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PREAMBLE

The WHO Environmental Health Criteria Programme

In 1973 the World Health Organization (WHO) Environmental
Health Criteria Programme was initiated with the following objectives:

(1) to assess information on the relationship between exposure to
environmental pollutants and human health, and to provide
guidelines for setting exposure limits;

(i) to identify new or potential pollutants;

(ii1) to identify gaps in knowledge concerning the health effects of
pollutants;

@iv) to promote the harmonization of toxicological and epidemiological

methods in order to have internationally comparable results.

It should be noted in this context that WHO defines health as the
state of complete physical, mental and social well being and not merely the
absence of disease or infirmity (WHO, 1946).

The first Environmental Health Criteria (EHC) monograph, on mer-
cury, was published in 1976 and since that time an ever-increasing number of
assessments of chemical and of physical agents have been produced. In addi-
tion, many EHC monographs have been devoted to evaluating toxicological
methodology, e.g. for genetic, neurotoxic, teratogenic and nephrotoxic
agents. Other publications have been concerned with epidemiological guide-
lines, evaluation of short-term tests for carcinogens, biomarkers, effects on
the elderly and so forth.

The original impetus for the Programme came from World Health
Assembly resolutions and the recommendations of the 1972 UN Conference
on the Human Environment. Subsequently the work became an integral part
of the International Programme on Chemical Safety (IPCS), a cooperative
programme of the United Nations Environment Programme (UNEP), the
International Labour Office (ILO) and WHO. With the strong support of the
new partners, the importance of occupational health and environmental
effects was fully recognized. The EHC monographs have become widely
established, used and recognized throughout the world.

Electromagnetic Fields

Three monographs on electromagnetic fields (EMF) address possi-
ble health effects from exposure to extremely low frequency (ELF) fields,
static and ELF magnetic fields, and radiofrequency (RF) fields (WHO, 1984;
WHO, 1987; WHO, 1993). They were produced in collaboration with UNEP,
ILO and the International Non-Ionizing Radiation Committee (INIRC) of the
International Radiation Protection Association (IRPA) and from 1992 the
International Commission on Non-Ionizing Radiation Protection (ICNIRP).
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EHC monographs are usually revised if new data are available that
would substantially change the evaluation, if there is public concern for
health or environmental effects of the agent because of greater exposure, or if
an appreciable time period has elapsed since the last evaluation. The EHCs
on EMF are being revised and will be published as a set of three monographs
spanning the relevant EMF frequency range (0-300 GHz); static fields (0
Hz), ELF fields (up to 100 kHz, this volume) and RF fields (100 kHz — 300
GHz).

WHO's assessment of any health risks produced by non-ionizing
radiation emitting technologies (in the frequency range 0-300 GHz) falls
within the responsibilities of the International EMF Project. This Project was
established by WHO in 1996 in response to public concern over health
effects of EMF exposure, and is managed by the Radiation and Environmen-
tal Health Unit (RAD) which is coordinating the preparation of the EHC
Monographs on EMF.

The WHO health risk assessment exercise includes the develop-
ment of an extensive database that comprises relevant scientific publications.
Interpretation of these studies can be controversial, as there exists a spectrum
of opinion within the scientific community and elsewhere. In order to
achieve as wide a degree of consensus as possible, the health risk assessment
also draws on, and in some cases includes sections of, reviews already com-
pleted by other national and international expert review bodies, with particu-
lar reference to:

. the International Agency for Research on Cancer (IARC)
Monograph on static and extremely low frequency (ELF) fields
TIARC, 2002. In June 2001 TARC formally evaluated the evidence
for carcinogenesis from exposure to static and ELF fields. The
review concluded that ELF magnetic fields are possibly
carcinogenic to humans.

. Reviews on physics/engineering, biology and epidemiology
commissioned by WHO to the International Commission on Non-
Ionizing Radiation Protection (ICNIRP), a non-governmental
organization in formal relations with WHO (ICNIRP, 2003).

. Reviews by the Advisory Group on Non-lonising Radiation
(AGNIR) of the Health Protection Agency (HPA), United Kingdom
(AGNIR, 2001a; 2001b; 2004; 2006).

Scope

The EHC monographs are intended to provide critical reviews on
the effect on human health and the environment of chemicals, physical and
biological agents. As such, they include and review studies that are of direct
relevance for the evaluation. However, they do not describe every study car-
ried out. Worldwide data are used and are quoted from original studies, not
from abstracts or reviews. Both published and unpublished reports are con-
sidered but preference is always given to published data. Unpublished data
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are only used when relevant published data are absent or when they are piv-
otal to the risk assessment. A detailed policy statement is available that
describes the procedures used for unpublished proprietary data so that this
information can be used in the evaluation without compromising its confi-
dential nature (WHO, 1990).

In the evaluation of human health risks, sound human data, when-
ever available, are generally more informative than animal data. Animal and
in vitro studies provide support and are used mainly to supply evidence miss-
ing from human studies. It is mandatory that research on human subjects is
conducted in full accord with ethical principles, including the provisions of
the Helsinki Declaration (WMA, 2004).

All studies, with either positive or negative effects, need to be eval-
uated and judged on their own merit, and then all together in a weight of evi-
dence approach. It is important to determine how much a set of evidence
changes the probability that exposure causes an outcome. Generally, studies
must be replicated or be in agreement with similar studies. The evidence for
an effect is further strengthened if the results from different types of studies
(epidemiology and laboratory) point to the same conclusion.

The EHC monographs are intended to assist national and interna-
tional authorities in making risk assessments and subsequent risk manage-
ment decisions. They represent an evaluation of risks as far as the data will
allow and are not, in any sense, recommendations for regulation or standard
setting. These latter are the exclusive purview of national and regional gov-
ernments. However, the EMF EHCs do provide bodies such as ICNIRP with
the scientific basis for reviewing their international exposure guidelines.

Procedures

The general procedures that result in the publication of this EHC
monograph are discussed below.

A first draft, prepared by consultants or staff from a RAD Collabo-
rating Centre, is based initially on data provided from reference databases
such as Medline and PubMed and on IARC and ICNIRP reviews. The draft
document, when received by RAD, may require an initial review by a small
panel of experts to determine its scientific quality and objectivity. Once the
document is acceptable as a first draft, it is distributed, in its unedited form,
to well over 150 EHC contact points throughout the world who are asked to
comment on its completeness and accuracy and, where necessary, provide
additional material. The contact points, usually designated by governments,
may be Collaborating Centres, or individual scientists known for their partic-
ular expertise. Generally some months are allowed before the comments are
considered by the author(s). A second draft incorporating comments received
and approved by the Coordinator (RAD), is then distributed to Task Group
members, who carry out the peer review, at least six weeks before their meet-
ing.
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The Task Group members serve as individual scientists, not as rep-
resentatives of their organization. Their function is to evaluate the accuracy,
significance and relevance of the information in the document and to assess
the health and environmental risks from exposure to the part of the electro-
magnetic spectrum being addressed. A summary and recommendations for
further research and improved safety aspects are also required. The composi-
tion of the Task Group is dictated by the range of expertise required for the
subject of the meeting (epidemiology, biological and physical sciences, med-
icine and public health) and by the need for a balance in the range of opin-
ions on the science, gender and geographical distribution.

The membership of the WHO Task Groups is approved by the
Assistant Director General of the Cluster on Sustainable Development and
Health Environments. These Task Groups are the highest level committees
within WHO for conducting health risk assessments.

Task Groups conduct a critical and thorough review of an advanced
draft of the ELF EHC monograph and assess any risks to health from expo-
sure to both electric and magnetic fields, reach agreements by consensus, and
make final conclusions and recommendations that cannot be altered after the
Task Group meeting.

The World Health Organization recognizes the important role
played by non-governmental organizations (NGOs). Representatives from
relevant national and international associations may be invited to join the
Task Group as observers. While observers may provide a valuable contribu-
tion to the process, they can only speak at the invitation of the Chairperson.
Observers do not participate in the final evaluation; this is the sole responsi-
bility of the Task Group members. When the Task Group considers it to be
appropriate, it may meet in camera.

All individuals who as authors, consultants or advisers participate
in the preparation of the EHC monograph must, in addition to serving in their
personal capacity as scientists, inform WHO if at any time a conflict of inter-
est, whether actual or potential, could be perceived in their work. They are
required to sign a conflict of interest statement. Such a procedure ensures the
transparency and probity of the process.

When the Task Group has completed its review and the Coordinator
(RAD) is satisfied as to the scientific consistency and completeness of the
document, it then goes for language editing, reference checking, and prepara-
tion of camera-ready copy. After approval by the Director, Department of
Protection of the Human Environment (PHE), the monograph is submitted to
the WHO Office of Publications for printing. At this time a copy of the final
draft is sent to the Chairperson and Rapporteur of the Task Group to check
the proofs.

Extremely Low Frequency Environmental Health Criteria

This EHC addresses the possible health effects of exposure to
extremely low frequency (>0 Hz — 100 kHz) electric and magnetic fields. By
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far the majority of studies concern the health effects resulting from exposure
to power frequency (50-60 Hz) magnetic fields; a few studies address the
effects of exposure to power frequency electric fields. In addition, a number
of studies have addressed the effects of exposure to the very low frequency
(VLF, 3-30 kHz) switched gradient magnetic fields used in Magnetic Reso-
nance Imaging, and, more commonly, the weaker VLF fields emitted by
visual display units (VDU’s) and televisions.

The ELF EHC is organized by disease category; separate expert
working groups met in order to develop drafts addressing neurodegenerative
disorders (Chapter 7), cardiovascular disorders (Chapter 8), childhood leu-
kaemia (section 11.2.1) and protective measures (Chapter 13). The member-
ship of these expert working groups is given below. Drafts of the other
chapters were prepared by consultants, staff from WHO collaborating cen-
tres and by RAD Unit staff. These included Prof. Paul Elliot, Imperial Col-
lege of Science, Technology and Medicine, UK, Prof. Maria Stuchly,
University of Victoria, Canada, and Prof. Bernard Veyret, ENSCPB, France,
in addition to individuals who were also members of one of the expert work-
ing groups and/or the Task Group (see below). The draft chapters were indi-
vidually reviewed by external referees prior to their collation as a draft
document.

The draft EHC was subsequently distributed for external review.
Editorial changes and minor scientific points were addressed by a WHO Edi-
torial Group and the final draft was distributed to Task Group members prior
to the Task Group meeting.

The Task Group met from October 3—7, 2005 at WHO headquarters
in Geneva. The text of the EHC was subsequently edited for clarity and con-
sistency by an Editorial Group consisting of Dr Emilie van Deventer and Dr
Chiyoji Ohkubo, both from WHO, Geneva, Switzerland, Dr Rick Saunders,
Health Protection Agency, Chilton, UK, Dr Eric van Rongen, Health Council
of the Netherlands, Prof. Leeka Kheifets, UCLA School of Public Health,
Los Angeles, CA, USA and Dr Chris Portier, NIEHS, Research Triangle
Park, NC, USA. Following a final review by the Task Group and scientific
and text editing, the EHC was published on the International EMF Projects
website on 18 June 2007.

Participants in the WHO Expert Working Groups

WHO Neurodegenerative Disorders Workshop, WHO HQ,
Geneva. 12-13 December, 2002

Prof. Anders Ahlbom, Institute of Environmental Medicine, Karolinska
Institute, Stockholm, Sweden
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ABBREVIATIONS

AC alternating current

ACTH adrenocorticotropic hormone
AD Alzheimer’s disease

AF attributable fraction

AGNIR  Advisory Group on Non-Ionising Radiation
ALL acute lymphocytic leukaemia
ALS amyotrophic lateral sclerosis
AMI acute myocardial infarction
AML acute myeloid leukaemia
aMT6s  6-sulphatoxymelatonin

AN attributable number

BP benzo(a)pyrene

CA chromosomal aberrations

CAM cell adhesion molecule
CBPI cytokinesis-blocked proliferation index

CI confidence interval
CNS central nervous system
Con-A concanavalin-A

Cx connexin

DC direct current

DENA diethylnitrosamine
DMBA  7,12-dimethylbenz(a)anthracene

DNA desoxyribonucleic acid

EAS electronic access and security system
EBCLIS electric blanket cancer Long Island study
ECG electrocardiogram

EEG electroencephalograms

EHC Environmental Health Criteria

ELF extremely low frequency

EM electromagnetic

EMF electromagnetic fields

ENU N-ethyl-N-nitrosourea

ER estrogen receptor

ERP evoked or event-related potentials

ES embryonic stem cells

FDTD finite-difference time-domain

FFT fast Fourier transformation

FSH follicle stimulating hormone

GABA  gamma-aminobutyric acid

GCS ceramide glucosyltransferase

GH growth hormone

GJIC gap junction intercellular communication

H202 hydrogenperoxyde
HIOMT  hydroxyindole-O-methyltransferase
HRV heart rate variability
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ICNIRP
IEEE
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IFN

Ig
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JEM
LAK
LH
LIBCSP
LPS
LTP
MBM
MN
MRI
mRNA
MS
NA
NADH
NADPH
NAT
NDI
NGF
NHL
NIEHS
NIOHS
NK
NMDA
NMU
NO
NRPB
OoDC
OHCC
8-OhdG
OLCC
OR
PAGE
PARP
PBMC
PHA
PKC
RAD
RF
RFID
RNS

heat shock factor

heat shock protein

International Agency for Research on Cancer
International Commission on Non-Ionizing Radiation Protection
Institute of Electrical and Electronic Engineers
idiopathic environmental intolerance
interferon

immunoglobulin

interleukin

job-exposure matrix

lymphokine activated killer

luteinising hormone

Long Island breast cancer study project
lipopolysaccharide

long-term potentiation

mouse bone marrow

micronucleus

magnetic resonance imaging

messenger ribonucleic acid

multiple sclerosis

noradrenaline

nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
N-acetyl-transferase enzyme

nuclear division index

nerve growth factor

non-Hodgkin lymphoma

National Institute for Environmental Health Sciences
National Institute for Occupational Safety and Health
natural killer

N-methyl-D-aspartate

N-methylnitrosurea

nitric oxide

National Radiological Protection Board
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1 SUMMARY AND RECOMMENDATIONS FOR FURTHER
STUDY

This Environmental Health Criteria (EHC) monograph addresses
the possible health effects of exposure to extremely low frequency (ELF)
electric and magnetic fields. It reviews the physical characteristics of ELF
fields as well as the sources of exposure and measurement. However, its
main objectives are to review the scientific literature on the biological effects
of exposure to ELF fields in order to assess any health risks from exposure to
these fields and to use this health risk assessment to make recommendations
to national authorities on health protection programs.

The frequencies under consideration range from above 0 Hz to 100
kHz. By far the majority of studies have been conducted on power-frequency
(50 or 60 Hz) magnetic fields, with a few studies using power-frequency
electric fields. In addition, there have been a number of studies concerning
very low frequency (VLF, 3-30 kHz) fields, switched gradient magnetic
fields used in magnetic resonance imaging, and the weaker VLF fields emit-
ted by visual display units and televisions.

This chapter summarizes the main conclusions and recommenda-
tions from each section as well as the overall conclusions of the health risk
assessment process. The terms used in this monograph to describe the
strength of evidence for a given health outcome are as follows. Evidence is
termed “limited” when it is restricted to a single study or when there are
unresolved questions concerning the design, conduct or interpretation of a
number of studies. “Inadequate” evidence is used when the studies cannot be
interpreted as showing either the presence or absence of an effect because of
major qualitative or quantitative limitations, or when no data are available.

Key gaps in knowledge were also identified and the research
needed to fill these gaps has been summarized in the section entitled “Rec-
ommendations for research”.

1.1 Summary

1.1.1 Sources, measurements and exposures

Electric and magnetic fields exist wherever electricity is generated,
transmitted or distributed in power lines or cables, or used in electrical appli-
ances. Since the use of electricity is an integral part of our modern lifestyle,
these fields are ubiquitous in our environment.

The unit of electric field strength is volts per metre (V m™) or kilo-
volts per metre (kV m™') and for magnetic fields the flux density is measured
in tesla (T), or more commonly in millitesla (mT) or microtesla (uT) is used.

Residential exposure to power-frequency magnetic fields does not
vary dramatically across the world. The geometric-mean magnetic field in
homes ranges between 0.025 and 0.07 uT in Europe and 0.055 and 0.11 pT
in the USA. The mean values of the electric field in the home are in the range
of several tens of volts per metre. In the vicinity of certain appliances, the



instantaneous magnetic-field values can be as much as a few hundred
microtesla. Near power lines, magnetic fields reach approximately 20 uT and
electric fields up to several thousand volts per metre.

Few children have time-averaged exposures to residential 50 or 60
Hz magnetic fields in excess of the levels associated with an increased inci-
dence of childhood leukaemia (see section 1.1.10). Approximately 1% to 4%
have mean exposures above 0.3 uT and only 1% to 2% have median expo-
sures in excess of 0.4 pT.

Occupational exposure, although predominantly to power-fre-
quency fields, may also include contributions from other frequencies. The
average magnetic field exposures in the workplace have been found to be
higher in “electrical occupations” than in other occupations such as office
work, ranging from 0.4-0.6 pT for electricians and electrical engineers to
approximately 1.0 uT for power line workers, with the highest exposures for
welders, railway engine drivers and sewing machine operators (above 3 uT).
The maximum magnetic field exposures in the workplace can reach approxi-
mately 10 mT and this is invariably associated with the presence of conduc-
tors carrying high currents. In the electrical supply industry, workers may be
exposed to electric fields up to 30 kV m™.

1.1.2 Electric and magnetic fields inside the body

Exposure to external electric and magnetic fields at extremely low
frequencies induces electric fields and currents inside the body. Dosimetry
describes the relationship between the external fields and the induced electric
field and current density in the body, or other parameters associated with
exposure to these fields. The locally induced electric field and current den-
sity are of particular interest because they relate to the stimulation of excit-
able tissue such as nerve and muscle.

The bodies of humans and animals significantly perturb the spatial
distribution of an ELF electric field. At low frequencies the body is a good
conductor and the perturbed field lines outside the body are nearly perpen-
dicular to the body surface. Oscillating charges are induced on the surface of
the exposed body and these induce currents inside the body. The key features
of dosimetry for the exposure of humans to ELF electric fields are as fol-
lows:

. The electric field inside the body is normally five to six orders of
magnitude smaller than the external electric field.

. When exposure is mostly to the vertical field, the predominant
direction of the induced fields is also vertical.

. For a given external electric field, the strongest induced fields are
for the human body in perfect contact through the feet with ground
(electrically grounded) and the weakest induced fields are for the
body insulated from the ground (in “free space”).



o The total current flowing in a body in perfect contact with ground is
determined by the body size and shape (including posture), rather
than tissue conductivity.

o The distribution of induced currents across the various organs and
tissues is determined by the conductivity of those tissues

o The distribution of an induced electric field is also affected by the
conductivities, but less so than the induced current.

o There is also a separate phenomenon in which the current in the
body is produced by means of contact with a conductive object
located in an electric field.

For magnetic fields, the permeability of tissue is the same as that of
air, so the field in tissue is the same as the external field. The bodies of
humans and animals do not significantly perturb the field. The main interac-
tion of magnetic fields is the Faraday induction of electric fields and associ-
ated current densities in the conductive tissues. The key features of
dosimetry for the exposure of humans to ELF magnetic fields are as follows:

o The induced electric field and current depend on the orientation of
the external field. Induced fields in the body as a whole are greatest
when the field is aligned from the front to the back of the body, but
for some individual organs the highest values are for the field
aligned from side to side.

o The weakest electric fields are induced by a magnetic field oriented
along the vertical body axis.

. For a given magnetic field strength and orientation, higher electric
fields are induced in larger bodies.

o The distribution of the induced electric field is affected by the

conductivity of the various organs and tissues. These have a limited
effect on the distribution of induced current density.

1.1.3  Biophysical mechanisms

Various proposed direct and indirect interaction mechanisms for
ELF electric and magnetic fields are examined for plausibility, in particular
whether a “signal” generated in a biological process by exposure to a field
can be discriminated from inherent random noise and whether the
mechanism challenges scientific principles and current scientific knowledge.
Many mechanisms become plausible only at fields above a certain strength.
Nevertheless, the lack of identified plausible mechanisms does not rule out
the possibility of health effects even at very low field levels, provided basic
scientific principles are adhered to.

Of the numerous proposed mechanisms for the direct interaction of
fields with the human body, three stand out as potentially operating at lower
field levels than the others: induced electric fields in neural networks, radical
pairs and magnetite.



Electric fields induced in tissue by exposure to ELF electric or
magnetic fields will directly stimulate single myelinated nerve fibres in a
biophysically plausible manner when the internal field strength exceeds a
few volts per metre. Much weaker fields can affect synaptic transmission in
neural networks as opposed to single cells. Such signal processing by
nervous systems is commonly used by multicellular organisms to detect
weak environmental signals. A lower bound on neural network
discrimination of 1 mV m™ has been suggested, but based on current
evidence, threshold values around 10-100 mV m™' seem to be more likely.

The radical pair mechanism is an accepted way in which magnetic
fields can affect specific types of chemical reactions, generally increasing
concentrations of reactive free radicals in low fields and decreasing them in
high fields. These increases have been seen in magnetic fields of less than 1
mT. There is some evidence linking this mechanism to navigation during
bird migration. Both on theoretical grounds and because the changes
produced by ELF and static magnetic fields are similar, it is suggested that
power-frequency fields of much less than the geomagnetic field of around 50
uT are unlikely to be of much biological significance.

Magnetite crystals, small ferromagnetic crystals of various forms of
iron oxide, are found in animal and human tissues, although in trace
amounts. Like free radicals, they have been linked to orientation and
navigation in migratory animals, although the presence of trace quantities of
magnetite in the human brain does not confer an ability to detect the weak
geomagnetic field. Calculations based on extreme assumptions suggest a
lower bound for the effects on magnetite crystals of ELF fields of 5 uT.

Other direct biophysical interactions of fields, such as the breaking
of chemical bonds, the forces on charged particles and the various narrow
bandwidth “resonance” mechanisms, are not considered to provide plausible
explanations for the interactions at field levels encountered in public and
occupational environments.

With regard to indirect effects, the surface electric charge induced
by electric fields can be perceived, and it can result in painful microshocks
when touching a conductive object. Contact currents can occur when young
children touch, for example, a tap in the bathtub in some homes. This
produces small electric fields, possibly above background noise levels, in
bone marrow. However, whether these present a risk to health is unknown.

High-voltage power lines produce clouds of electrically charged
ions as a consequence of corona discharge. It is suggested that they could
increase the deposition of airborne pollutants on the skin and on airways
inside the body, possibly adversely affecting health. However, it seems
unlikely that corona ions will have more than a small effect, if any, on long-
term health risks, even in the individuals who are most exposed.

None of the three direct mechanisms considered above seem plausi-
ble causes of increased disease incidence at the exposure levels generally
encountered by people. In fact they only become plausible at levels orders of
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magnitude higher and indirect mechanisms have not yet been sufficiently
investigated. This absence of an identified plausible mechanism does not rule
out the possibility of adverse health effects, but it does create a need for
stronger evidence from biology and epidemiology.

1.1.4 Neurobehaviour

Exposure to power-frequency electric fields causes well-defined
biological responses, ranging from perception to annoyance, through surface
electric charge effects. These responses depend on the field strength, the
ambient environmental conditions and individual sensitivity. The thresholds
for direct perception by 10% of volunteers varied between 2 and 20 kV m™,
while 5% found 15-20 kV m™! annoying. The spark discharge from a person
to ground is found to be painful by 7% of volunteers in a field of 5 kV m™.
Thresholds for the discharge from a charged object through a grounded per-
son depend on the size of the object and therefore require specific assess-
ment.

High field strength, rapidly pulsed magnetic fields can stimulate
peripheral or central nerve tissue; such effects can arise during magnetic res-
onance imaging (MRI) procedures, and are used in transcranial magnetic
stimulation. Threshold induced electric field strengths for direct nerve stimu-
lation could be as low as a few volts per metre. The threshold is likely to be
constant over a frequency range between a few hertz and a few kilohertz.
People suffering from or predisposed to epilepsy are likely to be more sus-
ceptible to induced ELF electric fields in the central nervous system (CNS).
Furthermore, sensitivity to electrical stimulation of the CNS seems likely to
be associated with a family history of seizure and the use of tricyclic antide-
pressants, neuroleptic agents and other drugs that lower the seizure threshold.

The function of the retina, which is a part of the CNS, can be
affected by exposure to much weaker ELF magnetic fields than those that
cause direct nerve stimulation. A flickering light sensation, called magnetic
phosphenes or magnetophosphenes, results from the interaction of the
induced electric field with electrically excitable cells in the retina. Threshold
induced electric field strengths in the extracellular fluid of the retina have
been estimated to lie between about 10 and 100 mV m™' at 20 Hz. There is,
however, considerable uncertainty attached to these values.

The evidence for other neurobehavioural effects in volunteer stud-
ies, such as the effects on brain electrical activity, cognition, sleep, hypersen-
sitivity and mood, is less clear. Generally, such studies have been carried out
at exposure levels below those required to induce the effects described
above, and have produced evidence only of subtle and transitory effects at
best. The conditions necessary to elicit such responses are not well-defined at
present. There is some evidence suggesting the existence of field-dependent
effects on reaction time and on reduced accuracy in the performance of some
cognitive tasks, which is supported by the results of studies on the gross elec-
trical activity of the brain. Studies investigating whether magnetic fields
affect sleep quality have reported inconsistent results. It is possible that these



inconsistencies may be attributable in part to differences in the design of the
studies.

Some people claim to be hypersensitive to EMFs in general. How-
ever, the evidence from double-blind provocation studies suggests that the
reported symptoms are unrelated to EMF exposure.

There is only inconsistent and inconclusive evidence that exposure
to ELF electric and magnetic fields causes depressive symptoms or suicide.
Thus, the evidence is considered inadequate.

In animals, the possibility that exposure to ELF fields may affect
neurobehavioural functions has been explored from a number of perspectives
using a range of exposure conditions. Few robust effects have been estab-
lished. There is convincing evidence that power-frequency electric fields can
be detected by animals, most likely as a result of surface charge effects, and
may elicit transient arousal or mild stress. In rats, the detection range is
between 3 and 13 kV m™'. Rodents have been shown to be aversive to field
strengths greater than 50 kV m™'. Other possible field-dependent changes are
less well-defined; laboratory studies have only produced evidence of subtle
and transitory effects. There is some evidence that exposure to magnetic
fields may modulate the functions of the opioid and cholinergic neurotrans-
mitter systems in the brain, and this is supported by the results of studies
investigating the effects on analgesia and on the acquisition and performance
of spatial memory tasks.

1.1.5 Neuroendocrine system

The results of volunteer studies as well as residential and occupa-
tional epidemiological studies suggest that the neuroendocrine system is not
adversely affected by exposure to power-frequency electric or magnetic
fields. This applies particularly to the circulating levels of specific hormones
of the neuroendocrine system, including melatonin, released by the pineal
gland, and to a number of hormones involved in the control of body metabo-
lism and physiology, released by the pituitary gland. Subtle differences were
sometimes observed in the timing of melatonin release associated with cer-
tain characteristics of exposure, but these results were not consistent. It is
very difficult to eliminate possible confounding by a variety of environmen-
tal and lifestyle factors that might also affect hormone levels. Most labora-
tory studies of the effects of ELF exposure on night-time melatonin levels in
volunteers found no effect when care was taken to control possible con-
founding.

From the large number of animal studies investigating the effects of
power-frequency electric and magnetic fields on rat pineal and serum mela-
tonin levels, some reported that exposure resulted in night-time suppression
of melatonin. The changes in melatonin levels first observed in early studies
of electric field exposures up to 100 kV m™ could not be replicated. The
findings from a series of more recent studies, which showed that circularly-
polarised magnetic fields suppressed night-time melatonin levels, were
weakened by inappropriate comparisons between exposed animals and his-
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torical controls. The data from other experiments in rodents, covering inten-
sity levels from a few microtesla to 5 mT, were equivocal, with some results
showing depression of melatonin, but others showing no changes. In season-
ally breeding animals, the evidence for an effect of exposure to power-fre-
quency fields on melatonin levels and melatonin-dependent reproductive
status is predominantly negative. No convincing effect on melatonin levels
has been seen in a study of non-human primates chronically exposed to
power-frequency fields, although a preliminary study using two animals
reported melatonin suppression in response to an irregular and intermittent
exposure.

The effects of exposure to ELF fields on melatonin production or
release in isolated pineal glands were variable, although relatively few in
vitro studies have been undertaken. The evidence that ELF exposure inter-
feres with the action of melatonin on breast cancer cells in vitro is intriguing.
However this system suffers from the disadvantage that the cell lines fre-
quently show genotypic and phenotypic drift in culture that can hinder trans-
ferability between laboratories.

No consistent effects have been seen in the stress-related hormones
of the pituitary-adrenal axis in a variety of mammalian species, with the pos-
sible exception of short-lived stress following the onset of ELF electric field
exposure at levels high enough to be perceived. Similarly, while few studies
have been carried out, mostly negative or inconsistent effects have been
observed in the levels of growth hormone and of hormones involved in con-
trolling metabolic activity or associated with the control of reproduction and
sexual development.

Overall, these data do not indicate that ELF electric and/or mag-
netic fields affect the neuroendocrine system in a way that would have an
adverse impact on human health and the evidence is thus considered inade-
quate.

1.1.6 Neurodegenerative disorders

It has been hypothesized that exposure to ELF fields is associated
with several neurodegenerative diseases. For Parkinson disease and multiple
sclerosis the number of studies has been small and there is no evidence for an
association with these diseases. For Alzheimer disease and amyotrophic lat-
eral sclerosis (ALS) more studies have been published. Some of these reports
suggest that people employed in electrical occupations might have an
increased risk of ALS. So far, no biological mechanism has been established
which can explain this association, although it could have arisen because of
confounders related to electrical occupations, such as electric shocks. Over-
all, the evidence for the association between ELF exposure and ALS is con-
sidered to be inadequate.

The few studies investigating the association between ELF expo-
sure and Alzheimer disease are inconsistent. However, the higher quality
studies that focused on Alzheimer morbidity rather than mortality do not



indicate an association. Altogether, the evidence for an association between
ELF exposure and Alzheimer disease is inadequate.

1.1.7 Cardiovascular disorders

Experimental studies of both short-term and long-term exposure
indicate that while electric shock is an obvious health hazard, other hazard-
ous cardiovascular effects associated with ELF fields are unlikely to occur at
exposure levels commonly encountered environmentally or occupationally.
Although various cardiovascular changes have been reported in the litera-
ture, the majority of effects are small and the results have not been consistent
within and between studies. With one exception, none of the studies of car-
diovascular disease morbidity and mortality has shown an association with
exposure. Whether a specific association exists between exposure and altered
autonomic control of the heart remains speculative. Overall, the evidence
does not support an association between ELF exposure and cardiovascular
disease.

1.1.8 Immunology and haematology

Evidence for the effects of ELF electric or magnetic fields on com-
ponents of the immune system is generally inconsistent. Many of the cell
populations and functional markers were unaffected by exposure. However,
in some human studies with fields from 10 puT to 2 mT, changes were
observed in natural killer cells, which showed both increased and decreased
cell numbers, and in total white blood cell counts, which showed no change
or decreased numbers. In animal studies, reduced natural killer cell activity
was seen in female mice, but not in male mice or in rats of either sex. White
blood cell counts also showed inconsistency, with decreases or no change
reported in different studies. The animal exposures had an even broader
range of 2 uT to 30 mT. The difficulty in interpreting the potential health
impact of these data is due to the large variations in exposure and environ-
mental conditions, the relatively small numbers of subjects tested and the
broad range of endpoints.

There have been few studies carried out on the effects of ELF mag-
netic fields on the haematological system. In experiments evaluating differ-
ential white blood cell counts, exposures ranged from 2 pT to 2 mT. No
consistent effects of acute exposure to ELF magnetic fields or to combined
ELF electric and magnetic fields have been found in either human or animal
studies.

Overall therefore, the evidence for effects of ELF electric or mag-
netic fields on the immune and haematological system is considered inade-
quate.

1.1.9  Reproduction and development

On the whole, epidemiological studies have not shown an associa-
tion between adverse human reproductive outcomes and maternal or paternal
exposure to ELF fields. There is some evidence for an increased risk of mis-



carriage associated with maternal magnetic field exposure, but this evidence
is inadequate.

Exposures to ELF electric fields of up to 150 kV m™! have been
evaluated in several mammalian species, including studies with large group
sizes and exposure over several generations. The results consistently show
no adverse developmental effects.

The exposure of mammals to ELF magnetic fields of up to 20 mT
does not result in gross external, visceral or skeletal malformations. Some
studies show an increase in minor skeletal anomalies, in both rats and mice.
Skeletal variations are relatively common findings in teratological studies
and are often considered biologically insignificant. However, subtle effects
of magnetic fields on skeletal development cannot be ruled out. Very few
studies have been published which address reproductive effects and no con-
clusions can be drawn from them.

Several studies on non-mammalian experimental models (chick
embryos, fish, sea urchins and insects) have reported findings indicating that
ELF magnetic fields at microtesla levels may disturb early development.
However, the findings of non-mammalian experimental models carry less
weight in the overall evaluation of developmental toxicity than those of cor-
responding mammalian studies.

Overall, the evidence for developmental and reproductive effects is
inadequate.

1.1.10 Cancer

The IARC classification of ELF magnetic fields as “possibly carci-
nogenic to humans” (IARC, 2002) is based upon all of the available data
prior to and including 2001. The review of literature in this EHC monograph
focuses mainly on studies published after the IARC review.

Epidemiology

The TARC classification was heavily influenced by the associations
observed in epidemiological studies on childhood leukaemia. The classifica-
tion of this evidence as limited does not change with the addition of two
childhood leukaemia studies published after 2002. Since the publication of
the TARC monograph the evidence for other childhood cancers remains inad-
equate.

Subsequent to the IARC monograph a number of reports have been
published concerning the risk of female breast cancer in adults associated
with ELF magnetic field exposure. These studies are larger than the previous
ones and less susceptible to bias, and overall are negative. With these studies,
the evidence for an association between ELF magnetic field exposure and the
risk of female breast cancer is weakened considerably and does not support
an association of this kind.



In the case of adult brain cancer and leukaemia, the new studies
published after the IARC monograph do not change the conclusion that the
overall evidence for an association between ELF magnetic fields and the risk
of these diseases remains inadequate.

For other diseases and all other cancers, the evidence remains inad-
equate.

Laboratory animal studies

There is currently no adequate animal model of the most common
form of childhood leukaemia, acute lymphoblastic leukaemia. Three inde-
pendent large-scale studies of rats provided no evidence of an effect of ELF
magnetic fields on the incidence of spontaneous mammary tumours. Most
studies report no effect of ELF magnetic fields on leukaemia or lymphoma in
rodent models. Several large-scale long-term studies in rodents have not
shown any consistent increase in any type of cancer, including haematopoie-
tic, mammary, brain and skin tumours.

A substantial number of studies have examined the effects of ELF
magnetic fields on chemically-induced mammary tumours in rats. Inconsis-
tent results were obtained that may be due in whole or in part to differences
in experimental protocols, such as the use of specific sub-strains. Most stud-
ies on the effects of ELF magnetic field exposure on chemically-induced or
radiation-induced leukaemia/lymphoma models were negative. Studies of
pre-neoplastic liver lesions, chemically-induced skin tumours and brain
tumours reported predominantly negative results. One study reported an
acceleration of UV-induced skin tumourigenesis upon exposure to ELF mag-
netic fields.

Two groups have reported increased levels of DNA strand breaks in
brain tissue following in vivo exposure to ELF magnetic fields. However,
other groups, using a variety of different rodent genotoxicity models, found
no evidence of genotoxic effects. The results of studies investigating non-
genotoxic effects relevant to cancer are inconclusive.

Overall there is no evidence that exposure to ELF magnetic fields
alone causes tumours. The evidence that ELF magnetic field exposure can
enhance tumour development in combination with carcinogens is inadequate.

In vitro studies

Generally, studies of the effects of ELF field exposure of cells have
shown no induction of genotoxicity at fields below 50 mT. The notable
exception is evidence from recent studies reporting DNA damage at field
strengths as low as 35 uT; however, these studies are still being evaluated
and our understanding of these findings is incomplete. There is also increas-
ing evidence that ELF magnetic fields may interact with DNA-damaging
agents.
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There is no clear evidence of the activation by ELF magnetic fields
of genes associated with the control of the cell cycle. However, systematic
studies analysing the response of the whole genome have yet to be per-
formed.

Many other cellular studies, for example on cell proliferation, apop-
tosis, calcium signalling and malignant transformation, have produced incon-
sistent or inconclusive results.

Overall conclusion

New human, animal and in vitro studies, published since the 2002
IARC monograph, do not change the overall classification of ELF magnetic
fields as a possible human carcinogen.

1.1.11 Health risk assessment

According to the WHO Constitution, health is a state of complete
physical, mental and social well-being and not merely the absence of disease
or infirmity. A risk assessment is a conceptual framework for a structured
review of information relevant to estimating health or environmental out-
comes. The health risk assessment can be used as an input to risk manage-
ment that encompasses all the activities needed to reach decisions on whether
an exposure requires any specific action(s) and the undertaking of these
actions.

In the evaluation of human health risks, sound human data, when-
ever available, are generally more informative than animal data. Animal and
in vitro studies can support evidence from human studies, fill data gaps left
in the evidence from human studies or be used to make a decision about risks
when human studies are inadequate or absent.

All studies, with either positive or negative effects, need to be eval-
uated and judged on their own merit and then all together in a weight-of-evi-
dence approach. It is important to determine to what extent a set of evidence
changes the probability that exposure causes an outcome. The evidence for
an effect is generally strengthened if the results from different types of stud-
ies (epidemiology and laboratory) point to the same conclusion and/or when
multiple studies of the same type show the same result.

Acute effects

Acute biological effects have been established for exposure to ELF
electric and magnetic fields in the frequency range up to 100 kHz that may
have adverse consequences on health. Therefore, exposure limits are needed.
International guidelines exist that have addressed this issue. Compliance
with these guidelines provides adequate protection for acute effects.

Chronic effects

Scientific evidence suggesting that everyday, chronic low-intensity
(above 0.3—0.4 uT) power-frequency magnetic field exposure poses a health
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risk is based on epidemiological studies demonstrating a consistent pattern of
increased risk for childhood leukaemia. Uncertainties in the hazard assess-
ment include the role that control selection bias and exposure misclassifica-
tion might have on the observed relationship between magnetic fields and
childhood leukaemia. In addition, virtually all of the laboratory evidence and
the mechanistic evidence fail to support a relationship between low-level
ELF magnetic fields and changes in biological function or disease status.
Thus, on balance, the evidence is not strong enough to be considered causal,
but sufficiently strong to remain a concern.

Although a causal relationship between magnetic field exposure
and childhood leukaemia has not been established, the possible public health
impact has been calculated assuming causality in order to provide a poten-
tially useful input into policy. However, these calculations are highly depen-
dent on the exposure distributions and other assumptions, and are therefore
very imprecise. Assuming that the association is causal, the number of cases
of childhood leukaemia worldwide that might be attributable to exposure can
be estimated to range from 100 to 2400 cases per year. However, this repre-
sents 0.2 to 4.9% of the total annual incidence of leukaemia cases, estimated
to be 49 000 worldwide in 2000. Thus, in a global context, the impact on
public health, if any, would be limited and uncertain.

A number of other diseases have been investigated for possible
association with ELF magnetic field exposure. These include cancers in both
children and adults, depression, suicide, reproductive dysfunction, develop-
mental disorders, immunological modifications and neurological disease.
The scientific evidence supporting a linkage between ELF magnetic fields
and any of these diseases is much weaker than for childhood leukaemia and
in some cases (for example, for cardiovascular disease or breast cancer) the
evidence is sufficient to give confidence that magnetic fields do not cause the
disease.

1.1.12 Protective measures

It is essential that exposure limits be implemented in order to pro-
tect against the established adverse effects of exposure to ELF electric and
magnetic fields. These exposure limits should be based on a thorough exami-
nation of all the relevant scientific evidence.

Only the acute effects have been established and there are two inter-
national exposure limit guidelines (ICNIRP, 1998a; IEEE, 2002) designed to
protect against these effects.

As well as these established acute effects, there are uncertainties
about the existence of chronic effects, because of the limited evidence for a
link between exposure to ELF magnetic fields and childhood leukaemia.
Therefore the use of precautionary approaches is warranted. However, it is
not recommended that the limit values in exposure guidelines be reduced to
some arbitrary level in the name of precaution. Such practice undermines the
scientific foundation on which the limits are based and is likely to be an
expensive and not necessarily effective way of providing protection.
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Implementing other suitable precautionary procedures to reduce
exposure is reasonable and warranted. However, electric power brings obvi-
ous health, social and economic benefits, and precautionary approaches
should not compromise these benefits. Furthermore, given both the weakness
of the evidence for a link between exposure to ELF magnetic fields and
childhood leukaemia, and the limited impact on public health if there is a
link, the benefits of exposure reduction on health are unclear. Thus the costs
of precautionary measures should be very low. The costs of implementing
exposure reductions will vary from one country to another, making it very
difficult to provide a general recommendation for balancing the costs against
the potential risk from ELF fields.

In view of the above, the following recommendations are given.

. Policy-makers should establish guidelines for ELF field exposure
for both the general public and workers. The best source of
guidance for both exposure levels and the principles of scientific
review are the international guidelines.

o Policy-makers should establish an ELF EMF protection programme
that includes measurements of fields from all sources to ensure that
the exposure limits are not exceeded either for the general public or
workers.

o Provided that the health, social and economic benefits of electric
power are not compromised, implementing very low-cost
precautionary procedures to reduce exposure is reasonable and
warranted.

. Policy-makers, community planners and manufacturers should
implement very low-cost measures when constructing new facilities
and designing new equipment including appliances.

o Changes to engineering practice to reduce ELF exposure from
equipment or devices should be considered, provided that they yield
other additional benefits, such as greater safety, or little or no cost.

o When changes to existing ELF sources are contemplated, ELF field
reduction should be considered alongside safety, reliability and
economic aspects.

. Local authorities should enforce wiring regulations to reduce
unintentional ground currents when building new or rewiring
existing facilities, while maintaining safety. Proactive measures to
identify violations or existing problems in wiring would be
expensive and unlikely to be justified.

. National authorities should implement an effective and open
communication strategy to enable informed decision-making by all
stakeholders; this should include information on how individuals
can reduce their own exposure.
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. Local authorities should improve planning of ELF EMF-emitting
facilities, including better consultation between industry, local
government, and citizens when siting major ELF EMF-emitting
sources.

. Government and industry should promote research programmes to
reduce the uncertainty of the scientific evidence on the health
effects of ELF field exposure.

1.2 Recommendations for research

Identifying the gaps in the knowledge concerning the possible
health effects of exposure to ELF fields is an essential part of this health risk
assessment. This has resulted in the following recommendations for further
research (summarized in Table 1).

As an overarching need, further research on intermediate frequen-
cies (IF), usually taken as frequencies between 300 Hz and 100 kHz, is
required, given the present lack of data in this area. Very little of the required
knowledge base for a health risk assessment has been gathered and most
existing studies have contributed inconsistent results, which need to be fur-
ther substantiated. General requirements for constituting a sufficient IF data-
base for health risk assessment include exposure assessment,
epidemiological and human laboratory studies, and animal and cellular (in
vitro) studies (ICNIRP, 2003; ICNIRP, 2004; Litvak, Foster & Repacholi,
2002).

For all volunteer studies, it is mandatory that research on human
subjects is conducted in full accord with ethical principles, including the pro-
visions of the Helsinki Declaration (WMA, 2004).

For laboratory studies, priority should be given to reported
responses (i) for which there is at least some evidence of replication or con-
firmation, (ii) that are potentially relevant to carcinogenesis (for example,
genotoxicity), (iii) that are strong enough to allow mechanistic analysis and
(iv) that occur in mammalian or human systems.

1.2.1 Sources, measurements and exposures

The further characterization of homes with high ELF exposure in
different countries to identify relative contributions of internal and external
sources, the influence of wiring/grounding practices and other characteristics
of the home could give insights into identifying a relevant exposure metric
for epidemiological assessment. An important component of this is a better
understanding of foetal and childhood exposure to ELF fields, especially
from residential exposure to underfloor electrical heating and from trans-
formers in apartment buildings.

It is suspected that in some cases of occupational exposure the
present ELF guideline limits are exceeded. More information is needed on
exposure (including to non-power frequencies) related to work on, for exam-
ple, live-line maintenance, work within or near the bore of MRI magnets
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(and hence to gradient-switching ELF fields) and work on transportation sys-
tems. Similarly, additional knowledge is needed about general public expo-
sure which could come close to guideline limits, including sources such as
security systems, library degaussing systems, induction cooking and water
heating appliances.

Exposure to contact currents has been proposed as a possible expla-
nation for the association of ELF magnetic fields with childhood leukaemia.
Research is needed in countries other than the USA to assess the capability
of residential electrical grounding and plumbing practices to give rise to con-
tact currents in the home. Such studies would have priority in countries with
important epidemiological results with respect to ELF and childhood leu-
kaemia.

1.2.2 Dosimetry

In the past, most laboratory research was based on induced electric
currents in the body as a basic metric and thus dosimetry was focused on this
quantity. Only recently has work begun on exploring the relationship
between external exposure and induced electric fields. For a better under-
standing of biological effects, more data on internal electric fields for differ-
ent exposure conditions are needed.

Computation should be carried out of internal electric fields due to
the combined influence of external electric and magnetic fields in different
configurations. The vectorial addition of out-of-phase and spatially varying
contributions of electric and magnetic fields is necessary to assess basic
restriction compliance issues.

Very little computation has been carried out on advanced models of
the pregnant woman and the foetus with appropriate anatomical modelling. It
is important to assess possible enhanced induction of electric fields in the
foetus in relation to the childhood leukaemia issue. Both maternal occupa-
tional and residential exposures are relevant here.

There is a need to further refine micro-dosimetric models in order
to take into account the cellular architecture of neural networks and other
complex suborgan systems identified as being more sensitive to induced
electric field effects. This modelling process also needs to consider influ-
ences in cell membrane electrical potentials and on the release of neurotrans-
mitters.

1.2.3 Biophysical mechanisms

There are three main areas where there are obvious limits to the cur-
rent understanding of mechanisms: the radical pair mechanism, magnetic
particles in the body and signal-to-noise ratios in multicell systems, such as
neuronal networks.

The radical pair mechanism is one of the more plausible low-level
interaction mechanisms, but it has yet to be shown that it is able to mediate
significant effects in cell metabolism and function. It is particularly impor-
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tant to understand the lower limit of exposure at which it acts, so as to judge
whether this could or could not be a relevant mechanism for carcinogenesis.
Given recent studies in which reactive oxygen species were increased in
immune cells exposed to ELF fields, it is recommended that cells from the
immune system that generate reactive oxygen species as part of their immune
response be used as cellular models for investigating the potential of the rad-
ical pair mechanism.

Although the presence of magnetic particles (magnetite crystals) in
the human brain does not, on present evidence, appear to confer a sensitivity
to environmental ELF magnetic fields, further theoretical and experimental
approaches should explore whether such sensitivity could exist under certain
conditions. Moreover, any modification that the presence of magnetite might
have on the radical pair mechanism discussed above should be pursued.

The extent to which multicell mechanisms operate in the brain so as
to improve signal-to-noise ratios should be further investigated in order to
develop a theoretical framework for quantifying this or for determining any
limits on it. Further investigation of the threshold and frequency response of
the neuronal networks in the hippocampus and other parts of the brain should
be carried out using in vitro approaches.

1.2.4 Neurobehaviour

It is recommended that laboratory-based volunteer studies on the
possible effects on sleep and on the performance of mentally demanding
tasks be carried out using harmonized methodological procedures. There is a
need to identify dose-response relationships at higher magnetic flux densities
than used previously and a wide range of frequencies (i.e. in the kilohertz
range).

Studies of adult volunteers and animals suggest that acute cognitive
effects may occur with short-term exposures to intense electric or magnetic
fields. The characterization of such effects is very important for the develop-
ment of exposure guidance, but there is a lack of specific data concerning
field-dependent effects in children. The implementation of laboratory-based
studies of cognition and changes in electroencephalograms (EEGs) in people
exposed to ELF fields is recommended, including adults regularly subjected
to occupational exposure and children.

Behavioural studies on immature animals provide a useful indicator
of the possible cognitive effects on children. The possible effects of pre- and
postnatal exposure to ELF magnetic fields on the development of the ner-
vous system and cognitive function should be studied. These studies could be
usefully supplemented by investigations into the effects of exposure to ELF
magnetic fields and induced electric fields on nerve cell growth using brain
slices or cultured neurons.

There is a need to further investigate potential health consequences
suggested by experimental data showing opioid and cholinergic responses in
animals. Studies examining the modulation of opioid and cholinergic
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responses in animals should be extended and the exposure parameters and
the biological basis for these behavioural responses should be defined.

1.2.5 Neuroendocrine system

The existing database of neuroendocrine response does not indicate
that ELF exposure would have adverse impacts on human health. Therefore
no recommendations for additional research are given.

1.2.6 Neurodegenerative disorders

Several studies have observed an increased risk of amyotrophic lat-
eral sclerosis in “electrical occupations”. It is considered important to inves-
tigate this association further in order to discover whether ELF magnetic
fields are involved in the causation of this rare neurodegenerative disease.
This research requires large prospective cohort studies with information on
ELF magnetic field exposure, electric shock exposure as well as exposure to
other potential risk factors.

It remains questionable whether ELF magnetic fields constitute a
risk factor for Alzheimer’s disease. The data currently available are not suffi-
cient and this association should be further investigated. Of particular impor-
tance is the use of morbidity rather than mortality data.

1.2.7 Cardiovascular disorders

Further research into the association between ELF magnetic fields
and the risk of cardiovascular disease is not considered a priority.

1.2.8 Immunology and haematology

Changes observed in immune and haematological parameters in
adults exposed to ELF magnetic fields showed inconsistencies, and there are
essentially no research data available for children. Therefore, the recommen-
dation is to conduct studies on the effects of ELF exposure on the develop-
ment of the immune and haematopoietic systems in juvenile animals.

1.2.9 Reproduction and development

There is some evidence of an increased risk of miscarriage associ-
ated with ELF magnetic field exposure. Taking into account the potentially
high public health impact of such an association, further epidemiological
research is recommended.

1.2.10 Cancer

Resolving the conflict between epidemiological data (which show
an association between ELF magnetic field exposure and an increased risk of
childhood leukaemia) and experimental and mechanistic data (which do not
support this association) is the highest research priority in this field. It is rec-
ommended that epidemiologists and experimental scientists collaborate on
this. For new epidemiological studies to be informative they must focus on
new aspects of exposure, potential interaction with other factors or on high
exposure groups, or otherwise be innovative in this area of research. In addi-
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tion, it is also recommended that the existing pooled analyses be updated, by
adding data from recent studies and by applying new insights into the analy-
sis.

Childhood brain cancer studies have shown inconsistent results. As
with childhood leukaemia, a pooled analysis of childhood brain cancer stud-
ies should be very informative and is therefore recommended. A pooled anal-
ysis of this kind can inexpensively provide a greater and improved insight
into the existing data, including the possibility of selection bias and, if the
studies are sufficiently homogeneous, can offer the best estimate of risk.

For adult breast cancer more recent studies have convincingly
shown no association with exposure to ELF magnetic fields. Therefore fur-
ther research into this association should be given very low priority.

For adult leukaemia and brain cancer the recommendation is to
update the existing large cohorts of occupationally exposed individuals.
Occupational studies, pooled analyses and meta-analyses for leukaemia and
brain cancer have been inconsistent and inconclusive. However, new data
have subsequently been published and should be used to update these analy-
ses.

The priority is to address the epidemiological evidence by estab-
lishing appropriate in vitro and animal models for responses to low-level
ELF magnetic fields that are widely transferable between laboratories.

Transgenic rodent models for childhood leukaemia should be devel-
oped in order to provide appropriate experimental animal models to study the
effect of ELF magnetic field exposure. Otherwise, for existing animal stud-
ies, the weight of evidence is that there are no carcinogenic effects of ELF
magnetic fields alone. Therefore high priority should be given to in vitro and
animal studies in which ELF magnetic fields are rigorously evaluated as a
co-carcinogen.

With regard to other in vitro studies, experiments reporting the
genotoxic effects of intermittent ELF magnetic field exposure should be rep-
licated.

1.2.11 Protective measures

Research on the development of health protection policies and pol-
icy implementation in areas of scientific uncertainty is recommended, specif-
ically on the use of precaution, the interpretation of precaution and the
evaluation of the impact of precautionary measures for ELF magnetic fields
and other agents classified as “possible human carcinogens”. Where there are
uncertainties about the potential health risk an agent poses for society, pre-
cautionary measures may be warranted in order to ensure the appropriate
protection of the public and workers. Only limited research has been per-
formed on this issue for ELF magnetic fields and because of its importance,
more research is needed. This may help countries to integrate precaution into
their health protection policies.
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Further research on risk perception and communication which is
specifically focused on electromagnetic fields is advised. Psychological and
sociological factors that influence risk perception in general have been
widely investigated. However, limited research has been carried out to anal-
yse the relative importance of these factors in the case of electromagnetic
fields or to identify other factors that are specific to electromagnetic fields.
Recent studies have suggested that precautionary measures which convey
implicit risk messages can modify risk perception by either increasing or
reducing concerns. Deeper investigation in this area is therefore warranted.

Research on the development of a cost—benefit/cost-effectiveness
analysis for the mitigation of ELF magnetic fields should be carried out. The
use of cost-benefit and cost-effectiveness analyses for evaluating whether a
policy option is beneficial to society has been researched in many areas of
public policy. The development of a framework that will identify which
parameters are necessary in order to perform this analysis for ELF magnetic
fields is needed. Due to uncertainties in the evaluation, quantifiable and
unquantifiable parameters will need to be incorporated.

Table 1. Recommendations for further research

Sources, measurements and exposures Priority

Further characterization of homes with high ELF magnetic field expo- Medium
sure in different countries

Identify gaps in knowledge about occupational ELF exposure, such  High
as in MRI

Assess the ability of residential wiring outside the USA to induce con- Medium
tact currents in children

Dosimetry

Further computational dosimetry relating external electric and mag- Medium
netic fields to internal electric fields, particularly concerning exposure
to combined electric and magnetic fields in different orientations

Calculation of induced electric fields and currents in pregnant women Medium
and in the foetus

Further refinement of microdosimetric models taking into account the Medium
cellular architecture of neural networks and other complex suborgan
systems

Biophysical mechanisms

Further study of radical pair mechanisms in immune cells that gener- Medium
ate reactive oxygen species as part of their phenotypic function

Further theoretical and experimental study of the possible role of Low
magnetite in ELF magnetic field sensitivity

Determination of threshold responses to internal electric fields High
induced by ELFs on multicell systems, such as neural networks,

using theoretical and in vitro approaches
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Table 1. Continued

Neurobehaviour

Cognitive, sleep and EEG studies in volunteers, including children Medium
and occupationally exposed subjects, using a wide range of ELF fre-
quencies at high flux densities
Studies of pre- and post-natal exposure on subsequent cognitive Medium
function in animals
Further study of opioid and cholinergic responses in animals Low
Neurodegenerative disorders
Further studies of the risk of amyotrophic lateral sclerosis in “electric” High
occupations and in relation to ELF magnetic field exposure and of
Alzheimer’s disease in relation to ELF magnetic field exposure
Immunology and haematology
Studies of the consequences of ELF magnetic field exposure on Low
immune and haematopoietic system development in juvenile ani-
mals.
Reproduction and development
Further study of the possible link between miscarriage and ELF mag- Low
netic field exposure
Cancer
Update existing pooled analyses of childhood leukaemia with new High
information
Pooled analyses of existing studies of childhood brain tumour studies High
Update existing pooled and meta-analyses of adult leukaemia and Medium
brain tumour studies and of cohorts of occupationally exposed indi-
viduals
Development of transgenic rodent models of childhood leukaemia for High
use in ELF studies
Evaluation of co-carcinogenic effects using in vitro and animal stud- High
ies
Attempted replication of in vitro genotoxicity studies Medium
Protective measures
Research on the development of health protection policies and policy Medium
implementation in areas of scientific uncertainty
Further research on risk perception and communication focused on  Medium
electromagnetic fields
Development of a cost—benefit/cost-effectiveness analysis for the Medium

mitigation of ELF fields
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2 SOURCES, MEASUREMENTS AND EXPOSURES

21 Electric and magnetic fields

This chapter describes the nature of electric and magnetic fields,
provides information on sources and exposures, and discusses the
implications for exposure assessment for epidemiology. Generation and
measurement of fields in experimental laboratory settings is outside the
scope of this chapter.

211 The field concept

The field concept is very general in physics and describes for each
point in a region of space the specific state of a physical quantity. Although a
field can be defined for almost any physical quantity, it is in common use
only for those which are capable of exerting a force. The gravitational field,
for example, describes the force exerted on a unit mass at each point in
space. Accordingly, the electric field describes the force exerted on a unit
electric charge, and the magnetic field is defined in terms of the force exerted
on a moving unit charge.

Electric fields are produced by electric charges, irrespective of their
state of motion. A single charge at a point produces an electric field in all
directions in a pattern with spherical symmetry and infinite dimension. A
line of charges (e.g. a power line) produces an electric field around the line in
a pattern with cylindrical symmetry. In practice, it is not possible to have a
single isolated charge or a single isolated charged object, and instead of
indefinitely long field lines, they will terminate on another charge (which
could be another charge already present in a conductor or could be a charge
induced by the field itself in a conducting object). The overall shape of the
pattern of electric field experienced at any point thus depends on the distribu-
tion of charges and of objects in the vicinity. In technical systems, electric
charges are related to voltages, and not to currents or power.

Magnetic fields are produced by moving charges and thus are pro-
portional to electric currents in a system, irrespective of the voltage used. A
current flowing in any conductor, no matter how complicated the shape of
the conductor, can be broken down into a series of infinitesimally small seg-
ments, joined end-to-end. The magnetic field produced by a short element of
current is given by the Biot-Savart law:

ldH| _ i
dl  4Am?’

sin()

where dH is the element of magnetic field produced by the current element i
in the conductor element d/ at a position 7 in space, and @ is the angle
between d/ and r.
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As long as charges and currents are static, electricity and magne-
tism are distinct phenomena. Time varying charge distributions however
result in a coupling of electric and magnetic fields that become stronger with
increasing frequency. The characteristics and interactions of electric and
magnetic fields are completely described by Maxwell’s equations.

In addition to the “quasi static fields” from resting and moving
charges, accelerating charges produce a radiation component. At extremely
low frequencies the radiating field of a source is negligible. In practical
exposure situations, radiation is absolutely negligible in the ELF range.
Radiation only becomes dominant at distances that are large compared to the
wavelength.

The wavelength is the distance between two successive cycles of
the wave. In free space it is related to the frequency by the formula wave-
length = speed of light / frequency. At 50 Hz, the wavelength is very long,
6000 km (60 Hz: 5000 km). In comparison, a radio wave with a frequency of
100 kHz has a wavelength of 3 km.

2.1.2 Quantities and units

For magnetic fields, there are two different quantities: the magnetic
flux density, usually designated B, and the magnetic field strength, usually
designated H. The distinction between B and H becomes important for the
description of magnetic fields in matter, especially for materials which have
certain magnetic (ferromagnetic) properties, such as iron. Biological tissue
generally has no such properties and for practical purposes, either B or H can
be used to describe magnetic fields outside and inside biological tissues.

Similarly, for the description of electric fields there are also differ-
ent quantities: the electric field strength £ and the dielectric displacement D.
D is not useful for the description of electric fields in biological tissue. All
these parameters are vectors; vectors are denoted in italics in this Monograph
(see also paragraph 3.1).

The ST unit of magnetic flux density (B) is the tesla (T), and of mag-
netic field strength (H) is the ampere per metre (A m™). In the absence of
magnetic material, 1 uT = 4nx107 A m™'. Either B or H can be used to
describe fields, but B (i.c. tesla) is more common and is used here. Older lit-
erature, especially American, often uses the Gauss (G): 1 uT =10* G (1 pT=
10 mG).

The SI unit of the electric field strength (E) is volt per metre (V m™).

2.1.3 Polarization

Electric and magnetic fields are vector quantities; they are charac-
terized by an intensity (field strength) and a direction. In static (direct cur-
rent, DC) fields, direction and intensity are constant over time. A time
varying (alternating current, AC) field usually has a constant direction but a
variable intensity. The field oscillates in a defined direction. This is often
referred to as linear polarization.
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In complex exposure scenarios, fields with different vector quanti-
ties may overlap. The resultant field is the addition of the two or more field
vectors. In DC fields the result is a field with a different intensity and in most
cases a different orientation. In AC fields, the situation becomes more com-
plex because the vector addition may result in a time varying orientation of
the resulting field. The field vector rotates in space; with the varying inten-
sity of AC fields, the tip of the vector traces out an ellipse in a plane. This is
often referred to as elliptical or circular polarization. This situation needs to
be considered with respect to field measurement.

2.14 Time variation, harmonics and transients

The basic AC field can be described as a sine wave over time. The
peak field strength is called the amplitude and the number of wave cycles
within a second is called the frequency. The most common frequencies used
in the electricity system of many countries are 50 Hz and 60 Hz. When fields
of more than one frequency are combined, the resultant field is no longer a
sine wave when plotted against time. Depending on the parameters of the
combined fields (amplitude, frequency) any time course of the resultant field
can be achieved, for example a square wave or a triangular wave. Con-
versely, any shape waveform can be split into a number of sinusoidal compo-
nents at different frequencies. The process of splitting a waveform into its
component frequencies is known as Fourier analysis, and the components are
called the Fourier components.

In many electrical systems, sinusoidal signals are distorted by a
non-linear behaviour of the loads. This happens when the electrical proper-
ties of the system depend on the signal strength. Such distortions introduce
Fourier components in addition to the fundamental frequency of the signal,
which are called harmonics. Harmonics are a precise multiple of the funda-
mental frequency. Given a 50 Hz fundamental frequency, 100 Hz is the sec-
ond harmonic, 150 Hz is the third harmonic, and so forth.

Note that the terminology used in electrical engineering is different
to musical terminology: a frequency of twice the fundamental is the second
harmonic to the engineer but only the first harmonic to the musician. In elec-
trical engineering, “fundamental” and “first harmonic™ are equivalent terms.

The term “harmonic” is generally used only for those components
of the current or voltage with a frequency which is an integral multiple of the
power frequency (and is locked into that frequency) and that are produced as
part of the operation of the electricity system. These will produce harmonic
frequencies in the magnetic or electric fields produced. If there are currents
or voltages at other frequencies, which are not tied to the power frequency,
these frequencies will also appear in the magnetic or electric fields produced.

There is a number of possible sources of such currents and voltages,
particularly at frequencies rather higher than the power frequencies. With
regard to exposure of the public, the main sources are the 16 2/3(20 or some-
times 15) Hz used by some electric transport systems, 400 Hz used by most
aeroplanes, the screen-refresh frequencies of video display units (VDUs)
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(which have varied over the years with advances in computer design but is
typically 50-160 Hz), and the variable frequencies increasingly used by vari-
able-speed traction drives for trains and trams. It can be seen that these are all
specific to particular situations, and, with the exception of the VDU, it would
not be expected to find fields at these frequencies in normal domestic set-
tings. In a normal domestic setting, any non-harmonic frequencies are gener-
ally negligible. There are many other sources in occupational settings related
to specific industrial processes.

All the frequency components of the field so far considered are
periodic: that is, although the amplitude of the field varies over time, the pat-
tern of the variation repeats itself at fixed intervals (e.g. at 20 ms intervals for
signals with a fundamental frequency of 50 Hz).

Natural and man made field sources often produce signals which
are not repeated periodically but rather occur only once. The resulting time
variation of the field is called transient. Over the course of a period of time,
say a day, there may be a number of transients, but there is no regularity or
periodicity to them, and they are sufficiently far apart to be treated as sepa-
rate isolated events.

Transients accompany virtually all switching operations and are
characterized by a high rate of change of the field. In fact there is a wide
range of events which fit the basic definition of a transient as a non-periodic
event. The characteristics of transients are numerous, which makes measure-
ment complex.

2.1.5 Perturbations to fields, shielding

Magnetic fields are perturbed by materials that have a very high rel-
ative permeability. This effectively means they are perturbed only by ferro-
magnetic materials, and the most common example is iron and its
compounds or alloys. An object made of such material will produce a region
of enhanced field where the field enters and leaves the object, with a corre-
sponding reduction in the field to the sides.

Shielding of ELF magnetic fields with such material is in practice
only an option to protect small areas, for example VDU’s from magnetic
interference. Another option with only little practical relevance for field
reduction purposes is the compensation of the magnetic field with a specially
designed field source.

Electric fields, in contrast to magnetic fields, are readily perturbed
by materials with a high relative permittivity (dielectrics) and even more sig-
nificantly by conducting objects. A conducting enclosure eliminates the elec-
tric field within it. A conducting object also perturbs the field outside it,
increasing it in line with the field and reducing it to the sides. At power fre-
quencies, a metal box is effectively a perfect screen, and buildings are suffi-
ciently conducting to reduce the electric field within them from an external
source by factors of 10-100 or more.
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Electric fields are particularly affected by earthed conducting
objects including not just the ground, but also trees, hedges, fences, many
buildings, and human beings. Any conducting object has a charge induced on
it by the electric field. This induced charge itself then becomes part of the set
of charges which constitutes the field. The consequence is that to determine
the electric field produced by, say, a transmission line it is necessary to con-
sider not just the positions of the conductors of the line but the position of the
ground relative to them and the positions of any other conducting objects. In
terms of human exposure to power lines, the main effect is that close to a ver-
tical object that is tall compared to a person — e.g. a tree or a house — field
exposure on the ground is reduced.

22 Sources of alternating fields

2.2.1 Electric fields

2.2.1.1 Naturally occurring fields

The natural electric field encountered above the surface of the Earth
varies greatly with time and location. The primary cause of the field is the
charge separation that occurs between the Earth and the ionosphere, which
acts as a perfect conductor separated by air of negligible conductivity (Konig
et al., 1981). The field near the surface in fair weather has a typical strength
of about 130 V m™! (Dolezalek, 1979). The strength generally depends on
height, local temperature, humidity profile and the presence of ions in the
atmosphere. Deviations of up to 200% from fair-weather levels have been
recorded in the presence of fog or rain. Daily changes are attributed to mete-
orological phenomena, such as thunderstorms, which affect the rate of charge
transfer between the ground and the upper atmosphere.

Variations of up to 40 kV m™ occur near thunderstorms, although

even in the absence of local lightning, fields can reach up to 3 kV m™.
Because the dominant component usually changes very slowly, the phenom-
enon is often described as “electrostatic”. However a variety of processes in
the atmosphere and magnetosphere produce a wide range of signals with fre-
quencies reaching up to several megahertz. Atmospheric inversion layer phe-
nomena produce electric fields at the lower end of the ELF range (Konig et
al., 1981). Atmospheric fields related to lightning discharges have spectral
components below 1 Hz but the largest amplitude components have frequen-
cies between 1 and 30 kHz. Generally the range of frequencies and field
strengths vary widely with geographical location, time of day and season.
Characteristics of the Earth's electric field in the ELF range are summarized
in Table 2. The intensity of time-varying fields related to atmospherics such
as lightning between 5 Hz and 1 kHz are typically less than 0.5 V m™ and
amplitudes generally decrease with increasing frequency. The natural electric
field strength at the power frequencies of 50 or 60 Hz is about 10# V m ~!
(EC, 1996).
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Table 2. Characteristics of the Earth's electric field in the ELF range

Frequency range (Hz) Electric field strength Comment
(Vm™)

0.001-5 0.2-103 Short duration pulses of
magnetohydrodynamic ori-
gin

7.5-8.4 and 26-27 0.15-0.6x10° Quasi-sinusoidal pulses of

underdetermined origin

5-1000 104=0.5 Related to atmospheric
changes (atmospherics)

The Earth-atmosphere system approximates electromagnetically to
a three conductive layer radial shell, denoted as the Earth-ionosphere cavity,
in which electromagnetic radiation is trapped. In this cavity broadband elec-
tromagnetic impulses, like those from lightning flashes, create globally the
so-called Schumann resonances at frequencies 5-50 Hz (Bliokh, Nick-
olaenko & Filippov, 1980; Schumann, 1952; Sentman, 1987). Electric fields
of up to a few tenths of a millivolt per metre can be attributed to the Schu-
mann resonances (Konig et al., 1981).

2.2.1.2 Atrtificial fields

The dominant sources of ELF electric fields are invariably the
result of human activity, in particular, the operation of power systems or the
operation of mains appliances within a home.

2.2.1.2.1  Overhead power lines

The electric field at a point near a power line depends on the volt-
age of the line, its distance, and how close together the various charged con-
ductors making up the line are. The radius of the conductors is also relevant.
Other factors being equal, thicker conductors result in larger electric fields at
ground level. In addition, electric fields are affected by conducting objects.

Electric fields are lower and fall more rapidly with distance for
point symmetric systems than for others. Electric fields are lowest when the
three phases are balanced and rise with the unbalance. At ground level, elec-
tric fields are highest towards the middle of a span where the sag of the con-
ductors brings them nearest the ground and reduce towards the end of the
span.

The highest electric field strength at ground level from overhead
lines is typically around 10 kV m™' (AGNIR, 2001b; NIEHS, 1995).

2.2.1.2.2 House wiring and appliances

The electric field produced by any source outside the home will be
attenuated considerably by the structure of the home. All common building
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materials are sufficiently conducting to screen fields, and the ratio of the
field outside to the field inside typically ranges from 10 to 100 or more
(AGNIR, 2001b).

Within homes, however, there are sources of electric field just as
there are sources of magnetic field. House wiring can produce electric fields,
which are clearly strongest close to the wiring but which can be significant
over the volume of a house as well. The electric field produced by wiring
depends partly on how it is installed; wiring installed in metal trunking or
conduit produces very small external fields, and the fields produced by wir-
ing installed within walls is attenuated by an amount depending on the build-
ing materials (AGNIR, 2001b).

The other main source of electric fields within a home is mains
appliances. Any mains appliance produces power-frequency electric fields
whenever it is connected to the mains (in contrast to magnetic fields, which
are produced only when current is being drawn), and appliances are often left
plugged in even when not operating. The size of the electric field depends on
the wiring of the appliance, and on how much of the wiring is enclosed by
metal which will screen the electric field. The electric field from an appli-
ance falls rapidly with distance from the appliance, just as the magnetic field
does. The magnetic field from an appliance typically merges into the back-
ground magnetic field within a metre or two. With electric fields, except in
those few homes very close to a source of high electric field, there is no
background field from sources outside the home. Therefore the electric field
from an appliance is still appreciable, albeit rather small, at greater distances
from the appliance than is the case for magnetic fields.

Because electric fields are so easily perturbed by conducting
objects, fields within the volume of a room are rarely uniform or smoothly
varying. Many objects, in particular metal objects, perturb the field and can
create local areas of high electric field strength.

2.2.1.2.3 Underground cables and substations

When a cable is buried underground, it still produces a magnetic
field above the ground (see section 2.2.2.2.2). By contrast, a buried cable
produces no electric field above ground, partly because of the screening
effect of the ground itself, but mainly because underground cables practically
always include a metal sheath which screens the electric field.

Substations also rarely produce significant electric fields outside
their perimeter. In the case of a ground-mounted final distribution substation,
this is because all the busbars and other equipment are contained either in
metal cabinets and pillars or in a building, both of which screen electric
fields. Higher-voltage substations are not so rigorously enclosed, but are usu-
ally surrounded by a security fence, which because it is metal again screens
the electric field.
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2.2.1.2.4 Electric power industry

Bracken and colleagues have characterized the electric field envi-
ronment within towers of transmission lines rated between 230 and 765 kV.
During various operations that include climbing the towers, electric fields
may reach anywhere from 10 to 30 kV m™.These fields would not typically
be oriented parallel to the body (Bracken, Senior & Dudman, 2005; Bracken,
Senior & Tuominen, 2004). In some operations, such as bare hand live line
work, linemen wear a conductive suit, which shields the individual from the
electric field.

2.2.2 Magnetic fields

2.2.2.1 Naturally occurring fields

The Earth’s magnetic field changes continually at periods ranging
from a few milliseconds up to 10'? seconds. The broad spectrum of variation
is summarized in Table 3. The main feature of the geomagnetic field is its
close resemblance to a dipole field aligned approximately with the spin axis
of the Earth. The dipole field is explained by electrical currents that flow in
the core. The vertical component of the field reaches a maximum of about 70
uT at the magnetic poles, and approaches zero at the magnetic equator; con-
versely the horizontal component is close to zero at the poles and has a max-
imum just over 30 uT at the magnetic equator. Changes of the dipole field
with periods of the order of 100 years or so constitute the secular variation,
and are explained by eddy currents located near the core boundary (Bullard,
1948).

Table 3. The broad spectrum of variation in the Earth’s magnetic field

Type Period Typical Origin Comment
(seconds) amplitudes

Reversals ~1012 100 uT Internal  Current systems in the

Secular change 109100 10 uT earth

Magnetic storms 108-10° hundreds n”T  External 11 year period of maxi-

Sunspot activity 108 mum

Storm repetition 27 day period

Diurnal 10° tens nT 24 hour period

Lunar 105 25 hour period

Pulsations 10"=102 0.02-100 nT Solar-terrestrial interac-
tion

Cavity resonances 102-10" 102nT Solar-terrestrial interac-
tion

Atmospherics 10%-10° 102 nT (ELF) Lightning discharges
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Table 4. Characteristics of the Earth’'s magnetic field across the ELF part of the
spectrum

Nature and origin Amplitude Typical Comment
changes frequency
(T) (Hz)
Regular solar and 0.03-0.05 (solar) 10 Increases in energy during
lunar variations 0.005-0.006 10 summer and towards the
(lunar) equator. Also increases at a

period of 11 years due to
sunspot activity.

Irregular disturbances, 0.8-2.4 Wide range Repetition after 27 day

such as magnetic of frequen-  period corresponding to the

storms related to sun- cies sun’s rotation time on its

spot activity axis.

Geomagnetic pulsa- 2%1 0_5—8><10'2 0.002-5Hz Amplitudes quoted for mod-

tions (micropulsa- erate activity at mid-lati-

tions) related to tudes.

changes in the mag-

netosphere

Cavity resonances 2x10°-5%x10° 5-50 Hz Schumann resonance oscil-
lations excited by broad-
band lightning discharges

Atmospherics related  5x105 <1-2kHz  Energy peak at 100-200

to lightning discharges Hz. Some spectral compo-

nents < 1 Hz and VLF com-
ponents in the range 1-30
kHz.

The main characteristics of the Earth's magnetic field across the
ELF and VLF part of the spectrum are summarized in Table 4. All of the
spectrum of time variations of period shorter than the most rapid secular
change have their primary cause outside the Earth, associated with processes
in the ionosphere and magnetosphere (Garland, 1979). These include the reg-
ular solar and lunar daily variations upon which more irregular disturbances
are superimposed. The typical solar diurnal cycle shows variations of no
more than a few tens of nanoteslas depending on magnetic latitude. Large
magnetic disturbances known as storms show typical variations of 0.5 pT
over 72 hours and are closely related to sunspot activity and the sun’s rota-
tion time. Geomagnetic pulsations arise from effects in the magnetosphere
and typically cover the frequency range from 1| MHz to 1 Hz. At mid-lati-
tudes during periods of moderate activity up to several tens of nanotesla can
be attributed to pulsations (Allan & Pouler, 1992; Anderson, 1990).

The ELF variations arise mainly from the effects of solar activity in
the ionosphere and atmospheric effects such as lightning discharges which
cause resonance oscillations in the Earth-ionosphere cavity. Changes in ELF
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signals over 11-year and 27-day periods and circadian variations reflect the
solar influences (EC, 1996). The electromagnetic fields that arise from light-
ning discharges, commonly known as atmospherics, have a very broad fre-
quency range with spectral components from below 1 Hz up to a few
megahertz. In the ELF range the peak intensity from lightning discharges
occurs typically at 100-200 Hz. The Schumann resonances are a source of
ELF magnetic fields of the order of 10" nT at frequencies of up to a few tens
of hertz (Konig et al., 1981). The measurement of signals with frequencies
below 100 Hz is extremely difficult because of the interference from man-
made signals. At 50 Hz or 60 Hz the natural magnetic field is typically of the
order of 10°° uT (Polk, 1974).

2.2.2.2 Attificial fields
2.2.2.2.1 Transmission lines

Factors affecting fields

The magnetic field produced by a transmission line depends on sev-
eral factors.

. The number of currents carried by the line (usually three for a
single-circuit line, 6 for a two-circuit line, etc.).

o The arrangement of those currents in space, including:

o The separation of the currents. This is usually determined by
the need to avoid sparkover between adjacent conductors,
including an allowance for displacement of conductors caused
by wind. The separation therefore usually increases as the
voltage of the line increases.

o The relative phasing of multiple circuits. Suppose the three
phases of one circuit are arranged in the order a-b-c from top to
bottom. If the second circuit is similarly arranged a-b-c, the two
circuits produce magnetic fields which are aligned with each
other and reinforce each other. But if the second circuit is
arranged in the opposite order, c-b-a, its magnetic field will be
in the opposite direction and the two fields will partially cancel
each other. The resultant field falls more nearly as the reciprocal
of distance cubed instead of squared. This is variously known as
transposed, reversed, or rotated phasing. Other arrangements of
the relative phasing are clearly possible and generally produce
higher fields at ground level.

o The currents carried by the line, which include:
o the load current;
o any out of balance currents.

. Any currents carried by the earth conductor or in the ground itself.
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. The height of the currents above ground: the minimum clearance
allowed for a given voltage line is usually determined by the need
to avoid sparkover to objects on the ground.

Higher voltage lines usually carry higher currents and have larger
spacing between conductors. They therefore usually produce higher mag-
netic fields, even though the magnetic field itself does not depend on the
voltage.

Currents in power lines vary over the course of a day, seasonally
and from year to year as electricity demand varies. This affects the magnetic
field both directly and also because the load carried affects the conductor
temperature and hence sag and ground clearance. Lines usually operate at
significantly less load than their rating, and therefore average magnetic fields
encountered are usually significantly less than the theoretical maximum field
a line is capable of producing.

Harmonics and transients

The nature of the electricity system and the use of electricity means
that some harmonics are more prevalent than others. In particular, the third
harmonic, 150 (180) Hz, is usually the strongest, and even harmonics (2nd,
4th, 6th etc.) are usually smaller than odd harmonics (3rd, 5th, 7th etc.). In
many situations, harmonics are very small, perhaps a few percent or less of
the fundamental. In some situations, however, particularly in buildings with
certain types of apparatus, or near certain industrial users of electricity, the
harmonic content can increase, and on occasion the third harmonic can be
comparable in magnitude to the fundamental. In general, harmonics above
the third or fifth are very small, but there are certain processes which lead to
harmonics as high as the 23rd and 25th. Some harmonics occur as a result of
the operation of the electricity system itself — for instance, small amounts of
11th, 13th, 23rd and 25th harmonics are produced by common types of AC-
to-DC conversion equipment — but most occur as a result of the loads con-
sumers connect to the electricity system. A particular example is dimmer
switches used in lighting applications. Harmonics are regarded as undesir-
able on an efficiently operated electricity system. Harmonics tend to be
lower in the transmission system, higher in the distribution system, and high-
est in final-distribution circuits and homes.

Transients also occur in electrical systems. Transients in the voltage
(and hence in the electric field) are produced by the following causes.

. Lightning strikes to an overhead power line. Most lightning strikes
hit the earth conductor (where one is present). If the lightning hits a
phase conductor instead, or jumps across to the phase conductor
having initially hit something else, a very high voltage can be
applied to that phase conductor. This voltage rapidly dissipates, not
least over the spark gaps which are installed partly for this very

purpose.
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Switching events. When a switch in a circuit carrying a current is
opened and the current is interrupted, a voltage is generated in that
circuit. The voltage dissipates over a period of time determined by
the electrical characteristics of the circuit. Switching surges occur
whenever circuits are interrupted, so also occur in distribution
systems and in homes.

Short circuits. These can occur either between two phase
conductors or from a phase conductor to earth or to an earthed
conductor. Examples of how short circuits occur with overhead
lines include when two phase conductor, both oscillating in the
wind, clash, or when an object such as a tree or a hot-air balloon
bridges the gap between a phase conductor and another conductor
or the earth. With underground circuits and circuits in homes, short
circuits can occur when a drill cuts the cable, or as a result of
corroded insulation. Short circuits should usually result in the
circuit concerned being rapidly disconnected (by the operation of a
circuit breaker or by the blowing of a fuse). For the duration of the
short circuit, which could be as short as 40 ms on parts of the
transmission system or as long as a second on parts of the
distribution system, the voltage of the circuit concerned is forced by
the fault to a different value from normal.

Transients in the current (and in the resulting magnetic field) result

from the following causes.

Short circuits. For the duration of the short circuit (until either the
short circuit is removed, or more usually, until the circuit is
disconnected by the fuse or circuit breaker) abnormally high
currents will be flowing. On the UK transmission system, the
highest “fault current” that is allowed to flow is 63 kA. At lower
voltages, the “fault level” (the amount of current that can flow in
the event of a short circuit) is lower, but can still be many times the
normal current in the circuit.

Switching events. Transient currents can be produced when a circuit
is first switched on (such currents are often called “inrush” currents
which describes their nature quite well).

Some transients affect only the circuit they are generated on. More

usually, they affect neighbouring circuits as well, but to a lesser extent. For

instance, at high voltages, a lightning strike to a transmission circuit may
cause a sufficiently large transient voltage on that circuit to cause the protec-

tion circuits to operate the circuit breaker and to disconnect the circuit. On

other nearby circuits, it may cause a large transient voltage, but not large
enough to cause the protection to operate. On circuits further away, the tran-
sient may still be present but may be much smaller and for practical purposes

negligible. At low voltages, switching an appliance in one home may pro-

duce a transient that affects adjoining homes as well. Thus it is only transient
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voltages or currents which are generated close to a given point which are
likely to produce significant transient electric or magnetic fields at that point.

Field levels

Transmission lines can produce maximum magnetic flux densities
of up to a few tens of microteslas during peak demand, however mean levels
are usually no more than a few microteslas. The magnetic flux density
reduces typically to a few hundred nanotesla at distances of several tens of
metres from a transmission line. The magnetic flux density decreases in
lower voltage systems, mainly due to progressively smaller currents and con-
ductor separations used.

Overhead transmission lines operate at various voltages up to 1150
kV. In the UK, the largest power lines in use operate at 400 kV with ratings
up to 4 kA per circuit and a minimum ground clearance of 7.6 m. This theo-
retically produces up to 100 pT directly beneath the conductors. In practice,
because the load is rarely the maximum and the clearance rarely the mini-
mum, the typical field at ground level directly beneath the conductors is 5
uT. Table 5 gives more detail on the average magnetic field at various dis-
tances from a typical National Grid line. These figures were calculated from
one year’s recorded load data and are the average for a representative sample
of 43 different lines.

Table 5. Average magnetic field at various distances from National Grid line @

Distance (m) Average field (uT)
0 4.005
50 0.520
100 0.136
200 0.034
300 0.015

@Source: National Grid, 2007b.

Table 6. Typical magnetic field levels in uT for power transmission lines ?

Type Usage Maximum on  Distance from lines
of line right-of-way
15m 30 m 61 m 91 m
115kV Average 3 0.7 0.2 0.04 0.02
Peak 6.3 1.4 0.4 0.09 0.04
230 kV  Average 5.8 2.0 0.7 0.18 0.08
Peak 11.8 4.0 1.5 0.36 0.16
500 kV  Average 8.7 2.9 1.3 0.32 0.14
Peak 18.3 6.2 2.7 0.67 0.30

@ Source: NIEHS, 1995.
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tances from a typical National Grid line. These figures were calculated from
one year’s recorded load data and are the average for a representative sample
of 43 different lines. Typical values for the US at various distances, voltages,
and power usage are summarized in Table 6.

2.2.2.2.2 Underground cables

When a high-voltage line is placed underground, the individual
conductors are insulated and can be placed closer together than with an over-
head line. This tends to reduce the magnetic field produced. However, the
conductors may only be 1 m below ground instead of 10 m above ground, so
can be approached more closely. The net result is that to the sides of the
underground cable the magnetic field is usually significantly lower than for
the equivalent overhead line, but on the line of the route itself the field can be
higher. Examples of fields for UK underground cables are given in Table 7.

Table 7. Examples of fields for underground cables calculated at 1 m above
ground level @

Voltage Specifics Location Load Magnetic field in pT at distance
from centreline

0Om 5m 1M0m 20m

400 kV  trough 0.13 m spacing maximum 83.30 7.01 1.82 0.46
and 0.3 m depth typical 20.83 1.75 0.46 0.12

275kV  direct 0.5 m spacing maximum 96.17 13.05 3.58 0.92
buried 0.9 m depth typical 24.06 3.26 0.90 0.23

132kV separate 0.3 mspacing typical 9.62 1.31 0.36 0.09

cores 1 m depth
single 1 m depth typical 5.01 1.78 0.94 0.47
cable

33 kV single 0.5 m depth typical 1.00 0.29 0.15 0.07
cable

11 kV single 0.5 m depth typical 0.75 0.22 0.11 0.06
cable

400 V single 0.5 m depth typical 0.50 0.14 0.07 0.04
cable

2 Source: National Grid, 2007a.

Depending on the voltage of the line, the various conductors can be
contained within an outer sheath to form a single cable. Not only is in that
case the separation of the conductors further reduced, but they are usually
wound helically, which produces a further significant reduction in the mag-
netic field produced.
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2.2.2.2.3 Distribution lines

In power system engineering, it is common to distinguish between
transmission lines and distribution lines. Transmission lines are high voltage
(more than a few tens of kV), usually carried on lattice steel towers or sub-
stantial metal or concrete structures, capable of carrying large currents (hun-
dreds or sometimes thousands of amps), and used for long-distance bulk
transmission of power. Distribution lines are usually lower voltage (less than
a few tens of kV), more often carried on wood poles or simpler structures,
designed to carry lower currents, and used for more local distribution of
power, including the final distribution of power to individual homes. Distri-
bution lines may also have a neutral conductor whereas transmission lines
rarely do.

Viewed from the standpoint of production of electric and magnetic
fields, the difference between transmission lines and distribution lines is one
of degree rather than kind. As the voltage of a circuit reduces, generally so
does the spacing of the conductors and the load. All of these factors tend to
mean that as the voltage decreases, so do both the electric and magnetic
fields. Thus, conceptually, a distribution line without grounding currents is
no different to a transmission line, it simply produces lower fields. In prac-
tice, the main difference between transmission and distribution lines is often
that distribution lines do carry grounding currents but transmission lines do
not.

The situation described for transmission lines also applies for a dis-
tribution circuit where the neutral is isolated from ground for most of its
length. The neutral is often connected to the earth once at or near the trans-
former or substation which supplies the line, but that is the only earth con-
nection. However, it was realised in various countries that by connecting the
earth to the neutral at further points along their length other than just at the
transformer/substation, extra security and safety could be obtained. When
this is done, the neutral is usually connected to the mass of earth itself at var-
ious points, and in some configurations, there is a combined neutral-and-
earth conductor rather than separate neutral and earth conductors.

This is the basis of much distribution wiring round the world. Prac-
tical systems are more complicated than this simple description, and there are
usually numerous regulations and practices associated with them. However,
for the present purposes, it is sufficient to note that much distribution wiring
results in the neutral conductor being earthed at various points along its
length. The situation in different countries is summarized in Table 8.

Each time the neutral conductor is earthed, there is the possibility
that neutral current can divert out of the line into the earth itself (or more
likely, into a convenient conducting earthed utility such as a water pipe) and
return to the transformer/substation by a different route altogether. As soon
as any neutral current diverts out of the lines, the currents left in the line are
no longer exactly balanced. This can be expressed in various ways, for
instance by saying that the neutral current is no longer equal and opposite to
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Table 8. Wiring practices in different countries

Country What is known about distribution earthing Source of informa-
practices tion

Australia Neutral is earthed at entrance to each house Rauch et al., 1992

France Multiple earthing should not occur

Germany Cities: neutral multiply earthed (optional but ~ Rauch et al., 1992
common). Rural: neutral not normally
earthed.

Japan Multiple earthing not normal but can occur Rauch et al., 1992
with certain motors and telecommunications
equipment

Norway Multiple earthing should not occur Vistnes et al., 1997b

UK Multiple earthing becoming more common. Swanson, 1996

Over 64% of circuits with multiple earthing.
USA Multiple earthing of neutral universal Rauch et al., 1992

the zero-sequence current. The commonest and most useful way of describ-
ing the situation is to say that the line now has a net current, that is, a non-
zero vector sum of all the currents flowing within the line.

Grounding currents — diverted neutral currents — flow on various
conducting services, such as water pipes, and these may pass through a
home. Where this happens there can be a region of elevated field within the
home.

The net current clearly has a return path (all currents must flow in
complete circuits). However, the return path, comprising water pipes, the
ground, and maybe other distribution circuits or the same circuit further
along its length, are likely to be rather distant from the line with the net cur-
rent. So at any given point, for instance in a home supplied by the line, there
is likely to be rather poor cancellation between the magnetic fields produced
by the net current in the line and its return path. Often, it is accurate enough
to calculate the magnetic field in a home based just on the net current in the
distribution line supplying it, ignoring the return current altogether.

Net currents tend to be low — typically varying from a fraction of
an amp to a few amps — and so these magnetic fields produced by net cur-
rents are also rather low compared to the magnetic fields produced directly
underneath transmission lines. However, in homes which are distant from
transmission lines (which is in fact the majority of homes in most countries),
and from heavily loaded 3 phase distribution lines, there are no other signifi-
cant sources of magnetic field outside the home, so it is the field produced by
the net current which constitutes the dominant source of field, usually
referred to as the “background field”. If the return path is distant and we are
regarding the field as produced by a single net current, it falls as one over the
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distance from the source, so varies comparatively little over the volume of a
typical home.

Note that, although the concept of a net current was introduced by
reference to deliberate multiple earthing of a neutral conductor, there are two
other ways net currents can arise. These are, firstly, where two adjacent dis-
tribution circuits meet and their neutral conductors are connected; and sec-
ondly, where faulty house wiring or a faulty appliance results in an
unintended earth connection to the neutral (this probably occurs in 20% or
more of homes in the UK and is also common in the USA). Both have the
effect of allowing neutral current to divert out of the line, and thus of creating
a net current. In practical situations, a net current could be created by any of
these three mechanisms, or more likely by a combination of two or all three
of them, and the magnetic field it produces is unaffected by which of the
mechanisms produced it (Maslanyj et al., 2007).

With overhead distribution, the phase conductors are sometimes
close together in a single cable. Often, however, they are not as close
together as they are with underground distribution, and significant fields may
arise from load currents as well as net currents. Net currents still exist, and
the magnetic field is produced by both net current and the currents in the
phase conductors.

The size of a net current depends on the size of the neutral current,
which in turn depends on the size of the currents in the phase conductors.
These vary over time, as loads are switched on and off. In fact, electricity use
shows characteristic variations both diurnally and annually. Because net cur-
rents do not depend directly on loads, they do not vary over time in exactly
the same way, but net currents (and hence the background magnetic fields in
homes produced by them) do usually show characteristic variations over
time.

Supplies to houses in the USA have two phases each at 110 V.
Appliances connected at 220 V between the two phases do not contribute
neutral current and therefore do not contribute to net currents. Appliances
connected between one or other phase and earth do contribute to neutral cur-
rent. The neutral current, and hence the net current and magnetic field,
depends on the difference between the loads connected to the two phases
rather than to the total load.

Another wiring source of magnetic field within homes is two-way
switching of lights. If wired in orthodox fashion, no net currents are pro-
duced by two-way switched lights. However, the layout of the lighting cir-
cuits, switches and lights in a home often makes it tempting to wire the light
in a way which effectively creates a loop of net current connecting the light
and the two switches and enclosing part of the rest of the volume of the
home. This loop of net current constitutes a source of magnetic field. Again,
this source only operates when the relevant light is switched on.
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Spatial distribution

EMF strength from any source diminishes as the distance from the
source increases. Quite often, fields decrease with a power of the distance,
depending on the configuration of the source (Kaune & Zafanella, 1992).

The field strength at any distance r is proportional to 1/r, 1/r%, or
1/r. The higher the power of t, the steeper the decrease of the field. When
the field strength is proportional to one over the distance cubed (1/r’), the
field is reduced to an eighth with every doubling of the distance. Although
good approximations, in practice, fields rarely follow these power laws
exactly, departing from them particularly at very small distances or very
large distances.

Within homes, the background field — the general level of field over
the volume of the home — varies relatively little, as it usually comes from
sources outside the home, and the inverse distance or inverse distance square
relationship with distance does not produce great variation over a limited
volume. However, superimposed on that background variation, there are
local areas of higher fields, from appliances, or house wiring. The fields from
such devices tend to decay at 1/r°.

Temporal variation

Because magnetic fields stem from currents, they vary over time as
electricity demand varies over time. The relationship is not precise, as mag-
netic fields usually depend on net currents, which may not be precisely pro-
portional to loads. Nonetheless, magnetic fields do show daily, weekly and
annual variations. The magnetic field in a home in the UK can vary typically
by a factor of 2 during the day above and below the daily average and by
25% during the year above and below the annual average.

Direct measurements of fields in the same property are available
only up to about 5 years apart. Dovan et al. (Dovan, Kaune & Savitz, 1993)
conducted measurements in a sample of homes from the childhood cancer
study of Savitz et al. (1988) five years after they were first measured and
reported a correlation of 0.7 between the spot measurements for the two peri-
ods. For longer periods, changes in fields have to be estimated from models,
taking account of changes in loads, numbers of consumers, lengths of cir-
cuits, etc. Kaune et al. (1998) examined the correlation of loads over time for
over one hundred transmission circuits in Sweden. The correlation decayed
substantially over time (after about ten years) and thus, contemporaneous
measurements are not reliable for retrospective estimation of ambient resi-
dential fields. Simple models look just at some measure of per capita con-
sumption. Swanson (1996) developed a more sophisticated model which
looks at changes in electricity systems and wiring practices as well. Even so,
there are some changes which such models cannot easily take into account,
so the results should be interpreted with caution. The models all suggest that
average fields have increased over time, for example by a factor of 4.2 in the
UK from 1949 to 1989.
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Data on fields in different countries

Several authors (e.g. Kaune et al., 1994; Kaune & Zaffanella, 1994;
Merchant, Renew & Swanson, 1994a; Merchant, Renew & Swanson, 1994c;
Perry et al., 1981; Silva et al., 1989; UKCCSI, 2000) have found that the dis-
tribution of fields in domestic settings was approximately lognormal, and
other published data also appear to exhibit this structure. It is therefore
assumed here that all distributions are approximately lognormal and, thus,
are better characterised by their geometric mean (GM) and geometric stan-
dard deviation (GSD) than by their arithmetic mean (AM) and standard devi-
ation (SD). For a log-normal distribution, GM and GSD can be calculated
from AM and SD using the following formulae (Swanson & Kaune, 1999):

AM®

VAM® +SD?

2
GSD=¢ 111[1 + (SDJ }
AM

Data from various countries show, that the geometric mean of spot
measurements in homes do not vary dramatically. Geometric means of the
data provided range between 48 nT and 107 nT in Canada (Donnelly &
Agnew, 1991; Mader et al., 1990; McBride, 1998), 60 nT in Finland (Juuti-
lainen, 1989), 26 nT to 29 nT in Germany (Michaelis et al., 1997; Schiiz et
al., 2000), 29 nT in New Zealand (Dockerty et al., 1998; 1999), 37 nT to 48
nT in Sweden (Eriksson et al., 1987; Tomenius, 1986), 29 nT to 64 nT in the
UK (Coghill, Steward & Philips, 1996; Merchant, Renew & Swanson,
1994c; Preece et al., 1996; UKCCSI, 1999), and 47 nT to 99 nT in the USA
(Banks et al., 2002; Bracken et al., 1994; Davis, Mirick & Stevens, 2002;
Kaune et al., 1987; Kaune et al., 1994; Kaune & Zaffanella, 1994; Kavet,
Silva & Thornton, 1992; Linet et al., 1997; London et al., 1991; Zaffanella,
1993; Zaffanella & Kalton, 1998). There is a tendency of higher fields in
countries with lower distribution voltage. These data should, however, be
interpreted with care, given great differences in the evaluation conditions
(e.g. number of homes included).

GM =

2.2.2.2.4 Electrical equipment, appliances, and devices

The commonest source of magnetic field within a home is not the
fixed wiring of the home but mains appliances. Every mains appliance pro-
duces a magnetic field when it is drawing current (and with some appliances,
the mains transformer is still connected and drawing current whenever the
appliance is plugged in, regardless of whether it is switched on or not). In a
typical home the magnetic field consists of the background field with
“peaks” of field surrounding each appliance. Exposure to magnetic fields
from home appliances can sometimes usefully be considered separately from
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exposure to fields due to power lines. Power lines produce relatively low-
intensity, small-gradient fields that are always present throughout the home,
whereas fields produced by appliances are invariably more intense, have
much steeper spatial gradients, and are, for the most part, experienced only
sporadically. The appropriate way of combining the two field types into a
single measure of exposure depends critically on the exposure metric consid-
ered.

Magnetic fields from appliances are produced by electric current
used by the devices. Currents in an appliance can often be approximated as
small closed loops. Appliances of that type usually produce a comparatively
small field, because any current within the appliance is balanced by a return
current a comparatively short distance away. It is usually only in some appli-
ances such as kettles, convection fires, electric blankets, that the current
flows in the heating element round a reasonably large loop.

However, many appliances contain an electric motor, a trans-
former, or a choke or inductor. These all depend on magnetic fields for their
operation: that is, they deliberately create a magnetic field inside the appli-
ance. The magnetic field around those appliances (stray field) depends
strongly on the design, which aims to keep stray fields as low as possible. If
the design priorities are not efficiency but low cost, small size or low weight,
the result will be an appliance that produces higher magnetic fields.

Thus higher fields are often produced by small and cheap trans-
formers (e.g. mains adaptors, transistor radios) and small, cheap and compact
motors (e.g. mains razors, electric can openers). A survey of 57 mains appli-
ances conducted for National Grid in 1992 (Swanson, 1996) found that the
field produced by an appliance was, on average, independent of the power
consumed by the appliance.

Whether it is produced directly by the currents or indirectly by leak-
age field from a transformer or motor, the magnetic field produced by an
appliance usually falls as one over the distance cubed. In consequence, mag-
netic fields from appliances tend to be significant only close to the appliance
itself. More than a metre or two away, they have usually become so small
that they have effectively merged into the background field. Very close to an
appliance, the fields can rise to quite high levels; hundreds of microteslas on
the surface of many mains radios, and over a millitesla on the surface of
some mains razors. Exactly how high the field rises depends not just on the
size of the field produced by the source (motor or transformer) inside the
appliance, but also on how close the source can be approached. This depends
on where within the volume of the appliance the source is located.

Examples of the field levels likely to be encountered at short dis-
tances from various appliances are presented in Table 9.
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Table 9. Examples of magnetic flux densities from 50 and 60 Hz domestic elec-
trical appliances ?

Source Magnetic flux densities (uT)
60 Hzat30cm?® 50 Hz at 50 cm °©
Median Range Com- SD
puted field
Bathroom Hair dryers 1 bg***-7 0.12 0.1
Electric shavers 2 bg-10 0.84
Electric showers 0.44 0.75
Shaver socket 1.24 0.27
Kitchen Blenders 1 0.5-2 0.97 1.05
Can openers 15 4-30 1.33 1.33
Coffee makers bg bg-0.1 0.06 0.07
Dishwashers 1 0.6-3 0.8 0.46
Food processors 0.6 0.5-2 0.23 0.23
Microwave ovens 0.4 0.1-20 1.66 0.63
Mixers 1 0.5-10 0.69 0.69
Electric ovens 0.4 0.1-0.5 0.39 0.23
Refrigerators 0.2 bg-2 0.05 0.03
Freezers 0.04 0.02
Toasters 0.3 bg-0.7 0.09 0.08
Electric knives 0.12 0.05
Liquidisers 0.29 0.35
Kettle 0.26 0.11
Extractor fan 0.5 0.93
Cooker hood 0.26 0.10
Hobs 0.08 0.05
Laundry/Utility Clothes dryers 0.2 bg-0.3 0.34 0.42
Washing machines 0.7 0.1-3 0.96 0.56
Irons 0.1 0.1-0.3 0.03 0.02
Portable heaters 2 0.1-4 0.22 0.18
Vacuum cleaners 6 2-20 0.78 0.74
Central heating 0.27 0.26
boiler
Central heating 0.14 0.17
timer
Living room TVs 0.7 bg-2 0.26 0.11
VCRs 0.06 0.05
Fish tank pumps 0.32 0.09
Tuners/tape players bg bg-0.1 0.24
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Table 9. Continued.

Audio systems 0.08 0.14

Radios 0.06 0.04

Bedroom

Clock alarm 0-50 0.05 0.05
Office Air cleaners 3.5 2-5

Copy machines 2 0.2-4

Fax machines bg bg-0.2

Fluorescent lights 0.6 bg-3

VDUs 0.5 0.2-0.6 0.14 0.07
Tools Battery chargers 0.3 0.2-04

Drills 3 2-4

Power saws 4 0.9-30
Miscellaneous Central heating 0.51 0.47

pump

Burglar alarm 0.18 0.11

@ Source: ICNIRP, 2003.

b Source: EPA, 1992.

¢ Source: Preece et al., 1997.
9 bg: background.

Preece et al. (1997) assessed broadband magnetic fields at various
distances from domestic appliances in use in the United Kingdom. The mag-
netic fields were calculated from a mathematical model fitted to actual mea-
surements made on the numbers of appliances. They reported that few
appliances generated fields in excess of 0.2 puT at 1 meter distance: micro-
wave cookers 0.37 + 0.14 uT; washing machines 0.27 + 0.14 uT; dishwash-
ers 0.23 £ 0.13 uT; some electric showers 0.11 £ 0.25 uT and can openers
0.20+0.21 pT.

Gauger (1984) and Zaffanella & Kalton (1998) reported narrow
band and broadband data, respectively, for the USA. In Gauger’s analysis of
hand held hair dryers, at 3 cm from their surfaces, magnetic felds of about 6,
15, and 22 uT were produced for three types of hair dryers. Zaffanella (1993)
found that at a distance of 27 cm from digital and analog clocks/clock radios,
the median fields were 0.13 uT and 1.5 pT for digital and analog clocks,
respectively. Preece et al. (1997) also measured the magnetic fields produced
by hair dryers and electric clocks. At distances of 5 and 50 cm from hair dry-
ers field measurements were 17 and 0.12 pT, respectively, and from electric
clocks 5.0 and 0.04 uT, respectively.

Florig & Hoburg (1990) characterized fields from electric blankets,
using a three-dimensional computer model; maximum, minimum, and vol-
ume-average fields within human forms were presented as a function of blan-
ket type and geometric factors such as body size, body-blanket separation,
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and lateral body position. They reported that when blankets are heating, typi-
cal flux densities range from a few tenths of microtesla on the side of the
body farthest from the blanket to a few tens of microtesla on the side closest
to the blanket. Wilson et al. (1996) used spot measurements made in the
home and in the laboratory. They reported that the average magnetic fields
from electric blankets to which the whole body is exposed are between 1 and
3T. More recently, from eight-hour measurements, Lee et al. (2000) esti-
mated that the time-weighted average magnetic field exposures from over-
night use of electric blankets ranged between 0.1 and 2 pT.

It should be noted that many appliances produce a wide range of
harmonics. The interpretation of results from broad band measurements can
be misleading, if the spectral content of the fields is not known. Another
problem with the interpretation of field measurements from appliances may
result from the huge spatial and temporal variability of the fields.

2.2.2.2.5 Distribution substations and transformers

Overhead lines and underground cables at whatever voltage usually
terminate at substations. All substations usually contain apparatus to perform
similar functions: transforming, switching metering and monitoring. Substa-
tions range from large complexes several hundred metres in extent at one end
of the scale to simple pole-mounted transformers at the other end of the
scale. One feature they all have in common is that members of the general
public are excluded from most of the functional regions of the substation,
either by a perimeter fence or enclosure (for ground-based substations) or by
the height of the pole (for pole-mounted substations).

Although substations vary in their complexity and size, the princi-
ples which determine the magnetic fields they produce are common. Firstly,
in all substations, there are a number of components which produce a negli-
gible magnetic field outside the confines of the substation. These include the
transformers, virtually all switches and circuit breakers, and virtually all
metering and monitoring equipment. Secondly, in many cases the largest
fields in publicly accessible regions are produced by the overhead lines and
underground cables running in and out of the substation. Thirdly, all substa-
tions contain a system of conductors (often referred to as ‘busbars’) which
connect the various components within it, and these busbars usually consti-
tute the main source of magnetic field within the substation producing appre-
ciable field outside.

The size of the currents and the separation of the busbars are both
larger in higher-voltage substations than in lower-voltage ones. However, the
perimeter fence also tends to be further away from the busbars in higher-volt-
age substations. Therefore, the resulting field to which the public can be
exposed can be somewhat greater at higher-voltage substations than at lower-
voltage ones. In both cases, the magnetic field falls very rapidly with dis-
tance from the substation.
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Typical values in the United Kingdom for substations of 275 and
400 kV at the perimeter fence is 10 uT, and 1.6 pT for an 11 kV substation.
Renew, Male & Maddock found the mean field at the substation boundary,
measured at about 0.5 m above ground level, to be 1.6 uT (range: 0.3-10.4
uT) (Renew, Male & Maddock, 1990). They also found (for the 19 substa-
tions where the background field was low enough to enable this measure-
ment to be made) the mean distance at which the field at the substation
boundary was halved to be 1.4 m (range: 0.6-2.0 m). NRPB has performed
similar measurements on 27 substations in the UK with similar findings
(Maslanyj, 1996). The mean field at the substation boundary was 1.1 uT,
with a field of 0.2 uT at between 0—1.5 m from the boundary and a field of
0.05 uT at between 1-5 m.

2.2.2.2.6 Transport

Dietrich & Jacobs (1999) have reported magnetic fields associated
with various transportation systems across a range of frequencies. AC cur-
rents of several hundred amperes are commonly used in electric railway sys-
tems, and magnetic fields are highly variable with time, the maxima often
occurring during braking and acceleration. Up to a few millitesla can be gen-
erated near motor equipment, and up to a few tens of microteslas elsewhere
on the trains (Table 10). Elevated ELF exposure levels also occur in the areas
adjacent to electrified rail lines. Peak magnetic flux densities up to a few tens
of microteslas have been recorded on the platform of a local city railway line
(EC, 1996). Magnetic flux densities of a few microteslas were measured at 5
m from the line reducing to a microtesla or so at 10 m. In France, measure-
ments inside a high-speed train and at a distance of 10 m outside the train
showed peak values around 6 to 7 uT during high-speed drive (Gourdon,
1993). In a Swedish study (Anger, Berglund & Hansson Mild, 1997) field
values in the driver cabinet range from a few to over 100 uT with mean val-
ues for a working day between a few to up to tens of microteslas depending
on the engine. Some UK results are summarized in Table 10.

The magnetic fields encountered in electrified rail systems vary con-
siderably because of the large variety of possible arrangements of power sup-
ply and traction. Many of the conventional rail systems use DC traction motors
and AC power supplies with frequencies of 16 2/3 Hz or 50 Hz AC power in
Europe and 25 Hz or 60 Hz in North America. Such systems often rely on
pulse rectification either carried out on board or prior to supply and this gives
rise to a significant alternating component in the static or quasi—static magnetic
fields from the traction components of the trains (Chadwick & Lowes, 1998).
Major sources of static and alternating magnetic fields are the smoothing and
line filter inductors and not the motors themselves, which are designed to min-
imise flux leakage. Alternatively where DC supplies are used, voltage chop-
pers are used to control the power by switching the power supply on and off
regularly. Recently AC motors have become more common with the advances
in high capacity solid-state technologies. When the required frequency differs
from that of the supply frequency, converters are used to supply the correct fre-
quency, or inverters are used when the power supply is DC (Muc, 2001).
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Table 10. Alternating magnetic fields from UK electrified rail systems @

System and Source AC magnetic Frequency Comments
flux density
London underground  Up to 20 uT 100 Hz In the driver’s cab; arising

from traction components
and on board smoothing

inductors
Suburban trains
750 DC Electric Upto1mT 100 Hz Floor level
Motor Units 16—64 uT 100 Hz In passenger car at table
16-48 uT 100 Hz height

Outside train on platform
Mainline trains

Electric Motor Units Upto 15 mT 100 Hz Floor level above inductor

Mainline trains

Locomotives Upto2.5mT 100 Hz 0.5 m above floor in equip-
5-50 uT 50 Hz ment car

In passenger coaches

@ Source: Allen et al., 1994; Chadwick & Lowes, 1998.

Train drivers and railway workers incur higher exposures than pas-
sengers because they often work closer to important sources. Nordenson et
al. (2001) reported that engine drivers were exposed to 16 2/3 Hz magnetic
fields ranging from a few to more than 100 puT. Hamalainen et al. (1999)
reported magnetic fields ranging in frequency from 10 Hz to 2 kHz measured
in local and long distance electrified trains in Finland where roughly more
than half of the rail network is electrified with 50 Hz. Average levels to
which workers and passengers were exposed varied by a factor of 1000 (0.3—
290 puT for passengers and 10-6000 pT for workers). On Swedish trains,
Nordenson et al. (2001) found values ranging from 25 to 120 uT for power-
frequency fields in the driver’s cabin, depending on the type (age and model)
of locomotive. Typical daily average exposures were in the range of 2—15 puT.

Wenzl (1997) reported measurements on a 25 Hz AC electrified
portion of the Northeast Rail Corridor in Maryland and Pennsylvania. Aver-
ages for workers were found to range between 0.3 and 1.8 uT , although 60
Hz and 100 Hz fields were also present from transmission lines suspended
above the railway catenaries and from the railway safety communications
and signalling system respectively. Chadwick & Lowes (1998) reported flux
densities of up to 15 mT modulated at 100 Hz at floor level on British Elec-
tric Motor Units and 100 Hz fields of up to 2.5 mT in mainline locomotives
(Table 10).

Other forms of transport, such as aeroplanes and electrified road
vehicles are also expected to increase exposure, but have not been investi-
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gated extensively. Other possible ELF exposures associated with transport
are discussed in 2.2.2.2.8.

2.2.2.2.7 Heating

The magnetic fields associated with underfloor heating systems
depend on the configuration and depth of the cables, and the current flowing
in them (Allen et al., 1994). Typically magnetic flux densities of up to a few
microtesla can occur at floor level falling to a few tenths of a microtesla at 1
m above the floor. Systems operating at commercial premises can give up to
a few hundred microtesla at floor level falling to a few tens of microtesla at 1
m above the floor. Many systems only draw current overnight, relying on oft-
peak electricity, and the heat capacity of the floor to provide warmth during
the day.

2.2.2.2.8 Miscellaneous sources of ELF fields (other than power
frequencies)

ELF magnetic fields are also generated in the home by petrol
engine-powered devices such as lawnmowers, strimmers and chainsaws. Per-
sonal localised exposures of up to a few hundred microteslas can result when
using such equipment (EC, 1996).

The pulsating battery current in the mobile phone generates a low-
frequency nonsinusoidal magnetic field in the vicinity of the phone (Jokela,
Puranen & Sihvonen, 2004). The time course is approximately a square wave
with a pulse cycle similar to the radiation pattern of the phone (pulse width
0.7 to 1 ms with a repetition period of 4.6 ms). As the current drawn by the
phones investigated (seven different types) was up to 3 A and the devices are
used very close to the brain (approximately 10 mm), the field may exceed 50
pT.

Occupational exposure to ELF electric and magnetic fields from
video display units (VDUs) has recently received attention. VDUs produce
both power-frequency fields and higher-frequency fields ranging from about
50 Hz up to 50 kHz (NIEHS, 1998). Sandstrom et al. (1993) measured mag-
netic fields from VDUs in 150 offices and found that rms values measured at
50 cm from the screen ranged up to 1.2 pT (mean: 0.21 uT) in the ELF range
(0-3 kHz) and up to 142 nT (mean: 23 nT) in the VLF range (3—30 kHz).

Cars are another source of ELF magnetic field exposure. Vedholm
(1996) measured the field in 7 different cars (two of them with the battery
underneath the back seat or in the trunk), engines running idle. In the left
front seat the magnetic field, at various ELF frequencies ranged from 0.05 to
3.9 uT and in the left back seat from 0.02 to 3.8 pT. The highest values
where parts of the body are likely to be were found at the left ankle at the left
front seat, 0.24—13 uT. The higher values were found in cars with the battery
located underneath the back seat or in the trunk.

Another source of ELF magnetic fields result from the steel belts in
car tires that are permanently magnetized. Depending on the speed of the car,
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this may cause magnetic fields in the frequency range below 20 Hz. The field
has a fundamental frequency determined by the speed (rotation rate of the
tire) and a high harmonic content. At the tread fields can exceed 500 uT and
on the seats the maximum is approximately 2 pT (Milham, Hatfield & Tell,
1999).

2.2.2.2.9 Occupational exposure in the electric power industry

Strong magnetic fields are encountered mainly in close proximity to
high currents (Maddock, 1992). In the electric power industry, high currents
are found in overhead lines and underground cables, and in busbars in power
stations and substations. The busbars close to generators in power stations
can carry currents up to 20 times higher than those typically carried by the
400-kV transmission system (Merchant, Renew & Swanson, 1994b).

Exposure to the strong fields produced by these currents can occur
either as a direct result of the job, e.g. a lineman or cable splicer, or as a result
of work location, e.g. when office workers are located on a power station or
substation site. It should be noted that job categories may include workers
with very different exposures, e.g. linemen working on live or dead circuits.
Therefore, although reporting magnetic-field exposure by job category is
useful, a complete understanding of exposure requires a knowledge of the
activities or tasks and the location as well as measurements made by personal
exposure meters.

The average magnetic fields to which workers are exposed for vari-
ous jobs in the electric power industry have been reported as follows: 0.18—
1.72 uT for workers in power stations, 0.8—1.4 uT for workers in substations,
0.03—4.57uT for workers on lines and cables and 0.2-18.48 uT for electri-
cians (AGNIR, 2001b; NIEHS, 1998).

2.2.2.2.10 Other occupational sources

Exposure to magnetic fields varies greatly across occupations. The
use of personal dosimeters has enabled exposure to be measured for particu-
lar types of job.

Measurements by the National Institute for Occupational Safety
and Health (NIOSH) in various industries are summarized in Table 11
(NIOSH, 1996).

In some cases the variability is large. This indicates that there are
instances in which workers in these categories are exposed to far stronger
fields than the means listed here.

Floderus et al. (1993) investigated sets of measurements made at
1015 different workplaces. This study covered 169 different job categories,
and participants wore the dosimeters for a mean duration of 6.8 h. The most
common measurement was 0.05 puT and measurements above 1 puT were
rare.
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Table 11. Magnetic flux densities from equipment in various industries @

Industry Source ELF mag- Comments Other frequen-
netic flux cies
density
(nT)

Manufacturing  Electrical resis- 600—-1400  Tool exposures VLF

tance heater measured at
operator’s chest

Induction 1-46

heater

Hand-held 300

grinder

Grinder 11

Lathe, drill 0.1-0.4

press etc

Electrogalva- Rectification 200-460 Rectified DC cur- Static fields

nizing rent (with an ELF

ripple) galva-
nized metal parts
Outdoor electric  10-170
line and substa-
tion
Aluminum refin- Aluminum pot 0.34-3 Highly-rectified Static field
ing rooms DC current (with
an ELF ripple)
refines aluminum
Rectification 30-330 Static field
room

Steel foundry Ladle refinery, 17-130 Highest ELF field ULF from

electrodes was at the chair  ladle’s mag-

active of control room netic stirrer

operator

Electrodes inac- 0.06-0.37

tive

Electrogalvaniz- 0.2-110 VLF

ing unit
Television Video cameras  0.72-2.4 Measured at 30  VLF
broadcasting (studio and cm

minocam)

Video tape 16-330

degaussers

Light control 0.1-30

centres

Studios and 0.2-0.5 Walk-through sur-

newsrooms veys
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Table 11. Continued.

Telecommuni Relay switching 0.15-3.2 Measured 5-7 cm  Static fields and
cations racks from relays ULF-ELF tran-
sients
Switching rooms 0.01-130 Walk-through sur- Static fields and
(relay and elec- vey ULF-ELF tran-
tronic switches) sients
Underground 0.3-0.5 Walk-through sur- Static fields and
phone vault vey ULF-ELF tran-
sients
Hospitals Intensive care 0.01-22 Measured at VLF
unit nurse’s chest
position
Post anaesthe-  0.01-2.4 VLF
sia care unit
Magnetic reso-  0.05-28 Measured at Static, VLF and
nance imaging technician’s work RF
locations
Government Desk work loca- 0.01-0.7 Peaks due to
offices tions laser printers
Desks near 1.8-5
power centre
Power cables in  1.5-17
floor
Computer 0.04-0.66
centre
Desktop cooling 100 Appliances mea-
fan sured at
15 cm
Other office 1-20
appliances
Building power  2.5-180

supplies

2 Source: (NIOSH, 1996).

2.2.2.2.11 Arc and spot welding

In arc welding, metal parts are fused together by the energy of a
plasma arc struck between two electrodes or between one electrode and the
metal to be welded. A power-frequency current usually produces the arc but
higher frequencies may be used in addition to strike or to maintain the arc. A
feature of arc welding is that the insulated welding cable, which can carry
currents of hundreds of amperes, can touch the body of the operator. Mag-
netic flux densities in excess of 1| mT have been measured at the surface of a
welding cable and 100 uT close to the power supply (Allen et al., 1994).
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Stuchly & Lecuyer (1989) surveyed the exposure of arc welders to magnetic
fields and determined the exposure at 10 cm from the head, chest, waist,
gonads, hands and legs. Whilst it is possible for the hand to be exposed to
fields in excess of 1 mT, the trunk is typically exposed to several hundred
microtesla. Once the arc has been struck, these welders work with compara-
tively low voltages and this is reflected in the electric field strengths mea-
sured; i.e. up to a few tens of volts per metre (AGNIR, 2001b).

Bowman et al. (1988) measured exposure for a tungsten-inert gas
welder of up to 90 pT. Similar measurements reported by the National
Radiological Protection Board indicate magnetic flux densities of up to 100
uT close to the power supply, 1 mT at the surface of the welding cable and at
the surface of the power supply and 100-200 uT at the operator position
(AGNIR, 2001b). London et al. (1994) reported the average workday expo-
sure of 22 welders and flame cutters to be much lower (1.95 uT).

2.2.2.2.12 Induction furnaces

Electrically conducting materials such as metals and crystals can be
heated as a consequence of eddy current losses induced by alternating mag-
netic fields. Typical applications include drying, bonding, zone refining,
melting, surface hardening, annealing, tempering, brazing and welding. The
main sources of electromagnetic fields in induction heaters are the power
supply, the high frequency transformer and the induction heater coil, and the
product being processed. The latter is positioned within a coil, which acts
like a primary winding of a transformer. This coil generates magnetic fields
that transfer power to the load, which behaves like a single turn short-cir-
cuited secondary winding.

The frequency determines the penetration of the field, a lower fre-
quency being used for volume heating and a higher frequency for surface
heating. For example frequencies of a few tens of hertz are used for heating
copper billets prior to forging, whereas frequencies of a few megahertz are
used for sealing bottle tops. The heating coils range in size depending on the
application. Small single turn devices of a few centimetres diameter are used
for localised heating of a product, and large multi-turn systems of 1 or 2 m
diameter are used in furnaces capable of melting several tons of iron. Power
requirements also depend on the application, and range from about 1 kW for
small items to several megawatt for induction furnaces (Allen et al., 1994).

Studies of magnetic flux densities in the vicinity of induction fur-
naces and equipment heaters have shown that operators may have some of
the highest maximum exposure levels found in industry (Table 12). Typical
maximum flux densities for induction heaters operating at frequencies up to
10 kHz are presented in Table 13. Somewhat higher levels of 1-60 mT have
been reported in Sweden (Lévsund, Oberg & Nilsson, 1982), at distances of
0.1-1 m.
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Table 12. Maximum exposures to power frequency magnetic flux densities in
the workplace @

Workplace Occupation / source Magnetic flux density (uT)
Industry Induction workers 104
Railway workers 103
Power industry 103
Arc welders 102
Office Tape erasers 102
VDUs 1
General Underfloor heating 10
Electric motors 10

@ Source: Allen et al., 1994.

Table 13. Examples of magnetic fields produced by induction heaters operating
up to 10 kHz 2

Machine Input Frequency Position Maximum
power magnetic
flux den-
sity (uT)
Copper billet heater Upto 6 MW 50 Hz 1 m from coil line 540
Steel billet heater ~ 800 kW 1.1 kHz 1 m from coil 125
Axle induction hardener 140 kW 1.65 kHz Operator position 29
Copper tube annealer 600 kW 2.9 kHz 0.5 m from coil 375
Chain normalisers 20 kW 8.7-10 kHz 0.5 m from coils 25

@ Source: Allen et al., 1994.

Electric field strengths in the vicinity of induction heaters that oper-
ate in the frequency range of interest are usually no more than several volts
per metre.

2.2.2.2.13 Induction cooking equipment

Originally induction cooking equipment was restricted largely to
commercial catering environments where three phase power supplies were
available; however, single phase domestic varieties are now common (IEC,
2000). Induction cooking hobs normally operate at frequencies of a few tens
of kilohertz. In domestic environments a frequency of over 20 kHz is neces-
sary to avoid pan noise and below 50 kHz to have a maximum efficiency and
comply with electromagnetic compatibility product standards. Powers nor-
mally range between 1-3 kW used for domestic appliances and 5-10 kW for
commercial equipment. Under worst-case exposure conditions, correspond-
ing to poor coupling between the coil and pan, maximum magnetic flux den-
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sities are usually less than a few microtesla at a few tens of centimetres from
the front edge of the hobs. Electric field strengths are usually no more than a
few tens of volt per metre because the appliances do not use high voltage
electricity. Usually the fundamental frequency induction dominates the mag-
netic field; however, some models produce harmonic components compara-
ble in magnitude to that of the fundamental (Allen et al., 1994).

2.2.2.2.14 Security and access control systems

A number of devices generate electromagnetic fields for security
purposes and for controlling personal access. These include metal detectors,
radiofrequency identification (RFID) equipment and electronic article sur-
veillance (EAS) systems, also known as anti-theft systems. RFID and EAS
equipment use a broad range of frequencies, ranging from sub-kilohertz fre-
quencies to microwave frequencies.

Metal detectors

Metal detectors are used for security, e.g. at airports. The two main
types are the free-standing walk-through systems and the hand-held detec-
tors. Walk-through detectors usually consist of two columns, one which
houses the transmitter unit and uses conducting coils to produce a pulsed
magnetic field, and the other which contains a receiver which employs a set
of coils to detect the electric currents induced in metallic objects by the
pulsed field. The magnetic field waveforms from both detectors consist of a
train of bipolar pulses and fast Fourier transforms (FFTs) of the pulses
exhibit broad spectral content with an amplitude peak in the region of 1 kHz.
Peak magnetic fields are usually a few tens of microtesla (Cooper, 2002).

Hand-held detectors normally contain a coil, which carries an alter-
nating current, at frequencies of a few tens of kilohertz. If electrically con-
ducting material is brought within the detection range of the device, eddy
currents are produced in the material that disturb the configuration of the
magnetic field. The corresponding change in the behaviour of the coil, which
may be resonant, can then be detected by the instrument.

The magnetic fields from hand-held metal detectors tend to be
weaker and more localised than those from walk-through devices. The maxi-
mum magnetic flux density encountered near the casing is typically a few
microtesla (Cooper, 2002).

Electronic access and security systems (EAS)

EAS systems use electromagnetic fields to prevent unauthorised
removal of items from shops, libraries and supermarkets and are even used in
hospitals to stop abduction of babies. The detection panels are the most sig-
nificant source of electromagnetic fields. The tags or labels serve only to
cause a slight perturbation of the fields in the detection systems and are usu-
ally passive in the sense that they do not contain any power source, although
they may contain a small number of electronic components such as diodes.

52



The third component of EAS systems is known as “deactivators”. These are
used to “switch off” disposable tags or to remove re-usable tags. The deacti-
vator fields are usually higher in absolute amplitude than the main detection
fields, though they are confined to a small region.

There are two main types of EAS system that operate within the
ELF-VLF range. Both use inductive fields, so the field is almost completely
magnetic in nature, and the field propagation is negligible (ICNIRP, 2002;
IEC, 2000).

The electromagnetic (EM) type operates at frequencies of 20 Hz—20
kHz and detects harmonics in the detection field that are set up during the
non-linear magnetisation of the magnetically soft tag. The magnetic flux
density at the point midway through panels normally placed 1-3 m apart is
from a few tens of microtesla up to about 100 uT. Typical field strengths fall
as the operating frequency rises and some systems use more than one fre-
quency simultaneously.

The resonant acousto-magnetic (AM) type operates at typical fre-
quencies around 60 kHz, and detects the ringing of the tag’s magnetic field
caused by an element that resonates in the presence of a specific frequency
pulsed magnetic field that occurs in the detection zone.

Some examples of maximum magnetic flux densities inside EAS
gates are reported in Table 14.

Table 14. Examples of peak magnetic flux densities within magnetic type EAS
gates

Type Frequency (wave- Magnetic flux  Distance from

form 2) density (uT) transmitter

(cm)

Electromagnetic (EM) 73 Hz (SCW) 146 315

219 Hz (SCW) 122 36

230 Hz (SCW) 93 42

535.7 Hz (SCW) 72 36

6.25 kHz (SCW) 39 45

5kHz /7.5 kHz (CW) 43 48.5

1 kHz (PMS) 100 41

6.25 kHz (CW) 58 257
Acoustomagnetic (AM) 58 kHz (PMS) 65 36

58 kHz (PMS) 17.4 62.5

58 kHz (CW) 52 37.2

@ CW = Continuous Wave, SCW = Sinusoidal Continuous Wave, PMS = Pulsed Mod-
ulated Sinusoid.
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Members of the public receive transient exposure to the main detec-
tion field because of the method of use of EAS systems; workers receive
longer-term whole body exposure to lower amplitude fields outside the
detection system and transient localised exposures from the deactivators.

2.2.2.2.15 Sewing machines

Hansen et al. (2000) reported higher-than-background magnetic
fields near industrial sewing machines, because of proximity to motors, with
field strengths ranging from 0.32-11.1 uT at a position corresponding
approximately to the sternum of the operator. The average exposure for six
workers working a full work-shift in the garment industry ranged from 0.21—
3.20 uT. A more extensive study of the personal exposures of 34 workers
using sewing machines reported exposures (Kelsh et al., 2003) at the waist,
where the mean 60-Hz magnetic field was 0.9 pT with a range between
0.07-3.7 uT.

2.3 Assessment of exposure

2.3.1 General considerations

Electric and magnetic fields are complex and can be characterized
by many different physical parameters. Some of these parameters are dis-
cussed more fully in section 2.1. In general, they include transients, harmonic
content, peak values and time above thresholds, as well as average levels. It
is not known which of these parameters or what combination of parameters,
if any, are relevant for the induction of health effects. If there were a known
biophysical mechanism of interaction for e.g. carcinogenesis, it would be
possible to identify the critical parameters of exposure, including relevant
timing of exposure. However, in the absence of a generally accepted mecha-
nism, most exposure assessments in epidemiological studies are based on a
time-weighted average of the field, a measure that is also related to some, but
not all field characteristics (Zaffanella & Kalton, 1998).

The physical characteristics of electric and magnetic fields have
been described in detail in section 2.1. Some of the characteristics of expo-
sure to electric and magnetic fields which make exposure assessment for the
purposes of epidemiological studies particularly difficult are listed below.

. Prevalence of exposure. Everyone in the population is exposed to
some degree to ELF electric and magnetic fields and therefore
exposure assessment can only separate the more from the less
exposed individuals, as opposed to separating individuals who are
exposed from those who are not.

. Inability of subjects to identify exposure. Exposure to electric and
magnetic fields, whilst ubiquitous, is usually not detectable by the
exposed person nor memorable, and hence epidemiological studies
cannot rely solely on questionnaire data to characterize past
exposures adequately.
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. Lack of clear contrast between “high” and “low” exposure. The
difference between the average field strengths to which “highly
exposed” and “less highly exposed” individuals in a population are
subjected is not great. The typical average magnetic fields in homes
appear to be about 0.05-0.1 pT. Pooled analyses of childhood
leukaemia and magnetic fields, such as that by Ahlbom et al.
(2000), have used 0.4 uT as a high-exposure category. Therefore,
an exposure assessment method has to separate reliably exposures
which may differ by factors of only 2 or 4. Even in most of the
occupational settings considered to entail “high exposures” the
average fields measured are only one order of magnitude higher
than those measured in residential settings (Kheifets et al., 1995).

o Variability of exposure over time: short-term. Fields (particularly
magnetic fields) vary over time-scales of seconds or longer.
Assessing a person’s exposure over any period involves using a
single summary figure for a highly variable quantity.

. Variability of exposure over time: long-term. Fields are also likely
to vary over time-scales of seasons and years. With the exception of
historical data on loads carried by high-voltage power lines, data on
such variation are rare. Therefore, when a person’s exposure at
some period in the past is assessed from data collected later, an
assumption has to be made. The usual assumption is that the
exposure has not changed. Some authors (e.g. Jackson, 1992;
Petridou et al., 1993; Swanson, 1996) have estimated the variations
of exposure over time from available data, for example, on
electricity consumption. These apply to population averages and are
unlikely to be accurate for individuals.

o Variability of exposure over space. Magnetic fields vary over the
volume of, for example, a building so that, as people move around,
they may experience fields of varying intensity. Personal exposure
monitoring captures this, but other assessment methods generally
do not.

People are exposed to fields in different settings, such as at home, at
school, at work, while travelling and outdoors. Current understanding of the
contributions to exposure from different sources and in different settings is
limited. Most studies make exposure assessments within a single environ-
ment, typically at home for residential studies and at work for occupational
studies. Some recent studies have included measures of exposure from more
than one setting (e.g. Feychting, Forssen & Floderus, 1997; Forssén et al.,
2000; UKCCSI, 1999).

In epidemiological studies, the distribution of exposures in a popu-
lation has consequences for the statistical power of the study. Most popula-
tions are characterized by an approximately log-normal distribution with a
heavy preponderance of low-level exposure and much less high-level expo-
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sure. Pilot studies of exposure distribution are important for developing
effective study designs.

Since most epidemiological studies have investigated magnetic
rather than electric fields, the next six sections will deal with aspects of mag-
netic field exposure and section 2.3.7 with electric field exposure.

2.3.2 Assessing residential exposure to magnetic fields: methods
not involving measurement

2.3.2.1 Distance

The simplest possible way of assessing exposure is to record prox-
imity to a facility (such as a power line or a substation) which is likely to be a
source of field. This does provide a very crude measure of exposure to both
electric and magnetic fields from that source, but takes no account of other
sources or of how the fields vary with distance from the source (which is dif-
ferent for different sources). Distances reported by study subjects rather than
measured by the investigators tend to be unreliable. Recently over half of the
time-averaged magnetic field exposures above 0.4 puT in the UKCCS were
attributable to sources other than high-voltage power lines (Maslanyj et al.,
2007).

2.3.2.2 Wire code

Wire coding is a non-intrusive method of classifying dwellings on
the basis of their distance from visible electrical installations and the charac-
teristics of these installations. This method does not take account of exposure
from sources within the home. Wertheimer & Leeper (1979) devised a sim-
ple set of rules to classify residences with respect to their potential for having
a higher-than-usual exposure to magnetic fields. Their assumptions were
simple:

. the field strength decreases with distance from the source;

. current flowing in power lines decreases at every pole from which
“service drop” wires deliver power to houses;

. if both thick and thin conductors are used for lines carrying power
at a given voltage, and more than one conductor is present, it is
reasonable to assume that more and thicker conductors are required
to carry greater currents; and

o when lines are buried in a conduit or a trench, their contribution to
exposure can be neglected. This is because buried cables are placed
close together and the fields produced by currents flowing from and
back to the source cancel each other much more effectively than
when they are spaced apart on a cross beam on a pole (see section
22222).

Wertheimer & Leeper (1979) used these four criteria to define two
and later four (Wertheimer & Leeper, 1982), then five (Savitz et al., 1988)
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classes of home: VHCC (very high current configuration), OHCC (ordinary
high current configuration), OLCC (ordinary low current configuration),
VLCC (very low current configuration) and UG (underground, i.e. buried).
The houses with the higher classifications were assumed to have stronger
background fields than those with lower classifications. According to this
classification scheme, residences more than 40 m from power lines were
considered to be not exposed to magnetic fields.

Wire coding, in the original form developed by Wertheimer and
Leeper, has been used in a number of studies. The ranges of measurements
by wire code category for five substantial data sets — the control groups from
the Savitz et al. (1988) and London et al. (1991) studies, the HVTRC survey
(Zaftanella, 1993), the EMDEX Residential Project (Bracken et al., 1994)
and the NCI study (Tarone et al., 1998) — indicate a positive relationship
between the mean of the distributions and the wire code (i.e. higher averages
are seen for higher wire code categories), but there is a large overlap among
the various categories.

Kheifets, Kavet & Sussman (1997) evaluated relationships between
wire codes and measured fields in the data sets available to them (EMDEX;
HVTRC and London). The relationships were quite similar across data sets;
thus only selected examples are presented below. Log-transformed spot mea-
surement data for all 782 single and duplex residences and for all wire codes,
except VLCC, from the HVTRC survey, were distributed log-normally. The
data indicate a 10th-to-90th percentile interval of about an order of magni-
tude for all the wire codes, considerable overlap in the field range across wire
codes (as mentioned above), equivalent fields for UG and VLCC (which are
sometimes grouped as referent categories), and a trend of increasing field
with wire code. For this data, wire code explains 14.5% of the total variance
in the log of the spot-measured fields (Kheifets, Kavet & Sussman, 1997).

There are many reasons for a discordance between wire codes and
measurement classifications (for simplicity, a dichotomous classification
scheme is used). For example, while number and thickness of wires reflect
the total current carrying capacity of a system of wires, this does not take into
account differences in geometry, phasing schemes in multi-circuit systems
that enhance field cancellation, and actual loading patterns. Thus high wire
code homes may actually have relatively low fields. Similarly, low wire code
homes may exhibit high readings due to high field levels from non-power
line sources, or from very heavily loaded external sources. Data available to
date shows that the “high wire code—low measurement” situation is far more
prevalent than the “low wire code—high measurement” circumstance.

While wire codes explain little of the variance of measured residen-
tial magnetic fields, they are useful in identifying homes with potentially
high magnetic fields. In particular, the majority of homes with high interior
measurements fell into the VHCC category. And although most of the mis-
classification occurs from homes in high wire code categories having low
measurements, the VHCC category still performs reasonably well in exclud-
ing homes with low measurements (Kheifets, Kavet & Sussman, 1997).
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The concept of wire coding has been shown to be a usable crude
surrogate even when tailored to local wiring practices. For example, the cor-
relation between wiring code and measured magnetic fields in homes in the
Savitz et al. (1988) study accounted for only 16% of the variance in the mea-
sured field values. Rankin et al. (2002) report that wire code predicts < 21%
of the variance in magnetic field measurements. The wire code is overall an
imperfect surrogate for magnetic field exposure in a variety of environments.
In general, wire codes have been used only in North American studies, as
their applicability is limited in other countries, where power drops to homes
are mostly underground.

2.3.2.3 Calculated historical fields

Feychting & Ahlbom (1993) carried out a case—control study nested
in a cohort of residents living in homes within 300 m of power lines in Swe-
den. The geometry of the conductors on the power line, the distance of the
houses from the power lines and historical records of currents, were all avail-
able. This special situation allowed the investigators to calculate the fields to
which the subjects’ homes were exposed at various times (e.g. prior to diag-
nosis) (Kheifets et al., 1997).

The common elements between wire coding and the calculation
model used by Feychting & Ahlbom (1993) are the reliance on the basic
physical principles that the field increases with the current and decreases
with the distance from the power line, and the fact that both neglect mag-
netic-field sources other than visible power lines. There is, however, one
important difference: in the Wertheimer and Leeper code, the line type and
thickness are a measure of the potential current carrying capacity of the line.
In the Feychting & Ahlbom (1993) study, the approximate yearly average
current was obtained from utility records; thus the question of temporal sta-
bility of the estimated fields did not even arise: assessment carried out for
different times, using different load figures, yielded different estimates.

The approach of Feychting & Ahlbom (1993) has been used in var-
ious Nordic countries and elsewhere, although the likely accuracy of the cal-
culations has varied depending in part on the completeness and precision of
the available information on historical load. The necessary assumption that
other sources of field are negligible is reasonable only for subjects relatively
close to high-voltage power lines. The validity of the assumption also
depends on details such as the definition of the population chosen for the
study and the size of average fields from other sources to which the relevant
population is exposed.

There is some evidence from Feychting & Ahlbom (1993) that their
approach may work better for single-family homes than for apartments.
When Feychting & Ahlbom (1993) validated their method by comparing cal-
culations of present-day fields with present-day measurements, they found
that virtually all homes with a measured field < 0.2 pT, whether single-fam-
ily or apartments, were correctly classified by their calculations. However,
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for homes with a measured field > 0.2 uT, the calculations were able to clas-
sify correctly 85% of single-family homes, but only half of the apartments.

The difference between historical calculations and contemporary
measurements was also evaluated by Feychting & Ahlbom (1993) who found
that calculations using contemporary current loads resulted in a 45% increase
in the fraction of single-family homes estimated to have a field > 0.2 puT,
compared with calculations based on historical data. If these calculations of
historical fields do accurately reflect exposure, this implies that present-day
spot measurements overestimate the number of exposed homes in the past.

When fields are calculated from transmission lines and then used as
an estimate of the exposure of a person, the assumption is made that fields
from other sources are negligible. Close to the transmission line where the
field from the line is high, it would be rare for other (principally distribution)
sources to produce as high a field, and this is a valid assumption. As the dis-
tance from the power line is increased (or equivalently as the threshold
between exposed and non-exposed is lowered), the assumption becomes less
valid, and misclassification will result. An example of this can be seen in the
Feychting & Ahlbom (1993) study where it has been observed that there is
substantial calculation error by comparing their contemporary calculations
and measurements (Jaffa, Kim & Aldrich, 2000). This error was more pro-
nounced in the lower exposure categories (Feychting & Ahlbom, 2000).
These calculation errors in the lower exposure categories are likely the result
of not including the field contribution from local sources, which make a
greater contribution to exposures at larger distances from transmission lines.
This error can negate the value of estimating historical exposures such that
contemporary measurements can be a more reliable metric for effect esti-
mates (Jaffa, 2001; Maslanyj et al., 2007; Mezei & Kheifets, 2001).

2.3.3  Assessing residential exposure to magnetic fields using
measurements
Following the publication of the Wertheimer & Leeper (1979;
1982) studies, doubt was cast on the reported association between cancer and
electrical wiring configurations on the grounds that exposure had not been
measured. Consequently, many of the later studies included measurements of
various types.

All measurements have the advantage that they capture exposure
from whatever sources are present, and do not depend on prior identification
of sources, as wire codes and calculated fields do. Furthermore, because
measurements can classify fields on a continuous scale rather than in a lim-
ited number of categories, they provide greater scope for investigating differ-
ent thresholds and exposure—response relationships.

2.3.3.1 Spot measurements in the home

The simplest form of measurement is a reading made at a point in
time at one place in a home. To capture spatial variations of field, some stud-
ies have made multiple spot measurements at different places in or around
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the home. In an attempt to differentiate between fields arising from sources
inside and outside the home, some studies have made spot measurements
under “low-power” (all appliances turned off) and “high-power” (all appli-
ances turned on) conditions. Neither of these alternatives truly represents the
usual exposure conditions in a home, although the low-power conditions are
closer to the typical conditions.

The major drawback of spot measurements is their inability to cap-
ture temporal variations. As with all measurements, spot measurements can
assess only contemporary exposure, and can yield no information about his-
torical exposure, which is an intrinsic requirement for retrospective studies
of cancer risk. An additional problem of spot measurements is that they give
only an approximation even for the contemporary field, because of short-
term temporal variation of fields, and unless repeated throughout the year do
not reflect seasonal variations.

A number of authors have compared the time-stability of spot mea-
surements over periods of up to five years (reviewed in Kheifets et al., 1997;
UKCCSI, 2000). The correlation coefficients reported were from 0.7-0.9,
but even correlation coefficients this high may result in significant misclassi-
fication (Neutra & Del Pizzo, 1996).

2.3.3.2 Longer-term measurements in homes

Because spot measurements capture short-term temporal variability
poorly, many studies have measured fields at one or more locations for
longer periods, usually 24—48h, most commonly in a child’s bedroom, which
is an improvement on spot measurements. Comparisons of measurements
have found only a poor-to-fair agreement between long-term and short-term
measurements. This was mainly because short-term increases in fields
caused by appliances or indoor wiring do not affect the average field mea-
sured over many hours (Schiiz et al., 2000).

Measurements over 24—48 h cannot account for longer-term tempo-
ral variations. One study (UKCCSI, 1999) attempted to adjust for longer-
term variation by making 48-h measurements, and then, for subjects close to
high-voltage power lines, modifying the measurements by calculating the
fields using historical load data. In a study in Germany, Schiiz et al. (2001)
identified the source of elevated fields by multiple measurements, and
attempted to classify these sources as to the likelihood of their being stable
over time. Before beginning the largest study in the USA (Linet et al., 1997),
a pilot study was conducted (Friedman et al., 1996) to establish the propor-
tion of their time children of various ages spent in different parts of the
home. These estimates were used to weight the individual room measure-
ments in the main study (Linet et al., 1997) for the time-weighted average
measure. In addition, the pilot study documented that magnetic fields in
dwellings rather than schools accounted for most of the variability in chil-
dren’s exposure to magnetic fields.
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Table 15. Exposure distribution of the arithmetic mean based on exposure of
controls in a case-control study or all respondents in an exposure survey

Country Authors Study Measure- Magnetic field category (uT) N
type ment

<01 >01- >02- >0.3
<02 <03

Belgium Decat, Van Exposure 24-hr 81.9% 11.5% 1.6% 51% 251
den Heuvel survey  personal
& Mulpas,
2005

Canada McBride et Case- 48-hr 59.0% 29.2% 8.5% 3.3% 329
al., 1999*  control  personal

Germany Michaelis et Case- 24-hr 89.9% 7.0% 1.7% 1.4% 414
al., 1998 control  bedroom

Brix etal., Exposure 24-hr 73.6% 17.8% 4.1% 4.5% 1952

2001 survey  personal
Schiizetal., Case- 24-hr 93.0% 5.6% 0.9% 0.5% 1301
2001° control  bedroom

Japan  Kabutoet Case-  7-day 89.9% 6.0% 25% 1.6% 603
al.,2006" control  home

Korea Yang, Ju & Exposure 24-hr 64.0% 24.2% 4.0% 7.8% 409

Myung, survey  personal
2004

UK UKCCSI,  Case- 48-hr 92.3% 58% 1.2% 0.8% 2226
1999 control  home

USA Londonet Case- 24-hr 69.2% 19.6% 4.2% 7.0% 143
al., 19912  control  bedroom

Linetetal., Case-  24-hr 65.7% 23.2% 6.6% 4.5% 620

1997 control  bedroom

Zaffanella & Exposure 24-hr 64.2% 21.1% 7.8% 4.2% 995
Kalton, survey  personal

1998

Zaffanella, Exposure 24-hr 72.3% 17.5% 5.6% 4.6% 987
1993 survey  home

@ Based on the distribution for pooled analysis reported by Greenland et al., 2000.

b Given exposure categories: < 0.1, 0.1-< 0.2, 0.2—< 0.4, > 0.4 uT; approximated cate-
gories in the table by applying the ratios of exposures in the high categories of the EMF
Rapid Survey (Zaffanella & Kalton, 1998).

Five extensive exposure surveys have been conducted to evaluate
ELF exposures of the general population (Brix et al., 2001; Decat, Van den
Heuvel & Mulpas, 2005; Yang, Ju & Myung, 2004; Zaffanella, 1993; Zaf-
fanella & Kalton, 1998). As indicated in Tables 15 and 16, these surveys gen-
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erally estimate that approximately 4-5% had mean exposures above 0.3 puT,
with the exception of Korea where 7.8% had mean exposures above 0.3 uT
(Kheifets, Afifi & Shimkhada, 2006). Only 1-2% have median exposures in
excess of 0.4 uT.

Estimating exposures using the control-exposures from case-con-
trol studies allows a look at a broader spectrum of countries and results in a
range of 0.5-7.0 % having mean exposures greater than 0.3? uT and 0.4—
3.3% having median exposures above 0.4 uT. Two countries, the USA and
Germany, had both exposure surveys and case-control studies. In the USA,
the mean exposures were virtually equal from the two methods but for the
case-control median eight estimates were less than the survey median esti-
mates. In Germany, the case-control mean exposure estimates were substan-
tially smaller than the survey estimates (median estimates were not available
for the case-control study), which could be due to regional differences and
the inclusion of occupational exposures in the survey estimates. In some
studies, the exposure distribution for 0.2—0.3 pT and 0.3-0.4 uT had to be
estimated since only data for the 0.2-0.4 uT intervals were given; the ratio
from the EMF Rapid Survey from the USA was used to calculate these esti-
mates.

Table 16. Exposure distribution of the geometric mean based on exposure of
controls in a case-control study or all respondents in an exposure survey

Country Authors Study  Measure- Magnetic field category (uT) N
type ment

<01 >01- >0.2- >04
<02 <04
Belgium Decat, Van Exposure 24-hr 91.9% 4.1% 28% 1.2% 251
den Heuvel survey personal
& Mulpas,
2005

Canada McBride et Case-  48-hr 70.7% 17.4% 8.6% 3.3% 304
al., 19992 control  personal

Germany Michaelis et Case-  24-hr 929% 51% 15% 0.5% 409
al., 19982  control  bedroom

UK UKCCSI, Case-  48-hr 94.4% 4.1% 12% 04% 2224
19992 control  home

USA Zaffanella & Exposure 24-hr 726% 17.6% 7.5% 23% 995
Kalton, 1998 survey  personal

Linetetal, Case- 24-hr 72.8% 17.9% 83% 0.9% 530
19972 control  bedroom

@ Based on the distribution for pooled analysis reported by Ahlbom et al., 2000.
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2.3.3.3 Personal exposure monitoring

Monitoring the personal exposure of a subject by a meter worn on
the body is attractive because it captures exposure to fields from all sources
and at all places the individual encounters. Because all sources are included,
the average fields measured tend to be higher than those derived from spot or
long-term measurements in homes. However, the use of personal exposure
monitoring in case—control studies could be problematic, due to age- or dis-
case-related changes in behaviour. The latter could introduce differential
misclassification in exposure estimates. However, personal exposure moni-
toring can be used to validate other types of measurements or estimates.

Table 17 summarizes results from studies which have measured the
personal exposure of representative samples of people in different countries.
Geometric mean and geometric standard deviation are given on the assump-
tion of log-normal distributions.

Table 17. Summary of measurements of residential personal exposure ?

Authors Area  Sample type Measure- Time of Sample Type of Geo- Geo-

ment year size statis- metric metric
type tics® mean stan-
(nT) dard
devia-
tion
Donnelly Toron- Utility employ- Roughly June— 31 Children 117 2.98
& Agnew, to, Can- ees, contacts, 48 h, sin- Octo- at home
1991 ada and general  gle axis  ber (D)
public, chosen Adults 133 2.80
for variety of at home
exposure envi- (D)
ronments
Skotte, Den-  From industry. Personal 298 (in- “Non- 50 2.08
1994 mark  Homes near exposure, cludes work”
powerlines 24 h some (P)
excluded for duplic-
this analysis. ation)
Brix et al., Bavaria, Volunteers Personal 1952 (V) 6.4 2.41
2001 Ger- recruited for  exposure,
many  exposure 24 h
assessment
Vistnes et Suburb Children from Personal 6 At home 15 2.40
al., 1997aof Oslo, two schools. exposure, (PA)

Norway This analysis 24 h
only of homes
> 275 m from
power line
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Table 17. Continued
Mer- Eng-  Volunteers 3-7 days Spread 204 At home 54 2.05

chant, land and from electricity over (P,F)
Renew & Wales, industry. HV year
Swan- UK lines excluded
son, for this analy-
1994a sis
Preece et Avon, Random 24 h Dec- 44 (A) 42 2.65
al.,, 1996 UK selection from May

mothers with

surviving chil-

dren
Kavet, Maine, Random-digit 24 h June/ 15 At home 134 1.80
Silva& USA dialing; adults August (D)
Thorn-
ton, 1992
Zaf- USA  Random-digit 24 h per- 994 (D) 92 1.36
fanella & dialling sonal
Kalton, measure-
1998 ment

(bedroom
& home)

Bracken USA Employees of 24 h 396 Athome, 111 1.88
etal., EPRI member not in
1994 utilities, bed (F)

weighted to

random sam-

ples of wire

codes
Kaune et Wash- Children of vol-24 h Spring 29 Resi- 96 2.38
al.,, 1994 ing-ton unteers from dential

DC, NCI and pri- (P)
USA  vate daycare

facility, over-

head wiring
Kaune & Califor- Children from 24 h 31 P) 96 2.45
Zaf- nia and volunteers

fanella, Mass., from industry,

1994 USA  chosen for
variety of dis-
tribution
arrangements

@ Source: Swanson & Kaune, 1999.

b P = geometric statistics are given in Swanson & Kaune, 1999; A = calculated from arith-
metic statistics given in Swanson & Kaune, 1999 using the equations given in Section
2.2.2.2.3 Distribution lines, subsection Data on fields in different countries; D =calculated
from data given in Swanson & Kaune, 1999; F = fitted to statistics given in Swanson &

Kaune, 1999 using least-squares procedure; U = calculated from unpublished data.
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Table 18. Comparisons of personal exposure and background fields

Country Authors Subjects Sample Personal Long-term Ratio per-
size expo- back- sonal
sures: geo- ground exposure /
metric field: geo- back-
mean (nT) metric ground
mean (nT)
USA Kavet, Silva Adults, 15 134 58 2.3
& Thorn- at home
ton, 1992
Bracken et Adults, 396 111 74 1.5
al., 1994 at home,
not in bed
Kaune et Children, 29 96 99 1.0
al., 1994 residential
Kaune & Children 31 96 67 14
Zaffanella,
1994
Canada Donnelly & Children, 31 117 107 1.1
Agnew, at home
1991 Adults, 31 133 1.2
at home
UK Merchant, Adults, 204 54 37 1.5
Renew &  at home
Swanson,
1994a
Preece et  Adults 44 42 29 1.5
al., 1996

In general, personal-exposure measurements are higher than fields
measured away from appliances, largely because of the extra contributions of
appliances and any other sources within the home. Seven studies that include
both personal exposure measurements and long-term measurements of fields
away from appliances in the homes of the subjects are compared in Table 18.
The ratio of average personal exposure to average field away from appli-
ances varies from 1.0 to 2.3, with an average of 1.44. This shows the relative
magnitude of short-term exposure to appliances emitting relatively high
magnetic fields compared with background exposure. There may be a ten-
dency for the ratio to be smaller for children than for adults, but it would be
unwise to draw firm conclusions from these limited data.

2.3.4  Assessing exposure to magnetic fields from appliances

Only little is known about the magnitude and distribution of EMF
exposures from appliances. The contribution to overall exposure by appli-
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ances depends, among other things, on the type of appliance, its age, its dis-
tance from the person using it, and the pattern and duration of use. The
assessment of appliance use in epidemiological studies has generally relied
on questionnaires, sometimes answered by proxies such as other household
members (Mills et al., 2000). These questionnaires ascertain some (but not
usually all) of these facts, and are subject to recall bias. It is not known how
well data from even the best questionnaire approximate to the actual expo-
sure. Mezei et al. (2001) reported that questionnaire-based information on
appliance use, even when focused on use within the last year, has limited
value in estimating personal exposure to magnetic fields. Limited attempts
have been made (e.g. UKCCSI, 1999) to include some measurements as well
as questionnaire data.

According to Mader & Peralta (1992), appliances are not a signifi-
cant source of whole-body exposure, but they may be the dominant source of
exposure of extremities. Delpizzo (1990) suggested that common domestic
electrical appliances were responsible for an exposure comparable to that
from power lines. Recently, Mezei et al. (2001) showed that computers con-
tributed appreciablyto overall exposure while other appliances each contrib-
uted less than 2%. Most of the time, a low contribution was the result of
infrequent and short duration of appliance use. When limited to only those
subjects who actually used certain appliances, the analysis showed that com-
puters (16%) and cellular phones (21%) could contribute appreciablyto total
daily exposure.

Because exposure to magnetic fields from appliances tends to be
short-term and intermittent, the appropriate method for combining assess-
ments of exposure from different appliances and chronic exposure from other
sources would be particularly dependent on assumptions made about expo-
sure metrics. Such methods have yet to be developed.

2.3.5 Assessing exposure at schools

Exposure to ELF electric and magnetic fields while at school sel-
dom represents a major fraction of a child’s total exposure.

A study involving 79 schools in Canada took a total of 43009 mea-
surements of 60-Hz magnetic fields (141-1543 per school) (Sun et al., 1995).
Only 7.8% of all the fields measured were above 0.2 pT. For individual
schools, the average magnetic field was 0.08 uT (SD: 0.06 uT). In the analy-
sis by use of room, only typing rooms had magnetic fields that were above
0.2 uT. Hallways and corridors were above 0.1 uT and all other room types
were below 0.1 pT. The percentage of classrooms above 0.2 uT was not
reported. Magnetic fields above 0.2 pT were mostly associated with wires in
the floor or ceiling, proximity to a room containing electrical appliances or
movable sources of magnetic fields such as electric typewriters, computers
and overhead projectors. Eight of the 79 schools were situated near high-
voltage power lines. The survey showed no clear difference in overall mag-
netic field strength between the schools and domestic environments.
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Kaune et al. (1994) measured power-frequency magnetic fields in
homes and in the schools and daycare centres of 29 children. Ten public
shools, six private schools and one daycare centre were included in the study.
In general, the magnetic field strengths measured in schools and daycare cen-
tres were smaller and less variable than those measured in residential set-
tings.

The UKCCSI (1999) carried out an epidemiological study of chil-
dren in which measurements were made in schools as well as homes. Only
three of 4452 children aged 0—14 years who spent 15 or more hours per week
at school during the winter, had an average exposure during the year above
0.2 uT as a result of exposure at school.

2.3.6 Assessing non-occupational exposure to magnetic fields:

discussion

One crucial question in case-control studies in general, and of mag-
netic fields and childhood cancer in particular, is how to span time. By defi-
nition, all exposures of interest in these studies are historical. Thus,
measurements, wire codes, and historic models are only surrogates for the
critical exposure, which occurred at some unknown time in the past. The
question is then, what is a better surrogate for historic exposure: wire codes,
area measurements or personal exposure? Each method has distinct advan-
tages. Wire codes are relatively simple categorical scales that are thought to
be stable over time. This method allows magnetic fields to be estimated with-
out resident participation, thus reducing potential bias due to non-participa-
tion and maximizing study size. Measured fields, on the other hand, are more
appealing because they can account for all sources within the residence and
entail fewer implicit assumptions. However, one would expect measure-
ments taken soon after diagnosis to be better surrogates than measurements
taken long after diagnosis. Although it is generally considered that such long
term measurements are the best available estimate of average magnetic field
exposure, wire codes may be better indicators of high historical exposure
because they may be less biased, and may produce less misclassification and
measurement error. This might be especially true when one has to estimate
exposure that has occurred several years to decades in the past. Epidemiolog-
ical studies with personal measurements are yet to be completed. However,
in case-control settings personal measurements could be problematic due to
age or disease-related changes in behavior and thus, exposure.

Epidemiological studies that estimated the historical exposures of
subjects to magnetic fields from power lines by calculations did not usually
report using documented computer programs or publish the details of the
computation algorithms, e.g. Olsen, Nielsen & Schulgen (1993), Verkasalo et
al. (1993; 1996), Feychting & Ahlbom (1994), Tynes & Haldorsen (1997),
though others, e.g. UKCCSI (2000), did. However, for exposure assessment
in these studies, it is important to consider how accurate the calculations are
in a specific study when interpreting results. For example in the seminal Fey-
chting & Ahlbom study (1993), the calculation error (contemporary calcula-
tions vs. contemporary measurements) is greater than any advantage that
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might have been gained by estimating exposure at the time of diagnosis with
historical calculations. As a result, contemporary spot measurements appear
to provide better estimates of historical exposures in this study (Jaffa, Kim &
Aldrich, 2000).

2.3.7  Assessing occupational exposure to magnetic fields

Following Wertheimer and Leeper’s report of an association
between residential magnetic fields and childhood leukaemia, Milham
(1982; 1985a; 1985b) noted an association between cancer and some occupa-
tions (often subsequently called the “electrical occupations”) intuitively
expected to involve proximity to sources of electric and magnetic fields.
However, classification based on job title is a very coarse surrogate. Critics
(Guenel et al., 1993; Loomis & Savitz, 1990; Theriault et al., 1994) have
pointed out that, for example, many electrical engineers are basically office
workers and that many electricians work on disconnected wiring.

Much less is known about exposures in non-electrical occupations.
Little data, if any, is available for many jobs and industrial environments. Of
note in the few surveys conducted are high exposures among railway engine
drivers (about 4 uT) and seamstresses (about 3 uT). The best information on
work exposures is available in a survey conducted by Zaffannela (Zaffanella
& Kalton, 1998). The survey included 525 workers employed in a variety of
occupations (Table 19).

Table 19. Parameters of the distributions of average magnetic field during work for
different types of occupations ?

Description Sample Mean (uT) Standard Geomet- Geomet-
size deviation ric mean ric stan-
(uT) (uT) dard
deviation

Managerial and profes- 204 0.164 0.282 0.099 2.47

sional speciality occupa-

tions

Technical, sales, and 166 0.158 0.167 0.109 2.03

administrative supports

occupation

(Protective, food, health, 71 0.274 0.442 0.159 2.55

cleaning, and personal)
service occupations

Farming, forestry, and 19 0.091 0.141 0.045 297
fishing occupations
Precision production, 128 0.173 0.415 0.089 2.80

craft, and repair occupa-
tions, and operators, fabri-
cators, and laborers

Electrical occupations ® 16 0.215 0.162 0.161 2.25

@ Source: Zaffanella & Kalton, 1998.

b As classified by Milham (1982; 1985a; 1985b): electronic technicians, radio and tele-
graph operators, electricians, linemen (power and telephone), television and radio repair-
men, power station operators, aluminium workers, welders and flame cutters, motion
picture projectionists, electrical enigineers and subway motormen.
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The largest geometric mean (0.161 uT) for magnetic field exposure
during work occurred in electrical occupations. Service occupations fol-
lowed at 0.159 puT. Technical, sales, and administrative support positions had
a geometric mean of 0.109 uT; managerial and professional specialty occu-
pations, 0.099 uT; and precision production, craft and repair work, operation,
fabrication, and labor, 0.089 pT. At 0.045 uT, farming, forestry, and fishing
occupations had the lowest geometric mean. Work exposures were often sig-
nificantly higher and more variable than other exposures: people spent sig-
nificantly more time, for example, in fields exceeding 1.6 uT at work than at
home. Nevertheless, average work exposures for the general population are
low, with only 4% exposed to magnetic fields above 0.5 pT.

Intuitive classification of occupations by investigators can be
improved upon by taking account of judgements made by appropriate experts
(e.g. Loomis et al., 1994), and by making measurements in occupational
groups (e.g. Bowman et al., 1988).

A study by Forssén et al. (2004) provides a first attempt to compre-
hensively evaluate occupational magnetic field exposure assessment among
women. The results for the work-site environments are presented in Table 20.
“Large scale kitchens” and “Shops and stores” are both environments with
high exposure.

Table 20. Exposures to extremely low frequency magnetic fields by occupa-
tional environment @

Environment Sam- Arithmetic/geometric Proportion of time spent at
ple size means (arithmetic stan- exposure level (n)
dard deviations) (uT)

Time- Maximum <01 0.1- 0.2- >03
weighted uT 0.2puT 0.3uT pT
average
Health care 67 0.11/0.10 262/210 66% 20% 8% 7%
(0.07) (1.90) (29) (18) (10) (10)
Hospitals 27 0.09/0.08 3.01/237 77% 13% 6% 4%
(0.05) (2.26) (21) (14) (8) (6)
Elsewhere 40 0.13/0.11 235/1.94 59% 24% 9% 9%
(0.08) (1.58) (31) (20) (11) (12)
Schools and 55 0.15/0.12 541/212 62% 20% 8% 10%
childcare (0.10) (16.49) (27) (16) (8) (12)
Large scale 34 0.38/0.28 5971467 30% 20% 15% 36%
kitchens (0.43) (4.55) (27) (11) (12) (27)
Offices 127 0.16/0.12 2411173 55% 25% 9% 12%
(0.13) (2.32) (38) (26) (14) (22)
Shops and 33 0.31/0.26 5.84/255 26% 17% 17% 40%
stores (0.17) (18.21) (29) (13) (13) (30)

@ Source: Forssén et al., 2004.
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A further improvement is a systematic measurement programme to
characterize exposure in a range of jobs corresponding as closely as possible
to those of the subjects in a study, thus creating a “job-exposure matrix”,
which links measurement data to job titles.

Forssén et al. (2004) constructed a job-exposure matrix for women.
Analysis of the exposure distribution in the female working population
showed that about 16% of the women are highly exposed (0.20 uT). How-
ever, only 5% would be classified as such if the job-exposure matrix for men
(Floderus, Persson & Stenlund, 1996) was used (Table 21). Furthermore,
only 20% of the women with high exposure would be correctly classified as
highly exposed by the job-exposure matrix for men. Using the job-exposure
matrix for men in an epidemiological study that involves women would
hence cause not only loss of power but could also dilute any effects through
misclassification of the exposure.

Table 21. Distribution of exposure in the population of women gainfully
employed in Stockholm County 1980 by using job-exposure matrices (JEM)

Pecentage of women exposed

Geometric mean of time- JEM for women ? JEM for men P
weighted average (uT)

<0.10 214 7.2

0.11-0.20 48.3 47.4

0.21-0.30 13.7 4.4

>0.30 3.0 1.0

Missing 13.6 40.0

@ Source: Forssén et al., 2004.
b Source: Floderus, Persson & Stenlund, 1996.

Despite the improvements in exposure assessment, the ability to
explain exposure variability in complex occupational environments remains
poor. Job titles alone explain only a small proportion of exposure variability.
A consideration of the work environment and of the tasks undertaken by
workers in a specific occupation leads to a more precise estimate (Kelsh,
Kheifets & Smith, 2000). Harrington et al. (2001) have taken this approach
one stage further by combining job information with historical information
not only on the environment in general but on specific power stations and
substations. The within-worker and between-worker variability which
account for most of the variation are not captured using these assessments.

In addition to the need for correct classification of jobs, the quality
of occupational exposure assessment depends on the details of work history
available to the investigators. The crudest assessments are based on a single
job (e.g. as mentioned on a death certificate). This assessment can be
improved by identifying the job held for the longest period, or even better, by
obtaining a complete job history which would allow for the calculation of the
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subject’s cumulative exposure over his professional career, often expressed
in pT—years.

2.3.8  Assessing exposure to electric fields

Assessment of exposure to electric fields is generally more difficult
and less well developed than the assessment of exposure to magnetic fields.
All of the difficulties encountered in assessment of exposure to magnetic
fields discussed above also apply to electric fields. In addition, electric fields
are ecasily perturbed by any conducting object, including the human
body.Although most studies that have assessed electric fields have attempted
to assess the unperturbed field, the very presence of subjects in an environ-
ment means that they are not being exposed to an “unperturbed field”.

Because electric fields are perturbed by the body, the concept of
personal exposure is difficult to define, and readings taken with a meter
attached to the body are likely to be dominated by local perturbations
affected by the precise location of the meter on the body.

A number of electric and magnetic field exposure studies have
included measurements of electric fields within homes. Some of these con-
sisted of wearing personal exposure meters for periods of 24 or 48 hours,
while others consisted of spot measurements within specific rooms. The
majority of studies were epidemiological studies, although one compared
homes near to a power line to homes at a considerable distance from any
power lines.

In each of the studies data are presented for controls as well as for
the cases. A comparison has been made between the measurements for the
controls in different studies. Green et al. (1999a) performed continuous mon-
itoring and reported that the average electric field exposure at home for con-
trols was below 16 V m™ for 90% of the group. London et al. (1991) and
Savitz et al. (1988) performed spot measurements in the centre of the con-
trols’ sitting rooms. London et al. reported a mean of 7.98 V m™' and Savitz
et al. reported a median below 9 V m™\. A number of other studies involved
monitoring of electric fields over a 24 or 48 hour period. McBride et al.
(1999) carried out 48-h personal exposure monitoring, reporting a median
exposure for controls of 12.2 V m™. However no distinction was made
between exposure at home and away from home. Studies by Dockerty et al.
(1998) and Kaune et al. (1987) performed 24-h monitoring within specific
rooms of the home. Both monitored electric field within the sitting room,
while the Dockerty et al. study also monitored electric field levels within the
bedroom. The study by Dockerty et al. reported arithmetic means less than
10.75 V m™ in at least 60% of the homes, regardless of the room, while
Kaune et al. reported a mean value of 33 V m™ across the homes investi-
gated. Kaune et al. reported higher levels that other studies reported to date.
Levallois et al. (1995) carried out 24-h monitoring of the electric fields in
homes both near to a 735 kV line, and distant to any overhead lines. For
those homes distant to power lines, a geometric mean electric field of 14 V

71



m’!' was reported. Finally, Skinner et al. (2002) made measurements in sev-

eral locations in the home with geometric means around 10 V. m’'.

2.3.9 Exposure assessment: conclusions

Electric and magnetic fields exist wherever electricity is generated,
transmitted or distributed in power lines or cables, or used in electrical appli-
ances. Since the use of electricity is an integral part of our modern lifestyle,
these fields are ubiquitous in our environment.

Residential exposure to power frequency magnetic fields does not
vary dramatically across the world. The geometric mean magnetic field in
homes ranges between 0.025 and 0.07 uT in Europe and 0.055 and 0.11 pT
in the USA. The mean values of electric field in the home are in the range of
several tens of volts per metre. In the vicinity of certain appliances, the
instantaneous magnetic-field values can be as much as a few hundred
microtesla. Near power lines, magnetic fields reach approximately 20 uT and
electric fields up to several thousand volts per metre.

Few children have time-averaged exposures to residential 50 or 60
Hz magnetic fields in excess of the levels associated with an increased inci-
dence of childhood leukaemia. Approximately 1% to 4 % have mean expo-
sures above 0.3 uT and only 1% to 2% have median exposures in excess of
0.4 uT.

Occupational exposure, although predominantly to power-fre-
quency fields, may also include contributions from other frequencies. The
average magnetic field exposures in the workplace have been found to be
higher in “electrical occupations” than in other occupations such as office
work, ranging from 0.4-0.6 uT for electricians and electrical engineers to
approximately 1.0 uT for power line workers, with the highest exposures for
welders, railway engine drivers and sewing machine operators (above 3 uT).
The maximum magnetic field exposures in the workplace can reach up to
approximately 10 mT and this is invariably associated with the presence of
conductors carrying high currents. In the electrical supply industry, workers
may be exposed to electric fields up to 30 kV m™.
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3 ELECTRIC AND MAGNETIC FIELDS INSIDE THE BODY

3.1 Introduction

Chapter 2 describes the fields to which people are exposed. Expo-
sure to these fields in turn induces fields and currents inside the body. This
chapter describes and quantifies the relationship between external fields and
contact currents with the current density and electric fields induced within
the body. Only the induced electric field and resultant current density in tis-
sues and cells are considered, as the internal magnetic field in tissues and
cells is the same as the external field. The chapter first considers calculations
on a macroscopic scale referring to dimensions much greater than those of
cells or cell assemblies, and then on a microscopic scale when dimensions
considered are comparable to, or smaller than a cell.

At extremely low frequencies, exposure is characterized by the
electric field strength (E) or the electric flux density (also called the displace-
ment) vector (D), and the magnetic field strength (H) or the magnetic flux
density (also called the magnetic induction) (B). All these parameters are
vectors; vectors are denoted in italics in this Monograph (see also paragraph
2.1.1). The flux densities are related to the field strengths by the properties of
the medium in a given location r as:

D(r)=¢ E(r)
B(r)= i H(r)

where £ is the complex permittivity and 4 is the permeability. For biological
media. 4=y, where u,, is the permeability of free space (air). The electric and
magnetic tields are effectively decoupled, since quasi-static conditions can
be assumed (Olsen, 1994). To determine exposure in a given location, both
the electric and magnetic field have to be computed or measured separately.
Similarly, the internal induced fields are also evaluated separately. For simul-
taneous exposure to electric and magnetic fields, the internal measures can
be obtained by superposition. Exposures to either electric or magnetic fields
result in the induction of electric fields and associated current density in con-
ductive tissue. The magnitudes and spatial patterns of these fields depend on
the type of the exposure field (electric vs. magnetic), their characteristics
(frequency, magnitude, orientation, etc.), and the size, shape, and electrical
properties of the exposed body (human, animal). A biological body signifi-
cantly perturbs an external electric field, and the exposure also results in an
electric charge on the body surface. The external electric field is also
strongly perturbed by metallic or other conductive objects.

The primary dosimetric measure is the local induced electric field.
This measure is selected because thresholds of the excitable tissue stimula-
tion are defined by the electric field and its spatial variation. However, cur-
rent density is used in some exposure guidelines (ICNIRP, 1998a). Among
the measurements often reported are the average, root mean square (rms) and
maximum induced electric field and current density values (Stuchly & Daw-
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son, 2000). Additional measurements more recently introduced are the 50th,
95th, and 99th percentiles, which indicate values not exceeded in the given
volume of tissue, e.g. the 99th percentile shows the dosimetric measure
exceeded in 1% of a given tissue volume (Kavet et al., 2001). Some exposure
guidelines (ICNIRP, 1998a) specify dosimetry limit values as current density
averaged over 1 cm? of tissue. The electric field in tissue is typically
expressed in V m™ or mV m™! and the current density in A m™ or mA m™.

The internal (induced) electric field (£) and conduction current den-
sity (J) are related through Ohm’s law:

J=0F

where o is the bulk tissue conductivity, and may be a tensor in anisotropic
tissues (e.g. muscle).

Early dosimetry modeled a human body as homogeneous ellipsoids
or other overly simplified shapes. In addition, limited measurements of cur-
rents through the whole body and body parts have been performed. During
the last few years, a few research laboratories have performed extensive
computations of the induced electric field and current density in heteroge-
neous models of the human body in uniform and non-uniform electric or
magnetic fields at 50 or 60 Hz. There is convergence of the results obtained
by various groups and agreement with earlier measurements, where such
measurements are available (Caputa et al., 2002; Stuchly & Gandhi, 2000).
Microscopic dosimetry data remain very limited.

3.2 Models of human and animal bodies

Currently, a number of laboratories have developed heterogeneous
models of the human body with realistic anatomy and numerous tissues iden-
tified. Most of these models have been developed by computer segmentation
of data from magnetic resonance imaging (MRI) and allocation of proper tis-
sue type (Dawson, 1997; Dawson, Moerloose & Stuchly, 1996; Dimbylow,
1997; Dimbylow, 2005; Gandhi, 1995; Gandhi & Chen, 1992; Zubal, 1994).
Special care has been taken to make these models anatomically realistic.
Table 22 summarizes essential characteristics of some of these models.

Typically, over 30 distinct organs and tissues are identified and rep-
resented by cubic cells (voxels) of 1 to 10 mm on a side. Voxels are assigned
a conductivity value based on measured values for various organs and tissues
(Gabriel, Gabriel & Corthout, 1996). A human body model constructed from
several geometrical bodies of revolution has also been used (Baraton,
Cahouet & Hutzler, 1993; Hutzler et al., 1994). The model is symmetric and
is divided into about 100000 tetrahedral elements, which represent only the
major organs. This can be contrasted with over eight million of tissue voxels
used in the hybrid method with resolution of 3.6 mm (Dawson, Caputa &
Stuchly, 1998). In the hybrid method, the FDTD part of the modeling
requires that the body model is enclosed in a parallelpiped. To illustrate the
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quality of such models Figure 1 shows the external view, the skeleton and
skin, and the main internal organs.

Table 22. Main characteristics of the MRI-derived models of the human body

Model NRPB @ University of Utah ® University of Victoria °
Height and mass 1.76 m, 73 kg 1.76 m, 64 kg scaled 1.77 m, 76 kg
to 71 kg
Original voxels 2.077 x 2.077 x 2x2x3mm 3.6 x3.6x3.6 mm
2.021 mm
Posture upright, upright, upright,
hands at sides hands at sides hands in front

@ Source: Dimbylow, 1997.
b Source: Gandhi & Chen, 1992.
¢ Source: Dawson, 1997.

Figure 1. Volume rendered images of a female voxel phantom (NAOMI). In
the image on the left the opacity of the skin has been hardened and the image
is illuminated to display the outside surface. In the middle image the opacity of
the skin has been reduced to enable the internal skeleton to be seen. The
image on the right shows the skeleton and internal organs. The skin, fat, mus-
cle and breasts have been removed. (Dimbylow, 2005)

A few animal models, namely rats, mice and monkeys have also
been developed. The quality of the models varies.
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3.3 Electric field dosimetry

3.3.1 Basic interaction mechanisms

As mentioned earlier the human (or animal) body significantly per-
turbs a low-frequency electric field. In most practical cases of human expo-
sure, the field is vertical (with respect to the ground). At low frequencies, the
body is a good conductor, and the electric field is nearly normal to its sur-
face. The electric field inside the body is many orders of magnitude smaller
than the external field. Non-uniform charges are induced on the surface of
the body and the current direction inside the body is mostly vertical. Figure 2
illustrates the electric fields in air around the human body and body surface
charge density for the model in free space and on perfect ground.

8) suspended in free space Ib) standing on perfect ground

Figure 2. Human body in a uniform electric field of 1 kV m™ at 60 Hz showing
the external electric field and surface charge density on the body surface: (a)
in free space, and (b) in contact with perfect ground (Stuchly & Dawson,
2000).

The electric field in the body strongly depends also on the contact
between the body and the electric ground, where the highest fields are found
when the body is in perfect contact with ground through both feet (Deno &
Zaffanella, 1982). The further away from the ground the body is located, the
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lower the electric fields in tissues. For the same field, the maximum ratio of
internal fields for grounded to free space models is about two.

3.3.2 Measurements

Kaune & Forsythe (1985) performed measurements of currents in
models consisting of manikins standing in a vertical electric field with both
feet grounded. The model was filled with saline solution whose conductivity
is equal to that of the average human tissues. The results of the measure-
ments are shown in Figure 3.
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Figure 3. Measured current density (mA m™) in a saline filled homogeneous
phantom grounded through both feet. The electric field strength is 10 kV m™,
the field vector is directed along the long axis of the body, and the frequency
is 60 Hz (Kaune & Forsythe, 1985).

3.3.3 Computations

Early dosimetry computations represented the human (or animal)
body as a homogeneous body of revolution with a single conductivity value.
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Examples of analytic solutions in homogeneous geometric shapes for electric
field exposure are available in Shiau & Valentino (1981), Kaune and
McCreary (1985), Tenforde & Kaune (1987), Spiegel (1977), Foster and
Schwan (1989) and Hart (1992). Measurements of currents within the body
have also been performed (Deno & Zaffanella, 1982; Kaune & Forsythe,
1985; Kaune, Kistler & Miller, 1987). As an intermediate development,
highly simplified body-like shapes have been evaluated by numerical meth-
ods (Chen, Chuang & Lin, 1986; Chiba et al., 1984; Dimbylow, 1987; Spie-
gel, 1981).

Various computational methods have been used to evaluate induced
electric fields in high-resolution models. Computations of exposure to elec-
tric fields are generally more difficult than for the magnetic field exposure,
since the human body significantly perturbs the exposure field. Suitable
numerical methods are limited by the highly heterogeneous electrical proper-
ties of the human body and equally complex external and organ shapes. The
methods that have been successfully used so far for high-resolution dosime-
try are the finite difference (FD) method in frequency domain and time
domain (FDTD) and the finite element method (FEM). Each method and its
implementation offer some advantages and have limitations, as reviewed by
Stuchly and Dawson (2000). Some of the methods and computer codes have
undergone extensive verification by comparison with analytic solutions
(Dawson & Stuchly, 1996; Stuchly et al., 1998). An extensive valuation of
accuracy of various dosimetric measures is also available (Dawson, Potter &
Stuchly, 2001).

Several numerical computations of the electric field and current
density induced in various organs and tissues have been performed (Dawson,
Caputa & Stuchly, 1998; Dimbylow, 2000; Furse & Gandhi, 1998; Hirata et
al., 2001). In a more recent publication (Dimbylow, 2000), the maximum
current density is averaged over 1 cm? for excitable tissues. The latter com-
putation is clearly aimed at compliance with the most recent ICNIRP guide-
line (ICNIRP, 1998a and a later published clarification on tissue-related
applicability of the limit (ICNRIP, 1998b).

Effects of two sets of conductivity have been examined in high-res-
olution models (Dawson, Caputa & Stuchly, 1998). The difference between
calculation with either set is negligible on short-circuit current and very
small on the average and maximum electric field and current density values
in horizontal slices of the body. This conclusion is in agreement with the
basic physical laws as explained by Dawson, Caputa & Stuchly (1998). The
average and maximum electric fields vary, but less than the induced current
density values for the same organ for the two different sets of conductivity. It
is also apparent that not only the conductivity of a given organ determines its
current density, but also the conductivity of other tissues. In general, lower
induced electric fields (higher current density) are associated with higher
conductivity of tissue. The exceptions are locations in the body associated
with the concave curvature, e.g. tissue surrounding the armpits, where the
electric field is enhanced. For the whole-body the averages are within 2%.
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The maximum values of the electric field differ by up to 20% for the two sets
of conductivity.

Model resolution influences how accurately the induced quantities
are evaluated in various organs. Organs small in any dimension are poorly
represented by large voxels. The maximum induced quantities are consis-
tently higher as the voxel dimension decreases. The differences are typically
of the order of 30-50% for voxels of 3.6 compared with 7.2 mm (Dawson,
Caputa & Stuchly, 1998).

The main features of dosimetry for exposures to the ELF electric
field can be summarized as follows.

. Magnitudes of the induced electric fields are typically 10 to 10”7 of
the magnitude of external unperturbed field.

o Since the exposure is mostly to the vertical field, the predominant
direction of the induced fields is also vertical.

. In the same exposure field, the strongest induced fields are for the
human body in contact through the feet with a perfectly conducting
ground plane, and the weakest induced fields are for the body in
free space, i.e. infinitely far from the ground plane.

o The global dosimetric measure of short-circuit current for a body in
contact with perfect ground is determined by the body size and
shape (including posture) rather than tissue conductivity.

o The induced electric field values are to a lesser degree influenced
by the conductivity of various organs and tissues than are the values
of the induced current density.

Figure 4 shows vertical current computed in models of an adult and
a child exposed to the vertical electric field in free space and in contact with
perfect ground.

Table 23 gives various dosimetric measures for the human body
model in a vertical field of 1 kV/m at 60 Hz (Dawson, Caputa & Stuchly,
1998; Kavet et al., 2001). Equivalent data for 50 Hz is shown in Table 24
(Dimbylow, 2005). In these calculations the body is in contact with perfectly
conducting ground through both feet, the body height is 1.76 m for NOR-
MAN and 1.63 m for NAOMI and weight is 73 kg for NORMAN and 60 kg
for NAOMI. Table 25 gives dosimetric measures for a simplified model of a
S-year old child of 1.10 m and 18.7 kg (Hirata et al., 2001). The voxel maxi-
mum values in these models are significantly overestimated, thus 99" per-
centiles are more representative (Dawson, Potter & Stuchly, 2001).
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Figure 4. Current in body cross-sections for a human body model in contact
with perfect ground at 1 kV m™ and 60 Hz (Hirata et al., 2001).

Table 23. Induced electric fields (mV m™) of a grounded human body model in a
vertical uniform electric field of 1 kV m™ and 60 Hz? or 50 Hz"

Tissue/Organ Mean 99th percentile Maximum
50 Hz 60 Hz 50 Hz 60 Hz 50 Hz 60 Hz

Bone 5.72 3.55 494 34.4 88.8 40.8
Tendon 9.03 37.9 55.1

Skin 2.74 33.1 67.3

Fat 2.31 252 84.4
Trabecular bone 2.80 3.55 15.1 34.4 56.5 40.8
Muscle 1.65 1.57 8.14 10.1 241 321
Bladder 1.86 6.49 8.58

Prostate 1.68 2.81 3.05
Heart muscle 1.29 1.42 3.98 2.83 5.83 3.63
Spinal cord 1.16 2.92 4.88

Liver 1.63 2.88 5.05

Pancreas 1.09 2.76 6.03

Lung 1.09 1.38 2.54 2.42 5.69 3.57
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Table 23. Continued.

Spleen
Vagina
Uterus
Thyroid
White matter
Kidney
Stomach
Adrenals
Ovaries
Blood

Grey matter
Oesophagus
Duodenum
Lower LI
Breast

Gall bladder
Small intestine
CSF
Thymus
Cartilage nose
Upper LI
Testes

Bile

Urine

Lunch
Sclera
Retina
Humour

Lens

1.33

1.46

1.14

1.16

0.781
1.29

0.739
1.35

0.802
0.690
0.474
0.995
0.765
0.897
0.705
0.439
0.709
0.271
0.719
0.598
0.557

0.352
0.295
0.370
0.292
0.314
0.188
0.211

1.79

0.86
1.44

1.43

0.86

0.35

0.48

2.49
2.34
2.13
2.03
2.02
1.86
1.86
1.83
1.69
1.66
1.62
1.61
1.60
1.53
1.46
1.36
1.20
1.15
1.09
1.03
0.989

0.805
0.700
0.621
0.567
0.552
0.276
0.268

2.61

1.95
3.12

8.91
1.95

1.02

5.07
3.23
3.01
3.29
6.13
4.10
3.29
2.32
2.03
3.06
4.85
4.16
2.92
3.79
2.68
2.03
4.29
2.38
1.70
1.40
3.57

1.26
1.29
1.14
0.623
0.582
0.321
0.268

3.22

3.70
4.47

23.8

3.70

1.58

1.63

@ Source: Dawson, Caputa & Stuchly, 1998; Kavet et al., 2001.

b Source: Dimbylow, 2005.
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Table 24. Induced electric field for 99th percentile voxel value at 50 Hz for an
applied electric field in a female phantom (NAOMI) and a male phantom (NOR-
MAN). The external field is that required to produce a maximum induced electric
field in the brain, spinal cord (sc) or retina of 100 mV m' @

Electric field mV m™ per kV m*' for 99" percen-

tile

Geometry Brain Spinal Retina Largest External
cord field

(kV m™)
NAOMI, GRO P 2.02 2.92 0.552 2.92 sc 34.2
NORMAN, GRO 1.62 3.42 0.514 3.42 sc 29.2
NAOMI, ISO 1.22 1.40 0.336 1.40 sc 71.4
NORMAN, ISO 0.811 1.63 0.262 1.63 sc 61.3

@ Source: Dimbylow, 2005.
b GRO: grounded; ISO: isolated.

Table 25. Induced electric fields (mV m™) of a grounded child body model in a
vertical uniform electric field of 60 Hz, 1 kV m™ @

Tissue/Organ Mean 99th percentile Maximum
Blood 1.52 9.18 18.06
Bone marrow 3.70 32.85 41.87
Brain 0.70 1.58 3.07
CSF 0.28 0.87 1.37
Heart 1.60 3.07 3.69
Lungs 1.55 2.63 3.69
Muscle 1.65 9.97 30.56

@ Source: Hirata et al., 2001.

The current density averaged over 1 cm?, which is the basic expo-
sure unit in the ICNIRP guidelines (ICNIRP, 1998a), is illustrated in Figure

5.
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Figure 5. Maximum current density in yA m™ averaged over 1 cm? in vertical
body layers for grounded models exposed to a vertical electric field of 1
kV m™" and 60 Hz (Hirata et al., 2001).

With certain exposures in occupational situations, e.g. in a
substation, when the human body is close to a conductor at high potential,
higher electric fields are induced in some organs (e.g. the brain) than
calculated using the measured field 1.5 m above ground (Potter, Okoniewski
& Stuchly, 2000). This is to be expected, as the external field increases above
the ground.

3.34 Comparison of computations with measurements

Computed (Gandhi & Chen, 1992) and measured (Deno, 1977)
current distributions for ungrounded and grounded human of 1.77 m height
standing in a vertical homogeneous electric field are illustrated in Figure 6.
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Figure 6. Computed (Gandhi & Chen, 1992) and measured (Deno, 1977)
current distribution for an ungrounded and grounded human of 1.77 m in
height standing in a vertical homogeneous electric field of 10 kV m™ at 50 Hz.

Table 26 shows a comparison of the computed (Dawson, Caputa &
Stuchly, 1998) vertical current across a few cross-sections of the human body
with the measurements (Tenforde & Kaune, 1987). Given the modelling dif-
ferences among the laboratories, the agreement can be considered very
acceptable.

Table 26. Induced vertical current (uA) in a human body model in a vertical uni-
form electric field of 60 Hz and 1 kV m""

Body Grounded Elevated above Free space
position ground
Computed® Measured® Computed? Measured® Computed® Measured®

Neck 4.9 5.4 3.7 4.0 2.9 3.1

Chest 9.8 13.5 7.0 8.7 5.3 54
Abdomen 13.8 14.6 9.1 9.3 6.6 5.7

Thigh 16.6 15.6 9.7 9.4 6.1 5.6

Ankle 17.6 17.0 7.3 8.0 3.0 3.0

@ Source: Dawson, Caputa & Stuchly, 1998.
b Source: Tenforde & Kaune, 1987.
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3.4 Magnetic field dosimetry

3.4.1 Basic interaction mechanisms

Human and animal bodies do not perturb the magnetic field, and the
field in tissue is the same as the external field, since the magnetic permeabil-
ity of tissues is the same as that of air. The quantities of magnetic material
that are present in some tissues are so minute that they can be neglected in
macroscopic dosimetry. The main interaction of a magnetic field with the
body is the Faraday induction of an electric field and associated current in
conductive tissue. In a homogeneous tissue the lines of electric flux (and cur-
rent density) are solenoidal. In the case of heterogeneous tissues, consisting
of regions of different conductivities, currents are flowing also at the inter-
faces between the regions. In the simplest model of an equivalent circular
loop corresponding to a given body contour the induced electric field is

E=nfrB

and the current density is

J =nforB

where f is the frequency, r is the loop radius and B is the magnetic flux den-
sity vector normal to the current loop. Similarly, ellipsoidal loops can be con-
sidered to better fit into the body shape.

Electric fields and currents induced in the human body cannot be
measured easily. Measurements in animals have been performed, but data are
limited, and the accuracy of measurements is relatively poor.

3.4.2 Computations — uniform field

Heterogeneous models of the human body similar to those used for
electric field exposures have been numerically analyzed using the impedance
method (IM) (Gandhi et al., 2001; Gandhi & Chen, 1992; Gandhi & DeFord,
1988), and the scalar potential finite difference (SPFD) technique (Dawson
& Stuchly, 1996; Dimbylow, 1998). Even more extensive data than for the
electric field are available for the magnetic field. The influence on the
induced quantities of the model resolution, tissue properties in general and
muscle anisotropy specifically, field orientation with respect to the body, and
to a certain extent body anatomy have been investigated (Dawson, Caputa &
Stuchly, 1997b; Dawson & Stuchly, 1998; Dimbylow, 1998; Stuchly & Daw-
son, 2000). In the past, the maximum current density in a body part has often
been calculated using the largest loop of current that can be incorporated in
it. Dawson, Caputa & Stuchly (1999b) have shown that induced parameters
should be calculated for organs in situ instead of for isolated ones, since there
is a significant influence of surrounding structures.

The main features of dosimetry for exposures to the uniform ELF
magnetic field can be summarized as follows.
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o The electric fields induced in the body depend on the orientation of
the magnetic field with respect to the body.

. For most organs and tissues, as expected, the magnetic field
orientation normal to the torso (front-to-back) gives maximum
induced quantities.

o In the brain, cerebrospinal fluid, blood, heart, bladder, eyes and
spinal cord, the highest quantities are induced by the magnetic field
oriented side-to-side.

. Consistently lowest induced fields are for the magnetic field
oriented along the vertical body axis.

. For a given field strength and orientation, greater electric fields are
induced in a body of a larger size.

. The induced electric field values are to the lesser degree influenced
by the conductivity of various organs and tissues than the values of
the induced current density.

Table 27 presents electric field induced in several organs and tissues
at 60 Hz, 1 puT magnetic field oriented front-to-back (Dawson, Caputa &
Stuchly, 1997b; Dawson & Stuchly, 1998; Kavet et al., 2001). Comparable
data at 50 Hz and normalized to 1 mT are shown in Table 28 (Dimbylow,
2005). An example of the current distribution in the body compared to the
body anatomy is illustrated in Figure 7. The layer averaged electric field and
current density for two sets of tissue conductivity are shown in Figure 8.

Table 27. Induced electric fields (mV m™) in the human body model in a uniform
magnetic field of 1 mT and 60 Hz or 50 Hz oriented front-to-back ?

Tissue/organ Mean 99" percentile Maximum

50 Hz 60 Hz 50 Hz 60 Hz 50 Hz 60 Hz
Bone 11.6 16 50.9 23 166 83
Tendon 2.81 9.35 14.9
Skin 13.5 36.0 65.6
Fat 13.7 33.5 129
Trabecular bone 6.40 16 24.3 23 48.5 83
Muscle 8.44 15 23.0 51 67.6 147
Bladder 11.8 45.8 64.7
Heart muscle 9.62 14 28.0 38 42.0 49
Spinal 8.90 27.0 53.0
Liver 13.2 38.2 731
Pancreas 3.52 13.6 24.9
Lung 8.22 21 24.4 49 93.3 86
Spleen 8.16 41 18.4 72 27.2 92
Vagina 3.76 12.0 19.4
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Table 27. Continued.

Uterus
Prostate
Thyroid
White matter
Kidney
Stomach
Adrenals
Ovaries
Blood

Grey matter
Oesophagus
Duodenum
Lower LI
Testes
Breast

Gall bladder
Small intestine
CSF
Thymus
Cartilage nose
Upper LI

Bile

Urine

Lunch
Sclera
Retina
Humour
Lens

3.81

12.6
101
10.8
4.52
9.91
2.40
5.99
8.04
4.86
5.22
4.30

181
3.41
3.98
5.25
12.2
13.4
5.85
2.56
2.16
2.31
7.78
6.69
4.51
5.22

17

1
25

6.9
1"

15

52

9.44

21.8
31.4
22.5
15.0
19.2
5.30
17.5
30.2
10.0
141
12.2

31.0
9.64
10.4
14.8
19.6
31.5
12.7
6.63
4.71
6.47
16.3
13.5
7.41
6.70

36

31
53

23
31

41

17

17.0

37.9
82.5
39.2
26.8
24.5
7.87
30.9
74.8
141
221
27.4

51.6
14.8
24.8
33.3
30.7
38.3
211
9.56
7.55
7.58
18.2
151
9.20
6.70

52

74
71

83
74

73

25

@ Sources: Dawson & Stuchly, 1998 (60 Hz), Dimbylow, 2005 (50 Hz).
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Table 28. Induced electric field for 99th percentile voxel value at 50 Hz for an
applied magnetic field in a female phantom (NAOMI) and a male phantom (NOR-
MAN). The external field (in terms of magnetic flux density) is that required to
produce a maximum induced electric field in the brain (br), spinal cord (sc) or
retina of 100 mV m' @

Induced electric field mV m™ per mT for 99"

percentile
Geometry Brain Spinal Retina Largest External
cord field (mT)
NAOMI, AP ° 25.7 17.7 6.98 25.7 br 3.89
NORMAN, AP 30.7 29.7 7.05 30.7 br 3.26
NAOMI, LAT 31.4 27.0 13.5 31.4 br 3.18
NORMAN, LAT 33.0 48.6 14.6 48.6 sc 2.06
NAOMI, TOP 251 8.60 6.90 25.1 br 3.98
NORMAN, TOP 221 23.0 10.2 23.0sc 4.35

@ Source: Dimbylow, 2005.
b AP: front-to-back; LAT: side-to-side; TOP: head-to-feet.

Figure 7. Distribution of the current density (left) induced by a uniform mag-
netic field of 50 Hz perpendicular to the frontal plane, calculated for an ana-
tomically shaped heterogeneous model of the human body (right) (Dimbylow,
1998). The colour map of the current density (left) is a spectrum, the highest
values in red and the lowest values in violet, and is only intended to give a
general view of current density patterns.
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Figure 8. Layer-averaged magnitude of the electric field in V m™ and current
density in A m for exposure to a uniform magnetic flux density of 1 uT and
60 Hz oriented front-to-back. The two curves on each graph correspond to
two sets of conductivity (Dawson & Stuchly, 1998).

3.4.3 Computations — non-uniform fields

Human exposure to relatively high magnetic flux density values
most often occurs in occupational settings. Numerical modeling has been
considered mostly for workers exposed to high-voltage transmission lines
(Baraton & Hutzler, 1995; Dawson, Caputa & Stuchly, 1999a; Dawson,
Caputa & Stuchly, 1999c; Stuchly & Zhao, 1996). In those cases, current-
carrying conductors can be represented as infinite straight-line sources.
However, some of the exposures occur in more complex scenarios, two of
which have been analyzed, a more-realistic representation of the source con-
ductors based on finite line segments has been used (Dawson, Caputa &
Stuchly, 1999d). Table 29 gives dosimetry for two representative exposure
scenarios illustrated in Figure 9 (Dawson, Caputa & Stuchly, 1999c). Current
in each conductor is 250 A for a total of 1000 A in a four-conductor bundle.
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Figure 9. Two exposure scenarios used in calculations for workers exposed
to high-voltage transmission lines (Dawson, Caputa & Stuchly, 1999c).

Table 29. Calculated electric fields (mV m*') induced in a model of an adult
human for the occupational exposure scenarios shown in Figure 9 (total current
in conductors: 1000 A; 60 Hz) @

Tissue/organ Scenario A Scenario B
Enmax Ems Enmax Ems

Blood 20 3.7 15 24
Bone 90 1 58 7.2
Brain 22 4.6 28 5.9
Cerebrospinal fluid 9.2 2.3 14 3.7
Heart 27 1 9.0 3.2
Kidneys 22 7.9 2.8 0.9
Lungs 31 10 9.9 29
Muscle 59 6.9 33 5.5
Prostate 5.5 1.9 2.6 1.2
Testes 18 5.5 2.7 1.2

@ Source: Stuchly & Dawson, 2000.

3.4.4 Computations - inter-laboratory comparison and model effects

To assess the reliability of data obtained by using anatomy based
body models and numerical methods, an interlaboratory comparison was per-
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formed (Caputa et al., 2002). Two groups in the UK and Canada used the 3.6
mm and 2 mm resolution models of average size. Each group applied its
own, independently developed, field solver based on the Scalar Potential
Finite Difference (SPFD) method. For a great majority of tissues, the differ-
ence in calculated parameters between the two groups was 1% or less. Only
in a few cases it reaches 2—3 %. Differences of the order of 1-2 % are typi-
cally expected on the basis of the accuracy analysis (Dawson, Potter &
Stuchly, 2001).

In addition, a larger size model was used to investigate effects of
body size and anatomy (Caputa et al., 2002). The size of the body model and
its shape (including anatomy and resolution) influenced the average (E,,),
voxel maximum and 99 percentile values of the induced electric field (Ey).
The large size model mass was about 40% greater than that of the two aver-
age size models. Correspondingly, the whole-body-average electric fields
were also about 40% greater, while 99 percentile electric fields were 41%
and 34% greater. Such simple mass-based scaling did not apply even approx-
imately to specific organs and tissues. The actual anatomy of persons repre-
sented by the models, as well as the accuracy of the models, both influenced
differences in the two dosimetric measures for organs that are computed
accurately, namely E,, and Eqq. The two models of similar size showed typ-
ically differences by about 10% or less in the average and 99 percentile val-
ues, e.g. Eavg in blood, brain, heart, kidney, muscle, and Ey, in blood, brain,
muscle, for the same model resolution. Relatively small organs, such as the
testes, or thin organs, such as the spinal cord, indicated larger differences in
induced electric field strengths that could be directly ascribed to the differ-
ences in the shape and size of these organs in the models.

3.5 Contact current

Contact currents produce electric fields in tissue that are similar to
and often much greater than those induced by external electric and magnetic
fields. Contact currents occur when a person touches conductive surfaces at
different potentials and completes a path for current flow through the body.
Typically, the current pathway is hand-to-hand and/or from a hand to one or
both feet. Contact current sources may include the appliance chassis that,
because of typical residential wiring practices (in North America), carry a
small potential above a home ground. Also, large conductive objects situated
in an electric field, such as a vehicle parked under a transmission line, serve
as a source of contact current. The possible role of contact currents as a fac-
tor responsible for the reported association of magnetic fields with childhood
leukaemia was first introduced by Kavet et al. (2000) in a scenario that
involved contact with appliances. In subsequent papers, a more plausible
exposure scenario has been developed that entails contact currents to chil-
dren with low contact resistance while bathing and touching the water fix-
tures (Kavet et al., 2004; Kavet, 2005; Kavet & Zaffanella, 2002).

Recently, electric fields have been computed in an adult and a child
model with electrodes on hands and feet simulating contact current (Dawson
et al., 2001). Three scenarios are considered based on the combinations of
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electrodes. In all scenarios contact is through one hand. In scenario A the
opposite hand and both feet are grounded. In scenario B only the opposite
hand is grounded. This scenario represents touching a charged object with
one hand and grounded object with another hand. Scenario C has both feet
grounded. This is perhaps the most common and represents touching an
ungrounded object while both feet are grounded. Dosimetric measures can be
scaled linearly for other contact current values. These in turn can be obtained
for a given contact resistance (or impedance) for a known open-circuit volt-
age. Table 30 gives representative measures for the electric field in bone
marrow, which do not vary significantly, for the three scenarios. The mea-
sures in the bone marrow are of interest in view of the reports by Kavet and
colleagues cited above. It should be noted that the electric fields in the brain
are negligibly small in the case of contact currents.

Table 30. Calculated electric field (mV m™) induced by a contact current of 60
Hz, 1 pA in voxels of bone marrow of a child ?

Body part Eavg Egg
Lower arm 5.1 14.9
Upper arm 0.9 14
Whole body 04 3.3

@ Source: Dawson et al., 2001.

Examination of data in Table 30 indicates that, averaged across the
body, electric fields of the order of 1 mV m™! are produced in bone marrow of
children from a contact current of 1 nA. However, much higher values occur
in the marrow of the lower contacting arm: 5 mV m™' per pA averaged across
this anatomical site and an upper Sth percentile of 13 mV m™ per uA in this
tissue. As discussed in section 4.6.2, 50 pA may result from the upper 4% of
contact voltages measured between the water fixture and the drain (the site of
exposure) in one US measurement study (Kavet et al., 2004); such a voltage
would produce bone marrow doses of about 650 mV m™! (see section 4.6.2).
In contrast, current resulting from contact with an appliance would be very
limited owing to the resistance of structural materials, shoes, and dry skin
(Kavet et al., 2000). Contact with vehicle-sized objects in an electric field
would produce currents in excess of roughly 5 pA per kV m™' (Dawson et al.,
2001), and would depend on the grounding of the vehicle relative to the con-
tacting person’s grounding.

3.6 Comparison of various exposures

It is interesting to compare different electric and magnetic field
exposures that produce equivalent internal electric fields in different organs.
Such comparisons are given in Table 31 based on published data (Dawson,
Caputa & Stuchly, 1997a; Dimbylow, 2005; Stuchly & Dawson, 2002).
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Table 31. Electric (grounded model) or magnetic field (front-to-back) source lev-
els at 50 or 60 Hz needed to induce mean and maximum electric field of 1 mV m™,
calculated from data of tables 23 and 27

Organ Electric field (kV m™)

Mean 99" percentile

50 Hz 60 Hz 50 Hz 60 Hz
Blood 1.45 0.70 0.60 0.11
Bone 0.17 0.28 0.020 0.029
Brain 1.28 1.16 0.50 0.51
CSF 3.69 2.86 0.87 0.98
Heart 0.78 0.70 0.25 0.35
Kidneys 0.78 0.69 0.54 0.32
Liver 0.61 0.35
Lungs 0.92 0.72 0.39 0.41
Muscle 0.61 0.64 0.12 0.099
Prostate 0.60 0.36
Testes 2.08 0.84
Organ Magnetic field (uT)

Mean 99" percentile

50 Hz 60 Hz 50 Hz 60 Hz
Blood 166.9 144.9 57.1 435
Bone 86.2 62.5 19.6 43.5
Brain 99.0 90.9 31.8 323
CSF 190.5 192.3 67.6 58.8
Heart 104.0 715 35.7 26.3
Kidneys 92.6 40.0 44 .4 18.9
Liver 75.8 26.2
Lungs 121.7 47.6 41.0 20.4
Muscle 118.5 66.7 43.5 19.6
Prostate 58.8 27.8
Testes 66.7 24.4
3.7 Microscopic dosimetry

Macroscopic dosimetry that gives induced electric fields in various
organs and tissues can be extended to more spatially refined models of sub-
cellular structures to quantitatively predict and understand biophysical inter-
actions. The simplest subcellular modeling that considers linear systems
requires evaluation of induced fields in various parts of a cell. Such models,
for instance, have been developed to understand neural stimulation (Abdeen
& Stuchly, 1994; Basser & Roth, 1991; Malmivuo & Plonsey, 1995; Plonsey
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& Barr, 1988; Reilly, 1992). Also, in the past, simplified models of cells con-
sisting of a membrane, cytoplasm and nucleus, and suspended in conductive
medium have been considered (Foster & Schwan, 1989). The membrane
potential has been computed for spherical (Foster & Schwan, 1996), ellipsoi-
dal (Bernhardt & Pauly, 1973) and spheroidal cells (Jerry, Popel & Brownell,
1996) suspended in a lossy medium. Computations are available as a func-
tion of the applied electric field and its frequency. Because cell membranes
have high resistivity and capacitance (nearly constant for all mammalian
cells and equal to 1 F cm™), at sufficiently low frequencies high fields are
produced at the two faces of the membrane. The field is nearly zero inside
the cell, as long as the frequency of the applied field is below the membrane
relaxation frequency. This specific relaxation frequency depends on the total
membrane resistance and capacitance. The larger the cell, the higher the
induced membrane potential for the same applied field. However, the larger
the cell, the lower the membrane relaxation frequency.

Gap junctions connect most cells. A gap junction is an aqueous pore
or channel through which neighboring cell membranes are connected. Thus,
cells can exchange ions, for example, providing local intercellular communi-
cation (Holder, Elmore & Barrett, 1993). Certain cancer promoters inhibit
gap communication and allow the cells to multiply uncontrollably. It has
been hypothesized with support from some suggestive experimental results,
that low-frequency electric and magnetic fields may affect intercellular com-
munication. Gap-connected cells have previously been modeled as long
cables (Cooper, 1984). Also, very simplified models have been used, in
which gap-connected cells are represented by large cells of the size of the
gap-connected cell-assemblies (Polk, 1992). With such models relatively
large induced membrane potentials have been estimated, even for moderate
applied fields.

A numerical analysis has been performed to compute membrane
potentials in more realistic models (Fear & Stuchly, 1998a; 1998b; 1998¢).
Various assemblies of cells connected by gap-junctions have been modeled
with cell and gap-junction dimensions and conductivity values representative
of mammalian cells. These simulations have indicated that simplified models
can only be used for some specific situations. However, even in those cases,
equivalent cells have to be constructed in which cytoplasm properties are
modified to account for the properties of gap-junctions. These models predict
reasonably well the results for very small assemblies of cells of certain
shapes and at very low frequencies (Fear & Stuchly, 1998b). On the other
hand, numerical analysis can predict correctly the induced membrane poten-
tial as well as the relaxation frequency (Fear & Stuchly, 1998a; 1998c¢). It has
been shown that, as the size of the cell-assembly increases, the membrane
potential even at DC does not increase linearly with dimensions, as it does
for very short elongated assemblies. There is a characteristic length for elon-
gated assemblies beyond which the membrane potential does not increase
significantly. There is also a limit of increase for the membrane potential for
assemblies of other shapes. Even more importantly, as the assembly size
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(volume) increases, the relaxation frequency decreases (at the relaxation fre-
quency the induced membrane potential is half of that at DC).

From this linear model of gap-connected cells, it is concluded that
at 50 or 60 Hz the induced membrane potential in any organ of the human
body exposed to a uniform magnetic flux density of up to I mT or to an elec-
tric field of approximately 10 kV m™! or less, does not exceed 0.1 mV. This is
small in comparison to the endogenous resting membrane potential in the
range 20-100 mV.

3.8 Conclusions

Exposure to external electric and magnetic fields at extremely low
frequencies induces electric fields and currents inside the body. Dosimetry
describes the relationship between the external fields and the induced electric
field and current density in the body, or other parameters associated with
exposure to these fields. The local induced electric field and current density
are of particular interest because they relate to the stimulation of excitable
tissue such as nerve and muscle.

The bodies of humans and animals significantly perturb the spatial
distribution of an ELF electric field. At low frequencies the body is a good
conductor and the perturbed field lines outside the the body are nearly nor-
mal to the body surface. Oscillating charges are induced on the surface of the
exposed body and these induce currents inside the body. The key features of
dosimetry for the exposure of humans to ELF electric fields are as follows:

o The electric field inside the body is normally five to six orders of
magnitude smaller than the external electric field.

o When exposure is mostly to the vertical field, the predominant
direction of the induced fields is also vertical.

. For a given external electric field, the strongest induced fields are
for the human body in perfect contact through the feet with the
ground (electrically grounded) and the weakest induced fields are
for the body insulated from the ground (in “free space”).

o The total current flowing in a body in perfect contact with ground is
determined by the body size and shape (including posture) rather
than tissue conductivity.

o The distribution of induced currents across the various organs and
tissues is determined by the conductivity of those tissues.

o The distribution of an induced electric field is also influenced by
the conductivities, but less so than the induced current.

o There is also a separate phenomenon in which the current in the
body is produced by means of contact with a conductive object
located in an electric field.

For magnetic fields, the permeability of tissues is the same as that
of air, so the field in tissue is the same as the external field. The bodies of
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humans and animals do not significantly perturb the field. The main interac-
tion of magnetic fields with the body is the Faraday induction of electric
fields and associated current densities in the conductive tissues. The key fea-
tures of dosimetry for the exposure to ELF magnetic fields are as follows:

The induced electric field and current depend on the orientation of
the external field. Induced fields in the body as a whole are greatest
when the fields are aligned from the front or back of the body, but
for some individual organs the highest values are induced for the
field aligned from side-to-side.

The consistently lowest induced electric fields are found when the
external magnetic field is oriented along the vertical body axis.

For a given magnetic field strength and orientation, higher electric
fields are induced in a body of a larger size.

The distribution of the induced electric field values is affected by
the conductivity of various organs and tissues. These have a limited
effect on the distribution of the induced current density.
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4 BIOPHYSICAL MECHANISMS

41 Introduction

This chapter considers the biophysical plausibility of various pro-
posed interaction mechanisms for ELF electric and magnetic fields; in partic-
ular whether a “signal” generated in a biological process by exposure to ELF
fields can be discriminated from inherent random noise. It covers both direct
mechanisms (the field interacts directly with sites in the body) and indirect
mechanisms (the field affects or is related to another environmental factor,
which in turn affects the body).

For exposure to ELF electric and magnetic fields to cause adverse
health effects, the following sequence of events must occur. First, the field
must interact with a fundamental component of the matter from which the
person is made up — an atom or molecule or a characteristic of atoms or mol-
ecules such as a dipole moment. This interaction must then produce an effect
at the cellular level that ultimately produces biological changes in the person
that are regarded as detrimental to health.

Note that if it can be demonstrated that electric or magnetic field
exposure, even at very low levels, can adversely affect health, then it follows
that a mechanism of interaction must exist, even if this appears biophysically
implausible. [An analogy comes from particle physics, where parity conser-
vation was regarded as a fundamental law. However, when a convincing
experimental demonstration of parity violation was made (Wu et al., 1957), it
was recognised that this “law” was no longer tenable.] The converse, that if a
plausible interaction mechanism cannot exist then there can be no health
effects from such exposure, cannot be proven. Nevertheless, repeated failure
to identify a plausible interaction mechanism might suggest, in the absence
of contrary information, that such health effects are unlikely.

This chapter considers the first of the events outlined above, the
biophysical interaction mechanism. It first considers the principles on which
to assess whether a proposed biophysical interaction mechanism is physi-
cally plausible or not. It then surveys the various mechanisms that have been
suggested and assesses their plausibility according to the criteria established.

4.2 The concept of plausibility

In the context of this document, the degree of plausibility of a
mechanism relates to the extent to which it challenges scientific principles
and current scientific knowledge. The degree of plausibility for a mechanism
to play a role is strongly linked to the exposure level under consideration.
Nevertheless, even the lack of identified plausible mechanisms would not
exclude the possibility of a health effect existing even at very low field lev-
els.

For any given mechanism of direct interaction, the magnitude of the
response at a molecular level can be calculated from the physical laws
involved. However, in order for the mechanism of interaction to count as
biophysically plausible, it will have to produce a significant change to some

97



biological parameter (e.g. the transmembrane voltage) that conveys informa-
tion about the external field through some signalling mechanism, such as an
intracellular or neural signalling pathway. However, the parameter in ques-
tion will itself be subject to random variation that conveys nothing of biolog-
ical significance. For example, any voltage has a noise level caused by
thermal agitation. The effect produced by the field can be of biological sig-
nificance only if it can be distinguished from random fluctuations.

A convenient way of expressing this concept is in terms of a signal-
to-noise ratio. In this context, the “signal” is the effect on a given parameter
produced by the field, and the “noise” is the level of random fluctuations that
occur in that parameter. If the signal-to-noise ratio is less than one, there will
be no “detectable” change in the parameter that can be attributed to the field
and no possibility of subsequent biological effects that are similarly attribut-
able. If the signal-to-noise ratio is one or greater, then there could be a
change in the parameter that is attributable to the field, and there is a possi-
bility of subsequent events producing an effect in the organism.

Random fluctuations in biological systems typically extend across a
wide range of frequencies. If the biological “transducer”, the cellular compo-
nent that responds to an external signal such as an applied ELF field, is itself
sensitive to a wide range of frequencies, then the comparison should be made
with the amplitude of the noise over its whole frequency range. However, if
the transducer concerned is sensitive only to a narrow range of frequencies,
then the applied signal should be compared only to that component of the
noise over the frequency range of sensitivity. Vision and hearing are two
such phenomena where sensitivity is highly frequency-dependent.

Other factors that could increase the signal-to-noise ratio are ampli-
fication mechanisms for the signal. They include enhancement of the signal
due to cell geometry or signal processing by large electrically coupled cell
aggregates. Those mechanisms are discussed in detail in the following sec-
tions.

With indirect effects the principle still applies that the agent (for
example chemicals, ions etc.) influenced by or occurring in concert with the
fields must be sufficiently large to produce a detectable change in the biolog-
ical system.

In summary therefore, a proposed biophysical mechanism can only
constitute a plausible mechanism for fields to interact with living tissue as to
be potentially capable of causing disease if it causes a variation in some
parameter that is larger than the background noise. The mechanism will be
more plausible if this variation is either substantially larger than the random
noise, or if the organism has developed frequency-specific sensitivity.

4.3 Stochastic effects, thresholds and dose-response relationships

The nature of the various possible interaction mechanisms dis-
cussed below affects the way in which health effects might be induced. At a
fundamental level, stochastic interactions, such as random genotoxic damage
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to DNA by, for example, reactive oxygen species, increase the probability of
inducing a mutation and hence the risk of initiating cancer. Deterministic
effects, on the other hand, occur when some threshold is passed, for example
when applied electric fields cause sufficient sodium ion channels in a nerve
membrane to have opened so that nerve excitation becomes self-sustaining.
Such thresholds usually show a distribution of sensitivity within populations
(of cells and of people), and so the induction of an effect will vary over this
range within the population.

The way in which a subsequent health effect might vary with expo-
sure can be estimated from the biophysical nature of the interaction alone,
although this will tend to neglect the contribution made by the intervening
chain of biological responses at the cellular and whole organism level, and so
can only be suggestive. For example, the ability to reverse acute physiologi-
cal changes such as ion fluxes, and to repair for example potentially long
term effects like oxidative damage, will affect the overall health outcome.

With regard to alternating fields, if the effect of an interaction
depends on the size of the field and not its spatial direction, then the magni-
tude of the effect depends simply on the size of the field. However, any
effect that depends on the direction of the field as well as its size will, to a
first order, average to zero over time; as one half cycle increases an effect,
the other decreases it by the same amount.

Non-linearities in the interaction mechanism mean that these effects
do not average out exactly to zero. (It is worth noting here that any subse-
quent biological responses are almost certain to be non-linear.) The effect
produced, which is the difference between two first-order or linear effects, is
a second-order effect, proportional to the field squared (or to an even higher
power) rather then the field. Subsequent stages in the mechanism may mod-
ify this further, but are unlikely to restore any component proportional to the
field itself.

Mathematically, the effect of the field can be expressed as a Taylor
expansion. For any effect proportional to the field B, the first order term of
the Taylor expansion averages to zero and the lowest order non-zero term is
the second power of field (Adair, 1994). However, for an effect proportional
to the modulus of B, the first order term can be non-zero as well.

The practical consequence of this is that if the mechanism is pro-
portional to the square of the field or a higher power, the effects will be pro-
duced more by short exposures to high fields than by long exposures to low
fields. In particular, high fields are experienced predominantly from domes-
tic appliances, so a mechanism proportional to a higher power of field would
be expected to show effects related to appliance use more clearly than effects
related to background fields in homes. However, this might depend to some
extent on the way in which the initial interaction was subsequently modified
by biological processes.
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4.4 Induced currents and fields

4.4.1 Currents induced by fields

Power-frequency fields, both electric and magnetic, induce electric
fields and hence currents in the body. An external electric field is attenuated
greatly inside the body, but the internal field then drives a current in the
body. A magnetic field induces an electric field, which will in turn drive a
current in the conducting body. This is discussed in detail in Chapter 3,
where results from numerical modelling are presented.

4.4.2 Comparison with noise

The observation of several cellular and membrane responses to
weak ELF fields has raised the question of how the magnitudes of these sig-
nals compare with the intrinsic electrical noise present in cell membranes.
The three major sources of electrical noise in biological membranes are
(Leuchtag, 1990): (1) Johnson-Nyquist thermally-generated electrical noise,
which produces a 3-uV transmembrane voltage shift at physiological tem-
peratures; (2) “shot” noise, which results from the discrete nature of ionic
charge carriers and can be a major source of membrane electrical noise; and
(3) 1/f noise associated with ion current flows through membrane channels,
which typically produces a 10-uV transmembrane voltage shift.

Any material (including but not confined to biological material) has
fluctuating electric fields and corresponding currents within it, due to the
random movement of the charged components of matter. From basic physi-
cal consideration, an expression can be derived for a lower limit to the ther-
mal noise voltage or field that appears between two points across any
element of material. This thermal noise field depends on the resistance of the
element (and hence for a given material its size), the temperature (which for
the present purposes can always be taken as the body temperature), and the
frequency range. (Strictly speaking, it is the noise in a given frequency band
that depends on the resistance; the total noise across all frequencies is inde-
pendent of the resistance and depends instead on the capacitance.)

There are other sources of noise as well, which in some instances
may be much larger than the thermal noise, but the thermal noise always con-
stitutes a lower limit on the noise. One particular other source of noise, shot
noise, is considered separately in the next section.

In regard to shot noise, when a process depends on discrete parti-
cles, and some property produced by the process depends on the average
number of particles fulfilling some condition, there will be a random varia-
tion in the number of particles involved, which can be regarded as a noise
level superimposed on the average number. This is known as “shot” noise.
This can be applied to passage of ions or molecules through a voltage-gated
channel in a cell membrane. The number of ions passing through such a
channel in the absence of a field depends on the maximum possible flux of
ions, a property of the cell membrane, and how often the gates or channels
are open, a function of the transmembrane potential, the noise energy den-
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sity, the cell gating charge, and the exposure time. The signal-to-noise ratio
will be maximised by considering either a long cell parallel to the in situ
electric field with the channels confined to the ends (so as to minimise the
number of channels which are not affected by the applied field), or by a large
spherical cell (so as to maximise the cell’s area). For a cylindrical cell 1 mm
long and radius 25 pum, or for a spherical cell radius 100 um, and for typical
values of the other parameters, the value of the in situ electric field for a sig-
nal-to-noise ratio of one is around 100 mV m™' (Weaver & Vaughan, 1998).
By optimising the noise level and the transmembrane potential, the threshold
field can be improved, to around 10 mV m!, corresponding to external fields
of 5kV m™ and 300 pT.

The shot noise considered above is mostly in relation to the sponta-
neous opening and closing of voltage-gated channels. The arrival of neu-
rotransmitters (synaptic events) also causes voltage fluctuations in nerve and
muscle cells. In an experimental study by Jacobson et al. (2005) it was
shown that voltage noise in neurons fluctuated with a standard deviation up
to 0.5 mV, and that these fluctuations were dominated by synaptic events in
the 5-100 Hz range. Shot noise associated with these neurotransmitter events
may thus be much more relevant in estimating excitation thresholds in the
retinac (Jacobson et al., 2005).

Despite the presence of thermal and shot noise, it appears that 1/f
noise is the dominant source of noise on the membrane and represents a rea-
sonable baseline for signal-to-noise considerations, and for the estimation of
equivalent external field values. External field values required to produce a
signal discernable from noise depend on the specific characteristics of the
biological system in question. However, at least for small isolated cells in the
human body, the range of external fields would be of the order of 10 mT and
100 kV m™.

4.4.3  Myelinated nerve fibre stimulation thresholds

The electrical excitability of neurons (nerve cells) results from the
presence of voltage-gated ion channels, principally sodium, potassium, cal-
cium and chloride, in the cell membrane (e.g. McCormick, 1998). Sodium,
calcium and chloride ions exist in higher concentrations on the outside of
each neuron, and potassium and membrane-impermeant anions are concen-
trated on the inside. The net result is that the interior of the cell is negatively
charged compared to the exterior; generally, inactive mammalian neurons
exhibit a “resting” membrane potential of —60 to —75 mV. An externally
applied electric field will stimulate the peripheral nerve cell axon resulting in
one or more action potentials if the induced membrane depolarisation is
above a threshold value sufficient for the opening of the voltage gated
sodium channels to become self-sustaining. For many nerve axons, the action
potential threshold is around =50 mV to —55 mV, some 10—15 mV above the
“resting” potential.

Electrical stimulation of myelinated nerve fibres can be modelled
using electrical cable theory applied to the membrane conductance changes
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originally described by Hodgkin and Huxley (1952) and Frankenhaeuser and
Huxley (1964). Reilly, Freeman & Larkin (1985) proposed a spatially
extended nonlinear nodal (SENN) model for myelinated nerve fibres that has
been used to derive thresholds for various applied electrical fields and cur-
rents. Minimum, orientation-dependent stimulus thresholds for large diame-
ter myelinated nerve axons were estimated to lie around 6 V m™!' (Reilly,
1998b), which equates to a current density of about 1.2 A m™ assuming a tis-
sue conductivity of 0.2 S m™'. Electric field thresholds were estimated to be
larger for smaller diameter neurons. Note however that passive cable theory
does not apply to neuronal dendrites in the CNS (e.g. Takagi, 2000).

4.4.4 Neural networks and signal detection

The previous section described estimates of thresholds for stimulat-
ing individual nerve fibres. The nervous system itself, however, comprises a
network of interacting nerve cells, communicating with each other princi-
pally via chemical “junctions” or synapses in which neurotransmitter
released by the pre-synaptic terminal binds to specific receptor molecules on
the post-synaptic cell, usually in a one-way process. The activation of recep-
tors by the neurotransmitter may then cause a variety of post-synaptic
responses, many of which result in an alteration of the probability that a par-
ticular type of ion channel will open. Such neural networks are thought to
have complex non-linear dynamics that can be very sensitive to small volt-
ages applied diffusely across the elements of the network (e.g. Saunders,
2003). The sensitivity of N interacting neuronal units increases theoretically
in proportion to VN (Barnes, 1992). Essentially, the signal-to-noise ratio
improves if the noise is added randomly, but the signals are added coherently.

The theoretical basis for neural network sensitivity has been
explored by Adair, Astumian & Weaver (1998) and Adair (2001), consider-
ing the detection of weak electric fields by sharks, and other elasmobranchs.
These fish are known to be able to respond behaviorally to electric fields in
seawater as low as 0.5 pV m! that generate small electrical potentials, of the
order of 200 nV, in the “detector” cells of the ampullae of Lorenzini. Adair
(2001) suggests that such a weak signal would generate a signal-to-noise
ratio greater than 1 within 100 ms with the convergence of approximately
5000 sensory detector cells onto a secondary neuron that exhibits coinci-
dence detection, a property of certain types of neurotransmitter receptor
(Hille, 2001).

Such convergence is a common property of sensory systems; evolu-
tionary pressure exists to maximise the sensitivity with which environmental
stimuli can be detected. In the peripherey of the mammalian retina, for exam-
ple, up to 1000 rods converge on one ganglion (retinal output) cell (Taylor &
Smith, 2004). In addition, brain function depends on the collective activity of
very large numbers of interacting neurons. EMF effects on nervous system
function and behaviour are described in Chapter 5. However, a lower limit
on neural network sensitivity in humans has been estimated to lie around 1
mV m’! (Adair, Astumian & Weaver, 1998); a similar value of a lower limit
was agreed at an ICNIRP/WHO workshop on weak electric field sensitivity
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held in 2003 (McKinlay & Repacholi, 2003). Modelling of the human phos-
phene response and neurphysiological studies of brain tissue function sug-
gest such thresholds are more likely to lie in the 10-100 mV m' region (see
section 5.2.3).

4.4.5 Transients

The current induced by both electric and magnetic fields is directly
proportional to the frequency. Thus, a higher frequency could result in an
improved signal-to-noise ratio. Induced current effects are plausible from
continuous high-frequency signals. Fields produced by power systems have
no significant continuous higher frequency component. They can, however,
contain transients, that is, short-lasting components of higher frequency.
Because they are short-lasting rather than continuous, different consider-
ations apply. Adair (1991) analysed the effect of short-term pulses from a
consideration of momentum transfer to various entities. The external pulse is
modelled as the sum of exponential rise and fall terms and this is used to cal-
culate the frequency and amplitude components of the corresponding internal
pulse. The momentum transferred by the pulse is compared with the thermal
momentum for representative ions, molecules, and cells. For an external
electric-field pulse of 100 kV m! the effect of the pulse is small compared to
thermal motion.

4.4.6  Heating effects of induced currents

The current induced by an electric or magnetic field produces heat-
ing in the tissues through which it passes. From a knowledge of the resistivi-
ties of the various components of tissue and of cells it is possible to calculate
the heat produced. Combined with knowledge of tissue thermal conductivi-
ties and of the effect of circulation, it is then possible to calculate the temper-
ature rise.

Kotnik & Miklavcic (2000) calculated power dissipation in various
portions of cells, including the membrane. They do not calculate correspond-
ing temperature rises, which are expected to be small.

4.4.7  Summary on induced currents

Comparisons have been made between the signal produced by
external fields and various noise levels or levels of established effects, as
shown in Table 32.

Essentially, the effects of weak fields on synapses can only be
detected as a biologically meaningful signal through some sort of neural net-
work showing convergence. This characterizes sensory systems like the
ampullae of Lorenzini of the sharks, and the periphery of the retina, which
have evolved to detect weak signals.

Complex neural circuits exist within the rest of the brain (see Shep-
herd & Koch, 1998 for a review); the extent to which these might show sen-
sitivity to electric fields induced by EMF exposure is discussed in Chapter 5.
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Table 32. Comparison between the signal produced by external fields and vari-
ous of in situ electric field noise levels or nervous system effect thresholds

Comparison In situ elec- Correspon- Correspond-
tric field (mV ding external ing external
m) electric field magnetic field
(Vm™?
Thermal noise  Volume of cell 20 104 600 uT
Complete mem- 200 10% 5mT
brane
Element of mem- 1000 10° 40T
brane
Shot noise Typical cell 100 5x10% 3mT
Optimised cell 10 5000 300 uT
1/f noise 1x10° 10 mT
Myelinated nerve stimulation thresh- 5000
old (SENN)
Phosphene threshold (dosimetric cal- 10-100
culation)

Estimated lower limit for neural net- 1
work threshold

@ Source: Dimbylow, 2000.
® Source: Dimbylow, 1998.

Essentially, the effects of weak fields on synapses can only be
detected as a biologically meaningful signal through some sort of neural net-
work showing convergence. This characterizes sensory systems like the
ampullae of Lorenzini of the sharks, and the periphery of the retina, which
have evolved to detect weak signals.

Complex neural circuits exist within the rest of the brain (see Shep-
herd & Koch, 1998 for a review); the extent to which these might show sen-
sitivity to electric fields induced by EMF exposure is discussed in Chapter 5.

4.5 Other direct effects of fields

4.5.1 lonization and breaking of bonds

The bonds that hold molecules together can be broken by delivering
sufficient energy to them. Electromagnetic radiation is quantised, and the
energy of each quantum is given by Plank’s constant, h, multiplied by the
frequency. The energy required to break various bonds that are found in bio-
logical systems has been quantified, e.g. by Valberg, Kavet & Rafferty
(1997). Typical covalent bonds require 1-10 electronvolt (eV), and typical
hydrogen bonds require 0.1 eV. The quantum energy of 50 Hz radiation is
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1012 eV. Thus a single quantum of 50 or 60-Hz radiation clearly does not
have adequate energy to break bonds. The quantum energy becomes compa-
rable to the energy of covalent bonds at around the frequencies of visible
light.

Vistnes & Gjotterud (2001) have pointed out that the wavelength at
50 Hz, 6000 km, is so much larger than the distance scales of the interactions
being considered in the body that it is inappropriate to consider single-quan-
tum events. They calculate that in the human body in a 10 kV m™! field, far
from a situation of single photons, there are in fact of order 10** “overlap-
ping” photons present within the volume that a single photon can be said to
occupy. It is still correct to say that chemical bonds cannot be broken by
absorption of a single photon, but it would not be correct to use that to rule
out any other possible effects of EMFs.

As an alternative to transfer of energy to a bond by quantum energy,
fields might transfer sufficient energy to break a bond by accelerating a
charged particle and thereby imparting energy to it. The “noise” here is the
thermal kinetic energy of the particle, determined from fundamental thermo-
dynamics, and is about 0.04 eV for room or body temperature. If the maxi-
mum distance over which a particle can be accelerated is assumed to be
limited to 20 pum, the dimension of a typical cell, the fields required to impart
equal energy to this thermal energy are of order 10° V m™ and 1 uT. In prac-
tice the maximum distance would be even shorter and hence the required
field even higher.

4.5.2 Forces on charged particles

Both electric and magnetic fields exert forces on charged particles.
The force exerted by an electric field on a charge q is F=qF, directed in the
same direction as the field. The force exerted by a magnetic field appears
only on a moving charge and is F=vqB, directed perpendicularly to both
velocity v and field B.

These forces can be compared to those required to produce various
effects in biological systems (Valberg, Kavet & Rafferty, 1997). These range
(to the nearest order of magnitude) from 1 picoNewton (pN) to activate a sin-
gle hair cell in the inner ear, through 10 pN to open a mechanoreceptor trans-
membrane ion channel, to 100 pN which equals the force binding a ligand
molecule to a protein receptor.

To produce 1 PN would require an external electric field (in air) in
the order of 10! V m™ (assuming a molecule with 10 charges located in a
cell membrane); or a field of 10 uT (the Lorentz force acting on the same
molecule moving with average thermal velocity is less than the force due to
the induced electric field).

4.5.3 Forces on magnetic particles

A magnetic field will exert a turning force (a moment or torque) on
any entity that has a magnetic moment. If ferromagnetic crystals existed in
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the body, they could have a magnetic moment, and hence the field could
exert an oscillating moment on them and cause them to vibrate.

The size of the turning force is determined by the size of the field
and the size of the magnetic moment. One magnetic material which is known
to exist in some biological systems is magnetite. If it is assumed that a parti-
cle of magnetite exists where all its individual magnetic domains are aligned,
the magnetic moment of the particle is the saturation magnetization of mag-
netite multiplied by the volume. Thus the maximum turning force exerted on
the particle is proportional to its volume. If the magnetic field were a static
field, the particle would rotate until either restoring forces equalled the turn-
ing force, or it was aligned with the field. With an alternating field, however,
the amplitude of oscillation is determined by the viscosity of the surrounding
medium as well.

In this instance, the “signal” produced by the field, an amplitude of
oscillation at the power frequency, has to be compared to the “noise”, the
amplitude of oscillation of the same particle produced randomly by thermal
noise (i.e. Brownian motion). Adair (1994) has calculated that, for a single-
domain magnetite particle of diameter 0.2 pm, and a viscosity of the sur-
rounding medium of seven times water, both of which are regarded as
extreme assumptions, the “signal” becomes equal to the “noise” for a field of
5 uT. If alternative assumptions are made, equivalent field values can be cal-
culated, given that the effect is proportional to the diameter of the particle
cubed and to the field squared. More plausible choices of the particle size
and viscosity lead to an equivalence between noise and signal levels at
higher fields.

It is known that some animals use magnetite to detect small changes
in the earth’s static magnetic field, for navigation purposes (ICNIRP, 2003).
For example, certain bee species have been shown to detect a change in static
field of 26 nT (Kirschvink & Kirschvink, 1991; Walker & Bitterman, 1985).
This appears to be achieved by means of magnetite particles, in air, attached
to large numbers of sensory hairs. Signal discrimination by the nervous sys-
tem dramatically improves the signal-to-noise ratio, and such sensitivity is
plausible without requiring a signal-to-noise ratio more than one.

Kirschvink et al. (1992) describe the existence of trace levels of
magnetite in the human brain and other tissues, and postulate that such crys-
tals might act as transducers, opening mechanically sensitive transmembrane
ion channels in hypothesised “receptor” neurons within the central nervous
system. Such a “detector” would be subject to the constraints described
above. However, attempts to confirm that humans can use the geomagnetic
field for orientation and direction-finding have so far failed (ICNIRP, 2003).
These authors concluded that the presence of magnetite crystals in the human
brain does not confer an ability to detect the weak geomagnetic field,
although some mechanisms of magnetic sensitivity remain to be explored
(Kirschvink, 1997). Interestingly, Scaiano, Monahan & Renaud (2006) note
that magnetite particles can dramatically effect the way in which external
magnetic fields affect radical pair interactions.
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4.5.4 Free radicals

The radical pair mechanism is the only generally accepted way in
which static and ELF magnetic fields can affect the chemistry of individual
molecules (e.g. see Brocklehurst & McLauchlan, 1996; Eveson et al., 2000;
Grissom, 1995; Hore, 2005; McLauchlan, 1992; Steiner & Ulrich, 1989).
This involves a specific type of chemical reaction: the recombination of a
pair of short-lived, reactive free radicals generated either from a single mole-
cule or from two molecules by intermolecular electron or hydrogen atom
transfer. The effect of an applied magnetic field depends upon its interaction
with the spin of unpaired electrons of the radicals. Importantly, this effect
may constitute a mechanism for the biological effects of very weak fields
(Adair, 1999; Timmel et al., 1998). Field-sensitivity occurs over the period
of radical pair formation and recombination, typically tens of nanoseconds in
normal solutions, but possibly extended to a few microseconds in micelles
(Eveson et al., 2000) or other biological structures. Power frequency mag-
netic fields are essentially static over these short time intervals, an equiva-
lence that was confirmed experimentally by Scaiano et al. (1994) and that
may extend up to frequencies of a few MHz (Adair, 1999).

Free radicals are a chemical species formed during many metabolic
processes and thought to contribute to various disease states such as neurode-
generative disease (see Chapter 7). During normal metabolism, for example,
oxygen is reduced to H,O in mitochondria during energy production by oxi-
dative phosphorylation. This involves the sequential addition of four elec-
trons, producing intermediate reactive oxygen species such as the superoxide
anion radical (O,”), hydrogen peroxide (H,0,) and the hydroxyl radical
(OH"). Most cells contain a variety of radical scavengers such as glutathione
peroxidase that provide anti-oxidant defence mechanisms. If these are
depleted, for example from exposure to an agent such as long wavelength
ultraviolet radiation (UVA) that generates excess reactive oxygen species,
tissue damage may ensue (AGNIR, 2002).

Free radicals can also be formed by the homolytic scission of a
covalent bond. Most biological molecules exist in a low energy, singlet state
in which the angular momentum of a molecule containing pairs of electrons
is zero because the spins of electron pairs are antiparallel (reviewed by e.g.
Brocklehurst & McLauchlan, 1996; Eveson et al., 2000; McLauchlan, 1992;
Timmel et al., 1998). The scission of a covalent bond in such a molecule can
result in the formation of two geminate radicals, each bearing an unpaired
electron with a spin anti-parallel to the other. The energy released by the
reaction causes the free radicals to separate rapidly so that relatively little
instantaneous reaction ensues. Subsequently, the magnetic interactions
(hyperfine couplings) of the electron spins with the nuclei of nearby hydro-
gen and nitrogen atoms modify the spin state of the radical pair, giving it
some triplet character (Zeeman effect). For applied magnetic fields typically
greater than 1-2 mT, the probability of reaction during a re-encounter of the
radicals is increased, with a concomitant decrease in the number of free radi-
cals that escape recombination and diffuse into the surrounding medium.
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Conversely, in magnetic fields of less than ~1 mT, the free radical concentra-
tion is increased with possibly harmful effects. Experimental evidence for
such effects in biochemical systems has been recently reported by Hore,
McLauchlan and colleagues (e.g. Eveson et al., 2000; Liu et al., 2005). In
contrast, effects on the recombination of randomly diffusing radicals with
uncorrelated spins that encounter by chance are thought to be negligible
(Brocklehurst & McLauchlan, 1996).

Hore (2005) notes that more than 60 enzymes use radicals or other
paramagnetic molecules as reaction intermediates, although most do not
involve radical pairs with correlated electron spins. The maximum size of an
effect of a field of less than ~1 mT on a wide variety of geminate radical
pairs has been calculated by Timmel et al. (1998). It was found that a weak
field, even one comparable to the geomagnetic field, could alter the yield of
any free radical recombination by 15-30%. This depended however, on the
radical pair existing in close proximity for a sufficiently long time for the
applied field to have an effect. Durations of the order of 100-1000 ns have
been suggested as necessary (e.g. Brocklehurst & McLauchlan, 1996; Tim-
mel et al., 1998) but these might only exist where some form of physical con-
straint applied, such as within a membrane for example, or bound to an
enzyme. In addition, theoretical calculation and experimental investigation
indicate that variation of the magnitude of these effects with magnetic field
intensity is highly non-linear (Brocklehurst & McLauchlan, 1996; Grissom,
1995; Hore, 2005; Timmel et al., 1998).

The biological significance of these types of effects is not clear at
present. They have been suggested (Cintolesi et al., 2003; Ritz, Adem &
Schulten, 2000; Schulten, 1982) as a mechanism by which animals, particu-
larly birds, may use the Earth's magnetic field as a source of navigational
information during migration and there is some experimental support for this
view (Ritz et al., 2004). The Earth's magnetic field is ~50 uT, varying from
about 30 uT near the equator to about 60 uT at the poles. Apart from this
rather specialised instance however, since static and ELF magnetic fields are
equivalent in their interactions, Scaiano et al. (1994) and Adair (1999) sug-
gest that power frequency fields of much less than around 50 pT are unlikely
to be of much biological significance. Several specific requirements have to
be fulfilled for small, but significant modifications to the recombination rate
at 50 uT and these conditions are sufficiently special to be considered
unlikely (Adair, 1999). Liu et al. (2005) note that, given the efficiency of
homeostatic buffering processes such as the radical scavenging mechanisms
described above, there does not appear to be a strong likelihood of physio-
logically significant changes in cellular functions or of long term mutagenic
effects resulting from low magnetic field-induced variations in free radical
concentrations or fluxes. In addition, processes such as modulation of aniso-
tropic magnetic interactions by radical tumbling may set a lower bound on
the detection of this low field effect.
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4.5.5 Effects with narrow bandwidths

When comparing the signal to the noise, the comparison must be
with the noise over the correct frequency range. If a postulated mechanism is
sensitive only to a narrow range of frequencies, the noise must be assessed
over that same range, which will in general be less than over a wider range of
frequencies. A number of mechanisms have been proposed which achieve
this narrow bandwidth, usually by some form of resonance condition involv-
ing the static field.

4.5.5.1 Cyclotron resonance

A moving charged particle in a magnetic field will perform circular
orbits (if left undisturbed for sufficiently long) with a frequency determined
by the charge q, the field B and the mass m, the frequency being Bq/m. An
AC field at the same frequency could then interact in a resonant fashion.
However, to produce cyclotron resonance of a biologically relevant particle
such as a calcium ion at power frequencies requires unconstrained orbits of
order 1 m diameter lasting several cycles, whereas molecular collisions (i.e.
damping) occur which would destroy the orbit and the resonance on times-
cales of 1072 s,

4.56.56.2 Larmor precession

A charged particle vibrating in a magnetic field will have its direc-
tion of vibration rotated about the field at the Larmor frequency, which is
half the cyclotron frequency. If the field itself is modulated at this frequency,
the particle will vibrate for longer in certain directions than others, with the
potential for altering reaction probabilities (Edmonds, 1993). This mecha-
nism again requires the vibration to continue unperturbed by other factors for
an implausible length of time.

4.5.5.3 Quantum mechanical resonance phenomena

A number of quantum mechanical phenomena have been suggested
to explain biological observations involving low levels of exposure. Among
these, one particular phenomenon has been investigated in some detail, ion
parametric resonance, whereby the DC field creates various sublevels of a
vibrating ion, and the AC field then causes transitions between them. It pre-
dicts effects at the cyclotron resonance frequency and integral fractions of it
(Blanchard & Blackman, 1994; Lednev, 1991; Lednev, 1993; Lednev, 1994).

The mechanism has been extensively investigated, with the conclu-
sion that it is not plausible. It requires unfeasibly narrow vibrational energy
levels, a fixed phase relationship between the vibrational states and the exter-
nally applied field, and implausible symmetry of the binding of the ion
(Adair, 1992; 1998).
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4.5.6 Stochastic resonance

Stochastic resonance is the phenomenon whereby random noise,
added to an oscillating, non-linear system, can produce responses which are
not seen in the absence of the noise. Under some circumstances it is possible
for the addition of noise to a system to produce a dramatic change in the
response. However, this applies primarily to the addition of small amounts of
noise to a larger signal. It is relevant, for example, when considering the
exact threshold for shot noise, and is included in those calculations; but it
cannot explain a response to small signals in the presence of a larger noise
(Adair, 1996; Weaver & Vaughan, 1998).

4.6 Indirect effects of fields

4.6.1 Surface charge and microshocks

In a power-frequency electric field, a charge is induced on the sur-
face of a body. If the field is large enough (see section 5.2.1) this can be per-
ceived through the vibration of hairs.

In an electric field, different objects acquire different potentials,
depending on whether they are grounded or not. A person touching a con-
ducting object, where one is grounded and the other is not, experiences a
microshock or small spark discharge (see section 5.2.1). This can be painful
and can lead to burns to the skin in extreme circumstances.

4.6.2 Contact currents

When a person simultaneously contacts two conductive objects that
are at different electrical potential, that person will conduct a contact current
whose magnitude is inversely proportional to the electrical resistance
between those two points. A fraction of the pathway’s resistance is that
which exists between the object’s points of contact and the subdermal layers.
This fraction is high for a dry fingertip contact and much lower for a wet full-
handed grip (large surface area shorted by the moisture across the outer der-
mal layer). Body resistance exclusive of the skin contact points is much less
variable, but depends on body dimensions, fat-to-muscle content, etc.

Kavet and colleagues have identified a child in a bathtub as the
most likely scenario for exposure to contact current and have suggested that
the electric field induced in the bone marrow of children so exposed might
offer a plausible interaction mechanism underlying the increased risk of
childhood leukaemia (see section 11.4.2) associated with magnetic field
exposure (Kavet et al., 2004; Kavet, 2005; Kavet & Zaffanella, 2002). When
bathing, young children frequently engage in exploratory behaviours that
include contact with the faucet handle, the spout, or the water stream itself.
In residential electrical systems in which a home’s water line is connected to
the electrical service neutral, a small voltage (usually less than a volt) can
appear between the water line, and thus the water fixtures, and earth. If the
tub’s drain is conductive and sunk into the earth, a child can complete the cir-
cuit by touching the water fixtures or water stream. Because both ends of the
contact are wet, body resistance is minimised (to perhaps 1-2 kiloohm [kQ]).
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The voltage on the water line may arise from either return current in
the grounding system producing an ohmic voltage difference between the
water line and earth, or as a result of Faraday induction on the neutral/
grounding system, or from both. Measurement studies in the USA indicated
that the closed circuit voltage (i.e., with a 1 kQ resistor replacing a person)
from the water line to the drain may exceed 100 mV in a small percentage of
homes (~ 4%) (Kavet et al., 2004). Under such conditions roughly 50 pA
could enter a child’s hand. Dosimetric modelling by Dawson, Potter &
Stuchly (2001) estimated that a 50 pA exposure would produce about 650
mV m™! or more in 5% of the marrow in the lower arm of an 18 kg child (nor-
mal weight for a 4-year old). Smaller (i.e. younger) children would experi-
ence larger internal fields. Chiu & Stuchly (2005) computed that a local field
of 1 V. m™! could produce 0.2 mV across the gap junctional apparatus con-
necting two bone marrow stromal cells; these are the cells that orchestrate
hematopoiesis that includes lymphocyte precursor cellular proliferation
(LeBien, 2000). For the scenario described above, Chiu & Stuchly’s (2005)
values would scale to 0.13 mV across the gap junction. Bulk tissue fields and
transmembrane potentials of these magnitudes constitute signals that exceed
competing noise.

There is at present, however, no biological evidence indicating that
such fields and currents within bone marrow are either carcinogenic or stim-
ulate the proliferation of initiated cells. Nor is there any epidemiological evi-
dence linking contact current in children to the risk of childhood leukaemia.
However, measurement studies (Kavet et al., 2004; Kavet & Zaffanella,
2002) together with computer modelling of typical US neighborhoods
(Kavet, 2005) indicate that, across a geographic region characteristic of a
population-based epidemiology study, residential magnetic fields are very
likely to be positively associated with the source voltage for contact current
exposure. These results offer support to this proposed hypothesis.

To date engineering research concerning contact currents has
focused largely on electrical systems characteristic of the USA. Some coun-
tries in which ELF epidemiology has been conducted have electrical systems
with multiple ground points (e.g. the UK; see Rauch et al., 1992) that include
the water supply. Others without explicit connections may very well have
inadvertent water-line-to-earth voltages, primarily via the water heater con-
nection.

4.6.3  Deflection of cosmic rays

Cosmic rays are produced by the sun, in space, and in the atmo-
sphere, and are known to be able to cause harm to humans through energy
deposition in biological tissue. Hopwood (1992) suggested that both electric
and magnetic fields from power lines could deflect cosmic rays which pass
close to the power lines in such a way as to produce a focussing effect close
to the power line. Hopwood reported measuring a doubling of sky particle
count a few metres to the side of a power line, though subsequent more
sophisticated measurements have failed to show any increase (Burgess &
Clark, 1994). Simple analytical calculations suggest the deflections are likely
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to be of the order of only centimetres, and then only for those particles which
pass very close to the conductors. Skedsmo & Vistnes (2000) have per-
formed sophisticated numerical modelling, and showed that even for low
energy electrons (the particles most susceptible to deflection) the difference
in particle flux density under and to the sides of the line is less than 0.15%,
and for all particles combined it is less than 0.01%. Such differences are too
small to be relevant for health effects.

4.6.4 Effects on airborne pollutants

A category of mechanisms has been suggested (Fews et al., 1999b;
Fews et al., 1999a; Fews et al., 2002; Henshaw et al., 1996a; Henshaw et al.,
1996b) where the electric fields produced by overhead power lines interact
with airborne pollutant particles in such a way as to increase the harmful
effects of these particles on the body.

Airborne particles having the greatest effects on health include
tobacco smoke, radon decay products, chemical pollutants, spores, bacteria
and viruses (AGNIR, 2004). If inhaled, some become deposited in the air-
ways of the respiratory system. Others can be deposited on the skin. Since
charged particles are more likely than uncharged particles to be deposited
when close to the walls of the respiratory airways or to the skin, an increase
in the proportion of particles that are charged could lead to an increase in
adverse health effects. Fews et al. (1999b) suggested that such an increase
could arise from the generation of corona ions by power lines. These positive
or negative ions arise when electrical potentials of a few thousand volts or
greater cause electrical breakdown of the air by corona discharges. A further
increase in the deposition of charged particles could arise due to an increase
in the probability of their impact with surfaces of the skin and respiratory air-
ways in the presence of electric fields (Henshaw et al., 1996b).

4.6.4.1 Production of corona ions

As a consequence of corona discharges, high voltage AC power
lines may produce clouds of negative or positive ions that are readily blown
downwind (AGNIR, 2004). Negative ions are more often produced, espe-
cially in fog or misty conditions. Although high voltage AC transmission
lines are designed to operate without generating corona discharges, small
local intensifications of the conductor surface electric field can occur at dust
and dirt accumulations, or at water drops, sometimes causing corona dis-
charges to occur. In addition, some high voltage lines are operated above
their original design voltage and can be more prone to corona discharge in
adverse weather conditions. An increase of charge density downwind of
power lines can often be observed at distances up to several kilometres
(Fews et al., 1999a; Fews et al., 2002; Swanson & Jeffers, 1999; Swanson &
Jeffers, personal communication in AGNIR, 2004). However, recently,
Bracken Senior & Bailey (2005) have reported measurements carried out
over two years of DC electric fields and ion concentrations upwind and
downwind of 230-kV and 345-kV transmission lines at two sites. They found
some evidence of an excess downwind, but the downwind values only
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exceeded the range of upwind (ambient) values for a small percentage of the
time under most conditions.

The ion clouds charge particles that pass through them. These parti-
cles will already carry some charge because of the naturally occurring ions
that exist in the atmosphere, but it seems likely that in some regions this will
be increased even at ground level as a result of corona discharge. Calculating
this increase as a function of particle size is possible but only if a number of
simplifying assumptions are made. The effects indoors, where the majority
of people spend most of their time, are likely to be less than outdoors, for
example because of deposition of corona ions on the surfaces of small aper-
tures through which some air enters buildings.

4.6.4.2 Inhalation of pollutant particles

People may be exposed to these more highly charged pollutant par-
ticles and the possibility that electrostatic charge could increase their respira-
tory tract deposition has been recognised for some time (AGNIR, 2004). In
principle, the effect could be significant and AGNIR (2004) estimated that in
the size range of about 0.1-1 um, where lung deposition is normally low
(about 10%) there is potential to increase lung deposition by up to a theoreti-
cal maximum factor of about 3—10, depending on particle size. The actual
increase will depend on the number of charges and particle size, though nei-
ther experimental results nor theory currently allow reliable predictions.
Nevertheless, experimental and theoretical studies indicate that increased
deposition should be very small for particles larger than about 0.3 pm
because of the high charge per particle needed to produce a significant effect.
For smaller particles, the effect of charge on deposition of a pollutant within
the lungs will be appreciably less than the theoretical maximum for various
reasons. Indeed, for the smallest (less than about 10 nm diameter) particles,
charge may even decrease the probability of deposition in the lungs since a
higher proportion will be deposited in the upper airways.

The effect of exposure on individuals will be lower still because of
their “occupancy” factor: the fraction of the time to which they are exposed
to particles charged by corona ions. One estimate, Henshaw and Fews (per-
sonal communication in AGNIR, 2004), is that people downwind of power
lines in corona might have 20-60% more particles deposited in their lungs
than those upwind. This estimate is for people exposed out of doors to pollut-
ant particles which originate out of doors. When outdoor air enters houses,
many of the pollutant particles will be carried with it (Liu & Nazaroff, 2003),
so a similar but smaller effect would be expected indoors due to the deposi-
tion of some of the pollutant particles on the surfaces of small apertures. The
effects of corona ions on lung deposition of particles which originate indoors
will be substantially less. There are substantial difficulties in the way of
modelling such effects, making all such estimates very uncertain. Further-
more, since wind directions vary, the excess for any one group of people
would be lower, but more groups will be affected, than if the wind direction
was constant.
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4.6.4.3 Deposition under power lines

Particles which are electrically charged oscillate with a frequency
of 50 Hz along the electric fields produced by the power lines. The distance
over which a particle oscillates depends on its charge and inertia, and the
strength of the field which is usually greatest immediately underneath the
line. However field directions and strengths can be altered by objects in the
field and are, for example, normally perpendicular to a conducting object
such as a human body. Field strengths are particularly high around pointed
conductors. If the oscillation of a particle makes it hit a surface, it will gener-
ally stick.

The oscillation of particles in the electric field causes people under-
neath or near power lines in the open air to have increased numbers of such
particles deposited on their clothing and skin compared with the numbers
deposited away from the line. Because buildings and other objects screen out
the electric field, power lines do not cause increased deposition indoors.
Henshaw et al. (1996a; 1996b) considered whether such electric fields could
cause increased deposition within the respiratory tract. They calculated that
the field is a factor of 10* lower inside the body than outside, but neverthe-
less suggested that this might have an effect on unattached radon decay prod-
ucts. Stather et al. (1996) pointed out that the unattached decay products
mainly deposit in the upper airways, so any increase in internal deposition
would probably reduce lung deposition.

With regard to deposition of airborne particles on the skin, AGNIR
(2004) concluded that it is likely that there will be a small increase down-
wind of power lines caused by corona discharge. The increase will be mainly
of small particles and so any adverse health effects are likely to come from
increased surface activity from radon decay products rather than surface
effects from chemical pollutants. The change in surface deposition of radon
decay products on skin is also very sensitive to the electrostatic charge on the
skin and the wind speed over it. It seems likely that even downwind of power
lines, these last two variations will be much larger than the increases from
corona ions.

There is experimental evidence supported by theoretical analysis
(Fews et al., 1999a) that the deposition of particles of sizes associated both
with radon decay products and chemical pollutants are somewhat larger
directly underneath power lines. The reported increase is ~ 2.4 for radon
decay products and ~ 1.2 for chemical pollutants. The increased deposition is
attributable to the increase in impact rate and therefore deposition rate of the
naturally charged particles in the oscillating electric fields. The oscillation
amplitude decreases rapidly with the mass of the particle. Since the mass of
chemical pollutants is mostly associated with larger particles, the increased
deposition of these would be insignificant in still air. Fews et al. (Fews et al.,
1999a) calculate, however, that this is not the case when the air flow is turbu-
lent.
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Swanson & Jeffers (personal communication in AGNIR, 2004)
agreed that increased deposition of radon decay products will occur under
power lines. However they attribute the increased deposition observed of
larger particles, and therefore the likely increased deposition of chemical
pollutants, to the design of the experiments. They also attribute the theoreti-
cally predicted increased deposition of larger particles to the specific para-
metric values and analytical expressions used by Fews et al. (1999a).

The extent of skin deposition under power lines cannot be deter-
mined without further experimental measurements. It is possible that the dif-
ferences in the theoretical analysis might be reduced by further work.
However the physical situation is very complicated and it seems unlikely that
it can be modelled with sufficient accuracy to provide reliable information in
the foreseeable future.

4.6.4.4 Implications for health

The main health hazards of airborne particulate pollutants are car-
dio-respiratory disease and lung cancer (AGNIR, 2004). There is strong evi-
dence that the risk of cardio-respiratory disease is increased by inhalation of
particles generated outdoors, mainly from motor vehicle exhaust, and of
environmental tobacco smoke produced within buildings. The risk of lung
cancer is increased by particulate pollution in outdoor air, and by radon
decay products and environmental tobacco smoke in buildings. Any health
risks from the deposition of environmental particulate air pollutants on the
skin appear to be negligible.

In their recent review, AGNIR (2004) conclude that the potential
impact of corona ions on health will depend on the extent to which they
increase the dose of relevant pollutants to target tissues in the body. It was
not possible to estimate the impact precisely, because of uncertainties about:
a) the extent to which corona effects increase the charge on particles of dif-
ferent sizes, particularly within buildings; b) the exact impact of this charg-
ing on the deposition of particles in the lungs and other parts of the
respiratory tract; and c) the dose-response relation for adverse health out-
comes in relation to different size fractions of particle. However, it seemed
unlikely that corona ions would have more than a small effect on the long-
term health risks associated with particulate air pollutants, even in the indi-
viduals who are most affected. In public health terms, AGNIR conclude that
the proportionate impact will be even lower because only a small fraction of
the general population live or work close to sources of corona ions.

4.7 Conclusions

Various proposed direct and indirect interaction mechanisms for
ELF electric and magnetic fields are examined for plausibility, in particular
whether a “signal” generated in a biological process by exposure to electric
or magnetic fields can be discriminated from inherent random noise and
whether the mechanism challenges scientific principles and current scientific
knowledge. Many mechanisms become plausible only at fields above a cer-
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tain strength. Nevertheless, the lack of identified plausible mechanisms does
not rule out the possibility of health effects existing even at very low field
levels providing the basic scientific principles are adhered to.

Of the numerous suggested mechanisms proposed for the direct
interaction of fields with the human body, three stand out as potentially oper-
ating at lower field levels than the others: induced electric fields in neural
networks, radical pairs, and magnetite.

Electric fields induced in tissue by exposure to ELF electric and
magnetic fields will directly stimulate myelinated nerve fibres in a biophysi-
cally plausible manner when the internal electric field strength exceeds a few
volts per metre. Much weaker fields can affect synaptic transmission in neu-
ral networks as opposed to single cells. Such signal processing by nervous
systems is commonly used by multicellular organisms to discriminate weak
environmental signals. A lower bound of 1 mV m™ on neural network dis-
crimination was suggested, but based on current evidence threshold values
around 10-100 mV m™! seem more likely.

The radical pair mechanism is an accepted way in which magnetic
fields can affect specific types of chemical reactions, generally increasing
reactive free radical concentration in low fields and decreasing them in high
fields. These increases have been seen at less than 1 mT. There is some evi-
dence linking this mechanism to navigation during bird migration. Both on
theoretical grounds, and because the changes produced by ELF and static
magnetic fields are similar, it is suggested that power frequency fields of
much less than the geomagnetic field of around 50 pT are unlikely to be of
much biological significance.

Magnetite crystals, small ferromagnetic crystals of various forms of
iron oxide are found in animal and human tissues, although in trace amounts.
Like free radicals, they have been linked to orientation and navigation in
migratory animals, although the presence of trace quantities of magnetite in
the human brain does not confer an ability to detect the weak geomagnetic
field. Calculations based on extreme assumptions suggest a lower bound for
the effects on magnetite crystals of ELF fields of 5 uT.

Other direct biophysical interactions of fields, such as the breaking
of chemical bonds, forces on charged particles and the various narrow band-
width “resonance” mechanisms, are not considered to provide plausible
explanations for the interactions at field levels encountered in public and
occupational environments.

With regard to indirect effects, the surface electric charge induced
by exposure to ELF electric fields can be perceived and it can result in pain-
ful microshocks when touching a conductive object. Contact currents can
occur when young children touch, for example, a tap in a bathtub in some
homes. This produces small electric fields, possibly above background noise
levels, in bone marrow. However, whether these present a risk to health is
unknown.
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High voltage power lines produce clouds of electrically charged
ions as a consequence of corona discharge. It is suggested that they could
increase the deposition of airborne pollutants on the skin and on airways
inside the body, possibly adversely affecting health. However, it seems
unlikely that corona ions will have more than a small effect, if any, on long-
term health risks, even in the individuals who are most exposed.

None of the three direct mechanisms considered above seem plausi-
ble causes of increased disease incidence at the exposure levels generally
encountered by people. In fact they only become plausible at levels orders of
magnitude higher and indirect mechanisms have not yet been sufficiently
investigated. This absence of an identified plausible mechanism does not rule
out the possibility of adverse health effects, but it does increase the need for
stronger evidence from biology and epidemiology.
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5 NEUROBEHAVIOUR

Neurobehavioural studies encompass the effects of exposure to
ELF electromagnetic fields on the nervous system and its responses at differ-
ent levels of organization. These include the direct stimulation of peripheral
and central nerve tissue, perceptual effects resulting from sensory stimula-
tion, and effects on central nervous system function. Effects on the latter can
be assessed both electrophysiologically by recording the electrical activity of
the brain, and by tests of cognition, assessment of mood, and other studies.

The nervous system also has a central role in the control of other
body systems, particularly the cardiovascular system, through direct nervous
control, and the endocrine system, through neural input into the pineal and
pituitary glands. These glands in turn influence reproduction and develop-
ment, and in a more general way, physiology and well-being.

The brain and nervous systems function by using electrical signals,
and may therefore be considered particularly vulnerable to low frequency
EMFs and the resultant induced electric fields and currents. Substantial num-
bers of laboratory experiments with volunteers and animals have investigated
the possible consequences of exposure to weak EMFs on various aspects of
nervous system function, including cognitive, behavioural and neuroendo-
crine responses. In addition, epidemiological studies have been carried out
on the relationship between EMF exposure and both suicide and depression.

These studies have been reviewed by NRC (1997), NIEHS (1998),
IARC (2002), ICNIRP (2003) and McKinlay et al. (2004). In particular,
ICNIRP (2003) reviewed in detail some of the evidence summarized here.

In general, there are few effects for which the evidence is strong,
and even the more robust field-induced responses seen in the laboratory stud-
ies tend to be small in magnitude, subtle and transitory in nature (Crasson et
al., 1999; Sienkiewicz et al., 1993).

5.1 Electrophysiological considerations

An examination of the electrophysiological properties of the ner-
vous system, particularly the central nervous system (CNS: brain and spinal
cord) gives an indication of its likely susceptibility to the electric fields
induced in the body by EMF exposure. lon channels in cell membranes allow
passage of particular ionic species across the cell membrane in response to
the opening of a “gate” which is sensitive to the transmembrane voltage
(Catterall, 1995; Hille & Anderson, 2001; Mathie, Kennard & Veale, 2003).
It is well established that electric fields induced in the body either by direct
contact with external electrodes, or by exposure to low frequency magnetic
fields, will, if of sufficient magnitude, excite nerve tissue through their inter-
action with these voltage-gated ion channels. Sensitivity is therefore prima-
rily to the transmembrane electric field and varies widely between different
ion channels (Hille & Anderson, 2001; Mathie, Kennard & Veale, 2003;
Saunders & Jefferys, 2002). Many voltage-gated ion channels are associated
with electrical excitability and electrical signalling. Such electrically excit-
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able cells not only comprise neurons, glial and muscle cells, but also endo-
crine cells of the anterior pituitary, adrenal medulla and pancreas, gametes
and, with reservations, endothelial cells (Hille & Anderson, 2001).

All these cells generally express voltage-gated sodium and calcium
channels. Both of these ion channels are involved in electrical signaling and
calcium ions activate a number of crucial cellular processes including neu-
rotransmitter release, excitation-contraction coupling in muscle cells and
gene expression (Catterall, 2000; Hille & Anderson, 2001). Some ion chan-
nels, for example voltage-gated potassium and chloride ion channels, also
exist in other, non-excitable tissues such as those in the kidney and liver and
show slow electric potential changes but their voltage sensitivity is likely to
be lower (Begenisich & Melvin, 1998; Cahalan, Wulff & Chandy, 2001; Cat-
terall, 2000; Jan & Jan, 1989; Nilius & Droogmans, 2001). Since voltage-
gated ion channels in excitable cells are steeply sensitive to the transmem-
brane electric potential, electric field strength in tissue is a more relevant
parameter to relate to electrically excitable cell thresholds than current den-
sity (Bailey et al., 1997; Blakemore & Trombley, 2003; Reilly, 2005; Shep-
pard, Kavet & Renew, 2002). In fact, the relevant parameter in determining
the transmembrane current and hence the excitability is the linear gradient in
electric field (Tranchina & Nicholson, 1986), which in turn relates to geo-
metric parameters of the neuron, including the degree of bending of the axon.

Peripheral nerves comprise neurons whose cell bodies are located
within the CNS with extended processes (axons) that lie outside the CNS.
They conduct action potentials (impulses) towards (sensory nerves) or from
(motor nerves) the spinal cord and nerve stimulation shows an all-or-nothing
threshold behaviour. Excitation results from a membrane depolarisation of
between 10-20 mV, corresponding to an electric field in tissue of 5-25
V m™' (McKinlay et al., 2004). Pulsed magnetic fields, where the rate of
change of field induces large localised electric fields, can directly stimulate
peripheral nerves and nerve fibres located within the brain (see below).

Cells of the central nervous system are considered to be sensitive to
electric fields induced in the body by exposure to ELF magnetic fields at lev-
els that are below threshold for impulse initiation in nerve axons (Jefferys,
1995; Jefferys et al., 2003; Saunders, 2003; Saunders & Jefferys, 2002).
Such weak electric field interactions have been shown in experimental stud-
ies mostly using isolated animal brain tissue to have physiological relevance.
These interactions result from the extracellular voltage gradients generated
by the synchronous activity of a number of neurons, or from those generated
by applying pulsed or alternating currents directly through electrodes placed
on either side of the tissue. Jefferys and colleagues (Jefferys, 1995; Jefferys
et al., 2003) identified in vitro electric field thresholds of around 4-5 V m™.
Essentially, the extracellular gradient alters the potential difference across
the neuronal membrane with opposite polarities at either end of the neuron; a
time-constant of a few tens (15—60) of milliseconds results from the capaci-
tance of the neuronal membrane (Jefferys et al., 2003) and indicates a limited
frequency response. Similar arguments concerning the limited frequency
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response of weak electric field effects due to the long time-constants (25 ms)
arising from cell membrane capacitance have been given by Reilly (2002)
regarding phosphene data.

The CNS in vivo is likely to be more sensitive to induced low fre-
quency electric fields and currents than are in vitro preparations (Saunders &
Jefferys, 2002). Spontaneous activity is higher, and interacting groups or net-
works of nerve cells exposed to weak electrical signals would be expected,
on theoretical grounds, to show increased sensitivity through improved sig-
nal-to-noise ratios compared with the response of individual cells (Adair,
2001; Stering, 1998; Valberg, Kavet & Rafferty, 1997). Much of normal cog-
nitive function of the brain depends on the collective activity of very large
numbers of neurons; neural networks are thought to have complex non-linear
dynamics that can be very sensitive to small voltages applied diffusely across
the elements of the network (Adair, 2001; ICNIRP, 2003; Jefferys et al.,
2003). Gluckman et al. (2001) placed the detection limit for network modula-
tion in hippocampal slices by electric fields at around 100 mV m™ . Recent
experimental work by Francis, Gluckman & Schiff (2003) confirms a neural
network threshold of around 140 mV m™', which the authors found was lower
than single neuron thresholds, based on a limited number of measurements.
A lower limit on neural network sensitivity to physiologically weak induced
electric fields has elsewhere been considered on theoretical grounds to be
around 1 mV m™! (Adair, Astumian & Weaver, 1998; Veyret, 2003). The
time-course of the opening of the fastest voltage-gated ion channels can be
less than 1 ms (Hille & Anderson, 2001), suggesting that effects at frequen-
cies up to a few kilohertz should not be ruled out. Accommodation to a
slowly changing stimulus resulting from slow inactivation of the sodium
channels will raise thresholds at frequencies less than around 10 Hz.

Other electrically excitable tissues with the potential to show net-
work behaviour include glial cells located within the CNS (e.g. Parpura et
al., 1994), and the autonomic and enteric nervous systems (see Sukkar, El-
Munshid & Ardawi, 2000), which comprise interconnected non-myelinated
nerve cells and are distributed throughout the body and gut, respectively.
These systems are involved in regulating the visceral or “housekeeping”
functions of the body; for example, the autonomic nervous system is
involved in the maintenance of blood pressure. Muscle cells also show elec-
trical excitability; only cardiac muscle tissue has electrically interconnected
cells. However, Cooper, Garny & Kohl et al. (2003), in a review of cardiac
ion channel activity, conclude that weak internal electric fields much below
the excitation threshold are unlikely to have any significant effect on cardiac
physiology. EMF effects on the heart could theoretically result from indirect
effects mediated via the autonomic nervous system and CNS (Sienkiewicz,
2003). Effects on the endocrine system could potentially also be mediated
this way, although the evidence from volunteer experiments indicates that
acute ELF magnetic field exposure up to 20 puT does not influence the circa-
dian variation in circulating levels of the hormone melatonin (Warman et al.,
2003b), nor other plasma hormone levels (ICNIRP, 2003).
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5.2 Volunteer studies

An electric charge is induced on the surface of a human (or other
living organism) exposed to a low frequency electric field that alternates in
amplitude with the frequency of the applied field. The alternation of the sur-
face charge with time induces an electric field and therefore current flow
within the body; in addition, exposure to a low frequency magnetic field
induces circulating eddy currents and associated electric fields. If of suffi-
cient magnitude, these induced electric fields and currents can interact with
electrically excitable nerve and muscle tissue. Generally, however, the sur-
face charge effects of exposure to low frequency electric fields become pro-
hibitive long before the internal electric fields become large enough to elicit
a response in the tissue.

5.2.1 Surface electric charge

The surface electric charge can be perceived directly through the
induced vibration of body hair and tingling sensations in areas of the body,
particularly the arms, in contact with clothing, and indirectly through spark
discharges between a person and a conducting object within the field. In sev-
eral studies carried out in the 1970°s and 1980’s (summarized by Reilly,
1998a; 1999), the threshold for direct perception has shown wide individual
variation; 10% of the exposed subjects had detection thresholds of around 2—
5 kV m at 60 Hz, whereas 50% could detect fields of 7-20 kV m™'. These
effects were considered annoying by 5% of the test subjects exposed under
laboratory conditions above electric field strengths of about 15-20 kV m™.
In addition to showing a wide variation in individual sensitivity, these
responses also vary with environmental conditions, particularly humidity;
the studies referred to above, however, included both wet and dry exposure
conditions.

It has been estimated that spark discharges would be painful to 7%
of subjects who are well-insulated and who touch a grounded object within a
5kV m! field (Reilly, 1998a; Reilly, 1999) whereas they would be painful to
about 50% in a 10 kV m™! field. Unpleasant spark discharges can also occur
when a grounded person touches a large conductive object such as a large
vehicle that is “well-insulated” from ground and is situated within a strong
electric field. Here, the threshold field strength required to induce such an
effect varies inversely with the size of the conductive object. In both cases,
the presence in the well-insulated person or object of a conductive pathway
to ground would tend to mitigate the intensity of any effect (Reilly, 1998a;
Reilly, 1999), as would the impedance to earth of the grounded object or per-
son.

People can perceive electric currents directly applied to the body
through touching, for example, a conductive loop in which current is induced
by exposure to environmental electromagnetic fields. Thresholds for directly
applied currents have also been characterised. At 50 to 60 Hz, the male
median threshold for perception was between 0.36 mA (finger contact) and
1.1 mA (grip contact), while pain occurred at 1.8 mA (finger contact).
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Median thresholds for women were generally found to be two thirds of the
male thresholds, while children were assumed to have median thresholds half
of male threshold values (WHO, 1993). There is also a wide variety in the
individual’s ability to detect currents, there is, for example, about one order
of magnitude difference in the perception threshold at the 0.5 percentile and
the 99.5 percentile at 50/60 Hz (Kornberg & Sagan, 1979). Generally, the
ability to detect fields or currents decreases with increasing frequency. This
has been characterised for the perception of currents; the threshold is increas-
ing by about two orders of magnitude at higher frequencies: 0.36 mA at 50/
60 Hz, 4 mA at 10 kHz and 40 mA at 100 kHz (WHO, 1993).

A series of extensive studies on 50 Hz population thresholds in
more than 1000 people from all ages have recently been carried out by Leit-
geb and colleagues. Leitgeb & Schrottner (2002) examined perception
thresholds in 700 people aged between 16 and 60 years, approximately half
of them women. This study was recently extended to include 240 children
aged 9-16 years, and about 20 people aged 61 years or more (Leitgeb, Schro-
ettner & Cech, 2005). In both studies, electric current was applied to the fore-
arm using pre-gelled electrodes, and considerable care was taken to rule out
subjective bias.

A summary of the studies on perception of electric currents directly
applied to the body is given in Table 33.

Table 33. 50 Hz electric current perception values (/,,) for different perception
probabilities (p) for men, women and the general population 2

I, (HA)
p (%) Men Women Children Population
90 602 506 453 553
50 313 242 252 268
10 137 93 112 111
5 106 68 78 78
0.5 53 24 35 32

@ Source: Leitgeb & Schroettner, 2002; Leitgeb, Schroettner & Cech, 2005.

Leitgeb, Schroettner & Cech (2005) note that the median perception
threshold for the population is 268 pA, almost 50% lower than the present
limit of 500 pA recommended by the IEC (1994). They also note that whilst
the median threshold for women is approximately two thirds of the male
threshold values, children aged between 9 and 16 do not exhibit as a high a
sensitivity as had been assumed.

An issue with perception levels is that they really depend on the site
of application of the current (cheek and inner forearm being very sensitive)
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and the area of application of the current (i.e. current density). The latter
makes the comparison of current values difficult (Reilly, 1998a).

5.2.2 Nerve stimulation

Large, rapidly changing, pulsed magnetic fields used in various
specialised medical applications such as magnetic resonance imaging (MRI)
and transcranial magnetic stimulation (TMS) can induce electric fields large
enough to stimulate nervous tissue in humans. Minimum, orientation-depen-
dent stimulus thresholds for large diameter (20 pm) myelinated nerve axons
have been estimated to be approximately 6 V m™! at frequencies up to about
1-3 kHz (Reilly, 1998a; Reilly, 1999). In addition, accommodation to a
slowly changing stimulus resulting from slow inactivation of sodium chan-
nels will raise thresholds at low frequencies. In MRI, nerve stimulation is an
unwanted side effect of a procedure used to derive cross-sectional images of
the body for clinical diagnosis (see Shellock, 2001). Threshold rates of
change of the switched gradient magnetic fields used in MRI for perception,
discomfort and pain resulting from peripheral nerve stimulation are exten-
sively reviewed by Nyenhuis et al. (2001). Generally, median, minimum
threshold rates of change of magnetic field (during periods of < 1 ms) for
perception were 15-25 uT s™! depending on orientation and showed consid-
erable individual variation (Bourland, Nyenhuis & Schaefer, 1999). These
values were somewhat lower than previously estimated by Reilly (1998a;
1999), possibly due to the constriction of eddy current flow by high imped-
ance tissue such as bone (Nyenhuis et al., 2001). Thresholds rose as the pulse
width of the current induced by the switched gradient field decreased; the
median pulse width (the chronaxie) corresponding to a doubling of the mini-
mum threshold (the rheobase) ranged between 360 and 380 us but again
showing considerable individual variation (Bourland, Nyenhuis & Schaefer,
1999). Numerical calculations of the electric field induced by pulses in the
84 subjects tested by Nyenhuis et al. (2001) have been used to estimate the
median threshold for peripheral nerve stimulation at 60 Hz as 48 mT (Bailey
& Nyenhuis, 2005). Furthermore, Nyenhuis et al. (2001) using data from
measurements on human volunteers estimated a rheobase electric field of 2.2
V m! in tissue.

In TMS, parts of the brain are deliberately stimulated in order to
produce a transient, functional impairment for use in the study of cognitive
processes (see Reilly, 1998a; Ueno, 1999; Walsh, Ashbridge & Cowey,
1998). Furthermore, in TMS, brief, localised, suprathreshold stimuli are
given, typically by discharging a capacitor through a coil situated over the
surface of the head, in order to stimulate neurons in a small volume (a few
cubic centimetres) of underlying cortical tissue (Reilly, 1998a). The induced
current causes the neurons within that volume to depolarise synchronously,
followed by a period of inhibition (Fitzpatrick & Rothman, 2000). When the
pulsed field is applied to a part of the brain thought to be necessary for the
performance of a cognitive task, the resulting depolarisation interferes with
the ability to perform the task. In principle then, TMS provides cognitive
neuroscientists with the capability to induce highly specific, temporally and
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spatially precise interruptions in cognitive processing — sometimes known as
“virtual lesions”. Reilly (1998a) noted induced electric field thresholds to be
of the order of 20 V m™'. However, Walsh & Cowey (1998) cited typical
rates of change of magnetic field of 30 kT s' over a 100 ps period transiently
inducing an electric field of 500 V m™! in brain tissue.

People are likely to show variations in sensitivity to induced elec-
tric fields. In particular, epileptic syndromes are characterised by increased
neuronal excitability and synchronicity (Engelborghs, D'Hooge & De Deyn,
2000); seizures arise from an excessively synchronous and sustained dis-
charge of a group of neurons (Engelborghs, D'Hooge & De Deyn, 2000; Jef-
ferys, 1994). TMS is widely used, apparently without adverse effects.
However, repetitive TMS has been observed to trigger epileptic seizure in
some susceptible subjects (Fitzpatrick & Rothman, 2000; Wassermann,
1998). These authors also reported short- to medium-term memory impair-
ments and noted the possibility of long-term cognitive effects from altered
synaptic activity or neurotransmitter balance. Contraindications for TMS use
agreed at an international workshop on repetitive TMS safety (Wassermann,
1998) include epilepsy, a family history of seizure, the use of tricyclic anti-
depressants, neuroleptic agents and other drugs that lower seizure threshold.
Serious heart disease and increased intracranial pressure have also been sug-
gested as contraindications due to the potential complications that would be
introduced by seizure.

5.2.3 Retinal function

The effects of exposure to weak low frequency magnetic fields on
human retinal function are well established. Exposure of the head to mag-
netic flux densities above about 5 mT at 20 Hz, rising to about 15 mT at 50
Hz, will reliably induce faint flickering visual sensations called magnetic
phosphenes (Attwell, 2003; Sienkiewicz, Saunders & Kowalczuk, 1991;
Taki, Suzuki & Wake, 2003). It is generally agreed that these phosphenes
result from the interaction of the induced electric current with electrically
sensitive cells in the retina. Several lines of evidence suggest the production
of phosphenes by a weak induced electric field does not involve the initial
transduction of light into an electrical signal. Firstly, the amplification of the
initial signal generated by the absorption of light takes place primarily
through an intracellular “second-messenger cascade” of metabolic reactions
prior to any change in ion channel conductivity (Hille & Anderson, 2001).
Secondly, the phosphene threshold appears unaffected by “dark™ adaptation
to low light levels (Carpenter, 1972). In addition, phosphenes have been
induced in a patient with retinitis pigmentosa, a degenerative illness prima-
rily affecting the pigment epithelium and photoreceptors (Lovsund et al.,
1980).

There is good reason to view retinal circuitry as an appropriate
model for induced electric field effects on CNS neuronal circuitry in general
(Attwell, 2003). Firstly, the retina displays all the processes present in other
CNS areas, such as graded voltage signalling and action potentials, and has a
similar biochemistry. Secondly, in contrast to more subtle cognitive effects,
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phosphenes represent a direct and reproducible perception of field interac-
tion. A clear distinction can be made in this context between the detection of
a normal visual stimulus and the abnormal induction of a visual signal by
non-visual means (Saunders, 2003); the latter suggests the possibility of
direct effects on cognitive processes elsewhere in the CNS.

Thresholds for electrically induced phosphenes have been esti-
mated to be about 10-14 mA m™ at 20 Hz (Adrian, 1977; Carstensen, 1985).
A similar value (10 mA m™ at 20 Hz), based on studies of magnetically
induced phosphenes, has been derived by Wake et al. (1998). The equivalent
electric field threshold can be estimated as around 100-140 mV m™' using a
tissue conductivity for brain tissue of about 0.1 S m™ (Gabriel, Gabriel &
Corthout, 1996). More recently, Reilly (2002) has calculated an approximate
20 Hz electric field threshold in the retina of 53 mV m™' for phosphene pro-
duction. A similar value (60 mV m™") has been reported elsewhere (see Saun-
ders, 2003). Subsequently, however, Taki et al. (2003) indicated that
calculations of phosphene thresholds suggested that electrophosphene
thresholds were around 100 mV m™', whereas magnetophosphene thresholds
were around 10 mV m™! at 20 Hz.

More detailed calculation by Attwell (2003) based on neuroanatom-
ical and physiological considerations, suggests that the phosphene electric
field threshold in the extracellular fluid of the retina is in the range 10-60
mV m™! at 20 Hz. There is however, considerable uncertainty attached to
these values. In addition, the extrapolation of values in the extracellular fluid
to those appropriate for whole tissue, as used in most dosimetric models, is
complex, depending critically on the extracellular volume and other factors.
With regard to the frequency response, Reilly (2002) suggests that the nar-
row frequency response is the result of relatively long membrane time con-
stants of around 25 ms. However, at present, the exact mechanism
underlying phosphene induction is unknown. It is not clear whether the nar-
row frequency response is due to intrinsic physiological properties of the ret-
inal neurons, as suggested by Reilly (2002) above and by Attwell (2003)
considering active amplification process in the retinal neuron synaptic termi-
nals, or is the result of central processing of the visual signal (Saunders,
2003; Saunders & Jefferys, 2002). This issue can only be resolved through
further investigation.

5.24 Brain electrical activity

Since the first suggestion that occupational exposure to EMFs
resulted in clinical changes in the electroencephalogram (EEG) was pub-
lished in 1966 (Asanova & Rakov, 1966; 1972), various studies have investi-
gated if exposure to magnetic fields can affect the electrical activity of the
brain. Such methods can provide useful diagnostic information regarding the
functional state of the brain, not only from recordings of the spontaneous
activity at rest but also from recording the sensory functions and subsequent
cognitive processes evoked in response to specific stimuli (evoked or event-
related potentials, ERPs). Nevertheless, neurophysiological studies using
magnetic fields need to be performed with much care and attention since
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they can be prone to many potential sources of error and artefact (NIEHS,
1998). Changes in arousal and attention of volunteers, in particular, can sub-
stantially affect the outcome of these studies.

Various studies have investigated the effects of magnetic fields on
brain activity by analysing the spectral power of the main frequency bands of
the EEG (Bell et al., 1992; Bell et al., 1991; Bell, Marino & Chesson, 1994a;
Bell, Marino & Chesson, 1994b; Gamberale et al., 1989; Heusser, Tellschaft
& Thoss, 1997; Lyskov et al., 1993b; Lyskov et al., 1993a; Marino, Bell &
Chesson, 1996; Schienle et al., 1996; Silny, 1986). These studies have used a
wide variety of experimental designs and exposure conditions, as well as
healthy volunteers and patients with neurological conditions, and thus are
difficult to compare and evaluate. Despite some scattered field-dependent
changes, most notably in the alpha frequency band, and with intermittent
exposure perhaps more effective than continuous exposure, these studies
have produced inconsistent and sometimes contradictory results.

A difficulty with interpretation of the EEG in individuals at rest is
that the intra-individual variability is very high. The variability of ERPs is
much lower, resulting in better reproducibility, and other studies have inves-
tigated the effects of magnetic fields and combined electric and magnetic
fields on these potentials within the EEG waveform. There are some differ-
ences between studies, but generally, the early components of the evoked
response corresponding to sensory function do not appear affected by expo-
sure (Graham & Cook, 1999; Lyskov et al., 1993b). In contrast, large and
sustained changes on a later component of the waveform representing stimu-
lus detection may be engendered by exposure at 60 mT (Silny, 1984; 1985;
1986), with lesser effects occurring using fields of 1.26 mT (Lyskov et al.,
1993b), and nothing below 30 puT (Graham & Cook, 1999). Finally, exposure
during the performance of some discrimination and attention tasks may
affect the late major components of the EEG which are believed to reflect
cognitive processes involved with stimulus evaluation and decision making
(Cook et al., 1992; Crasson et al., 1999; Graham et al., 1994), although Cras-
son and Legros (2005) were unable to replicate the effects they reported pre-
viously. There also is some evidence that task difficulty and field
intermittency may be important experimental variables. However, all these
subtle effects are not well defined, and some inconsistencies between studies
require additional investigation and explanation.

A summary of studies on changes in brain electrical activity while
awake is given in Table 34.
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5.2.5 Sleep

Sleep is a complex biological process controlled by the central ner-
vous system and is necessary for general health and well-being. The possibil-
ity that EMFs may exert a detrimental effect on sleep has been examined in
two studies. Using the EEG to assess sleep parameters, Akerstedt et al.
(1999) reported that continuous exposure of healthy volunteers to 50 Hz at 1
uT at night caused disturbances in sleep. In this study, total sleep time, sleep
efficiency, slow-wave sleep (stage III and IV), and slow-wave activity were
significantly reduced by exposure, as was subjective depth of sleep. Graham
& Cook (1999) reported that intermittent, but not continuous, exposure to 60
Hz, 28 puT magnetic fields at night resulted in less total sleep time, reduced
sleep efficiency, increased time in stage II sleep, decreased time in rapid eye
movement (REM) sleep and increased latency to first REM period. Consis-
tent with a pattern of poor and broken sleep, volunteers exposed to the inter-
mittent field also reported sleeping less well and feeling less rested in the
morning.

A comparison between these two studies is made difficult because
of the differences in the exposure levels used, 1 pT (Akerstedt et al., 1999)
vs. 28 uT (Graham & Cook, 1999) and also of other differences in the
design. As to the results, in the Akerstedt study, results were apparently
obtained by low-level continuous exposure, whereas the Graham study failed
to elicit such results by continuous exposure, but did produce similar results
with intermittent exposures. Further studies with similar designs are needed
before any conclusions can be drawn.

A summary of studies on brain electrical activity during sleep is
given in Table 35.

Table 35. Brain electrical activity during sleep

Test Exposure Response Comments Authors
Sleep EEGs, 50 Hz Significantly reduced Absolute values  Akerstedt
conventional 1T slow wave activity and  were withinthe  etal.,
recordings one night (23:00- slow wave sleep. Also  normal variability; 1999

8 female and 10 07:00) with field on, tendency for reduced the observed
male healthy  one night with field total sleep time, sleep  changes are far

volunteers off efficiency, REM sleep  from clinical sig-

(not statistically signifi-  nificance. Blind

cant). study, balanced

design.

Sleep EEG,3 60 Hz Intermittent exposure to No effect was Graham &
nights (23:00-  28.3 pT, circularly magnetic fields pro- seen during con- Cook,
07:00), C,, C4, polarised duced significant distur- tinuous field expo- 1999
o, 8 sham-exposed  bances in nocturnal sure relative to
24 male volun- controls, 7 sub- sleep EEGs in 6 of 9 per- sham-exposed
teers jects exposed to  sons: decreased sleep  controls. Double-

continuous fields, 9 efficiency, altered sleep blind, counter-
to intermittent 1 h  architecture, suppres-  balanced study.
on, 1hoff,15s sion of REM sleep, lower
on/off cycle well-feeling of several

subjects in the morning.
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5.2.6 Cognitive effects

Despite the potential importance of field-induced effects on atten-
tion, vigilance, memory and other information processing functions, rela-
tively few studies have looked for evidence of changes in cognitive ability
during or after exposure to low frequency EMFs. These have been reviewed
by NIEHS (1998), Cook, Thomas & Prato (2002), Bailey (2001), Crasson
(2003) and ICNIRP (2003). While few field-dependent changes have been
observed, it is important to consider that this type of study may be particu-
larly susceptible to various environmental and individual factors which may
increase the variance of the experimental endpoint and decrease the power to
detect a small effect. This may be particularly important, since any field-
dependent effects are likely to be small with fields at environmental levels
(Sienkiewicz et al., 1993; Whittington, Podd & Rapley, 1996).

The effects of acute exposure to magnetic fields on simple and
choice reaction time have been investigated in several recent studies using a
wide range of magnetic flux densities (20 uT — 1.26 mT) and experimental
conditions. Some studies did not find any field-dependent effects (Gam-
berale et al., 1989; Kurokawa et al., 2003b; Lyskov et al., 1993b; Lyskov et
al., 1993a; Podd et al., 2002; Podd et al., 1995), although modest effects on
speed (Crasson et al., 1999; Graham et al., 1994; Whittington, Podd & Rap-
ley, 1996) and accuracy during task performance (Cook et al., 1992;
Kazantzis, Podd & Whittington, 1998; Preece, Wesnes & Iwi, 1998) have
been reported. However, Crasson & Legros (2005) were unable to replicate
these observations. These data also suggest that effects may depend on the
difficulty of the task (Kazantzis, Podd & Whittington, 1998; Whittington,
Podd & Rapley, 1996) and that exposure may attenuate the usual improve-
ment seen with practice in reaction time (Lyskov et al., 1993b; Lyskov et al.,
1993a; Stollery, 1986)

A few studies have reported subtle field-dependent changes in other
cognitive functions, including memory and attention. Using a battery of neu-
ropsychological tests, Preece, Wesnes & Iwi (1998) found that exposure to a
50 Hz magnetic field at 0.6 mT decreased accuracy in the performance of
numerical working memory task and decreased sensitivity of the perfor-
mance in a word recognition task. Similarly Keetley et al. (2001) investi-
gated the effects of exposure to 28 puT, 50 Hz fields using a series of
cognitive tests. A significant decrease in performance was seen with one
working memory task (the trail-making test, part B) that involves visual-
motor tracking and information processing within the prefrontal and parietal
areas of the cortex. Podd et al. (2002) reported delayed deficits in the perfor-
mance of a recognition memory task following exposure to a 50 Hz field at
100 uT. Trimmel & Schweiger (1998) investigated the effects of acute expo-
sure to 50 Hz magnetic fields at 1 mT. The fields were produced using a
power transformer, and volunteers were exposed in the presence of a 45 dB
sound pressure level noise. Compared with a no-field, no-noise condition and
noise alone (generated using a tape recording) significant reductions in visual
attention, perception and verbal memory performance were observed during
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field exposure. The presence of the noise during exposure, however, compli-
cates interpretation of this study.

Generally, while electrophysiological considerations suggest that
the central nervous system is potentially susceptible to induced electric
fields; cognitive studies have not revealed any clear, unambiguous finding.
There is a need for a harmonisation of methodological procedures used in
different laboratories, and for dose-response relationships to be investigated.
The studies on various cognitive effects from ELF field exposure are summa-
rized in Table 36.

5.2.7 Hypersensitivity

It has been suggested that some individuals display increased sensi-
tivity to levels of EMFs well below recommended restrictions on exposure.
People self-reporting hypersensitivity may experience a wide range of severe
and debilitating symptoms, including sleep disturbances, general fatigue, dif-
ficulty in concentrating, dizziness, and eyestrain. In extreme forms, everyday
living may become problematical. A number of skin problems such as
eczema and sensations of itching and burning have also been reported, espe-
cially on the face, and, although there may be no specific symptom profile
(see Hillert et al., 2002), increased sensitivity to chemical and other factors
often occurs (Levallois et al., 2002). The responses to EMFs are reported to
occur at field strengths orders of magnitude below those required for conven-
tional perception of the field (Silny, 1999). These data have been reviewed
by Bergqvist & Vogel (1997) and more recently by Levallois (2002),
ICNIRP (2003) and Rubin et al. (2005).

In contrast to anecdotal reports, the evidence from double-blind
provocation studies (Andersson et al., 1996; Flodin, Seneby & Tegenfeldt,
2000; Lonne-Rahm et al., 2000; Lyskov, Sandstrom & Hansson Mild,
2001b; Swanbeck & Bleeker, 1989) indicate that neither healthy volunteers
nor self-reporting hypersensitive individuals can reliably distinguish field
exposure from sham-exposure. In addition, subjective symptoms and circu-
lating levels of stress-related hormones and inflammatory mediators could
not be related to field exposure. Similar results were reported in a survey of
office workers (Arnetz, 1997). In studies reported by Keisu (1996) and by
Toomingas (1996), the outcome of tests on an individual was used therapeu-
tically in the medical handling of the patient. In none of these series was
there any reproducible association between exposure and symptoms. Further
test series have been performed in Sweden, the UK and in Germany, includ-
ing an unsuccessful repetition of the Rea et al. (1991) study (see below), but
these have not been published in a peer reviewed form. For a review, see
Bergqvist & Vogel (1997). These results are consistent with the view that
hypersensitivity to EMFs is a psychosomatic syndrome, suggested by Gothe,
Odoni & Nilsson (1995).

Not all studies dismiss the possibility of EMF hypersensitivity,
however. Two studies have reported weak positive field discrimination
(Mueller, Krueger & Schierz, 2002; Rea et al., 1991) and another two studies
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reported subtle differences in heart rate, visual evoked potentials, electroret-
inogram amplitudes and electrodermal activity between normal and hyper-
sensitive volunteers (Lyskov, Sandstrém & Hansson Mild, 2001a; Sandstrom
et al., 1997). The study by Rea et al. (1991) has, however, been criticised on
several methodological grounds (ICNIRP, 2003): the selection of individu-
als, the exposure situation and whether the test was blind or not. There is
some morphological evidence to suggest that the numbers and distribution of
mast cells in the dermis of the skin on the face may be increased in individu-
als displaying hypersensitive reactions (Gangi & Johansson, 2000; Johans-
son et al., 1994; Johansson, Hilliges & Han, 1996). Increased responsiveness
was attributed to changes in the expression of histamine and somatostatin
and other inflammatory peptides. Similar effects in the dermis have also been
reported following provocation tests to VDU-type fields in normal, healthy
volunteers (Johansson et al., 2001).

EMF hypersensitivity was addressed by the World Health Organi-
zation (WHO) at a workshop held in Prague in October 2004 (WHO, 2005).
It was proposed that this hypersensitivity, which has multiple recurrent
symptoms and is associated with diverse environmental factors tolerated by
the majority of people, should be termed “idiopathic environmental intoler-
ance (IEI) with attribution to EMF”. The workshop concluded that IEI incor-
porates a number of disorders sharing similar nonspecific symptoms that
adversely affect people and cause disruptions in their occupational, social,
and personal functioning. These symptoms are not explained by any known
medical, psychiatric or psychological disorder, and the term IEI has no med-
ical diagnostic value. IEI individuals cannot detect EMF exposure any more
accurately than non-IEI individuals, and well-controlled and conducted dou-
ble-blind studies have consistently shown that their symptoms are not related
to EMF exposure per se. A summary of hypersensitivity studies is given in
Table 37.

5.2.8 Mood and alertness

The possible impact of EMFs on mood and arousal has also been
assessed in double-blind studies in which volunteers completed mood check-
lists before and after exposure. No field-dependent effects have been
reported using a range of field conditions (Cook et al., 1992; Crasson et al.,
1999; Crasson & Legros, 2005; Graham et al., 1994). However, in contrast
Stollery (1986) reported decreased arousal in one of two participating groups
of subjects when mild (500 pA) 50 Hz electric current was passed through
the head, upper arms, and feet. This was done to simulate the internal electric
fields generated by exposure to an external electric field strength of 36 kV
m!. Also Stevens (2001) reported that exposure to a 20 Hz, 50 uT magnetic
field increased positive affective responses displayed to visual stimuli com-
pared with sham-exposure. Arousal, as measured by skin conductance, gave
variable results. Table 38 summarizes the studies on effects of ELF field
exposure on mood and alertness.
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Table 39. Depression

Study base and subject Definition and Study design RR Authors
identification estimation of and numbers (95% ClI)

exposure
Persons who lived near a 132 Distance Cross-sectional Strong Dowson
kV line and persons who lived between home 132 near line, 9 association et al.,
3 miles away and overhead with depression of depres- 1988
Questionnaire asking about  line 94 away from  sion to
depression line, 1 with proximity to

depression overhead
power line.

Persons discharged with Measurements Case-control ~ Average Perry,
depression from hospital at front doors. 359 persons measure- Pearl &
(England) and controls from Average for discharged with mentcases: Binns,
electoral list case and con- diagnosis 0.23 uT; 1989

trol groups depressive ill-  controls

compared ness 0.21 uT.
Residents in 8 towns along a Distance from Cross-sectional 2.8 Poole et
transmission line right-of-way power-line: 382 persons (1.6-5.1) al., 1993
(ROW) in the US, 1987. A near vs far interviewed
sample was interviewed. Near: proper-
Depressive symptoms ties abutting

obtained by CES-D? scale. ~ ROW or towers
Cut-off for depression was ~ Visible
median of score.

Male veterans who served in Present job Cross-sectional 1.0 Savitz &
the US army first time 1965- identified in 183 electrical  (0.5-1.7)  Ananth,
71. Two diagnostic invento-  interview workers (13 1994
ries used: the Diagnostic together with  with life-time

Interview Schedule and the  duration depression)

Minnesota Personality Inven- Electrical 3861 non-elec-

tory. Life time depression worker trical workers

used for this report

Population of neighborhood EMDEX mea- Cross-sectional 0.9 McMa-
near a transmission line in surements at 152 women (0.5-1.9)  han, Eric-
Orange County, CA, USA, the front door. son &
1992. A sample of homes Average for Meyer,
near a power line and one homes on ease- 1994

block away from the power  ment: 0.486 pT
line. Depressive symptoms  and one block
identified through question- away 0.068 puT
naire CES-D* scale

Finnish twins who had Residential Cross-sectional BDI scores Verkasalo

answered the Beck Depres- magnetic field 12063 persons not related et al.,

sion Inventory (BDI) in 1990 estimated from to expo- 1997
power lines sure.

near the homes

@ CES-D scale: Centre for Epidemiologic Studies-Depression scale.
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5.3 Epidemiological studies

With regard to neurobehavioural effects, epidemiological studies
have focussed on depression and suicide. Studies of an association between
EMF exposure and neurodegeneration are covered in Chapter 6.

5.3.1 Depression

Two early studies relating ELF EMF exposure to depression (Dow-
son et al., 1988; Perry, Pearl & Binns, 1989) are difficult to interpret because
of methodological limitations to the procedures for selection of study sub-
jects, because they did not use validated scales for identification of depres-
sive symptoms (ICNIRP, 2003). Moreover, Perry, Pearl & Binns (1989) also
reported unusually high average EMF levels that remain unexplained.

More recent studies used validated depression scales. One of these
studies showed a clear association between proximity to power lines and
depression (Poole et al., 1993), whereas three more recent studies (McMa-
han, Ericson & Meyer, 1994; Savitz & Ananth, 1994; Verkasalo et al., 1997)
provided little evidence for such an association. The study by Poole et al.
(1993) is well designed: it compares subjects on properties abutting a power
line right-of-way to subjects further away, and the results appear internally
consistent. The investigators report a relative risk of 2.8 (95% CI: 1.6-5.1).
McMahan, Ericson & Meyer (1994) employed a similar design and measure-
ments to confirm that the homes close to the line have considerably higher
EMF levels than those further away. This study also appears valid but yields
a relative risk of 0.9 (95% CI: 0.5-1.9). McMahan, Ericson & Meyer (1994)
offer a number of possible explanations for the lack of consistency between
these two studies but none of the explanations is convincing (ICNIRP, 2003).

Overall, ICNIRP (2003) conclude that the literature on depressive
symptoms and EMF exposure is difficult to interpret because the findings are
not consistent. This complexity cannot easily be resolved by suggesting that
one type of result can be confined to a group of studies with methodological
problems or some other limitation.

A summary of studies on the effects of ELF field exposure on
depression is given in Table 39.

5.3.2 Suicide

An early case control study carried out in England (Perry et al.,
1981; Reichmanis et al., 1979) found significantly higher EMFs in case
homes than control homes. However, ICNIRP (2003) considers the study
methodologically limited both for the way subjects were selected and for the
statistical analysis employed. Subsequent studies have used a range of differ-
ent approaches to assess exposure, varying from crude techniques based on
distance between home and power lines, or on job titles, to more sophisti-
cated approaches based on detailed information about cohorts of utility
workers (Baris et al., 1996a; Baris et al., 1996b; Baris & Armstrong, 1990;
Johansen & Olsen, 1998a; McDowall, 1986; van Wijngaarden et al., 2000).
Only the latter study provides some support for the original findings,
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although McKinlay et al. (2004) note that the findings were variable. The
two more recent occupational study, based on job titles recorded on death
certificates, report contradictory results (Jirvholm & Stenberg, 2002; van
Wijngaarden, 2003). However, the exposure assessments in these studies
were not as detailed as in the previous occupational studies listed.

In a review of ICNIRP (2003) it was observed that, despite method-
ological limitations, particularly relating to the earlier studies, the detailed
study by Van Wijngaarden et al. (2000) suggested that an excess risk for sui-
cide might exist.

A summary of the ELF suicide studies is given in Table 40.

Tabel 40. Suicide

Study base and sub- Definition and esti- Study RR (95% Cl) Authors
ject identification mation of exposure design and
numbers
Suicide cases and Estimates of residen- Case-control Higher esti- Reichma-
controls in England tial exposure from 589 suicide mated and nis et al.,
power lines cases measured 1979
Measurements at the fields at case Perry et
homes of subjects homes. al., 1981
Male employees in Employment records SMR 2 1.4 (non-sig- Johansen
Danish utility compa- and job exposure 21236 nificant) & Olsen,
nies observed during matrix estimated aver- males in 1998a
1974—-93 age exposure level cohort;
Cases: deaths from Medium and high exposed
suicide in mortality reg- exposure cases
istry
Persons resident in the Home within 50 meters SR @ 0.75 (non-sig- McDow-
vicinity of transmission from substation or 30 8 cases nificant) all, 1986

facilities, in specified = meters from overhead
areas in the UK, at the line
time of 1971 Census

Deaths in England and Job titles on death cer- pR © No increase Baris &
Wales during 1970-72 tificates 495 cases in for electrical  Arm-
and 1979-83 Electrical workers in  glectrical workers. strong,
aggregate as well as  occupations 1990
specific jobs
Male utility workers,  Job exposure matrix =~ Case-control No evidence Baris et
Quebec, Canada, based on Positron 49 cases for effects of al.,
1970-88 measurements was 215 controls magnetic 1996a;
Cases: deaths from created. E- and B-and fields. Some 1996b
suicide in mortality reg- pulsed fields from support for
istry average and geometric some electric
Controls: 1% random means and from cumu- field indices.
sample from the cohort lative and current
exposure
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Table 40. Continued

Male electric utility Jobs and indices of Case-control Electrician:  van Wijn-
workers cumulative exposure 36 cases 218 gaarden
based on measure- 5348 con-  (1.25-3.80) etal,
ment survey trols Line worker: 2000
1.59
(1.18-2.14)
Swedish male electri- Job exposure matrix ~ Cohort study SMR Jarvholm
cians in construction -33719 Electricians: & Sten-
industry electricians  0.58 berg,
Swedish death register (0.31 uT) (0.47-0.71) 2002

- 72653 Glass and
glass and woodwork-
woodwork-  ers: 0.81
ers (0.27-  (0.72-0.91)

0.29 uT)
- general
population
United States death ~ Occupation code; Case-control 1.3 (1.2-1.4) van Wijn-
certificate files for the usual occupation and 11 707 cases gaarden,
years 1991 and 1992 industry on the death 132 771 con- 2003
certificates trols

@ SMR: Standardized Mortality Ratio.
® PMR: Proportional Mortality Ratio.

54 Animal studies

Various animal models have been used to investigate possible field-
induced effects on brain function and behaviour. These include effects on
neurotransmitter levels, electrical activity, field detection and the perfor-
mance of learned tasks. Overall, a few field-dependent responses have been
tentatively identified but even the most consistent effects appear small in
magnitude and transient in nature.

5.4.1 Perception and field detection

It is known that animals can detect the presence of low frequency
electric fields, possibly as a result of surface charge effects (Weigel & Lund-
strom, 1987). Using appropriate behavioural techniques, a number of studies
using rats (Sagan et al., 1987; Stell, Sheppard & Adey, 1993; Stern et al.,
1983; Stern & Laties, 1985; reviewed in ICNIRP, 2003; NIEHS, 1998; NRC,
1997) indicate that the threshold for field detection is about 3—13 kV m™.
Detection thresholds are similar in a variety of other species, with thresholds
reported at 5-15 kV m™ in baboons (Orr, Rogers & Smith, 1995a), and 30—
35kV m™ in miniature swine (Kaune et al., 1978).

Detection thresholds for magnetic fields in animals are less clear
and show greater variability than those for electric fields (ICNIRP, 2003).
Using a conditioned suppression paradigm, Smith, Clarke & Justesen (1994)

145



reported that rats were able to detect ELF magnetic fields as low as 200 uT,
although the validity of this result has been questioned by Stern & Justesen
(1995).

A summary of studies on perception and detection of fields is given
in Table 41.

Table 41. Perception and field detection

Endpoint Exposure Response Comment Authors
ELF electric fields
Rats: operant 60 Hz Threshold of Stern et
behaviour up to 55 kV m™ between 3 and 10 al., 1983
Electric field acting  prief daily expo- kV m™. Stern &
as cue or discrimi-  syres Laties,
native stimulus 1985
Rats: operant 60 Hz Threshold of 8 or 13 Sagan et
behaviour ~ upto27kvm’ kV m™' depending al., 1987
Electric field acting  prief daily expo-  on the test protocol.
as cue sures
Rats: effect of air 60 Hz Threshold of 7.5 Detection  Stell,
current on operant  yp to 25 kV m™' kV m™' unaffected  below Sheppard
behaviour brief daily expo- by wind-induced ~ threshold & Adey,
Electric field acting sures hair movement. increased; 1993
as cue results diffi-

cult to inter-

pret.
Baboons: operant 60 Hz Average threshold Orr, Rog-
behaviour 4-50 kV m™ of 12 kV m™"; range ers &
Electric field acting  prief daily expo- of 515 kV m-". Smith,
as cue sures 1995a
Handford minature 60 Hz Threshold of 30-35 Kaune et
swine: drinking up to 55 kV m™ kV m™. al., 1978

behaviour (n=4) brief (20 s) repeated
Electric fields acts  exposures

as conditioned stim-

ulus

ELF magnetic fields
Rats: conditioned 7, 16, 30, 60 and 65 All magnetic fields Temporal  Smith,

suppression of Hz effective as cue for rather than Clarke &
operant behaviour 200 uyT-1.9mT conditioned magnetic Justesen,
1h/day, 5days/ response suppres- field condi- 1994;
week, 5 weeks sion. tioning? Stern,
1995

146



54.2 Arousal and aversion

Initial exposure to power-frequency electric fields in excess of
detection thresholds may cause transient arousal and stress responses in
rodents and non-human primates (Coelho, Easley & Rogers, 1991; Easley,
Coelho & Rogers, 1991; Rosenberg et al., 1983; Rosenberg, Duffy & Sacher,
1981; reviewed in IARC, 2002; ICNIRP, 2003). These responses appear to
habituate quickly following prolonged exposure. There is also some evi-
dence that animals may avoid exposure to intense electric fields (e.g. Hjere-
sen et al., 1980; 1982), and that such fields can elicit aversive behaviours
following exposure to high field strengths in rats (Creim et al., 1984) and in
non-human primates (Rogers, Orr & Smith, 1995; Stern & Laties, 1989). The
results of the latter study indicated that electric fields at levels of up to 65 kV
m! are not highly aversive to non-human primates.

Exposure of baboons to combined 60 Hz electric and magnetic
fields at 6 kV m™ and 50 pT or at 30 kV m™ and 100 uT did not produce sig-
nificant changes in social behaviour (Coelho, Rogers & Easley, 1995) previ-
ously seen to be affected by exposure to electric fields alone (Coelho, Easley
& Rogers, 1991; Easley, Coelho & Rogers, 1991). While it is possible that
the magnetic field may have modulated the electric field-induced responses,
it was considered that some of the animals in the later experiment may have
become desensitised by prior subthreshold electric field exposure.

Acute exposure to power frequency magnetic fields at up to 3 mT
does not appear to induce aversive behaviour (Lovely et al., 1992). Such
results suggest that the arousal responses observed using electric fields are
not caused by field-induced internal electric fields, and may be attributed to
body-surface interactions. One study reported that long-term, intermittent
exposure to 50 Hz at 18 mT reduced behavioural responses (“irritability”)
induced by tactile and somatosensory stimuli in rats (Trzeciak et al., 1993).
Another study reported that exposure to specific combinations of static and
low frequency fields affected exploratory behaviour in rats (Zhadin, Deryug-
ina & Pisachenko, 1999). Exposure to conditions corresponding to the puta-
tive cyclotron resonance for calcium ions reduced this behaviour, and
exposure to conditions for magnesium ions increased it.

Studies on arousal and aversion in experimental animals are sum-
marized in Table 42.
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5.4.3 Brain electrical activity

A number of animal studies have investigated if acute exposure to
low frequency electric and magnetic fields can affect brain electrical activity
demonstrated in the EEG or as evoked potentials following presentation of a
sensory stimulus (e.g. Blackwell, 1986; Dowman et al., 1989, reviewed by
NIEHS, 1998; Sienkiewicz, Saunders & Kowalczuk, 1991). The results of
these studies are somewhat mixed and difficult to interpret, but none sug-
gests any obvious hazard (ICNIRP, 2003). Some of these studies may have
been confounded by experimental design: for example, it has long been rec-
ognised that recording electrical potentials through electrodes attached to the
skull is liable to produce artefacts in the presence of EMFs. Two more recent
studies reported significant EEG changes in rabbits during magnetic field
exposure (Bell et al., 1992) and in rats following magnetic field exposure
(Lyskov et al., 1993c). However, the possibility of an artefact or of false pos-
itive results complicates interpretation of both studies (NIEHS, 1998). A
summary of studies on brain electrical activity in experimental animals
exposed to ELF fields is given in Table 43.

Table 43. Brain electrical activity

Endpoint Exposure Response Comment Authors
ELF electric fields
Rats: CNS neu- 15,30 and 50 Hz  No overall effect on Anaesthesia- Black-

ronal activity in 100 V m™" (peak— firing rate; some  depressed well,
anaesthetised ani- peak) synchrony at 15 responsive- 1986
mals during expo- and 30 Hz. ness.

sure

ELF magnetic fields

Rabbits: EEG 5Hz, 100 uT Increased EEG sig- Possibility of ~ Bell etal.,
recordings during DC + 25 Hz, 64 uT nalinresponse to5 induction arte- 1992
exposure 25 Hz, 1 uT Hz. fact.
Rats: EEG record- 45 Hz Dose-dependent  Induced cur-  Lyskov et
ings from Sprague- 126 uT, intermittent increase in signifi- rents possibly al., 1993c
Dawley rats before 1.26 mT, 24 h cant changes to increased due
and after exposure exposure twice, 24 EEG pattern follow- to permanent

h apart ing exposure. electrodes.

Electric & magnetic fields

Macaque mon- 60 Hz Most measures Dowman
keys: auditory, 3 kV m™"and 10 uT unaffected. etal.,
visual and soma- 10 kV m~' and 30 Decreased ampli- 1989
tosensory evoked |\ tude of late compo-
pott_antlill_s recorfied 30 KV ™ and 90 nents of
during “field off’ T somatosensory
period. W evoked potentials.

3 weeks
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5.44 Neurotransmitter function

A number of studies have investigated the potential of ELF fields to
affect the levels of different neurotransmitters within various regions of the
brain. Neurotransmitters are chemical substances released from nerve cells
which enable the transmission of information to adjacent nerve cells
equipped with appropriate receptors and may also have more widespread
effects when released into the circulation. Different neurotransmitter systems
are associated with different functions: the main groups are the cholinergic
neurotransmitters such as acetylcholine, the biogenic amines comprising the
catecholamines, including dopamine, norepinephrine (noradrenaline), epi-
nephrine (adrenaline), and serotonin, the amino acid neurotransmitters such
as glutamate and aspartate, and the peptide neurotransmitters such as the opi-
oids. Most groups have important roles in brain function, the latter two
almost exclusively so. Altered transmitter levels can be associated with func-
tional changes but interpretation is usually difficult (NIEHS 1999).

These data have been most recently reviewed by ICNIRP (2003).
Early studies (e.g. Vasquez et al., 1988; Zecca et al., 1991) reported effects
of both acute and chronic exposure to intense electric fields on catechola-
mine and amino acid neurotransmitter levels in some parts of the brain, but
values often stayed within the normal range. More recently, Margonato et al.
(1995) reported that chronic exposure to 50 Hz magnetic fields at 5 uT had
no effect on levels of norepinephrine, dopamine and its major metabolites, or
5-hydroxytryptamine or its major metabolite in the striatum, hypothalamus,
hippocampus or cerebellum. However, in a companion study, Zecca et al.
(1998) reported effects on norepinephrine levels in the pineal gland but not
elsewhere in the brain following chronic exposure to combined electric and
magnetic fields at either 1 kV m™ and 5 pT or 5 kV m™ and 100 pT. In addi-
tion, intensity-dependent changes were reported in the opioid receptor sys-
tem in the frontal cortex, parietal cortex and hippocampus, but not in other
brain areas investigated.

Other studies have also investigated field-dependent changes in
opioid-related physiology in molluscs and in mammals. In a series of related
experiments, Kavaliers, Prato and colleagues (e.g. Kavaliers & Ossenkopp,
1986a; Kavaliers & Ossenkopp, 1986b; Kavaliers, Ossenkopp & Hirst, 1984;
Ossenkopp & Kavaliers, 1987) have indicated that various types of ELF
magnetic fields may affect the endogenous opioid systems and modulate the
response of both groups of animals to the analgesic effects of injected opiates
such as morphine (reviewed by Kavaliers et al., 1994; Kavaliers & Ossen-
kopp, 1991). These responses are complex, and magnetic fields appear to
have a differential effect on the functions of different opioid receptor sub-
types. There is evidence that the mechanism for these effects may involve
changes in calcium ion channel function in mice (Kavaliers et al., 1998) and
in protein kinase C activity, nitric oxide (NO) release and NO synthase activ-
ity in the land snail Cepaea nemoralis (1998; Kavaliers, Ossenkopp & Tys-
dale, 1991). Further studies with land snails suggest that the field induced
analgesic effects depend on the relative direction of the applied fields (Prato
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et al., 1995) as well as the presence of light (1997; Prato, Kavaliers & Car-
son, 1996; 2000).

In another series of experiments, it was reported that the acute
exposure of rats to a 60 Hz magnetic field at 0.75 mT decreased activity in
the cholinergic pathways in the frontal cortex and hippocampus (Lai et al.,
1993). These effects were blocked by naltrexone, but not by naloxone
methiodide, which was taken as evidence that magnetic fields affected
endogenous opioids only within the central nervous system. Further studies
showed the changes in cholinergic activity appeared to be mediated by acti-
vation of endogenous opioids (Lai, Carino & Ushijima, 1998). There also
appears to be some interaction between exposure duration and field intensity,
such that longer exposures (3 hours) at lower intensity fields (0.05 mT) could
induce changes in cholinergic activity similar to those induced by shorter
exposure at higher intensity (Lai & Carino, 1999).

Overall, limited changes in neurotransmitter levels in different parts
of the rodent brain have been reported. Although of less direct relevance to
human health, similar results have been reported in the molluscan nervous
system. The biological significance of the changes seen in mammals is diffi-
cult to assess without corroborative changes in brain function and behaviour.
However, several studies suggest possible EMF effects on the opioid and
cholinergic systems which can be modulated by appropriate antagonists and
should be studied further. Studies on the effects of ELF fields on neurotrans-
mitters and analgesia are summarized in Table 44.

5.4.5 Cognitive function

Early studies with macaque monkeys reported that exposure to ELF
electric fields at well below detection thresholds may affect operant perfor-
mance (IARC, 2002; ICNIRP, 2003). However, well-conducted studies
using baboons found that exposure to 60 Hz electric fields at 30 and 60 kV
m! had no sustained effect on the performance of two operant schedules
(Rogers et al., 1995a; 1995b) although initial exposure may contribute
towards producing a temporary interruption in responding.

Similarly, studies using 60 Hz electric and magnetic fields (Orr,
Rogers & Smith, 1995b) indicated that combined exposure to 6 kV m™ and
50 uT or to 30 kV m™ and 100 T had no effect on operant performance on a
delayed match-to-sample task in baboons. This result is generally consistent
with earlier results from other research groups using non-human primates
(reviewed by ICNIRP, 2003; NIEHS, 1998; Sienkiewicz, Saunders & Kow-
alczuk, 1991). However, one study using rats (Salzinger et al., 1990) sug-
gested exposure to 60 Hz fields of 30 kV m™ and 100 uT may exert subtle
effects on performance that depend on the time of testing within the light-
dark cycle.
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Several recent studies using the Morris water maze or radial arm
maze have investigated the effects of magnetic fields on spatial memory and
place learning. These studies provide evidence that exposure of rats, mice or
voles to power frequency fields at ~100 uT and above may modulate task
performance (Kavaliers & Ossenkopp, 1993 Kavaliers et al., 1996; Lai,
1996; Lai, Carino & Ushijima, 1998; Sienkiewicz et al., 1998; Sienkiewicz,
Haylock & Saunders, 1998). Exposure to complex pulsed magnetic fields
may also affect performance (McKay & Persinger, 2000; Thomas & Pers-
inger, 1997). In addition, much evidence has accrued over the last decade
that effects may also occur using specific combinations of static and time-
varying fields (see Sienkiewicz, Haylock & Saunders, 1998). The mecha-
nism for these effects has been partly explored and the changes in behaviour
have been attributed to decreases in cholinergic functions caused by field-
induced changes in endogenous opioid activity (Lai, 1996; Lai, Carino &
Ushijima, 1998; Thomas & Persinger, 1997).

The conditions to produce any of these phenomena are not well
defined, and both deficits and enhancements in performance have been
observed and one study did not report any field-dependent effects (Sienk-
iewicz, Haylock & Saunders, 1996). It is feasible that these differences in
outcome may depend on experimental or other variables including the timing
and duration of exposure relative to learning (McKay & Persinger, 2000;
Sienkiewicz et al., 2001). While these results suggest that the neural repre-
sentations or processes underlying the performance of spatial memory tasks
may be vulnerable to the effects of magnetic fields, some part of the
observed outcome may be attributable to changes in arousal (IARC, 2002;
ICNIRP, 2003) or in motivation (Thomas & Persinger, 1997). Nevertheless,
the transient nature and small magnitudes of the responses do not suggest an
obvious deleterious effect.

Two studies using rodents have investigated the effects of magnetic
fields on recognition memory. Using the field conditions putatively identi-
fied as having an acute effect of spatial memory, Sienkiewicz et al. (2001)
found no effects on the performance of an object recognition task by mice.
Animals were exposed for 45 minutes to a 50 Hz field at 7.5, 75 or 750 uT.
However, Mostafa, Mostafa & Ennaceur et al. (2002) reported that discrimi-
nation between familiar and novel objects was impaired in rats following
chronic exposure at 200 uT for 2 weeks.

Stern et al. (1996) failed to replicate the results of earlier studies
(Liboff, McLeod & Smith, 1989; Thomas, Schrot & Liboff, 1986) suggest-
ing exposure to combined static and power frequency magnetic fields,
arranged to simulate the cyclotron resonance conditions for lithium ions, sig-
nificantly impaired operant performance. The earlier positive results were
attributed to possible confounding.

A summary of studies on cognitive function in animals is given in
Table 45.

157



Table 45. Cognitive function

Endpoint Exposure Response Comment Authors
Spatial memory
ELF magnetic fields
Meadow voles and 60 Hz Enhanced per- Suggests Kavaliers
deer mice: water 100 uT formance opi- magnetic field & Ossen-
maze performance 5 min during task ate-induced reduces opi- kopp,
acquisition reduction abol- ate activity. 1993
ished by mag- Kavaliers
netic field etal.,
exposure in deer 1996
mice.
Rats: radial arm 60 Hz Performance Suggests Lai, 1996
maze performance 750 uT reduced. Effect magnetic field
45 min prior to behav- abolished by reduces cho-
ioural testing cholinergic linergic activ-
antagonist. ity.
Mice: radial arm 50 Hz No effect. Sienk-
maze performance 5, 50 or 500 uT or 5 iewicz,
mT during behav- Haylock &
ioural testing (up to 15 Saunders,
min) 1996
Rats: radial arm Pulsed (burst firing ~ Some differ- Small num-  Thomas &
maze with operant pattern for 1 sec every ences were ber of ani- Persinger,
task at the end of 3 sec) seen between  mals; 1997
each arm 1-4 uT the exposed and complex post
5 or 30 min immedi- sham exposed hoc interpre-
ately or 30 min after 8 animals. tation of data.
training sessions
Rats: water maze 60 Hz No effect on per- Reduced Lai, Car-
performance 1mT formance but swim speed. ino & Ush-
1 h prior to behav- retention ijima, 1998
ioural testing impaired.
Mice: radial arm 50 Hz No overall effect No effect on  Sienk-
maze performance 7.5, 75, or 750 uT or but transiently = movement or iewicz et
7.5 mT prior to behav- reduced acquisi- motivation.  al., 1998;
ioural testing tion rate. 1998
Rats: complex A complex low inten- Exposure imme- McKay &
radial maze perfor- sity magnetic field of diately after Persinger,
mance between 200-500 nT training impaired 2000

for 1 h of a 2 h period
between training and

testing

spatial memory
and those imme-
diately before
testing impaired
motivation.
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Table 45. Continued

Mice: spontaneous 50 Hz No significant McKay &
object recognition 7.5, 75, or 750 uT field-dependent Persinger,
task between initial testing effects. 2000
and re-testing Sienk-
iewicz et
al., 2001
Rats: spontaneous 50 Hz Significant Significant Mostafa,
object recognition 200 uT decrease in dis- corticoster-  Mostafa &
task 1 or 2 weeks crimination one elevation Ennaceur,
between famil- in exposed 2002
iar and novel animals.
objects.

Operant behaviour

ELF electric fields

Baboons: multiple 60 Hz Exposure on day Rogers et
FR (fast) and DRL 30 or 60 kV m™" 1 induced tem- al., 1995a
(slow) schedules 6 weeks during porary work

behavioural testing ~ stoppage.

Static and ELF magnetic fields

Rats: multiple FR  Static field of 26 yT  DRL response  Cyclotron res- Thomas,
(fast) and DRL plus 60 Hz field of up impaired; tem- onance condi- Schrot &

(slow) schedules  to 200 pT poral discrimina- tions for Liboff,
30 min prior to oper- tion reduced. lithium. 1986
ant testing Liboff,
McLeod &
Smith,
1989
Rats: multiple FR  Static field of 26 or 27 No effect. Attempted Stern et
(fast) and DRL MT plus 60 Hz field of replication of al., 1996
(slow) schedules 50 or 70 uT Thomas et al.
30 min prior to behav- 1986,

ioural testing

ELF electric and magnetic fields

Rats: multiple ran- 60 Hz Reduced perfor- Two replicate Salzinger
dom interval (RI) 100 pT, 30 kV m™' mance in studies. etal,
schedule inadult 20 h/ day, 22 days in €xposed rats. 1990
males exposed utero and 8 days post-

perinatally followed natally
by extinction and
reconditioning

Baboons: delayed 60 Hz No effect. Orr, Rog-
match-to-sample 6 kv m™, 50 pT ers &
procedure (light- 35 kv m-! 100 T Smith,

flash stimulus) 1995b

6 weeks during
behavioural testing
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5.5 Conclusions

Exposure of volunteers to power frequency electric fields causes
well-defined biological responses, ranging from perception to annoyance,
through surface electric-charge effects. These responses depend on field
strength, ambient environmental conditions, and individual sensitivity. The
thresholds for direct perception by 10% of volunteers varied between 2 and
20 kV m™!, while 5% found 15-20 kV m™ annoying. The spark discharge
from a person to ground is found to be painful by 7% of volunteers in a field
of 5kV m™!. Thresholds for the discharge from an object through a grounded
person depend on the size of the object and therefore require specific assess-
ment.

High field strength, rapidly pulsed magnetic fields can stimulate
peripheral or central nerve tissue; such effects can arise during MRI exposure
and are used in transcranial magnetic stimulation. Threshold induced electric
field strengths for direct nerve stimulation could be as low as a few volts per
metre. The threshold is likely to be constant over a frequency range between
a few hertz and a few kilohertz. People suffering from or predisposed to epi-
lepsy are likely to be more susceptible to induced ELF electric fields in the
CNS. Furthermore, sensitivity to electrical stimulation of the CNS seems
likely to be associated with a family history of seizure and the use of tricyclic
antidepressants, neuroleptic agents and other drugs that lower the seizure
threshold.

The function of the retina, which is part of the CNS, can be affected
by exposure to much weaker ELF magnetic fields than those that cause direct
nerve stimulation. A flickering light sensation, called magnetic phosphenes
or magnetophosphenes, results from the interaction of the induced electric
field with electrically excitable cells in the retina. Threshold electric field
strengths in the extracellular fluid of the retina have been estimated to lie
between about 10-100 mV m™' at 20 Hz. There is, however, considerable
uncertainty attached to these values.

The evidence for other neurobehavioural effects in volunteer stud-
ies, such as the effects on brain electrical activity, cognition, sleep, hypersen-
sitivity and mood, is less clear. Generally, such studies have been carried out
at exposure levels below those required to induce effects described above,
and have produced evidence only of subtle and transitory effects at best. The
conditions necessary to elicit such responses are not well defined at present.
There is some evidence suggesting the existence of field-dependent effects
on reaction time and reduced accuracy in the performance of some cognitive
tasks, which is supported by the results of studies on the gross electrical
activity of the brain. Studies investigating EMF-induced changes in sleep
quality have reported inconsistent results. It is possible that these differences
may be attributable in part to differences in the design of the studies.

Some people claim to be hypersensitive to EMF. However, the evi-
dence from double blind provocation studies suggests that the reported
symptoms are unrelated to EMF exposure.
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There is only inconsistent and inconclusive evidence that exposure
to ELF electric and magnetic fields causes depressive symptoms or suicide.
Thus, the evidence is considered inadequate.

In animals, the possibility that exposure to ELF fields may affect
neurobehavioral functions has been explored from a number of perspectives
using a range of exposure conditions. Few robust effects have been estab-
lished. There is convincing evidence that power-frequency electric fields can
be detected by animals, most likely as a result of surface charge effects, and
may induce transient arousal or mild stress. In rats, the detection range is
between 3 and 13 kV m™. Rodents have been shown to be aversive to field
strengths greater than 50 kV m™'. Other possible field-dependent changes are
less well-defined and generally laboratory studies have only produced evi-
dence of subtle and transitory effects. There is some evidence that exposure
to magnetic fields may modulate the functions of the opioid and cholinergic
systems, and this is supported by the results of studies investigating the
effects on analgesia and on the acquisition and performance of spatial mem-
ory tasks.
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6 NEUROENDOCRINE SYSTEM

The pineal and pituitary neuroendocrine glands, both situated in the
brain and intimately connected with and controlled by the nervous system,
release hormones into the blood stream which exert a profound influence on
body metabolism and physiology, particularly during development and
reproduction, partly via their influence on the release of hormones from other
endocrine glands situated elsewhere in the body. These studies have been
reviewed by NIEHS (1998), IARC (2002), McKinlay et al. (2004) and
recently by AGNIR (20006).

The hypothesis, first suggested by Stevens (1987), that exposure to
EMFs might reduce melatonin secretion and thereby increase the risk of
breast cancer has stimulated a number of human laboratory studies and
investigations of circulating melatonin levels in people exposed to EMFs in
domestic or occupational situations.

6.1 Volunteer studies

The majority of studies have investigated the effects of EMF expo-
sure, mostly to power frequencies, on circulating levels of the pineal hor-
mone melatonin (or on the urinary excretion of a metabolite of melatonin).
Fewer studies have been carried out on circulating levels of pituitary hor-
mones or other hormones released from other endocrine glands such as the
thyroid gland, adrenal cortex and reproductive organs.

6.1.1 The pineal hormone: melatonin

Melatonin is produced by the pineal gland in the brain in a distinct
daily or circadian rhythm which is governed by day length. It is implicated in
the control of daily activities such as the sleep/wake cycle and in seasonal
rhythms such as those of reproduction in animals that show annual cycles of
fertility and infertility. Maximum serum levels occur during the night, and
minimum levels during the day, even in nocturnally active animals. Night-
time peak values of serum melatonin in humans, however, can vary up to
ten-fold between individuals (Graham et al., 1996). It has been suggested
that melatonin has a negative impact on human reproductive physiology, but
that any changes are slight compared to those seen in experimental animals
(Reiter, 1997). However, the overall evidence suggests that human melatonin
rhythms are not significantly delayed or suppressed by exposure to magnetic
fields (AGNIR, 2001b; IARC 2002; ICNIRP, 2003; NIEHS, 1998; although
see Karasek & Lerchl, 2002).

6.1.1.1 Laboratory studies

Several laboratory studies have been carried out in which volun-
teers, screened for various factors which might have influenced melatonin
levels, were exposed or sham exposed overnight to circularly or horizontally
polarized intermittent or continuous power-frequency magnetic fields. No
significant effects of exposure on night-time serum melatonin levels were
found (Crasson et al., 2001; Graham et al., 1996; Graham, Cook & Riffle,
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1997; Kurokawa et al., 2003a; Selmaoui, Lambrozo & Touitou, 1996; War-
man et al., 2003a). Other studies, using the excretion of the major urinary
metabolite of melatonin as a surrogate measures of serum melatonin, also
found no effect (Akerstedt et al., 1999; Crasson et al., 2001; Graham et al.,
2001a; Graham et al., 2001b; Selmaoui, Lambrozo & Touitou, 1996). The
use of the urinary excretion data complicates interpretation, however, since
information regarding any possible phase shift in melatonin production is
lost. Griefahn (2001; 2002) found no effect of exposure to 16.7 Hz magnetic
fields on hourly saliva melatonin concentration.

Some positive effects have been reported, but these have generally
not proved consistent. An initial report (Graham et al., 1996) of a magnetic
field-induced reduction of night-time serum melatonin levels in volunteers
with low basal melatonin levels was not confirmed using a larger number of
volunteers. It is possible that the initial positive findings were due to chance
with a relatively small number of subjects. However, the results of a study
investigating the effects of night-time exposure to 60 Hz fields for four
nights (Graham et al., 2000b) suggested a weak cumulative effect of expo-
sure. Exposed subjects showed more intra-individual variability in the over-
night levels of excretion of melatonin or its major metabolite on night 4,
although there was no overall effect on levels of melatonin.

Wood et al. (1998) exposed or sham exposed male subjects to an
intermittent, circularly-polarised, power-frequency magnetic field at various
times during the dusk or night and measured the effect on night-time serum
melatonin levels. The results indicated that exposure prior to the night-time
rise in serum melatonin may have delayed the onset of the rise by about half
an hour and may have reduced peak levels, possibly in a sensitive sub-group
of the study population. However, exposure categorisation was made post-
hoc (Wood et al., 1998) and the result can only be considered to be explor-
atory.

6.1.1.2 Residential and occupational studies

Several studies of responses have been carried out in people in resi-
dential or occupational situations. These are naturally more realistic than lab-
oratory studies but suffer from diminished control of possible confounding
factors, such as differences in lifestyle (Warman et al., 2003b). With regard
to domestic exposure, one study (Wilson et al., 1990) has examined the pos-
sible effects on volunteers exposed at home to pulsed EMFs generated by
mains or DC-powered electric blankets over a 6—10 week period. Overall, no
effect of exposure was seen on the urinary excretion of the major urinary
metabolite of melatonin (aMT6s). However, transient increases in night-time
excretion were seen in the periods following the onset of a period of electric
blanket use and following the cessation of the period of electric blanket use
in seven of 28 users of one type of electric blanket. This observation may,
however, be rather weak given the lack of correspondence of the effect with
field condition and the fact that responsiveness was only identified following
the separate analysis of the excretion data from each of 42 volunteers, of
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which some analyses may have turned out positive by chance (Hong et al.,
2001). In contrast, Hong et al. (2001) found no significant field dependent
effects on melatonin rhythms in nine men following 11 weeks of night-time
exposure. In this study, the urinary excretion of aMT6s was followed in five
urine samples collected each day. This study too, however, exercised very
little control over possible confounding by environmental and lifestyle fac-
tors.

Several more recent studies relating to residential exposure have
been carried out. Davis et al. (2001) reported lower nocturnal levels of mela-
tonin, measured as the excretion of aMT6s, in women with a history of breast
cancer to be associated with higher bedroom magnetic field levels, once
adjustment had been made for hours of daylight, age, body mass index, cur-
rent alcohol consumption and the use of certain medications. Levallois et al.
(2001) found no relation of night-time excretion of aMT6s to proximity of
the residence to power lines or to EMF exposure. There were, however, sig-
nificantly stronger relations to age and obesity (out of five variables for
which the authors investigated effect modification) in women who lived
close to power lines than in those who lived more distantly. In a general
review of all these studies, IARC (2002) concluded that it was difficult to
distinguish between the effects of magnetic fields and those of other environ-
mental factors. In a later study, Youngstedt et al. (2002) found no significant
associations between several measures of magnetic field exposure in bed (but
not elsewhere) and various measures of the urinary excretion of aMT6s in
242 adults, mostly women, aged 50-81.

A number of other studies have examined urinary metabolite excre-
tion in occupationally exposed workers. For railway workers, Pfluger &
Minder (1996) reported that early evening aMT6s excretion (taken as an
index of daytime serum melatonin levels) but not early morning excretion
was decreased in exposed workers. However, the authors noted that the
effects of differences in daylight exposure, which suppresses night-time
melatonin, could not be excluded. In a study of electric utility workers,
Burch et al. (1998; 1999) found no overall effect of exposure on night-time
aMT6s excretion (taken as an index of night-time melatonin levels) when
considering mean levels of exposure. The authors did find lower levels of
night-time excretion in individuals exposed to temporally more stable mag-
netic fields, raising some questions as to the interpretation of these data. A
reduction in melatonin levels was found to be associated with working near
3-phase conductors and not near 1-phase conductors, indicating a possible
role of field polarisation (Burch et al., 2000). Burch, Reif & Jost (1999) also
found that reduction of aMT6s excretion was associated with high geomag-
netic activity. Juutilainen et al. (2000) found that occupational exposure to
magnetic fields produced by sewing machines did not affect the ratio of Fri-
day morning/Monday morning levels of aMT6s excretion, suggesting that
weekends without workplace exposure did not change melatonin response.
Average Thursday night excretion (Friday morning sample) was lower in
exposed compared to control workers.
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In a study of a further group of male electrical utility workers,
Burch et al. (2002) investigated nocturnal excretion of aMT6s in men with
high compared with low or medium workplace 60-Hz exposure. After adjust-
ing for light exposure at work, reduced melatonin levels were found within
men with high cellular phone use; the effect was not present in those with
medium or no such phone use. Touitou et al. (2003) found no effect on serum
melatonin levels or the overnight excretion of urinary aMT6s in workers at a
high voltage substations chronically exposed to 50 Hz magnetic fields com-
pared to white collar workers from the same company.

A preliminary study by Arnetz & Berg (1996) of daytime serum
melatonin levels in visual display units (VDU) workers (sex not given)
exposed to ELF and other frequency electromagnetic fields (values not
given) reported a slightly larger decrease during VDU work compared to lei-
sure time. The biological significance of this small daytime effect is not at all
clear, given that serum melatonin peaks during the night.

In a study by Lonne-Rahm et al. (2000), 24 patients with electro-
magnetic hypersensitivity and 12 controls were exposed to a combination of
stress situations and electric and magnetic fields from a VDU. Blood samples
were drawn for circulating levels of stress-related hormones (melatonin, pro-
lactin, adrenocorticotrophic hormone, neuropeptide Y and growth hormone).
In double-blind tests, none of these parameters responded to the fields, nei-
ther alone nor in combination with stress levels.

Table 46 summarizes the human melatonin studies.

6.1.2 Pituitary and other hormones

Few studies of EMF effects on hormones of the pituitary and other
endocrine glands have been carried out. Principal pituitary hormones investi-
gated in EMF studies include several hormones involved in growth and body
physiology, particularly thyroid-stimulating hormone (TSH) which controls
the function of the thyroid gland and the release of thyroxin; adrenocortico-
tropic hormone (ACTH), which regulates the function of the adrenal cortex
and particularly the release of cortisol; and growth hormone (GH), which
affects body growth. Hormones released by the pituitary which have impor-
tant sexual and reproductive functions have also been studied, particularly
follicle stimulating hormone (FSH), luteinising hormone (LH) and prolactin.
Both FSH and LH influence the function of the testis and the release of test-
osterone.

Three laboratory studies have investigated the possible effects of
acute exposure to power-frequency magnetic fields and power-frequency
electric and magnetic fields on TSH, thyroxin, GH, cortisol, FSH, LH and
testosterone in men (Maresh et al., 1988; Selmaoui, Lambrozo & Touitou,
1997) and GH, cortisol and prolactin in men and women (Akerstedt et al.,
1999). Overall, no effects were found.

An occupational study (Gamberale et al., 1989) of linesmen work-
ing on “live” or “dead” 400-kV power lines found no effect of combined
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electric and magnetic field exposure over a working day on daytime levels of
serum TSH, cortisol, FSH, prolactin, LH and testosterone. A preliminary
study (Arnetz & Berg, 1996) of VDU workers (sex not specified) exposed to
ELF electric and magnetic fields (exposure not given) reported elevated
ACTH levels at work compared to leisure time; an effect, as the authors note,
which is probably attributable to work-related factors other than EMFs.

The studies on the effects of ELF on the human pituitary and endo-
crine system are summarized in Table 47.

Table 47. Human pituitary and other endocrine studies

Endpoint Exposure Response Comment Authors
ELF magnetic fields
Laboratory studies
Night-time serum 50 Hz No differences ~ Well designed, Selmaoui,
levels of TSH, thy- 10 uT, continu- between exposed double-blind Lambrozo &
roxin, cortisol, FSH ous or intermit- and sham- study. Touitou,
and LH in young tent exposed. 1997
men overnight from

23.00 to 08.00 h
Night-time levels of 50 Hz No effect. Double blind Akerstedt et
GH, cortisol and 1uT study. al., 1999
prolactin in men during sleep
and women (24.00 to 08.00

h)
ELF electric and magnetic fields
Laboratory study
GH, cortisol and 60 Hz No effect. Double-blind Maresh et
testosterone in 9kV m~' and 20 study. al., 1988
young men uT

2 h following 45

min rest
Occupational studies
Day-time serum 50 Hz No effect. Counterbalanced Gamberale
TSH, cortisol, FSH, 2.8 kV m™ and presentation of etal., 1989
prolactin, LH, and 233 T “live” and “dead”
testosterone in 4.5 h during power lines.
linesmen working  working day
on “live” and “dead”
400 kV power lines
Morning and after- Exposure Increase in Samples col- Arnetz &
noon serum ACTH details not serum ACTH dur- lected Oct — Feb. Berg, 1996

levels in VDU work- given.
ers during one

working and one lei-

sure day

ing the day was Experimental pro-
statistically signif- tocol briefly

icant at work (0.6 described. No
pmol/l). but not  measured fields;
leisure (0.1 no control over
pmol/l) lifestyle etc.
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6.2 Animal studies

A large number of studies have been carried out investigating the
effects of EMF on circulating melatonin levels in animals, because of the
possible links between EMF and breast cancer. The impact of melatonin on
reproduction is particularly pronounced in seasonally breeding animals,
where the effect varies depending on the length of gestation in order to
ensure that the offspring are born in late spring when food is plentiful. Thus,
for melatonin, the studies have been subdivided into those on laboratory
rodents, which have short gestational periods and seasonally breeding ani-
mals and primates, which are more closely related to humans.

6.2.1 Melatonin

As indicated above, Stevens (1987) first suggested that chronic
exposure to electric fields may reduce melatonin secretion by the pineal
gland and increase the risk of breast cancer. This followed reports particu-
larly by Wilson et al. (1981) of a significant overall reduction in pineal mela-
tonin in rats chronically exposed to 60 Hz electric fields and by Tamarkin et
al. (1981) and Shah, Mhatre & Kothari (1984) of increased DMBA-induced
mammary carcinogenesis in rats with reduced melatonin levels. However,
the significance of these observations for humans is not clearly established.

6.2.1.1 Laboratory rodents

Few studies have been carried out using mice. In a study by Picazo
et al. (1998) a significant reduction in the night-time serum melatonin levels
of mice exposed up to sexual maturity for four generations to power fre-
quency magnetic fields was observed.

A great many more studies have been carried out using rats. The
effects of electric fields were investigated before interest turned predomi-
nantly to magnetic fields. Several studies by one group of authors (Reiter et
al., 1988; Wilson et al., 1981; Wilson et al., 1983; Wilson, Chess & Ander-
son, 1986) reported that the exposure to electric fields significantly sup-
pressed pineal melatonin and the activity of the N-acetyl-transferase enzyme
(NAT) important in the synthesis of melatonin in the pineal gland. This
effect was transient, appearing within three weeks of exposure but recovered
within three days following the cessation of exposure. Subsequently, how-
ever, the same laboratory (Sasser et al., 1991) reported in an abstract that it
was unable to reproduce the E-field-induced reduction in pineal melatonin.
Another laboratory (Grota et al., 1994) also reported that exposure to power-
frequency electric fields had no effect on pineal melatonin levels or NAT
activity, although serum melatonin levels were significantly depressed.

Further work used rats to investigate the effect of exposure to
power-frequency magnetic fields. An early study by Martinez-Soriano et al.
(1992) was inconclusive because of technical difficulties. A more extensive
series of tests has been carried out by Kato et al. (1993; 1994a; 1994b;
1994c; 1994d, summarized in Kato & Shigemitsu, 1997). They studied the
effects of exposure to circularly- or linearly-polarised power-frequency mag-
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netic fields of up to 250 uT for up to 6 weeks on pineal and serum melatonin
levels in male rats. These authors reported that exposure to circularly
polarised but not linearly polarised field reduced night-time serum and pineal
melatonin levels. However, a major difficulty with the interpretation of many
of the studies by this group was that the sham-exposed groups were some-
times treated as a “low dose” exposed groups because they were exposed to
stray magnetic fields (of less than 2%) generated by the exposure system.
Thus, statistical comparison was sometimes made with historical controls.
Such procedures fail to allow for the inter-experimental variability that was
reported in replicate studies by Kato & Shigemitsu (1997). Results from four
further groups who have investigated magnetic-field effects on serum and
pineal melatonin levels in rats (Bakos et al., 1995; Bakos et al., 1997; Bakos
et al., 1999; John, Liu & Brown, 1998; Lischer, Mevissen & Lerchl, 1998;
Mevissen, Lerchl & Loscher, 1996; Selmaoui & Touitou, 1995; Selmaoui &
Touitou, 1999) were inconsistent but mostly negative.

Table 48 summarizes the studies into effects of ELF fields on mela-
tonin in experimental animals.

6.2.1.2 Seasonal breeders

Four different laboratories have investigated the effects of EMF
exposure on pineal activity, serum melatonin levels and reproductive devel-
opment in animals which breed seasonally. A series of studies by Yellon and
colleagues (Truong, Smith & Yellon, 1996; Truong & Yellon, 1997; Yellon,
1994; Yellon, 1996; Yellon & Truong, 1998) investigated magnetic field
exposure of Djungarian hamsters in which the duration of melatonin secre-
tion during the shortening days of autumn and winter inhibit reproductive
activity. These authors reported that a brief exposure to a power-frequency
magnetic field 2 h before the onset of darkness reduced and delayed the
night-time rise in serum and pineal melatonin. In expanded replicate studies
no reduction in melatonin was observed and no effect was seen on reproduc-
tive development. In contrast to this work, Niehaus et al. (1997) reported that
the chronic exposure of Djungarian hamsters to “rectangular” power-fre-
quency magnetic fields resulted in increased testis cell numbers and night-
time levels of serum melatonin. However, the results are not easy to inter-
pret: increased melatonin levels in the Djungarian hamster are usually
accompanied by decreased testicular activity. Wilson et al. (1999) investi-
gated the effect of exposure to power-frequency magnetic fields on pineal
melatonin levels, serum prolactin levels and testicular and seminal vesicle
weights in Djungarian hamsters moved to a ”short day” light regime in order
to induce sexual regression. Night-time pineal melatonin levels were reduced
following acute exposure but this effect diminished with prolonged expo-
sure. In contrast, induced sexual regression, as indicated by the testicular and
seminal vesicle weights, seemed to be enhanced rather than diminished by
prolonged magnetic field exposure, suggesting a possible stress response.
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Table 49. Melatonin levels in seasonally breeding animals

Endpoint Exposure Response Comment  Authors
ELF magnetic fields
Djungarian hamsters
Night-time pineal 60 Hz Reduced and Consider- Yellon,
and serum mela- 100 T delayed night-time  able variabil- 1994
tonin levels 15 min, 2 h before  peak; diminished and ity between
dark absent in 2" and 3™ replicate
replicates. studies.
Night-time pineal 60 Hz Reduced and Consider- Yellon,
and serum mela- 100 T delayed night-time  able variabil- 1996
tonin levels; adult 15 min, 2 h before peak; diminished in ity between
male reproductive dark; second study  2nd replicate study; replicate
status over 3-week period nog effect on melato- studies.
nin-induced sexual
atrophy.
Night-time pineal 60 Hz No effect on pineal or Second part Yellon,
and serum mela- 100 uT serum melatonin; no of above 1996
tonin levels; adult 15 min, 2 h before  effect on melatonin- paper.
male reproductive dark for 3 weeks induced sexual atro-
status phy.
Night-time pineal 60 Hz Reduced and Consider- Truong,
and serum mela- 100 T delayed night-time  able variabil- Smith &
tonin levels; male 15 min, 2 h before  peak; absentin 2" ity in Yellon,
puberty, assessed dark from 16-25 replicate study. No ~ melatonin 1996
by testes weight days of age effect on develop- levels
ment of puberty. between rep-
licate stud-
ies.
Night-time pineal 60 Hz No effect. Truong &
and serum mela- 10 or 100 pT (contin- Yellon,
tonin levels uous) or 100 uT 1997
(intermittent)
15 or 60 min before
or after onset of dark
period
Night-time rise in 60 Hz No effect, even in Yellon &
pineal and serum 100 pT absence of photope- Truong,
melatonin levels; 15 min per day, in riodic cue. 1998
testes weight complete darkness,
for up to 21 days
Night-time pineal 50 Hz Increased cell num- Animals on  Niehaus
and serum mela- 450 pT (peak) sinu- ber and night-time  long day etal.,

tonin levels; testis
cell numbers

soidal or 360 pT
(peak) rectangular
56 days

serum melatonin lev- schedule; dif- 1997
els after rectangular ficult inter-
field exposure. pretation.
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Table 49. Continued

Night-time pineal 60 Hz Reduced pineal Authors sug- Wilsonet
melatonin levels, 100 or 500 T, contin- melatonin after 15  gest a stress- al., 1999
and testis and uous and/or intermit- min exposure; like effect.

seminal vesicle  tent reduced gonad

weights in short  starting 30 min or 2 h weight but not mela-
day (regressed) before onset of dark- tonin after 42 day

animals ness; for up to 3 h up exposure.

to 42 days
ELF electric and magnetic fields
Suffolk sheep
Night-time serum 60 Hz No effect of EMFs;  Two repli- Lee et
melatonin levels kv m” and 4 pT, strong seasonal cate studies; al., 1993;
and female generated by over-  effects. open air con- 1995
puberty, detected head power lines ditions.
by rise in serum 10 months
progesterone

The third set of studies of EMF effects on seasonal breeders con-
cerned Suffolk sheep; these have a long gestational period and become repro-
ductively active in the autumn, as day length shortens. In two replicate
studies (Lee et al., 1993; 1995), Suffolk lambs were exposed outdoors to the
magnetic fields generated by overhead transmission lines for about 10
months. The authors reported no effect of exposure on serum melatonin lev-
els or on the onset of puberty.

Table 49 summarizes the studies into effects of ELF fields on mela-
tonin in seasonal breeders.

6.2.1.3 Non-human primates

Non-human primates are close, in evolutionary terms, to humans
and share many similar characteristics. Rogers et al. (1995b; 1995a) studied
responses in male baboons. Generally, no effect on night-time serum melato-
nin levels was seen (Rogers et al., 1995a). However, a preliminary study
(Rogers et al., 1995b), based on data from only two baboons, reported that
exposure to an irregular, intermittent sequence of combined electric and
magnetic fields in which switching transients were generated, resulted in a
marked suppression of the night-time rise in melatonin. These studies are
summarized in Table 50.
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Table 50. Melatonin levels in non-human primates

Endpoint Exposure Response Comment Authors

ELF electric and magnetic fields

Night-time 60 Hz No effect. Rogers et
serum melato- 6 kV m™ and 50 pT, 6 weeks al.,

nin level in 30 kV m-1 and 100 HT 3 1995a
baboons weeks '

Night-time 60 Hz Reduced Preliminary Rogers et
serum melato- 6 kV m™ and 50 pT or 30 kV serum melato- study ontwo  al.,

nin level in m" and 100 T nin levels. baboons. 1995b
baboons

irregular and intermittent
sequence for 3 weeks

6.2.2 The pituitary and other hormones

The pituitary gland, like the pineal gland, is intimately connected to
the nervous system. It releases hormones into the blood stream either from
specialised neurosecretory cells originating in the hypothalamus region of
the brain, or from the cells in the pituitary whose function is under the con-
trol of such neurosecretory cells via factors released into a specialised hypo-
thalamic-pituitary portal system. The main pituitary hormones investigated
in EMF studies include several involved in growth and body physiology, par-
ticularly thyroid-stimulating hormone (TSH), which controls the function of
the thyroid gland, adrenocorticotrophic hormone (ACTH), which regulates
the function of the adrenal cortex, and growth hormone (GH), which affects
body growth, and hormones which have important sexual and reproductive
functions, particularly follicle stimulating hormone (FSH), luteinising hor-
mone (LH) and prolactin (or luteotrophic hormone).

6.2.2.1 Pituitary-adrenal effects

The possibility that EMF might act as a stressor has been investi-
gated in a number of studies that have examined possible effects of EMF
exposure on the release of hormones involved in stress responses, particu-
larly ACTH and cortisol and/or corticosterone released from the adrenal cor-
tex. For ELF electric fields, Hackman & Graves (1981) reported a transient
(minutes) increase in serum corticosterone levels in young rats immediately
following the onset of exposure to levels greatly in excess of the electric field
perception threshold; however, exposure for longer durations had no effect.
A lack of effect of prolonged exposure to ELF fields has been reported by
other authors on ACTH levels (Portet & Cabanes, 1988) and on cortisol/cor-
ticosterone levels (Burchard et al., 1996; Free et al., 1981; Portet & Cabanes,
1988; Quinlan et al., 1985; Thompson et al., 1995). Two studies, both limited
by small numbers of animals, reported positive effects of exposure to power
frequency electric (de Bruyn & de Jager, 1994) and magnetic (Picazo et al.,

178



1996) fields on the diurnal rhythmicity of cortisol/corticosterone levels in
mice.

6.2.2.2 Other endocrine studies

Studies of TSH levels and of the thyroid hormones (T3 and T4),
which have a major influence on metabolic functions, have been carried out
in three studies. No effect on serum TSH levels was found (Free et al., 1981;
Portet & Cabanes, 1988; Quinlan et al., 1985); in addition, no effects were
reported on serum thyroxin (T3 and T4) levels in rabbits (Portet & Cabanes,
1988), but T3 levels were reduced in rats (Portet and Cabanes, 1988).
Growth hormone levels were reported to increase in rats intermittently
exposed for 3 h (Quinlan et al., 1985), but were reported to be unaffected fol-
lowing prolonged (3—18 weeks) electric-field exposure at the same level
(Free et al., 1981).

Similarly negative or inconsistent data exist concerning possible
effects of ELF field exposure on hormones associated with reproduction and
sexual development. Prolactin, FSH, LH and testosterone levels in rats were
reported unaffected by exposure to power-frequency electric fields (Margo-
nato et al., 1993; Quinlan et al., 1985); similar results for prolactin were
reported by Free et al. (1981), but variable effects on FSH levels were seen
during development and serum testosterone levels were reported to be
decreased in adults. In contrast, an increase in serum prolactin levels was
reported in Djungarian hamsters briefly exposed to ELF magnetic fields
(Wilson et al., 1999), and an increase in serum progesterone in cattle exposed
to combined electric and magnetic fields (Burchard et al., 1996). In a subse-
quent study, Burchard et al. (2004) found that continuous exposure to an
electric field for 4 weeks had no effect on circulating levels of progesterone,
prolactin and insulin-like growth factor.

Table 51 summarizes the studies investigating the effects of ELF
fields on hormone levels in experimental animals.

6.3 In vitro studies

In vitro studies of exposure to EMFs divide into two types of inves-
tigation: effects on the production of melatonin by cells from the pineal
gland; and effects on the action of melatonin on cells. Some studies have
investigated the effects of static magnetic fields, but these have not been
reviewed here.
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Table 51. The pituitary and other hormones

Endpoint

Exposure

Response

Comment Authors

ELF electric fields

Mice

Serum levels of 60 Hz

corticosterone in 10 kV m-’

adult male mice 22 h per day for 6
generations

Elevated daytime
but not night-time
levels compared to
controls.

Small num-  de Bruyn
bers and vari- & de
able daytime Jager,
data. 1994

Rats

Serum levels of 60 Hz

TSH, GH, FSH, 100 kV m™ (unad-

prolactin, LH, cor- justed)

ticosterone and 20 h per day for 30
and/or 120 days
young and adult  (adults) or from 20—
56 days of age
(young)

testosterone in

male rats

Serum corticos- 60 Hz
terone levels in

Serum levels of 60 Hz

TSH, GH, prolac- 100 kV m™, continu-

tin and corticos-  ous or intermittent
terone in adult 10or3h

male rats

Serum levels of 50 Hz

TSH, ACTH, thy- 50 kV m"’
roxin (T;+T,)and g8 h per day for 28

corticosterone in  days
young male rats

Serum levels of 50 Hz

_ 25 or 50 kV m™’
adult male mice. 5 min per day up to
42 days

Testosterone levels
significantly
decreased after 120
days; no other con-
sistent effects in
adults; significant
changes in FSH lev-
els in young rats.

Transient increase
in serum levels at
onset of exposure.

Increase in GH lev-
els in rats exposed
intermittent for 3 h,
but not 1 h; no other
effects.

No significant
effects except T,
(but not T,)
reduced.

No significant

Variable Free et
changes in al., 1981
hormone

plasma con-

centration

during devel-

opment.

Positive con- Hackman

trol group; & Graves,
incomplete 1981
presentation

of data.

Care taken to Quinlan
avoid extrane- et al.,
ous confound- 1985
ing factors.

Portet &
Cabanes,
1988

Variable data. Margo-

FSH, LH and test- 25 or 100 kV m~’ effects. nato et
osterone in adult 8 h per day for up to al., 1993
male rats 38 weeks

Rabbits

Serum levels of 50 Hz No significant Portet &
GH, ACTH, thy- 50 kV m™" effects. Cabanes,
roxin (T3 +T4)and 16 h per day from 1988

corticosterone

last 2 weeks of ges-
(and cortisol) in 6 tation to 6 weeks
week old rabbits  after birth
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Table 51. Continued
ELF magnetic fields

Mice

Serum cortisol 50 Hz Loss of diurnal Small num-  Picazo et
levels in adult 15 uT rhythmicity; day- bers per al., 1996
male mice 14 weeks prior to time levels felland  group.

conception, gesta-  night-time levels
tion and 10 weeks rose.
post gestation

Djungarian hamsters

Serum levels of 60 Hz Prolactin levels ele- Incomplete Wilson et
prolactin in adult 100 T vated 4 h after dark presentation al., 1999
male Djungarian 15 min before dark following acute but of prolactin
hamsters on long 100 pT, intermittent/ not chronic expo-  data.
or short days continuous sure.

45 min per day

before dark for 16—

42 days

6.3.1 Effects on melatonin production in vitro

There are only a few studies that have investigated the effect of
magnetic fields on melatonin production in vitro. All used rodents as the
source of pineal gland cells but there are marked differences in their method-
ology. Most used power frequencies (50 or 60 Hz), but the field strength (50
uT—1 mT) and duration (1-12 h) differ between the studies. Direct measures
include melatonin content or melatonin release from cells. Indirect measures
can be made from the activity of N-acetyltransferase (NAT), an enzyme
involved in the synthesis of melatonin, or of hydroxyindole-O-methyltrans-
ferase (HIOMT), an enzyme responsible for methylation and hence release
of melatonin from the cells. Most of the studies have stimulated pharmaco-
logically the production of melatonin in the isolated glands by the addition of
noradrenaline (NA) or isoproterenol.

Lerchl et al. (1991) exposed pineal glands from young rats,
removed during the day light period, to a combination of a static field (44
uT) and a low frequency magnetic field (44 uT at 33.7 Hz), the theoretical
conditions for cyclotron resonance of the calcium ion. Exposure caused a
reduction in NAT activity, melatonin production and melatonin release into
the culture medium. Rosen, Barber & Lyle (1998) also used pineal glands
from the rat, but this study was different to the other studies in that the pineal
gland was separated into individual cells. The overall result was that mag-
netic field exposure caused a statistically significant 46% reduction in stimu-
lated melatonin release. Chacon (2000) used rat pineal glands to study NAT
activity. The enzyme activity decreased by approximately 20% after 1 h
exposure to the highest field strength tested (1000 pT) but was not signifi-
cantly altered by field strengths of 10 or 100 pT. The interpretation of the
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result may be complicated by the removal of the pineal gland during the rats’
dark period, which may have had an effect on melatonin synthesis and a con-
founding effect on the result.

A study by Brendel, Niechaus & Lerchl (2000) used pineal glands
from the Djungarian hamster. It also differed from the previous studies in
that the glands were maintained in a flow-system, so that changes of melato-
nin released from the glands could be monitored throughout the duration of
the experiment. The experimental protocol appears to have been well-
designed with random allocation of exposure or sham to identical exposure
systems and the experiments run blind. The authors concluded that EMF
inhibited melatonin production in both the 50 Hz and 16.67 Hz experiments.
However there is only one time point in one of four experiments that the
melatonin released is statistically different from the sham exposed. Similarly,
a study by Tripp, Warman & Arendt (2003) used a flow system to detect
changes of melatonin release during the course of the exposure. The expo-
sure was for 4 h to a circularly polarised magnetic fields at 500 pT, 50 Hz.
Samples were taken every 30 min; the process used remote collection to
avoid potential artefacts involved in manual collection. The glands were not
stimulated pharmacologically and no field-dependent changes in melatonin
release were detected.

Lewy, Massot & Touitou (2003) used rat pineal glands isolated in
the morning and hence during the 12 h light period. The glands were exposed
for 4 h to a 50 Hz magnetic field at 1 mT. The activity of enzymes NAT and
HIOMT was measured, as well as the release of melatonin into the incuba-
tion liquid. In contrast to many other studies, field exposure given simulta-
neously with NA or 30 min prior to NA administration caused a significant
increase (approximately 50%) in melatonin release. There was no change in
melatonin release due to field exposure in glands that had not been stimu-
lated by NA.

6.3.2 Effects on the action of melatonin in vitro

The main interest in this area was caused by the claim that exposure
to magnetic fields can block the inhibitory effect of melatonin on growth of
breast cancer cells. The original work was reported by Liburdy et al. (1993)
in a study using a human oestrogen-responsive breast cancer cell line (MCF-
7). They found that the proliferation of MCF-7 cells can be slowed by the
addition of physiological concentrations of melatonin (1 nM). However, if
the cells are simultaneously exposed to a 60 Hz, 1.2 uT magnetic field, then
the effect of melatonin on the rate of proliferation is reduced. The effects are
fairly small and can only been seen after 7 days in culture. They suggested
that the magnetic field disrupted either the ligand/receptor interaction or the
subsequent signalling pathway. The authors found no effect at a magnetic
field strength of 0.2 puT and suggested a threshold between 0.2 uT and 1.2
uT. No effect was seen using field exposure alone. A similar effect of a 60
Hz field was reported by Harland & Liburdy (1997) but using tamoxifen
(100 nM) rather than melatonin to bring about the initial inhibition. The
effect has been reported in other cell lines, namely a second breast cancer
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cell line, T47D, (Harland, Levine & Liburdy, 1998) and a human glioma cell
line SF757 (Afzal, Levine & Liburdy, 1998). However, as previously noted
(AGNIR, 2001b; NIEHS, 1998), the effect seen in the initial study (Liburdy
et al., 1993) was small (10-20 % growth over 7 days) and some concern was
noted regarding the robustness of the effect.

Blackman, Benane & House (2001) set out to replicate these find-
ings, using the MCF-7 cells supplied by Liburdy, but with a modified and
improved experimental protocol. Melatonin caused a significant 17% inhibi-
tion of MCF-7 growth (p < 0.001), even though the standard errors of the
estimated growth statistics showed considerable overlap. This reported effect
was abolished by exposure to a 60 Hz magnetic field at 1.2 pT, confirming
the results of Liburdy et al. (1993). In addition, tamoxifen caused a 25% inhi-
bition in cell numbers, which was reduced to a 13% inhibition by exposure to
a 60 Hz magnetic field at 1.2 pT. This result confirmed the results reported
by Harland & Liburdy (1997), in which a 40% inhibition was reduced to
25% by EMF exposure. A later study by Ishido (2001) exposed MCF-7 cells
(supplied by Liburdy) to 0, 1.2 or 100 uT at 50 Hz for 7 days. Melatonin at
concentrations of 10 M or higher induced inhibition of intracellular cyclic
AMP which was blocked by exposure to a 50 Hz field at 100 uT. Similarly
DNA synthesis, which was inhibited by 10"'! M melatonin levels, was par-
tially released by exposure at 1.2 pT.

However, although the MCF-7 cell line has undoubtedly provided a
useful model to investigate effects on isolated breast cancer cells it is only
one possible model in cells that have been separated from their natural envi-
ronment and therefore its implication for breast cancer in general is limited.
The cell line is rather heterogeneous; different subclones show different
growth characteristics (e.g. Luben & Morgan, 1998; Morris et al., 1998) rais-
ing the possibility that the effects were specific to individual subclone phe-
notypes. The effects of stronger magnetic fields were studied by Leman et al.
(2001) in three breast cancer cell lines that were reported to have different
metastatic capabilities: MDA-MB-435 cells, which were considered to be
highly metastatic, MDA-MB-231 cells which were considered to be weakly
metastatic, and MCF-7 cells, which were considered as non-metastatic. Only
the weakly and non-metastatic cells responded to melatonin and optimum
inhibition was achieved at ImM concentration of melatonin (a million-fold
higher than used in the Liburdy study). Exposure for 1 h to a pulsed field at
300 uT repeated for 3 days had no effect on growth in either cell line.

The in vitro studies into the effects of ELF magnetic fields on mela-
tonin are summarized in Table 52.
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Table 52. Magnetic field effects on melatonin

Endpoint Exposure Response Comment Authors
Effects on melatonin production in vitro
NA stimulation of mela- Static field and Reduced produc- Opposite to Lerchl et
tonin production and  33.7 Hz, 44 puT tion and release. expected effect al., 1991
release from rat pineal 2.5 h of calcium ions.
gland
NA stimulation of mela- 60 Hz Reduced Rosen,
tonin release fromrat 50 uT release. Barber &
pineal cells 12h Lyle, 1998
NAT activity in rat 50 Hz Decreased NAT Chacon,
pineal glands 10, 100 uT or 1 activity at the 2000
mT highest expo-
1h sure level only.
Isoproterenol stimula- 50 Hz or 16.7 Melatonin pro-  Continuous flow Brendel,
tion of melatonin pro- Hz duction reduced. system used Niehaus &
duction in Djungarian 86 pT allowing tempo- Lerchl,
hamster pineal gland 8 h ral resolution of 2000
any effect.
Melatonin release from 50 Hz No effect on Continuous flow Tripp,
rat pineal gland 0.5mT melatonin system used Warman &
4h release. allowing tempo- Arendt,
ral resolution of 2003
any effect.
NA stimulated melato- 50 Hz Melatonin Lewy,
nin release from rat TmT release increase. Massot &
pineal gland. 4h Touitou,
2003
Effects on cell responses to melatonin or tamoxifen in vitro
Melatonin inhibition of 60 Hz EMF exposure  Small (10-20%) Liburdy et
MCF-7 cell growth 1.2uT reduced growth effect. al., 1993
7 days inhibition.
Tamoxifen inhibition of 60 Hz EMF exposure Harland &
MCF-7 cell growth 1.2uT reduced growth Liburdy,
7 days inhibition. 1997
Melatonin or Tamox- 60 Hz EMF exposure  Standard errors Black-
ifen inhibition of MCF-7 1.2 uT reduced growth on growth statis- man,
cell growth 7 days inhibition by tics show con-  Benane &
melatonin and  siderable House,
tamoxifen. overlap. 2001
Melatonin inhibition of 50 Hz Reduction of Ishido,
cAMP and DNA syn- 1.2 0r 100 yT  melatonin 2001
thesis in MCF-7 cells 7 days induced inhibi-
tion.
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Table 52. Continued

Melatonin inhibition of 2 Hz pulsed No effect on cell Leman et
growth of 3 breast can- field; pulse growth. al., 2001
cer cell lines including width 20 ms
MCF-7 0.3mT

1 h per day for

3 days
6.4 Conclusions

The results of volunteer studies as well as residential and occupa-
tional studies suggests that the neuroendocrine system is not adversely
affected by exposure to power-frequency electric and/or magnetic fields.
This applies particularly to the circulating levels of specific hormones of the
neuroendocrine system, including melatonin, released by the pineal gland,
and a number of hormones involved in the control of body metabolism and
physiology, released by the pituitary gland. Subtle differences were some-
times observed in the timing of melatonin release or associated with certain
characteristics of exposure, but these results were not consistent. It is very
difficult to eliminate possible confounding by a variety of environmental and
lifestyle factors that might also affect hormone levels. Most laboratory stud-
ies of the effects of ELF exposure on night-time melatonin levels in volun-
teers found no effect when care was taken to control possible confounding.

From the large number of animal studies investigating power-fre-
quency EMF effects on rat pineal and serum melatonin levels, some reported
that exposure resulted in night-time suppression of melatonin. The changes
in melatonin levels first observed in early studies of electric-field exposures
up to 100 kV m™! could not be replicated. The findings from a series of more
recent studies which showed that circularly-polarised magnetic fields sup-
pressed night-time melatonin levels were weakened by inappropriate com-
parisons between exposed animals and historical controls. The data from
other magnetic fields experiments in laboratory rodents, covering intensity
levels over three orders of magnitude from a few microtesla to 5 mT, were
equivocal, with some results showing depression of melatonin but others
showing no change. In seasonally breeding animals, the evidence for an
effect of exposure to power-frequency fields on melatonin levels and melato-
nin-dependent reproductive status is predominantly negative. No convincing
effect on melatonin levels has been seen in a study of non-human primates
chronically exposed to power-frequency fields, although a preliminary study
using two animals reported melatonin suppression in response to an irregular
and intermittent exposure.

The effects of ELF exposure on melatonin production or release in
isolated pineal glands was variable, although relatively few in vitro studies
have been undertaken. The evidence that ELF exposure interferes with the
action of melatonin on breast cancer cells in vitro is intriguing and there
appears to be some supporting evidence in terms of independent replication
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using MCF-7 cells. However this system suffers from the disadvantage that
the cell lines frequenctly show genotypic and phenotypic drift in culture that
can hinder transferability between laboratories.

With the possible exception of transient (minutes duration) stress
following the onset of ELF electric field exposure at levels significantly
above perception thresholds, no consistent effects have been seen in the
stress-related hormones of the pituitary-adrenal axis in a variety of mamma-
lian species. Similarly, mostly negative or inconsistent effects have been
observed in amounts of growth hormone, levels of hormones involved in
controlling metabolic activity or associated with the control of reproduction
and sexual development, but few studies have been carried out.

Overall, these data do not indicate that ELF electric and/or mag-
netic fields affect the neuroendocrine system in a way that would have an
adverse impact on human health and the evidence is thus considered inade-
quate.
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7 NEURODEGENERATIVE DISORDERS

A number of studies have examined associations between exposure
to electromagnetic fields and Alzheimer disease, motor neuron disease and
Parkinson disease. These diseases may be classed as neurodegenerative dis-
eases as all involve the death of specific neurons. Although their aetiology
seems different (Savitz, 1998; Savitz, Loomis & Tse, 1998), a part of the
pathogenic mechanisms may be common. Most investigators examine these
diseases separately. In relation to electromagnetic fields, amyotrophic lateral
sclerosis (ALS) has been studied most often.

Radical stress, caused by the production of reactive oxygen species
(ROS) and other radical species such as reactive nitrogen species (RNS), is
thought to be a critical factor in the modest neuronal degeneration that occurs
with ageing. It also seems important in the aetiology of Parkinson disease
and ALS and may play a part in Alzheimer disease (Felician & Sandson,
1999). Superoxide radicals, hydrogen peroxide (H,0,) and hydroxyl radicals
are oxygen-centered reactive species (Coyle & Puttfarcken, 1993) that have
been implicated in several neurotoxic disorders (Liu et al., 1994). They are
produced by many normal biochemical reactions, but their concentrations are
kept in a harmless range by potent protective mechanisms (Makar et al.,
1994). Increased free radical concentrations, resulting from either increased
production or decreased detoxification, can cause oxidative damage to vari-
ous cellular components, particularly mitochondria, ultimately leading to cell
death by apoptosis (Bogdanov et al., 1998).

Several experimental investigations have examined the effect of
ELF electromagnetic fields on calcium exchange in nervous tissue and other
direct effects on nerve tissue function. A variety of effects of ELF exposure
of potential relevance to neurodegenerative disease have previously been
reported (Lacy-Hulbert, Metcalfe & Hesketh, 1998). These include small
increases (Blackman et al., 1982; 1985), but also decreases (Bawin & Adey,
1976), in Ca>" efflux from brain tissue, in vivo and in vitro, inhibition of out-
growth of neurites from cultured neurons (Blackman, Benane & House,
1993), and an increase in superoxide production from neutrophils (Roy et al.,
1995).

It is conceivable that prolonged exposure to ELF fields could alter
Ca*" levels in neurons and thus induce oxidative stress through its influence
on mitochondrial metabolism. On the other hand, the biological evidence,
particularly concerning the response of neurons, is limited.

Neurons can be directly activated by strong electrical currents (see
Chapter 5, especially section 5.2.2). Some evidence, discussed in sections 5.1
and 5.2, suggests that ELF exposure might modulate ongoing electrical activ-
ity in the CNS, although studies on hormone and neurotransmitter levels
have generally reported no effect or only minor influences of ELF exposure
(see section 5.4.4). While these effects are unlikely to be damaging, espe-
cially in the short term, there is the possibility that prolonged exposure to
ELF fields could synchronize certain neurons of high sensitivity (perhaps
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especially the large motor neurons), possibly leading to voltage-activated
Ca®’ entry, which could have a damaging effect on the neurons. There might
also be an accumulation of extracellular glutamate relative to GABA
(gamma-aminobutyric acid), which could have excitotoxic effects on sur-
rounding neurons.

It is possible that even modest cellular effects of ELF fields may
exacerbate pathological changes in otherwise compromised neurons. For
instance, intercellular transfer of metabolites and ions via gap junctions has
been shown to be affected by exposure to 0.8 mT (but not 0.05 mT) magnetic
fields (Li et al., 1999).

In contrast to the effect of ELF it has been suggested that exposure
to electric shocks may increase the risk for ALS (Haynal & Regli, 1964).
Electric currents may damage brain tissue by disturbing the circulation. It has
also been speculated that severe electric shocks cause a massive synchro-
nized discharge of neurons, which might release sufficient glutamate to pre-
cipitate toxic changes, as outlined above (AGNIR, 2001a). No mechanism
has been identified, however, that could provide a coherent explanation of
the observed association between exposure to ELF or electric shocks and
these neurodegenerative diseases.

71 Alzheimer disease

7.1.1 Pathology

Alzheimer disease (AD) is characterized clinically by progressive
loss of memory and other cognitive abilities (e.g. language, attention). Its
onset is thought to be heralded by a phase of mild cognitive impairment in
which cognition is not normal but not severe enough to warrant a diagnosis
of dementia. The exact duration of mild cognitive impairment is unclear, but
is likely to last at least a few years. Most data on disease duration come from
studies of prevalent AD which suggest that disease duration may average
seven or more years, although a recent study estimated that disease duration
may actually be closer to 3% years from the onset of the manifestations of
dementia. Many persons with AD also develop motor, behavioral, and affec-
tive disturbances. In particular, parkinsonian signs, hallucinations delusions,
and depressive symptoms are present in half or more of persons with the dis-
ease. Data also suggest that these signs are related to increased risk of death
and to rate of cognitive decline. Cholinesterase inhibitor therapy, the main-
stay of symptomatic treatment, is not known to definitively affect disease
course or outcomes.

Although oxidative stress may be involved in the sporadic forms of
AD, the evidence is less compelling. Indices of oxidative damage are signifi-
cantly increased compared with those in age-matched controls (Felician &
Sandson, 1999). Inflammatory and immune responses have also been impli-
cated, although it is difficult to know whether these are secondary to the
other pathological changes. Cellular responses to increased oxidative stress
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appear to be a mechanism that contributes to the varied cytopathology of
AD.

Inflammation in the CNS often occurs in both Parkinson and Alz-
heimer diseases and chronic neurological disorders such as brain trauma,
ischemic stroke (for a review, see Rothwell, 1997). It has long been known
that the extent of inflammatory responses in the CNS is less than observed in
the periphery (for review, see Lotan & Schwartz, 1994; Perry, Brown & Gor-
don, 1987). A cascade of inflammatory responses is orchestrated by micro-
glia (resident macrophages) and astrocytes in the CNS.

The fact that microglia become reactive in the aging brain as the
natural death of neurons occurs (Sloane et al., 1999) suggests that interac-
tions between neurons and glia play an important role in controlling inflam-
matory responses in the CNS. Chang et al. (2001) showed that activation of
microglia in the ageing brain was linked to the death of neurons.

7.1.2 Epidemiology

Sobel et al. (1995) reported the results of three small case-control
studies of AD, two of which had been carried out in Finland and one in the
USA. Occupational histories for demented subjects were obtained from the
most knowledgeable surrogates and, for non-demented controls, by direct
interview. The individuals' primary lifetime occupations were classed blindly
by an industrial hygienist as causing low, medium, or high (or medium to
high) exposure on the basis of previous knowledge. Dressmakers, seam-
stresses, and tailors had not previously been classified as occupations with
high EMF exposure. The classification of medium to high exposure was con-
firmed by measurement of the fields produced by four industrial and two
home sewing machines.

The first Finnish series consisted in 53 men and women with spo-
radic AD and 70 with sporadic vascular dementia; the second of 198 men
and women admitted to a geriatric institution diagnosed as having AD (spo-
radic and familial combined) and 298 controls selected in order from the
alphabetic listing of patients admitted to the long stay internal medicine
wards of the Koskela Hospital in 1978, excluding those with a diagnosis of
dementia or mental retardation, psychosis, depression, general or brain arte-
riosclerosis, Parkinsonism, or multiple sclerosis. The third series consisted in
136 patients admitted to the University of Southern California between 1984
and 1993 with sporadic AD and 106 neuropsychologically normal individu-
als without any known history of dementia or memory problems in first
degree relatives in the communities from which the Alzheimer patients
came. The results are summarized in Table 53. The odds ratio for probable
medium to high exposure compared to low for the three series combined was
3.0 and was hardly altered (2.9 with 95% CI 1.6-5.4) by adjustment for edu-
cation and social class and for age at onset, age at examination, and sex. [In
this study the newly designated category of dressmakers, seamstresses, and
tailors accounted for the greater part of the excess risk from medium to high
exposure occupations (23 out of 36 individuals in the AD series and 8 out of
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16 in the controls). The limitations of the study are use of different control
groups in the three series, particularly patients with vascular dementia who
may in fact have had AD; obtaining job histories by questionnaires; lack of
validation of exposure of the study population; the measure of high expo-
sures among seamstresses was not confirmed in a later and more extensive
study in the US (Kelsh et al., 2003), dependence on proxy respondents for
job histories of cases but not for some of the control.]

A further case-control study, based on patients attending an Alzhe-
imer's Disease Treatment & Diagnostic Center in Downey, California, was
reported by Sobel et al. (1996) in the following year and may be regarded as
constituting a test of the hypothesis formed in the first report. Patients at the
Center had been included in several previous studies and information about
their primary occupation throughout life was extracted from existing forms.
Comparisons were made between 326 patients with probable or definite AD
and 152 control patients with cognitive impairment or dementia due to other
causes, excluding vascular dementia. These were classified in 20 groups, the
largest being head trauma (26) and alcohol abuse (21). These results are also
summarized in Table 53. The odds ratio for a primary occupation that caused
medium or high exposure to EMF, was 3.93 with 95% CI 1.45-10.56. [Again
seamstresses, dressmakers, and tailors combined, in this study, with sewing
factory workers and clothing cutters contributed a relatively high proportion
of the cases with medium or high exposure. The odds ratios in the study were
higher for men than for women, contrary to what had been observed in the
previous study. The limitations of this study were that the cases included 24
patients with unclear diagnoses; the controls were not matched by age or
gender to the cases and were from the same clinic, which specialized in AD;
job histories were obtained by questionnaire; and the exposure of the study
population was not validated. The different designs used in this study and in
the three other studies of Sobel et al. lead to a diverse collection of relative
risks and potential biases].

Table 53. First case-control studies of Alzheimer disease: ELF magnetic field
exposure estimated for primary lifetime occupation

Authors No. of subjects Odds ratio
(medium or high expo-
sure / total)
Cases Controls Univariate Adjusted
Sobel et al., Finnish 1 6/532 3/70 2.9 2.7
1995
Finnish 2 19/198 10/289 3.1 3.2%*
University S. 117136 3/106 3.0 24
California
Sobel et al., 39/326 8/152 2.45* 3.93**
1996

@ Data for one patient missing.
*p<0.05 " p<0.01;** p<0.001
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The findings of subsequent studies, which are summarized in Table
54, present a different picture. Savitz, Loomis & Tse (1998) studied men
aged 20 years and over who were certified as having died from amyotrophic
lateral sclerosis, AD or Parkinson disease in the period 1985-1991 and had
recorded occupations in one of the 25 US states that coded occupational
information on the death certificate. Three controls were selected from all
other men dying in the same states matched with each of the cases and strati-
fied by year of death and age at death in five broad age groups. AD was
given as the cause of 256 deaths and the odds ratio for occupations previ-
ously defined as involving electrical work, adjusted for age, period, social
class and race was 1.2 with 95% CI 1.0-1.4. [The major limitations of this
study are the use of death certificates to assess outcome, particularly since
AD is difficult to diagnose and is often underreported on death certificates;
the small number of cases, and lack of validation in exposure assessment. ]

Feychting et al. (1998) studied 77 men and women with dementia,
55 of whom were classed as having probable or possible Alzheimer disease,
diagnosed when a sample of individuals drawn from the twins registered in
the Swedish Adoption/Twin Study of Ageing were screened for dementia. If
both members of a twin-pair had dementia, one was randomly selected for
inclusion in the study. Two groups of controls were drawn from the same
original sample of twins who, on testing, were mentally intact. Death and
refusal diminished the number of controls available for study and the sam-
ples were reinforced by a few additional persons from another Swedish twin
study. The occupational history of both cases and controls had been recorded
at a structured interview, as part of the mental testing procedure, information
about demented subjects being obtained from a surrogate (mostly spouse or
offspring). Each subject's primary occupation was defined as that held for the
greatest number of years. The relevant information about magnetic field
exposure was obtained from the records of a previous study in which work-
day measurements had been made for a large number of occupations held by
a sample of the population (Floderus et al., 1993; Floderus, 1996). Lack of
data for some occupations and lack of occupational histories for housewives
reduced the number of cases available for analysis to 41 for all dementia and
27 for Alzheimer disease, and to 150 and 164 for the two control groups. No
clear relationship with exposure from the primary occupation was seen for all
dementia: the odds ratios for exposures = 0.2 uT were 1.5 (95% CI 0.6-4.0)
and 1.2 (95% CI 0.5-3.2) against the two control groups, nor for AD where
the odds ratio for exposure = 0.2 pT were respectively 0.9 (95% CI 0.3-2.8)
and 0.8 (95% CI 0.3-2.3). There was, however, some evidence of a relation-
ship with exposure from the last occupation held for both categories: the
odds ratios for exposure = 0.2 uT were for all dementias 3.3 (95% CI 1.3—
8.6) and 3.8 (95% CI 1.4-10.2); and for AD 2.4 (95% CI 0.8-6.9) and 2.7
(95% CI 0.9-7.8). [It is notable that in this study the relationship with mag-
netic fields is stronger for all dementias than for AD, and hence stronger still
for dementias other than AD, which had been used as the controls in some
other studies (Sobel et al., 1995; 1996). The limitations are the small number
of cases, particularly of AD; possible selection bias due to twins who refused
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to be examined; potential information biases in the job histories which were
obtained for cases from proxy respondents; lack of autopsy confirmation of
the diagnosis of AD.]

The results of the two cohort studies with measured exposures for
large random samples of men with different occupations in the electricity
utility industry provide unbiased tests of the hypotheses that the fields can
increase the risk of neurodegenerative disease. The studies were designed to
find out if exposure to 50 Hz magnetic fields increased the risk of leukaemia,
brain cancer, and some other cancers (Johansen & Olsen, 1998b; Savitz &
Loomis, 1995) but the causes of all deaths that occurred over prolonged peri-
ods were recorded and the results can provide relevant information. Such a
test, however, is limited since these are mortality studies which are limited in
investigating causes such as Alzheimer disease which might not be reported
consistently on the death certificate.

One study covering 21 000 Danish workers followed for up to 19
years was reported by Johansen & Olsen (1998a). The standardized mortality
ratio (SMR) for dementia (senile and presenile combined) was less than unity
(0.7) for the total population based on six deaths and still lower for the most
highly exposed group (0.4). [As specified previously, the use of death certifi-
cates for diagnosis of AD is a major limitation, as is the absence of validation
of exposure in the study population.]

The second study covered nearly 140 000 workers employed in five
US utilities and followed from 1950 or 6 months after the date of hire,
whichever was the later, to the end of 1988 (Savitz, Checkoway & Loomis,
1998). The SMR for AD was 1.0, based on 24 deaths. Information was also
obtained on the frequency with which the disease was referred to on the
death certificates as a contributory cause and the 56 deaths for which it was
mentioned as an underlying or contributory cause were related to the individ-
uals' estimated cumulative exposure in terms of puT-years: that is, the time
weighted average exposure multiplied by the number of years exposed. This
provides no evidence of any association between exposure and death from
AD, expressed as relative risk (RR) per pT-year cumulative exposure, either
for career exposure or, for what might be the more relevant, as AD com-
monly lasts for 5 to 10 years before death, for exposure 10—19 years or 20 or
more years before death. [Again, the use of death certificates for diagnosis of
AD is a major limitation.]

Recently Li, Sung & Wu (2002) reported that among 2198 elderly
individuals aged 65 years or over, there was no increased risk of cognitive
impairment due higher levels of exposure to power frequency EMFs from a
previous occupation, higher residential exposure or both and therefore little
support for a link between cognitive impairment and ELF exposure.

Feychting and colleagues (2003) identified all men and women
included in the 1980 Swedish census who were working in 1970 or 1980 and
alive on January 1, 1981 and followed them until December 31, 1995. All
deaths with neurodegenerative disease listed were identified, although AD
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and vascular dementia were not separate categories until January 1, 1987,
thus the follow-up for these started from that date. Information on subjects'
occupational and socioeconomic status (SES) came from census data.

To estimate EMF exposure over the working lifetime, Feychting et
al. used Floderus's 1996 job-exposure matrix, which includes some sample
occupational 50-Hz magnetic field measurements for the 100 most common
jobs held by Swedish men. They also analyzed occupations with the highest
estimated EMF exposure in the matrix, plus a group of “electrical occupa-
tions” reported earlier by others (Sobel and Savitz) as being associated with
higher AD and ALS risk. They calculated person-years of exposure and cre-
ated groups based on 1st (below 0.11 pT) and 3rd quartiles (0.11 to 0.19 uT),
the 90th percentile (0.19 to 0.29 uT) and the 95th percentile (> 0.5 uT). All
risk estimates were adjusted for age and SES.

A total of 2 649 300 men and 2 163 346 women were included.
Overall, AD was not associated with magnetic field exposure of 0.3 uT or
above in men or women. A modest increased risk of AD in men with expo-
sure of 0.5 uT and above in 1970, with a “slightly higher” risk estimate in
1980. Stronger associations were found among men when analyses were lim-
ited to mortality before age 75, and even stronger when follow-up was lim-
ited to 10 years after the 1980 census. The highest risk ratio (RR) of 3.4
(95% CI 1.6-7.0) was reported for men exposed to 0.5 uT or above in 1980.
[The limitations include lack of a complete work history and the reliance on
the job-exposure matrix developed for a different study, use of death certifi-
cates and reliance on census data for occupation and SES.]

Another investigation in Sweden, by Hékansson et al. (2003) evalu-
ated the relationship between occupational 50-Hz magnetic field exposure
and mortality from AD, ALS, Parkinson disease and multiple sclerosis. This
population overlapped with a previous study, but focused on highly exposed
group of workers (resistance welders) with some exposures in the millitesla
range. First, 40 types of occupation where resistance welding could be part
of the job description during the study period 1985 to 1994 were identified.
Income tax records were used to identify subjects employed at any of the
selected work places. A total of 537 692 men and 180 529 women were iden-
tified and about 10% of eligible subjects, 53 049 men and 18 478 women, for
whom either occupation or exposure data were missing were excluded.

The census data from 1980, 1985 and 1990, which included occu-
pation codes and some job descriptions, were used to identify resistance
welders. These 1697 subjects formed the highest exposure group for the
analyses. For assignment to other exposure categories, the same Floderus's
1996 job-exposure matrix, plus some additional “exposure information”
from a 1993 Swedish study for some rare occupations were used. Further,
Hakansson et al. added three other occupations employing mostly women —
“domestic service”, “computer operator” and “other needlework” — not
included in the matrix. They assigned domestic workers to a low exposure
categoryandcomputer operators and needleworkers to a high exposure cate-
gory. As the authors note, overall this cohort was “comparatively young”
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with a median age of 35. Causes of death were ascertained from the Swedish
national death certificate registry. For workers who moved from a higher
exposure level job to a lower one during the study period, the higher level
was used for analysis. If information on a subject was lacking for a given
census period, the earlier data was used.

Hakansson et al. (2003) report elevated relative risk for AD among
exposed men and women, with increasing risk with increasing exposure.
Exposure-response analysis yielded an RR of 3.2 for each increase of 1 uT.
The risk estimate for men and women in the highest exposure category was
4.64 (95% CI 1.40-11.66), but based on only eight cases. [Results rely on
small numbers. No effect is seen if only primary cause of death (without con-
tributing cause) is used. Potential confounding from welders' exposure to
metals might be present.]

The most recent study (Qiu et al.,, 2004) is also from Sweden
(Stockholm). It evaluates lifetime occupational exposures to magnetic field
and Alzheimer disease in a community cohort of individuals 75 years and
older. This cohort was dementia-free at the beginning of the follow-up
(1987-89) and was followed to 1994-96. Information on occupational his-
tory was obtained from a proxy, exposure to magnetic fields was based on
the already mentioned job-exposure matrix and some supplementary infor-
mation focusing on women. Of 931 individuals 202 were diagnosed with AD
based on a structured interview, a clinical examination and psychological
assessment. For the deceased subjects the diagnosis was made by the exami-
nation of medical records by two physicians. Adjustment was made for
numerous potential confounders. Increased risk was seen for men in both
medium lifetime average occupational exposure (RR = 1.7; 95% CI 0.6—4.5)
and high exposure (RR = 2.0; 95% CI 0.7-5.5), but these elevations were not
statistically significant and the broad confidence intervals indicate a high
level of uncertainty. The risk was slightly higher but less consistent when
adjustments for many potential confounders were made. No risk was evident
for women. [Limitations include exposure assessment including information
on jobs held and relevance of the job-exposure matrix used especially for
women. |

When evaluated across all the studies, there is only very limited evi-
dence of an association between estimated ELF exposure and disease risk.
This is mainly confined to the first two studies (Sobel et al., 1995; 1996) and
it is not clearly confirmed by the later studies (Feychting et al., 1998; Fey-
chting et al., 2003; Qiu et al., 2004; Savitz, Checkoway & Loomis, 1998;
Savitz, Loomis & Tse, 1998). The exception might be a study by Hakansson
et al. (2003). The two studies that show excess (Sobel et al., 1995; 1996) may
have been affected by selection bias. Because the study populations are
undefined, there is no way to determine the extent to which the controls are
representative with respect to exposure of the population from which the
cases originated. The Hékansson et al. results depend on the use of a contrib-
uting cause. Use of mortality information for the evaluation of AD is particu-
larly problematic, because this diagnosis is often not reported as an under-
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Table 54. Later studies of Alzheimer disease and dementia unspecified

Authors Exposure (uT) No. of Relative risk (95% Disease
deaths Cl
Savitz, Loomis & Electrical occupation 256 1.2(1.0-1.4) AD
Tse, 1998
Feychting et al., Primary occupation (iy272 0.9 (0.3-2.8) AD
1998 0.2/<0.12 (i) 27 0.8 (0.3-2.3)
Last occupation (i) 29 2.4 (0.8-6.9) AD
0.2/<0.12 (i) 29 2.7 (0.9-7.8)
Primary occupation (i) 41 1.5 (0.6-4.0) Dementia
0.2/<0.12 (ii) 41 1.2(0.5-3.2)
Last occupation (i) 44 3.3 (1.3-8.6) Dementia
0.2/<0.12 (ii) 44 3.8 (1.4-10.2)
Savitz, Checko- Cumulative career 56 0.97 (0.87-1.08)> AD
way & Loomis,
1998
Cumulative 10-19 y before 56 0.47 (0.21-1.04)> AD
death
Cumulative 20 y before 56 0.97 (0.87-1.09)> AD
death
Johansen & Any 6 0.7 Dementia
Olsen, 1998a
Most highly exposed 1 0.4 Dementia
Feychting et al., Occupation in 1970 (males) AD
2003
Reference (< 0.11) 178
3rd quartile (0.12-0.19) 696 1.0 (0.9-1.2)
90th percentile ( 0.20-0.29) 239 1.1 (0.9-1.3)
95th percentile (> 0.5) 90 1.3 (1.0-1.7)
Hakansson et Occupational exposure AD
al., 2003 (males & females)
Reference (< 0.16) 7
Medium (0.16-0.25) 17 1.3(0.5-3.2)
High (0.25-0.53) 8 2.2 (0.6-6.3)
Very high (> 0.53) 8 4.0 (1.4-11.7)
Qiu et al., 2004 Lifetime average occupa- AD
tional exposure (males &
females)
Reference (< 0.15) 69
Medium (0.16-0.18) 64 1.2 (0.9-1.7)
High (> 0.18) 69 1.1(0.7-1.5)

2 (i) & (ii) odds ratios for same cases with two different sets of controls.
b Relative risk per uT-year cumulative exposure.
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lying cause and is underrepresented as a contributing cause as well. Note
that, overall, the studies that did not rely on the death certificates for diagno-
sis appear to be more positive. This should be considered in the interpretation
and development of future studies.

7.2 Amyotrophic lateral sclerosis

7.2.1 Pathology

Amyotrophic lateral sclerosis (ALS) is characterized clinically by
progressive motor dysfunction, including painless muscle wasting and spas-
ticity. Most data on disease duration come from clinic samples which suggest
that disease duration may average only two to three years. Signs of the dis-
ease depend greatly on where the symptoms begin. Brainstem (bulbar) dys-
function may be the first sign in persons presenting with dysphagia or
dysarthria. Alternatively, persons may present with painless wasting and
weakness of a limb, or one side of the body. Persons with ALS may develop
cognitive and autonomic dysfunction. In particular, a frontal lobe dementia
and hypotension may develop. Some data suggest that these signs portend a
more malignant course of disease. As the disease progresses, pulmonary
function and dysphagia result in the need for artificial respiratory support and
the insertion of feeding devices to maintain life. Pathologically, the hall-
marks of the disease are degeneration of anterior horn cells, ubiquinated
inclusions, hardening (sclerosis) of the white matter in the brain and spinal
cord, and degeneration of other motor nuclei. Evidence of degeneration and
regeneration in muscle is thought to be secondary to the loss of anterior horn
cells. About 10% of ALS cases are familial (Brown, 1997).

Trauma has long been suspected as being a cause of motor neuron
disease and specifically of ALS. No clear evidence that it was a cause has,
however, ever been obtained, partly, perhaps, because of variation in the
reports of the type, location, and timing of the trauma in relation to the onset
of the disease and partly because of the probability that the many positive
findings were affected by recall bias, patients with the disease being more
motivated to recall traumatic events than their corresponding controls.

7.2.2 Epidemiology

The results of five case-control studies examining possible etiology
of electric shocks and ALS are summarized in Table 55. Four of them specif-
ically noted the prevalence of electric shocks or injuries and four the propor-
tion of people employed in defined electrical occupations. The first study,
which gave rise to the hypothesis, was reported from Germany by Haynal &
Regli as long ago as 1964. Nine out of 73 patients with ALS had worked in
contact with electricity against five out of 150 controls, giving, according to
Deapen & Henderson (1986) an odds ratio of 4.1.

No further study was reported until seventeen years later, when
Kondo & Tsubaki (1981) described two studies in Japan, one of which
involved a substantial number of cases. Both were essentially negative. In the
first, information was obtained by personal interview from the spouses of
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458 men and 254 women whose deaths were attributed to motor neuron dis-
ease, most of whom had ALS (333 men and 178 women) and the findings
were compared with those obtained from 216 of the widowers and 421 of the
widows, who were used as controls. In the second study, 104 men and 54
women with ALS were interviewed and the findings compared with those in
a similarly sized control group matched for sex, age within 5 years, and area
of residence, about half of whom were “normal”, the others being patients in
the same hospitals with relatively mild neurological disease. Very few sub-
jects in either group reported “electrical injuries”, that is injuries that resulted
in burns, persistent pain, or loss of consciousness, very few were employed
in electrical work, and the relative risks were close to unity.

A small study from the UK (Gawel, Zaiwalla & Rose, 1983)
reported the findings in response to a questionnaire given to 63 patients with
motor neuron disease and 61 undefined controls whose “age and sex distribu-
tion ..... was not statistically significant different”. Thirteen of the patients
had experienced an undefined electric shock against five of the controls and
two of the patients had been struck by lightning (one stating that he had been
flung to the ground) against none of the controls. The difference between the
combined results was statistically significant, but is difficult to interpret in
the absence of a clearer description of the method of enquiry. The odds ratio
for the combined exposures (4.6) was similar to that of 4.1 for “working in
contact with electricity” in Haynal & Regli's (1964) original study.

The fifth, and most important, study was carried out by Deapen &
Henderson (1986) in conjunction with the Amyotrophic Lateral Sclerosis
Society of America. Histories were obtained from 518 patients with the dis-
ease and from a control group of the same size matched for sex and age
within 5 years, drawn from individuals nominated by the patients as work-
mates, neighbours, and other social acquaintances. Information was obtained
inter alia about the individual's occupation 3 years before the date of diagno-
sis of the disease (or the corresponding period in the case of the controls) and
the occurrence more than 3 years previously of electric shocks severe enough
to cause unconsciousness. Odds ratios of 3.8 and 2.8 were calculated respec-
tively for employment in one or other of 19 previously defined electrical
occupations and for the occurrence of severe electric shocks. Both were sta-
tistically significant. Deapen & Henderson (1986) noted that electric shock
was a form of trauma that had been shown to cause demyelinisation, reactive
gliosis, and neuronal death in experimental animals, but that previous studies
had provided inconsistent results and they were unable to draw any conclu-
sions from their findings, the significance of which they considered to be
“not clear”. [Limitations of the Deapen & Henderson's study are that the
exposure to EMF was assessed from job titles based on responses to the
questionnaire; failure to report the criteria for control selection and the poten-
tial recall bias inherent in using occupational histories and reports of electric
shock.]

A further study of 135 patients with ALS whose disease began
under 45 years of age and 85 control patients with multiple sclerosis, is of
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limited value. Eight of the ALS patients were noted to have experienced
electric shocks before the onset of the disease, severe enough “in some
cases” to throw the subject to the ground (Gallagher & Sanders, 1987) but
the severity of the shocks in the other cases is not defined and no reference is
made to the occurrence (or non-occurrence) of shocks in the controls. Cruz et
al. (1999) assessed the association between ALS and several risk factors
including electrical shocks. They found a positive association for a familial
history of ALS but found no association for electrical shocks.

A cohort study of over 4 million people who were born between
1896 and 1940, were registered in the 1960 Swedish census, and were still
alive in 1970 was examined. About 1067 men and 308 women with a known
occupation who died between 1970 and 1983 and had ALS given as either
the underlying cause or a contributory cause of death on their death certifi-
cates (Gunnarsson et al., 1991) were identified. The occupations of the ALS
subjects were compared with those of an age-stratified control sample of
approximately 250 persons drawn from each 5 year birth cohort from 1896—
1900 to 1936-1940. Occupations were classified in 90 groups (54 for men
and 36 for women) and significant excesses of ALS were observed for only
two (male office workers and male farm workers). It was noted, however,
that, in agreement with Deapen & Henderson's (1986) findings “there
seemed to be an association between ALS and work with electricity” (OR =
1.5 for male electricity workers). [This study can be viewed only as hypothe-
sis generating.]

In 1997 Davanipour et al. found that 28 patients with ALS had had,
on average, more intense occupational exposure to ELF fields than 32 con-
trols. In their study, the controls were relatives of the patients and selected to
be of similar age and, if possible, of the same gender. Unfortunately the
requirements were too stringent and they obtained the two controls intended
(one blood and one non-blood relative) for 12 cases and only one control for
the remaining eight. Detailed occupational histories were obtained and expo-
sure to ELF electromagnetic fields was classed for each job held in one of
five categories, from low to high, and exposure indices were calculated tak-
ing into account the numbers of years worked in each job. The odds ratio per
unit value of the exposure index (which ranged from 3 to 383) was positive
(1.006) but not quite statistically significant (95% CI 0.99-1.01). Gender
made little difference to the results and the odds ratio cited is one for all sub-
jects irrespective of sex. Davanipour et al. (1997) considered that recent find-
ings had made the concept that ELF fields were an aetiological factor in the
development of ALS more plausible and that, despite the defects of the con-
trol group, their findings indicated that “long term occupational exposure to
ELF may increase the risk of ALS”. [The study is limited by the small sam-
ple size and potential control selection bias.]
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Table 55. Case-control studies of amyotrophic lateral sclerosis before 1997:
electrical employment and electric shocks ?

Authors Exposure No. of subjects Odds ratio
Cases Controls

Haynal & Regli, Occupation in contact 9/73 5/150 4.1*
1964 with electricity
Kondo & Tsubaki, Electric injuries 2 /458 (M) 1/216 (M) 1.0
1981 first study P 31254 (F 217421 (F)
Kondo & Tsubaki, 6/104 (M) 7/104 (M) 1.0
1981 second study 1/54 (F) 2154 (F)
Kondo & Tsubaki, Occupation electric 3 /458 (M) 1/216 (M) 1.4
1981 first study work
Gawel, Zaiwalla & Struck by lightning 2/63 0/61 4.6*
Rose, 1983 Other electric shock 13 /63 5/61
Deapen & Hender-  Occupation electricity 19/518 5/518 3.8*
son, 1986 related

Electric shock 14/518 5/518 2.8*

@ A sixth study (Gallagher & Sanders, 1987) is omitted (see text).

b First study was on motor neuron disease, included 333 men and 178 women with
ALS; second study limited to ALS. No woman was reported with an electric work occu-
pation in either study, neither was any man in the second study.

*p<0.05

Estimates of the risks associated with electric work were also pro-
vided in five of the later studies described under Alzheimer disease. These
are summarized in Table 56.

In the Savitz, Loomis & Tse (1998) proportional mortality study,
electrical work, as previously defined, was recorded slightly more often for
the 114 men with amyotrophic lateral sclerosis than for the 1614 controls,
giving an odds ratio of 1.3 adjusted for age, period, social class, and race,
which was statistically significant (95% CI 1.1-1.6). [The diagnosis of ALS
from death certificates in this study was based on ICD9, which groups ALS
with other motor neuron diseases. Other limitations of this study include the
fact that only one occupation was taken from death certificates and the
absence of data on important confounders, such as familial neurodegenera-
tive diseases or exposure to electric shocks].

Johansen & Olsen's (1998a) cohort study of Danish electricity
workers recorded only 14 deaths from ALS, but the SMR (2.0; 95% CI 1.1—
3.4) was, nevertheless, statistically significant and was higher, though no
longer significant, for men with the highest average exposure of = 0.1 uT
(SMR =2.8; 95% CI 0.8-7.3). In this population the mortality from electric-
ity accidents was 18 times the national average (based on 10 deaths) and 31
times that expected in the group with the highest average exposure.
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In a study of the morbidity from neurodegenerative diseases and
other disorders of the central nervous system, data on the entire Danish
cohort (n =30 631) were linked to the population-based National Register of
Patients, which records more than 99% of all hospital discharges for somatic
diseases (Danish National Board of Health, 1981). Data on all 30 631
employees were linked to the Register for follow-up for central nervous sys-
tem diseases between 1 January 1978 or the date of first employment, which-
ever came last, and the date of death, emigration or 31 December 1993,
whichever came first. Medical records were obtained for cases of ALS and
other motor neuron diseases to verify the diagnosis and to obtain information
on episodes of electric shocks or other occupational exposure before devel-
opment of the disease. Men had an increased risk for all motor neuron dis-
eases combined (SIR = 1.89; 95% CI = 1.16-2.93), based on 20 cases, which
was confined to the 15 men with a diagnosis of ALS (SIR = 1.72; 95% CI
0.96-2.83). They also had an increased risk for other motor neuron diseases
(SIR = 2.75; 95% CI 0.88—6.41) and for demyelinating diseases, with four
cases observed (SIR = 1.90; 95% CI = 0.51-4.86) (Johansen, 2000).

The Savitz, Checkoway & Loomis (1998) cohort study of US util-
ity workers recorded 28 deaths from ALS giving an SMR of 0.8. When, how-
ever, all the 33 deaths in which ALS was mentioned on the death certificate
as either the underlying or a contributory cause of death, were related to the
individuals' estimated cumulative exposure in terms of pT-years, that is the
time-weighted average exposure multiplied by the number of years exposed,
a positive but non-significant association was observed (relative risk per uT-
year = 1.03; 95% CI 0.90-1.18). Unlike Alzheimer disease, ALS progresses
rapidly over 1 or 2 years and this may be the most relevant association.
Should, however, any effect of exposure have a long latent period, it is nota-
ble that the only positive relationship for a specific period was that for 20 or
more years in the past (relative risk per pT-year = 1.07; 95% CI 0.91-1.26).
[Limitations of this study are the modest number of ALS cases, diagnosis
from death certificates, and the absence of the data on electric shocks or the
family’s disease history].

In a previously described study, Feychting et al. (2003) found no
increased risk for ALS in any of their analyses, including occupations having
the highest EMF exposure. They also analyzed the “electrician” category
separately because this job reports the largest number of electric shock acci-
dents in Sweden. When looking at risk for men only by job title alone, Fey-
chting et al. observed an increased risk (statistically significant) of ALS
among welders based on 24 cases, and a slightly elevated risk among radio
and television assemblers (seven cases) and telephone and telegraph install-
ers/repairmen (six cases), but these were not statistically significant. No risk
was observed for electricians.

For ALS Hakansson et al. (2003) report the statistically significant
risk estimate RR = 2.2 (95% CI 1.0-4.7) for both men and women in the very
high exposure group (based on 13 cases). Additonally, they report an expo-
sure-response relationship with an RR of 1.5 for an increase of 1 uT.
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Table 56. Later studies of amyotrophic lateral sclerosis

Authors Exposure No. of Relative risk
deaths  (95% CI)
Savitz, Loomis & Electrical occupation 114 1.3 (1.1-1.6)
Tse, 1998
Savitz, Checkoway Cumulative, career 33 1.03 (0.90-1.18) @
& Loomis, 1998
Cumulative, 10-19 y before 33 0.82 (0.40-1.65) @
death
Cumulative, 20 y before death 33 1.07 (0.91-1.26) @
Johansen & Olsen, Any 14 2.0(1.1-3.4)*
1998a
1.0 uT average 4 2.8 (0.8-7.3)
Feychting et al., Occupation in 1970 (males)
2003
reference group < 0.11 pT 227
3rd quartile 0.12-0.19 pT 723 0.9 (0.7-1.0)
90" percentile 0.20—0.29 uT 210 0.8 (0.7-1.0)
95th percentile > 0.5 uT 70 0.8 (0.6-1.0)
Hakansson et al., Occupational exposure (males & females)
2003
reference < 0.16 uT 15
medium 0.16-0.25 pT 52 1.6 (0.9-2.8)
high 0.25-0.53 uT 17 1.9 (1.0-4.0)
very high > 0.530 uT 13 2.1(1.0-4.7)
@ Relative risk for uT-year cumulative exposure.
*p<0.05

Most of these studies do not allow examination of possible con-
founding from electric shock. It is conceivable that exposure to electric
shocks increases ALS risk and, also, clearly work in the utility industry car-
ries a risk of experiencing electric shocks. Some to the reviewed studies did
report analyses that indeed linked electric shocks to ALS (Deapen & Hender-
son, 1986; Gunnarsson et al., 1992; Johansen & Olsen, 1998a), but none of
the studies provided an analysis in which the relation between EMF and ALS
was studied with control for electric shocks. A crude calculation can be made
from the data provided by Deapen and Hendersen, and this seems to indicate
the EMF association holds up even after control for electric shock experi-
ence.

There is no obvious biological explanation for the epidemiological
evidence for a link between severe electric shocks and ALS. However, it is
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possible that the massive, synchronized discharge of neurons (especially the
large motor neurons) might release sufficient glutamate to precipitate excito-
toxic changes. It might also trigger more subtle and persistent changes in the
excitability of neurons. In many parts of the brain a tetanic burst of impulses
arriving at a synapse can lead to a prolonged increase in the efficacy of that
synapse and neighbouring synapses in activating the post-synaptic cell (a
phenomenon called Long-Term Potentiation or LTP). In many situations,
LTP appears to involve activation of the N-methyl-D-aspartate (NMDA)
receptor by glutamate. The ionic channel of the NMDA receptor is blocked
by intracellular Mg?" at normal intracellular potentials, but this block is
released if the cell is substantially depolarised by a preceding burst of
impulses. Any impulse that follows a burst will then cause Ca’" influx
through the NMDA receptor channel, and this is thought to trigger reactions
that lead to an increase in the effectiveness of the synapse, which can last for
months (Kandel, Schwartz & Jessell, 1991). If severe electric shocks do pro-
duce LTP, the increased excitability of cells might produce cumulative patho-
logical changes, perhaps involving Ca®* influx through voltage-activated
channels or increased metabolic demand, with spillover of reactive oxygen
species.

The pathogenetic mechanisms leading to the selective loss of cer-
tain populations of dopaminergic neurons are not clear. It has been suggested
that the dopamine transporter and vesicular monoamine transporter proteins,
which are heavily expressed in the dopaminergic neurons of the substantia
nigra, might act as portals of entry for toxins that are structurally related to
monoamines (Speciale et al., 1998; Uhl, 1998).

7.3 Parkinson disease, Multiple Sclerosis

7.3.1 Pathology

Parkinson disease is characterized clinically by progressive motor
dysfunction, including bradykinesia, gait disturbance, rigidity, and tremor.
Most data on disease duration come from clinical samples which suggest that
disease duration may average seven or more years. Many persons with Par-
kinson disease develop cognitive, behavioral, and autonomic signs: visible or
measureable indications of changes in responses controlled by the autonomic
nervous system, such as skin colour, sweating, pupil diametre and blood
pressure. In particular, dementia, hallucinations, delusions, and hypotension
develop in many persons with the disease. While the behavioral disturbances
and autonomic signs are worsened by the dopaminergic agents commonly
prescribed to treat the disease, these agents improve quality of life and prob-
ably prolong life. Some data suggest that behavioral disturbances and auto-
nomic signs portend a more malignant course of disease. Pathologically, an
important hallmark of the disease is degeneration of the substantia nigra (e.g.
neuronal loss) .
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7.3.2 Epidemiology

Occupation has been considered as a possible cause of Parkinson dis-
ease in several studies. The study by Wechsler et al. (1991) included jobs
likely to involve relatively high exposures to EMF and reported three of 19
affected men were welders against zero out of nine controls and that two other
affected men had worked as electricians or electrical engineers. However, Sav-
itz, Loomis & Tse (1998) found very little evidence of an increased risk in
electrical workers. Overall the odds ratio derived from the occupations of 168
men dying from Parkinson disease and 1614 controls was 1.1 (95% CI 0.9—
1.2).

In the Danish cohort study (Johansen & Olsen, 1998a), the SMR for
Parkinsonism was 0.8, based on 14 deaths and even lower for the more heavily
exposed men (0.5). In the US study by Savitz, Loomis & Tse (1998), positive
relationships were observed with both cumulative cancer exposure and expo-
sure more than 20 years before death, neither of which were, however, statisti-
cally significant (relative risks 1.03 per pT-year, 95% CI 0.90-1.18, and 1.07
per nT-year, 95% CI 0.91-1.26). Noonan et al. (2002) reported a positive asso-
ciation with an OR of 1.5 for the highest exposure category for Parkinson dis-
ease and magnetic field exposure in electrical workers.

Feychting et al. (2003) found no increased risk for vascular dementia,
senile dementia, pre-senile dementia, Parkinson disease, multiple sclerosis or
epilepsy for either men or women. Hakansson et al. (2003) also found no
increased risk for Parkinson disease or multiple sclerosis (MS) and they
observed a decreased RR for epilepsy.

In one Danish study (Johansen et al., 1999) of the risk for MS, data
on the entire cohort (n =31 990) were linked to the files of the Danish Multiple
Sclerosis Registry, which was founded in January 1948 as a nationwide pro-
gram to register all cases of MS in Denmark. All cases of suspected or verified
MS are currently notified to the Register from all 22 Danish neurological
departments and the two rehabilitation centers of the Danish Multiple Sclerosis
Society. Only verified cases of MS were included in the present study. Overall,
32 cases of MS were diagnosed, as compared with 23.7 expected from national
incidence rates, to yield a standardized incidence ratio of 1.35 (95% CI 0.92—
1.91).

7.4 Discussion

Of the four neurodegenerative diseases that have been considered,
Parkinson disease and MS have received the least attention in epidemiology.
No study has provided clear evidence of an association with above-average
exposure to extremely low frequency EMFs and, in the absence of laboratory
evidence to the contrary, it seems unlikely that such fields are involved in the
disease.

The evidence relating to Alzheimer disease is more difficult to
assess. The initial reports that gave rise to the idea suggested that the increased
risk could be substantial (Sobel et al., 1995). Despite the fact that the initial
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report was based on the combined results of three independent studies, it
should be regarded only as hypothesis forming, as the greater risk was largely
the result of classifying groups of garment workers in the heavily exposed
groups that had not previously been so classified. The finding was quickly
confirmed (by some of the authors of the original report) in another case-con-
trol study and was weakly supported by the proportional mortality ratio of
causes of death as recorded on US death certificates. It was not supported,
however, by the three studies that could provide quantified estimates of peo-
ple's exposures. One, a case-control study, that did not show risk associated
with the individual's primary occupation, did show a substantial and statisti-
cally significant risk with the last recorded occupation, which would have been
the association recorded in the death certificate study. Neither of the cohort
studies, however, provided evidence of a risk with increasing exposure nor, in
the one study that provided the information, any excess mortality in power
plant workers as a group. The three more recent studies have provided a mixed
evidence as well: one providing a limited evidence for males in the highest
exposure group, another (overlapping) study focusing on the resistance weld-
ers showed an effect, and a third one showing an effect in males, but not in
females. In conclusion, there is only inadequate evidence to suggest that 50/60
Hz fields could cause Alzheimer disease.

More evidence is available for ALS. Eight reports of the relationship
between electrical work or the experience of electrical shocks have been pub-
lished since the original suggestion was made that electric shocks might
increase the risk of the disease. Two early studies from Japan, where the prev-
alence of electrical work (as recorded in the medical history) and of electrical
shock was low, failed to provide any support for the hypothesis. The others all
provided some support. In three, including one of the two cohort studies with
measured exposure, the excess associated with exposure was statistically sig-
nificant. Electric shocks were recorded only in four early reports, in two of
which (one from the UK and one from the US) the prevalence was signifi-
cantly raised. The two most recent and overlapping studies from Sweden
focusing on magnetic field exposure and electric shock are inconsistent, with
one showing no effect and the other indicting a relative risk of about 2 in the
two highest exposure categories. The epidemiological evidence suggests that
employment in electrical occupations may increase the risk of ALS, however,
separating the increased risk due to receiving an electric shock from the
increased exposure to EMFs is difficult.

In considering a possible causal relationship between neurodegenera-
tive disease and the electrical environment, the relevant exposure has been
assumed to be some aspect (e.g. time weighted average, number of exposures
above some critical level, etc.) of ELF magnetic fields, contact currents and/or
electrical shock'. “Contact current” is defined here as an electrical current that

1. There are other environmental exposures that can cause electrical effects in the human body,
such as the environmental electric field. Except in special circumstances such as near high
voltage transmission lines, however, the effect of this source is usually smaller than either of
the other two sources.
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passes through the body between two points when they are in “contact” with
an external electrical system. An electrical shock occurs as “a reflex response
to the passage of current through the body” and thus is the result of contact
currents large enough to be perceived. Although it is clear from these defini-
tions that contact current and electrical shock are closely related, it may appear
that the ELF magnetic field is a distinctly different exposure because ambient
magnetic fields, with specific exceptions (e.g. MRI machines) are not nearly
large enough to produce neural stimulation. This is not entirely correct. In fact,
there are several important connections between the two that should be under-
stood before the possible effects of one exposure can be separated from those
of the other.

The first connection is that each exposure can be responsible for
inducing an electric field and a corresponding electric current density within
the human body. Biophysicists consider the induced electric field as the met-
ric most relevant for evaluating biological interactions from EMF or contact
current exposure'. Thus, a biological effect due to an electric field in the
body may be caused by exposure to an ELF magnetic field, a contact current
or some other aspect of the electrical environment that can cause an electric
field in the body. What might allow one to discern the origin of the effect is
recognition that the distribution of the magnitude and orientation within the
body of the electric field induced by an ELF magnetic field and that due to a
contact current can be significantly different.

It is well known that a time varying ELF magnetic field in the body
can cause electric fields and currents to be induced in the body via Faraday’s
law. This induced electric field is limited by the size of the body and the
magnitude of the magnetic field. In fact, it is generally well recognized that
the electric fields induced by typical environmental 50/60-Hertz magnetic
fields are usually thought to be too small to cause biological effects. Contact
currents with commonly experienced amplitudes, on the other hand, have
been estimated to produce electric fields in the body that are orders of magni-
tude larger than induced electric fields from typical levels of ambient mag-
netic fields. Further, the electric field produced by a magnetic field is larger
near the periphery of the body while the electric field produced by contact
currents is larger in the path between contact points and hence often in the
limbs and the body’s interior. These differences in amplitude and spatial dis-
tribution within the body may be suggestive of a cause and effect relationship
with diseases that have their origin in specific parts of the body. For these
reasons, contact currents and the related electrical shocks are important
exposures and should be considered when conducting studies of possible
health outcomes due to the electrical environment.

The second connection between the ELF magnetic field and contact
currents is the fact that environmental magnetic fields may induce voltages

1. Several other mechanisms have been proposed by which ELF magnetic fields might directly
interact with the body. However, they are either thought to be implausible or unlikely at
environmental field levels.
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in electrical systems that in turn cause current, i.e. contact current, in a
human body that is in contact with this system. In addition, conducted cur-
rents on residential grounding systems may be related to nearby ELF mag-
netic fields. When either is the case, the amplitudes of the ELF magnetic
field and the contact current are related.

The identification of which of these two exposures (if either) is
associated with a health outcome, is a very important question. Properly con-
figured studies should be designed to identify the specific exposure responsi-
ble for a specific biological effect.

The measurement of magnetic fields is a well-established enter-
prise. The measurement of electrical contact current and or shock current,
however, is not as well advanced. It would require either that the current
entering the body during normal life or work be measured or that the circuit
contacted by the body be characterized by a simple equivalent circuit. It is
only recently that an instrument for measuring the currents entering the body
has been developed and it has not been extensively tested. Measurements
that lead to a simple equivalent for a circuit that can be contacted by a
human, however, have been made. In either case, methodology to allow eval-
uation of “contact current” exposure should be tested further. If acceptable, it
should be used in further studies of the relationship between the electrical
environment and neurodegenerative diseases.

Quantitatively, the flow of electricity through the brain is likely to
be substantially greater from the use of electro-convulsive therapy for the
treatment of psychiatric conditions than from even severe electric shock
received occupationally or from non-fatal strikes by lightning. However, no
large, long-term study of patients has been reported in sufficient detail to per-
mit the detection of (say) a five-fold risk of a disease that normally causes
about one death in 100 adults.

7.5 Conclusions

It has been hypothesized that exposure to ELF fields is associated
with several neurodegenerative diseases. For Parkinson disease and multiple
sclerosis the number of studies has been small and there is no evidence for an
association with these diseases. For Alzheimer disease and amyotrophic lat-
eral sclerosis (ALS) more studies have been published. Some of these reports
suggest that people employed in electrical occupations have an increased risk
of ALS. So far no biological mechanism has been established which can
explain this association, although it could have arisen because of confound-
ers related to electrical occupations such as electric shocks. Overall, the evi-
dence for the association between ELF exposure and ALS is considered
inadequate.

The few studies investigating the association between ELF expo-
sure and Alzheimer disease are inconsistent. However, the higher quality
studies that focused on Alzheimer morbidity rather than mortality do not
indicate an association. Altogether, the evidence for an association between
ELF exposure and Alzheimer disease is inadequate.

206



8 CARDIOVASCULAR DISORDERS

Concerns about chronic cardiovascular changes resulting from
exposure to ELF fields originated from descriptions in the 1960s and early
1970s of the symptoms among Russian high voltage switchyard operators
and workers (Asanova & Rakov, 1966; 1972). Further studies carried out in
the Russian Federation in the 1980's and 90’s reported various functional
changes in the cardiovascular system, such as hypertension in workers in 500
kV, 750 kV and 1150 kV power installations (Rubtsova, Tikhonova & Gur-
vich, 1999). More recent investigations have focused mainly on direct car-
diac effects of EMF exposure, mostly related to heart rate variability and
subsequent acute cardiovascular events.

8.1 Acute effects

Current flow through the human body appears to be necessary in
order to result in major cardiovascular effects from EMF exposure, such as
the effects due to electric shock (Hocking, 1994). Normally electric shock
requires direct electrical contact of a conductor with the body. It may, how-
ever, also occur if the body is exposed to very strong electric or magnetic
fields (Foster, 1992). Minor effects have also been reported in other situa-
tions of low-level EMF exposure. Most human studies on EMF effects on the
cardiovascular system have focused on acute rather than long-term effects.

8.1.1 Electrocardiogram changes, heart rate, and heart rate

variability

Silny (1981) found no effects on the electrocardiogram (ECG) in
100 persons exposed to time-varying magnetic fields (5 Hz to 1 kHz, less
than 100 mT). Hauf (1989) has performed human tests exposing the subjects
to 50-Hz fields (20 kV m™ and 0.3 mT) with a current of 500 pA passing
through the body. The experiments did not indicate any significant effects on
the heart rate of the subjects. In another study, there were no significant
changes in heart rate in persons exposed locally to pulsed magnetic fields up
to 2.2 uT by transcranial magnetic stimulation (TMS) (see 5.2.2) (Chok-
roverty et al., 1995).

In a series of studies carried out by the Midwest Research Institute
in the US, effects of ELF fields on the heart rate in humans have been inves-
tigated. In a set of studies by Graham et al. (1994), subjects were exposed to
different levels of combined electric and magnetic fields (low: 6 kV m™ and
10 uT; medium: 9 kV m™ and 20 pT; high: 12 kV m™ and 30 uT). In the
medium group a significantly decreased heart rate was observed, while in the
other groups no change was found. In another study by the same group, six
physiological parameters were examined at five sampling points with and
without exercise (Maresh et al., 1988). During no-exercise sessions the car-
diac interbeat interval was increased at two sampling points when subjects
were exposed to 60-Hz fields. No other difference between the sham and
exposed groups was found. A similar effect was found by another study of
the same group (Cook et al., 1992).
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In a replication study by Whittington, Podd & Rapley (1996), no
effect of a higher magnetic field (100 uT, 50 Hz) on heart rate or blood pres-
sure was found, however. Humans exposed for 1 hour to EMFs under a 400-
kV power line exhibited no difference in pulse rate during autonomic func-
tion tests (Korpinen & Partanen, 1994a). The same researchers reported that
exposure to 50-Hz fields (up to 10 kV m™ and 15 pT for several hours) did
not affect the incidence of extrasystoles or arrhythmia (Korpinen & Partanen,
1994b; Korpinen, Partanen & Uusitalo, 1993). A 2% decrease of heart rate
was also observed by Sait et al. (1999) after a 100 to 150-s exposure to a 50
Hz, 28 uT magnetic field. From these studies, it can be noted that the posi-
tive but inconsistent results from the US Midwest Research Institute of
reduced heart rates after exposure to EMF have not been confirmed by other
studies. The heart rate effects, where such have been found, are generally of
small magnitude, and can currently not serve as an indicator of an acute
health effect (Hauf, 1982).

Sastre, Cook & Graham (1998) performed studies on heart rate
variability (HRV) of 77 healthy men exposed to 60-Hz magnetic fields of
14.1 pT or 28.3 uT. Statistically significant alterations in HRV were
observed during intermittent exposure to the higher field strength, while no
effects occurred at the lower field strengths or when the exposure was contin-
uous. A reduction in the power ratio in the low band of the HRV spectra
(0.02—0.15 Hz) to the high band (0.16—1.0 Hz) was also observed by Sait,
Wood & Sadafi (1999) after a 100 to 150-s exposure to a 50 Hz, 28 pT mag-
netic field with the exposure conditions already mentioned. In two studies on
the same issue, HRV was evaluated during intermittent exposure to 28.3 uT
(Graham, Cook & Riffle, 1997; 1998). In the latter study, three different fre-
quencies were used (16, 40, 60 Hz). Exposure to 16 Hz was associated with
significant alterations of the HRV spectrum. However, in a later pooled anal-
ysis of several studies conducted at the same institute, Graham et al. (1999)
reported that this effect occurred only in studies where hourly blood sam-
pling was performed. The authors hypothesised that blood sampling altered
the level of subject arousal, allowing EMF interaction to affect HRV. A
multi-study analysis indicates that the effect on HRV happens when EMF
exposure is accompanied by increases in physiologic arousal, stress, or a dis-
turbance in sleep, such as blood collection, but not otherwise (Graham et al.
2000a).

Recently, Graham et al. (2000¢e) performed studies using a much
higher magnetic field (127.3 uT) and both continuous and intermittent expo-
sure. No alterations in HRV were observed by either exposure condition, and
the researchers concluded that, taking into account earlier reports, direct
excitation of the human heart is extremely unlikely under exposure to mag-
netic fields lower than 127.3 pT.

A summary of the studies into the effects of ELF fields on ECG and
heart rate is given in Table 57.
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Table 57. Studies of ECG and heart rates after ELF exposure

Test Exposure Response Comments  Authors

ECG 5 Hz-1 kHz No change. Silny, 1981
<100 mT

Cardiac inter- 60 Hz Longer cardiac Maresh et al.,

beat interval 9kV m™, 16 Am™ interbeat interval. 1988

Pulse rate

Pain, ECG, heart
rate

Interbeat interval
before, during
and after expo-
sure

30 male subjects

Extrasystoles,
pulse rate

Interbeat interval
before, during
and after expo-
sure

54 male subjects

Pulse rate

ECG, systolic
and diastolic
blood pressure,
orthostatic test,
valsalva maneu-
ver, deep breath-
ing test

Heart rate

50 Hz

20kvm™, 300 uT
or combined +
200 and 500 pA-
currents at 50 Hz

Not defined: mag-

neto-stimulation

60 Hz

9KV m, 20 uT
2x3 hday™’, 4
days

50 Hz

0.14-10 kV m™,
1.0-54 uT

0.5 h — few hours

60 Hz
6kV m', 10 uT
9kV m™, 20 uT

12KV m", 30 uT

50 Hz
3.5-4.3kvVm™,
1.4-6.6 uT

1h

50 Hz
3.5-4.3kvVm™,
1.4-6.6 uT

1h

pulsed magnetic
fields of up to 2.2
uT used in TMS

No change.

No pain, no
change in ECG
and heart rate.

Interbeat interval
longer during and
immediately after
exposure.

No more extrasys-
toles in the field
than out the field.
Small decrease in
pulse rate can be
due to changes in
work load.

Interbeat interval
longer during and
immediately after
exposure only at
the intermediate
level of exposure.

No change in pulse
rate.

No change.

No change

Protocol looks Hauf, 1989
confused, mix-

ing haemato-

logical and

physiological

parameters.

No dosimetry Nagano et al.,
1991

Double-blind, Cook et al.,

counterbal- 1992

anced study.

Korpinen, Par-
tanen & Uusi-
talo, 1993
Korpinen &
Partanen,
1994b

Double-blind,
counterbal-
anced study.

Graham et al.,
1994

Korpinen &
Partanen,
1994a

CV autonomic Korpinen &
tests were per- Partanen,

formed 0.5h 1995

before and

after the 1 h-

exposure.
Chokroverty et
al., 1995
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Table 57. Continued

Heart rate and
blood pressure
100 (male and

50 Hz
100 pT, intermit-
tent

No effect.

Double-blind,
counterbal-
anced study.

Whittington,
Podd & Rap-
ley, 1996

female) subjects 9 min
Heart rate vari- 60 Hz Altered heart rate  Double-blind  Graham, Cook
ability 1 or 20 uT, inter- variability at 20 pT, (all studies) & Riffle, 1997
33 male subjects mittent but notat 1 uT. and counter-  Sastre, Cook
(exp 1) Overnight balanced & Graham,
40 male subjects (23.00-07.00) (exps 2 and 3). 1998
(exps 2 and 3)
Heart rate and 50 Hz Altered heart rate Blind and Sait, Wood &
heart rate vari- 28 uT, sinusoidal and heart rate vari- counterbal- Sadafi, 1999
ability continuous or ability by continu- anced.
18 (pilot study) intermittent (15 s ous sinusoidal
and 35 subjects  on-off), or fields, but not by
(follow-up study) square-wave for intermittent or
100-150 s square-wave
fields.
Heart rate vari- 60 Hz Altered heart rate Blood sam- Graham et al.,
ability 28.3 or 127.3 yT, variability in some pling (for 1999; 2000¢€;
172 male sub- intermittent or conditions. another study) 2000d
jects (pooled continuous at night was
from 7 studies) Overnight critical for this
effect. Double-
blind studies.
8.1.2 Blood pressure

No changes were observed in blood pressure, neither in subjects
exposed to a 50 Hz field (20 kV m™! and 0.3 mT) with a current of 500 pA
passing through the body (Hauf, 1989), neither in humans exposed for 1 hour
to EMFs under a 400-kV power line (Korpinen & Partanen, 1996), nor in
persons exposed locally to pulsed magnetic fields up to 2.2 uT by TMS
(Chokroverty et al., 1995). These studies are summarized in Table 58.

Table 58. Studies of blood pressure after ELF exposure

Test Exposure Response Comments Authors
Blood pressure 50 Hz No change. Hauf, 1989
20 kV m™', 300 T or
combined + 200 and 500
MWA-currents at 50 Hz
Blood pressure pulsed magnetic fields of No change. Chokroverty
upto 2.2 uT used in TMS etal., 1995
Blood pressure 50 Hz No change. Korpinen &
3.5-43kvVm’, 1.4-6.6 Partanen,
uT 1996
1h
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8.2 Long-term effects

Knave et al. (1979) and Stopps, Janischewskyj & Alcock (1979)
found no significant effects on cardiovascular function in male workers who
were exposed occupationally for more than 5 years to electric fields from
400 kV power lines. Checcucci (1985) found no effect on the cardiovascular
system in 1200 workers at high-voltage railway substations (1-4.6 kV m"'
and 4-15 uT). In a health survey of 627 railway high-voltage substation
workers, Baroncelli et al. (1986) found no difference in the ECG between
exposed and control groups. Table 59 gives a summary of these studies.

Table 59. Studies of cardiovascular effects after long-term ELF exposure

Test Exposure Response Comments Authors
CV parame- 50 Hz No effect.  Better psycho- Knave et al.,
ters and dis- 400 kV power lines logic perfor- 1979

eases > 5 years mance linked to

higher educa-
tion level, and
lower fertility
predominant on
boys, anterior to
the exposure

period.
CV parame- 50 Hz No effect. Stopps, Janis-
ters and dis- 400 kV power lines chewskyj &
eases > 5 years Alcock, 1979
CV parame- 1-4.6 kV m', 4-15  No effect. Checcucci,
tersand dis- T 1985
eases
Haematology 50 Hz No effect. Baroncelli et
electro-cardio- HV railway substa- al., 1986
gram tion

<5kvVm’ 15T
0,1,10and 20 h/
week

Based on the idea put forth by Sastre, Savitz (1999) hypothesized
an association between exposure to EMF and cardiovascular disease. This
hypothesis was based on two independent lines of evidence. The first was
experimental data on heart rate variability described above in which intermit-
tent 60-Hz magnetic fields were found to reduce the normal HRV (Sastre,
Cook & Graham, 1998). The second came from several prospective cohort
studies which indicated that reductions in some components of the HRV
increase the risk for: (1) heart disease (Dekker et al., 1997; Liao et al., 1997;
Martin et al., 1987; Tsuji et al., 1996); (2) overall mortality rate in survivors
of myocardial infarction (Kleiger et al., 1987; Lombardi et al., 1987; Vaish-
nav et al., 1994); and (3) risk for sudden cardiovascular death (Malik, Farrell
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& Camm, 1990). Thus, they postulated that occupational exposure to EMF
will increase the risk for cardiac arrhythmia-related conditions and acute
myocardial infarction, but not for chronic cardiovascular disease.

Several studies, published before the specific hypothesis of an
effect on HRV was suggested, examined general cardiovascular mortality in
relation to EMF (Table 60). In a Canadian retrospective cohort study of
21 744 men employed in an electrical utility company in the province of
Quebec between 1 January 1970 and 31 December 1988, the standardised
mortality ratio (SMR) for circulatory diseases was below 1 in all job catego-
ries and with all exposure levels to magnetic fields, electric fields and pulsed
electromagnetic fields (Baris et al., 1996b). Exposure information was
obtained from a job-exposure matrix (JEM) constructed on the basis of the
last job held in the industry. The JEM was constructed for a larger study of
employees in the utility industry in Canada and France (Theriault et al.,
1994) and included a measurement protocol of magnetic fields, electric fields
and pulsed electromagnetic fields among 466 employees for one week.
Among employees exposed to magnetic fields > 0.16 pT, 137 persons died
from circulatory diseases (adjusted RR = 0.91; 95% CI 0.73-1.14). The
SMRs, when using electric fields and pulsed electromagnetic fields as the
exposure variables, were close to those observed for exposure to magnetic
fields. [It must be noted that no definition of diagnoses included as “circula-
tory diseases” are given. Likewise, there is no reference to the quality of the
Canadian mortality statistics in this paper, or to what extent it is the underly-
ing cause of death, the contributory cause of death or a combination of the
two, which is used as the outcome measurement. ]

A retrospective cohort study from the US (Kelsh & Sahl, 1997) of
40 335 men and women employed between 1960 and 1991 in a Californian
utility company observed a significantly reduced SMR of 0.62 (95% CI
0.59-0.65) for both sexes combined. This was based on a comparison with
the general population of the geographical area of the utility company and
included 1561 cases of cardiovascular death (ICD-9, 3900—4489). The risk
estimates in different occupational categories were very close to each other
and all but the category ‘“Meter readers/Field service” had significantly
decreased mortality. Exposure information was primarily based on job title
and work environment and included no measurement protocol. Each
employee was assigned to one of seven categories based on the occupation
held for the longest time. Information on mortality was obtained from three
public sources and also from company records, indicating some underreport-
ing to the primary sources. In internal analyses conducted across employ-
ment categories and using administrative employees as a reference group,
mortality from “Major Cardiovascular” (category not defined) was signifi-
cantly increased in all categories, the highest RR being 1.71 (95% CI 1.13—
2.58) in the “Meter Reader/Field service” category. When stratifying the
internal analyses by work employment period (before or after 1960) no clear
pattern emerged. [A clear healthy worker effect seems to explain the results
of the external analyses. However, no clear explanation can be given for the
increased risk of death from “Major Cardiovascular” as no precise and
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detailed information was available for exposure to known risk factors for
these disorders (tobacco smoking, alcohol consumption or physical activ-
ity).] A re-analysis of this study cohort (Sahl et al., 2002) is described below.

In a nationwide retrospective cohort study in Denmark of 21 236
men employed in utility companies between 1900 and 1993 the causes of
death were ascertained for 1 January 1974 through 31 December 1993, and
cause-specific mortality was analysed by latency and estimated levels of
exposure to 50 Hz electromagnetic fields (Johansen & Olsen, 1998b). A ded-
icated job-exposure matrix was designed that distinguished between 25 dif-
ferent job titles held by utility company employees and 19 work areas within
this industry. Each of the 475 combinations of job title and work area was
assigned an average level of exposure to 50 Hz EMF during a working day,
which in turn was grouped into five categories of exposure to ELF fields.
The conversion program was constructed by four engineers from the utility
companies experienced in the planning and operation of electric utilities in
Denmark. The construction of the matrix was based partly on a series of 196
24-hour measurements of 50 Hz EMF among 129 employees in six Danish
utility companies and partly on judgements. The individual exposure assign-
ment was based on the characteristics of the first employment held. Overall,
3540 deaths were observed as compared with 3709 expected from national
mortality rates, yielding a standardized mortality ratio of 0.96 (95% CI 0.93—
0.99). Overall mortality caused by acute myocardial infarction (ICD-8, 410)
yielded an SMR of 0.95 (95% CI 0.9-1.0) based on 713 cases. SMR for car-
diac sclerosis (ICD-8, 412) was 0.9 (95% CI 0.8—1.0) based on 300 cases and
for mortality caused by other heart disorders (ICD-8, 394—402; 413; 420—
429; 450 and 782) the SMR was 0.9 (95% CI 0.8—1.0). When analysing the
cause-specific mortality by time since first employment or categories of esti-
mated EMF exposure no increased mortality for these disorders appeared.
[No information was available about known risk factors for cardiovascular
disease. The exposure assessment in this study is based on few measure-
ments and historical records and one cannot exclude that misclassification
has taken place. In addition the use of mortality records as the measurement
of the outcome may have caused some additional misclassification as the
autopsy rates in Denmark has been decreasing in the study period. This study
only use external comparisons as the method of analyses and this does not
take into account a possible healthy worker effect.] This study cohort was
later followed up for risk of pacemaker implantation — summarized below
(Johansen et al., 2002).

In a recent follow-up study of Thai employees of the Electricity
Generating Authority of Thailand, changes in levels of vascular risk factors
over 12 years, and the associations of baseline risk factors with mortality
were examined (Sritara et al., 2003). Over the 12-year period, levels of all
major vascular risk factors, apart from smoking, worsened in this occupa-
tional study population. Although the authors note that the increases appear
to exceed those expected from ageing of the cohort alone, very little regard-
ing the impact of exposure on disease and mortality can be inferred from this
study.
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In the first study conducted with the specific aim to test the hypoth-
esis of an association between EMF and acute cardiovascular disease risk
another US retrospective cohort study of utility workers (Savitz et al., 1999)
was analysed. It included 138 903 men employed for six months or more
between 1950 and 1986. The authors report a significantly increased risk of
mortality from arrhythmia-related conditions and acute myocardial infarction
among workers with long duration of work (with rate ratios of 1.4—1.5 for the
longest employment intervals) and with high exposure to magnetic fields
(with rate ratios of 1.6-2.4 in the highest exposure category). As postulated a
positive association was seen for acute myocardial infarction (AMI) and an
inverse association for chronic cardiovascular disease (CVD). The EMF
exposure categories were based on 2842 complete work shift time weighted
average magnetic field exposure measurements and information on outcome
(death certificate) was obtained from 97% of the deceased men. This cohort
was reanalysed by Van Wijngaarden et al. (2001a), however, not providing
further information on the hypothesis of an association between EMF expo-
sure and mortality of arrhythmia-related cardiovascular diseases or AMI.
Finkelstein (1999) questioned the use of death certificates as a source of
information on a diagnosis of loss of autonomic cardiovascular control by
Savitz et al. (1999) and pointed out that etiologic conclusions could not be
drawn on the basis of death certificate codes (Finkelstein, 1999). Problems in
using subtypes of CVD as coded on death certificates, which are of uncertain
validity and reliability, are particularly evident in this study where the excess
of deaths in acute cardiovascular categories coincides with a deficit of deaths
in chronic categories for all exposure groups except the highest group. This
either suggests specificity of effect or miscoding. In addition, they could not
examine the temporal relation between exposure and outcome in any detail
other than to look at jobs (with their estimated mean) and death, but not diag-
nosis. They also lacked information on other CVD risk factors.

The hypothesis of an association between exposure to EMF and the
risk for arrhythmia-related cardiovascular disorders was further addressed in
the Danish cohort of utility workers (Johansen et al., 2002). The incidence of
severe cardiac arrhythmia as indicated by the need for a pacemaker was
investigated by a linkage to the nationwide, population-based Danish Pace-
maker Register. The study identified all cases of pacemaker implantation
among 24 056 male utility workers between 1982 and 2000 and compared
this number with the corresponding numbers in the general population. In
addition, the data on utility workers was fitted to a multiplicative Poisson
regression model in relation to estimated levels of exposure to 50 Hz electro-
magnetic fields. Overall, the risk was not increased for severe cardiac
arrhythmia among employees in the utility companies, based on 135 men
with pacemakers with 140 expected, yielding a risk estimate of 0.96 (95% CI
0.8 —1.1). No clear dose-response pattern emerged with increasing level of
exposure to EMF or duration of employment. [The study investigated the
risk of a morbidity, which leads to the implantation of a pacemaker. One may
also consider that other arrhythmias, which are not associated with a pace-
maker implantation, and thus not included here, may be associated with the
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exposure under study. Furthermore the files of the workers were established
years before the events reported to the Danish Pacemaker Registry and were
supported by personal data from the nationwide, compulsory pension fund
and the public payroll system kept for administrative purposes. The com-
pleteness of these registries of employments and pacemaker implantation
highly reduces the likelihood of selection and information bias. Comparisons
with the general population might have been influenced by the healthy
worker effect. This was not the case, however, in the internal comparisons
within the cohort of different exposure groups. No control of confounding
for other risk factors was made. As mentioned before, the exposure assess-
ment in this study is based on few measurements and historical records and
one cannot exclude that misclassification has taken place.]

A re-analysis of the data reported by Kelsh & Sahl (1997) did not
confirm the findings from Savitz’ study (Sahl et al., 2002). In this cohort of
35 391 male utility workers in southern California, USA, with follow-up
from 1960 to 1992, 369 cases of chronic coronary heart disease and 407
cases of myocardial infarct were identified. For cumulative exposure, adjust-
ing for socioeconomic factors, no association was observed with mortality
from acute myocardial infarction (rate ratio per pT-year = 1.01, 95% CI
0.99-1.02) or chronic cardiovascular heart disease (rate ratio per pT-year =
1.00, 95% CI 0.99-1.02). In this study (Sahl et al., 2002) the analyses were
performed by the same methods and analytical models as those used by Sav-
itz et al. (1999) in an attempt to conduct as a close a replication as possible of
the Savitz work. In the previous study (Kelsh & Sahl, 1997) men aged > 80
years were excluded, EMF exposure was defined on the basis of the worker’s
usual occupation as opposed to a detailed occupational history, and different
reference groups were used in the internal analyses. One group with a signif-
icantly increased mortality from cardiovascular disease, but with low EMF
exposure, was assigned to the reference group in the present study (Sahl et
al., 2002). This might explain some of the observed changes in risk esti-
mates. [Weaknesses include the inability to control for potentially important
factors that may influence mortality due to cardiovascular disease, the use of
death certificates to identify the cause of death, and the reliability of the dis-
tinction between AMI and chronic cardiovascular heart disease as recorded
on the death certificate. Strengths include large number of exposed,
improved exposure assessment and an attempt to indirectly examine smoking
as a potential confounder.]

A population-based case-control study from Sweden (Ahlbom et
al., 2004) investigating risk factors for acute myocardial infarction in the city
of Stockholm included information on occupational EMF exposure based on
job titles one, five, and ten years prior to diagnosis. The analysis was
restricted to the 695 cases and 1133 controls with information on job titles.
Of these, 595 cases and 949 controls had jobs that were common enough to
have been classified according to a previously developed JEM. The study
used two approaches to classify exposure. First, specific individual job titles
with presumed elevated EMF exposure were investigated and secondly, the
subjects were classified according to a JEM. Both analytical approaches
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revealed risk estimates for acute myocardial infarction below or close to one.
[The strengths of this study include the fact that it is population based, looks
at morbidity rather than mortality, the high participation rates and finally the
high validity of the AMI diagnoses. This study is the first to include informa-
tion on potential confounders, in particular blood pressure, serum choles-
terol, socio-economic status, and cigarette smoking. The limitations of this
study include the use of the previously developed JEM. Although this has
been utilized in several other studies and seemingly performed well, its sen-
sitivity and specificity in relation to classification of EMF exposure are not
assessed. Thus, it is not entirely inconceivable that non-differential recall
bias plays a role. On the other hand, several specific job titles were also ana-
lyzed and gave consistent results.]

Another Swedish study of the association between EMF exposure
and mortality from heart diseases utilised data from the Swedish twin regis-
try including close to 28 000 twins from two different cohorts of twins in
Sweden (Hakansson et al., 2003). These twins were interviewed in 1967 and
1973 and at that time their occupation was recorded. In addition the inter-
view covered information on smoking, alcohol consumption, level of physi-
cal activity and body mass index. The analyses were based on the primary
and contributory cause of death followed up until 1996 utilizing the previ-
ously described exposure matrix (Ahlbom et al., 2004) adjusted for the previ-
ously mentioned risk factors. The results did not show an overall increased
risk for arrhythmia related death, ischemic heart disease other than AMI or
atherosclerosis. A non-significantly increased risk for AMI was observed in
the highest exposure group (RR = 1.3; 95% CI 0.9-1.9; exposure level > 0.3
uT). Since this study was conducted within a twin cohort a sub-analysis that
took into account the twin information was conducted. In this analysis the
authors observed a larger increase in risk for AMI and magnetic fields in
genetically susceptible subgroups (i.e. among the monozygotic twins, one of
whom previously had an AMI) for which there is no obvious explanation.
[Note that this study included subjects from the general population and its
exposure assessment was based on a single question on the subjects’ “main
occupation” at one point in time in the past.]

The latest study of utility workers examined a cohort of 83 997
workers in the UK employed for at least six months between 1973 and 1982
and followed up from 1973 to 1997 (Sorahan & Nichols, 2004). Estimates
were obtained for lifetime exposure and exposures accumulated during the
most recent 5 years using comprehensive occupational magnetic field expo-
sure assessment. Causes of death (both underlying and contributing) from
cardiovascular diseases were grouped into four categories: (1) arrhythmia
related, (2) acute myocardial infarction, (3) atherosclerosis related, and (4)
chronic/sub-chronic coronary heart disease. Poisson regression modeling
with adjustments for age, sex, calendar time, beginning year of employment,
and an indicator for socioeconomic status was used. Only for arrhythmia-
related death, the relative risk estimates were greater than one for all expo-
sure categories, however, the estimates were based on small numbers,
showed no monotonic trend with increasing exposure, and were not statisti-
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cally significant. (RR per 10 pT-years = 1.1; 95% CI 0.8-1.6). [Of note in
this study is the exposure assessment, which was based on elaborate methods
that considered individual job histories, job environments, and local sources
of magnetic fields in individual job locations, which is likely to have reduced
misclassification.]

Table 60. Studies of general cardiovascular mortality in relation to EMF

Population Design Exposure Outcome Size Results Authors
(95% Cl)
Workers Cohort  Member of Circula-  Circulatory Highest Baris et
employed in SMR and cohort, job- tory dis- deaths: 137 exposure al., 1996b
electrical internal  exposure ease Cohort: category:
company compari- matrix mortality 21744 SMR = 0.63
between sons (0.53-0.74)
1970-1988 RR =0.91
(0.73-1.14)
Utility work- Cohort  Member of CVD mor- CVD deaths: Total cohort: Kelsh &
ers, SMR and cohort, cer- tality 1561 SMR =0.62 Sahl,
employed 1 internal tain occupa- Cohort: (0.59-0.65) 1997
y between  compari- tional 40 335 Linemen: RR
1960-1991, sons categories =1.42
followed - (1.18-1.71)
1992
Male utility Cohort  Member of CVD mor- CVD deaths: High expo- Johansen
workers, SMR cohort, clas- tality 713 sure work- & Olsen,
employed 3 sification of Cohort: place, AMI:  1998b
months workplaces 21 236 SMR =0.095
between based on (0.9-1.0)
1990-1993, measure-
followed ments
1974-1993
Male utility Cohort  Duration of CVD mor- CVD deaths: Highest pT- Savitz et
workers, SMR and work in jobs tality 6802 year cate-  al., 1999
employed 6 internal  with ele- Cohort: gory, AMI:
months compari- vated EMF 138 903 RR =1.62
between sons (1.45-1.82)
1950-1986, Chronic
followed - CHD: RR =
1988 1.0 (0.86-
1.77)
Male utility Cohort  Member of Pace- Implants: Highest Johansen
workers, SMR cohort, clas- maker 135 exposure etal.,
employed 3 sification of implanta- Cohort: category 2002
months workplaces tion 24 056 total SIR =
between based on 1.00 (0.6—
1990-1993, measure- 1.5)
followed ments
1974-1993
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Table 60. Continued
Male utility Cohort  Duration of CVD mor- AMI deaths: Highest pT- Sahl et

workersin  SMR and work in jobs tality 407 year cate-  al., 2002
Kelsh & internal  with ele- CCHD gory, AMI:
Sahl, 1997 compari- vated EMF deaths: 369 RR =0.99
sons Cohort: (0.65-1.51)
35 391 Chronic

CHD: RR =

1.19 (0.79-

1.77)
Swedish Cohort  Job-expo-  CVD mor- Twin cohort: Highest Hakans-
twins Cox anal- sure matrix tality 27790 exposure sonetal.,
responding  ysis group, AMI: 2003
to job ques- RR=1.3
tionnaire in (0.9-1.9)
1967 or
1973
Male popu- Popula- Job titles, ~ AMI mor- 695 and Highest Ahlbomet
lation of tion- job-expo- bidity 1133 cases exposure al., 2004
Stockholm  based sure matrix and controls category: RR
1992-1993 case-con- =0.57

trol (0.36-0.89)

Utility work- Cohort  Duration of CVD mor- CVD deaths: Highest yT- Sorahan
ers, SMR and work in jobs tality 6802 year cate-  &Nichols,
employed 6 internal and loca- Cohort: gory, AMI: 2004
months compari- tions with 79972 RR =1.03
between sons elevated (0.88-1.21)
1973-1982, EMF Chronic
followed — CHD:RR =
1997 0.92 (0.73-

1.16)
8.3 Discussion

8.3.1 Heart rate variability hypothesis

Occupational exposure to electromagnetic fields has been sug-
gested to increase the risk for cardiac arrhythmia-related conditions and
acute myocardial infarction (Savitz et al., 1999). This hypothesized associa-
tion between exposure to EMF and cardiovascular disorders was based on
experimental data on HRV (Sastre, Cook & Graham, 1998). These experi-
mental data were obtained in a double-blind laboratory investigation in
which exposure to 20 uT of intermittent 60 Hz magnetic fields was found to
reduce the normal variation of the HRV (Sastre, Cook & Graham, 1998).
However, these findings have not been reproduced, and subsequent studies
with volunteers did not always produce consistent results regarding HRV and
exposures to magnetic fields. After conducting a multi-study analysis, it was
concluded that differences in study design factors related to physiologic
arousal might explain the apparent inconsistency (Graham et al., 2000d).
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In addition, several prospective cohort studies have indicated that
reductions in some components of the variation in heart rate increase: (1) the
risk for heart disease (Dekker et al., 1997; Liao et al., 1997; Martin et al.,
1987; Tsuji et al., 1996), (2) overall mortality rate in survivors of myocardial
infarction (Kleiger et al., 1987; Lombardi et al., 1987; Vaishnav et al., 1994),
and (3) the risk for sudden cardiovascular death (Malik, Farrell & Camm,
1990). Changed HRV reflects changed cardiac autonomic control (Akselrod
et al., 1981; Willich et al., 1993), suggesting this is a possible mechanism of
action of EMF exposure on the heart

Thus, while reduced HRV seems to be predictive for the develop-
ment and survival from heart disease, it is difficult to explain how the mech-
anism underlying the transient changes in heart rate variability seen in
healthy young men after EMF exposure in controlled settings (Graham et al.,
2000a; Sastre, Cook & Graham, 1998; Tabor, Michalski & Rokita, 2004) can
also explain deaths from arrhythmia and infarction many years after long-
term occupational exposure to ELF fields. Furthermore, the influence of
EMF on HRV seems questionable.

8.3.2  Epidemiologic evidence

The biologically plausible model described above gave Savitz et al.
(1999) the impetus to look at cardiovascular mortality in a cohort of utility
workers. As postulated a priori Savitz observed an increased risk from AMI
and arrhythmia related death, but not from chronic cardiovascular disease
(Savitz et al., 1999). The only and limited support for the original observa-
tion comes from a study based on data from the Swedish twin registry
(Hékansson et al., 2003), which observed a nonsignificantly increased risk
for AMI. However, seven other studies failed to support to this hypothesis.
The first three of these studies were done before the HRV hypothesis was
introduced and were mainly descriptive and did not focus on cardiovascular
disease. The other four studies were specifically designed to test this hypoth-
esis from different point of views: two (Sahl et al., 2002; Sorahan & Nichols,
2004) were replications of the original study, and like Savitz et al. (1999),
focused on cohorts of utility workers. One study focused specifically on
arrhythmia (Johansen et al., 2002); one study investigated cardiovascular
morbidity and was the first study to have detailed information on confound-
ing factors and thus an ability to control for them (Ahlbom et al., 2004).

Thus only mortality studies of the association between occupational
exposure to EMF and cardiovascular diseases have reported an association
(Héakansson et al., 2003; Savitz et al., 1999). Studies of cardiovascular dis-
eases which rely on mortality records as the measure of outcome are limited
because the disease under study may not be mentioned on the death certifi-
cate, and if so, the accuracy of the diagnosis may not be correct. It is well
known that death certificates do not provide the same quality of outcome
measure as compared to incidence records which mainly can be obtained in
disease registries or prospectively designed cohort or case-control studies.
There are limitations to speculating about causal mechanisms of types of
CVD as coded on death certificates of uncertain validity and reliability
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(Finkelstein, 1999). A recent UK study identified inaccuracy in identifying
underlying cause of death on the death certificates and difficulties in differ-
entiating between acute and chronic cardiac causes (Mant et al., 2006). Thus,
on balance, the evidence supporting an etiologic relation between occupa-
tional EMF exposures has been overturned by more focused and rigorous
studies.

8.4 Conclusions

Experimental studies of both short- and long-term exposure indi-
cate that, while electric shock is an obvious health hazard, other hazardous
cardiovascular effects associated with ELF fields are unlikely to occur at
exposure levels commonly encountered environmentally or occupationally.
Although various cardiovascular changes have been reported in the litera-
ture, the majority of effects are small and the results have not been consistent
within and between studies. With one exception, none of the studies of car-
diovascular disease morbidity and mortality has shown an association with
exposure. Whether a specific association exists between exposure and altered
autonomic control of the heart remains speculative. Overall, the evidence
does not support an association between ELF exposure and cardiovascular
disease.
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9 IMMUNE SYSTEM AND HAEMATOLOGY

Haematology is the branch of medicine that is concerned with
blood, the blood-forming organs and blood diseases. Studies encompass the
growth and development of the leukocyte (white blood cell) populations that
form part of the immune system in addition to the erythrocyte (red cell) pop-
ulations and the non-cellular serum constituents such as serum iron and
serum alkaline phosphatase concentrations. Haemopoiesis, the formation of
blood cells, occurs primarily in bone marrow, where there is progressive
division and maturation from stem cells through to the formation of mature
erythrocytes and leukocytes. Erythrocytes and leukocytes circulate in the
bloodstream, from which cell populations and other haematological parame-
ters may be readily sampled. However, there is a continual and active
exchange of leukocytes with other body compartments such as the lymphoid
system. In the adult human body, for example, only about 2% of the total
lymphocyte pool is present in the blood and the lymphocyte subset composi-
tion can be varied by a number of different factors including disease. Few
studies have examined ELF effects either on immune system function or on
heamatology. The tables below summarize the results of studies conducted
on the immune system and haematology. Only the more significant ones are
discussed in the text.

9.1 Immune system

The immune system identifies and responds to invading micro-
organisms such as viruses, bacteria, and various single-celled or multicellular
organisms, and to “foreign” macromolecules including proteins and polysac-
charides. Thus, it serves to protect individuals from infectious diseases and
can also act against tumour cells, although these responses are fairly weak.
Immunological responses are mediated through intercellular signalling path-
ways via chemical messengers such as cytokines and interleukins.

The first line of defence against pathogens is sustained by relatively
nonspecific (natural or innate) parts of the immune system. These are natural
killer (NK)-cells, mononuclear phagocytes and granulocytes. The protein
“complement system” mediates many of the cytolytic and inflammatory
effects of humoral (non-cell-mediated) immunity. These innate responses are
followed by the adaptive (or aquired) antigen-specific responses of the
immune system. The cells that mediate the antigen-specific (or acquired)
responses are the B-lymphocytes, which secrete antibodies (humoral immu-
nity) that circulate in body fluids, and the T-lymphocytes, that can function
as cytotoxic cells (cell-mediated immunity) or as helper T-cells which assist
in B- or T-cell activation. Activated cytotoxic T-lymphocytes specifically
recognise and kill cells having foreign molecules on their surface and are
implicated in anti-tumour responses. The acquired immune responses also
involve the recruitment and amplification of the responses of the innate parts
of the immune system.
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9.1.1 Human studies

Selmaoui, Lambrozo & Touitou (1996) showed that a one-night
(23.00 to 08.00) exposure to either continuous or intermittent (1 hour off and
1 hour with on/off switching every 15 s) 50-Hz, 10-T magnetic fields did not
affect immunological parameters (CD3-, CD4-, CD8-lymphocytes, NK-cells
and B-cell populations) in 16 healthy men aged 20-30 years as compared to
16 healthy sham-exposed men.

In 2000, Tuschl et al. (2000) published some results on immune
parameters of ten workers exposed to the magnetic fields associated with
induction heaters (50-600 Hz, up to 2 mT, or 2.8-21 kHz, 0.13-2 mT, for at
least two years). Overall, there were no differences between exposed and
control subjects in the levels of B- and T-cells, cytokines and immunoglobu-
lins. However, the numbers of NK-cells and oxidative bursts of monocytes,
implicated in cytotoxic responses were significantly increased in the exposed
group while monocytes had significantly reduced phagocytic activity com-
pared with those from unexposed personnel. The authors considered that
overall the non-specific immunity of the exposed subjects was normal and
that the most peculiar finding was the increase in NK-cell population.

Recently, the Mandeville group has reported effects of 60 Hz mag-
netic fields on 60 workers of power utilities (Ichinose et al., 2004). They
monitored the activity of ornithine decarboxylase (ODC) in white blood cell,
the activity of NK-cells, lymphocyte phenotypes, and differential cell counts.
They monitored exposure over three consecutive days before collecting
peripheral blood. There was no alteration of NK-cell activity nor of the num-
ber of circulating neutrophils, eosinophils, basophils, or T-lymphocytes.
However, there was an association between exposure intensity and a
decreased ODC activity and lower NK-cell counts.

The production of melatonin, which is known to stimulate the
immune system, was quantified on the night preceding immune marker
determinations. While no alteration in melatonin levels could be observed in
the exposed subjects, the decrease in ODC activity, counts of NK- and B-
cells, and monocytes were strongest for the workers with lowest melatonin
production. According to the authors, the health consequences associated
with these changes are not known.

Using a cross-section approach, Chinese scientists investigated the
effects of ELF fields on the immune system. Zhu and coworkers (2002;
2001) systematically explored its effects on red blood cell, platelets and
white blood cells of peripheral blood taken from people who were working
with the electric railway system. They reported that the fields (50 Hz, 0.01—
0.938 mT, or 0-12 kV m™") decreased the number of white blood cells and
the level of IgA and IgG (Immunoglobulins A and G) antibodies. They also
found that the percentage of lymphocytes showing DNA damage was higher
in the exposed group than in the control group. The authors concluded that
ELF fields might induce DNA damage in lymphocytes, then cause apoptosis
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of these cells, and further result in the decrease of cell number and immuno-
globulin level in the blood.

Dasdag et al. (2002) compared blood cell counts, hematocrit and
lymphocyte surface antigens of a group of 16 welders with that of a group of
14 healthy male control subjects. Although CD4 and CDS8 levels were
decreased in the welders and the hematocrit increased, the authors concluded
that the differences were not clinically significant and that the results were
not suggestive of an ELF effect on immunologic parameters.

Table 61 summarizes the studies on immune responses in humans
exposed to ELF fields.

Table 61. Immune system responses in humans

Test Exposure Results Com- Authors
ments

Numbers of CD3+, 50 Hz No effect with either Well con-  Sel-
CD4+, CD8+ lympho- 10 uT exposure protocol.  trolled maoui,
cytes, of NK- cells and B- Continuous or study. Low Lam-
cells intermittent (1 power. brozo &
Healthy young men h off, 1 h with Touitou,
exposed: n=16 on/off switch- 1996
sham-exposed: n=16 ing every 15 s)

Exposure for

one night

(23:00 to

08:00).
Number of B- and T- 50-600 Hz No effect on B- and Tuschl et
cells, levels of cytokines upto2mT T-cells, cytokines al., 2000
and immunoglobulins or and immunoglobu-
Numbers of NK cells and 2.8-21 kHz lins.
oxidative bursts of mono- 0.13-2 mT Increase in NK cells
cytes Exposure for and in bursts of
Monocyte phagocytic at least two monocytes.
activity years Decreased phago-
Workers exposed to cytic activity.
induction heaters (n=10)
Activity of ornithine 60 Hz Decreased ODC Ichinose
decarboxylase (ODC) in Personal mag- activity. etal.,
white blood cells netic field No alteration of NK 2004
Activity of NK cells monitor for 3 activity.

Lymphocyte phenotypes consecutive No change in num-
Differential cell counts working days ber of circulating
Power-utility workers neutrophils, eosino-
(n=60) phils, basophils, and
T-lymphocytes,
lower NK-cell counts
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Table 61. Continued

Numbers of blood cells, 50 Hz Increase in red blood Zhu, Way
levels of immunoglobu-  0-12 kv m™!,  cells, platelets, and & Zhu,
lins, levels of DNA dam- (.01-0.92 mT haemoglobin. 2001
age in lymphocytes 459+2.64 h/ Decrease in white
(comet assay) day, 9.72+3.09 blood cells and lym-
Daily exposed workers:  year phocytes.
n=192 Decrease in IgA and
Unexposed control work- IgG.
ers: n=106 Increase in DNA
damage of lympho-
cytes.
Numbers of blood cells, 50 Hz Increase inred blood Extension Zhu etal.,
levels of immunoglobu-  1.69-3.25 kV  cells and platelets. of Zhuet 2002
lins, levels of DNA dam- m' 0.245- Decrease in white  al., 2001
age in lymphocytes 0.938 mT blood cells and lym-
(comet assay) 4.59+2.64 h/ phocytes.
Daily exposed workers:  day, 9.443.2 Decrease in IgA and
n=33 year |gG
Unexposed control work- Increase in DNA
ers: n=106 damage of lympho-
cytes.
Red blood cells; hemo-  Welders CD4, CD8 lower, Dasdag et
globin; hematocrit; plate- exposed 3-4  hematocrit higher in al., 2002

lets; total white blood
cells; neutrophils; lym-
phocytes; eosinophils;
and CD3, CD4, CD8, and
CD4/CD8

Male welders: n=16
Male controls: n=14

hours per day
per week and
for at least 10
years

welders.
Differences “not clin-
ically significant”.

9.1.2

Animal studies

Animal studies have been carried out using several approaches:
some authors have examined the responsiveness of the whole immune sys-
tem, while other used blood cell counts and standard in vitro tests on cells
taken from the peripheral blood or spleen of exposed animals. This section
discusses all experiments done with exposure of the animals even if the tests
on their immune cells were done in vitro. Many of these studies have been
previously reviewed by ICNIRP (2003) and the general conclusion was that
“there is little consistent evidence on any inhibitory effect of power-fre-
quency EMF exposure on various aspects of immune system function”.

The Loscher group (Mevissen et al., 1996) had reported a decreased
spleen T-lymphocyte proliferation in rats chronically exposed to 50 Hz mag-
netic fields. In a follow-up study, the same authors (Mevissen et al., 1998)
found that this proliferation was initially increased, after 2 weeks, but then
decreased, after 13weeks, compared to sham-exposed animals.
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Later, the same group (Hé&ussler et al., 1999) reported on two
independent experiments on the ex vivo production of interleukins (ILs) by
mitogen-stimulated splenic lymphocytes from female Sprague-Dawley rats
exposed to 100 uT 50 Hz magnetic fields. In the first experiment, the rats
were treated with DMBA and exposed or sham-exposed for 14 weeks. There
was no difference between exposed and sham-exposed groups in the level of
production of IL-1 by mitogen-activated splenic B-cells. In the second
experiment, rats were exposed for 1 day, 1 week, or 2 weeks, followed by
collection and activation of spleen lymphocytes. There was no difference in
IL-1 or IL-2 production from stimulated B- or T-cells. According to the
authors, these negative findings suggested that the reported changes in T-cell
proliferation in response to magnetic field exposure (Mevissen et al., 1996;
1998) was not mediated via alterations in IL production.

In another experiment, Thun-Battersby, Westermann & Loscher
(1999) exposed female Sprague-Dawley rats to a 50 Hz, 100 pT field for
periods of 3 or 14 days or 13 weeks. They performed analyses of T-lympho-
cyte subsets and other immune cells: NK- cells, B-lymphocytes, macroph-
ages, and granulocytes in blood, spleen and mesenteric lymph nodes. They
also detected proliferating and apoptotic cells in the compartments of spleen
tissue. No effect was found on different types of leukocytes, including lym-
phocyte subsets for any of the exposure durations. The authors concluded
that exposure did not affect lymphocyte homeostasis, but did not exclude that
functional alterations in T-cell responses to mitogens and in NK-cell activity,
as described in some studies of exposed rodents, may be one of the mecha-
nisms involved in the carcinogenic effects of magnetic field exposure
observed in some models of co-carcinogenesis, such as the DMBA model
used by this group.

A number of tests of NK-cell activity have been carried out, mainly
on exposed mice. House et al. (1996) reported that the NK-cell activity of
young B6C3F(1) female mice was reduced in some experiments after expo-
sure to continuous or intermittent 60 Hz magnetic fields (2-1000 pT) but not
in male mice nor in male or female rats. The authors later did the experiment
with older female mice, and observed a similar decrease in NK-cell activity
at 1000 uT but not at the lower field intensities (House & McCormick,
2000). They concluded that the inhibition of NK-cell activity caused by
exposure was consistent across their experiments but had little biological sig-
nificance, as it was not associated with an increase in neoplasms in separate
investigations with the same type of exposure.

Arafa et al. (2003) investigated the bioeffects of repeated exposure
to 50 Hz high-strength (20 mT) magnetic fields on some immune parameters
in mice. The animals were exposed daily for 30 minutes three times per week
for 2 weeks. Immune endpoints included total body weight, spleen/body
weight ratio, splenocytes viability, total and differential white blood cell
(WBC) counts, as well as lymphocyte proliferation induced by phyto-
haemagglutinin, concanavalin-A and lipoploysaccharide. Magnetic field
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exposure decreased splenocyte viability, WBC count, as well as mitogen-
induced lymphocyte proliferation (by approximately 20%).

The authors also tested the effects of two distinct anti-radical com-
pounds: L-carnitine and Q10. Both drugs were given 1 h prior to each ELF
exposure. L-carnitine, but not Q10 attenuated the adverse effects of exposure
on the vast majority of the immune parameters tested. It was speculated by
the authors that the effect of L-carnitine was due to its anti-ROS properties.

Ushiyama & Ohkubo (2004) and Ushiyama et al. (2004) studied the
acute and subchronic effects of whole-body exposure to 50 Hz magnetic field
on leukocyte-endothelium interaction using a dorsal skinfold chamber tech-
nique in conscious BALB/c mice. They perfomed an acute exposure experi-
ment by exposing for 30 min at 0, 3, 30 and 30 mT and a subchronic
exposure experiment by continuous exposure for 17 days at 0, 0.3, 1 and 3
mT. The intra-microvascular leukocyte adherence to endothelial cells signifi-
cantly increased at 30 mT in the acute exposure and at 3 mT in the sub-
chronic exposure conditions. In a companion study Ushiyama et al. (2004),
however, they failed to find changes in serum tumour necrosis factor-a
(TNF-a)) and IL-1 B levels under exposure to subchronic exposure to 30 mT.

The effect of long-term exposure to ELF electric and magnetic
fields on the thymocytes of rats was studied by Quaglino et al. (2004). The 2-
month-old Sprague-Dawley rats were exposed or sham exposed for 8§ months
to 50 Hz fields (1 kV m™, 5 uT or 5kV m™!, 100 uT). Simultaneous exposure
to continuous light and ELF fields did not change significantly the rate of
mitoses compared to sham-exposed rats, but the amount of cell death was
significantly increased. The conclusion of the authors was that, in vivo,
stress, such as that caused by continuous exposure to light and ELF exposure
can act in synergy to cause a more rapid involution of the thymus and sug-
gested that this could be responsible for an increased susceptibility to the
potentially hazardous effects of ELF-EMF.

Table 62 summarizes the studies on immune system responses
found in experimental animals.

9.1.3 Cellular studies

Jandova et al. (1999; 2001) found that the adherence of leukocytes
taken from cancer patients to solid surfaces (such as glass surfaces or plastic
materials) was increased after 1 hour of exposure to a 50 Hz sinusoidal mag-
netic field (1 mT and 10 mT), while it was decreased in T-lymphocytes taken
from healthy donors. The leukocyte surface properties manifest cell-medi-
ated immunity, since, in the presence of antigens, leucocytes taken from can-
cer patients exhibit less adherence than leucocytes from healthy humans. The
authors concluded that the response of cell-mediated immunity was altered
by external magnetic field exposure and hypothesized about different bio-
physical mechanisms, among which were the free radical reactions.
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Ikeda et al. (2003) studied the immunological functions of human
peripheral blood mononuclear cells (PBMCs) from healthy male volunteers.
They assessed the activities of NK and lymphokine activated killer (LAK)
cells and the production of interferon-y (IFN-y), tumour necrosis factor-a
(TNF-a), interleukin-2 (IL-2), and interleukin-10 (IL-10). The PBMCs were
exposed for 24 hours to linearly (vertical), or circularly, or elliptically
polarised fields, at 50 and 60 Hz (2500 puT for the vertical field and 500 puT
for the rotating fields). They found no effect of exposure on the cytotoxic
activities and the cytokines production of human PBMCs.

The Simko-group in Germany has been very active in recent years
studying the effects of 50 Hz, 1 mT magnetic fields on various immune cells.
The effects on the production of free radicals was studied by Lupke, Rollwitz
& Simko (2004) in monocytes from the blood of human umbilical cord and
in human Mono Mac6 cells. In monocytes a significant increase of superox-
ide radical anion production was observed (up to 40%) and an increase in
ROS release (up to 20%) upon 45-min exposure of monocytes. The increases
were even larger in Mono Mac6 cells.

Rollwitz, Lupke & Simko (2004) gave some evidence of the cell-
activating capacity of ELF magnetic fields by reporting a significant increase
in free radical production after exposure of mouse bone marrow-derived
(MBM) promonocytes and macrophages. The superoxide anion radicals
were produced in both types of cells. The authors suggested that the NADH-
oxidase pathway was stimulated by exposure, but not the NADPH pathway.

The same research group (Simko & Mattsson, 2004) has concluded
that some of the effects of ELF magnetic field exposure might be caused by
increasing levels of free radicals. They considered four different types of
processes: (i) direct activation of macrophages (or other immune cells) by
short-term exposure leading to phagocytosis (or other cell specific responses)
and consequently, free radical production, (ii) exposure-induced macrophage
activation including direct stimulation of free radical production, (iii)
increase in the lifetime of free radicals under exposure leading to long-term
elevation of free radical concentrations, (iv) long-term exposure leading to a
durable increase in the level of free radicals, subsequently causing an inhibi-
tion of the effects of the pineal gland hormone melatonin. However, there are
no well-established data showing that free radical production is affected by
ELF magnetic field exposure.

Table 63 summarizes the results of ELF in vitro studies on immune
system responses.
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Table 63. Inmune system in vitro studies

Biological endpoint Exposure conditions Results Authors
Adherence assay 50 Hz Decreased adherence in Jandova et
Leukocytes taken from 1 and 10 mT (measure- normal leukocytes which al., 1999;
venous blood of normal ments gave 1.02 and normally are adherent. 2001
donors and cancer 9.52 mT, respectively) Increased adherence in
patients 1h cancer leukocytes that
Test tubes placed in the are usually not adherent
center of a coil. Expo- to solid surfaces.
sure performed at Similar effect for longer
37°C. Sham exposure exposure duration (2, 3
not mentioned. and 4 h tested but no
data shown).
Several CD markers 50 Hz Slight effect on CD4, Conti et al.,
and transcription and  24,48,72h CD14 and CD16 recep- 1999
expression of CD4. tor expression, other CD
receptors not affected.
Peripheral blood mono- 50 Hz, pulsed (2 msec. DNA CD4+ expression Felaco et
nuclear cells impulse duration) gen- increased al., 1999

erated by a BIOSTIM
apparatus

1.5mT

24,48 and 72 hours

CD4 expression

Activity of NK and LAK 50 and 60 Hz

cells; production of linearly (vertical), circu-

IFN-gamma, TNF- larly, or elliptically

alpha, IL-2, and IL-10  polarised magnetic

PBMCs from healthy fields

male volunteers
500 pT (rotating fields)
24 h

Monocytes from blood 50 Hz

of human umbilical 1mT
cord and human Mono 45 min

Macé6 cells

Production of free radi-

cals

Mouse bone marrow- 50 Hz
derived (MBM) 1mT

promonocytes and 45 min to 24 hours
macrophages
Production of free radi-

cals

2-500 pT (vertical field)

mRNA CD4+ expression
increased in resting cells
exposed for 24 h, but not
48 0or72h

Increase in percentage
cell cycle progression in

S phase

No effects. lkeda et al.,
2003

Increase in superoxide  Lupke, Roll-

radical anion production witz &

in monocytes; increase  Simko,

in ROS release upon 45- 2004

min exposure of mono-

cytes (larger in Mono

Macé cells).

Increase of free radical  Rollwitz,

production: superoxide Lupke &

anion radicals were pro- Simko,

duced in both types of 2004

cells.
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9.2 Haematological system

Haematological parameters include: leukocyte and erythrocyte
counts, haemoglobin concentration, reticulocyte and thrombocyte counts,
bone marrow cellularity and prothrombin times, serum iron and serum alka-
line phosphatase concentrations and serum triglyceride values. Most studies
have included assessments of the differential white blood cell count, that is,
the overall concentration of white cells (leukocytes) and their various sub-
groups. However, the importance of small alterations of the levels of circu-
lating leukocytes is not clear as there is a continual and active exchange with
other body compartments such as the lymphoid system which can be affected
by a number of different factors including disease.

9.2.1 Human studies

Very few studies have been performed on volunteers and none in
recent years.

Selmaoui et al. (1996) exposed or sham exposed 32 male volunteers
to 10 uT, 50 Hz horizontally polarised magnetic fields between 23.00 and
08.00 on two separate days. Blood samples were taken from each subject at
3-hourly intervals from 11.00 to 20.00 and hourly from 22.00 to 08.00. One
month later, the exposed group was subjected to an intermittent 10 uT, 50 Hz
magnetic field between 23.00 and 08.00. In the intermittent regimen, the
magnetic field was turned on for one hour and off for the next hour; during
the on-period, the field was cycled on and off every 15 s. Counts of all cell
types showed a strong circadian rhythm with the possible exception of neu-
trophils and NK-cells; However, values in the group exposed continuously
and in those exposed intermittently were always very similar to values in the
sham exposed groups. Moreover, inter- and intra-individual variations were
so high that small effects due to exposure were unlikely to be detected.

Bonhomme-Faivre et al. (1998) monitored a few subjects exposed
for 8 hours per day for more than lyear in their hospital laboratory to 50 Hz,
0.2-6.6 uT magnetic fields. CD3 and CD4 lymphocyte counts were signifi-
cantly lower than those measured in six control workers, but NK-cell counts
were increased. Since exposure levels were measured at ankle level, the
whole-body exposure of the individuals was unknown and no health conse-
quences could be attributed to field exposure.

These studies are summarized in Table 64.

9.2.2 Animal studies

Boorman et al. (1997) exposed Fischer 344/N rats and B6C3F1
mice to 60 Hz magnetic fields (2200 and 1000 uT) for 8 weeks (18.5 h per
day, 7 days per week). An additional group of rats and mice was exposed
intermittently (1 h on and 1 h off) to 1000 uT magnetic fields. There were no
haematological alterations that could be attributed to magnetic field expo-
sure.
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Table 64. Human haematological studies

Biological Exposure con- Results Comments Authors
endpoint ditions
Counts ofall 50 Hz No effect but Well controlled  Selmaoui et
blood cell 10 T strong inter and study. Low al., 1996
types 23.00 to 08.00 intra-individual power.
on two separate variations.
days
CD3 and CD4 50 Hz Decrease in CD3  Dosimetry not Bonhomme-
lymphocytes  0.2-6.6 uT at and CD4 and provided. Low Faivre etal.,
and NK counts ankle level increase in NK number of sub- 1998
8 h/day, 1year cells. jects (6
exposed, 6 con-
trols).

Zecca et al. (1998) assessed haematological variables before expo-
sure and at 12-week intervals during exposure up to 32 weeks. Male Spra-
gue-Dawley rats (64 animals per group) were exposed for 8 h per day, 5 days
per week for 32 weeks at 50 Hz (5 pT and 1 kV m™', and 100 pT and
5kV m™). Blood samples were collected at 0, 12, 24, and 32 weeks. No
pathological changes were observed under any exposure conditions in animal
growth rate, in morphology and histology of the tissues collected from the
liver, heart, mesenteric lymph nodes, testes and bone marrow or in serum
chemistry.

Three studies were performed by Korneva et al. (1999) in male
CBA mice exposed to 50 Hz, 22 uT magnetic fields for 1 h, at the same time
of day, for 5 successive days. In the first study, spleen colony formation was
examined and the number of colony-forming units was not higher than in
sham-exposed animals. Significant changes were seen in the thymus weight
and thymus index of exposed animals when compared to sham-exposed
animals. In a second study, mice were given a sublethal dose of X-rays (6
Gy) followed 2 h later with the same magnetic field exposure as above. The
number of colonies per spleen showed a consistent, significant increase with
exposure and the number of colony forming units per femur was decreased.
In the third study, bone marrow was taken from mice that had been exposed
in still the same way, and injected into mice that had been exposed to a lethal
dose of X-rays (9 Gy). The number of colony forming units per femur in the
recipient mice was significantly reduced at days 1 and 4 after injection.

A summary of these studies is presented in Table 65.
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Table 65. Animal haematological studies

Biological end-
point

Exposure condi-
tions

Results

Comments Authors

Differential white
blood cell count
Swiss-Webster
mice and Sprague-
Dawley rats

Differential white

blood cell and bone

marrow progenitor
cell count
CBA/H mice

Splenic lymphocyte

subgroup analysis
B6C3F1 mice

Differential white
blood cell count
F344 rats

Differential white
blood cell count
Sprague-Dawley
rats

Differential white
blood cell count
Baboons

Haematology
Fischer rats and
B6C3F1 mice

60 Hz
100 kV m™!

15 (rats only), 30, 60

or 120 days
50 Hz

20mT
7 days

60 Hz

2,200, 1000 uT con-

tinuous

1000 pT intermittent

(1 h on/off)

4 or 13 weeks
60 Hz

20 uT-2 mT

20 h / day, 6 weeks

50 Hz

100 uT

3 days, 14 days or
13 weeks

Pilot study:

60 Hz

9kvm™, 20 uT
5 weeks

Main study:

60 Hz
30kVm™, 50 uT
60 Hz

1000 or 2200 puT
continuous

1000 uT Intermittent

(1 hon, 1h off)

18.5h/day, 7 days /

week, 8 weeks

No consistent
effects seen in
replicate studies.

No effect.

No effect.

Trend for reduced
T-cell count with
exposure;
reduced total,
cytotoxic and
helper T-cells.

No effect.

Reduced helper T-
lymphocyte count
in pilot study; no
effect in main
study.

No effect.

Replicate Ragan et
studies; al., 1983
some results
variable.
Lorimore
et al.,
1990
Generally House et
well al., 1996
described
study.
Fully Tremblay
described et al.,
study; signifi- 1996
cant effects
with control
rather than
sham com-
parison.
Extensive Thun-Bat-
lymphocyte tersby,
sub-set anal- Wester-
ysis. mann &
Ldscher,
1999
Consider-  Murthy,
able hetero- Rogers &
geneity in Smith,
sham 1995
exposed
results.
Boorman
et al.,
1997
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Table 65. Continued

Blood cells count 50 Hz No effects. Zecca et
before exposure, at 5 T, 1 kV m™ al., 1998
12, 24 and 32 100 HT 5KV m-1

weeks of exposure 8h/ day 5 days/

Morphology and  \yeek 32 weeks
histology of different

organs (liver, heart,
mesenteric lymph
nodes, testes, bone
marrow)

Groups of 64 rats
sham-exposed

Spleen colony for- 50 Hz No effect of EMF Korneva et
mation 22 uT alone. al., 1999
Bone marrow 1 h/day, same time Increase in num-
injected to mice of day, 5 successive ber of colonies per
exposed to 9 Gy X- days spleen; decrease
rays 6 Gy X-rays fol- in colony forming
Male CBA mice lowed after 2 h by  units per femur.

same exposure as  Number of colony

above forming units per

femur signifi-

cantly reduced in
the recipient mice.

Total and differential 50 Hz Decreased white Arafa et
white blood cell 20 mT blood cells count. al., 2003
counts 30 min/ day, 3 days /

Mice week, 2 weeks

9.2.3 Cellular studies

Only one paper has been published recently on the effects on cells
of the haematopoietic system: Van Den Heuvel et al. (2001) studied the
effects of 50 Hz, 80 uT magnetic fields on the proliferation of different types
of stem cells, including haemopoietic cells. The cytotoxic effects of exposure
were investigated on the proliferation of undifferentiated murine 3T3 cells
using the neutral red test. Magnetic fields had no cytotoxic effect on this cell
line.

When exposed to the same fields, a reduction in the proliferation
and differentiation of the granulocyte-macrophage progenitor (CFU-GM)
grown from the bone marrow of male and female mice was shown compared
to non-exposed cells. Stromal stem cell proliferation (CFU-f) from female
mice showed a reduction while CFU-f from male mice did not decrease. The
authors concluded that these effects on CFU-f are equivocal.

Table 66 summarizes the results of ELF in vitro studies.
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Table 66. Cell proliferation studies

Biological endpoint  Exposure conditions Results Authors
Cell numbers and col-  Nulled fields, 50 Hz vertical ~ No effects. Reipert et
ony following efficiency fields, Ca2+ ion cyclotron res- al., 1997

Mouse haemopoetic onance conditions at 50 Hz
progenitor cells FDCP  0.006, 1 and 2 mT

mix A4 2 hours immediately after

seeding

1, 4 or 7 days, one hour after

seeding
Cell number 50 Hz No effects. Fiorani et
K562 myeloid leu- 0.2-200 T al., 1992
kaemia cells up to 24 h
3H-thymidine uptake 72 Hz pulsed No effects. Phillips &
CCRF-CEM human lym- 3.5 mT McChesney,
phoblastoid cells 0.5-24 h 1991
Proliferation 50 Hz No effects. Van Den
Stem cells 80 uT Heuvel et
Undifferentiated murine 4 days al., 2001
3T3 cells
Proliferation and differ- 50 Hz Reduction in Van Den
entiation of the granulo- 80 pT proliferation and Heuvel et
cyte-macrophage 7 days differentiation.  al., 2001
progenitor
Stromal stem cell prolif- 50 Hz Decrease in Van Den
eration 80 uT female mice and Heuvel et

10 days no change in al., 2001

male mice.

9.3 Conclusions

Evidence for the effects of ELF electric or magnetic fields on com-
ponents of the immune system is generally inconsistent. Many of the cell
populations and functional markers were unaffected by exposure. However,
in some human studies with fields from 10 pT to 2 mT, changes were
observed in natural killer cells, which showed both increased and decreased
cell numbers, and in white blood cell counts, which showed no change or
decreased numbers. In animal studies reduced natural killer cell activity was
seen in female, but not male mice or in rats of either sex. White blood cell
counts also showed inconsistency, with decreases or no change reported in
different studies. The animal exposures had an even broader range of 2 uT to
30 mT. The difficulty in interpreting the potential health impact of these data
is due to the large variations in exposure and environmental conditions, the
relatively small numbers of subjects tested and the broad range of endpoints.

There have been few studies carried out on the effects of ELF mag-
netic fields on the haematological system. In experiments evaluating differ-
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ential white blood cell counts, exposures range from 2 pT to 2 mT. No
consistent effects of acute exposure to magnetic fields or to combined elec-
tric and magnetic fields have been found in either human or animal studies.

Overall therefore, the evidence for effects of ELF electric or mag-
netic fields on the immune system and haematological system is considered
inadequate.
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10 REPRODUCTION AND DEVELOPMENT

The effects of exposure to low frequency EMFs on fertility, repro-
duction, prenatal and postnatal growth and development have been investi-
gated in epidemiological and laboratory studies for a number of years.
Epidemiological studies have examined reproductive outcome in relation to
visual display terminal use, and to residential exposure, especially in relation
to electrically heated beds. Experimentally, this issue has been addressed in
studies of effects on mammalian and non-mammalian species, particularly
birds. Several comprehensive reviews are available (e.g. AGNIR, 1994;
Brent et al., 1993; Brent, 1999; Huuskonen, Lindbohm & Juutilainen, 1998;
IARC, 2002; ICNIRP, 2003; Juutilainen, 2003; Juutilainen & Lang, 1997;
McKinlay et al., 2004; NIEHS, 1998).

10.1 Epidemiology

10.1.1 Maternal exposure

10.1.1.1 Video display terminals

A number of epidemiological studies have investigated possible
association of adverse pregnancy outcome with the use of video display ter-
minals during pregnancy (for reviews, see Brent et al., 1993; Delpizzo, 1994;
TIARC, 2002; Juutilainen, 1991; Parazzini et al., 1993; Shaw, 2001; Shaw &
Croen, 1993). The electromagnetic fields emitted by video display terminals
include ELF as well as higher frequencies up to 100 kHz. In general, these
studies have not suggested increased risks for spontaneous abortion, low
birth weight, pre-term delivery, intrauterine growth retardation, or congenital
abnormalities. However, most of the studies did not include any measure-
ments of ELF field exposure. The average exposure of a video display opera-
tor is typically low (around 0.1 pT), so these studies are not informative for
assessing possible effects associated with higher exposures. Lindbohm et al.
(1992) carried out measurements of the field emissions of displays used by
the study subjects, and observed an increased odds ratio (3.4; 95% CI: 1.4—
8.6) for spontaneous abortions among women who used the few video dis-
play terminal types that had unusually high ELF magnetic field emissions
(> 0.9 uT peak-to-peak value). Another study that included ELF field mea-
surements (Schnorr et al., 1991) did not report any association with field
exposure. The strongest fields to which subjects were exposed in this study
were weaker than those in the Lindbohm study.

10.1.1.2 Electrically heated beds

Electric blankets and electrically heated waterbeds can significantly
increase exposure to ELF magnetic and electric fields, because they are used
close to the body for long time periods. Electric blankets produce fields up to
about 2.2 uT and the users of waterbeds are exposed to flux densities of 0.3—
0.5 uT (Bracken et al., 1995; Florig & Hoburg, 1990; Kaune et al., 1987).
The use of these devices may also result in increased maternal heat stress.
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The first suggestion of harmful effects of electric blankets and
heated waterbeds came from the study by Wertheimer & Leeper (1986).
They examined seasonal patterns of foetal growth and spontaneous abortion
rate among the users of heated beds, and reported that these outcomes were
associated with conception in the winter months, and hence with use of bed
heating. This study, however, has been criticized for several methodological
shortcomings (Chernoff, Rogers & Kavet, 1992; Hatch, 1992). The findings
of the studies on electrically heated beds and birth defects have been mostly
negative. The use of electric blankets or heated waterbeds was not related to
neural tube defects, oral cleft defects, or urinary tract defects (Dlugosz et al.,
1992; Milunsky et al., 1992; Shaw et al., 1999). In the study of Li, Checko-
way & Mueller (1995) electric blanket use was not associated with an
increased risk of urinary tract anomalies. However, in a subgroup of women
(37 cases, 85 controls) with a history of sub-fertility, an odds ratio of 4.4 was
observed (95% CI: 0.9-23).

All the above studies were retrospective and assessment of expo-
sure was usually based on self-reported data on the use of heated beds. Thus,
incomplete information of exposure level (which varies between different
types of electric blankets and waterbeds) and biased reporting of exposure
may have influenced the findings. These difficulties were partly overcome in
a prospective study (Bracken et al., 1995). In this study, exposure was esti-
mated by measurements of magnetic fields produced by electric blankets and
waterbeds and using interview data on hours of daily use. Low birth weight
and intrauterine growth retardation were not related to use of electrically
heated beds during pregnancy. The same group also examined the occurrence
of spontaneous abortion in women who used electric blankets or electrically
heated waterbeds (Belanger et al., 1998). The use of electric blankets did
result in an increased risk ratio (1.8; 95% CI: 1.1-3.1), whereas the use of
waterbeds or wire codes indicating elevated ELF field exposure were not
associated with increased risk. In another prospective study (Lee et al.,
2000), no increased risks of spontaneous abortions were found for users of
electric blankets (OR = 0.8; 95% CI: 0.6—1.2) or waterbeds (OR = 1.0; 95%
CI0.7-1.3). No increase of risk with increasing setting-duration combination
of electrically heated bed use was observed. The adjusted odds ratio for the
twenty women who used electric blankets at high setting for 1 hour or less
was 3.0 (95% CI: 1.1-8,3), but there were no spontancous abortions among
the women (n = 13) who used a high setting for 2 hours or more.

Overall, the studies on electrically heated beds have not provided
convincing evidence for an association with adverse pregnancy outcomes.
This view is supported by reviews from the UK Advisory Group on Non-
Ionising Radiation (AGNIR, 1994) and more recently from the Health Coun-
cil of the Netherlands (HCN, 2004). There is some indication of different
patterns of results for waterbeds and electric blankets. For use of waterbeds
during pregnancy, the risk estimates have generally been close to 1.0, while
higher (and in some cases statistically significant) risk estimates have been
reported for electric blankets, particularly among those women who used the
high power setting of electric blankets. This pattern of results could be inter-
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preted to reflect the higher magnetic fields produced by electric blankets
(compared to waterbeds), or higher thermal stress experienced by the users
of electric blankets.

Table 67 summarizes the results of epidemiological studies investi-
gating various reproductive outcomes in humans exposed to different ELF
sources.

Table 67. Epidemiological studies on reproductive outcome

Endpoint Study popula- Exposure (EB: electric Relative risk Authors
tion blankets; WB: electri- (95% ClI)
cally heated water
beds)
Miscarriage 673 cases, 583 EB not Wert-
Low birth weight controls WB determined  heimer &
Leeper,
1986
Miscarriage Prospective EB, use at conception 1.74 (1.0-3.2) Belanger
study, n = 2967 etal.,
1998
EB, use at interview 1.61(0.8-3.2)
EB, high setting at con-  1.65 (0.6-4.9)
ception
EB, high setting at inter- 2.05 (0.7-4.7)
view

WB, use at conception ~ 0.59 (0.3-1.1)
WB, use at interview 0.63 (0.4-1.1)
WB, high setting at con- 0.59 (0.3—-1.1)

ception

WB, high setting at inter- 0.49 (0.2-1.1)

view
Miscarriage Prospective EB 0.8 (0.6-1.2) Leeet

study, n = 5144 al., 2000

EB, high setting 1.6 (0.6-3.3)

wB 1.0 (0.7-1.3)

WB, high setting 1.0 (0.7-1.5)
Low birth weight Prospective EB or WB, low setting® 1.2(0.5-2.8) Bracken
Intrauterine study, n = 2967 etal.,
growth retarda- 1995
tion

EB or WB, high setting @ 0.6-2.5)

1.2 (
EB or WB, low setting?® 0.8 (0.4-1.7)
EB or WB, high setting @ 1.6 (1.0-2.6)

0.9 (

Neural tube 535 cases, 535 EB 0.5-1.6) Dlugosz
defects controls etal.,
Oral cleft defects 1992
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Table 67. Continued

WB
EB
WB

Neural tube Cohort, EB
defects n = 23491

Neural tube Two studies, EB (study 1)
defects 1455 cases,

1754 controls in

total

EB (study 2)
WB (study 1)
WB (study 2)
CLP, isolated ® EB
WwB
CLP, multiple © EB
WwB

Urinary tract 118 cases, 369 EB
anomalies (UTA) controls

UTA, subfertile 37 cases, 85
women controls

WB
EB

1.1(0.6-1.9)
0.7 (0.4-1.2)
0.7 (0.4-1.1)
1.2 (0.5-2.6)

1.8 (1.2-2.6)

1.2 (0.6-2.3)
1.2 (0.8-1.8)
1.2 (0.8-1.9)
0.8 (0.5-1.5)
1.0 (0.7-1.5)
1.3 (0.5-3.4)
1.8 (1.0-3.2)
1.1 (0.5-2.3)

0.8 (0.3-2.7)
4.4 (0.9-23)

Milunsky
etal.,
1992

Shaw et
al., 1999

Li,
Checko-
way &
Mueller,
1995

@ Exposure during 3rd trimester. Odds ratios were lower for exposures estimated for

earlier periods of pregnancy.

b Cleft lip with/without cleft palate, no other (or only minor) anomalies.

¢ Cleft lip with/without cleft palate with at least one accompanying major anomaly.

10.1.1.3 Other residential and occupational exposure

Several studies have investigated residential ELF exposures other
than heated beds. Wertheimer & Leeper (1989), using an approach similar to
their earlier study on electric blankets and waterbeds (Wertheimer & Leeper,
1989), reported that monthly rate of foetal loss was correlated with monthly
increase of heating degree days (= need of heating) in homes with ceiling
cable heat (which was reported to expose the occupants to magnetic fields of
about 1 puT), but not in homes without such heating. No association with
pregnancy outcome has been seen in studies that have assessed magnetic
field exposure using wire codes (a method of classifying dwellings based on
proximity to visible electrical installations, widely used in epidemiological
studies on childhood cancer — see Chapter 11) or proximity to power lines.
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Measurement-based exposure assessment has been used in five
studies. One study showed a suggestive association (OR = 5.1; 95% CI: 1.0-
26) between early pregnancy loss and magnetic fields above 0.63 uT mea-
sured at the front door (Juutilainen et al., 1993). The preclinical miscarriages
studied by Juutilainen et al. may be etiologically different from the clinically
observed miscarriages investigated in the other studies. Fields above 0.2 pT
measured in residences were not associated with miscarriages, low birth
weight or pre-term delivery (Savitz & Ananth, 1994). These two studies had
small numbers of exposed women, and used spot measurements to character-
ize the magnetic field levels of the subjects’ homes. Spot measurements have
been shown to be correlated with personal exposure, but their use may result
in significant misclassification (Eskelinen et al., 2002). A prospective study
(Bracken et al., 1995) used a wrist-worn meter to assess personal average
exposure during seven days. Exposure to fields above 0.2 uT was not statisti-
cally significantly associated with low birth weight or intrauterine growth
retardation.

Another prospective cohort study assessed the association of per-
sonal measured ELF magnetic field exposure with spontaneous abortion (Li
et al., 2001). The association with time-weighted average (TWA) magnetic
field exposure was not significant. However, a significantly increased risk
(OR = 1.8; 95% CI: 1.2-2.7) was found when the exposure metric used was
maximum exposure above 1.6 puT. The association was stronger for early
miscarriages (<10 weeks of gestation). Analysis of dose-response showed
weakly rising risk with magnetic field “dose”, measured as the product of
field level and duration above 1.6 uT (in uTs). The association was more
pronounced (OR =2.9; 95% CI: 1.6-5.3) among those women who indicated
that the measurement (by body-worn meter) had been taken on a “typical
day”, possibly reflecting lower exposure misclassification among these sub-
jects. The risk was further increased for subjects who had a history of diffi-
culties during pregnancy.

A nested case-control study with personal exposure measurements
(Lee et al., 2002) reported findings that were in certain respects similar to
those of Li et al. (2001). In the study by Lee et al. miscarriages did not show
a significant associated with TWA magnetic fields (although a suggestive
step function response was seen with higher TWA quartiles). Statistically
significant associations, and dose response trends with increasing exposure
quartiles, were found for two personal exposure metrics — maximum expo-
sure and rate-of-change of the magnetic field — but the value of these metrics
has not yet been established.

Lee et al. (2002) also conducted a prospective substudy of 219 par-
ticipants of the same parent cohort. The results of the prospective substudy
were consistent with those of the case-control study, suggesting increased
miscarriage risk associated with high rate-of-change and maximum field val-
ues. Unlike the nested study results, the personal TWA exposure at home
(but not total 24-h TWA exposure) showed a significantly increased risk for
fields above 0.2 uT (OR = 3.0; 95% CI: 1.1-8,4).

243



Savitz (2002) hypothesized that the apparent association with peak
exposures and magnetic field variability might be explained by lower mobil-
ity of subjects who experience nausea, which is known to be less common
among women who will miscarry. In their response, Li & Neutra (2002) pro-
vided evidence against this hypothesis using data from the prospective study
by Li et al. (2001). However, McKinlay et al. (2004) noted that the parameter
that provided evidence of a risk — namely maximum magnetic fields — was
not chosen a priori on the basis of aetiological plausibility (Li & Neutra,
2002). In addition, the results were sensitive to the choice of breakpoint,
which was made on the basis of the observations; and the study was not a
standard prospective study as more than half of the miscarriages (and all
those at all strongly related to maximum field exposure) occurred before the
measurements were made. McKinlay et al. (2004) also note that the compli-
ance rate was low and the possibility of selection bias was not excluded.
Analyses of four data sets from the Li et al. (2001) study indicate that the
magnitude of the maximum, but not the 95th or 99th percentile, is affected by
the sampling rate of the meter and the mobility of the wearer (Mezei et al.,
2006). This supports the hypothesis proposed by Savitz that the differential
mobility of cases and controls could affect the maximum magnetic field mea-
sured.

Finally, in a case-control study in France, Robert et al. (1996)
looked at congenital abnormalities in relation to distance from power lines.
For distance < 50 m the odds ratios was 1.3 (95% CI: 0.5-3.2) and for dis-
tance < 100 m it was 1.0 (95% CI: 0.5-2.0). However, this was based on only
two cases and since the entire study involved only 11 cases and 22 controls,
its statistical power was limited.

Overall, the studies on residential ELF magnetic field exposure
have provided some limited evidence for increased miscarriage risk associ-
ated with magnetic field exposure. This association is stronger for maximum
value and variability of the magnetic field than for time-weighted average
field level, but risk estimates above 1.0 were also reported for high TWA
magnetic fields. One study provided evidence that the effect might be stron-
ger for early miscarriages, and one study suggested effects on very early
(pre-clinical) foetal loss. There is no evidence (but also very few data) of
increased risks of adverse pregnancy outcomes other than miscarriage.

The results of epidemiological studies on reproductive outcomes in
people exposed to ELF fields in their homes are summarized in Table 68.
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Table 68. Epidemiological studies on reproductive outcome and exposure to res-
idential ELF magnetic fields assessed by measurements, wire codes or distance

to power line

Study Outcome Exposure ? Risk estimate Authors
population and 95% CI
257-396 pregnan- Miscarriage  Home spot mea- 0.8 (0.3-2.3)  Savitz &
cies surement 0.2 T Ananth,
1994
High wire code 0.7 (0.3-1.9)
Low birth High wire code 0.7 (0.2-2.3)
weight
Preterm deliv- Home spot mea- 0.7 (0.1-4.0)
ery surement 0.2 uT
High wire code 0.2 (0.0-1.5)
Prospective study, Miscarriage  Very high wire code 0.37 (0.2-1.1) Belanger et
n = 2967 al., 1998
Prospective study, Miscarriage  Personal TWA 0.3 1.2 (0.7-2.2) Lietal,
n =969 (MC) uT 2001
Personal 24-h maxi- 1.8 (1.2-2.7)
mum 1.6 uT
Total sum above 1.6 2.0 (1.2-3.1)
uT 476 uTs
MC before 10 Personal 24-h maxi- 2.2 (1.2—4.0)
weeks mum 1.6 uT
MC after 10 Personal maximum 1.4 (0.8-2.5)
weeks 1.6 uT
155 cases, 509 Miscarriage  Very high wire code 1.2 (0.7-2.1) Lee etal.,
controls 2002
Home spot mea- 1.1 (0.5-2.2)
surement 0.2 uT
Personal TWA 0.128 1.7 (0.9-3.2)
uT
Personal 24-h maxi- 2.3 (1.2—4.4)
mum 3.51 T
Personal rate-of- 3.1 (1.6-6.0)
change 0.094 uT
Prospective study, Miscarriage = Home spot mea- 3.1 (1.0-9.7)
n=219 surement 0.2 uT
Personal TWA 0.2 1.9 (0.6-6.1)
uT
Personal 24-h maxi- 2.6 (0.9-7.6)

mum 2.69 puT
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Table 68. Continued

Personal rate-of- 2.4 (0.9-6.6)
change 0.069 pT

89 cases, 102 con- Early preg- Home spot mea- 1.1 (0.6-2.3) Juutilainen
trols nancy loss surement 0.25 uT etal., 1993

Home spot mea- 5.1 (1.0-26)
surement 0.63 pT

Prospective study, Low birth Very high wire code 0.83 (0.3-2.1) Bracken et
n = 2967 weight al., 1995

Personal TWA 0.2  1.35(0.3-6.1)
uT

Intrauterine  Very high wire code 0.75 (0.4-1.6)
growth retar-

dation
Personal TWA 0.2 1.16 (0.4-3.1)
uT
11 cases, 22 con- All abnormali- Distance to power 0.95 (0.5-2.0) Robertetal.,
trols ties line 100 m 1996
Distance to power  1.25 (0.5-3.2)
line 50 m

2 In many studies, the results were reported for several different exposure levels. The
highest exposure levels were selected for this table.

10.1.2 Paternal exposure

Reproductive outcomes have also been occasionally related to
paternal magnetic field exposure. Buiatti et al. (1984) reported that cases
with infertility reported radioelectric work as their usual occupation more
often than the controls. No association was observed between semen abnor-
malities and job titles linked to magnetic field exposure (Lundsberg, Bracken
& Belanger, 1995). Schnitzer, Olshan & Erickson (1995) reported an excess
of birth defects in the children of electronic equipment operators. Increased
frequency of abnormal pregnancy outcome (congenital malformations and
fertility difficulties) was observed among high-voltage switchyard workers
(Nordstrom, Birk & Gustavsson, 1983). No significant increase of abnormal
birth outcome was found for offspring of power-industry workers (Tornqvist,
1998). Two studies suggested an association between magnetic field expo-
sure and decreased male/female ratio in the offspring (Irgens et al., 1997;
Mubarak, 1996).

The results of the studies on paternal exposure are inconclusive and
share the methodological limitation that occupation is used as a surrogate for
electromagnetic field exposure. While some studies indicated increased risks
associated with electrical occupations, there is very little evidence for a
causal role of ELF fields in these associations.
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10.2 Effects on laboratory mammals

10.2.1 Electric fields

Several studies have addressed effects of 60 Hz electric fields on
reproduction and development in rats, using field strengths from 10 kV m!
to 150 kV m™! (for review, see IARC, 2002). The studies involved large
group sizes and exposure over multiple generations. In general, the studies
did not report any consistent adverse effects. For example, malformations
were increased and fertility was decreased in one experiment (Rommereim et
al., 1987). These effects were not confirmed in further studies by the same
group (Rommereim et al., 1990; 1996).

Exposure to 50 Hz electric fields at 50 kV m™ did not induce signif-
icant effects on growth and development in eight-week-old male rats
exposed 8 h per day for 4 weeks, or rabbits exposed 16 h per day from the
last two weeks of gestation to six weeks after birth (Portet & Cabanes, 1988).

Sikov et al. (1987) conducted a three-generation study on Hanford
Miniature swine. The exposed group was kept in a 60 Hz, 30 kV m™! electric
field for 20 h per day, 7 days per week. Two teratological evaluations were
performed on the offspring of the F, generation. Malformations were
decreased in the first teratological evaluation (significant only if analysed by
foetus), but increased in the second evaluation. Increased malformations
were also found among offspring of the F; generation at 18 months, but not
in another offspring 10 months later. The inconsistency of the results makes
it impossible to conclude that there is a causal relationship between ELF
electric field exposure and developmental effects in swine.

10.2.2 Magnetic fields

10.2.2.1 Effects on prenatal development

Several studies have investigated effects of low frequency magnetic
fields on prenatal development of rodents, and have been reviewed previ-
ously (Huuskonen, Lindbohm & Juutilainen, 1998; TARC, 2002). The mag-
netic flux densities varied from 2 pT to 30 mT. In general, the results do not
show any consistent effects on gross external or visceral malformations or
increase of foetal loss. The only findings that show some consistency are
increases in minor skeletal alterations in several experiments in rats
(Huuskonen, Juutilainen & Komulainen, 1993; Mevissen, Buntenkotter &
Ldéscher, 1994; Ryan et al., 2000; Stuchly et al., 1988) and mice (Huuskonen
et al., 1998b; Kowalczuk et al., 1994). However, in many other studies in rats
(Chung et al., 2003; Negishi et al., 2002; Rommereim et al., 1996) and mice
(Chiang et al., 1995; Frolen, Svedenstal & Paulsson, 1993; Ohnishi et al.,
2002; Wiley et al., 1992) this effect was not observed. The lowest flux den-
sity reported to induce this kind of effect was 13 uT (Huuskonen, Juutilainen
& Komulainen, 1993; Huuskonen et al., 1998b). Skeletal variations are rela-
tively common findings in teratological studies and often considered biologi-
cally insignificant. Some of the groups concluded that the increased skeletal
changes observed in their studies resulted from statistical fluctuation rather
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than effects of the magnetic field exposure. Another possible explanation is
that these findings indicate subtle developmental effects similar to the devel-
opmental instability reported by Graham et al. (2000c) in Drosophila (see
3.2). The use of low frequency magnetic fields for facilitating bone healing
(for review, see IARC, 2002) may imply effects on growth and development
of bone tissue.

Table 69 summarizes the results of ELF studies on prenatal devel-
opment in mammals.

Table 69. Low frequency magnetic fields and prenatal development in mammals

Animal Frequency Flux den- Exposure Findings ? Other find- Authors
strain waveform sity (uT) time ings, notes
(days)
CBA/Ca 50 Hz 12.6, 126 0-18 M- S+ R- Huuskonen
mouse sinusoidal etal.,
1998b
CD-1 mouse 50 Hz 20 000 0-17 M- S-R-  Body weight Kowalczuk
sinusoidal and length etal.,, 1994
increased.
Swiss Web- 15.6 kHz 40 (p-p) 5-16 M+ S-R- Combined Chiang et
ster mouse sawtooth exposure al., 1995
with cytosine
arabinoside.
CBA/S 20 kHz 15 (p-p) 0-18 M- S- R+ Frolen,
mouse sawtooth 1-18 Svedenstal
4-18 & Pauls-
6-18 son, 1993
CBA/S 20 kHz 15 (p-p) 0-4.5 M- R- Number of ~ Svedenstal
mouse sawtooth 0-6 dead & Johan-
fetuses son, 1995
increased,
weight and
length
decreased.
CBA/S 20 kHz 15 (p-p) 0-18 M- S- R- Huuskonen
mouse sawtooth etal.,
1998a
CBA/Ca 20 kHz 15 (p-p) 0-18 M- S+ R- Huuskonen
mouse sawtooth etal.,
1998b
CD-1 mouse 20 kHz 3.6,17, 0-17 M- S- R- Wiley et al.,
sawtooth 200 (p-p) 1992
Wistarrat 50 Hz 12.6 0-20 M- S+ R- Huuskonen,
sinusoidal Juutilainen
& Komu-
lainen,
1993
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Table 69. Continued

Wistarrat 50 Hz
sinusoidal

SD rat 60 Hz
sinusoidal

SD rat 60 Hz
sinusoidal

SD rat 60, 180 or
60+180 Hz
sinusoidal

SD rat 50 Hz
sinusoidal

ICR mouse 50 Hz
sinusoidal

SD rat 60 Hz
sinusoidal

Wistarrat 10 kHz
sinusoidal

SD rat 18 kHz,
sawtooth

Wistarrat 20 kHz,
sawtooth

ICR mouse 20 kHz,
sawtooth

30000 0-19

0.6, 1000 0-20

2,200, 6-19

1000

200 6-19

7,770,350 0-7
8-15

500, 5000 0-18

5,83.3, 6-20
500

95,240, 0-22
950

5.7,23, 0-21
66 (p-p)

15 (p-p) 0-20

M- S+ R-

M- S- R-

M- S- R-

M- S+ R-

M- S- R-

M- S- R-

M- S+ R-

M- S+ R-

6.25uT 25-155 M-R-

(peak)

Exposure
before
mating.
Visceral
variations
decreased,
resorptions
increased
nonsignifi-
cantly .

Exposure
before
mating.

Mevissen,
Buntenkot-
ter &
Ldscher,
1994

Rom-
mereim et
al., 1996

Ryan et al.,
1996

Ryan et al.,
2000

Negishi et
al., 2002
Ohnishi et
al., 2002

Chung et
al., 2003

Dawson et
al., 1998

Stuchly et
al., 1988

Huuskonen,
Juutilainen
& Komu-
lainen,
1993

Kim et al.,
2004

@ M=major external or visceral malformations; S=minor skeleton anomalies;
R=resorptions; + positive finding; - no statistically significant difference from controls.

Effects of a 50 Hz, 20 mT magnetic field on postnatal development
and behaviour of prenatally exposed CD1 mice were studied by Sienkiewicz
et al. (1994). Three possible field-dependent effects were found: the exposed
animals performed the air-righting reflex earlier (about 2 days), the exposed
males were significantly lighter in weight at 30 days of age and the exposed
animals remained on a Rota-rod for less time as juveniles. A reduction in run-
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ning time on a Rota-rod which was found in juvenile mice may represent a
magnetic field-induced impairment in motor coordination during adoles-
cence.

Seven pregnant CD1 mice were exposed for the period of gestation
to a vertical, sinusoidal, 50 Hz, magnetic field at 5 mT and eight control ani-
mals were sham-exposed. Ten males per group were tested at 82—84 days of
age for deficits in spatial learning and memory in radial arm maze. No effects
on performance were observed (Sienkiewicz, Larder & Saunders, 1996).

Chung, Kim & Myung (2004) exposed Sprague-Dawley rats (24 per
group) for 21 h per day from gestational day 6 through lactational day 21 to
60 Hz magnetic fields at flux densities of 5, 83.3 or 500 uT. Growth, physical
development, behaviour, and reproductive performance of the offspring was
evaluated. A fraction of the F, pups were evaluated for visceral and skeletal
abnormalities, and the F, foetuses were evaluated for external visible malfor-
mations. The behavioural tests included righting reflex, negative geotaxis,
traction test, papillary reflex, acoustic startle response, Rota-rod test, open
field test and water-filled T-maze test. The statistically significant findings
included decrease of anogenital distance in males of the 5 uT group and
females of the 5 and 500 pT groups, performance in the open field test in
males of the 5 uT group, performance in one of the tests performed with the
water maze with the females of the 5 puT group, changes in some organ
weights, and increased incidence of visceral variations in the 83.3 uT group.
However, as these findings showed no dose-response relationship and a high
number of statistical comparisons were performed, they are most probably
chance findings.

10.2.2.3 Multi-generation studies

A reproductive assessment by continuous breeding (RACB) study
on the toxicity of 60 Hz magnetic fields was conducted by Ryan et al. (1999).
The RACB protocol permits the evaluation of reproductive performance over
multiple generations. Groups of Sprague-Dawley rats, 40 breeding pairs per
group were exposed continuously for 18.5 hours per day to sinusoidal 60 Hz
magnetic fields at field strengths of 0, 2, 200 or 1000 uT or to an intermittent
(1 hour on, 1 hour off) field at 1000 uT. No exposure-related toxicity was
observed in any of the three generations examined. Foetal viability and body
weight were similar in all groups, and there were no differences in any mea-
sure of reproductive performance (litters per breeding pair, percent fertile
pairs, latency to parturition, litter size, and sex ratio). Teratological examina-
tions were not performed.

10.2.2.4 Effects on mammalian embryos in vitro

Huuskonen, Juutilainen & Kumolainen (2001) studied the effects of
13 uT, 50 Hz magnetic fields on the development of preimplantation CBA/S
mouse embryos. The development of the embryos was followed for eight
days (up to the blastocyst stage). Significantly fewer embryos died at the 5-8-
cell and >8-cell stages in the exposed group than in the control group, but no

250



differences were seen in other developmental stages. There was no overall
difference in survival, and no abnormalities or effects on developmental rate
were observed. In contrast, Beraldi et al. (2003) reported significantly
decreased survival in cultured mouse embryos exposed to 50 Hz fields at 60,
120 or 220 uT. The effect (tested at 60 uT) was more pronounced in embryos
obtained by in vitro fertilization than in those resulting from natural breeding.
No effects were observed on the morphology or developmental rate of the
embryos.

10.2.2.5 Effects of paternal exposure

Possible effects of 50 Hz magnetic fields on the fertility of male
Sprague-Dawley rats were investigated by Al-Akhras et al. (2001). Ten males
per group (13 in the control group) were exposed to a sinusoidal, 50 Hz mag-
netic field at 25 pT for 90 days before they were mated with unexposed
females (two females per male). The number of pregnancies decreased signif-
icantly from 24/26 (92%) in the control group to 10/20 (50%) in the exposed
group. The effect persisted in a second mating after 45 days, but not at 90
days after removal from the magnetic field. Number of implantations per litter
and viable foetuses per litter were not significantly affected. Effects on fertil-
ity in females (10 animals per group) were also evaluated in the same study.
The 90-day exposure resulted in a statistically significant decrease of preg-
nancies, from 100% in the controls to 6/10 in the exposed females. The mean
number of implantations per litter also decreased from 9.9 to 4.7 and the mean
number of viable foetuses per litter from 9.6 to 4.3. These differences were
statistically significant, but the numbers of animals in the groups were small.

In another study with similar design, the same investigators reported
no adverse effects on fertility and reproduction in Swiss mice (Elbeticha, Al-
Akhras & Darmani, 2002).

Picazo et al. (1995) exposed young male and female OF 1 mice until
adulthood to a sinusoidal 50 Hz, 15 pT magnetic field. The animals were then
mated, and the offspring were kept under the same experimental conditions
until they acquired sexual maturity. A significant increase of testis size and
weight and of testosterone levels was observed in male offspring that had
been exposed compared with a control group. However, complete spermato-
genesis occurred in both control and exposed animals.

The effects of a 50 Hz, 1.7 mT sinusoidal magnetic field on mouse
spermatogenesis (De Vita et al., 1995) was examined by flow cytometry.
Groups of five male hybrid FI mice (C57Bl/Cne x C3H/Cne) were exposed
for 2 or 4 hours, and measurements were performed at 7, 14, 21, 28, 35, and
42 days after exposure. The only statistically significant difference was a
decrease in elongated spermatids at 28 days after treatment in the animals
exposed for 4 h.

Kato et al. (1994b) reported no effects of circularly polarized 50 Hz
magnetic fields at 1, 5 or 50 uT on plasma testosterone concentration in male
Wistar-King rats.
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10.3 Effects on non-mammalian species

10.3.1 Bird embryos

10.3.1.1 Development

Delgado et al. (1982) reported that weak pulsed ELF magnetic
fields (0.12—12 puT; 10, 1000 or 1000 Hz) affected the early development of
chicken embryos examined after 48 h of incubation. After this initial finding,
the same research group published several papers reporting similar effects
(Leal et al., 1989; Ubeda et al., 1983; Ubeda et al., 1994; Ubeda, Trillo &
Leal, 1987).

The initial results of Delgado were not replicated in an independent
study (Maffeo, Miller & Carstensen, 1984). A large well-designed interna-
tional study (“Henhouse project”) aimed at replicating Delgado's results has
been carried out in six separate laboratories (Berman et al., 1990). Identical
equipment and standardized experimental procedures were used. While the
combined data showed a significant (p < 0.001) increase of abnormal
embryos in the exposed group, the results were not consistently positive —
only two laboratories found a statistically significant increase of abnormali-
ties.

One of the laboratories that participated in the Henhouse project has
reported a large additional investigation using pulsed waveforms and 50 Hz
sinusoidal fields (Koch et al., 1993). Several different strains were tested to
investigate possible strain-specific differences in sensitivity to magnetic
fields. No significant magnetic field effects were observed.

Studies by Juutilainen and co-workers (1986) showed that the per-
centage of abnormalities was increased in chick embryos exposed during
their first two days of development to 100 Hz magnetic fields with a pulsed,
sinusoidal and rectangular waveforms. In another series of experiments with
sinusoidal waveform, similar effects were found in a wide range of frequen-
cies (Juutilainen & Saali, 1986). The effects of 100 Hz sinusoidal fields with
a field strength of 1 A m™ were confirmed in experiments with a large num-
ber of eggs (Juutilainen, 1986). Further experiments showed similar effects
also at 50 Hz (sinusoidal), and indicated a threshold at 1.3 pT (Juutilainen,
Ladra & Saali, 1987).

Apart from the series of experiments by Juutilainen and colleagues,
there have been few other studies on sinusoidal fields. Cox et al. (1993)
attempted to partly replicate the findings of Juutilainen et al. No difference
from control embryos was observed in 200 embryos exposed to a 10 uT, 50
Hz magnetic field.

Farrell et al. (1997) conducted an extensive series of experiments
on the effects of pulsed and sinusoidal magnetic fields on chick embryo
development, involving a total of more than 2500 embryos. Both 60 Hz, 4
uT sinusoidal fields and a 100 Hz field with 1 uT peak amplitude (similar to
the field used in the Henhouse project) were used. Overall, the abnormality
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rate was more than doubled by magnetic field exposure, and the effect was
statistically significant for both 100 Hz and 60 Hz fields.

Quail embryo development has been reported to be affected by
exposure to ELF magnetic fields (Terol & Panchon, 1995). The exposures
were 50 or 100 Hz with rectangular waveform and intensities of 0.2, 1.2, 3.3
and 3.2 uT, and the embryos were examined at 48 h. There was a significant
increase in embryonic deaths and abnormal development in the 100 Hz
group, but not in the 50 Hz group.

10.3.1.2 Interaction with known teratogens

Pafkova & Jerabek (1994) reported that exposure to a 50 Hz, 10 mT
magnetic field modified the embryotoxic effect of ionizing radiation on chick
embryos examined at day 9 of development, although no effects of magnetic
fields alone were detected. Embryotoxicity was expressed as the sum of
embryonic deaths and malformations. Exposure to the magnetic field prior to
the X-ray treatment seemed to protect the embryos from X-ray induced tox-
icity, while an enhancement of the embryotoxicity was seen when the mag-
netic field exposure followed the X-ray irradiation. The effects were seen
consistently in several experiments and were statistically significant. The
same group has also shown a similar protective effect of 50 Hz, 10 mT mag-
netic field exposure against subsequent exposures to the chemical teratogens
insulin and tetracyclin (Pafkova et al., 1996).

Another research group has reported that the survival of chicken
embryos exposed to UV-radiation is modified by exposure to a 60 Hz, 8 uT
magnetic field (Dicarlo et al., 1999). Similarly to Pafkova’s findings, the
direction of the effect (enhancement or protection) depended on the exposure
protocol. In this case magnetic field exposure always preceded UV exposure,
but short exposure (2 h) seemed to protect the embryos, while longer expo-
sure (96 h) increased the UV-induced mortality.

10.3.2 Other non-mammalian species

Exposure to sinusoidal magnetic fields has been reported to delay
the development of fish embryos at 60 Hz, 0.1 mT (Cameron, Hunter & Win-
ters, 1985), sea urchin embryos at 60 Hz, 0.1 mT (Zimmerman et al., 1990),
and fish embryos at 50 Hz, 1 mT (Skauli, Reitan & Walther, 2000). No mal-
formations were found in these studies.

Graham et al. (2000c) studied the effects of 60 Hz magnetic fields
on “developmental stability” in Drosophila melanogaster. Developmental
stability is a concept that describes the ability of an organism to maintain a
consistent phenotype under given genetic and environmental conditions (this
relatively new concept is potentially a useful tool for detecting weak environ-
mental effects (Graham et al., 2000c). An individual with low developmental
stability has reduced ability to correct disturbances in development. The
standard measure of developmental instability is fluctuating asymmetry, ran-
dom deviations from perfect bilateral symmetry. This measure has been
shown to respond to environmental agents such as DDT, lead, and benzene.
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Another measure of developmental instability is the frequency of phenodevi-
ants in a population. Graham et al. exposed the fruit flies for their entire
lives, egg to adult, to 60 Hz fields at 1.5 or 80 puT. The magnetic field expo-
sures caused a significant reduction in body weight. The flies exposed to 80
puT showed reduced developmental stability measured both by fluctuating
asymmetry (asymmetrical wing veins) and frequency of phenodeviants
(fused abdominal segments). Mirabolghasemi & Azarnia (2002) have
reported increased abnormalities in adult D. melanogaster flies after expo-
sure of larvae to a 11 mT, 50 Hz field.

10.4 Conclusions

On the whole, epidemiological studies have not shown an associa-
tion between adverse human reproductive outcomes and maternal or paternal
exposure to ELF fields. There is some evidence for increased risk of miscar-
riage associated with measured maternal magnetic field exposure, but this
evidence is inadequate.

ELF electric fields of up to 150 kV m™! have been evaluated in sev-
eral mammalian species, including studies with large group sizes and expo-
sure over several generations. The results consistently show no adverse
developmental effects.

The exposure of mammals to ELF magnetic fields of up to 20 mT
does not result in gross external, visceral or skeletal malformations. Some
studies show an increase in minor skeletal anomalies, in both rats and mice.
Skeletal variations are relatively common findings in teratological studies
and often considered biologically insignificant. However, subtle effects of
magnetic fields on skeletal development cannot be ruled out. Very few stud-
ies have been published which address reproductive effects and no conclu-
sions can be drawn from them.

Several studies on non-mammalian experimental models (chick
embryos, fish, sea urchins and insects) have reported findings indicating that
ELF magnetic fields at microtesla levels may disturb early development.
However, the findings of non-mammalian experimental models generally
carry less weight in the overall evaluation of developmental toxicity than
those of corresponding mammalian studies.

Overall the evidence for developmental effects and for reproductive
effects is inadequate.
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11 CANCER

The possibility that exposure to low frequency EMFs increases the
risk of cancer has been subject to much epidemiological and experimental
research over the last two decades and has been widely reviewed by national
and international expert groups (e.g. AGNIR, 2001b; Ahlbom & Feychting,
2001; TARC, 2002; ICNIRP, 2003; NIEHS, 1998). The association between
childhood leukaemia and residential ELF magnetic fields, first identified by
Wertheimer & Leeper (1979) and subsequently found in a number of epide-
miological studies, has driven experimental and epidemiological research
and risk assessment forwards in this area and led to the classification of ELF
magnetic fields by the International Agency for Research on Cancer (IARC)
as a “possible human carcinogen” (IARC, 2002). This evaluation of the car-
cinogenicity of EMFs is of particular relevance to this Environmental Health
Criteria document. However, a number of relevant studies have been pub-
lished following this assessment.

A cancer is an uncontrolled growth of cells that may invade and dis-
rupt surrounding tissues and spread through the body via the blood and lym-
phatic vessels. In contrast to normal cells, malignant cells in vitro commonly
show persistent and autonomous proliferation in absence of any proper
attachment (immortalisation and “anchorage free” growth). Carcinogenesis
itself is a multi-stage process and is classically divided into two principal
stages: initiation, which is the induction of irreversible changes (mutations in
genes), and promotion, which is reversible and needs to be sustained by
repeated stimuli to the initiated cell. Promotion then stimulates further devel-
opment (outgrowth) into a tumour. Because of the low energy levels in
molecular interactions, it is physically highly implausible that ELF fields
cause direct genetic damage (i.e. damage DNA molecules from which genes
are made). However, it has been theorised that ELF may enhance such dam-
age from other sources (e.g. endogenous radicals), or that epigenetic (non-
genotoxic) interference in signal transduction may enhance cancer formation
(see section 11.4). Once the potential for full malignancy has been estab-
lished in a primary tumour, the progression of the disease may be influenced
by other factors such as immune surveillance and hormonal dependency. It
has also been hypothesised that ELF fields may interfere with these factors
that play a role in a “late-stage” of tumour development (see Chapter 6 on the
neuroendocrine system and Chapter 9.1 on the immune system).

This chapter reviews the experimental and epidemiological evi-
dence concerning ELF exposure and the risk of cancer, focussing on studies
published subsequent to the IARC assessment in 2002. In contrast to other
chapters, the experimental evidence is discussed before the epidemiological
evidence. In particular, the section discussing childhood leukaemia presents
a detailed risk assessment, drawing on the other evidence presented and leads
on to chapters on overall risk assessment and protective measures.
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111 IARC 2002 evaluation: summary

Since the first report suggesting an association between residential
ELF magnetic fields and childhood leukaemia was published in 1979, dozens
of increasingly sophisticated epidemiological studies have examined this
association (see Tables 1 and 2 from IARC, 2002). In addition, there have
been numerous comprehensive reviews, meta-analyses, and two pooled anal-
yses. In one pooled analysis based on nine well-conducted studies, virtually
no association was noted for exposure to ELF magnetic fields below 0.4 uT
and an odds ratio of around 2 was seen, indicating an twofold excess risk, for
exposure above 0.4 uT (Ahlbom et al., 2000). The other pooled analysis
included 15 studies based on less restrictive inclusion criteria and used
0.3 uT as the highest cut-point (Greenland et al., 2000). A relative risk of 1.7
for exposure above 0.3 puT was reported. The two analyses are in close agree-
ment. In contrast to these results for ELF magnetic fields, evidence that elec-
tric fields are associated with childhood leukaemia is insufficient for firm
conclusions but does not suggest any risk.

The association between childhood leukaemia and estimates of
time-weighted average exposures to magnetic fields is unlikely to be due to
chance, but bias may explain some of the association. In particular, selection
(including participation) bias may account for part of the association in some
of the studies. Case-control studies which relied on in-home measurements
are especially vulnerable to this bias, because of the low response rates in
many studies. Studies conducted in the Nordic countries, which relied on his-
torical calculated magnetic fields, are not subject to any selection bias yet
identified, but risk estimates are imprecise due to low numbers of exposed
subjects. There have been dramatic improvements in the assessment of expo-
sure to electric and magnetic fields over time, yet all of the studies are sub-
ject to misclassification. Non-differential misclassification of exposure
(similar degrees of misclassification in cases and controls) is likely to result
in bias towards the null. Bias due to unknown confounding factors is very
unlikely to explain the entire observed effect. However, some bias due to
confounding is quite possible, which could operate in either direction. It can-
not be excluded that a combination of selection bias, some degree of con-
founding and chance could explain the results. Conversely, if the observed
relationship were causal, the exposure-associated risk could also be greater
than what is reported.

With regard to other childhood cancers, no consistent relationship
has been reported in studies of childhood brain tumours or cancers at other
sites and residential ELF electric and magnetic fields. However, these studies
have generally been smaller and of lower quality and associations can not be
ruled out for all those outcomes.

Numerous studies of the relationship between electrical appliance
use and various childhood cancers have been published. In general, these
studies provide no discernible pattern of increased risks associated with
increased duration and frequency of use of appliances. Since many of the
studies collected information from interviews that took place many years
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after the time period of etiological interest, recall bias is likely to be a major
problem. Studies on parental occupational exposure to ELF electric and mag-
netic fields in the preconception period or during gestation are methodologi-
cally weak and the results are not consistent.

Concerning adult cancer risk and residential exposures, the evi-
dence was considered sparse and methodologically limited, and although
there had been a considerable number of reports, a consistent association
between residential exposure and adult leukaemia and brain cancer was not
established. For breast and other cancers, the existing data were not consid-
ered adequate to test for an association with electric or magnetic fields. Con-
cerning studies of occupational exposure, most had focused on leukaemia
and brain cancer. There was no consistent finding across studies of an expo-
sure-response relationship and no consistency in the association with specific
sub-types of leukaemia or brain tumour. Evidence for cancers at other sites
was not considered adequate for evaluation.

In general, the animal studies, which included a number of life-time
studies and studies of animals predisposed to develop cancer, and in vitro
studies of cellular processes implicated in carcinogenesis, did not support the
hypothesis that ELF EMFs were carcinogenic.

In summary, taking this information into consideration, the overall
IARC (2002) evaluation for the carcinogenicity of EMFs was:

o There is limited evidence in humans for the carcinogenicity of
extremely low-frequency magnetic fields in relation to childhood
leukaemia.

. There is inadequate evidence in humans for the carcinogenicity of
extremely low-frequency magnetic fields in relation to all other
cancers.

o There is inadequate evidence in humans for the carcinogenicity of
static electric or magnetic fields and extremely low-frequency
electric fields.

. There is inadequate evidence in experimental animals for the
carcinogenicity of extremely low-frequency magnetic fields.

o No data relevant to the carcinogenicity of extremely low-frequency
electric fields in experimental animals were available.

Leading to the conclusion that:

. Extremely low-frequency magnetic fields are possibly carcinogenic
to humans (Group 2B).

. ...extremely low-frequency electric fields are not classifiable as to
their carcinogenicity to humans (Group 3).
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