI, B.L., 8 GALLAGHER, 3.8. (1983) ihe 
effects of nuclear magnetic resonance on patients with cardiac 
pacemakers. Radiology, 147 149-153. 

PEARCE, N.E., SHEPPARD, R.A., UOWAIW, J.K., ERASER, J., & 
LLLI.EY, B.N. (1985) Leukacrmia in electrical wotkers in New 
Eeataxnt. Lancet, 1(8432); 811-812. 

PELHE, 1., IIESZAROS, 1., & SANVARI, E. 	(1973) 	Effects of 
static magnetic field on the establishment of conditioned 
electrodefnsjve reflex in the rat. Actaphysial. Read. Sd. 
Hung., 43: 125-132. 

PERAKIS, N. 	(1947) 	Suc la croiseance des cultures de 
fibroble.stes dams un champ magn4tique. Acta anat., 4; 225. 

PEREIRA, J4.R., NUTINL, L.G., PARDON, B.C., & COOK, E.S. 
(1967) Ce1l1ar respiration in intermittent magnetic fields. 
Proc. Soc. Exp. Diol. Med., 124: 573-576. 

PERRY, P.S., REICHMANIS, H., MARISO, A.A., N BECKER, R.O.  
(1981) Enviromseocal power frequency magnetic fields and 
suicIde. Health Pys., 41; 267-277, 

PERSINGER, M.A. (1969) Open-field behaviour in ratS exposed 
prenatally to a low intensity-low frequency, rotating magnetic 
field. Dcv. Psychobiol., 2: 168-171. 

PERSISGER, K.A. & COJKRE, D.J. 	(1978) 	Thynus mast cell 
numbers following perinatal and adult exposures to low 
intensity 0.5 Rs magnetic fields. tnt. J. Biometeorol., 22: 
123-128. 

PERSINGER, M.A. & FOSTER, W.S. (1970) ELF rotating magnetic 
fields: prenatal eatposure and adult behaviour. Arch. Met. 
Geoph. Bioki. (Set. 8), 18: 363-369. 



- 180 - 

RSINGER, M.A. & PEAR, J.J. (1972) Prenatal exposure to an 
ELF-rotating magnetic field and subsequent increase in 
conditioned suppression. Dcv. Pychobio1., 5: 269-274. 

PERS1NGER, N.A., OSSENKOPP, K.-P., & GLAV1N, G.B. 	(1972) 
Behavioural changes in adult rats exposed to ELF magnetic 
fields. tnt. J. biosmeteorol., 15; 155-162. 

PERSINGER, M,A., LAFRENIERE. G.E., & CARRET, N.J. 	(1978) 
Thyroid morphology and wet organ weight changes in rare 
exposed to different low intensity 0.5 Hz magnetic fields and 
pre-experimnental caging conditions. tnt. S. Bioneteorol. , 22; 
67-73. 

PERSSON, B.R.R. & STAHLBERG, F. 	(1984) 	Potential health 
hazards and safety aspects of clinical NNR examinations, Lund, 
Radiation Physics Departments. 

PhILLIPS, J.L., WINTERS, W,D., S RUTLEDGE, L. 	(1986a) 	In 
vitro exposure to eXectromagetic fields; changes in tumour 
cell properties. Lot. J. Radiat. biol., 49(3): 463-469. 

PFIILL1PS, J.L., RUTLEDGE, L., & WINTERS, W.D. 	(1986b) 
Transferrin binding to two human colon carcinoma cell lines; 
characterization and effects of 60-11z electromagnetic fields. 
Cancer lIes., 46: 239-244. 

PILLA, A.A. (1979) Elactrochemical information transfer and 
its possible role in the control of cell function. lu: 
Brighton, C.T., black, H., & Pollack, S.it., ed. tlectrical 
propertiesof bone and cartilage, New Tork, London, Grune and 
Stratton pp.  455-489. 

PILLA, A.A., SECHAUD, P., & IdCLEOD, B. 	(1983) 	Electro- 
chnicaI and electrical aspects of low-frequency current 
induction in biological systems. S. Biol. Phys., 11: 51-57. 

PI1WSYAN, L.A. & KUZNETSOV, A.N. 	(1983) 	IThe study of 
mechanisms of constant and low frequency magnetic fields 
influence on the biological systems.] InI [Proceedings of the 
USSR Academy of Sciences, November - December,] pushchino, 
USSR Academy of Sciences (biological Series No. 6) (in 
Russian). 

POLK, C. (1974) Sources, propagation, amplitude and temporal 
variation of extremely low frequency (0-100hz) electromagnetic 
fields: In: Llaurado, 3.0., Jances, A., & battocletti, J.H. 
ed. biological and clinical effects of low frequency magrieEi 



- 181 - 

and electric fields, Springfield, 1l1nois, Charles C. Thomas, 
pp. 21-46. 

POLK, C. (1984) Motion of counterions on a cylindrical cell 
surface a possible mechanism for the action of low-frequency, 
low-intensity magnetic fields which displays unsuspected 
frequency dependeece. In: Proceedings of the 23rd Hanford Life 
Sciences Symosiucs on Interaction of biological. Systems with 
Static and ELf Electric and Magnetic Tields, P.icIiland, 
9ashington, 2-4 October, Springfield, Virginia, National 
Technical Information Service. 

POLSON, K.J.R.., BARKER, A.T., & FREESTON, 1.4. 	(1982) 
Stimulation of nerve trunks with tine-varying magnetic fields. 
Ned. biol. Eng. Comput., 20: 243-244. 

PRESTI, D. & PETTIGREW, J.D. (1980) Ferromagnetic coupling 
to muscle receptors as a basis for geomagnetic field 
sensitivity in animals. Nature (Lond.), 285: 99-101. 

RABINOVLTCH, B., NALING, J.E., & WEISSBLTJTEI, M. 	(1967a) 
Enzymesubstrate reactions in very high magnetic fields, 1. 
hiophys. J., 7; 187-204. 

RABINOVITCH, 8., M.ALING, J.E., S WE1SSBLUTh, M. 	(1967b) 
Enzymesubstrate reactions in very high magnetic fields. II. 
Biophys. .J., 7: 319-327. 

RABINOVITCH, E.Z., lARAN, Y.P., USACFiEVA, NJ)., EPSEITEYN, 
1.11., & KUZNETSOV, A.N, (1983) [The effect of constant 
magnetic fLeld on human skin respiration in reparative and 
destructive processes.] Biofiaika, 28 693-696 (in Russian 
with English abstract). 

RAI1IRP.1, IL, MONTEAGUDO, J.L., GARCiA-GARCIA, M., & DELGADO, 
J.N.R. (1983) Oviposition and development of Drosophila 
modified by magnetic fields. Bloelectroinagnetics, 4; 315-326. 

RAMON, C.., AYAZ >  N.., & STREETER, 0.0., Jr (1981) Inhibition 
of growth rate of Eacherichia cmli induced by ectremely low-
frequency weak nagnetic fields. Bioelectromagnetics, ,: 

285-289. 

RATNER, S.C. (1976) Kinetic movements in magnetic fields of 
chitons with ferromagnetic structures. Behav. Biol., 17: 
573-578. 

RAYBOURN, M.S. (1983) The effects of direct-current magnetic 
fields on turtle retinas in vitro. Science, 220 715-717. 



- 182 - 

iENO, V.N. (1969) Conduction velocity in nerve exposed to a 
high magnetic field, Peecola, Florida, Naval Aerospace 
Medical Institute (Report No. i-ID-699-171). 

REND, V.R. & NUTINI, L.G. (1963) Effect of magnetic field on 
tissue respiration. Nature (Land.), 198: 204-205. 

REND, V.R. & NUTLNL, t.G. 	(1964) 	Tiasue respiration. In: 	- 
barnothy, M,F., ed. Iliological effects of teagrietic fields, New 
York, London, Plenum Press, Vol. 1, pp.  211-217. 

RLIPACEOLI, N.H. 	(1983a) 	Differentiation between biological 
effects and health hazards: scaling from animals. In: 
Grandolfo, N., Michaelson, S.D., & Ilindi, A., ed. biological 
effects and dosimetrl of non-ionizing radiation, New York, 
London, Plenum Press, pp. 531-548. 

REPACHULI, N.H. (11983b) Development of standards-assessment 
of health hazards and other factors. Jn 	Grandofto, N., 
Nichaeison, S.N., 6 Rindi, A., ed. Biological effects and 

	

non-ioni%i ng 	New York, London, Plenum 
Press, pp. 611-625. 

REPACHOLI, N.H. 	(1985a) 	Video display terwieals - should 
operators he concerned? Australas. phys. eng. Sd. Med., 8(2): 
5 1-61. 

REPACHOLI, N.H. (1985b) iicalth risk assessment of static and 
ELF electric and magnetic fields (0-300hz). In: Crandolfo, N., 
Nichaelson, S., & Rindi, A., ed. biological effects and 
dosimetry of static and ELF electromaRnetic fields, New York, 
London, Plenum Press. 

REPACF0Ll, N.H. (1986) Limits of human exposure to magnetic 
fields. In: Hernhardt, J.H., ed. 2ica1 effects of static 
and extremely low treuency magnetic fields, Munich, HMV 
Medizin Verlag, pp. 171-I80. 

RE1JSS S. & OLCESE, J. (1986) Magnetic field effects on the 
rat pineal gland: role of retinal activation by light. 
Neurosci. Lett., 64: 97-101. 

REUSS, S., SENN, P., & VDLLRATH, L. 	(1983) Different types 

	

of magnetically sensitive cells in the rat pineal gland. 	- 
Neurosci. Left., 40: 23-26. 

RETJSS, S., OLCESE, J., VOLLRATH, L., SMALEJ, N., & MEVES, H. 
(1985) Lack of effect of NNR-strength magnetic fields on rat 
pineal inelatonin synthesis. IRCS Med. Sd., 13: 471. 



183 - 

RIESLN, 8,11., ARAIIVI, C., KYLN, 3.L., VALENTINO, A.R., 
MILLER, O.A. 	<1921) 	A pilot study of the interaction of 
etrenieiy low ireguercy electromagz-ietjc fields with brai3 
organelili's, 	Sethesda, 	1Lry1nd, 	Navii 	Medica' 	Ileseareb 
hevolopinent Command (C 01ap i I at i on of Navy-Sponsored ELf 
Siomedical and Scological Research Reports Vol. 1) (Technical 
Memo No. 3) (IITR Project No. 116185). 

ROCIIEITE, 11.8. 8 ARENA, V.C. 	(1983) 	Mortality studies of 
aluminum 	reduction plant 	workers: 	potroom 	and 	carbon 
department. J. occup. Ned., 25: 549-5.57. 

ROCKWELL, S. (1977) Influence of a 1400 Causs magnetic fielil 
on the radiosensitivity and recovery of EKT6 cells in vitro. 
mt. J. Radiar, Blol., 31: 153-160. 

RONVALL, 	V., 	lEYCElT1NG, 	8., 	& 	AN1,5OI1, 	A. 	(1985) 
[Invcscigataon of morbidity itom cancers in the Alita area, 
Stockholm, National. Institute of Knvironmental hQdicine 
Swedish) 

ROOTS, 11.3., [(RAFT, 0.11,, FAKINATO, 11.8., & TE8FORUE, T.S. 
(1932) 	Electrophoretic and electrooptical studies on the 
conforisation and susceptibiIit 	to psoralen crosslinking of 
3netica1ly oriented DNA Berkeley, Univer1ty of California, 

Lawrence Berkeley Laboratory (Report No. LBL-13601). 

RUSRNBLATT, C., TORRES DR ARAUJO, F,F. • & FNANKEL, R.B. 
(1982a) Light scattering determination of magnetic momonts of 
magnetotactic bacteria. 53: 2727. 

ROSENELATI, C., TORRES NE ARAUJO, F.F., & FRANKEL, R.B. 
(1982b) Birefringeace determination of magnetic moments of 
isagnetostatic bacteria. Biophys. 3., 40: 33-85. 

ROSCFIIN, V.A. 	(1985) 	JAssesment of local magnetic field 
effects on human volunteers.] GiZ. Tr. Prof. Zabol., L: 33-36 
(in Russian). 

ROY, C.R., JOYNER, K.[-1., 0185, H.P., & BANCAY, 11.3. 	(1984) 
Measurement of electromagnetic radiation emitted from visual 
display terminals (VOTs). Radiat. ProC. Aust., 2(1): 20-30. 

RUSSELL, 0.11. & hENDRICK, E.G. (1969) Preference of mice to 
consume food and water in an environment of high magnetic 
field. In: )arnothy, li.P., ed. Bioloical effects of mgpetic 
fields, New York, London, Plenum Press, Vol. 2, pp. 233-239, 



- 184 - 

HIJSYAYEV, V.F. 	(1979) 	[Effects of magnetism on thrembocyte 
coagulation.j Prob. Gematol. Pereliv. Krovi., 2 	19-23 (tn 
Russian). 

RYABY, J.T., GOODMAN, N., H8NDEMSON, A.S., & BASERIT, C.A.L. 
(1983) Electromagnetic held effects on cellular biosynthetic 
processes. Trans. B8AGS, 111: 25. 

SM(iROVA, S.A,, RYZHOV, A.l., & UDINTSEV, N.A. 	(1977) 	* 
[Reaction of central and peripheral mediator elements of the 
sympathoadrenal system to single exposures to alternating 
magnetic fields.) Dokl. _ Vyssh. Shk. Biol. Naulci, 9: 3539 (in 
RussiaO). 

SAKHAROVA, S.A., RYZHOV, A.I., & UDIETSEP, N.A. 	(1981) 
Mechanism of the sympathoadrenal systen1s response to the one 
time action of a variable magnetic field. Koso. bid. 
aviakosm. Ned., 15: 52-56. 

SANI)FR, R., BRXNKMANN, 3., & KUHNE, B. 	(1982) 	Laboratory 
studies on animals and human beings exposed to 50 Hz electric 
and magnetic fields. In: Proceedings of the International 
Congress on Large 111gb Voltage Electric Systems, Paris, 1-9 
September, Paris, CIGRE (CIGRE Paper 36-01). 

SAUNDERS, R.U. S CASS, A. (1983) Magnetic field interactions 
with living systems, Didcot, Berkshire, National Radiological 
Protection Board (Report 1196). 

SAUNDERS, R.D. & SMITH, H. 	(1984) 	Safety aspects of 1111K 
clinical imaging. Br. iced. Bull., 40(2): 148-154. 

SCth4ITI, P.O., SCHNEIDER, P.M., & CROThERS, D.M., ed. 	(1975) 
Functional linkag_e in biomolecular systems, New York, Raven 
Press. 

SCIIUL]2EN, K. (1982) Magnetic field effects in chemistry and 
biology. Mv. solid-state Phys., 22: 61-83. 

SCHULT8N, K. (1986) Magnetic fields effects on radical pair 
processes in chemistry and biology. in; Bernhardt, J.}1., cci. 
biological effects of static and ELF magnetic fields, Munich, 
M1IV Medizin-Verlag, pp. 133-140. 

SCHULTEN, K., SWENBERC, CB.E., & WALLER, A. 	(1978) 	A 
biomagnetic sensory mechanism based on magnetic field 
modulated coherent electron spin motion. Ztg.PhChem., 
lll 1-5. 



- 185 - 

SCHWARTZ, J.L. (1978) Influence of n constant iiagnetsc Iield 
011 nervOus tissues. L. Nerve conductioti velocity studies. IEEE 
Trans. Blamed. 467-473. 

SCIARIk, J.L. (1919) Inikuence of o cesistant magnetic freld 
on nervous tissues. 11. Voltage-clamp sLudic. IEEE Trens, 
Niotned. Ens, 26: 238-243. 

8(1011-WALTON, N., CLARK, K.M., NOLI, E.K., JONES, P.C., 
KAPLAN, 5.1)., KRENS, 3.8., PULSON, P., SIILPI1ER1), R.A., & 
YOUNG, J.K. (1979) Potential environmentaL effects of 765-ky 
transmission lines: views before thu New York State Public 
Service Couzuission. Cases 26529 and 26559, 1976-1978, 
Springfield, Virginia, US Department of Energy, 14at1onal 
Technic5l Information Service (NTIS Report No. OUE/CV-0056). 

SELDEL, U., KAOLL, 11., & ELCHNEIER, J. (1968) [Excitation of 
subjectivc light flashes in sian (phosphenes) by a sinusoidal 
magnetic fie16. 11ler Arch. gesamte PhZsiol,, 299: 11-15 
(in German). 

88MM, P. 	(1983) 	Neurobiological investigations on the 
magnetic sensitivity of the pineal gland in rodents and 
pigeons. Cornp. Biocheni. Physiol., 76A: 633-689. 

SEMM, 

 

P. 	(1986) 	Sensitivity to natural magnetic fields in 
—  the central nervous system of pigeons. In: Berithardt, 3.11., 

ed. Bioiogical effects of static and extremely low frequency 
magnetic fields, Munich, 11KV Iledizin-Verlag, pp. 96-101. 

551111, P., 60INE1J*IR, T. , & VGLLNATH, L. (1980) Effects of an 
earth-strength magnetic field on electrical activity of pineal 
cells. Nature (Land.), 288: 607-608. 

55MM, P., SC1-INEIDER, T., VOLLRATH, L., & W1LTSCUKO, N. 
(1982) Magnetic Sensitive pineal cells in pigeons. in: Papi, 
F. & Wallraff, 11.0., ed. Avisn navigation, Jlerlin, heidelberg, 
New York, Springer-Verlag, pp.  329-337. 

88M0, P., NONK, 5., DEMAINM, C., & WILTSCIIKO, W. 	(1984) 
Neural basis of the magnetic compass: interactions of visual, 
magnetic and vestibular inputs in the pigeons brain. J.comp. 
Ptysio1. A., 155: 283-288. 

SHEPPARD, A.R. 	(1963) 	Results of exposure of Ap1ysi 
pacemaker neurons to EEF!60 Ha and DC magnetic fields. 
Proceedings of the 5th Annual Meetin& of the Bicelectro-
mageetics Society, Roulder, Colorado, 12-16 June, 
Gaithersburg, Maryland, bloelectromagnetics Society, p.  25. 



166 - 

SHEPPARD, A.R. 	(1985) 	Cellular studies Ut effects if EEC 
electric and magnetic fields. In; biological and human heith 
effects of extremei 	 fields, 
Arliigron, 	Virginia, 	Amarican 	Institute 	of 	BioLogical 
Sciences, pp. 129-184. 

SHEPPARD, A.R. B EISENBUD, N. 	(1977) Biological effects of 
and manetic fields of extremely los frequency, New 

York, New York University Press. 

S1-ILSE0, M.A. (1974) fnfluerice of magnetic fields on enzymes, 
tissue respiration, and sonic aspects of metabolism in an 
intact organism, In: Khotodov, Y.A., ed. Influence of magnetic 
fields  Springfield, Virginia, National 
Technical information Service, pp. 20-25 (NTIS Report No. JPRS 
63038). 

SIIDDER, A., YANK, N., B FISCHER, U. 	(1982) 	ELectrolyte 
changes in the white mouse under the influence of a weak 
magnetic field. Zbl. Palcterioi. liyg., 3176 303-315, 

SHUST, 1.V., GALANTYUK, S.I., & CHERNCYANKO YU.V. 	(1980) 
particular features of conditioned electrodetensive reflex in 
white rats on a background of constant magnetic field. Fiziol. 
Zh., 26: 264-268. 

8IDJAKIN, 	V.C. 	(in 	press) 	The 	influence 	of 	global 	. 
ecological factors on the nervous_sysreFIev, Naukova Duiak 
(in Russian). 

STKOV, N.h., MAIILUM, D.D., tIORTGDMERY, L.D., & DECKER, J.R. 
(1979) Development of mice after intrauterine exposure to 
direct-current magnetic fields. In: Phillips, R.D., Gulls, 
M.F., Kaune, W.T., & Mahluci, D.D., ed. Biological effects of 
extremely low frequency electromagnetic fields, Springfield, 
Virginia, US Department of Energy, National Technical 
Information Service, pp.  462-473 (NTIS Report No. CONF-791016). 

SILNY, J. (1981) Influence of low-frequency magnetic field 
(LMF) on the organism. In; Proceedings of the 4th Symposium on 
Electromagnetic Compatibility, Zurich, 10-12 March, PP. 
175-180 (Papei 33.G2), 

S1LNY, J. (1984) Changes in VEP caused by strong magnetic 
fields. Int Nodar, R.H. & Barber, C.,, ed. Evoked Potentials 
II: The Second International Evoked PotemETals Symposium, 
bostOn, Butterworth, pp. 272-279. 



- 187 

SILNY, J. (1986) The influence threshold of the time varying 
magnetic field in the huimaii organisili. In: Bernhardt, 3.8., ed. 
Bio1ogcal effects of static and extremely low freqttet\cy 
iriagneti.c fields, Munich, MMV Medizini-Verlag, pp. iO5-112. 

SINCLAiR, W.K. 	(1981) 	The scientific basis 	for risk 
quantitication. Itt; Proceedings of 6th Annual Meeting, 2-3 
ApgjJ, 1980, Washington PC, National Council on Radiation 
Protection and Keesurements, pp.  3-33. 

SLINEY, D.R. 	(1986) Does the basis for a standard really 
exist? In: Bernhardt, J.H., ed. 	iologicaIL effects of static 
and extremely low frecpency magnetic fields, Munich, MNV 
Medizin-Verlag, pp.  181-183. 

SMIRNOVA, N.P. 	(1982) 	[Behaviour of rats in "open field" 
following magnetic field exposure.) J. Vyash. Nervnoj DeA, 
32(1): 72 (in Russian). 

SMITE, C.W. 	(1982) 	CommentS on the paper "Environmental 
power-frequency magnetic fields and suicide." Health Phys., 
43: 439-441. 

SMITH, R.F. & JUSTESEN, D.R. 	(1977) 	Effects of a 60 Hr 
magnetic field on activity levels of mice. Radio Sd., 12(6S): 
279-285. 

-w 	SOLDATOVA, 	L.P. 	(1982) 	Sequence of pathorsorphological 
reactions to the effect of alternating magnetic tields. Arich. 
Anat. Oistol. Embriol., 83: 12-15. 

SOUTHERN, W.E. (1975) Orientation of gull chicks exposed to 
project Sanguine's electromagnetic field. Science, 189: 
143-145. 

SI?EFthHR, D, OLDENHOIJRG, E, & DRANSFELD, K. (1984) Magnetic 
field induced temperature change in mice. Naturwissenschaften, 
71: 100-101. 

STANFORD LINEAR ACCELERATOR CENTER (1970) Limits on human 
ni exposure to static 	agnetic fields, Palo Alto, California, 

Stanford Linear Accelerator Centet. 

STERN, F.B., WAXWEILER 	R.A., BEAUMONT, J.J., LEE, S.T., 
RINSKY, R.A., ZUMWALDE, R.13., HALPERIN, W.E., BLERBAUM, P.3., 
LANDRIGAN, P.J., & MURRAY, W.E. (1986) A case-control study 
of leukaeraia at a naval nuclear shipyard. Am. J. Epidemiol., 
123: 98D-992. 



- 188 - 

ST. LORANT, S.J. 	(1977) 	iSiomagnetism; a review, P10 Alto, 
California, Stanford Linear Accelerator Center (PubiLcation 
No. 1984). 

STMAND, J.A., AgERNATHY, C.S., SKALSKI, J.R., & CENOWAY, R.C. 
(1983) Effects of magnetic field exposure on fertiltzetiori 
success in rainbow trout. Satrno gairdneri. Bioefectro-
magnetics, 4. 295-301. 

STRZHIZUOVSKY, A.B. & NASTRYUKOVA, V.M. 	(1983) 	Effect of 
high-intensity constant magnetic fields on sperractogenesis of 
niammals. lzv. Akad. Nauk SER (Ser. hiol.), 3: 473-475. 

STRZHIZHQVSKY, A.D., GALAKTIONOVA, G.V., 6 C-tEREMNYKH, P.A. 
(1980) [Tissue specificity of mitotic activity changes under 
the influence of strong magnetic fields.) Isito1oaya, 12(2); 
205-208 (in Russian). 

STUCHLY, M.A. 	(1986) 	Exposure to static and time-varying 
magnetic fields in industry research and public life; 
dosiinetric aspects. In: Bernhardt, J.R., ad. Biological  
effects of static and extremely low frequency magnetic fields, 
Munich, N1dV Medizin Verlag, pp. 39-56. 

STUCRLY, M.A. & LECUYER, D.J. 	(1985) Induction heating and 
operator exposure to electromagnetic fields. Health Phys., 49; 
693-700. 

STUCIIL?, f1.A., LECIJYLR, D.., & MANN, R.D. 	(1983) Extremely 
low frequency electromagnetic emissions Iron video display 
terminals and other devices, Health Phys., 45: 713-722. 

6'WERDL0t, A.J. (1983) Epidemiology of eye cancer in adults 
in England and WAleS, 1962-1977. Am. J. Epidemniol., 118(2): 
294-300. 

SWICORD, H.L. 	(1985) 	Possible biophysical mechanisms of 
electromagnetic interactions with biological systems. Mt. 
1nst BIol. Res.: 61-78, 

TABRAR, F.L., GUERNSEY, D.L., Cl-IOU, S.-C., & SATKIN, S. 
(1978) Effect of alternating magnetic fields (60-100 Gauss, 
60 Hz) on Tetrahymena gyriformais. TIT life Sd., 8: 73-77. 

TARAABOVSKY, 	M.L., 	SANBROSKAYA, 	H.P., 	MEDVEDEV, 	11.11., 
ZJIDEROZIINAYA, T.0., OKHRONCHIJK, N.y., & LIKHTENSRTEIN, E.M. 
(1971) ELfcta of constant and alternating magnetic fields on 
some indices of physiological functions and metabolic 



- 189 - 

processes in albino rats. Fiziol. ZN. Kiev Akad. Nauk Ukr. 
(RsR), 17; 452-459. 

TEGE*{KAMP, T.R. (1969) hutagenic effects of magnetic fields 
on Drosophila inclanogaster. in; Barnothy, N.F., ed. Biological 
effects p ic fields, New York, London, Plenum Press 
Vol. 2, Pp.  139-206. 

YELL, R.A. 	(1983) 	Instrumentation for measurement of 
radiofrequency 	electromagnetic 	fields: 	equipment, 
calibrations, and selected applications. In: Crandolfo, N., 
Nichnelson, S., & Rindi, A., ed. Biolo g ical effects and 
dosimetryof non - ionizing radiation: 	radiofrequency and 
talcrowav~ 	New York, London, Plenum Ptess, pp. 95-162. 

TEMUR'YANTS, M.A., YEVSTAF'YLVA, YE.V,, 	& NAKEYEV, V.B. 
(1985) Adaptation of lipid metabolism in rate with 
restricted mobility as a result of exposure to a variable 
infra-low frequency magnetic field.) Biofizika, 30: 313-316 
(in Russian with English sunertary). 

TENFORDE, T.S., 	ed. 	(1979) 	?Iagnetic field effects on 
biological systems, New York, London, Plenum Press. 

TENFORDE, T.S. 	(1984) 	Interaction of stationary magnetic 
fields with the cardiovascular system, Berkeley, University of 
California, Lawrence Berkeley Laboratory (Report No. 
LBL-16329). 

TENFOEDE, T . S. (1985a) Mechani smr, for biological offects of 
magnetic fields. In; Grandolfo, N., Niche1son, S.'1., & Rindi, 
A., ed. Biological effects and dosimetry of static and ELY 
e1ectromgnetic fields, New York, London, Plenum Press, pp. 
71-92. 

TENFORDE, T.S. 	(1985b) 	Biological effects of stationary 
magnetic fields. In: Grandolfo, N., Nichaelson, S.M., & Rindi, 
A., ed. Biological effects and dosimetry of static and ELF 
electromagnetic fields, New York, London, Plenum Press, pp. 
93-127. 

TENFORDE, T.S. 	(1985c) Biological effects of ELF magnetic 
fields. In Biological and human health effects of extreme1 
low treuency electromagnetic fields, Arlington, Virginia, 
American institute of Biological Sciences, Pp. 79-127. 

TENFORDE, T.S. 	(1986a) 	Interaction of ELF magnetic fields 
with living matter. In: Polk, C. & Postow, E., ed. Handbook of 
biological effects of electromsnetic fields, Boca Eaton, 
Florida, CRC press, pp. 197-225. 



- 190 - 

TENFOFWE, T.S. (1986b) Magnetic field applications in modern 
technology and medicine. In: Bernhardt, J.H., ed. biological 
effects of statIc and ELF mggnetiC fields, Munich, MNV 
Medirin-Verlag, pp.  23-35. 

TE?ORDE, T.S. 	(l986c) Thermoregulation in rodents exposed 
to bigb-±ntensity stationary magnetic fields. Bioelectro-
magnetics, 7: 341-316. 	 — 

TEHPORDE, T.S. (1986d) Efological effects of extremely low 
frequency magnetic fields. 1n FOero, W.E., ed. Panel Session 
on Biological Effects of Power-Frequency Electric and Magnetic 
Fields, Piscataway, New Jersey, Institute of Electrical and 
Electronic Engineering, pp. 21-40 (IEEE Publication No, 
861H0139-6--PVR). 

TENFORDE, T.S. 8 EUDINGER, T.F. (1986) Biological effects and 
physical safety aspects of N}lFi imaging and invivo spectro-
scopy. In: Ihomat, S.R., ed. NMR in medicine; instrumentation 
and clinical applications, New York, American Association of 
Physicists in Medicine nograp1i Series). 

TENFORDE, T.S. & KAUNE, W.T. 	(In press) 	Interaction of 
extremely low frequency electric and magnetic fields with 
living systems. Health Phys.. 

TfNFORDE, I.E. & SNIFRINE, M. 	(1984) 	Assessment of the 
immune responsiveness of mice exposed to a 1.5 Tesla 
stationary magnetic field. Bioelectromagnetics, 5; 44-446. 

TENFOEDE, I.S., GAFFEY, C.T., MOYER, B.R., & BUDINGER, T.F. 
(1983) Cardiovascular alterations in hacaca monkeys exposed 
to stationary magnetic fields: experimental observations and 
theoretical analysis, Eioelectromsgnetics, 4; 1-9. 

TENFORDE, T.S., GAFFIlY, C.T., 8 RAYBOURN, M.S. 	(1985) 
Influence of stationary magnetic fields on ionic conduction 
processes in biological systems. Electromagnetic compatibility 
1985. In: Proceedings of the 6th Symposium and Technical 
Exhibition on Electromagnetic Compatibility, Zurich, 5-7 
March, pp. 205-210 (Paper 37G2). 

IENFORDE, T.S., LEVY, L, & VERKLEROV, E. (1986a) Monitoring 
of circadian waveforms in rodents exposed to high-intensity 
static magnetic fields. 1. Instrumentation, Int Proceediq 
of the 8th Annual Meeting of the Binelectronagnetics Society, 
Madison, Wisconsin, 1-5 June, Gaithersburg, Maryland, 
Bioelectromagnetics Society. 



191 - 

TSNFORJiE, T,S., LEVT, L., 6 VEKLF.ROV, S. 	(1986b) Monitoring 
of circadian waveforms in rodeuts exposed to igh-intsicy 
static magnetic 	fields. 	II. 	Sxporert1 	results. 	In: 
proceedings  of - tho Elmial Meeting of the 
Eioelcctroniagnetics Society, Madison, Hisconsin, 1-5 June, 
Gaithersburg, Maryland, Bioelectroiiiagnctics Society. 

TLUCHER, I., BAESSRSEI, ii., & LAStS, 11.11. 	(1971) 	Diffusion 
through neumatic liquid crystals. Natuxe pliys.Scj., 229 25. 

ThACH, 3.5. 	(1968) 	A behavioural effect of intenSe DC 
electromagnetic fields. In: Vagtborg, 1-h, ed. Use of non-human 
primates in drug evaluation, Austin, Texas, University of 
Texas Press, pp. 347-356. 

THOMAS, A. & MORRIS, P.C. (1981) The effects of NMR exposure 
on living organisms. I. A microbial assay. Sr.J. Radiol., 54: 
615-621. 

THOMPSON, S.P.(1909-10) 	A physiological eSfect of an 
alternating magnetic field. Proc. A. Soc. lond. (Ser. H), 82: 
396-398. 

TOGARA, T., ORAl, 0., & OSHIMA, M. 	(1967) 	Observation of 
blood flow RAP in externally applied strong magnetic fields by 
surface electrodes. Ned. tiol.jiu., 5; 169-170. 

TOMENIIJS, L. 	(1986) 	50-11z electromagnetic environment and 
the incidence of tumours in Stockholm county. Sioslectro-
1gtics, 7: 191-207. 

TOMEMILUS, L., l-IELLSTROM, L., & ENANDER, B. 	(1982) Electrical 
constructions and 50 Hz magnetic field at the dwellings of 
tulTiour cases (0-18 years of ago) in the county of Stockholm. 
In: Proceedinas of the International Swianosiwn and Occuna-
tional Health and Safety in Mining and Tunnelling, Prague, 
21-25 June. 

TORI1QVIST, S., NORELL, S., ARLBOM, A., & KNAVE, B. 	(1986) 
Cancer in the electric power industry. hr. J. md. Med., 43: 
212-213. 

TOROPISRV, i.V. (1968) fMorphological changes and biological 
effects of magnetic field exposure.) Arkh. Fatol., 30(3): 3-12 
(in Russian). 

TOROPTSEV, J.V. & SOLDATOVA, L.P. (1981) [Pachomorphological 
reactions of cerebrocortical neural elements to an alternating 



- 192 - 

magnetic field.] Arkh. Patol., 43; 33-36 (ira Russian with 
English summary). 

IOROPTSEV, 	J.V., 	GARGANEYEV, 	G.P., 	GORSHENINA, 	1.1., 	8 
TEPLTAKOVA, N.L. (1974) Pathologoanatomic characteristics of 
changes in experimental animals under the influence of 
magnetic fields. ln: itholodov, YU.A., ed. lufluence of 
magnetic fields on biofogicalobjects, Springfield, Virginia, 
National Technical Information Service, pp.  95-104 (NTIS 
Report No. NPRS 63038). 

TUCKER, R.D. 7 SCHMiTT, O.H. 	(1978) 	Tests for human 
perception of 60 Hz moderate strength magnetic fields. IEEE 
Trans. bloined. Eqg., 25: 509-518. 

TVILOTANI, 0.0., CHLATOZE, T.1., DOLIUZE, N.y., GOLSAHVILJ, 
.8., & CHIKHLADLE, V.A. (1981) [Effects of experimental 

stationary magnetic fields on metabolism of some ions in blood 
and myocsrdiumj Soobsh. Akad. Nauk Gruz.SSR, 101: 169-172 
(in Russian). 

TVILDIANI, D.D., KURASBVLLI, 11.8., CHLAIDZYE, 1.1., SELIK1-iOV, 
Y.V., & GAPRINI)ASHVILI, T.G. (1983) [Effect of constant 
electromagnetic fields on ERG parameters and homeostatis. 
Soobshcii. Akad. Nauk Cruz. 5511, 110: 413-416 (in Russian). 

UNEDA, A., tEAL, 3., TRILLO, tI.A., JU4ENEZ, M.A.. & DELGADO, 
J.M.R. (1983) Pulse shape of magnetic fields influence chick 
embryogenesis. J. Anat., 137: 513-536. 

1JDIINTSCV, N.A. & KHLYNI&, S.M. 	(1979) Effect of a variable 
magnetic field on activity of carbohydrate metabolism and 
tissue respiration in testicle tissue. Ukr. biol. ZN., 50; 
714-717. 

UDINTSEV, N.A. & MOROZ, V.V. 	(1974) 	RespOnse of the 
pItuitary-adrenal system to the action of a varib1e magnetic 
field. Syull. Eksp. Biot. Med., 77: 51-52. 

UDTNTSEV, N.A. & HORDE, V.V. 	(1982) 	[Function of hypo- 

physeal-adrenal system under the effect of power frequency 
variable magnetic field of different regimes.] Gig. Tr. Prof. 
Zabol., 12: 54-56 (In Russian). 

UDINTSEV, N.A., KANSKAIA, N.y., SHCI-1EPETIL 1 NIF0VA, AL, 
ORIJINA, G.M., & PICHURTINA, R.A. (1976) [Dynamics of cardiac 
and skeletal muscle lactate dehydrogenase activity following a 
single exposure to an alternating magnetic field.] Byull. 



- 193 - 

Ekp. Biol. Med., 81; 670-672 (in Russian with English 
abstract). 

UDINTSEV, N.A., SEREBRDV, V.T1J., & TS?ROV, G.I. 	(1978) 
IEffects of industrial frequency variable magnetic fields upon 
thyroid gland function and thyroxin absorption in rats.j 
Byuil. tRap. biol. Med., II: 544-546 (in Russian). 

CENO, S. & IIARADA, K. 	(1982) Redistribution of dissolved 
oxygen concentration under strong DC magnetic fields. IEEE 
Trans. bag., 18: 1104-1706. 

uggo, S., MATSUHOTO, S., HARADA, K., & OOMIJBA, Y. 	(1978) 
Capacitive stiiaulatory effect in magnetic stimulation of nerve 
tissue. IEEE Trans. bag., 14: 958-960. 

UENO, S., L0VSJND, P., & OEERG, P.A. (1981) On the effect of 
alternating magnetic fields on action potential in lobster 
gint axon (Presented at 5th Nordic Meeting on Medical and 
Biological Engineering, Linkopieg, Sweden, 10-43 June). 

IJENO, S., HANAIJA, K., & SHIOKAWA, K. 	(1984) The embryonic 
development of frogs under strong DC magnetic fields. IEEE 
Trans. Ha8., 20: 1663-1665 

IJENO, S., KITAJ{ARA, 1., HAEAI)A, K., & SHIOKAWA, L . 	 (1985) 
Time effects of ELF magnetic and electric fields on the 
embryonic development of frogs (Presented at the 7th Annual 
Meeting of the l3ioelectromagnetics Society, San Francisco, 
California, 16-20 June). 

USSR 	(1970) 	Methodological recommendations. Occupational 
1~y&iene and prophylaxia of untoward action of magnetic fields 
on workers, Moscow, Ministry of Public Health. 

USSR 	(1978) 	[Maximum permissible levels of exposure to 
static magnetic fields at work with magnetic installations and 
magnetic materials,J Moscow, Ministry of Public Health 
(Document No. 1742-77) (in Russian). 

USSR (1985) Maximum permissible levels of magnetic fields 
with the freqeucy 50 Hz, Moscow, Ministry of Public Health 
(Document No. 3206-85). 

VACERO, D. & OLIN, R. 	(1983) 	Incidence of cancer in the 
electronics industry; using the new Swedish Environment 
Registry as a screening instrument. Br. J. md. Med., 40: 
188-192. 

13 



194 - 

VAGERO, U., A111,6OtI, A., dub, R. , & bAHLSTEb, S. 	(1985) 
Cancer morbidity among workers in the tetecommunicatios 
industry. Br. J. inch. tIed., 42; 211-213. 

VA1NER, L.N., POLAJPLELOV, A.V,, hESNlB1, T.V., SA(IJ)LY27, k.Z., 
& 2IOLIN, Y.N. (1978) Effect of a magnetic field on the rate 
of decomposition of H202 by catotase and by tao 1dJTA 
complex with Fe3 .1 Blofizika, 23; 234-242 (in Russian with 
English summary). — 

VAJDA, T. 	(1980) 	Investigation of magnetic field ecroct on 
trypsin activity. RadiaL. environ. Biophys. ,  18; 275-2'-0. 

VALEET[NUZZI, N. 	(1962) Theory of maguotophotpteflcs. Am. J. 
tIed.Electr., 1; 112-121. 

VALENfINVZZL, 21. 	(1965) Notes on magnetic aCtiOUS upon the 
nervous system. Bull.tIath.Biohs,, 2); 203-224, 

VIRTOVA, L., FIALA, J., 6 P616, R. 	(1976) 	Effect of 
prolonged exposures to a magnetic field on the hemet.opoietic 
stein cell. Physiol.Iiohetnosiov., 25; 359-364. 

VILENC1iIK, 	t1.111. 	(1982) 	(Magnetic 	susceptibility 	of 
rhodopsiTm) 3iofizika, 27; 31-36 (in Russian wife English 
summary). 

VYALOV, A.N. 	(1967) 	tlagnetic fields as an cnvronmental 
factor. \Jestnik, 8; 52-58, 

VYALOV, A.M. 	(1971) Clinico hygienic and experimental data 
on the effect 	of magneLic 	fields 	under 	occupational 
conditions, Moscow, Nauka, pp.  165-177. 

VYALOV, A.M. (1974) Clinco-hygienic and experimental data on 
the efeects of magnetic fields under industrial conditions. 
In; Kholodov, Y(J.A., ed. influence of magnetic fields on 
bioloical objects, Springfield, Virginia, National Technical 
Inlormation Service, pp.  163-174 (NTIS Report No. JPLS 63038). 

VYALOV, A.M. S LISIC1-UgINA, V.S. 	(1966) 	(Definition of 
clinico-physiological shift in occupational personnel exposed 
to scattered static magnetic fields.] Gig. Tv. Prof. Zabol., 
5 39-43 (in Russian), 

VYALOV, A.M., SRPIL'BERG, P.1., TUSIIREVICII, L.13., LISICHEINA, 
Z.S.., RYABOVA, A.P., OMITRITEVA, 1I.A., SOROLOV, S.A., & 
ZVANILOVA, L.L. (1964) To the question of static and 
variable magnetic field effects on human organism,] In; 



195 - 

[Scientific 	transactions,] 	tioscow, 	e.F. 	Erisman Hygiene 
Research Institute, pp. 169-175 (in Russian). 

WAG1-ITEL, H. (1979) Firing pattern changes and transmembrane 
current produced by extremely low frequency fields in 
pacemaker neurons. In; Phillips, R.D., Cillis, M.F., Kaune, 
W.T., & Mahium, D.D., ed. biological effects of extremely tow 
frequency electromagnetic fields, Springfield, Virginia, US 
Department of Energy, National Technical Information Service, 
pp. 132-146 (NTIS Report No. CONF-781016). 

WALCOTT, C., GOULD, J.L., & KIRSCIIVINK, J.L. 	(1979) Pigeons 
have magnets. Science, 205; 1027-1029. 

WALKER, N.H., KIRSCHVINK, 3.L., CRANG, S.-B.R., & DIZON, A.E. 
(1984) A candidate magnetic sense organ in the Yellowlin tuna 
Thunnus aibacares. Science, 224: 751-753. 

WATSON, A.B., WRIGHT, J.S., & HIGHMAN, J. 	(1973) Electrical 
thresholds for ventricular fibrillation in man. Med. J. Aust., 
1: 1179-1182. 

WATSON, J. 6 DOWNES, E.M. 	(1978) The application of pulsed 
magnetic fields to the stimulation of bone healing in humans, 
Jpn. J. appl. Phys., 17: 215-217. 

WELKER, 	ILA., 	SEMM, 	P., WILLIG, 	R.P., 	COMNENTZ, 	J.C., 
WILTSCHKO, W., & VOLLRATH, L. (1983) Effects of an 
artificial magnetic field on serotonin N-acetyltransferase 
activity and melatonin content of the rat pineal gland. Exp. 
Brain Res., 50: 426-432. 

WERNER, H.-J., SCHULTEN, K., & WELLLR, A. 	(1978) 	Electron 
transfer and spin exchange contributing to the magnetic field 
dependence of the primary photoehemical reaction of bacterial 
pliOtosynt}Iesis. Biochim. Biophys. Acta, 502: 255-268. 

WERTHEIMER, N. & LEEPER, E. 	(1979) 	Electrical wiring 
configurations and childhood cancer. Am. 	3. Epidemiol., 
109(3): 273-284. 

WEEITHEIttER, N. & LEEPER, E. 	(1982) Adult cancer related to 
electrical wires near the home. mt. 3. Epidemiol., 11(4): 
345-355. 

1tLO 	(1981) 	EHC 16: Radiofreguency and microwaves, Geneva, 
World Health Organization. 



- 196 - 

WHO 	(1982) 	In: Suess, N.J., ed. Non-ionizing radiation 
protection, Copenhagen, World Health Organization, Regional 
Office for Europe (1IHO Regional Publications, European Series 
No. 10). 

WIKLUNU, K., BINHORN, J., & EKLIJNLJ, C. (1981) An application 
of the Swedish cancer-environment registry. Leukaemia among 
telephone operators at the telecommunications administration 
in Sweden. mt. J. EpidemioL, 10: 373-376. 

MIKSWO, J.P., Jr & BARACI-i, J.P. 	(1980) 	An estimate of the 
steady magnetic field strength required to influence nerve 
conduction. IEEE Trans. Biomed. Eng., 27; 722-723. 

WILLIAMSON, S.d. & KAUFMAN, L. (1981) uiomagnetism. S. Nag. 
Nat., 22: 129-201. 

WILTSCHKO, W. & WILISCI-IKO, K. 	(1912) 	Magnetic compass of 
European robins. Science, 176; 62-64. 

WINTERS, W.D., GUEST, C.F., WINTERS, B.T., & PHILlIPS, J.L. 
(1985a) Human leukocyte responses after exposure to 60 ._H_ 
electromagnetic fields in vitro (Presented at the 7th Annual 
Meeting of the Bioelectromagnetics Society, San Francisco, 
California, 16-20 June). 

WiNTERS, W.D., CRAWLEY, R., YOUNG, R.J., & PHILLIPS, J.L. 
(1985b) 	Biological responses of canine leukocytes after 
exposure to 60 Hz elecLromagnetic fields in vitro (Presented 
at the 7th Annual Meeting of the Sioelectromagnetics Society 
San Francisco, California, 16-20 June). 

WOLFF, S., CROOKS, L.E., BROWN, P., HOWARD, R., B PAINTER, 
R.B. (1980) Tests for DNA and chromosoival damage induced by 
nuclear magnetic resonance imaging. Radiology, 136: 707-710. 

WORDSWORTH, O.J. 	(1974) 	Comparative long-term effects of 
liver damage in the rat after (a) localized x-irradiation and 
(b) localized x-irradiation in the presence of a strong 
homogeneous magnetic field. RadiaL. Res., 57: 442-450. 

WRIGHT, W.E., PETERS, J.M., & MACK, T.M. (1982) Leukaemia in 
workers exposed to electrical and magnetic fields. Lancet, 
2(8308): 1160-1161. - 

YAROVITSKIY, N. (1986) Applications of magnets. Med. Gaz., 
13(4562); 4. 



- 197 - 

YOUNG, R.W. (1978) Visual cells, daily rhythms, and vision 
research. Vision Res., 18 573-578. 

YOUNG, N. (1969) Nagnetic field and in situ acetylcholin-
esterase in the vagal heart system. In 3arnothy, M.F., ed. 
Eiolpal effects of magnetic fields, New York, London, 
Plenum Press, Vol. 2, Pp.  79-102. 

ZAFFANELLA, L.E. & DENO, D.W. 	(1978) 	Electrostatic and 
electromagnetic effects of ultra-high-voltage transmission 
lines, Palo Alto, California, Electric Power Research 
Institute (Final report EPRI EL-802). 

ZOEGER, J., DUNN, J.R., & FULLER, N. 	(1981) 	Magnetic 
material and the head of the common pacific dolphin. Science, 
213 892-894. 



WHO publications may be obtained, direct or through booksellers, from: 

ALGERIA: Entreptise nationale du Livre (ENAL), 3 bd Zirout Youcef, ALGIERS 

ARGENTINA: Carlos Hirsch, SRL, Florida 165, Galerias Güemes, Escritorio 453/465, BUENOS AIRES 

AUSTRALIA: Hunter Publications, 58A Gipps Street, COLLINGWOOD, VIC 3066 - Australian Government Publishing Service 
(Mail order sales), P.O. Box 84, CANBERRA A.C.T. 2601; or over the counter from: Australian Government Publishing Service 
Bookshops at: 70 Alinga Street, CANBERRA CITY A.C.T. 2600; 294 Adelaide Street, BRISBANE, Queensland 4000; 347 Swanston 
Street, MELBOURNE, VIC 3000; 309 Pitt Street, SYDNEY, N.S.W. 2000; Mt Newman House, 200 St. George's Terrace, PERTH, WA 
6000; Industry House, 12 Pine Street, ADEI..AID, SA 5000; 156-162 Macquarie Street, HOBART, TAS 7000- R. Hill & Son Ltd., 
608 St. Kilda Road, MELBOURNE, VIC 3004; Lawson House, 10-12 Clark Street, CROWS NEST, NSW 2065 

AUSTRIA: Gerold & Co., Graben 31, 1011 VIENNA I 

fANGLADESH: The WHO Representative, G.P.O. Box 250, DHAKA 5 

BELGIUM: For books: Office International de Librairie s.a., avenue Marnix 30,1050 BRUSSELS. For periodicals and subscriptions: 
Office International des Périodiques, avenue Louise 485, 1050 BRUSSELS - Subscriptions to World Health only: Jean de Lannoy, 
202 avenue du Roi, 1060 BRUSSELS 

BHUTAN: see India, WHO Regional Office 

BOTSWANA: Botsalo Books (Pty) Ltd., P.O. Box 1532, GABORONE 

BRAZIL: Centro Latinoamericano de Informaç8o em Ciencias de Satide (BIREME), OrganizacSo Panamericana de Satide, Sector de 
Publicacbes, C.P. 20381 - Rua Botucatu 862, 04023 SÃO PAULO, SP 

BURMA: see India, WHO Regional Office 

CANADA: Canadian Public Health Association, 1335 Carling Avenue, Suite 210, 01'TAWA, Ont. KIZ INS. (Tel: (613) 725-3769. 
Telex: 21-053-3841) 

CHINA: China National Publications Import & Export Corporation, P.O. Box 88, BEIJING (PEKING) 

DEMOCRATIC PEOPLE'S REPUBLIC OF KOREA: see India, WHO Regional Office 

DENMARK: Munksgaard Export and Subscription Service, Nørre Sogade 35,1370 COPENHAGEN K (Tel: + 45 112 85 70) 

FIJI: The WHO Representative, P.O. Box 113, SUVA 

FINLAND: Akateeminen Kirjakauppa, Keskuskatu 2, 00101 HELSINKI 10 

FRANCE: Librairie Arnette, 2 rue Casimir-Delavigne, 75006 PARIS 

GERMAN DEMOCRATIC REPUBLIC: Buchhaus Leipzig, Postfach 140, 701 LEIPZIG 

GERMANY FEDERAL REPUBLIC OF: Govi-Verlag GmbH, Ginnheimerstrasse 20, Postfach 5360, 6236 ESCHBORN - Buchhand-
lung Alexander Horn, Friedrichstrasse 39, Postfach 3340, 6200 WIESBADEN 

GHiNA:Fides Enterprises, P.O. Box 1628, ACCRA 

GREECE: G.C. Eleftheroudakis S.A., Librairie intemationale, rae Nikis 4, ATHENS (T. 126) 

HONG KONG: Hong Kong Government Information Services, Beaconsfield House, 6th Floor, Queen's Road, Central, 
VICI'ORIA 

HUNGARY: Kultura, P.O.B. 149, BUDAPEST 62 

INDIA: WHO Regional Office for South-East Asia, World Health House, Indraprastha Estate, Mahatma Gandhi Road, 
NEW DELHI 110002 

INDONESIA: P.T. Kalman Media Pusaka, Pusat Perdagangan Senen, Block 1, 4th Floor, P.O. Box 3433/Jkt, JAKARTA 

IRAN (ISLAMIC REPUBLIC OF): Iran University Press, 85 Park Avenue, P.O. Box 54/551, TEHERAN 

IRELAND: TDC Publishers, 12 North Frederick Street, DUBLIN 1 (Tel: 744835-749677) 

ISRAEL: Heiliger & Co., 3 Nathan Strauss Street, JERUSALEM 94227 

ITALY: Edizioni Minerva Medica, Corso Bramante 83-85, 10126 TURIN; Via Lamarmora 3, 20100 MILAN; Via Spallaazani 9,00161 
ROME 

JAPAN: Maruzen Co. Ltd., P.O. Box 5050, TOKYO International, 100-31 

JORDAN: Jordan Book Centre Co. Ltd., University Street, P.O. Box 301 (Al-Jubeiha), AMMAN 

KUWAIT: The Kuwait Bookshops Co. Ltd., Thunayan Al-Ghanem Bldg, P.O. Box 2942, KUWAIT 

LAO PEOPLE'S DEMOCRATIC REPUBLIC: The WHO Representative, P.O. Box 343, VIENTIANE 

LUXEMBOURG: Librairie du Centre, 49 bd Royal, LUXEMBOURG 

MALANI: Malaset Book Service, P.O. Box 30044, Chichiti, BLANTYRE 3 

A/l/87 



WHO pubiications may be obtained, direct or thtough bookseftess, from: 

MALAYSL4: The WHO Represrivalive, Room 1004, 101h Floor, Wisma Lint Fun Yciug (formerly Fitzpatrick's Building), Jal 
Rats (Irulan, KUALA LUMPUR 05-10; P.O. Box 2550, KUALA LUMPUR 01-02: Parry's Book Center, 124-1 Jalan T 
Sarn64nthan, P.O. Box 10960, 50730 KL5ALIn LUMPUR 

MALDIVES: See India, WHO Regional Office 

MEXICO Librena lntrnionI, S.A. tie CV., As. Sonora 206, 06100-MEXICO, D.F. 

MONGOUA see India, WHO Regional Office 

MOROCCO: Editions La PurSe, 281 avenue Mohammed V, RABA'r 

NEPAL see Iadi, WHO Regional Office 

NEThERlANDS Medical hooks Europe DV, Noorderwal 38,7241 DL LOCHEM 

NEW ZEALAND: New Zealand Gvernmenl Printreg 011ice, Publinbing Admuiistration. Prisata hag, WELLINGTON; Wafter SIn 
WELLINGTON. World Trade Buildiog, (ubaeade, Cuba Steed, WELLINGTON, Govc'nsneiif &iok.thops a!: Hannaford Burl 
Buxlciirtg, Rutland Street, Pnvaie hag, AUCKLAN1) 159 Hereford Street, Private Bag, CHKIS'TC}-IURCH AlexandraStreet. P.O. 
es'. HAMILTON; TAG Ruikuing, PriricesSinret, P.O. Box 1104, DUNEDIN—R. Htll& Son Lid, kiral House,CnrGiIlis'sAvenui 
Eden Street, Ncwmarket, AUCKLAND I 

NORWAY; Tanuni - Rail Joltan AS., P.O. lIon 1177. Soutruin, 14-0107 OSLO I 

PAKISTAN; Mirza Book Agency, 65 Shahrah-E--Quaid--E--Azam, P.O. Box 729, LAHORE 

PAPUA NEW GUINEA: The WHO Representative, P.O. Box 646, KONIS[)OI3U 

PHILIPPINES; World Health Organiaauots, Regional Office for the Western Pacific, P.O. Box 2932, MANILA 

PORTUGAL Livrana Rodi-igues, 186 Rua do Otn'o. LISBON 2 

PEPUBI.IC OF KOREA: The W HI) Represenrauvc, (:IraI P.O. Box 540, SEOUL 

SINGAPORE: The WHO Repsesernatise, 144 Moulmein Road, SINGAPORE 1130; Newton P.O. }SoxSl, SINGAPORC 9i 

SOIJTI4 AFRICA: Co.'uaci majOr booll Stores 

SPAIN MlaiitenodeSanujsd yconsurno,Centro de publicaciunex. Documeatacibn y  Biblioteca, Paseode) Prado II, 28014 MAINe 
Cumsscia.tAtheoeurn S.A., Ciinsejode Ciento 130-136, 08015 BARCELONA; C'eneial Moscardb 29, MADRiD 20— Ubrrra 0 

tIe SaaIox, P.O. boa 6050, 28006 MADRID; Balmes 417 p 419, 08022 BARCELONA 

$RI LANKA. its India, WHO Regional Office 

IIWEDF.N; For books: Alctieboliiget t F. Fritzes Kungl. Hovbokhandel, Regcringsgatan 12, 103 27 STOCKHOLM 
Far pe'riojtcali. Wennerren.WiIIiams All, Box 30004, 104 25 STOCXI-1OLM 

tSWIYZERLAND: Medirt*xischr Verlag I-1as Butter, Liinggssssteasse 76, 3012 tIERS 9 

Il'IAILAND: see India, WHO Regional Office 

UNITER KINOJtX)M; tIM. Stationery Ofllce:49 High Holborn, LONIX)N WCIV CHB. ISa CastleStreet, EI)INBUROH FH2 3A 
tiQ('hts:I,cilrr St-nt,:, BELFASt IITI 425'; Itraixuiiose Street, MANCHTSTFR MCCI ZAS,258 Broad Suet, BIRMINGHAM RI 2)1 
Eiiiiiliei House, Wine Street, BRISTOL BSI 219Q. All mail orders should be sera cc. HMSO Publications Centre, 51 Nine Elms Las 
1,1 INOON SW)I SOB 

UNITE 0 TA TI'S OF AMERICA Copies of ,ndivtdual pub) icaitons (nor subcripltorsci: WHO Pubhcaisons Center USA, 49 Shcrid 
A vote, ALBANY, tiY 12240. Subscription orders and correspondence concerning subw'iptssr.s sho'4d he addressed in the Win 
klsNnhl L)rgnrileatson, [)isuibiition and Sales, 1211 GENEVA 27, Swit,rerland. Publiosoons are also available from ifleUaileti Hahn 
Il.ndte4iop, NEW YORK, Ni 00)7 rriail only) 

(/11511, l.a readers in the. USSR requiring Rictian editions' Kornrornolskij prospeki IT, Medicinukaja Katiga, MOSCOW - 
frsi ardts'I uuu4e the USSR orqulrrng Russian editions Kuzneckij most Ill, MeJduoancdiiaja Kruga. MOSCOW G-200 

%l*,NEZUI1LA' Lthrent. Medaca Pens, Apurtadti 60.681, CARA('.A.S 106 

J(95$thAVIA Jugoaloxenaka Kajiga, Teeaaije 27/11, $100) BELGRADE 

t1I9C )øl forntd for deeffioping countries are obtainable on application to the WHO Representatives or 1/ 

I3l;lnri1)f (trhoes listed above or to the World Health Organization, DistributIon and Sales Servi' 
:l0r1tiY1A 'T, CwltzerIaoU Orders frorn countries whete safes agents have not yet been appointed 

3i INS ilow In th.j C5neva tiddtess, but must he paid for in pounds sterling, US doilars, or Swiss 
l)nessro Itk coupons may also he used. Prices are subject to change withoul notice. 

plk.w iw,tr. 16.— 	 ISBN 924 




