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NOTE TO READERS OF THE CRITERIA MONOGRAPHS

Every effort has been made to present information in the criteria
monographs as accurately as possible without unduly delaying
their publication. In the interest of all users of the environmental
health criteria monographs, readers are kindly requested to
communicate any errors that may have occurred to the
Coordinator, Radiation and Environmental Health, World Health
Organization, Geneva, Switzerland, in order that they may be
included in corrigenda, which will appear in subsequent volumes.
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Environmental Health Criteria

PREAMBLE

The WHO Environmental Health Criteria Programme

In 1973 the 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;

(i1) to identify new or potential pollutants;

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

(iv) to promote the harmonization of toxicological and
epidemiological methods to have internationally comparable
results.

The first Environmental Health Criteria (EHC) monograph, on
mercury, was published in 1976. Since that time, an ever-increasing
number of assessments of chemical and physical agents have been
produced. In addition, 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 guidelines, 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. The work subsequently became
an integral part of the International Programme on Chemical Safety
(IPCS), a cooperative programme of UNEP, ILO and WHO. With the
strong support of the new partners, the importance of occupational health
and environmental effects became fully recognized. The EHC
monographs have become widely established, used and acknowledged
throughout the world.

Electromagnetic Fields

Three monographs on electromagnetic fields (EMF) have
addressed possible health effects from exposure to extremely low
frequency (ELF) fields, static and ELF magnetic fields, and

X



radiofrequency (RF) fields (WHO, 1984; WHO, 1987, WHO, 1993).
They were produced in collaboration with the United Nations
Environment Programme (UNEP), the International Labour Office (ILO)
and the International Non-Ionizing Radiation Committee (INIRC) of the
International Radiation Protection Association (IRPA), and from 1992 the
International Commission on Non-lonizing Radiation Protection
(ICNIRP).

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 (this volume), ELF fields (up to 100 kHz) and
RF fields (100 kHz - 300 GHz).

WHO's assessment of any health risks produced by EMF emitting
technologies 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 Environmental Health Unit (RAD), which is
coordinating the preparation of the EHC Monograph on static fields.

The WHO health risk assessment exercise includes the development
of an extensive database comprising relevant scientific publications.
Interpretation of these studies can be controversial, as there is a spectrum of
opinion within the scientific community and elsewhere. To achieve as wide a
degree of consensus as possible, the health risk assessment also draws on
reviews already completed by other national and international expert review
bodies. With regard to static fields in particular, these reviews include:

- the TARC Monograph on static and extremely low frequency (ELF)
fields (IARC, 2002). In June 2001 IARC formally evaluated the
evidence for carcinogenesis from exposure to static and ELF fields.
The review concluded that static fields were not classifiable as to
their carcinogenicity to humans because there was inadequate
evidence in humans and no relevant data available in experimental
animals,

- 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), and

- the WHO workshop on ‘Effects of Static Magnetic Fields relevant to
Human Health’, co-sponsored with ICNIRP and the UK National



Radiological Protection Board (NRPB), and hosted by NRPB on 26-
27 April 2004 (Noble et al., 2005).

Scope

The EHC monographs are intended to provide critical reviews on
the effect on human health and the environment of physical, chemical 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 that has been carried out. Worldwide data are used and are quoted
from original studies, not from abstracts or reviews. Both published and
unpublished reports are considered, but preference is always given to
published data. Unpublished data are only used when relevant published
data are absent or when the unpublished data are pivotal 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 confidential
nature (WHO, 1990).

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

All studies, with either positive or negative effects, need to be
evaluated and judged on their own merit, and then collectively evaluated
and judged in a weight of evidence 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 or laboratory) point
to the same conclusion.

The EHC monographs are intended to assist national and
international authorities in making risk assessments and subsequent risk
management decisions. They represent a thorough evaluation of risks and
are not, in any sense, recommendations for regulation or standard setting.
These latter are the exclusive purview of national and regional
governments. However, the EMF EHCs do provide bodies such as
ICNIRP with the scientific basis for reviewing their international
exposure guidelines.
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Procedures

The general procedures that result in the publication of this EHC
monograph are discussed below (for more information, see van Deventer
et al., 2005).

A first draft, prepared by consultants or staff from a RAD
Collaborating Centre, is initially based on data provided from reference
databases, such as Medline and PubMed. 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 particular 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 meeting.

The Task Group members serve as individual scientists, not as
representatives 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 electromagnetic spectrum being addressed. A summary and
recommendations for further research and improved safety aspects are
also required. The composition of the Task Group is dictated by the range
of expertise required for the subject of the meeting (epidemiology,
biological and physical sciences, medicine and public health) and by the
need for a balance in gender, geographical distribution and the range of
opinions on the science.

The membership of the WHO Task Groups is approved by the
Assistant Director General of the Cluster on Sustainable Development and
Healthy Environments. These Task Groups are the highest level committees
within WHO for conducting health risk assessments. They are similar to the
Working Groups established by the International Agency for Research on
Cancer (IARC) that conduct ‘carcinogen identification and classification’ of
various physical, chemical and biological agents.

Task Groups conduct a critical and thorough review of the scientific
literature and assess any risks to health from exposure to both static electric
and magnetic fields, reach agreements by consensus, and make final
conclusions and recommendations that cannot be altered after the Task
Group meeting.

Xii



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

All individuals who participate as authors, consultants or advisers
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 interest, 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 is then subjected to language editing,
reference checking, and a camera-ready copy is then prepared. After
approval by the Director, the monograph is submitted to the WHO Office
of Publications for printing. A copy of the final draft is then sent to the
Chairperson and Rapporteur of the Task Group to check the proofs.

Static Fields Environmental Health Criteria

This EHC addresses the possible health effects of exposure to
static electric fields and exposure to static magnetic fields. However, only
a few animal and human laboratory studies have investigated the effects
of exposure to static electric fields. The majority of studies reviewed here
concern the effects of exposure to static magnetic fields. For
completeness, studies of the effects of exposure to magnetic resonance
imaging (MRI) fields have also been reviewed. In this case, however, the
effects of static magnetic fields may well be confounded by possible
effects of the pulsed gradient and radiofrequency (RF) magnetic fields.
Other possible confounding variables, such as noise and vibration, may
not have been adequately controlled in many experiments. These studies
therefore contribute little to the static magnetic field health risk
assessment.

The first draft of the EHC was written by a working group that
met in Vlaardingen in the Netherlands (November 18-19, 2002). At this
meeting, hosted by the Health Council of the Netherlands, it was decided
that papers identified through literature searches performed in PubMed
and other databases, including the reference lists and personal databases
of working group members, would be reviewed by two reviewers and, on
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the basis of predefined criteria, considered informative or uninformative
in the context of the EHC. These criteria included publication in a peer-
reviewed journal, adequate description of the exposure, adequate
description of the tests performed and of the biological system and
materials used, appropriate statistical analysis of the data, and inclusion of
adequate controls. Papers in languages other than English have been
included as far as they could be read by at least one reviewer. All
reviewed papers have been included in tables. Relevant information and
comments from the reviewers are shown in the tables of those papers
considered informative for health risk assessment. These have also been
described in the text and form the basis of the health risk assessment and
the recommendations. Any papers considered inadequate for health risk
assessment requirements have been listed at the end of each table.

The final draft EHC was subsequently distributed for external
review. The comments received were processed by Dr Colin Roy
(ARPANSA, Australia), Dr Rick Saunders (WHO, Switzerland) and Dr
Eric van Rongen (Health Council of the Netherlands). The resulting
modified draft EHC was then sent to the Task Group members.

The Task Group met from December 6-10, 2004, at WHO
headquarters in Geneva, Switzerland. A full review of the draft EHC was
made and changes incorporated into the text. The Task Group carried out
a static field health risk assessment, summarized the EHC and formulated
recommendations for further research.

Participants in the working group and Task Group meetings on static
electric and magnetic fields
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1 SUMMARY AND RECOMMENDATIONS FOR FURTHER
STUDIES

1.1 Summary

1.1.1 Natural and Human-made sources

Static electric fields occur naturally in the atmosphere. Values of
up to 3 kV m-1 can occur under thunderclouds, but otherwise are of order
of 100 V m-1 in fair weather. The next most common cause of human
exposure is charge separation as a result of friction. For example, charge
potentials of several kilovolts can be accumulated while walking on non-
conducting carpets, generating local fields of up to 500 kV m-1. Direct
current (DC) power transmission can produce static electric fields of up to
20 kV m-1, rail systems using DC can generate fields of up to 300 V m-1
inside the train, and VDUs create electric fields of around 10 - 20 kV m-1
at a distance of 30 cm.

The geomagnetic field varies over the Earth’s surface between
about 35 - 70 pT and is implicated in the orientation and migratory
behaviour of certain animal species. Man-made static magnetic fields are
generated wherever DC currents are used, such as in some transportation
systems powered by electricity, industrial processes such as aluminium
production and in gas welding. Magnetic flux densities of up to 2 mT
have been reported inside electric trains and in developmental magnetic
levitation (MagLev) systems. Workers are exposed to larger fields of up
to around 60 mT in the electrolytic reduction of alumina, and electric arc
welding produces around 5 mT at 1 cm from the welding cables.

The advent of superconductors in the 1970s and 1980s facilitated
the use of much larger magnetic fields in medical diagnosis through the
development of magnetic resonance imaging (MRI) and spectroscopy
(MRS)', and nuclear magnetic resonance (NMR), for research. It is
estimated that some 200 million MRI scans have been performed
worldwide. The static magnetic field of MRI scanners in routine clinical
systems is generated by permanent magnets, superconducting magnets
and combinations thereof in the range of 0.2 - 3 T. In research
applications, higher magnetic fields up to 9.4 T are used for whole body
patient scanning. The stray magnetic fields around the magnets for MRI
studies are well defined and can be minimized in the shielded magnet
versions. In terms of exposure, at the operator’s console the magnetic flux
density is typically about 0.5 mT, but may be higher. However,

! This document refers throughout to MRI; exposures experienced during MRS
are essentially similar.



occupational exposure up to and exceeding 1 T can occur during the
construction and testing of these devices, and during medical procedures
carried out in interventional MRI. Various physics research and high-
energy technologies also employ superconductors where workers can be
exposed regularly and for long periods to fields as high as 1.5 T.

1.1.2 Interaction Mechanisms

The following three classes of physical interactions of static
magnetic fields with biological systems are well established on the basis
of experimental data:

1) Electrodynamic interactions with ionic conduction currents. Ionic
currents interact with static magnetic fields as a result of Lorentz forces
exerted on moving charge carriers. These effects lead to the induction of
electrical (flow) potentials and currents. Flow potentials are generally
associated with ventricular contraction and the ejection of blood into the
aorta in animals and humans. The Lorentz interaction also results in a
magnetohydrodynamic force opposing the flow of blood. The reduction
of aortic blood flow has been estimated to reach about 10% at 15 T.

2) Magnetomechanical effects, including the orientation of
magnetically anisotropic structures in uniform fields and the translation of
paramagnetic and ferromagnetic materials in magnetic field gradients.
Forces and torques on both endogenous and exogenous metallic objects
are the interaction mechanism of most concern.

(€)) Effects on electronic spin states of reaction intermediates. Spin-
correlated radical pair chemistry has long been a consideration for
magnetic field effects in chemistry and biology. Several classes of organic
chemical reactions can be influenced by static magnetic fields in the range
of 10 to 100 mT as a result of effects on the electronic spin states of the
reaction intermediates. A spin-correlated radical pair may recombine and
prevent the formation of a reaction product if two conditions are met: (a)
the pair, formed in a triplet state, must be converted into a singlet state by
some mechanism and (b) the radicals must physically meet again in order
to recombine. Step (a) can be sensitive to magnetic fields. Most research
has been on the use of radical pair magnetic field effects as a tool to study
enzyme reactions. However, neither physiological effects on cellular
functions, nor long-term mutagenic effects from magnetic-field induced
changes in free radical concentrations or fluxes appear possible.

Dosimetry

To understand the biological effects of electric and magnetic
fields, it is important to consider the fields directly influencing cells in
different parts of the body and tissues. A dose can then be defined as an



appropriate function of the electric and magnetic fields at the point of
interaction. The establishment of a relationship between the external non-
perturbed fields and internal fields is the main objective of dosimetry.
Computational studies using voxel-based models of humans and animals,
and experimental studies of exposure are important aspects of dosimetry.

The interactions of tissue with static magnetic fields are likely to
be parametric of physical properties of the field including the magnetic
field vector, the gradient of the magnetic field, and/or the product of those
quantities, often termed the ‘force product’. Some of the larger
interactions are characterized by motion through these field quantities,
such as body motion or blood flow.

Appropriate dosimetric parameters depend on the physical
mechanism for the safety concern. Clearly, ferromagnetic objects must be
restricted from the vicinity of the magnet. Screening for such objects and
for implants that may move either due to forces or torques is imperative.
Measures of peak magnetic induction vector and peak magnetic force
product are appropriate. Field maps may be used to estimate these at
various locations near the magnets where workers may be exposed, but
personal dosimetry may be more useful.

Movement of the whole or part of the body, e.g. eyes and head, in
a static magnetic field gradient will also induce an electric field and
current during the period of movement. Dosimetric calculation suggests
that such induced electric fields will be substantial during normal
movement around or within fields > 2 - 3 T, and may account for the
numerous anecdotal reports of vertigo and occasionally magnetic
phosphenes experienced by patients, volunteers and workers during
movement in the field.

There are many sources of exposure and one of the most prolific
is that of magnetic resonance imaging (MRI) equipment. In the past
decade, there has been a concerted effort to enable MRI to operate at very
high field strengths. The most common system in current clinical use has
a 1.5 T central field. However, 3.0 T systems are now accepted for routine
clinical work and more than 100 systems were operational worldwide by
2004. Research systems from 4 - 9.4 T are now being developed for
clinical imaging. As the field strength of the MRI system increases, so
does the potential for a variety of types of tissue/field interactions.
Understanding the interactions between the electromagnetic fields
generated by MRI systems and the human body has become more
significant with this push to high field strengths.



1.1.3 In vitro studies

The results of in vitro studies are useful for elucidating interaction
mechanisms, and for indicating the sorts of effects that might be
investigated in vivo. However, they are not sufficient to identify health
effects without corroborating evidence from in vivo studies.

A number of different biological effects of static magnetic fields
have been explored in vitro. Different levels of organization have been
investigated, including cell free systems (employing isolated membranes,
enzymes or biochemical reactions) and various cell models (using both
bacteria and mammalian cells). Endpoints studied included cell
orientation, cell metabolic activity, cell membrane physiology, gene
expression, cell growth and genotoxicity.

Positive and negative findings have been reported for all these
endpoints. However, most data were not replicated. The observed effects
are rather diverse and were found after exposure to a wide range of
magnetic flux densities. There is evidence that static magnetic fields can
affect several endpoints at intensities lower than 1 T, in the mT range.
Thresholds for some of the effects were reported, but other studies
indicated non-linear responses without clear threshold values.

Effects of static magnetic fields on cell orientation have been
consistently found above 1 T, but their in vivo relevance is questionable.
A few studies suggested that combined effects of static magnetic field
with other agents such as genotoxic chemicals seem to produce
synergistic, both protective and stimulating, effects. The current
information is inadequate and needs to be confirmed before any firm
conclusions on human health can be drawn.

Besides possible complicated dependence on physical parameters
such as intensity, duration, recurrence and gradients of exposure,
biological variables appear to be important for the effects of static
magnetic fields. Variables such as cell type, cell activation, and other
physiological conditions during exposure have been shown to affect the
outcome of the experiments. The mechanisms for these effects are not
known, but effects on radicals and ions may be involved. In vitro studies
provide some evidence for this.

If the very few studies employing MRI signals or other combined
fields show any biological effects, they do not show any that are different
from those of static magnetic fields alone.

Taken together, the in vitro experiments do not present a clear
picture of specific effects of static magnetic fields, and they consequently
also do not indicate possible adverse health effects.



1.1.4 Animal studies

Few animal studies on the effects of static electric fields have
been carried out. No evidence of adverse health effects have been noted,
other than those associated with the perception of the surface electric
charge.

A large number of animal studies on the effects of static magnetic
fields have been carried out. Most of those considered relevant to human
health have examined the effects of fields considerably larger than the
natural geomagnetic field. A number of studies have been carried out of
fields in the millitesla region, comparable to relatively high industrial
exposures. More recently, with the advent of superconducting magnet
technology and MRI, studies of behavioural, physiological and
reproductive effects have been carried out at flux densities around, or
exceeding, 1 T. Few studies, however, have examined possible chronic
effects of exposure, particularly in relation to carcinogenesis.

The most consistent responses seen in neurobehavioural studies
suggest that the movement of laboratory rodents in static magnetic fields
equal to or greater than 4 T may be unpleasant, inducing aversive
responses and conditioned avoidance. Such effects are thought to be
consistent with magnetohydrodynamic effects on the endolymph of the
vestibular apparatus. The data are otherwise variable.

There is some evidence that several vertebrate and invertebrate
species are able to use static magnetic fields, at levels as low as
geomagnetic field strengths, for orientation. However, these responses are
not thought to have any significance for health.

There is good evidence that exposure to fields greater than about
1 T (0.1 T in larger animals) will induce flow potentials around the heart
and major blood vessels, but the physiological consequences of this
remain unclear. Several hours of exposure to very high flux densities of
up to 8 T in the heart region did not result in any cardiovascular effects in
pigs. In rabbits, short and long exposures to fields ranging from
geomagnetic levels to the millitesla range have been reported to affect the
cardiovascular system, although the evidence is not strong.

The results from one group suggest that the static magnetic fields
of mT intensities may suppress early blood pressure elevation via
hormonal regulatory system. The same group has reported that low-
intensity static magnetic fields of up to 0.2 T may induce local effects on
blood flow that may lead to improvement of microcirculation. In addition,
another group reported that high static magnetic field flux densities of up
to 10 T may lead to reduced skin blood flow and temperature. In all these
cases, however, the endpoints are rather labile, a situation that may have



been complicated by pharmacological manipulation, including
anaesthesia in some cases, and immobilisation. In general, it is difficult to
reach any firm conclusion without some independent replication.

Several studies described possible effects of magnetic field
exposure on blood cells and the haemopoietic system. However, the
results are equivocal, limiting the conclusions that can be drawn. The
available evidence regarding effects of static magnetic field exposure on
enzymatic and ionic constituents in serum comes primarily from one
laboratory. These findings need to be confirmed by independent
laboratories before conclusions can be drawn.

In terms of effects on the endocrine system, several studies from
one laboratory suggest that static magnetic field exposure can affect
pineal synthesis and melatonin content. However, some studies performed
at other laboratories have been unable to demonstrate an effect. The
finding of a suppressive effect of static magnetic field exposure on
melatonin production needs to be confirmed in further research before
firm conclusions can be drawn. On the whole, few studies have
investigated static magnetic field effects on endocrine systems other than
the pineal. No consistent effects have emerged.

Reproduction and development are very important issues in MRI
exposure of both patients and clinical staff. In this respect, only a few
good studies of static magnetic fields are available at field values above 1
T. MRI studies per se are uninformative because the effect of the static
field cannot be distinguished from the possible general effects of the
radiofrequency and pulsed gradient fields. Further examination is urgently
needed to assess the health risk.

In general, so few animal studies have been carried out with
regard to genotoxicity and cancer that it is not possible to draw any firm
conclusions.

1.1.5 Laboratory studies on humans

Static electric fields do not penetrate electrically conductive
objects such as the human body; the field induces a surface electric charge
and is always perpendicular to the body surface. A sufficiently large
surface charge density may be perceived through its interaction with body
hair and by other effects such as spark discharges (microshocks). The
perception threshold in people depends on various factors and can range
between 10 - 45 kV m '. Annoying sensation thresholds are probably
equally variable, but have not been systematically studied. Painful
microshocks can be expected when a person who is well insulated from
the ground touches a grounded object, or when a grounded person touches



a conductive object that is well insulated from ground. However, the
threshold static electric field values will vary depending on the degree of
insulation and other factors.

Endpoints investigated in human experimental studies have
included peripheral nerve function, brain activity, neurobehavioural and
cognitive function, sensory perception, cardiac function, blood pressure,
heart rate, serum proteins and hormone levels, body and skin temperature,
and therapeutic effects. Exposure levels up to 8 T have been investigated,
and both pure static fields and MRI imaging have been studied. The
exposure duration ranged from a few seconds up to nine hours, but was
usually less than one hour. The data available are limited for several
reasons, including the facts that generally convenience samples of patients
or healthy volunteers have been studied and the numbers of subjects have
usually been small.

The results do not indicate that there are effects of static magnetic
field exposure on neurophysiological responses and cognitive functions in
stationary volunteers, nor can they rule out such effects. A dose-
dependent induction of vertigo and nausea was found in workers, patients
and volunteers during movement in static fields greater than about 2 T.
One study suggested that eye-hand coordination and near visual contrast
sensitivity are reduced in fields adjacent to a 1.5 T MRI unit. Occurrence
of these effects is likely to be dependent on the gradient of the field and
the movement of the subject. A small change in blood pressure and heart
rate was observed in some studies, but were in the range of normal
physiological variability. There is no evidence of effects of static
magnetic fields on other aspects of cardiovascular physiology, or on
serum proteins and hormones. Exposure to static magnetic fields of up to
8 T does not appear to induce temperature changes in humans.

Note, however, that most of the studies were very small, were
based on convenience samples, and often included non-comparable
groups. Thus, it is not possible to draw any conclusions regarding the
wide variety of end-points examined in this report.

1.1.6 Epidemiological studies

Epidemiological studies have been carried out almost exclusively
on workers exposed to static magnetic fields generated by equipment
using large DC currents. Most workers were exposed to moderate static
magnetic fields of up to several 10’s mT either as welders, aluminium
smelters, or workers in various industrial plants using large electrolytic
cells in chemical separation processes. However, such work is also likely
to have involved exposure to a variety of potentially hazardous fumes and
aerosols, thus confounding interpretation. Health endpoints studied in



these workers include cancer, haematological changes and related
outcomes, chromosome aberration frequency, reproductive outcomes, and
musculoskeletal disorders. In addition, a few studies examined fertility
and pregnancy outcome in female MRI operators, where the potential to
have been exposed to relatively large static fields of up to ~ 1 T may have
existed. Two studies examined pregnancy outcome in healthy volunteers
exposed to MRI examinations during pregnancy.

Increased risks of various cancers, e.g. lung cancer, pancreatic
cancer, and haematological malignancies, were reported, but results were
not consistent across studies. The few epidemiological studies published
to date leave a number of unresolved issues concerning the possibility of
increased cancer risk from exposure to static magnetic fields. Assessment
of exposure has been poor, the number of participants in some of the
studies has been very small, and these studies are thus able to detect only
very large risks for such rare diseases. The inability of these studies to
provide useful information is confirmed by the lack of clear evidence for
other, more established carcinogenic factors present in some of the work
environments. Other non-cancerous health effects have been considered
even more sporadically. Most of these studies are based on very small
numbers and have numerous methodological limitations. Other
environments with a potential for high fields have not been adequately
evaluated, e.g. those for MRI operators. At present, there is inadequate
data for a health evaluation.

1.1.7 Health risk assessment

Static electric fields

There are no studies on exposure to static electric fields from
which any conclusions on chronic or delayed effects can be made. IARC
(IARC, 2002) noted there was insufficient evidence to determine the
carcinogenicity of static electric fields.

Few studies of the acute effects of static electric field effects have
been carried out. On the whole, the results suggest that the only adverse
acute health effects are associated with direct perception of fields and
discomfort from microshocks.

Static magnetic fields

The available evidence from epidemiological and laboratory
studies is not sufficient to draw any conclusions with regard to chronic
and delayed effects. IARC (IARC, 2002) concluded that there was
inadequate evidence in humans for the carcinogenicity of static magnetic
fields, and no relevant data available from experimental animals. Their
carcinogenicity to humans is therefore not at present classifiable.



Short-term exposure to static magnetic fields in the tesla range
and associated field gradients induce a number of acute effects.

Cardiovascular responses, such as changes in blood pressure and
heart rate, have been occasionally observed in human volunteer and
animal studies. However, these were within the range of normal
physiology for exposure to static magnetic fields up to 8 T.

Although not experimentally verified, it is important to note that
calculations suggest three possible effects of induced flow potentials.
These include minor changes in heartbeat (which may be considered to
have no health consequences), the induction of ectopic heartbeats (which
may be more physiologically significant), and an increase in the
likelihood of re-entrant arrhythmia (possibly leading to ventricular
fibrillation). The first two effects are thought to have thresholds in excess
of 8 T, and threshold values for the third are difficult to assess at present
because of modelling complexity. Some 5 - 10 per 10,000 people are
particularly susceptible to re-entrant arrhythmia, and the risk to such
people may be increased by exposure to static magnetic fields and
gradient fields.

The limitations of the available data are such, however, that it is
not possible to put them all together to draw firm conclusions about the
effects of static magnetic fields on the endpoints considered above.

Physical movement within a static field gradient induced
sensations of vertigo and nausea, and sometimes phosphenes and a
metallic taste in the mouth, for static fields in excess of about 2 - 4 T.
Although only transient, such effects may adversely affect people.
Together with possible effects on eye-hand coordination, the optimal
performance of workers executing delicate procedures (e.g. surgeons)
could be reduced, with a concomitant impact on safety.

Effects on other physiological responses have been reported, but it
is difficult to reach any firm conclusion without independent replication.

1.1.8 Recommendations for national authorities

National authorities are recommended to implement programs that
protect both the public and workers from any untoward effects of static
fields. However, given that the main effect of static electric fields is
discomfort from electric discharge to tissues of the body, the protective
program could merely be to provide information on situations that could
lead to exposure to large electric fields and how to avoid them. A program
is needed to protect against established acute effects of static magnetic
fields. Because sufficient information on possible long-term or delayed
effects of exposure is currently unavailable, cost-effective precautionary



measures such as those being developed by WHO (www.who.int/emf)
may be needed to limit the exposures of workers and the public.

National authorities should adopt standards based on sound
science that limit the exposure of people to static magnetic fields.
Implementation of health-based standards provides the primary protective
measure for workers and the public. International standards exist for static
magnetic fields (ICNIRP, 1994) and are described in Appendix 1.
However, WHO recommends that these be reviewed in light of more
recent evidence from the scientific literature.

National authorities should establish or complement existing
programs that protect against possible effects of exposure to static
magnetic fields. Protective measures for the industrial and scientific use
of magnetic fields can be categorized as engineering design controls, the
use of separation distance, and administrative controls. Protective
measures against ancillary hazards from magnetic interference with
emergency or medical electronic equipment, and for surgical and dental
implants, are a special area of concern regarding possible adverse health
effects of static magnetic fields. Precautions must be taken because of the
mechanical forces imparted to ferromagnetic implants and loose objects
in high-field facilities.

National authorities should consider licensing MRI units in order
to ensure that protective measures are implemented. This would also
allow additional requirements for MRI units with strengths in excess of
local national standards or 2 T to be complied with. Such requirements
relate to provision of information on patients, workers and any incidents
or injuries resulting from the strong magnetic fields.

National authorities should fund research to fill the large gaps in
knowledge that pertain to the safety of people exposed to static magnetic
fields. Recommendations for further research form part of this document
(see below) and are posted on the WHO web site: www.who.int/emf.
Researchers should be funded to conduct studies recommended in this
WHO research agenda.

National authorities should fund MRI units to collect information
on worker exposure to static magnetic fields and patient exposure to MRI.
These should be available for future epidemiological studies. They should
also fund databases collecting information on exposures to workers where
high long-term exposures occur, such as those involved in the
manufacture of MRI or similarly high strength magnets and new
technologies such as MagLev trains.
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1.2 Recommendations for further study

Identifying gaps in our knowledge of the possible health effects of
static field exposure is an essential part of this health risk assessment. The
following recommendations for further research have been made.

1.2.1 Static electric fields

There appears to be little benefit in continuing research into the
effects that static electric fields have on health. None of the studies
conducted to date suggest any untoward health effects, except for possible
stress resulting from prolonged exposure to microshocks. Thus, there are
no recommendations for further research concerning biological effects
from exposure to static electric fields. In addition, there is only limited
opportunity for significant exposure to these fields in the workplace or
living environment and this therefore does not warrant any
epidemiological studies.

1.2.2 Static magnetic fields

In general terms, research carried out to date has not been
systematic and has often been performed without appropriate
methodology and exposure information. Coordinated research programs
are recommended as an aid to a more systematic approach. There is also a
need to investigate the importance of physical parameters such as
intensity, duration and gradient on biological outcome.

Following a discussion of the limitations of existing studies,
further research is recommended covering epidemiology, volunteer
studies, animal and in vitro biology, studies into mechanisms of
interaction, and theoretical and computational investigations. These
recommendations are summarized in Table 1.

1.2.2.1 Theoretical and computational studies

Computational dosimetry provides the link between an external
static magnetic field and the internal electric fields and induced currents
caused by movement of living tissues in the field. Such theoretical
techniques allow the fields to be characterised in specific tissues and
organs. There are 4 fine resolution, anatomically realistic, voxel phantoms
of adult men available, and these have been widely used in studies with
time-varying electromagnetic fields. However, very little work has been
done with static fields, and further work is considered necessary using
these models. In particular, the use of different sized phantoms, and the
use of female phantoms, is considered important, as is the use of pregnant
phantoms with fetuses of differing ages. Similar studies could be
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performed with phantoms of pregnant animals to aid interpretation of the
results of developmental studies with these models. (Medium priority)

A very fine resolution head-and-shoulder phantom should be
developed and used to investigate the electric fields and currents
associated with visual phosphenes and vertigo. This model could also be
used to investigate the fields and currents generated by head and eye
movements in a static magnetic field. The latter is considered of particular
relevance to interventional MRI procedures where reduced head
movements of surgeons and other clinical staff may necessitate increased
movement of the eyes. Gross body movement by staff around the
interventional system should also be simulated. (High priority)

Computations using a detailed model of the heart and modelling
of common cardiac pathologies are considered important. This model
should include the micro-architecture of the heart as well as the smaller
blood vessels within the heart that might produce fields and currents that
could have some influence on pacemaker rhythm generation and the
propagation of depolarisation. In addition, calculations are necessary to
estimate the magnitude and spatial distribution of currents that are
induced in the heart as a consequence of field and field gradient exposure.
Multiple orientations to the field should be studied. These would allow
comparison with the currents that have been calculated to induce cardiac
effects. Supportive experimental and laboratory studies are recommended.
(High priority)

Although there is a reluctance to use high field MRI on pregnant
women at the moment, it is acknowledged that this situation may change.
It would therefore be advisable to carry out modelling studies
investigating the currents induced in a fetus by maternal or intrinsic fetal
movement in a high field. These calculations (and similar studies with
gradient and radiofrequency fields) would allow an estimate to be made
of the likelihood of possible effects on the fetus. (High priority)

1.2.2.2 In vitro studies

Static magnetic fields may interact with biological systems in a
number of ways, although the most likely means of causing health effects
are via field-induced effects on charged molecules and alterations in the
rate of biochemical reactions.

Further studies are needed on possible mechanisms and targets for
biological effects of static magnetic fields. It is recommended to
investigate the effects of static magnetic fields of 0.01 - 10 T on
interaction of ions (e.g. Ca*" or Mg®") with enzymes and radical pair
formation. Although it is considered difficult to do, there is merit in
searching for more enzymatic reactions that proceed through radical pair
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mechanisms in model systems that are relevant for human health. Another
suggestion is to concentrate on toxic radical species, such as the
superoxide, which are known to be damaging and are produced by free
radical mechanisms. (Medium priority)

Reports of a co-mutagenic effect in various cells are of particular
interest concerning the carcinogenic potential of static magnetic fields.
This type of study should be performed using human primary cells and
extended to include transformation and genetically-modified systems.
(High priority)

Static magnetic fields might affect gene expression and relevant
functions in human and mammalian cells under specific conditions of
exposure, but there is only little information available on this. Studies
with techniques such as proteomics and genomics should be performed
with primary human cells to search for possible molecular markers for
effects of static magnetic fields relevant to human health issues. (Low
priority)

1.2.2.3 Animal experimental studies

The effects of long-term exposure to static magnetic fields can be
addressed using animal models. In the absence of specific information
regarding the carcinogenic potential of static magnetic fields, long-term
(including life-time) studies are recommended. Both normal and
genetically-modified animals could be used. For example, if an
amplification of free radicals was considered a possible route whereby
cancer risk may be increased, a mouse model with deletion of the
superoxide dismutase gene could be used. The susceptibility to tumours
and other free radical related diseases is greatly enhanced in this model.
The use of microarray techniques allows the effects of many different
exposure parameters to be readily assessed and quantified on the genome
and proteome. (High priority)

The possibility of increased risk of developmental abnormalities
and teratological effects needs to be addressed in a systematic fashion.
The developing brain may be particularly susceptible to the effects of
movement-induced currents since orientation effects are very important
for guiding the normal growth of neuronal dendrites. It is also possible
that long-lasting changes could be induced by relatively short exposures.
The study of neurobehavioural parameters can provide a rapid and
sensitive assay to explore the effects of exposure on developing brain
function, and such studies are recommended. Studies to chart the subtle
morphological changes that occur during development of specific regions
of the brain, such as the cortex or hippocampus, are also of value. The use
of appropriate transgenic models should be considered. (High priority)
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Although there are data indicating that exposure of animals (and
human) to fields of around 2 T does not cause electrophysiological effects,
it would be useful to know the effects of higher fields. Thus the effects of
exposure up to and above 10 T could usefully be explored in animals.
(Medium priority)

A variety of other endpoints have been investigated in animals
that have so far provided only limited information. While a series of
single studies for each of those endpoints might not be cost-effective, a
broad animal study to cover different endpoints might be worthwhile.
(Low priority)

1.2.2.4 Human experimental studies

The cognitive and behavioural effects of static magnetic fields
should be investigated further. However, the available data do not suggest
particular risks to specific aspects of cognition nor do they suggest which
parameters should be tested in the laboratory. In the absence of a clear
direction, a possible approach would be to investigate the effects of
exposure on the performance of a battery of cognitive tasks that
encompass standard tests of attention, reaction time and memory, if only
to act as an initial screen pending more focused work. The initial work
could be done with volunteers as part of experimental studies. (Medium
priority)

With a wider utilization of MRI studies where support staff are in
close proximity to patients within a magnet, such as in MRI interventional
procedures, additional studies are needed of head and eye coordination,
cognitive performance and behaviour in a gradient field. Further
investigation of mechanisms and intensity of field-induced vestibular
dysfunction including vertigo is considered of special interest because of
the increasing likelihood that medical staff will be performing
complicated tasks for extended periods of time within a magnetic field.
(High priority)

Similarly, additional studies on cardiac function would be useful
and could investigate effects on the cardiovascular system. These studies
may also need to be performed at higher than 3 T to evaluate potential
risks beyond those in the routine clinical environment. (Low priority)

1.2.2.5 Epidemiological studies

There are a number of categories of workers with elevated
exposures to static magnetic fields, including MRI technicians, workers at
aluminium smelting plants, and certain transportation workers (those on
subways, MagLev trains, commuter trains, and light rail). For rare chronic
diseases such as cancer, feasibility studies are needed to identify the
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highly exposed occupational groups that could be assessed for
participation in epidemiological studies. Feasibility studies also need to
determine which other exposures are present in these occupations. If
sufficient numbers of workers can be identified, then a nested case-
control approach is probably the most appropriate, since detailed
information about the exposure and important confounding variables,
such as ionizing radiation, needs to be obtained. International
collaborative studies will probably be necessary to obtain sufficient
numbers of exposed subjects. (High priority)

For other more common health outcomes with short latency
periods, specific highly exposed occupational groups (for example,
workers in industries where MRI systems are manufactured) can be
identified and followed over time. Information about different health
outcomes may already be available from routinely performed health
examinations of these workers, but this can only be used if similar
information is also available for a comparable unexposed group. A health
survey of surgeons, nurses and other workers using interventional MRI
would provide useful information as to levels, durations and frequency of
exposures of workers to static fields in these systems. Similarly, patient
records may exist in some hospitals from which it might be possible to
obtain data on people who were exposed, but whose condition was
subsequently found to be benign. (High priority)

There is also merit in performing a prospective study of
pregnancy risks associated with occupational static magnetic field
exposure, as well as follow-up studies of pregnancy outcomes of pregnant
women who had to undergo MRI examinations. (High priority)

Experience with other frequencies has shown that obtaining
reliable estimates of exposure to electromagnetic fields for use in
epidemiological studies can be very difficult, and surrogate measures of
exposure, such as job title or distance from a particular source, may not
always provide sufficiently accurate assessments. The use of specific
instruments is thus required to measure exposure. Relatively small
personal dosimeters have proved very useful in research on ELF fields.
Personal dosimeters would therefore greatly improve exposure
assessment in epidemiological studies. Numerical and experimental
validation of the dosimeters should be performed. Magnetic field strength,
magnetic field gradients, exposure durations and, ideally, the rate of
change of the magnetic due to motion should be recorded. (High priority)
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Table 1. Recommendations for research

Interaction mechanisms
Chemistry of radical pair reactions (0.1 -10T)

Co-mutagenic effects using human cells

Theoretical and computational studies
Dosimetric studies with male/female/pregnant voxel phantoms
Induced currents in the eye

Flow potentials in the heart

In vitro studies

Interaction mechanisms: radical pair reactions and enzymatic
activity

Influence of physical parameters (intensity, duration, recurrence,
SMF gradients)

Mutagenicity and transformation in primary human cells

Gene expression in primary human cells

Experimental studies with animals
Cancer
Developmental/neurobehavioural effects
Cardiac function (~20 T)

Experimental studies with volunteers
Vestibular function, head and eye coordination
Cognitive performance and behaviour

Cardiovascular effects

Epidemiological studies

Feasibility study of exposure sources, confounding factors,
no. exposed

Nested case-control study of chronic disease, e.g. cancer
(if feasible)

Pregnancy outcomes in relation to occupational exposure and
MRI examinations

Cohort study of short-term effects in highly exposed occupations
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2 PHYSICAL CHARACTERISTICS

When a voltage is applied to an object such as an electrical
conductor, the conductor becomes charged and forces start to act on other
charges in the vicinity. Two types of forces may be distinguished: that
which arises from stationary electric charges, known as the electrostatic
force, and that which appears only when charges are moving (as in an
electric current in a conductor), known as the magnetic force. The concept
of field has been created to describe the existence and spatial distribution
of these forces. Reference is then made to field of force, or simply electric
and magnetic fields.

The term static refers to a situation where all charges are fixed in
space, or move as a steady flow, so that both charges and current densities
are constant in time. For fixed charges there is an electric field whose
strength at any point in space depends on the value and geometry of all
the charges. For a steady current in a circuit, both the electric and
magnetic field are constant in time (static fields), since the charge density
at any point of the circuit is constant.

Static electric and magnetic fields are characterized by steady,
time independent strengths and correspond to the zero-frequency limit of
the extremely low frequency (ELF) band. Electricity and magnetism are
distinct phenomena as long as charges and current are static (ICNIRP,
1996).

2.1 Quantities and Units

A magnetic field refers to the fields of force, produced by moving
electric charges (electric currents), that act on other moving charges. The
field from a ‘permanent’ magnet results from the subatomic spin of
electrons. A magnetic field is a vector field, and the fundamental vector
quantities describing the magnetic field are the field strength (H) and the
magnetic flux density (B) (or equivalently, the magnetic induction). The
magnetic flux density is related to the magnetic field strength by the
formula H=B/J. The value of p (the magnetic permeability) is determined
by the properties of the medium. In biological material, the magnetic
permeability is equal to |, the value of the permeability of free space
(air). Thus, the values of B and H for biological materials are related by
this constant.

An electric field refers to a region near an electric charge in which
a force is exerted on a charged particle. The force between two point
charges is described by Coulomb’s law. The electric field is denoted by E
and is a vector quantity. The SI unit for E is newton per coulomb (N C™).
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However it is easier to measure the electric potential, V, rather than the
force and charge, and the unit of volt per metre (V m™) is used in practice.
As electric fields exert forces on charged particles, this will cause an
electric current to flow in an electrically conductive material. This current
is specified by the current density, J, with a unit of ampere per square
metre (A m™).

The quantities, units, and symbols used in describing electric and
magnetic fields are provided in Table 2.

Table 2. Electric and magnetic field quantities and units in the Sl
system

Quantity Symbol  Unit

Electric field strength E volt per metre (V m'1)

Electric flux density D Coulomb per square metre (C m'2)
Current I ampere (A)

Current density J ampere per square metre (A m'2)
Magnetic field strength  H ampere per metre (A m"1)
Magnetic flux [0} weber (Wb) =V's

Magnetic flux density B tesla® (T) = Wb m™

Permeability u henry per metre (H m'1)
Permeability of vacuum o to=1.257 x10° Hm™

21 T = 10" gauss (G), a unit in the CGS unit system
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3 NATURAL BACKGROUND AND HUMAN-MADE
SOURCES AND EXPOSURE

31 Natural Electric and Magnetic Fields

3.1.1 Natural electric 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 typically has
a fair weather strength of about 130 V m’! (Dolezalek, 1979). The field
strength decreases with height, with values of about 100 V. m™ at 100 m
elevation, 45 V m™ at 1 km, and less than 1 V m™ at 20 km. Actual values
vary widely, depending upon the local temperature, the humidity profile
and the presence of ionized contaminants. Large field variations occur at
ground level beneath thunderclouds, and even as thunderclouds are
approaching, because the lower part of a cloud is normally negatively
charged while the upper part contains a positive charge. In addition, space
charge is present between the cloud and ground. As the cloud approaches,
the field at ground level may first increase and then reverse, with the
ground becoming positively charged. Fields of 100 V m™ to 3 kV m™ may
be observed during this process, even in the absence of local lightning.
Field reversals may take place very rapidly, within 1 min, and high field
strengths may persist for the duration of the storm. Ordinary clouds, as
well as thunderclouds, contain electric charge and therefore have a strong
effect on the electric field at ground level. Large deviations from the fair-
weather field of up to 200% are also to be expected in the presence of fog,
rain, and naturally occurring small and large ions. Electric field diurnal
changes can even be expected in completely fair weather. Fairly regular
changes in local ionization, temperature or humidity and the resulting
changes in the atmospheric electrical conductivity near the ground, as
well as mechanical charge transfer by local air movements, are probably
responsible for these diurnal variations.

3.1.2 Natural magnetic fields

The natural magnetic field is the sum of an internal field due to
the Earth acting as a permanent magnet and an external field generated in
the environment from such factors as solar activity and atmospheric
processes.

The Earth’s magnetic field changes continually at periods ranging
from a few milliseconds to up to several million years for a field reversal.
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The main feature of the geomagnetic field is its close resemblance to a
dipole field aligned approximately with the spin axis of the earth (Gauss,
1839). The dipole field is explained by electrical currents flowing in the
core. There are significant local differences in the strength of this field,
whose average magnitude varies from about 28 A m™ at the equator
(corresponding to a magnetic flux density of about 35 pT in a non-
magnetic material such as air) to about 56 A m™ over the geomagnetic
poles (corresponding to about 70 pT in air). Changes of the dipole field
with periods of approximately 100 years constitute the secular variation,
and are explained by eddy currents located near the core boundary
(Bullard, 1948). Most other changes are due to processes occurring in the
ionosphere and magnetosphere, where typical magnetic field amplitudes
are very small and are generally only a fraction of 1 pT.

See Table 3 for a summary of natural electric and magnetic fields.

Table 3. Natural static electric and magnetic fields

Description/activity Field average value

Static electric field (kV/m)

Surface (fair weather) 0.13

Altitude of 1,000 m 0.045

Approaching storm 0.1-3
Static magnetic field (uT)

Magnetic equator 35

Magnetic poles 70

Atmospheric processes <1

3.2 Human-made fields

3.2.1 Electric fields
3.2.1.1 Power transmission

Since the late 1950’s direct current has been used in several
countries to efficiently transmit electricity over long distances. Voltages
of up to 800 kV have been used in commercial systems. In Europe,
maximum static electric field strengths of up to 20 kV m™ have been
recorded directly beneath a 500 kV DC transmission line, and field levels
decayed only slowly with distance, to about 2 kV m™ at 400 m and 1 kV
m™” at 800 m from the line (EC, 1996). Blondin et al. (Blondin et al., 1996)
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quoted average values of 13.7 kV m™' and a maximum value of 23.3 kV
m™' beneath a Canadian + 450 kV high voltage direct current (HVDC) line.

3.2.1.2 Transportation

Static electric fields are also produced by the many conventional
electrical rail systems, including rapid transit and light rail systems that
use DC electricity. Static field strengths of around 30 V m™ have been
reported at 5 m from the lines on 600 V DC underground systems or
tramways. Static fields of up to 300 V m™ can occur inside trains that
operate at 1.5, 3 and 6 kV DC. In general, regardless of category, electric
fields associated with transportation systems have not been reported in
any great detail, nor have concerns about them been consistently
expressed. Voltages are low to moderate (generally less than a few kV),
energized conductors are sufficiently well separated from passengers or
workers and located overhead or as a third rail and, most importantly,
shielding is provided by the intervening metallic structures of the
passenger and operator compartments. Excluding sources that might be
carried in by occupants, electric fields within vehicles are typically
highest near windows and do not exceed a few tens of V. m’.

3.2.1.3 Other

The main cause of man-made static electric fields in the
environment is charge separation as a result of friction. Charge potentials
of several kilovolts can be accumulated by walking on non-conductive
carpets, producing field strengths near the body in the range 10 - 500 kV
m™ (EC, 1996). Visual display units (VDUs) produce static electric fields,
the strength depending on humidity, the grounding conditions of the
screen, and the electric potential between the VDU and the operator.
Electric field strengths in the range 100 - 300 kV m™ have been measured
at 5 cm from screens, typically falling to 10 - 20 kV m™ at 30 cm. A
grounded electrically conductive surface on the outside of a VDU screen
can significantly reduce the field strength to levels of a few hundred volts
per metre at a distance of a few centimetres (AGNIR, 1994). The handling
and treating of plastics can produce static field strengths near the body of
up to several hundred kilovolts per metre (EC, 1996).

See Table 4 for a summary of human-made electric fields.
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Table 4. Human-made static electric field in a variety of situations

Static electric Static electric
N L. field field
Description/activity Averaqe value Maximum
(kv m™) value (kV m™)

Walking on non-conductive carpets® 10 - 500

Video display terminals®

5 cm from screen 100 - 300
30 cm 10-20
Plastic welding and moulding 100 - 300
DC electric transmission lines® 176.3
500 kV (directly below) 20
at400 m 2
at 800 m 1
Electrical railway system®
600 V (at 5m) 0.03
15 - 6 kV (inside) 0.3

2 (EC, 1996); ° (AGNIR, 1994); ° (ICNIRP, 2003)

3.2.2 Magnetic fields

There may be man-made magnetic fields of significantly higher
strength that are superimposed on the Earth’s magnetic field.

3.2.2.1 Transportation

Dietrich and Jacobs (Dietrich & Jacobs, 1999) in the USA have
reported static magnetic field levels in a range of transport environments.
In general, electrified railway systems produce some of the largest static
field levels encountered by the general public. Magnetic flux densities of
up to 1 mT have been reported inside Italian high-speed trains operating
at 30 kV DC at a maximum speed of 250 km/h (Grandolfo, 1989).
Modern magnetic levitation (MaglLev) systems use very high fields
(around 1 T) directly on the rails. However fields inside the trains vary
between 50 uT and 1 - 2 mT, depending on the design. Static fields up to
several tens of microtesla have been reported inside trams operating at
500 A DC (EC, 1996).

See Table 5 or a summary of magnetic fields in transportation systems.
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Table 5. Static field magnetic flux densities (uT) measured in US
and European transportation systems.

Mode of transport

Static magnetic

field

Average value (uT)

Static magnetic field
Range of values (uT)

Ferry boat (diesel
powered)b

Escalator”
Moving walkway®

Conventional cars, light
trucks and buses®

Electric cars & light
trucks®

Test facility

Test track
Electric shuttle bus
Shuttle Tram (AC)°
Commuter Train (AC)GI
US railway system

25 Hz version

60 Hz version

Non-Electrified

New Jersey Long
Branch

TGV-A

UK railway system®
London underground
Driver’s cabin

Passenger car — floor
level

Suburban & mainline
railways

Passengers

Equipment car

55.9

57.6
61.7
33.9

40.8
38.8
37.4
48.6
53.8

60.6
63.0
56.9
73.4

54.5

23

476-67.9

30.9-84.9
236-121.8
2.7-875

10.6 - 104.4
12.5-104.1
15.1-61.0
243-734
19.4 -196.9

176.3
103.9
103.3
101.6

96.2

200
100 - 2,000

25
2,000



German Transrapid MagLev System'

TRO7 61.1 111.0
TRO8 — passenger 46.2 108.4
location

TRO8 — platform (1 m 52.9 71.8
from car)

Japan Railways developmental MagLev system®
4 m outside guideway 190
8 m under bridge 20

section

Inside passenger 80 - 1060
cabin

Between passenger 60 - 1330
cars

? Dietrich and Jacobs (Dietrich & Jacobs, 1999) on behalf of US Department of
Transportation, Federal Railroad Administration DOT-VNTSC-FRA-02-11

® Measured at a height of 3 feet (0.9m)

° Average of all sensor positions (i.e. driver and passenger head, waist and ankle)

4 Includes all locations and sensor positions (head, waist & ankle)

¢ Chadwick and Lowes (Chadwick & Lowes, 1998)

" Experimental vehicles

9 (IEEJ - Institute of Electrical Engineers of Japan, 1998)

3.2.2.2 Industry

Static fields formed by rectifying an intense alternating current are
used in several industrial processes, including gas welding and the
production of aluminium and chlorine.

Aluminium is produced by the electrolytic reduction of alumina in
Soderberg reduction cells or ‘pots’. The workers involved in this
operation are called ‘potroom’ or ‘potline’ workers and are exposed to
static magnetic fields. Measurements at eleven factories in France (Mur et
al., 1998) found that the fields near the pots were ~ 4 - 30 mT, but the
workers were generally exposed to < 20 mT. Measurements at a
Norwegian plant (Moen et al., 1996) showed a maximum level of 63 mT,
but results were otherwise similar to Mur et al. (1998). This corresponds
to measurements made in a Californian aluminium production test facility,
where magnetic fields up to 57 mT were determined by Tenforde (1986a).

There are many different electric arc welding processes involving
direct alternating or pulsed current that produce magnetic fields. Metal
inert gas (MIG) or metal active gas (MAG) welding produce static
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magnetic field strengths up to 5 mT at the distance of 1 cm from the
welding cables (Skotte & Hjollund, 1997). Static magnetic field strength
in MIG/MAG welding is roughly one order of magnitude higher than the
ELF magnetic field.

3.2.2.3 Magnetic resonance imaging (MRI)

MRI systems have proliferated in recent years and there are
currently many thousands worldwide. The technique utilizes a strong
homogeneous static magnetic field, much smaller time-varying gradient
magnetic fields, and radiofrequency radiation. The static magnetic field is
generated by permanent magnets, superconducting magnets and
combinations thereof in the range of 0.2 - 3 T for systems for routine
clinical use. In research applications, higher magnetic fields of up to 9.4 T
are used for whole body patient scanning. The stray magnetic fields
around the magnets for MRI studies are well defined and can be
minimized in the shielded magnet versions — unfortunately very few
surveys have been published. Stuchly and Lecuyer (1987) mapped the
static fields around four MRI machines (the units ranged from 0.15 - 1.9
T). Magnetic flux densities of up to about 1 T were measured close to the
magnet, but these had dropped to less than 30 mT at 2 m. Measurements
at the operator console position were less than 5 mT. Nevertheless, the
operator will be exposed to magnetic flux density up to the maximum
field strength of the magnet, which still exists just outside the bore of the
magnets. Apart from the static magnetic field, the other parameters likely
to be important for static magnetic field effects are the gradient field,
0B/0z, and the ‘force product’ given by B(0B/0z). Typical values of the
gradient field and force product for a 4 T system are 2.8 T m™ and 8.8 T2
m™” (Schenck et al., 1992) and 7.9 T m™ and 42.9 T> m™ for a 8 T system
(Kangarlu & Robitaille, 2000).

Modern applications for the MRI systems include the use of the
system in the operating theatre for interventional applications. The
magnetic field strength of these systems varies from low field open
(vertical field) systems, 0.2 - 0.6 T, up to medium or high field cylindrical
(horizontal field) systems, 0.5 - 1.5 T. These systems have openings
between the poles so theatre staff can access patients. Peak static field
exposures may approach or even exceed the static field for the scanner.
Force products (see section 6.1) for such designs may be higher than for
solenoidal designs at the same field strength. Systems are also being
introduced whereby the patient can be transported from the MRI system
into an X-ray system and vice versa, using one patient table positioning
device. In this way, both imaging modalities can be used for optimal
diagnosis and treatment of the patient. Such systems typically operate at
1.5 T and above. However, workers will generally not be closer than the
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magnet opening and magnetic field exposures are not likely to exceed the
rated field strength. For actively shielded magnets, the peak force product
may occur close to the magnet opening. Appropriate controls to limit
exposure of theatre staff are still being developed. Medical applications
with the potential of using fields up to 10 T and higher are also being
developed (Simon & Szumowski, 1992; Polk et al., 1996; Gowland,
2005).

A new medical system that applies strong static (inhomogeneous)
magnetic fields has been recently introduced. The system, referred to as
the ‘magnetic navigator system’ applies an inhomogeneous 0.5 T static
magnetic field to navigate the ferromagnetic tip of a catheter under X-ray
control to the correct anatomical position in a patient’s body.

3.2.2.4 Research and energy technologies

Large superconducting magnets are used in a variety of research
applications including:

. Particle accelerators like the LEP (Large Electron Positron
Collider) at CERN in Geneva that can consist of thousands of
magnets, including large superconducting magnets.

. Thermonuclear fusion research requires large magnets (~ 4 T) for
plasma containment. Worldwide efforts in fusion research are
now being combined in an international project currently under
design, but which will include the largest tokamak (chamber in
which a plasma is heated and confined by magnetic fields) ever

constructed.

. Magnetohydrodynamic research involving superconducting
magnets of up to 5 T.

. Bubble chambers for subatomic particle detection, which have
largely been replaced by different detectors, such as the multiwire
chamber.

. Nuclear magnetic resonance (NMR) spectroscopy, used to obtain

physical and chemical properties of molecules, can involve the
use of large superconducting magnets (12 - 22 T).

See Table 6 for typical static magnetic fields in industrial, research and
medical environments.
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Table 6.

Major technologies involving the use of large static

magnetic fields, and corresponding exposure levels

Procedures

Static magnetic field
Typical value (mT)

Energy technologies®

Thermonuclear fusion
reactors

Hot cell areas
Accessible areas
Outside reactor site

Magnetohydrodynamic
systems

Superconducting magnet
energy storage systems

Superconducting generators
and transmission lines

Research facilities

Bubble chambers® "

Superconducting
spectrometers® "

Particle accelerators?®

Isotope separation units®

Nuclear Magnetic Resonance

Industry

Aluminium production®™"

Electrolytic processes®
Magnet production®

Welding®

45
5
0.1

10 (at about 50 m)
0.1 (at distances greater than 250 m)
50 (max) at accessible locations

< 0.1 (projected)

600 - 1,500 (for several minutes during
changes of film cassettes)

1,000 at operator-accessible locations

Exposure only during maintenance
1 (typical) and 50 (occasionally)

2,000 (24 cm radially from 18.8 T
magnet)

600 (52 cm radially from 18.8 T
magnet)

up to 100 in accessible locations
< 20 (generally)

10 (average) and 50 (maximum)

0.3-0.5 (chestand head) &2 -5
(hands)

5 (submerged arc)
0.9 - 1.9 (MIG/MAG)
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5 (1 cm from cables — MIG/MAG)

Heavy manufacturing

industries® < 0.13 (maximum value)
Medicine®

Magnetic resonance imaging
and spectroscopy

0.5 (unshielded | T magnet at 10 m)
0.5 (unshielded 2 T magnet at 13 m)
MRI 850 (next to 1.9 T unit)

<30at2m

0.5-< 5 at operator console

~ 1,000 next to a shielded 4 T system

2 (ICNIRP, 1996)
® (Skotte & Hjollund, 1997)

° (Bowman & Methner, 2000)
9 (Stuchly & Lecuyer, 1987)

¢ (Moen et al., 1996)

f(Mur et al., 1998)

% (Stuchly, 1986)

" (Tenforde, 1986a)

3.2.2.5 Other

Variations of up to 20% in the Earth’s static magnetic field have
been observed both within and between homes (Swanson, 1994). These
observations point to steel construction materials as important
contributors to local field variation in homes. Static magnetic field
sources within homes otherwise tend to be small and only generate high
levels very locally.

Steel-belted radial tyres are magnetic and produce static and low-
frequency alternating magnetic fields in the passenger compartments of
cars. Milham et al. (1999) measured static fields of about 150 uT 10 mm
from a tyre. At 50 km/h, the static magnetic field measured within the car
did not exceed about 0.01 puT.

Headphones and telephone speakers produce magnetic flux
densities of 0.3 - 1.0 mT at their surfaces (EC, 1996). The static magnetic
fields from battery-powered devices are very small compared with the
natural background. Magnetic plasters, blankets and mattresses for
alleged therapeutic properties have surface magnetic flux densities of
about 50 mT, but these decay quickly within a few millimetres or so (EC,
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1996). Small bar magnets can produce 1 - 10 mT magnetic flux densities
within a centimetre of the magnet.

High voltage DC transmission lines produce magnetic fields of up
to a few tens of microtesla. Bracken (1979) reported 22 uT under a 500
kV line. For an underground transmission line buried at 1.4 m and
carrying a maximum current of about 1 kA, the maximum field was less
than 10 uT at ground level (Hassenzahl et al., 1978). These are still
relatively uncommon sources of exposure.
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4 MEASUREMENT OF STATIC ELECTRIC AND
MAGNETIC FIELDS

Measurements of static electric and magnetic fields are used to
characterize emissions from sources and exposure of persons or
experimental subjects. Early epidemiological and laboratory studies used
simple survey instruments that displayed the maximum static electric or
magnetic field measured along a single axis. Most fields that are
encountered will have a linear polarization vector whose direction is
unknown. This requires the measurement of three orthogonal components
of the electric or magnetic field, at each location of interest. This can be
done with either a single sensor or with a multiple sensor instrument. If a
single sensor is used, then each of the three orthogonal components must
be measured sequentially. The preferred method is the use of an
instrument with three mutually orthogonal sensors housed in a common,
small volume. This allows the simultaneous measurement of each
component of a field. Irrespective of whether a single or three sensor
instrument is used, the total field vector must be obtained by squaring the
magnitude of each field component, summing the three squared values,
and then taking the square root of the sum as indicated in Eq. 4.1 for
magnetic flux density.

Bl = B + By +B7 4.1

where:

Biotal 1s the magnitude of the magnetic flux density
By, By, B, are the magnitudes of the components of the magnetic flux
density along the axes in a rectangular coordinate system.

It is not necessary to measure each of the components of the field
if its polarization is linear and the orientation of the field vector is known.
For example, the electric field orientation is known near the boundary of a
conducting object, such as the ground (if it is highly conductive). The
electric field vector here must be perpendicular to the conducting object.
Therefore, only a vertical component of the electric field need be
measured near a highly conducting surface (ICNIRP, 2003).

41 Electric fields

Static electric-field-strength sensors that are commercially
available include the electric field mill, the vibrating plate, and the
vibrating probe sensors. All are used to measure static fields with respect
to a reference object (usually electrical ground). All of these instruments
interrupt or ‘chop’ the static voltage detected by the sensor. This provides
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a time-varying (AC) voltage that is easier to process and calibrate than a
static (DC) voltage. The field strengths that are measured by field mill,
vibrating plate, and vibrating probe sensors involve the quantification of
the AC current across known, high impedance between the sensing
electrode and the ground (ICNIRP, 2003).

The electric field mill can determine the static electric field
strength by measuring modulated, capacitively induced charges sensed by
metal electrodes. The time-varying charge and the current are
proportional to the electric field strength (E). Sensitivity of the electric
field mill is on the order of a few hundred V m’, with a maximum
measurement capability of up to 100 kV m™ or more.

The vibrating plate sensor consists of a faceplate with an aperture
and a central vibrating plate or probe. The faceplate is placed parallel to,
and in contact with, the ground plane. A mechanical driver moves the
vibrating plate or probe up and down in the direction normal to the
faceplate. The position of the vibrating electrode oscillates from one
extreme position that is flush with the faceplate aperture to the other
extreme position where it is separated a fixed distance below the ground
plane (usually, the ground plane is the earth beneath a HVDC power line).
Sensiltivity of the vibrating plate sensor is on the order of a few hundred
Vm.

During the measurement procedure, other objects and persons
operating the equipment must be removed from any area that will perturb
the field at the location of the measurement instrument. E-field meters
that operate in contact with the ground plane need only measure the
vector component that exists close to ground (the component that is
perpendicular to the ground plane). Fields mills and vibrating plate/probe
sensors are intended to be placed on a ‘ground plane’, but can be elevated
above the physical source of the earth if electrical connection to the earth
is provided by a grounding wire (ICNIRP, 2003).

4.2 Magnetic fields

Magnetic flux densities that are of interest range from
approximately 20 uT (the Earth's magnetic flux) to more than 20 T (high
field NMR and MRI devices). The instrument for measuring the
magnitude and direction of a magnetic field is called a magnetometer.
Two types of magnetometers (Fluxgate and Hall effect) are practical for
the measurement of static magnetic fields. Both are capable of
determining a single vector component of the magnetic field. The
Fluxgate magnetometer is a sensitive device based on the magnetic
saturation effect in ferromagnetic materials. It is constructed of two
parallel cores of a ferromagnetic material placed closely together. It
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measures an alternating current that is induced in a secondary coil
wrapped around the cores. The secondary coil signal is proportional to the
strength of any external magnetic field that is aligned in the proper
orientation with respect to the cores. Current (AC) is passed through coils
that are wrapped separately around each core. AC voltage Fluxgate
magnetometers are capable of measuring the strength of the magnetic
field from 1.0 nT to 0.01 T. They can be used in a mode that subtracts the
constant value of the Earth's static field so that other static fields weaker
that this field can be measured.

Hall effect devices consist of a thin square or rectangular plate or
film of gallium arsenide and indium arsenide to which four electrical
contacts are made. An electrical current is passed through the length of
the semiconductor and the voltage across the width of the semiconductor
is measured. The Hall voltage, V), is directly proportional to the number
of flux lines passing through the foil, the cosine of the angle at which they
pass through it (i.e. they are polarization dependent), and the amount of
current passing through the device. Hall effect instruments can measure
flux density from 100 pT to up to 100 T.
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5 INTERACTION MECHANISMS

Many biological processes are affected by electromagnetic fields.
Even small changes in internal fields caused by external magnetic fields
can affect that biology. Human tissues respond in radically different ways
to applied electric and magnetic fields. Electric fields are experienced as a
force by electrically charged objects. The electric field at the surface of an
object, particularly where the radius is small (for example, at the limit, a
point), can be larger than the unperturbed electric field. However, because
of the high conductivity of body tissues relative to air, exposure to a static
electric field does not produce a significant internal field, but leads to the
build up of surface charge on the body. The induced surface charge may
be perceived if discharged to a grounded object. In contrast, the magnetic
field strength is virtually the same inside the body as outside. Such fields
will interact directly with magnetically anisotropic materials and moving
charges. These interactions are subtle and difficult to observe in living
tissues. Several excellent reviews of the possible physical interactions of
static magnetic fields have been published, including Azanza and del
Moral (1994); Goodman et al. (1995); Grissom (1995); Frankel and
Liburdy (1996); Valberg et al. (1997); Beers et al. (1998); Adair (2000);
Zhadin (2001); Binhi (2002); and Binhi and Savin (2003).

Biological effects of static magnetic fields are studied in several
specialized fields of research, each with specific objectives and
applications. These studies cover a wide range of static field strengths and
it is possible that different physical mechanisms are relevant in the
different areas, which include:

. animal navigation and the general study of animal behaviour
influenced by magnetic fields;

. static magnetic fields as an alleged therapeutic modality, either
alone or in conjunction with pharmacological agents;

. static magnetic fields as a component in biological detection of

relatively weak environmental and occupational magnetic fields
resulting from the distribution and use of direct current electric
power; and

. the use of strong magnetic fields for magnetic resonance clinical
diagnostic procedures, such as magnetic resonance imaging
(MRI), and in chemical analysis and spectroscopy (NMR).

Outline
A number of physical and chemical effects can occur as a result of

exposure of living tissues to static magnetic fields. At the level of
macromolecules and larger structures, interactions of stationary magnetic
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fields with biological systems can be characterised as electrodynamic or
magnetomechanical in nature. Electrodynamic effects originate through
the interaction of magnetic fields with electrolyte flows, leading to the
induction of electrical potentials and currents. Magnetomechanical
phenomena include orientation effects on macromolecular assemblies in
fields, and the movement of paramagnetic and ferromagnetic molecular
species in strong field gradients. Several types of magnetic field
interactions have been shown to occur at the atomic and subatomic levels
in biological systems. Two such interactions are the nuclear magnetic
resonance and the effects on electronic spin states, and their relevance to
certain classes of electron transfer reactions in living tissues. These
interaction mechanisms will be considered in some detail in this section.
Because static electric fields barely penetrate human bodies, they will not
be considered further in this chapter.

5.1 Electrodynamic interactions

With some minor exceptions, all chemistry and biology acts
exclusively through forces produced by electromagnetic fields acting on
electric charges. The science of electromagnetism has had many famous
contributors, but it was James Maxwell (1831 - 1879) who placed the
laws of electromagnetism into the form in which they are now known.
Maxwell’s equations are a set of four equations that describe the
behaviour of both electric and magnetic fields as well as their interaction
with matter. The equations express:

. how electric charges produce electric fields (Gauss’ law);

. the absence of magnetic charges (i.e. the impossibility of creating
an isolated magnetic pole);

. how currents produce magnetic fields (Ampére’s law); and

. how changing magnetic fields produce electric fields (Faraday’s

law of induction).

The first physical interaction mechanism follows directly from
Maxwell's equations (Jackson, 1999).

5.1.1 Magnetic induction of electric fields and currents

The Lorentz force, F, exerted on a charged particle in an
electromagnetic field is given by the Lorentz force equation (5.1).

F=qE+vxB) .1

where:

E is the electric field (vector)

B is the magnetic field (vector)

q is the charge of the particle

v is the particle velocity (expressed as a vector).
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The electric field is proportional to that part of the force that is
independent of its motion. The magnetic field is proportional to the
velocity of the charge.

Just as static magnetic fields exert forces on moving electric
charges, due to Galilean relativity, changing magnetic fields produce
forces on stationary electric charges. The forces on stationary charges are
a measure of the electric field. The induced electric field generated by a
changing magnetic field can be calculated using the integral form of
Faraday's law:

JE-di=-<[B-dA 52

where the left-hand side is a line integral over a closed loop C, and the
right hand side is the time derivative of a surface integral of the normal
component of the magnetic flux through the area S enclosed by C.
Equation (5.2) only calculates the average electric field over the loop C,
but it is often the only measure available when the actual local field in a
complex system can only be estimated with numerical methods that
require very detailed knowledge about the fields on the system boundary
and its material properties. If we assume that the bulk conductivity of the
material is relatively homogeneous, then we can also infer the average
induced current by Ohm's law.

Equation (5.2) will register an average electric field when the
integral changes with time. If we consider the loop to be of fixed
dimensions, this can happen in several different ways:

. the magnetic field itself varies with time. This is the typical
situation for many field studies in which a spatially homogenous
field modulated, e.g. with a sine wave;

. by motion in a field that has spatial variation. This is, for instance,
relevant when transporting a person into or out of a MRI machine
that has very strong gradients at the coil entrance; and

. the relative orientation between the loop and the field vector is
changed. This is what happens if we rotate the loop in a static
field.

A very detailed analysis of these possibilities is available in
Ptisyna et al. (1998). The rate of change directly determines the induced
field, so that the frequency of the field application, the speed of the
motion in a gradient, and the rotation frequency enter directly into the
value of the induced fields.
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5.1.2 Lorentz force

Tonic currents interact with static magnetic fields as a result of the
Lorentz forces exerted on moving charge carriers (equation 5.1). This
phenomenon is the physical basis of the Hall effect (see below) in solid-
state materials, and it also occurs in several biological processes that
involve the flow of electrolytes in an aqueous medium. Examples of such
processes are the ionic currents associated with the flow of blood in the
circulatory system, nerve impulse propagation, and visual photo-
transduction processes.

5.1.2.1 Flow potentials

A well-studied example of electrodynamic interactions that leads
to measurable biological effects is the induction of electrical potentials as
a result of blood flow in the presence of a static magnetic field (Tenforde,
2005). These are a direct consequence of the Lorentz force exerted on
moving ionic currents, so that blood flowing through a cylindrical vessel
of diameter, d, will develop an electrical potential, y given by the
equation:

w=|Eld=1|v||B|dsin® (5.3)

where 0 is the angle between B and the velocity vector. That is, the
induced electrical potential is proportional to the velocity of the blood
flow and to the magnetic field strength. This equation was originally
shown by Kolin (1945) to describe the interaction of blood flow with an
applied magnetic field, and it forms the theoretical basis for analysing the
rate of blood flow using an electromagnetic flow meter (Kolin, 1952).

There have been numerous accounts of flow potentials being
recorded in the ECGs of animals and volunteers placed in strong static
magnetic fields (see chapters 7.2 and 8.1). These effects are largest in the
blood vessels around the heart and in the heart itself (see Tenforde, 2005).
It has been suggested that this effect may place a limit on the magnetic
field strength that can be safely tolerated by human beings (Schenck,
1992). The possible consequences for human health have been reviewed
by Holden (2005).

Several early models of aortic blood flow in magnetic fields relied
on an approximate solution of the Navier-Stokes equation describing the
dynamic properties of an electrically conductive fluid flowing in the
presence of a strong magnetic field (Hartmann, 1937; Hartmann &
Lazarus, 1937). The results of these theoretical calculations indicated that
static magnetic fields should produce only small magnetohydrodynamic
effects on blood flow in the aorta at field levels up to 2 T (Belousova,
1965; Vardanyan, 1973; Abashin & Yevtushenko, 1974; Sud et al., 1978;
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Kumar, 1978; Tenforde et al., 1983; Chen & Saha, 1985; Sud & Sekhon,
1989). An exact solution of the Navier-Stokes equation was later obtained
by Keltner et al. (1990), and led to a similar conclusion. All of these
models made the simplifying assumption that the wall of the aorta is not
electrically conductive.

Kinouchi et al. (1996) developed a theoretical model assuming
finite conductivity of the arterial wall. In this model, a complete solution
of the Navier-Stokes equation for aortic blood flow was obtained by a
finite element analysis method for static magnetic fields of arbitrarily high
intensity under the condition that the wall of the aortic vessel is
electrically conductive. This model was used to obtain quantitative
estimates as a function of the applied magnetic field of the magnetically-
induced fields and currents in the aorta, magnetohydrodynamic slowing of
the aortic blood flow rate and the leakage currents passing from the aorta
into the thoracic region, including those present at the sino-atrial
pacemaker node of the heart. In a 5 T field, the predicted current density
at the sino-atrial node was about 110 - 120 mA m™, rising to about 220
mA m? at 10 T and 300 mA m? at 15 T. Theoretically, the greatest
effects should occur for flow in long blood vessels orthogonal to the static
magnetic field, while no effect should be seen for flow aligned with the
field. Orientation of the patient with respect to the magnetic field may be
a consideration for any bio-effects, but this has not been considered in
detail.

5.1.2.2 A theoretical study of the possible effects of flow potentials on the
heart

Holden (2005) assessed the effects of the electric fields and
currents induced by the flow potentials on cardiac function using virtual
cardiac tissues — computational models of cardiac electrophysiology.
These models are used to understand the normal and pathological
electrophysiology of the heart and how this can be modified by
pharmacological intervention. The author noted that, although the flow
potential generated by blood flow in the aorta will be the largest, a greater
fraction of the smaller potentials generated in blood vessels on or in the
myocardium of the heart have less distance over which to decay, and so
may have the largest effect. Three possibilities were considered, including
changing the rate of excitation of the heart by acting on the sino-atrial
pacemaker tissues, inducing the ectopic initiation of activity at sites that
are not normally endogenously active, and triggering arrhythmias by
altering the pattern of action potential propagation through the ventricular
myocardium.

Electrical currents generated by flow potentials will have either a
depolarising or hyperpolarising effect on myocardial tissue, depending on
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the orientation of the induced current relative to the myocardial tissue.
Holden (2005) noted that, in the sinoatrial node, a greater fraction of
external current would flow into the peripheral cells, whereas the
pacemaker function resides primarily in cells located at the centre. This
possibly may contribute to the lack of any effect of 8 T static fields on
heart rate {Chakeres, 2003 736 /id /ft "; see below"}, although a change in
rate would, however, be considered benign. Such current flow may also
initiate ectopic activity, if action potentials are excited in a sufficiently
large volume of myocardial cells. This could be induced by relatively
small changes in membrane potential, if the cell parameters are very close
to a critical value (one that produces an early after-depolarisation during
an action potential). However, the initiation of activity at an ectopic focus
would be suppressed by a higher rate of activity driven by the sinoatrial
node. In addition, ectopic beats are also considered relatively benign.
These two effects are thought to have thresholds in excess of 8 T.

The situation is more complex with regard to ventricular
fibrillation. The flow potentials induced in coronary arteries and branches
(but not those induced by the aorta) will have opposite polarities on
opposite sides of the left ventricle. This would increase the electrical
heterogeneity of the ventricle and so may enhance or establish spatial
gradients in action potential duration between different parts of the
ventricle. This is likely to increase the probability of the initiation of re-
entrant arrhythmias, which can be lethal. However, the author noted that
such re-entrant arrhythmias are very rare events, so that even a large
increase in their probability leaves them remaining very unlikely in an
individual during an exposure period of up to a few hours. Nevertheless, a
more precise indication of the risk, and threshold, which Holden (2005)
notes is lower than that for pacemaker modulation and ectopic beat
induction, would be of value. This is especially the case in people that are
more susceptible to re-entrant arrhythmias, such as people with enlarged
(hypertrophic cardiomyopathy) or damaged (postinfarct) hearts, and
carriers of some rare inherited disorders in repolarisation, including the
long QT syndrome. Similar simulations in non—homogeneous magnetic
fields are yet to be completed.

5.1.3 Magnetohydrodynamic model

Flow-induced  electric ~ currents  also  act  through
magnetohydrodynamic (MHD) forces to produce a retarding force on
blood flow. It has been estimated that there is a 5% reduction in humans
in the flow rate at 10 T, rising to 10% at 15 T (Kinouchi et al., 1996),
compared to Keltner’s estimate (Keltner et al., 1990) of 0.2% pressure
change at 10 T for worst-case conditions (magnetic field orthogonal to
flow in long blood vessels). Kangarlu et al. (1999) observed no blood
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pressure changes in dogs exposed to 8 T fields for 3 hours. In contrast,
studies of blood pressure changes in volunteers indicated that systolic
pressure rose by about 4 mm Hg in an 8 T static field, which is consistent
with a haemodynamic compensation for a magnetohydrodynamic
reduction in blood flow (Chakeres & de Vocht, 2005), see section
8.1.2.2.1.

Schenck (2005) has suggested that the mild sensations of vertigo
and nausea often experienced by MRI patients might be related to a
magnetic interaction with the vestibular apparatus of the inner ear. There
are three semicircular canals in this structure that are roughly orthogonal
to one another. Each is sensitive to a different component of the angular
acceleration of the head. Each of these canals is filled with a conducting
fluid called the endolymph and contains structures at one end referred to
as neuromast organs. These consist of sensory (hair) cells and supporting
cells covered by a gelatinous cupula. When the head undergoes angular
acceleration, the inertia of the endolymph produces a force on the cupulas,
which are slightly deflected by it. This transfers to the hair cells in the
neuromast organs and initiates a signal that is eventually interpreted
within the central nervous system as a head motion. Any excitation of hair
cells by the magnetic field would be perceived as an extraneous head
rotation that would not correspond to other sensory inputs. A field-
induced excitation could result from direct depolarization of sensory cells
or from diamagnetic anisotropy in the cupula, which would produce
torque and deflection of this structure when the head was turned. Another
possibility (Schenck, 1992) is that the changing magnetic flux through the
semicircular canals when the head is turned leads to an additional force,
of magnetohydrodynamic origin, on the endolymphatic fluid.

The mild vertigo and nausea is analogous to similar symptoms
associated with motion sickness. According to the conflict hypothesis
(Brandt, 2003) motion sickness is the consequence of discordant inputs to
the brain information about the position and motion of the body from the
vestibular and the visual systems, and from other sensory sources. Further
work is necessary to determine if these field-related sensory effects can be
explained by magnetohydrodynamic forces acting on the semicircular
canals or by other induced current effects.

5.2 Magnetomechanical interactions

There are two basic mechanisms through which static magnetic
fields exert mechanical forces and torques on objects. In the first type of
magnetomechanical interaction, rotational motion of a substance occurs in
a uniform field until it achieves a minimum energy state. The second
mechanism involves the translational force exerted on a paramagnetic or
ferromagnetic substance placed in a magnetic field gradient, although in
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theory the only requirement is that the object has a different magnetic
susceptibility to its surroundings.

Other less understood mechanisms are related to rotations and
vibrations of ions and charged molecules in static magnetic fields. These
mechanisms have not been established.

Another important aspect of magnetomechanical interactions with
biological systems are the forces exerted by the geomagnetic field on
magnetotactic bacteria and in the tissue structures in various organisms
that contain deposits of biogenic magnetite (see section 5.4).

5.2.1 Magnetomechanics (torque on magnetic dipole moment)

Macromolecules and structurally ordered molecular assemblies
with a high degree of magnetic anisotropy will experience a torque in a
uniform magnetic field and rotate until they reach an equilibrium
orientation that represents a minimum energy state.

A magnetic dipole with moment M in an external magnetic field B
experiences a torque

N=mxB (5.4)
and the potential energy associated with the system is:
U=-m-B (5.5)

Hence, the effect of the field is a tendency to rotate the dipole
towards alignment with the field. This is the basis for various interaction
mechanisms. Note that this does not occur for magnetic dipoles that are
formed in isotropic diamagnetic or paramagnetic materials in response to
an applied magnetic field, since their magnetic moments would be aligned
parallel (or anti-parallel) with the local field. If we have a material with
intrinsic magnetization or with anisotropic susceptibility, then there is a
possibility for a physical mechanism (see section 5.2.3 on anisotropic
diamagnetism).

In living systems, the effect of thermal noise will tend to
randomize the dipole's orientation. The energy U has to be compared to
ke T (where kg is Boltzmann's constant) for typical temperatures of living
systems (T ~ 310 K). For protons with a nuclear magneton of magnetic
moment ( ug =eh/2m, ), the comparison leaves a very slight

alignment even at high (> 1 T) fields, although it is large enough to be
technologically useful for MRI.
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An example of an intact cell that can be oriented magnetically is
the deoxygenated sickle erythrocyte. It has been shown that these cells, in
which the deoxygenated haemoglobin is paramagnetic, will align in a 0.35
T static field with the long axis of the sickle cell oriented perpendicular to
the magnetic flux lines (Murayama, 1965). Another example of systems
that overcome the thermal drive to isotropy is that of magnetic moments
created by diamagnetic anisotropy in relatively large structures (see
section 5.2.3).

5.2.2 Magnetophoresis (force on magnetic dipole moment)

The second mechanism through which static magnetic fields exert
mechanical forces and torques on objects involves a translational force. A
magnetic dipole (M) in a static gradient magnetic field experiences a
(lowest order) force of:

F=(m-V)B (5.6)

The magnetic dipole can be a permanent dipole or its
magnetization can be induced by the field itself. An example of the latter
is diamagnetic levitation in which the force is sufficiently large to oppose
the gravitational pull (Beaugnon & Tournier, 1991; Valles, Jr. et al.,
1997). The magnetic moment of an object of volume V and magnetic
susceptibility y in a field B is:

m:Z\/B//’lOs

where |, is the permeability of vacuum. To balance the force of gravity,
(gpV) we need BV B> 1000 T m for typical tissue parameters.

This effect is possible for ferromagnetic materials in high
gradients, such as those encountered in magnetic resonance imaging. A
realistic example (Kangarlu & Robitaille, 2000) shows how typical MRI
conditions can accelerate a steel wrench to over 40 m/s’. In addition,
significant magnetic forces are exerted on many types of implanted
medical devices, including aneurysm clips, dental amalgam, prostheses,
and pacemaker cases (Tenforde & Budinger, 1986; ASTM, 2003a; ASTM,
2003b).

Some alleged therapeutic applications of magnets claim that
strong gradients are required for efficacy (McLean et al., 1995), with a
threshold gradient observed somewhere in the region of 1 T m™ (Cavopol
et al., 1995). The corresponding threshold force on a Bohr magneton is
approximately 10 N. As a comparison, the electric field required to
apply this force on a unit charge is E = 1.7 x 10*V m™". This is a very
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small field, but it is in within range of another threshold E = 4 x 10
V m™ suggested by other experimental studies (Blank & Soo, 1992; Blank
& So0o, 1996). The mechanism of magnetophoresis of diamagnetic
materials is the only proposed mechanism for gradient specific effects,
but it probably does not provide an explanation of the experimental
evidence at this relatively weak end of exposures.

Experiments on the rate of myosin phosphorylation in a gradient
magnetic field (Engstrom et al., 2002) suggest that a combination of field
and gradient are required to explain the mechanism producing the effect
on this biochemical enzyme system.

The forces exerted on paramagnetic and ferromagnetic substances
by strong static magnetic field gradients provide the physical basis for a
number of useful biological and biochemical processes (ICNIRP, 2003).
Examples of the application of magnetic forces include the targeting of
drugs encapsulated in magnetic microcarriers (Widder et al., 1982), the
separation of deoxygenated erythrocytes from whole blood (Melville,
1975; Paul et al., 1978), the separation of antibody-secreting cells from a
suspension of bone marrow cells (Poynton et al., 1983), and the removal
of micro-organisms from water (De Latour, 1973; Kurinobu & Uchiyama,
1982). It has also been observed that strong magnetic field gradients can
influence the distribution of deoxygenated, paramagnetic erythrocytes in a
flowing suspension of blood cells (Shiga et al., 1993). It has been
suggested (Ichioka et al., 2000) that this effect could retard the rate of
blood flow when the product of the flux density and the field gradient
exceeds 100 T°m™.

5.2.3 Anisotropic diamagnetism

If a material has anisotropic diamagnetic susceptibility, then a
static magnetic field will apply a torque on the system, since the
orientations parallel and perpendicular become differentially magnetized.
Orientation with respect to the field becomes energetically differentiated
and we have the basis for a physical transduction mechanism (Maret &
Dransfeld, 1977). The energy of a cylindrical molecule with magnetic
susceptibility y, and parallel and perpendicular to the cylinder axis,

respectively, is:
E =-VB* (1, ~ 2¢)/ 2410 (5.7)
where V is the molecular volume.

Substantial fields are typically needed to take advantage of this
mechanism, and large, elongated, structured molecules do better in the
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competition with thermal noise. For example, a 5 um long microtubule is
estimated to be completely aligned by a magnetic field in the 10 T range
(Bras et al., 1998). When material is organized so that the diamagnetic
anisotropies align over some volume, larger induced magnetic moments
can be achieved. This effect is sometimes called superdiamagnetism
(Braganza et al., 1984).

This mechanism is the basis for some detailed models of effects in
lipid bilayers (Helfrich, 1973; Gaffney & McConnel, 1974; Tenforde &
Liburdy, 1988), subsequent effects on calcium liberation (del Moral &
Azanza, 1992; Azanza & del Moral, 1994), and an explanation of how
mitotic structures may be affected by large fields (Denegre et al., 1998;
Valles, Jr. et al., 2002), resulting in abnormal embryonic development.

53 Radical recombination rates

Spin-correlated radical pair chemistry has long been a
consideration for magnetic field effects in chemistry and biology. Several
classes of organic chemical reactions can be influenced by static magnetic
fields in the range of 10 - 100 mT as a result of effects on the electronic
spin states of the reaction intermediates (Schulten, 1982; McLauchlan,
1989; Cozens & Scaiano, 1993; Grissom, 1995; Hore, 2005). A spin-
correlated radical pair may recombine and prevent the formation of
reaction product if two conditions are met: 1) the pair, formed in a triplet
state, must be converted into a singlet state by some mechanism and 2)
the radicals must physically meet again in order to recombine. Step 1, the
singlet-triplet interconversion, is the step that can be magnetic field
sensitive. The probability of having a re-encounter is dependent on how
constrained the diffusive motion of the two radicals is. There are several
mechanisms outlined within this framework, for example, by McLauchlan
and Steiner (1991).

If the two radicals have different g-factors, they will differentially
precess and oscillate in and out of triplet and singlet states, allowing for a
high rate of re-conversion in the short interval after the pair generation
when the re-encounter probability is high. This process becomes
dominant at high fields (> 1 T) and is generally referred to as the Ag -

mechanism.

At intermediate field strengths (down to the mT range), spin
mixing due to hyperfine interactions dominates the singlet-triplet
interconversion. The rate of this type of spin conversion is higher when
the involved nuclear states are significantly different. The magnetic field
has an effect in this regime because it separates the degenerate energy
levels of the triplet state, leading to enhanced spin conversion as the T ;
state experiences an enhanced ability to mix into the singlet state. At
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higher field strengths the T,, states become decoupled from any
interaction with the singlet state and a reduction in the interconversion
rate occurs. This mechanism is fairly well understood and is
experimentally supported by detailed experiments (Harkins & Grissom,
1995).

There is also a low field effect based on the fact that the selection
rules of hyperfine-induced mixing are more restrictive in zero fields and
that one might see a reduction in spin conversion rates for low fields
(McLauchlan & Steiner, 1991). Given a reaction environment that
imposes spatial constraints on the radical pair diffusion so that long
recombination times can be possible, this free radical low field effect is
predicted to achieve significant responses to magnetic fields in the pT
region (Timmel et al., 1998; Till et al., 1998). Further structure in the
response to varying magnetic field amplitude has been predicted if
anisotropic hyperfine structures are considered (Timmel et al., 2001).

It should be noted that the radical pair mechanism requires the
two radicals to be spin-correlated or geminate (twins). If they are not
statistically correlated with each other, then a magnetic field will still
rotate the spin angular momentum, but no coherent change in
recombination rates will occur. This applies to freely diffusing radicals,
and it is important to exclude these chemical species from consideration
as a magnetic field target (Brocklehurst & McLauchlan, 1996).

Since the radicals stay spin-correlated for a relatively short time, it
has been argued that an effect of low frequency magnetic fields should be
equivalent to a static field with appropriate amplitude. However, this may
not be true if the dynamics of the biological system responding to the
time-varying field has any frequency specificity in the appropriate range
(Walleczek, 1995; Eichwald & Walleczek, 1998). The property of
timescale of the transductive mechanism can be investigated with
appropriate experiments (Engstrom, 1997; Engstrom & Fitzsimmons,
1999).

Radical pair magnetic field effects have been used as a tool to
study enzyme reactions, in part because more than 60 enzymes use
radicals or other paramagnetic molecules as reaction intermediates. It has
been established (Hore, 2005) that two (non-mammalian) enzyme
reactions are magnetic-field sensitive under appropriate, non-
physiological, conditions: 1) the conversion of ethanolamine to
acetaldehyde by the bacterial enzyme ethanolamine ammonia lyase
(Harkins & Grissom, 1994) and 2) the reduction of hydrogen peroxide by
horseradish peroxidase (Taraban & Leshina, 1997). Changes in catalytic
rates of up to 30% were found for fields of up to 0.3 T. Although there
remain biological systems worthy of further investigation, there is, based
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on the evidence at present, no strong likelihood of major effects of
physiological consequence on cellular functions or of long-term
mutagenic effects arising from magnetic-field induced changes in free
radical concentrations or fluxes (Hore, 2005).

5.4 Biogenic magnetite

Biogenic magnetite is the basis of a well-documented mechanism
explaining how some bacteria can use the magnetic field to an
evolutionary advantage (Blakemore, 1975). A chain of magnetosomes
provides a large enough magnetic moment that the whole organism
orients and swims along geomagnetic flux lines (magnetotaxis), providing
a reliable source of direction for swimming up or down as this
bacterium’s circumstances require.

The large magnetic moment associated with a magnetite grain
results in the potential energy for rotation in a magnetic field having a
magnitude comparable to kT at biological temperatures.

Kirschvink et al. (2001) reviewed the development of magnetite-
based magnetoreception and argued that a highly evolved sensory system
capable of explaining the observed sensitivities to very small variations in
the geomagnetic field should be expected (Fischer et al., 2001; Phillips et
al., 2002). An interesting requirement for high-resolution observation of
the magnetic vector orientation is an equally sensitive measurement of the
gravitational vector, as well as integration/comparison of these two senses.

Magnetite-based mechanisms are modelled in bio-electromagnetic
research (Phillips, 1996; Deutschlander et al., 1999b; Ritz et al., 2000)
and there are data in various forms for several different animal models
(Beason & Semm, 1996; Brassart et al., 1999; Deutschlander et al., 1999a;
Lohmann & Johnsen, 2000; Hanzlik et al., 2000; Phillips et al., 2001,
Wiltschko & Wiltschko, 2002).

5.4.1 Single-domain crystals

Single domain magnetite crystals can only be magnetized along
one axis (with positive or negative polarity), and the crystal maintains the
magnetization, unlike superparamagnetic magnetite (see below). Single
domain magnetite or greigite are the elements of magnetotactic bacteria.
It has been suggested that these are functional components of higher
magnetosensitive animals. Remagnetization experiments provide good
reasons to believe that permanent ferromagnets are involved in the
physical transduction (Beason et al., 1997; Munro et al., 1997). Physical
models utilizing single domain crystals have been discussed in the
literature (Kirschvink et al., 1992).
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Edmonds (1996) proposed a sensitive biological magnetic
compass by examining the behaviour of a cluster of needle-shaped
magnetite crystals in a nematic fluid. The argument is that this system
would be able, given enough crystals in the cluster, to respond to the
orientation of the magnetic field with relatively high resolution and that
useful detection could be achieved optically.

5.4.2 Superparamagnetic magnetite

Superparamagnetism is a phenomenon by which magnetic
materials may exhibit behaviour similar to paramagnetism at temperatures
below the Curie or the Neel temperature. Superparamagnetic magnetite
grains are too small to have a stable magnetic moment impressed, but
they do respond to an externally applied field. Clusters (1 - 3 pm in
diameter) of superparamagnetic nanocrystals (2 - 5 nm in diameter) have
been reported in the upper beak of homing pigeons (Hanzlik et al., 2000;
Winklhofer et al., 2001). Single domain features were ruled out in these
studies.

5.4.3 Other ferromagnetic inclusions

There are suggestions of possibilities other than magnetite for
ferromagnetic inclusions in bacterial and archaeal cells (Vainshtein et al.,
2002). These reported structures were detected by magnetophoresis in a
tesla-level field. The structures did not show the crystalline signatures of
magnetite.

5.4.4 Local amplification due to ferromagnetic material

It is conceivable that magnetotransduction could occur in the
immediate vicinity of a magnetite grain, if this would provide a local
amplification of the applied field. If a particle has magnetic permeability
larger than one, it will produce a locally enhanced field and this
secondary field could be detected. Another possibility is that a
permanently magnetized single domain grain could be rotated by the
magnetic field and ‘shine’ its own relatively large local field onto a
nearby magnetic field sensitive structure.

5.5 Mechanistic co-factors and other mechanisms

There are co-factors in some experimental work of static and low
frequency magnetic field studies that might provide clues about low level
mechanisms. These are discussed below.
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5.5.1 Light as a co-factor

One recurring theme is light sensitive magnetic field detection
(Ritz et al., 2002). It has been shown that wavelength specific effects
occur in avian and reptile magnetic navigation (Deutschlander et al.,
1999b) and in magnetic field detection (Deutschlander et al., 1999a). A
model is proposed in salamanders in which two separate and antagonistic
magnetic field sensitive systems are activated by short and long-
wavelength light (Phillips et al., 2001).

Animal models are used to investigate the relation between
magnetic field detection and light by forming hypotheses that can be
tested by training, and later testing, behavioural responses in various light
conditions varying with respect to wavelength (Deutschlander et al.,
1999a) and polarization (Able & Able, 1993). The presence of light is
also required in a snail behavioural model in which nociceptive responses
are modulated only by magnetic fields (Prato et al., 1997).

It is not known whether the light dependent part of the biological
mechanism at work is integrated with the magnetic field transduction. It is
uncommon in sensory physiology for two independent detectors to
become tightly integrated, but one model for the avian magnetic field
detection embeds the detection organ in the bird’s eye (Ritz et al., 2000).
It could also be that light is enabling a physical detection mechanism,
either on a behavioural level, or directly, as suggested by Leask (1977).

5.5.2 State dependence

State/activation dependent factors have been theoretically
examined in a model of free radical responses in enzyme systems
(Eichwald & Walleczek, 1996). It has been experimentally observed that
the sign of the response of Na-K-ATPase depends upon its activation state
(Blank & Soo, 1996).

5.6 Constraints on physical detection

For either the direct magnetic fields or the magnetically induced
electric fields to affect the biology of systems, the interactions with such
systems must generally be larger than the interactions with endogenous
physiological and thermal noise. The disruptive effects of thermal noise
puts limits on what signals can be detected in simple biological systems
(Adair, 1991; Adair, 2000). Much work on the possible lower limits of
detection has focused on energetic comparisons to the average thermal
energy of the environment encountered by any detection mechanism
operating in a living biological setting. It should however be noted that
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the magnetic interactions involved in the radical pair mechanism are weak
compared to thermal energy (Hore, 2005).

5.7 Conclusions

It has been shown in this chapter that the following three classes
of physical interactions of static magnetic fields with biological systems
are well established on the basis of experimental data:

€8 electrodynamic interactions with ionic conduction currents;

2) magnetomechanical effects, including the orientation of
magnetically anisotropic structures in uniform fields and the
translation of paramagnetic and ferromagnetic materials in
magnetic field gradients; and

3) effects on electronic spin states of reaction intermediates.

Forces and torques on both endogenous and exogenous metallic
objects are the interaction mechanism of most concern. The induction of
electric fields and currents in tissue is also of concern. Other interaction
mechanisms do not appear to be of concern at this stage. None of the
mechanisms discussed to date would seem to indicate differences in
effects from acute or chronic exposures, although no suitable
epidemiological studies are available in this regard.
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6 DOSIMETRY

To understand the biological effects of electric and magnetic
fields, it is important to consider the fields directly influencing cells in
different parts of body and tissues. A dose can then be defined as an
appropriate function of the electric and magnetic fields at the point of
interaction. The establishment of a relationship between the external non-
perturbed fields and internal fields is the main objective of dosimetry.
Microscopic dosimetry is the quantitative study of the induced electric
environment on size scales comparable to, or smaller than, the living cell.
Macroscopic dosimetry deals with dosimetric quantities averaged over
volumes or areas where the dimensions are greater than the dimensions of
most individual cells (ICNIRP, 2003).

6.1 Static electric fields

The distortion of fields due to bodily presence is characteristic of
exposure to static electric fields. External perturbed electric field strength
near the skin is the most relevant dosimetric quantity when studying skin
surface effects, such as hair vibrations and static discharges, caused by
extremely intense electric fields.

Relatively few experimental studies of static electric fields effects
have been undertaken. A discussion of dosimetric aspects of static fields
can be found in ICNIRP (2003) and in section 9.1 of this monograph.

6.2  Static magnetic fields

Chapter 3 discussed the sources of static fields while the focus in
this section is mostly on static magnetic fields relevant to the health risk
assessment provided in section 9.1. A main concern with respect to
exposure of static magnetic fields is the proliferation of magnetic
resonance systems, but the following discussion applies equally to any
static magnetic source.

In the case of exposure to static magnetic fields, the human body
has very little influence on the magnetic field. External magnetic field
strength or magnetic flux density can be used for both dosimetry and
exposure assessments.

In terms of MRI or NMR systems, the magnetic sources mostly
used are superconductor solenoids. Typically, the magnetic field vector
inside solenoidal magnets is aligned with the patient's long axis. Many
lower field magnets have the static magnetic field vectors aligned with the
anterior/posterior patient axis, though some magnets place the field along
the left/right axis. In general, magnets (not just MRI magnets) may be
actively shielded to limit the spatial extent of the fringe field, but many
are not. In MRI applications, magnets up to about 4 T can be actively
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shielded, but current technology prohibits active shielding above this
level. Therefore, significant fields are present around 7 T magnets, for
example, but actively shielded magnets may in fact have large gradients
near the ends of magnets due to the effect of active shielding. In NMR,
which is used for chemical analysis and spectroscopy, small bore magnets
are used to house test tube sized samples. These magnets are routinely 12
to 21 T and workers are exposed to stray fields and field gradients when
changing samples or the probes within the magnet.

Static magnetic field effects are likely to be caused by the
magnetic field vector, B, the gradient of the magnetic field, 0B/0z, the
“force product’, or by motion or flow induced magnetic fields. The force
product, Pr, may be expressed as:

P =8B (6.1)
oz
where z is taken as the direction of B. Note, however, that B is a vector
and that all components should be considered. Flow induced electric
fields, Eg, depend on the product of flow velocity, v, the magnetic field
vector, B, and the angle, 0, between them:

E;=v B sin(0) (6.2)

The motion-induced electric field, E,,, depends on the geometry
and on the time rate of change of the magnetic field:

§Em-d|’=— 98 L 43 (6.3)
dt

where dl is the incremental length vector of the body part enclosing the

changing magnetic field and ds is the normal vector to the incremental
area. It is clear from equation 6.3 that electric fields may be induced when
the dot product of B and s changes with time. For static magnetic fields,
this happens because the area vector changes with time or because the
magnetic field vector changes with location due to motion in a static field
gradient or both.

Forces, and even torques, on ferromagnetic, paramagnetic, or
diamagnetic objects are proportional to the force product (see section
5.2.2). This effect is a primary concern with static magnetic fields.
Affected objects (e.g., tools and implants) may move with sufficient force
to be hazardous. Force products depend on the field gradient and the field.
Thus, even low field magnets could have high force products.

Flow and motion-induced electric fields may result in vertigo or,
potentially, nerve or muscle stimulation. Flow-induced cardiac
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stimulation has not been reported in the literature. However, it is a
potential concern for sufficiently high static magnetic fields. It is not clear
whether the orientation of the body with respect to B will affect flow
potentials.

Past exposure standards and guidelines have included time-
weighted magnetic field exposure limits. It is, however, currently unclear
which form of dose is the most appropriate to monitor. Dosimetry for
future exposure limits must depend on a realistic effects mechanism.
Limiting forces and torques requires restricting ferromagnetic objects
from the vicinity of magnets and limiting the peak force product that an
object may experience. Protection from nerve and muscle stimulation
during patient exposure requires limiting peak dB/dt, either by limiting
motion or by limiting peak B. Flow potential concerns require limiting
peak B or at least peak v B sin(0) - see equation (6.2). Some mechanism
may require limiting the root mean square of the static field vector,
though this is not clear.

6.3 Motion induced effects in MRI

The example presented in the following section details theoretical
investigations into the spatial distribution of induced currents and electric
fields in a tissue equivalent human model when moving at various
positions around a magnet. The numerical calculations are based on a
quasistatic, finite difference scheme (Liu et al., 2003b; Liu & Crozier,
2004).

Three dimensional field profiles from an actively shielded 4 T
magnet system are used as an example and the body model is projected
through the field profile with normalised velocity. Most clinical MRI
systems are actively shielded in that the stray field emanating from the
MRI system is restricted by the use of a counterwound coil exterior to the
main or primary magnet windings. The methodology presented herein is
not restricted to MRI, but can be used to calculate induced fields due to
patient or occupationally exposed worker movement around a magnetic
field source.

There has been a concerted effort in the past decade to enable
MRI to operate at very high field strengths. The most common system in
current clinical use has a 1.5 T central field. However, 3 T systems are
now accepted for routine clinical work and more than 100 systems were
operational worldwide by 2004. Research systems from 4 - 9.4 T are now
being developed for clinical imaging. As the field strength of the MRI
system increases, so does the potential for tissue/field interactions of a
variety of types. Understanding the interactions between the
electromagnetic fields generated by MRI systems and the human body has
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become more significant with this push to high field strengths (Schmitt et
al., 1998; Schenck, 2000; Kangarlu & Robitaille, 2000; Liu et al., 2003b).

The static magnetic fields used in MRI may be associated, in
varying degrees, with biological influences such as diamagnetic and
paramagnetic effects (Kangarlu & Robitaille, 2000). Another concern in
high-field MRI is related not to the strength of the static field, but to
electromagnetic induction. The 3D pattern of the static magnetic field can
induce current in moving conductive objects, such as the body.
Systematic study using volunteers (Schenck et al., 1992) and anecdotal
evidence that some patients experience uncomfortable sensations when
moved into MRI or when moving their head during entry to the scanner or
once in the system, has motivated the study of the induced fields inside a
patient model (Liu et al., 2003a). Reported sensations included
phosphenes (light flashes), vertigo, and a metallic taste in the mouth. The
motion-induced effects in patients, and the eddy currents induced in an
occupationally exposed worker (radiographer or MRI technician) moving
around the magnet, are discussed below. These calculations provide
assistance in the evaluation of the risks involved for health workers and
patients when moving through intense, static magnetic fields.

6.3.1 Numerical calculations of the induced fields

The human model used for the calculations represents a large
male and was obtained from the United States Air Force Research
Laboratory (http://www.brooks.af. mil/AFRL/HED/hedr/). The original
spatial resolution of the model was 1 mm, but the model was mapped
onto a 4-mm grid with volume-averaged conductive properties.

The simulations presented here are based on the fields generated
by a 4 T, actively-shielded MRI magnet (Crozier & Doddrell, 1997). This
magnet has a length of 1.5 m with a homogeneous imaging region (or
Diameter Spherical Volume [DSV]) of 50 cm. The shielding area (to
0.5 mT) is 4.5 m in the z direction and 4.0 m in the radial direction from
the magnet iso-centre. The numerical method for the calculation of the
static magnetic field was based on Forbes et al. (1997). The vector
magnetic potential components are used to calculate the induced fields
inside the body.

The calculation of the E-fields induced by the relative movement
of the body inside the static magnetic field is based on a finite difference
scheme (Liu et al., 2003b). The time-varying magnetic flux is expressed
by the difference of vector potentials of two neighbouring cells divided by
the time difference. The formulation supports multi-direction translation
using vector analyses of velocity. To simulate a realistic human
movement, the velocity of different parts of the body can be set to
different values.
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During the period when the body is moving around the magnet,
the transient induced fields at each position in the body relative to the
magnet centre are registered. The peak values and their positions in the
human body are obtained for further evaluation. A variety of movement
directions and velocities were modelled.

Figure 6.1 provides curves describing the peak E-fields and
current densities induced in the human model for all the positions near the
magnet. In Fig. 6.1(a,c), the E-field and current density curves are both
shown. These curves depict the obviously stronger electromagnetic
induction when the body moves near a magnet end, where the magnetic
field gradient is large. Fig. 6.1(b,d) shows the amplitudes of the E-fields
for maximum induction at various layers within the body.

An example of histogram distributions for the front-back
movement along the end of the magnet is shown in Fig 6.2(a,b). For the
skin/subcutaneous fat regions of the body (i.e. those parts expected to be
most sensitive to peripheral nerve stimulation (Dawson & Stuchly, 1998;
Stuchly & Dawson, 2000)) the largest induced E-field (1% threshold) was
2.0 \{ m™. For deeper structures in the chest, however, the value was 3.1
Vm .

Detailed calculations have been made of induced field during
patient movement and head-shake while in the magnet. Fig 6.3a shows
typical induced field results for movement at 0.5 m s™ in the 4 T magnet,
which indicates E-fields around the 2.0 V m™' range at maximum, and Fig
6.3b shows extrapolated results to higher fields and velocities. Note that
at higher fields, magnets are unshielded and significantly longer, and that
the curves in Fig 6.3b do not account for that because they only provide
indicative values. Importantly, the threshold induced current density for
peripheral nerve stimulation is estimated to be about 0.48 A m?
(Kangarlu & Robitaille, 2000) but this is frequency dependent, and so Fig
6.3b gives a rough indication of the field strengths and patient velocities
capable of such induction. At 7 T, for example, it is estimated that a body
velocity of about 0.8 m s would result in induced current density at the
peripheral nerve stimulation level. No reports of peripheral nerve
stimulation due to table motion have appeared in the literature. Note,
however, that recommended restrictions on occupational exposure to low
frequency EMFs where weak electric fields and currents are also induced
in the body are based on effects on neural tissue in the central nervous
system where thresholds are considerably lower than those for peripheral
nerve stimulation (e.g. (ICNIRP, 1998); see (ICNIRP, 2003) for a full
discussion).
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Figure 6.1.  Curves of the induced fields for the body moving around

the magnet. (a,b): peak E-fields and current densities in the
human model for all the positions (0 ~ 1.5 m) when the
body is moving around the 4 T magnet (a: near the magnet
end; b: along the cylinder); (c,d): the amplitudes of the E-
fields for various layers of the human body model. These
induced values are calculated when peak E-fields occur in
(a,b). In all the figures, ‘x-, y-, z-” denotes the body motion
direction: ‘x-’: left-right direction, ‘y-’: front-back direction
and ‘z-’: up-down direction. (Crozier & Liu, 2005)

54



(2)

Figure 6.2.
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Histogram distribution of induced electric field in
different voxels (cells) of the phantom for front-back
movement at 1.0 m s along the end of the 4 T magnet.
For the skin/subcutaneous fat regions of the body, the
largest induced E-field was 2.0 V m™. For deeper
structures in the chest, however, the value was 3.1 V m’.
(Crozier & Liu, 2005)
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Curves of the induced fields for the body moving inside
the magnet. (a) shows typical induced field results for
movement at 0.5 m s-1 in the 4 T magnet, which
indicates E-fields around the 2.0 V m-1 range at
maximum, and (b) gives peak induced current densities
in the skin as a function of body velocity and field
strength. (Crozier & Liu, 2005)
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6.4  Personal dosimetry

To assess health risks in relation to static fields, measurements of
exposure are useful. Occupationally exposed workers and patients alike
may be monitored for exposure using personal dosimeters (Fujita &
Tenforde, 1982) or estimates from field plots. In the case of
occupationally exposed workers, exposure to either instantaneous or
cumulative fields may be monitored, as appropriate. Although the
quantities to be measured are not exactly clear, at least the instantaneous
B field vector and the B field time derivative should be considered in the
static magnetic field case. While a number of commercial products exist
for personal dosimetry in ELF electromagnetic regime, this is not the case
for personal static magnetic field dosimetry, where there is currently only
one instrument available (Wave Instruments, see
http://www.waveinstruments.com.au/). It is also noted that the
measurement devices themselves must be able to withstand strong
magnetic fields and must not alter the local field in any significant manner.

6.5 Conclusions

Appropriate dosimetric parameters depend on the physical
mechanism for the safety concern. Clearly, ferromagnetic objects must be
restricted from the vicinity of the magnet. Screening is imperative for
such objects and for implants that may move either due to forces or
torques. Measures of peak magnetic induction vector, B, and peak
magnetic force product are appropriate. Field maps may be used to
estimate these at various locations near the magnets where workers may
be exposed, but personal dosimetry may be useful.

Movement of the whole or part of the body, e.g. eyes and head, in
a static magnetic field gradient will also induce an electric field and
current during the period of movement. Dosimetric calculation suggests
that such induced electric fields will be substantial during normal
movement around or within fields > 2 - 3 T, and may account for the
numerous anecdotal reports of vertigo and occasionally magnetic
phosphenes experienced by patients, volunteers and workers during
movement in the field.
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7 CELLULAR AND ANIMAL STUDIES

71 In vitro studies

Studies carried out at the cellular level are often used to
investigate mechanisms of interaction with EMFs, but these are not
generally taken alone as evidence of in vivo effects. There are a number of
reasons for this. Cells in culture are removed from the normal constraints
of in vivo growth, and quite often the cell lines used are derived from
various types of cancer because of their ability to grow for long periods in
culture. AGNIR (2001) noted that cellular studies are often used as a pre-
screen to identify agents that are relatively inexpensive and rapid and are
thus suitable for entry into long-term testing on animals or in human
studies.

The studies reviewed in this section concern static magnetic field
effects, including, for completeness, studies carried out in combination
with time varying magnetic fields. Static electric fields generate a surface
electric charge (see chapter 5, introduction) and are not appropriately
studied in vitro.

7.1.1 Cell free systems

The number of options available for biological systems to detect
magnetic fields increases with larger, more complex structures and the
consequent greater possible specialization of putative transduction
processes. As sub-systems of cells are addressed, or even cell-free
biochemical reactions, it is necessary to consider strictly molecular-based
interaction mechanisms, particularly in experiments conducted in
suspension or in solution.

7.1.1.1 Membrane structure

Liburdy et al. (1986) studied lipid membrane breakdown as a
function of temperature and magnetic field exposure. They found that a
threshold field of 15 mT was able to shift the phase transition point to
slightly lower temperatures, but the study is weakened by the lack of
sham exposure. A direct application of a model based on diamagnetic
anisotropy suggests that this threshold is about two magnitudes too low
for overcoming the thermal noise. A theoretical paper (Tenforde &
Liburdy, 1988) suggested a catastrophic model of membrane breakdown
at close to the lipid phase transition temperature that accounts for this
sensitivity to the magnetic field.
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7.1.1.2 Enzyme activity

The possibility that magnetic field exposure might directly affect
enzyme kinetics has long been of interest, but such studies are fraught
with difficulty. The dependence of Ca®'-calmodulin-dependent myosin
phosphorylation on calcium concentration and various magnetic field
characteristics was extensively studied by Markov and co-workers (1992;
1993) in a model originally developed by Shuvalova et al. (1991). The
study by Bull et al. supported the observation that static magnetic fields
affect Ca®*'-calmodulin-dependent reactions (Bull et al., 1993). A
replication of some of these results was attempted (Coulton et al., 2000),
but was not successful. The causes of the failure to reproduce the
magnetic field effect are not known. It is possible that the calcium
concentration in the reaction is a confounding variable between
experiments, but other explanations are also possible. Engstrom et al.
(2002) used this assay and found that a combination of static magnetic
field intensity and gradient was able to influence the rate of
phosphorylation.

A related experiment investigating cyclic nucleotide
phosphodiesterase (Liboff et al., 2003) also appeared to be sensitive to
very low magnetic fields, although this report may have used
inappropriate statistical methods for evaluating exposure/control
measurements.

Nossol et al. (1993) studied effects of static magnetic fields in the
range of 50 pT - 100 mT on the redox activity of cytochrome-C oxidase.
Static magnetic fields resulted in significant changes of up to 90% of
overall activity only at 300 uT and 10 mT. No effects were observed at
other flux densities. The observed effects were reversible. These data
suggested that effects of static magnetic fields might be observed only at
specific ‘flux density windows’.

Taraban and Leshina (1997) investigated the reduction of
hydrogen peroxide by horseradish peroxidase. Changes in catalytic rates
of up to 30% were found for fields up to 0.3 T.

Small changes were also observed in plasmin activity at fields of
8 T, with a threshold of around 4 T for the magnetic field effects (Iwasaka
et al., 1994).

7.1.1.3 Radical pair chemistry

Some clear demonstrations are available of how enzyme-catalysed
metabolic reactions that involve a short-lived radical pair as an
intermediate can be modulated with magnetic fields (Harkins & Grissom,
1994; Mohtat et al., 1998). (See section 5.3.) Demonstrations of the field
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effect of free radical recombination rates have also been reported by
Eveson et al. (2000). Two of these studies used laser flash photolysis to
show consistency with free radical theory for the field effect at
approximately 2 mT (Eveson et al., 2000) and for hyperfine interactions
in the 100 mT range (Mohtat et al., 1998).

Radical chemistry also offers clear mechanistic options as
demonstrated in B12 ethanolamine ammonia lyase by Harkins and
Grissom (1994). The basic result was replicated, but two other coenzyme
Bi,-dependent enzymes (human and bacterial-derived, respectively) were
found not to be magnetic field sensitive (Taoka et al., 1997) despite broad
similarities between the chemical structures.

7.1.1.4 Crystallization of biologically relevant molecules

Some clear demonstrations are available that static magnetic
fields, in the range of 0.1 - 10 T, affect crystallization of proteins and
cholesterol (Sato et al., 2000; Sundaram et al., 2002). It is important to
note that the crystallisation may be relevant to biology because some
cellular structures such as complexes of DNA-protein-RNA in nuclei
may possess the properties of liquid crystals.

Table 7. Cell free systems

Authors System Endpoint Exposure Results Comments
Static magnetic field effects
(Liburdy et Liposome Permeability 0.01-75T |Increased
al., 1986) vesicles : permeability
15 min EDsp = 15 mT.
Threshold two
orders of
magnitude too
low for a
mechanism
based on
diamagnetism.
(Markov et Myosin light Myosin 0-200 T Differential Assay of
al., 1993) chain kinase and | phosphorylation 215 min response for interest,
calmodulin controls, AC, because
(Markov et ; e
al., 1992) isolated from DC, and Ca”" -
turkey gizzard AC+DC calmodulin
exposure. binding is a
Dose response probable field
to fine scan of | target.
vertical DC field.
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(Coulton et Myosin Radiolabeled ATP |0 -400 uT No effect of Not clear
al., 2000) into 20 kDa light 5 0r 10 min magnetic fields | what calcium
chain myosin. on rate of concentration
Myosin phosphorylation réazbr::rl:/zed
phosphorylation the phos-
phorylation
effect.
(Engstrom et | Myosin light Myosin 0.7-86mT Increased Magnetic
al., 2002) chain (and phosphorylation 5 min phosphorylation, | field
kinase) from but not fully gradients
turkey gizzard explained by played a
SMF. specific role
in the
outcome of
this
experiment.
(Liboff et al., | Chemicals from | Calmodulin- 17 -24 T Calmodulin- Data are very
2003) commercial dependent cyclic 30 min dependent cyclic | noisy.
providers nucleotide nucleotide Incorrect
phosphodiesterase phosphodi- statistical
activity esterase activity | analysis
is activated by used to test
19.8 uT SMF. data.
Field and Ca2+
concentration
consistent with
previous
experiments.
(Nossol et Cytochrome-C Cytochrome-C 50 uT - 100 | Significant Effects
al., 1993) oxidase isolated | oxidase activity mT changes up to | observed in
from beef heart up to 100 sec 900./0.0f overall ‘sp.ecific i
activity only at windows’ of
300 pT or 10 magnetic
mT. intensity
around 0.3
and 10 mT.
(Taraban & Horseradish H,0, reduction upto 03T Changes in
Leshina, peroxidase catalytic rates of
1997) up to 30%.
(lwasaka et | Plasmin Enzymatic activity 0-8T Slight changes | Neither
al., 1994) 5-80 min 5 —10%) in. ] statistif:al
plasmin activity. | analysis, nor
Threshold of amount of
observed independent
effects at4 T. experiments
provided.
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(Harkins & B, ethanol- Free radical 0.1-0.15T |[~25% decrease | Neither
Grissom, amine ammonia | recombination rates, of Viax/Kn for statistical
1994) lyase enzyme kinetics B, ethanol- analysis, nor
amine ammonia | amount of
lyase around independent
0.1 T with experiments
unlabelled provided.
ethanol-amine;
decrease ~60%
around 0.15 T
with
perdeuterated
ethanolamine.
(Mohtat et Human and Benzophenone up to 150 mT | Change in
al., 1998) bovine serum recombination, ketyl u lifetime of
f N pto 10 us -
albumin, calf radicals radicals.
thymus DNA Consistent with
theory of free
radical
recombination
in containment.
(Eveson et Purely chemical | Benzophenone ketyl [ 0-11 mT Observation of | A pulsed
al., 2000) experiment radical 9 psec predicted low magnetic
concentration after field effect in field was
flash stimulation free radical applied.
recombination
rates. Maximum
response at 2
mT.
(Taoka et al., | Coenzyme By, — | Coenzyme Bjo- 0-250 mT No effect on Small
1997) dependent dependent upto5h enzyme kinetics | differences
enzymes rearrangement greater than between
reactions catalysed about 15%. B,- | controls and
by bacterial dependent SMF at some
enzyme, methyl-malonyl- | flux
ethanolamine CoA mutase not | densities.
ammonia lyase and a likely However, no
human enzyme, transduction statistical
methylmalonyl-CoA target for SMF | analysis
mutase in the studied described
field range. and number
of
experiments
not reported.
(Sato etal., | Chicken egg- Crystallization 10T Enhancement in | No statistical
2000) white lysozyme 11d the perfection of | analysis.

lysozyme
crystals.
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(Sundaram Anhydrous Cholesterol 100 mT Induction time Counter
etal., 2002) | cholesterol solubility and upto8h of cholesterol changes in
supersaturation in crystallization induction
various solvents decreases ina | period times
magnetic field did not result
for all examined | in change in
solvents. No the interfacial
changes in energy.
morphology due | Neither
to field statistical
exposure. analysis nor
sham-
exposure
performed.
(Bull et al., Calmodulin- Activity of PDE 16.9-23.7 13% stimulation | No statistical
1993) dependent cyclic uT of PDE activity | analysis
nucleotide 30 min in samples described.
phospho-diester- exposed to SMF
ase (PDE) in the range
from 19.2 to
20.4 pT.

Studies considered to be uninformative

(Chiles et al., 1989)
(Bras et al., 1998)
(Liu et al., 2005)

7.1.2 Magneto-mechanical effects on macromolecules and
cells

Macromolecules and structurally ordered molecular assemblies
with a high degree of magnetic anisotropy will experience a torque in a
uniform magnetic field and they will rotate until they reach an
equilibrium orientation that represents a minimum energy state (ICNIRP,
2003). Macromolecules that exhibit this property, such as DNA, generally
have a cylindrical symmetry. Magneto-orientation occurs as a result of the
anisotropy of the diamagnetic susceptibility tensor along the axial and
radial coordinates. The extent to which these molecules orient is a
function of their magnetic interaction energy relative to the Boltzmann
thermal energy.

The extent of orientation of individual molecules in strong
magnetic fields is very small for individual macromolecules. For example,
optical birefringence measurements on calf thymus DNA in solution have
demonstrated that a field of 13 T is required to produce orientation of 1%
of the molecules (Maret et al., 1975). In contrast, there are several
examples of molecular assemblies that can be completely oriented by
fields on the order of 1 T (Tenforde, 1985). These assemblies behave as
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structurally coupled units in which the summed magnetic anisotropy is
large, thus giving rise to a large magnetic interaction energy.

An example of an intact cell that can be oriented magnetically is
the deoxygenated sickle erythrocyte. It has been shown that these cells, in
which the deoxygenated haemoglobin is paramagnetic, will align in a 0.35
T static field with the long axis of the sickle cell oriented perpendicular to
the magnetic flux lines (Murayama, 1965). In a follow-up to this
experiment, Brody et al. (1985) investigated the magnetic resonance
imaging of patients with sickle-cell disease. They studied flowing sickle
erythrocytes in the presence and absence of a magnetic field of 0.38 T and
found that sickle erythrocytes that were maintained under full
deoxygenation exhibited a marked alignment, perpendicular to the
magnetic field, even while flowing. It was suggested that orientated sickle
erythrocytes could have difficulty negotiating capillary branch points.

In a series of experiments, Higashi and co-workers (1993; 1995;
1996) also studied the orientation of erythrocytes in the presence of a
magnetic field of up to 8 T. They found that the erythrocytes were
oriented with their disk plane parallel to the magnetic field direction.
These erythrocytes were even influenced by 1 T and almost 100% of them
were oriented when exposed to 4 T. The degree of orientation was not
influenced by the state of haemoglobin (oxygenated haemoglobin is
diamagnetic; deoxygenated haemoglobin and methaemoglobin are
paramagnetic). The data concurred with the theoretical equation for the
magnetic  orientation of diamagnetic substances. In contrast,
glutaraldehyde-fixed erythrocytes were oriented perpendicular to the
magnetic field. This was attributed to the paramagnetism of the
membrane-bound methaemoglobin.

Emura et al. (2001) studied fixed bull sperm in a magnetic field of
up to 1.7 T. The sperm became increasingly oriented perpendicular to the
field, reaching 100% at about 1 T. Diamagnetic cell components (cell
membrane, DNA in the head, microtubule in the tail) were thought to
contribute to the orientation.

Hirose et al. (2003a) exposed human glioblastoma cells toa 10 T
magnet in the presence and absence of collagen. Only cells embedded
within the collagen gel and the collagen fibres were affected, and these
were oriented perpendicular to the magnetic field. The effect was
attributed to the arrangement of microtubules under the influence of
magnetically oriented collagen fibres. The orientation of both rat
Schwann cells and mouse osteoblasts was influenced by 8 T, in the
presence as well as in the absence of collagen fibres (Eguchi et al., 2003).
Without collagen fibres, it took 60 h to orient the cells parallel to the
magnetic flux lines. Exposure in the presence of fibres resulted in
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perpendicular alignment after only 2 h. This resulted from perpendicular
orientation of the collagen fibres, followed by growth of the cells along
the fibres. This mechanism is thought to be potentially helpful in tissue
regeneration.

Iwasaka et al. (2003) investigated the orientation of rat smooth
muscle cells after exposure to 8 - 14 T for 60 h. Effects were seen for
fields > 8 T, where circular spots of proliferating cells became elliptical.
The same researchers (Iwasaka & Ueno, 2003) studied the effect on
intracellular components in another study. A 2 - 3 h exposure to 14 T
induced a change in transmission of polarized light, indicating an
orientational effect on macromolecules in the cells. This agrees with the
above-described observed effects on collagen molecules.

Okazaki and co-workers (1988; 1991) studied the flow and
sedimentation rate of erythrocytes in the presence of a magnetic field. The
presence of the magnetic field (up to 0.3 T) redistributed the flow of
erythrocytes (depending on the magnetic properties of the solution) and
caused an increase in the sedimentation rate of erythrocytes in a vertical
cylinder.

Iino (1997; 2001) found an increased erythrocyte sedimentation
rate specifically for anisotropic erythrocytes in the presence of a 6.3 T
field. This was attributed to an increased cell aggregation and was said to
result from an increase in intermembrane adhesive area due to the
magnetic orientation of the anisotropic erythrocytes.

Pacini et al. (1999b) investigated the effect of a 0.2 T static field
on human neurons (FNC-B4), using human breast carcinoma cells (MCF-
7) and murine leukaemia cells (WEHI-3) as non-neuron controls.
Following a short exposure (0.25 h), the neuron cells became elongated
and formed vortexes of cells. Exposed cells showed branched neurites and
an increase of synaptic connections. Controls did not show any changes.

Exposure of human malignant melanoma cells (Short et al., 1992)
to a 4.7 T superconducting magnet resulted in a decrease in adhesion of
the cells. Normal human fibroblasts showed no effects. The magnetic
field had no effect on cell numbers or viability of either the melanoma
cells or the non-tumour controls. Danielyan et al. (1999) also investigated
the effect of a magnetic field (0.2 T) on cancer tissue (breast cancer) and
found that the magnetic field had a dehydrating effect on the cancer cells.

No changes in orientation, distribution or activity (alkaline
phosphatase production) were observed by Papadopulos et al. (1992) in
osteoblast cell cultures exposed to a static field of 178 mT.
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Testorf et al. (2002) studied exposure of melanophores to both 8
and 14 T fields for times of up to 5 h. They found no statistically
significant changes in aggregation.

Yano et al. (2001) exposed roots of radish seedlings to a static
magnetic field from a small permanent magnet. The roots grew in a
magnetic field gradient of 1.8 - 14.7 T m™, away from the magnet. The
response to the south pole of the magnet was significant, while that to the
north pole was not.

Table 8. Magneto-mechanical effects

Authors Cells Endpoint | Exposure |Results Comments

Static magnetic field effects

(Murayama, | Erythrocytes | Orientation 035T Sickle Number of
1965) erythrocytes orient | independent
perpendicular to experiments
the magnetic lines | not

of force. described.
No statistical
analysis.
(Brody et Erythrocytes |Orientation [0.38 T Deoxygenated SMF may
al., 1985) (flowing sickle erythrocytes | affect
system: in flowing capillary

<0.1h) suspension align | blood flow.
perpendicular to a
magnetic field.

(Higashi et |Human Orientation 1-8T Erythrocytes

al., 1993) erythrocytes 05-2h oriented with disk
plane parallel to
SMF direction.
Influenced by a 1
T field and almost
100% oriented
when exposed to
4T.
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(Higashi et
al., 1995)

Human
erythrocytes

Orientation

05-8T
1h

Intact erythrocytes
oriented within 5 s
with disk planes
parallel to SMF.
Glutaraldehyde-
fixed erythrocytes
oriented
perpendicular to
SMF. State of
haemoglobin had
no effect on
degree of
orientation.

(Higashi et
al., 1996)

Glutaralde-
hyde-fixed
erythrocytes

Orientation

1-8T
1 hour

Orientation of
glutaraldehyde-
fixed erythrocytes
with disk plane
perpendicular to
SMF. Effect
depends on field
intensity.

(Emura et
al., 2001)

Glutaralde-
hyde-fixed
bull sperm

Orientation

17T
10 min

Very strong
orientation in
comparison with
erythrocytes or
platelets.
Orientation
increased
sigmoidally as
function of SMF
intensity and
reached 100% at
just below 1 T.

No statistical
analysis, but
effect very
obvious.
Number of
experiments
not indicated.

(Hirose et
al., 2003a)

Human
glioblastoma
cells

Orientation,
cell viability

10T
1hor7d

Cells embedded in
collagen gel
oriented
perpendicular to
direction of the
SMF, due to
arrangement of
microtubules
under influence of
magnetically
oriented collagen
fibres. No specific
orientation in cells
not exposed or
cultured in
absence of
collagen.

Number of
experiments
not
described.
No
quantitative
data nor
statistical
analysis.
Descriptive
study.
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(Eguchi et
al., 2003)

Rat Schwann
cells

Orientation

8T
20r60h

Orientation
parallel to 8 T
SMF after 60 h. In
collagen: after 2 h
SMF exposure
alignment
perpendicular,
along aligned
collagen fibres.

(Kotani et
al., 2000)

Mouse
osteoblasts

Cell
orientation

8T

60 min,
14 d

Collagen from
osteoblasts aligns
parallel to SMF;
incubation of
osteoblasts +
collagen results in
perpendicular
orientation.

(lwasaka et
al., 2003)

A7r5 rat
smooth
muscle cells

Orientation

8,12,14T
60 h

Circular spots of
proliferated cells
became elliptical
in presence of
SMF. Ellipticity
significant for
fields > 8 T.

(lwasaka &
Ueno, 2003)

Rat smooth
muscle cells

Orientation of
intracellular
components

14T
2-3h

SMF induces
change in
polarized light
intensity through
lamellar cell
assembly;
corresponds to
behavioural
changes in cell
components.

Descriptive
study of
limited value:
only a single
experiment
with one
Petri dish.

(Okazaki et
al., 1988)

Human
erythrocytes

Flow of
erythrocyte
suspension

110-300
mT

Inhomogeneous
SMF redistributed
flow of
erythrocytes
dependent on
magnetic
properties of
erythrocytes and
haematocrit
concentration.
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(Okazaki et | Human Sedimentation | 110-300 Higher Number of
al., 1991) erythrocytes | rate mT sedimentation rate | independent
upto3h of paramagnet@c experiments
erythrocytes with | not
inhomogeneous described.
SMF. No statistical
analysis, but
rate
differences
calculated
(lino, 1997) | Human Erythrocyte 6.3T SMF enhances No statistical
erythrocytes | sedimentation | ..\ ESR. Effect in analysis for
rate (ESR) exposu’res plasma (> 20 increase in
and ) upto 1h min), not in saline | size of
aggregation solution. Increase | aggregates.
in size of
aggregates.
(lino & Human Erythrocyte 6.3T ESR only No statistical
Okuda, erythrocytes | sedimentation upto3h |enhancedin analysis for
2001) rate (ESR) anisotropic increase in
and . erythrocytes. size of
aggregation aggregates.
(Pacini et Normal Morphology, [0.2T No alterations in
al., 1999b) | human cell 5.15min |9enome instability;
neuronal cell | proliferation, dramatic changes
culture (FNC- | production of of morphology
B4); mouse | endothelin-1, only in neuronal
leukaemia; genome cells. Significant
human instability decrease in cell
breast proliferation,
carcinoma changes in
cells production of
endothelin-1.
(Short et al., | Human Cell number, |0.5, 2, Adhesion of No statistical
1992) melanoma adhesion, 47T melanoma cells analysis.
cells; normal | and viability 12-72h diminished. No Number of
fibroblasts effect on normal experiments
fibroblasts. not specified.
(Danielyan | Human Water 02T Decrease or
etal., 1999) |breast content in 1h increase of
cancer and tissues, ouabain binding at
normal ouabain *H low or high
glandular binding concentrations,
tissues respectively.
Decrease in
hydration of
cancer tissues.
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(Papadopul |Rat Activity 178 mT No effect.
osetal, osteoblasts 21d
1992)
(Testorf et | Fish melano- | Aggregation |8, 14 T No effect on 8Tand 14T
al., 2002) phores upto5h aggregation experiment_s
except for performed in
statistically different
significant seasons.
irregularity in the | Significant
speed of difference
aggregation under | between
exposureto 8 T. control
groups for
8Tand 14 T.
(Yano et al., | Primary roots | Tropism 13 - 68 mT | Roots responded tropically to
2001) of radish 24h SMF field gradient of 1.8 - 14.7
(Raphanus Tm'™; significant response to
sativus) south pole of magnet.
seedlings

Studies considered to be uninformative

(Hong et al., 1971)
(Malinin et al., 1976)
(Pate et al., 2003)

7.1.3 Cellular metabolic activity

Effects on enzyme activity may well lead to changes in cellular
metabolic activity. Lysozymal degranulation and cell migration in
response to static magnetic field exposure at 0.1 T for 30 min were
studied in human polymorphonuclear leucocytes (PMNSs) (Papatheofanis,
1990). Time dependent effects on enzymatic activity, such as increased
release of lysozyme and lactate dehydrogenase (degranulation), were
observed. Static magnetic fields inhibited cell migration. The calcium
channel antagonists diltiazem, nifedipine, and verapamil protected PMNs
exposed to static magnetic fields. The results indicated that calcium
channels might be involved in the effects of static magnetic fields on
enzymatic activity.

Human peripheral blood mononuclear cells (PBMC) and Jurkat
cells were exposed to 4.75 T for 1 h by Aldinucci et al. (2003b).
Concentrations of interleukins (IL-1fB, -2, -6), interferon (IFN-y), and
tumour necrosis factor oo (TNFa) in PBMC were not affected. On the
other hand, static magnetic fields led to very low concentrations of IL-2
and Ca®" in Jurkat cells. The data suggested that static magnetic fields
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might affect calcium transport in Jurkat cells, but not in normal PBMC. In
contrast to this, Salerno et al. (1999) detected increased release of [FN-y
in normal PBMC after exposure to 0.5 T. They observed reduced
expression of CD69 and increased release of IFN-y and IL-4. A decrease
in metabolic activity of human HL-60 promyelocytic cells in response to
exposure for 72 hto 1 T was seen in a later study (Sabo et al., 2002). This
decrease was also seen in the presence of the antineoplastic drugs 5-
fluorouracil, cisplatin, doxorubicin, and vincristine. The data from these
independent studies (Sabo et al., 2002; Aldinucci et al., 2003b) may
indicate that normal and transformed cells might have different sensitivity
to static magnetic fields.

Chignell and Sik (1995a; 1998a) studied effects of static magnetic
fields on the photohaemolysis of human erythrocytes by ketoprofen and
protoporphyrin IX. In these studies, application of a static magnetic field
during UV-irradiation of ketoprofen and erythrocytes decreased the time
required for photohaemolysis. This observation might be explained by
increased concentration and/or lifetime of free radicals generated by the
reduction of ketoprofen in its triplet excited state by erythrocyte
membrane constituents, probably lipids. In contrast, no effects were
observed on the protoporphyrin IX-induced photohaemolysis, which is
initiated by singlet oxygen (Chignell & Sik, 1995b).

Heine et al. (1999) investigated the influence of magnetic fields
emitted from a 1.5 T MRI device on human neutrophil function. Blood
samples were obtained from 12 patients immediately before and after
exposure, and then subjected to flow cytometric analysis of the induced
respiratory burst by the intracellular oxidative transformation of
dihydrorhodamine 123 to the fluorescent dye rhodamine 123. No
significant differences were found between the percentage of superoxide-
anion-producing neutrophils before and after MRI, suggesting short time
exposure during MRI does not induce the respiratory burst of neutrophils
in patients. Aldinucci et al. (2003a) exposed human lymphocytes and
Jurkat cells using an NMR apparatus. They found an increase in
intracellular free Ca®" in lymphocytes, without changes in proliferation
and cytokines. Ca®" and proliferation decreased in Jurkat cells, also
without cytokine activation. The effect in Jurkat cells is similar with or
without RF (Aldinucci et al., 2003b), but combined exposure affected
intracellular free Ca®" in human lymphocytes.
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Table 9. Cell metabolic activity

Authors Cells Endpoint ‘ Exposure ‘ Results Comments
Static magnetic field effects
(Papatheofanis, | Human Lysozymal 01T Increased Blood
1990) polymorpho- | degranulation | 30 min release of samples
nuclear and cell lysozyme pooled from
leucocytes migration and lactate three donors.
(PMNs) dehydrogena | No
se; inhibition | significance
of cell levels
migration; provided for
channel the reported
antagonists | effects. The
protected electromagn
cells et could have
exposed to produced
SMF. alternating
magnetic
fields that
were not
controlled
and might
have
produced the
effects.
(Aldinucci et al., | Human ca® 475T No effects on
2003b) lymphocytes, | movement, cell | 1 ,, human
Jurkat cells | proliferation, lymphocytes.
production of In Jurkat
pro- cells,
inflammatory changed
cytokines properties of
cell
membranes
lead to
decreased
Ca2+
transport and
concentrate-
jons, and to
decreased
cell
proliferation.
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(Salerno et al., Human Expressionof |[0.5T Reduced
1999) peripheral activation 2h expression of
blood markers and CD69;
mononuclear | interleukin increased
cells (PBMC) |release release of
IFN-y and IL-
4; release of
TNF-a, IL-6
and IL-10 not
modified.
(Sabo et al., Human HL- | Metabolic 17T Retardation of | The custom-
2002) 60 promyelo- | activity 72 h metabolic made DC
cytic cell line activity, power supply
including in could have
the presence | produced
of alternating
antineoplastic | magnetic
drugs. fields, which
were not
controlled
and might
have
produced the
effects.
(Chignell & Sik, |Human UV-induced 335mT Reduced The
1995d) erythrocytes | photohaemolys | 5 min or |time for 50% | electromagn
is by the up to 150 ketoprofen- | et could have
phototoxic min induced producedalte
drug haemolysis. |rnating
ketoprofen and Possibly by | magnetic
the increased fields, which
photodynamic concentration | were not
agent and/or controlled
protoporphyrin lifetime of and might
IX free radicals. | have
No effects on | contributed
proto- to the
porphyrin IX - | observed
induced effects.
photohaemo-
lysis. No
difference
between
short and
long
exposure
times.
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(Chignell & Sik, |Human UV-induced 10-150 |SMF Unspecified
1998b) erythrocytes | photohaemo- |[mT decreased source of
lysis by the 20 min the time SMF.
phototoxic required for | Significance
drug UV-photo- levels of
ketoprofen haemolysis | effects and
through number of
increasing independent
the experiments
concentration | not provided.
of radicals
released
during
photolysis.
MRI or Combined Exposure Studies
(Heine et al., Human Intracellular 15T No influence on the MRI
1999) neutrophils | oxidative 27.6 production of radical | expo
transformation (£11.4) species in living sure.
of dihydro- min neutrophils.
rhodamine 123
to the
fluorescent dye
rhodamine 123
(Aldinucci et al.,, |Human Intracellular 475T+ Increase in
2003a) lymphocytes, | Ca** pulse intracellular free Ca**
Jurkat cells concentration, | modulated | without changes in
cell RF proliferation and
proliferation, 1h cytokines.
production of
pro-
inflammatory
cytokines

Studies considered to be uninformative

(Jajte et al., 2003)

7.1.4 Cell membrane physiology

The cell membrane represents an interface between the cellular

components inside the cell and the extracellular environment. As such, it
regulates the intracellular environment, maintains the negative
(approximately 70 mV) potential of the interior to that of the exterior (the
‘resting’ potential), and regulates the flow of molecules (for example,
through voltage-gated or ligand-gated ion channels and carrier proteins
such as the Na-K-ATPases).

Most studies on the effects of static magnetic fields on
membranes concern exposures of short duration and low flux densities.
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Rodent nerve preparations and hippocampal slices are frequently used,
but snail ganglia and single snail neurons also serve as models because
the relatively large size of molluscan neurons makes them easy to
manipulate.

Rosen performed studies with mouse phrenic nerve preparations.
In his 1992 paper, nerve-diaphragm preparations were exposed to 120 mT
for 50 seconds (Rosen, 1992). No change in postsynaptic membrane
resting potential was observed. There was a modest increase in action
potential firing frequency at ambient temperatures < 35 °C, but a
prominent decrease appeared at temperatures > 35 °C. Since the effect did
not appear in the absence of Ca', it was suggested that static magnetic
fields may influence the release of neurotransmitter by stimulating
calcium influx into the nerve terminal. Using murine neuromuscular
junction preparations, Rosen observed increased inhibition of miniature
endplate potentials between 50 and 150 seconds of exposure to 123 mT
(Rosen, 1993). Discontinuation of the field resulted in full recovery.

In cultured neuroblastoma cells, Sonnier et al. (2000) found no
effect on the resting potential after 5 seconds of exposure to 0.1, 0.5, 5 or
7.5 mT. Santini et al. (1994) did not see any response of membrane
conductivity in primary chick embryo myoblasts after exposure to 1, 3 or
5 mT for 1 h. Carson et al. (1990) exposed HL-60 cells to 150 mT for 23
min and observed no effect on cytosolic free Ca®". In contrast, Rosen
(1996) saw small reversible effects on the activation of time constant of
calcium ion channels in GH3 cells after 150 seconds of exposure to 120
mT. He suggested that this was probably due to conformational changes
in the plasma membrane resulting from membrane deformation.

Yost and Liburdy (1992) investigated calcium signal transduction
after mitogenic stimulation in lymphocytes following exposure to static
and time-varying magnetic fields. The presence of static fields alone
resulted in no change.

Exposures of human neuroblastoma cells to static magnetic fields
of up to 7.5 mT did not result in changes in any of the studied parameters
of the action potential (Sonnier et al., 2003). Results suggested that the
cellular mechanism responsible for the action potential is not affected
under the employed conditions. Opposite results were reported by Rosen
(2003a), who saw a transient increase in the activation time-constant of
the sodium channel component of the action potential. However, Rosen
(2003) observed this effect only at temperatures above 35 °C, greater than
the 25 °C temperature used by Sonnier et al. (2003).

Miyamoto et al. (1996) did not observe any alterations in active
and passive influxes of K' ions in human HeLaS3 cells exposed to static
magnetic fields of different flux densities (0.5, 1, 1.6 T). Increasing the
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temperature from 37.4 to 45.0 °C did not change the outcome of the
experiment.

McLean et al. (1995) exposed mouse dorsal root ganglion neurons
to approximately 11 mT for 200 seconds. They observed a temporary
reduction in the number of stimuli that elicited an action potential. The
effect was maximal at 200 - 250 seconds after the start of exposure and
returned to normal at 400 - 600 seconds. The effect was only found with
magnet stacks of alternating polarity, not with single magnets. They
speculated that there was a direct or indirect effect on action potential
generating sodium channels.

Trabulsi et al. (1996) exposed mouse hippocampal slices to 2 - 3
or 8 - 10 mT for 20 min and measured excitatory postsynaptic potentials
(EPSPs). They observed a biphasic effect of exposure in the 2 - 3 mT
range (a small depression followed by a longer amplification) and a
depression of EPSP in the 8 - 10 mT range. They suggested that changes
in intracellular Ca*" concentration were responsible for the effects.

The effect of exposure of isolated snail neurons to static magnetic
fields was the object of three studies. Azanza (1989) exposed the cells to
flux densities of 116 or 260 mT for 1 min and measured action potentials.
She observed a Ca*’-dependent effect, where 86% of the cells were
excited and 14% were inhibited. Balaban et al. (1990) measured resting
potential and input resistance of snail neurons during exposure to 23, 120
or 200 mT for 20 min. They observed a stimulus-dependent decrease in
input resistance in normally silent cells, but an increase in resistance in
spontaneously active cells. Exposure also resulted in changes in EPSPs.
No effects were found after removal of glial cells surrounding the
neuronal perikarya. The authors suggested that the observed effects were
mediated by metabolic processes and that glial cells played a mediating
role in these. Ayrapetyan et al. (1994) found that exposure to 2.3 - 350
mT for 3 - 5 min increased the firing of Ca®’-dependent action potentials.
They also exposed physiological solutions to static magnetic fields and
found that the conduction of Ca®'-containing solutions was altered. The
activity of exposed neurons was further diminished when they were
incubated in previously exposed Ca®'-containing physiological solutions.
The authors speculated that static magnetic field exposure might alter the
hydration state of the Ca*" jons and that this might have effects on their
functionality.

Raybourn (1983) investigated the effect of exposure to 1 - 10 mT
fields for up to 3 minutes on isolated turtle retinas by measuring the
electroretinographic b-wave. The functional capacity of the retinas was
assessed by using changes in sensitivity resulting from altered
illumination conditions. A reduction of the response by static magnetic
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fields was found only at the transition from light to dark. No effect of
dose was observed, which indicates a saturation effect occurred already at
1 mT. The sensitivity of the retinas was not altered.

Aoki et al. (1990) exposed human acute leukaemia-derived
TALL-1 cells to 0.4 T for 15 minute, and observed an increased efflux of
the drug adriamycin. They concluded that this was caused by alterations
in the plasma membrane.

In the only study using plant material, Reina and Pascual (2001;
2001) studied water uptake through lettuce seed cell membranes. They
exposed seeds to 0 - 10 mT for 10 minutes and observed a dose-
dependent increase in water uptake. They explained the observations by
(unspecified) alterations in cell membrane properties.

Hojevik et al. (1995) studied cyclotron resonance effects in rat
insulin-producing RINmSF cells. They exposed the cells to 20.9 uT static
fields in combination with 20.9 uT,..« ELF fields, with frequency varying
from 12 - 60 Hz. No cyclotron resonance effects were observed.

Table 10. Cell membrane physiology

Authors Cells Endpoint Exposure |Results Comments
Static magnetic field effects
(Rosen, Murine Miniature end- | 120 mT No change in
1992) phrenic plate potentials | 50 ¢ postsynaptic
nerve- membrane
diaphragm resting
preparation potential.
Modest
frequency
increase
<35°C;
prominent
decrease >
35 °C; no
effect in
absence of
Caz +
(Rosen, Isolated Miniature end- | 123 mT Increasing
1993) murine neuro- | plate potentials. | 150 ¢ inhibition
muscular Reversible between 50
junction alteration in and 150 s;
preparation presynaptic recovery time
membrane constant at
function 135s.
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(Sonnier et Human Resting 0.1, 0.5, 5, | No effect.
al., 2000) neuro- potential 7.5mT
blastoma 5s
cells
(Santini et Primary chick | Membrane 1,3,5mT | No effect. Lack of
al., 1994) embryo conductivity and | 1 1, statistical
myoblasts permittivity methods
(only
means and
SD given),
but
absence of
changes
was clear.
(Carson et Human HL-60 | Ca*" 0.15T No effect. Number of
al., 1990) promyelo- concentration 23 min independent
cytic cell line experiments
not
reported.
(Rosen, GH3 cells Calcium 120 mT Small
1996) channel 150 s reversible
activation changes in
calcium
channels,
probably due
to membrane
deformation of
the intra-
membrane
part.
(Yost & Rat thymic Calcium signal | 23.5 uT No effect of
Liburdy, lymphocytes | transduction 1h SMF alone,
1992) only in
combination
with ELF field.
(Sonnier et Human SH- Action 0.1, 0.5, 7.5 | No detectable
al., 2003) SY5Y potentials mT change in any
neuroblastoma of the studied
cell parameters of
the action
potential.
(Miyamoto et | Human HeLa | Active and 0-2T No effect of
al., 1996) S3 cells passive influx of | 15 min SMF on total
K K" channels
and different
channel
subtypes.
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(Rosen,
2003a)

GH3 cells

Kinetics of
voltage
activated Na*
channels

125 mT
150 s

Slight shift in
current-voltage
relationship;

< 5% reduction
in peak
current.
Increase in
activation time
constant
during and
following
exposure
>35°C.

(McLean et
al., 1995)

Adult mouse
dorsal root
ganglion
neurons

Action
potentials (AP)

approx. 11
mT

200 sec

Reduction in
number of
stimuli that
elicit AP;
maximal at
200 - 250 s,
returned to
normal at
400 - 600 s;
effect only
seen with
stacks of
alternating
polarity, not
with single
magnet.

(Trabulsi et
al., 1996)

Mouse
hippocampal
slices

Excitatory
postsynaptic
potential
(EPSP)

2-3,8-10
mT

20 min

Biphasic effect
in2-3mT
range;
depression of
EPSPin8-10
mT range.

No
statistics,
only
examples.

(Azanza,
1989)

Isolated snail
neurons

Action
potentials

116 or 260
mT

1 min

ca*
dependent
inhibition or
excitement;
86% of cells
excited, 14%
inhibited.

No
statistics,
no effect of
flux density
described.
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(Balaban et
al., 1990)

Snail neurons

Resting
potential, input
resistance

23,120,
200 mT

20 min

Strength-
dependent
decreased
input
resistance in
normally silent
cells,
increased in
spontaneously
active cells;
changes in
excitatory
postsynaptic
potentials; no
effect after glia
removal.

(Ayrapetyan
etal., 1994)

Land snail
neurons

Action
potentials (AP)

2.3-350
mT

3-5min

Increase of
firing of Ca®*-
dependent AP.
Exposure of
physiological
solutions alters
their
properties,
which leads to
changes in
neuron activity.

(Raybourn,
1983)

Turtle retinas

Electroretino-
graphic b-wave
response

1-10mT
up to 3 min

Short-term
reduction; only
shortly, after
lights off; no
dose effect. No
reduction in
retinal
sensitivity.
Brief
suppressive
effect on
extracellularly
monitored
light-elicited
ionic current
fluxes.

(Aoki et al.,
1990)

Human acute
leukaemia-
derived TALL-
1 cell line

Accumulation
and efflux of
adriamycin

04T
15 min

Increased
efflux of
adriamycin.
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(Reina & Lettuce seed | Water uptake 0-10mT |Dose- Strong
Pascual, cell (1mT dependent point is the
2001) membrane steps) increase in backup by
10 min water uptake, |theoretical
induced by explanation
alterations in
cell
membranes.
MRI or combined exposure studies
(Hojevik et Rat insulin- ca® 209 T No cyclotron
al., 1995) producing transmembrane | SMF, 20.9 |resonance
RINmM5F cells | transport UTpeak ELF | effects
fields, f = observed.
12-60 Hz
100, 500
ms

Studies considered to be uninformative

Rosen, 1994)

Cavopol et al.
Osuga & Tatsuoka, 1999)

Bellossi, 1986b)

, 1995)

Wieraszko, 2000)

7.1.5 Gene expression

The cell membrane is also a prime site for receiving external
physical or biochemical ‘signals’, and can, through a signal transduction
process acting via specialized receptor molecules, activate intracellular
metabolic signalling pathways that result in the expression of specific
genes. These in turn lead to the expression of specific proteins that initiate
appropriate cellular responses.

One study focused on protein expression in cultured rat primary
cortical and hippocampal cells in response to short, 15 min, exposure to
100 mT (Hirai et al., 2002). This study analysed DNA binding activator
protein-1 (AP1), neuronal marker protein MAP2, neuronal differentiation
marker proteins GAP-43, Fos-family proteins c-Fos, Fos-B, Fra-2 and
Jun-family proteins c-Jun, Jun-B, and Jun-D, along with cytoplasmic Ca**
and LDH activity. The authors found increased AP1 DNA binding
through expression of Fra-2, c-Jun, and Jun-D proteins in immature
hippocampal neurons. The results suggested that the short exposure to
weak static magnetic fields may have lead to desensitisation of N-methyl-
d-aspartate (NMDA) receptor channels through modulation of de novo
synthesis of particular inducible target proteins at the level of gene
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transcription by the AP1 complex in immune hippocampal neurons. The
effects were not observed in mature hippocampal neurons or in cortical
neurons.

Hirose et al. (2003b) explored the effects of static magnetic fields
on the expression of proto-oncogenes, including c-Jun, c-Myc, and c-Fos
proteins, by exposing HL-60 cells to spatially homogeneous 10 T or
inhomogeneous 6 T static magnetic field (with a 41.7 T m™ gradient) for
up to 72 h. The data revealed that c-Jun was expressed after exposure to
the inhomogeneous 6 T for 24, 36, 48, and 72 h with increased protein
amount and phosphorylation level, but that no response was found with
shorter exposure duration and after exposure to a homogeneous 10 T field.
C-Myc and c-Fos did not respond to either field. The authors concluded
that a static magnetic field gradient has significant biological effects and
needs to be taken into consideration.

Human L-132 cells were exposed to 1.5 T for 240 min (Guisasola
et al.,, 2002a). Heat shock proteins hsp70, hsp27, and corresponding
mRNAs, were measured, along with cAMP and Ca®" ions. No effects of
static magnetic fields were observed.

Table 11. Gene expression

Authors Cells Endpoint ‘Exposure ‘Results Comments
Static magnetic field effects
(Hiraietal., |Rat DNA binding 100 mT Increased AP1
2002) neuronal activator 15 min DNA binding
cells: protein-1 AP1; through
primary neuronal expression of
cortical and | marker protein Fra-2, c-Jun,
hippocam- | MAP2; and Jun-D
pal cell neuronal proteins in
cultures. differentiation immature
marker protein hippocampal
GAP-43; neurons.
c-Fos, Fos-B, Suggestive of
Fra-2; c-Jun, desensitization
Jun-B, Jun-D. of NMDA
Cytoplasmic receptor
a®". channels at the
LDH activity level of gene
transcription by
the AP1
complex.
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(Hirose et
al., 2003b)

Human HL-
60 cells

c-Myc, c-Fos,
c-Jun
expression

60r10T
1-72h

No effect on
c-Myc, c-Fos
and c-Jun by
homogeneous
10 T SMF.
SMF gradient
field induced
c-Jun
expression.

6 T field
included
exposure to
gradient field.

(Guisasola
et al., 2002b)

Human L-
132 cells

hsp70, hsp27,
and
corresponding
mRNASs;
cAMP, Ca™*

15T
240 min

No effect of
SMF. SMF
exposure
during MRI
procedures

Number of

independent
experiments
not reported.

does not
induce any
cellular stress
response.

Studies considered to be uninformative

(Cohly et al., 2003)
(Mnaimneh et al., 1996)
(Hiraoka et al., 1992)
(Richardson et al., 1992)
(Schneeweiss et al., 1995)

7.1.6 Cell growth, proliferation and apoptosis

Both proliferative and apoptotic responses, often the result of the
activation of appropriate signalling pathways and the consequent
expression of relevant genes, may be involved in carcinogenic processes,
if activated inappropriately. A proliferative stimulus to a cell carrying an
oncogene or having lost a tumour suppressor gene through mutation, or
inhibition of apoptosis in damaged cells, may initiate the clonal expansion
of a colony of such cells, thereby paving the way for the growth of a
tumour.

A number of investigators have studied the effect of static
magnetic fields exposure on in vitro cell growth and proliferation. Most
studies have been designed to determine the effects of long-lasting,
continuous exposure.

No effects were observed in a number of different cell types using
a variety of exposure conditions. Rockwell (1977) did not find any effects
after exposure of EMT6 mouse mammary tumour cells to 0.148 T for 48
h. Chinese hamster V79 cells were not influenced by several hours of
exposure to 0.75 T (Ngo et al., 1987). Considerably higher flux densities
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of 1.5 T applied for 1 h or 7.05 T for 4 or 24 h did not influence the cell
cycle progression of human HL60 and EA2 tumour cells. Exposure for 48
and 96 h to 1.5 T did not alter the growth rate of human HeLa and Gin-1
(gingival fibroblast) cells (Sato et al., 1992). Yamaguchi et al. (1993) also
exposed Gin-1 cells, but to 0.2 T and for 6 - 8 months without an effect
on cell growth. In yeast cells, 1.5 T applied for 15 h did not result in
growth changes (Malko et al., 1994). No effect was observed of exposure
to fields as high as 7 T for up to 8 days in P388 mouse leukaemia cells
and V79 Chinese hamster fibroblasts (Sakurai et al., 1999), nor of 10-T
fields applied for 4 days to Chinese hamster CHO-K1 cells (Nakahara et
al., 2002). Finally, repetitive exposure to 1.5 T (3 times 1 h per week for 3
weeks) did not result in alterations of proliferation and clonogenicity of
human fetal lung fibroblasts (Wiskirchen et al., 1999). Aldinucci et al.
exposed human peripheral blood mononuclear cells (PBMC) and Jurkat
cells to 4.75 T for 1 h (Aldinucci et al., 2003b). No proliferative effects of
static magnetic fields were observed in the human lymphocytes, either
quiescent or activated by phytohaemagglutinin (PHA).

In contrast, a number of studies with a variety of mammalian cells
of different origin did find effects. Buemi et al. (2001) exposed rat renal
VERO cells and cortical astrocytes to 0.2 T for up to 6 days. They
observed an influence of exposure on the balance between cell
proliferation and death. Linder-Aronson and Lindskog (1995) observed
impaired attachment and growth of human periodontal fibroblasts during
exposure to 0.1 - 0.2 T for up to 5 weeks. Exposure to 0.2 T for up to 3
hours led to decreased *H thymidine incorporation in the human MCF-7
breast cancer and NC-B4 neurons cell lines (Pacini et al., 1999a). No
effect was found in murine leukaemia WEHI-3 cells, nor was there an
effect on colony formation in any of the three cells lines.

Pacini et al. (1999b) also investigated cell proliferation and
signalling following the exposure of human neurons (FNC-B4) to a 0.2 T
static field. Cell proliferation, assessed by *H thymidine incorporation
was inhibited in the neurons but not in the controls. Further tests indicated
that the field did not affect twelve DNA microsatellites, indicating that no
genomic instability was induced by static magnetic field exposure.

The viability of lymphocyte cells was followed after exposure to a
10 T field (Onodera et al., 2003). Without lymphocyte stimulation, there
were no significant differences in the viability of exposed and unexposed
T cells (CD4+ and CD8+), B cells and NK cells. Stimulated T cells had
reduced viability following exposure. A 10 T static magnetic field had
acute effects on immune cells during cell division, but a minimal effect on
cells in a nondividing phase.
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Raylman applied flux densities of 7 T to human lymphoma (Raji)
cells for 18 hours and observed an 11% reduction in the number of viable
cells and a reduced growth rate (Raylman et al., 1997). Exposure to 7 T
for 64 hours reduced the viable cell number in human melanoma (HTB 63)
cells, human ovarian carcinoma (HTB 77 IP3) cells and human
lymphoma (Raji; CCL 86) cells (Raylman et al., 1996). The authors
attributed the effect to growth retardation, although the cell cycle was
unaltered. No increased number of DNA breaks was found, which is in
agreement with the lack of effect on viability.

Norimura et al. (1993) exposed human T-lymphocytes to 2 - 6.3 T
for up to 3 days. They observed inhibition of growth by field strengths of
4 - 63 T in cells stimulated by phytohaemagglutinin, but not in
unstimulated cells. The radiosensitivity of the cells increased and the
repair capacity decreased after exposure to 6.3 T. The authors concluded
that temporary physiological alterations were induced by exposure to
static magnetic fields of 4 T and higher. Apparently, these alterations are
only observed when the cells are challenged.

Human and mammalian cells in culture were used in a few studies
devoted to functional activity in response to long static magnetic field
exposure. Flipo et al. (1998) analysed the mitogen response to
concanavalin A, phagocytosis, Ca®" influx, and apoptosis in C57BI/6
murine macrophages, spleen lymphocytes, and thymic cells exposed to
static magnetic fields at 2.5 - 150 mT for 24 h. Static magnetic fields
altered several functional parameters in all cell types. No intensity
threshold was observed in this study. Exposure of murine immune cells to
static magnetic field decreased macrophage phagocytosis, enhanced
apoptosis of thymocytes, and inhibited the response of lymphocytes to the
mitogen concavalin A in association with an increased Ca®" influx. Fanelli
et al. (1999) analysed apoptosis and Ca*" influx in human U937 and CEM
cells. Exposure to 0.6 - 6 mT for 4 h increased cell survival by inhibiting
apoptosis induced by several agents in an intensity-dependent fashion.
Protective effects on apoptosis could be attributed to increased Ca®" influx.
However, this effect was not seen in rat cells where apoptosis was
induced by Ca*" influx.

Teodori et al. (2002) followed the occurrence of apoptosis in
human HL60 cells exposed to a 6 mT static magnetic alone (18 hours) or
in combination with the known apoptosis-inducer camptothecin (5 hours).
They used two approaches (flow cytometry and laser scanning cytometry)
and found no effect of static magnetic fields, alone or in combined
treatment, on overall apoptosis. However, the authors observed a different
distribution of early versus late apoptotic cell populations in the co-
exposure treatment, suggesting a premature shift of cells into late
apoptosis. It is unclear whether this could lead to inflammatory events.
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Several authors used bacterial strains and plant cells to study the
effects of static magnetic field exposure. Stansell et al. (2001) exposed E.
coli to 8 - 60 mT for 19.5 h and studied the effect of the antibiotic
piperacillin. Exposure increased the resistance against the antibiotic. In
contrast, Benson et al. (1994) observed enhancement of the effect of the
antibiotic gentamicin to Pseudomonas aeruginosa exposed to 0.5 - 2 mT
for 20 min. It cannot be excluded that the decreased growth might have
been influenced by different light conditions.

When grown in a mixed culture in stationary phase, the E. coli
strains ZK126Nalr and ZK126Smr have different death rates, which lead
to a growth advantage for ZK126Smr. When grown under continuous
exposure to inhomogeneous 5.2 - 6.1 T fields, or 7 T homogeneous fields,
the death rate of the ZK126Nalr cells decreases and the growth advantage
of the other strain disappears (Okuno et al., 2001). The effect is stronger
with the inhomogeneous fields.

Stasiuk (1974) exposed Mycobacterium tuberculosis to static
magnetic fields (180 mT) and found that exposures of up to 1 h did not
change the bacterial growth, but that longer exposure (2 h and more)
resulted in significant inhibition. No changes were observed in sensitivity
to antibiotics or growth in tissues of infected animals. Khar’kova et al.
(1976) studied the effect of long exposure of Staphylococcus to a 5 mT
field. Permanent changes in colour of colonies (after 16 days), and
changes in morphology and in fermentation of proteins and hydrocarbons,
were observed by 18 months. By 8 months, the sensitivity to antibiotics
increased significantly. The lethality increased in mice upon infection
with static magnetic field-exposed Staphylococcus. These results could
have implications for human health, but they must first be independently
replicated.

The growth and viability of the plant-growing bacteria Serratia
marcescens and of callus cells of Hordeum vulgare (barley) and Rubus
fructiosus (blackberry) was investigated after exposure to an
inhomogeneous field varying between 6 and 10 mT for 24 or 48 h (Piatti
et al., 2002). The number of bacterial cells was reduced, while both the
number and viability of H. vulgare cells were lower after exposure. R.
fructiosus cells were not influenced.

Several studies looked at the effects of MRI exposures on in vitro
cell growth. Schiffer et al. (2003) used a clinical MR scanner to
investigate the effects of signals relevant to MRI exposure on the cell
cycle of two human cell lines. Appropriate controls were included
(positive control for cell cycle alteration, as well as temperature and
vibration controls). Combining static magnetic fields (1.5 or 7.05 T) with
either a time-varying bipolar gradient field for 1, 2 or 24 hours or a pulsed
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radiofrequency field did not alter the cell cycle distribution, nor did a one-
hour exposure to the MRI signal.

To elucidate the effect of MRI exposure on early murine embryo
development, two-cell embryos were treated for various lengths of time
by MRI using pulse sequences employed in current clinical imaging
(Chew et al., 2001). There were no significant differences detected in the
rate of blastocyst formation between control and exposed groups.

Tofani et al. (2001) exposed human colon adenocarcinoma
(WiDr), breast adenocarcinoma (MCF-7), and embryonal lung fibroblasts
(MRC-5) cells to either a static magnetic fields alone (1 - 30 mT) or in
combination with ELF (3 mT at 16, 50 or 100 Hz). They observed
apoptosis in WiDr and MCF-7 cells after exposure to static magnetic
fields only with flux densities > 1 mT. The effect increased with
simultaneous 50 Hz ELF exposure, but only for latency times up to 24 h.

Table 12. Cell growth, proliferation and apoptosis

Authors | Cells Endpoint Exposure |Results Comments
Static magnetic field effects
(Rockwell, | Mouse Viability or 140 mT No effect. Lack of
1977) mammary | growth 48 h statistical
tumour cells information,
(EMT6) but absence
of effect was
clear.
(Ngo et al., | Chinese DNA 0.75T No effect. Data Results clear
1987) hamster synthesis, several h indicated that cut and
fibroblast survival or1h SMF exposure experiments
cells (V79) following alone does not seem well-
neutrons exert any performed;
changes in however, no
survival and DNA | information
synthesis in on statistical
comparison with | analysis.
the effects from
neutron radiation.
(Sato et Human Growth, DNA (>15T No effect.
al.,, 1992) |Hela cells, |content, DNA 48,96 h
human synthesis,
gingival labelling
fibroblast index
cells (Gin-1)
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(Yamaguchi | Human Growth, DNA |0.2T No influence on
etal., 1993) | gingival content, rate 6,8 mo + 1 growth,
fibroblast of lactate or 2 wk: morphology and
cells (Gin-1) | production, Sm-Co glycolytic activity.
glucose magnets
consumption,
ATP content
and cell
morphology
(Malko et | Yeast cells | Growth 15T No effect.
(Sakurai et | Mouse Growth 7T No effect. Only one
al.,, 1999) |leukaemia |pattern of 3h-8d experiment
cells (P388), | cells, DNA per endpoint.
Chinese distribution
hamster and
fibroblast sensitivity to
cells (V79) |bleomycin
(Nakahara | Chinese Growth, cycle (10 T No effects of
etal., hamster distribution, 4d SMF alone, but
2002) ovary cells | micronucleus enhancement of
(CHO-K1) [ (MN) 4-Gy-induced
formation MN-formation.
SMF exposure
may have been a
co-factor.
(Wiskirche | Human fetal | Proliferation, [1.5T No significant
netal., lung clonogenic 1 h, 3x/wk, effects.
1999) fibroblast assay 3wk
(Aldinucci | Human ca® 475T No effects on
etal., lymphocytes, | movement, 1h lymphocytes. In
2003b) Jurkat cells cell Jurkat cells,
proliferation, changed

production of
pro-
inflammatory
cytokines

properties of cell
membranes lead
to decreased
Ca® transport
and
concentrations,
and to decreased
cell proliferation.
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(Buemi et |Ratrenal Cell 02T Influence of SMF
al., 2001) |cells proliferation, 2,4,6d on cell
(VERO); cell death proliferation /
cortical balance death balance;
astrocytes differs between
cell lines. This
could have been
partly due to
astrocytes being
primary cells and
renal cells being
immortalized.
SMF exposure
may have
interacted with
apoptosis.
(Linder- Human Attachment 107 - 230 | Impaired With
Aronson & | periodontal |and growth mT attachmentand | increasing
Lindskog, |fibroblasts (intradisk growth. passage
1995) variation) number, there
1-5wk was also
decrease in
attachment &
growth in
controls, but
difference
with exposed
cells was
clearly
significant.
(Paciniet |Human Celldamage |0.2T Decreased
al., 1999a) | breast cancer | and 5min-3h ®H thymidine
cell line proliferation incorporation in
(MCF-7); human cells, not
neurons in murine; no
(NC-B4); effect on
murine formation of cell
leukaemia colonies. Effect of
cells vitamin D
(WEHI-3) permanent, that

of SMF
temporary.
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(Paciniet |Normal Morphology, [0.2T No alterations in
al., 1999b) |human cell 5.15min |9enome
neuronal proliferation, instability;
cells (FNC- | production of dramatic changes
B4); mouse |endothelin-1, of morphology in
leukaemia | genome neuronal cells
cells; instability only. Significant
human decrease in cell
breast proliferation,
carcinoma changes in
cells production of
endothelin-1.
(Onodera | Human Viability, field Without
etal., peripheral apoptosis, increase 0 - | lymphocyte
2003) blood lymphocyte 10 T over |stimulation, no
mononuclear | subpopula- 0.5 h, significant
cells (PBMC) | tions constant for | differences in
3h, viability of
decrease to | exposed and
0 T over unexposed T
0.5h cells (CD4" and
CD8"), B cells
and NK cells.
Stimulated T cells
had reduced
viability following
exposure.
(Raylman |Human Viable cell 7T 11% reduction of
etal., lymphoma | number 18 h number of viable
1997) cells (Raji) cells due to
exposure; growth
rate retarded.
(Raylman | Human Cell viability; |7 T Reduction in Sensitive
etal., melanoma | flow 64 h viable cell testing
1996) cells (HTB | cytometry number — HTB63 | method (cell
63), ovarian 19%, HTB77 cycle
carcinoma 22%, Raji 41%; | analysis).
cells (HTB cell cycle
77 IP3), and unaltered; no
lymphoma increase in DNA
cells (CCL breaks, growth
86, Raiji) after exposure

slowed for 1 d.
Cell growth
recovered when
SMF exposure
was halted.
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(Norimura | Human T- Cell growth 2-63T No effect in Peculiar way
etal., lymphocytes | and radiation upto3d normal cells; of
1993) response growth inhibition | determining
in stimulated cells | cloning
onlyat>4T, efficiency.
radiosensitivity
up, repair
decreased after
6.3 T. Stimulated
or stressed cells
possibly more
susceptible to
SMF than normal
growing cells.
(Flipo etal., | Murine Mitogen 2.5-150 Decreased Data support
1998) macro- responseto |mT macrophage conclusion
phages concanavalin | o4 p phagocytosis, about non-
(C57BI/6), A, enhanced linear
spleen phagocytosis, apoptosis of dependence
lymphocytes, | Ca®* influx, thymocytes, and | of effects.
and thymic apoptosis inhibited
cells response of
lymphocytes
toConAin
association with
an increased
Ca”" influx.
(Fanelliet |Human Apoptosis, 0.6 -6 mT | Protective effect
al.,, 1999) |U937 and Ca® influx 4h on apoptosis was
CEM cells; due to increase
human of Ca®" influx.
peripheral Effect not seen in
blood rat cells where
leucocytes; apoptosis was
rat induced by Ca®*
thymocytes influx.
(Teodori et | Human HL- | Apoptosis 6 mT No effect of SMF
al., 2002) |60 cells 18 h alone, slight
acceleration of
apoptosis in
camptothecin-
treated cells.
(Stansell et | Bacteria (E. | Number of 8-60mT |Increased
al., 2001) | coli) cells with 195 h number of cells.
piperacillin
treatment
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(Benson et | Bacteria Number of 0.5-2mT |Decreased No sham
al., 1994) | (Pseudo- cells with 20 min number of cells controls;
monas gentamicin due to SMF growth
aeruginosa) | treatment; enhancement difference
autoradio- of antibiotic may have
rams from activity. been
"In uptake influenced by
different light
conditions.
(Okuno et | Bacteria Differential 52-6.1T, |Growth
al., 2001) | (E. coli cell growth inhomo- advantage in
ZK126Nalr geneous stationary phase
and (maximum | disappears; effect
ZK126Smr) gradient 23 | stronger with
T/m) inhomogeneous
7T homog. field.
(Stasiuk, Mycobacte- | Cell growth in | 180 mT No effects at 1, 5, | Amount of
1974) rium culture, 1,5, 30, 60, 30 and 60 min independent
tuberculosis | resistance to | 120 min exposures. exposures
antibiotics, and 24 h _Slg'nl_fl_cant not reported.
growth of inhibition of cell
bacteria from growth at 120
infected min and almost
guinea pigs complete

blockage at 24 h
exposure. No
changes in
sensitivity to
antibiotics. No
effects on growth
in tissues from
exposed animals.
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(Khar'kova | Haemolytic | Colour and 5mT Permanent Amount of
etal., Staphylo- morphology up to changes in colour | independent
1976) coccus, of colonies, 18 months of colonies by exposures and
strain 209-P | fermentation 16 d exposure, number of
of proteins changes in measurements
and hydro- morphology and | not reported.
carbons fermentation of
sensitivity to proteins and
antibiotics. hydrocarbons by
Pathogenic 18 months.
properties Sensitivity to
upon antibiotics
infection of increased after 8
mice. months.
Increased
lethality of mice
after infection
with SMF-
exposed
Staphylococcus.
(Okuno et | Bacteria Differential 52-6.1T, |Growth
al., 2001) |(E. coli cell growth inhomo- advantage in
ZK126Nalr geneous, stationary phase
and 7 T homo- | disappears; effect
ZK126Smr) geneous _stronger with
inhomogeneous
field.
(Piatti et Bacteria, Growth, 6-10mT Reduction in
al., 2002) |plant cell viability 24 or 48 h; number of
cultures magnetic bacterial cells;
disks reduction in
number and
viability of H.
vulgare cells; no
effect on R.
fucticosus.
MRI or combined exposure studies
(Schiffer | Human Cell cycle 15T,2h No effect.
et al., HL60 and distribution 7.05T, 4
2003) EA2 tumour or24h
cells
705T+
gradient
field, 2 or
24 h
15T +RF,
1h
15T+
gradient +
RF, 1h
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(Chew et | Two-cell Rate of 8 pulse No effect; Used standard
al., 2001) |murine blastocyst sequences |development | MRIimaging
embryos formation employed |rates 70 - 75%. | sequences.
in current MR imaging
clinical sequences did
imaging not exert
15T harmful effects
to blastocyst
2.27 - :
611 min formation.
(Tofani et | Human Growth, 1, 3,10, Apoptosis
al., 2001) |colon apoptosis 30mT observed in
adenocarci- SMF, 3 mT | WiDr and
noma cells ELF at 16, |MCF-7 cells
(WiDr), 50 100Hz |only after > 1
breast 20 min mT SMF;
adenocarci- increased with
noma cells simultaneous
(MCF-7), 50 Hz ELF.
embryonal Only for
lung latency times
fibroblasts up to 24 h.
(MRC-5)

Studies considered to be uninformative

(Esformes et al., 1981)
(McDonald, 1993)
(Tsuchiya et al., 1999)
(Stepanian et al., 2000)
(Horiuchi et al., 2001)
(Ishizaki et al., 2001)
(Mariani et al., 2001)
(Horiuchi et al., 2002)
(Jajte et al., 2002)
(Zhang et al., 2002)

7.1.7 Genotoxic effects

The genotoxicity of an agent is an indication of its potential to
damage DNA, and is therefore implicated in the process of mutagenesis.
As a result of this, stable and heritable genetic mutations are generated,
often through misrepair. Mutations leading to the activation of oncogenes,
or the inactivation of tumour suppressor genes, are early events in the
formation of cancers.

Tests of genotoxicity typically include chromosomal aberrations,
sister chromatid exchange, micronucleus formation, different assays for
mutagenesis, and measures of DNA damage (such as the comet assay).
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Cooke and Morris (1981) analysed chromosomal aberrations and
sister chromatid exchanges following 1-h exposure of human
lymphocytes to static magnetic fields. Even while there was a trend for an
increase in number of chromosome lesions and proportion of cells with
lesions (50 - 80%) at both employed field intensities, (0.5 and 1 T), these
increases were not statistically significant. The authors concluded that
static magnetic fields had no significant effect on any of the measured
parameters.

Effects of static magnetic fields on conformation of
chromatin/nucleoids were studied in human and bacterial cells
(Matronchik et al., 1996; Belyaev et al., 1997; Binhi et al., 2001). In these
studies, transient condensation or decondensation of chromatin was
observed at specific ‘intensity windows’ in the range of 0 - 110 uT. The
authors attributed these transient changes to adaptation of cells to the
changes in the static magnetic field. A possible interplay of these changes
in chromatin conformation with genotoxic effects was suggested. The
observed effects were explained on the basis of phase modulation of
hypothetical natural high-frequency oscillations.

A number of studies have been designed to determine effects of
long lasting continuous exposure in mammalian cells. Okonogi et al.
(1996) did not find effects of a 6 h exposure to 4.7 T on the background
level of micronuclei in Chinese hamster CHL/IU cells. On the other hand,
a decrease in the formation of micronuclei induced by concomitant
exposure to mitomycin C was observed. The authors suggested that static
magnetic field exposure might have a protective effect on DNA damage
produced by mitomycin C.

Exposure of rat lymphocytes to the much lower flux density of
7 mT for 3 h did not increase the number of cells with DNA damage, as
measured with the comet assay (Zmyslony et al., 2000). The amount of
damage was significantly increased when the FeCl,-incubated cells were
simultaneously exposed to static magnetic fields. However, the same
exposure to static magnetic fields did not modify H,O,-induced DNA
damage. According to the authors, the low level of FeCl, did not induce
any noxious effects on lymphocytes. They hypothesized that the static
magnetic field might have had an effect on radical pairs, leading to an
increased number of free radicals generated in the cells by iron cations,
but they also felt that reasonable explanations for their results were
lacking. Nakahara et al. (2002) investigated the formation of micronuclei
in Chinese hamster ovary CHO-K1 cells. Exposure to 1 or 10 T alone for
4 days did not result in induction of micronuclei. No synergistic effects
were observed in combined treatments with X-irradiation, except for
exposure to 10 T and 4 Gy. In those cases, static magnetic field exposure
increased the formation of X-ray-induced micronuclei by 10%.
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A similar variability in results was seen in studies with bacterial
cells. Ikehata et al. used the Ames test to study effects of exposure to 2 - 5
T for 20 minutes up to 48 h (Ikehata et al., 1999). They observed no direct
effect of static magnetic field exposure on mutagenicity or growth rate.
Mutation rate in the static magnetic field-exposed groups was
significantly higher than in the non-exposed groups when cells were
treated with several (but not all tested) chemical mutagens. No dose-
response for mutagenic effects was observed in this study. Mutagenic
effects were also not detected with the Ames test at the higher magnetic
fields of 5 and 7.2 T (Teichmann et al., 2000).

Zhang et al. analysed mutagenic effects of 24-h exposure to 5 or 9
T in Escherichia coli cells (Zhang et al., 2003). They observed no effects
on survival and mutation rate in wild type, or in strains defective in DNA
repair enzymes or redox-regulating enzymes. Mutation frequency
increased in soxR and sodAsodB mutants (which are defective in defence
mechanisms against oxidative stress). The expression of superoxide-
inducible genes was stimulated. The data suggested that static magnetic
fields above 5 T induce mutations through elevated production of
intracellular superoxide radicals in E. coli (Zhang et al., 2003).

Baum and Nauman used plant cells to study mutagenic effects of
static magnetic field exposure (Baum & Nauman, 1984). They analysed
micronuclei and pink mutations in Tradescantia. Magnetic field at
intensities of about 0.16 to 0.78 T applied continuously over 6 or 7 days
did not induce genotoxic effects in Tradescantia cells.

Wolff et al. (1985) exposed human lymphocytes and Chinese
Ovary cells to a 235 T static magnetic field combined with
radiofrequency fields for 12.5 h. Sister chromatide exchange and
chromosomal aberrations were assessed. No effects on these cytogenetic
endpoints were found.
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Table 13. Genotoxic effects

Authors | Cells Endpoint Exposure Results Comments
Static magnetic field effects
(Cooke & | Human Frequency of 05T,10T No effect. Trend for
Morris, lymphocytes | gross 1h increased
1981) chromosome chromo-
lesions, sister somal
chromatid lesions and
exchanges and increased
proportion of proportion
amodal cells. of cells with
lesions.
(Matronch | Bacterial E. | Conformation of |0 - 110 uT Changes on
ik et al., coli cells nucleoids 15 min conformation of
1996) nucleoids
dependent on
SMF in specific
‘intensity
windows’.
Condensation
or
decondensation
of nucleoids
was observed in
specific
windows.
(Belyaev | Normal Conformation of | zeroed natural | Time-
etal., human chromatin magnetic field | dependent
1997) fibroblasts 10-120 min | transient
and condensation
lymphocytes of chromatin
characteristic
of stress
response with
maximum at
40 - 80 min.
Effects

reproduced in
experiments
with
lymphocytes
from the same
donor.
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(Binhi et
al., 2001)

Bacterial E.
coli cells

Conformation of
nucleoids

0-110 uT
15 min

Changes in
conformation
of nucleoids
dependent

on 'SMF
intensity
windows' with
extrema at 0,
26, 43, 61,72,
83 and 105
uT. Explained
by phase
modulation of
ion
interference in
rotations of
DNA-protein
complexes.

(Okonogi
et al.,
1996)

Chinese
hamster cells
(CHL/IU)

Micronuclei
(MN) formation

47T
6h

No effects of
SMF on the
background
level of MN.
Decrease in
formation of
MN induced by
Mitomycin C.
Possibly
influence on
cell cycle.

(Zmyslony
etal,
2000)

Rat
lymphocytes

DNA damage
including single
strand breaks
and alkali labile
sites

7mT
3h

No effect of
SMF only.
Enhancement
of FeC|2-
induced DNA-
damage by
SMF. No
effects on
H,0,-induced
damage.

(Nakahara
etal.,
2002)

Chinese
hamster
ovary cells
(CHO-K1)

Growth, cell
cycle
distribution,
micronucleus
(MN) formation

1,10T
4d

No effects of
SMF alone,
but
enhancement
of 4-Gy-
induced MN-
formation.
SMF exposure
may have
been a co-
factor.

Enhance-
ment was
at the
border of
statistical
significance
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(Ikehata et | Bacterial Mutagenicity and [ 2,5 T Mutagenicity of
al., 1999) | strains from | co-mutagenecity | o min, 1.5, 3, several (but
the Ames (Ames test), 6, 15, 24, 48 h | not all) tested
test cytotoxicity compounds
increased; no
dose-
response; no
direct effect of
SMF on
mutagenicity
or growth rate.
Possibly
influence of
SMF on
reaction
intermediates.
(Teichmann | Bacteria Mutagenicity 05,72T No effect. Although
etal., 2000) |from the (Ames test) 1h,24h statistics
Ames test are lacking,
it was clear
from
comparison
of the
means *
SD that
there was
no effect of
SMF.
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(Zhang et
al., 2003)

Escherichia
coli wildtype,
soxR,
sodAsodB
mutants

Induction of
mutations,
clonogenic
survival

50r9T
24 h

No effects on
survival and
mutation rate
in wild-type, or
strains
defective in
DNA repair
enzymes or
redox-
regulating
enzymes.
Mutation
frequency
increased in
soxR and
sodAsodB
mutants
(defective in
defence
mechanisms
against
oxidative
stress).
Expression of
superoxide
inducible gene
was
stimulated.

Changes
larger than
SD,
however,
statistical
analysis
was not
performed.

(Baum &
Nauman,
1984)

Tradescantia
clones 4430
and 02

Micronuclei, pink
mutations

0.16, 0.76 -
0.78 T

6-11d

No effect of
SMF applied
continuously
over 6 or7
days on
Tradescantia
pollen mother
cells.

Field
variations
of + 25%.

MRI or combined exposure studies

(Wolff et
al., 1985)

Chinese
hamster ovary
cells; human
lymphocytes

Chromosomal
aberrations
(CA), sister
chromatid
exchanges
(SCE).

235T+RF
12.5h

MR imaging
conditions did
not cause
cytogenetic
damage.
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Studies considered to be uninformative

(Rossner & Matejka, 1977)
(Wolff et al., 1980)

(Geard et al., 1984)
(Takatsuji et al., 1989)
(Yamazaki et al., 1993)
(Mahdi et al., 1994)
(Schreiber et al., 2001)

7.1.8 Conclusions

The results of in vitro studies are useful for elucidating interaction
mechanisms and for indicating the sorts of effects that might be
investigated in vivo, but are not sufficient to identify health effects
without corroborating evidence from in vivo studies.

A number of different biological effects of static magnetic fields
have been studied in vitro. The observed effects are rather diverse and
were found after exposure to a wide range of magnetic flux densities.

Despite some inconsistencies, the studies on cell free systems
show that biologically relevant biochemical reactions can be affected by
static magnetic fields in the millitesla to tesla range.

The body of reviewed data on magneto-mechanical effects
showed that static magnetic fields can affect orientation of cells. These
effects were observed under relatively high field intensities of more than
1 T, and for different exposure times that ranged from minutes to hours.

The studies on metabolic activity suggest that it may be affected
by static magnetic fields, dependent on cell type or whether or not the
cells are transformed. The data obtained from the ‘cell-free system’
studies indicated that radicals and calcium metabolism might be primary
targets for effects of static magnetic fields. This is also the case for
combined exposures to static magnetic fields and RF fields. It should be
mentioned that most of the in vitro studies involved electromagnets that
might create alternating fields, which were usually not measured.

The studies on membrane effects show that exposure to static
magnetic fields in the millitesla range is able to change membrane
properties in isolated systems and cultured cells, possibly through
changes in (calcium) ion channel structure and/or activity. These changes
may lead to changes in neuronal functioning, such as changes in action
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potential generation and, consequently, neurotransmitter release. However,
most of the effects seem to be reversible.

Few studies have been performed on gene expression. The data
show that static magnetic fields can affect the expression of specific genes
in human and mammalian cells. These effects may depend on exposure
duration and field gradients.

There are many studies on cell growth, with contrasting results.
The occurrence of effects in mammalian cells appears highly cell-type
dependent, since n several cell lines showed no effects on growth from
fields up to 10 T. When an effect was found, it was generally growth
retardation. The extent of any effect was usually dependent on exposure
time and field strength (in the millitesla to tesla range). However, the
dependence on field strength was addressed only in two studies and non-
linear responses have been observed.

The few studies dealing with apoptosis in mammalian cells and
those on growth of bacteria also show contrasting results. The effects in
bacteria appear strongly strain-dependent.

Only a few studies on genotoxicity have been performed. No
genotoxic effects of static magnetic fields up to 9 T have been shown,
except for one study with repair-deficient bacterial strains. The studies
with combined exposure to mutagens and static magnetic fields indicated
modification of the effects of some of the tested mutagens. The effects
may be strain/cell type dependent, but there are no indications for dose-
dependence.

There are positive and negative findings regarding in vitro effects.
There is evidence that static magnetic fields can affect several endpoints
at intensities lower than 1 T, in the millitesla range. However, most data,
both negative and positive, have not been replicated. Biological variables
such as cell type, cell activation, and other physiological conditions
during exposure were shown to be of importance. Thresholds for some of
the effects were reported, but other studies indicated non-linear response
without clear threshold values and even ‘flux-density’ windows were
reported. The mechanisms for these effects are not known, but effects on
radicals and ions may be involved. So far, dosimetric issues have not been
studied and it is not clear whether the equivalent of ‘dose’ equals ‘time of
exposure’ times ‘intensity’ is applicable for quantification of those effects
and use in health risk assessments. In addition, there is no consistent
knowledge regarding how prolonged or interrupted exposure would affect
biological systems in vitro. Besides possible complicated dependence on
physical parameters such as intensity, duration, recurrence and gradients
of exposure, biological variables appear to be important for the effects of
static magnetic fields. Finally, combined effects of static magnetic fields
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with other agents, such as genotoxic chemicals, seem to produce
synergistic effects, both protective and stimulating. Further studies should
clarify these issues.

7.2 Static field effects in vivo

This section discusses static field effects on in vivo biological
systems, which are based on animal studies, in relation to possible health
effects in humans. These kinds of investigation elucidate some in vivo
mechanisms that cannot be investigated directly in humans, but are very
important for understanding the mechanisms of static field interactions
with complex living organisms. These investigations thus enable a more
precise estimation of the Environmental Health Criteria and their
applications.

Static electric fields induce a surface charge on animals and
humans (see chapter 5). These can be perceived via surface charge effects
such as hair movement. A few studies, mostly relating to perceptual
effects, have been carried out and are briefly reviewed below. Most of the
reviewed studies concern the effects of static magnetic fields; these can
interact with living organisms in a number of different ways (see chapter
5 for a full discussion). This includes possible interactions with certain
types of metabolic reactions and physiological processes, particularly
those that involve the exchange of charged particles (ion fluxes) across
cell membranes and the consequent generation of transmembrane
electrical potentials (gradients of ion concentration).

7.2.1 Static electric fields

A review by Kowalczuk et al. (1991) concluded that the few
published animal studies of static electric field effects provided no
evidence of any adverse health effect. There have been few subsequent
studies, and these have mostly examined surface charge effects. Rats
showed aversive behaviour in an electric field of 55 kV m! and above,
but not to fields of 42.5 kV m ™" or less (Creim et al., 1993). Exposure to
75 kV m™! did, however, not induce taste aversion learning (Creim et al.,
1995). The results of an earlier study suggested that locomotor and
rearing activity was not significantly modified by exposure to up to
12kV m! (Bailey & Charry, 1986).
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Table 13. Static electric field effects

Authors ‘ Animal ‘ Endpoint | Exposure Results Comments
Static electric field effects
(Creim |Rats Avoidance |Upto80kV m" |Exposure to Air ion
et al., behaviour |for 1 h with fields of 55 or concentration,
1993) using a constant or 80 kv m” which
shuttle-box | varied air ion resulted in simulates
concentration significant conditions
avoidance under HVDC
compared to overhead lines,
sham exposed had no effect
controls. on avoidance
behaviour.
(Creim |Rats Taste- 75kV m™” for 4 h | Exposure to Experimental
et al., aversion at a constant air | 75 kV m™ did not procedure
1995) learning ion induce taste validated using
using a concentration aversion. a positive
saccharin- control.
flavoured
drink
(Bailey |Rats Locomotor |3 kV m™ for 2, Exposure even
& and rearing | 18 or 66 h; 12 at12 kV m™ did
Charry, activity; kV m” for 18 h. |not affect
1986) food and activity, or food
water and water
intake intake.

Studies considered to be uninformative

(Mé&se & Fischer, 1970)

(Fam, 1981)

7.2.2 Static magnetic fields

Throughout life, all living organisms interact with geomagnetic
fields in different ways. Some are thought to have developed specific
sense organs with high magnetic sensitivity for the purposes of spatial
orientation and directional cues during migration. Others, including
humans, are not only constantly exposed to the action of geomagnetic
fields, but are also occasionally exposed to much larger static fields
produced by artificial sources.

To investigate the complex nature of static magnetic field effects
on biological systems in vivo, a detailed analysis of the effects at different
levels of organization is necessary. Animals, particularly in animal
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models of specific conditions, are very useful for investigating and
interpreting the effects of static magnetic field exposure that are often
difficult, or impossible, to investigate in humans. They provide qualitative
information about possible human responses, but are unlikely to provide
quantitative information (since there are many differences in metabolism,
physiology, lifetime etc.).

This review has been structured according to basic principles of
anatomical and physiological organization, with the objective of
identifying probable static magnetic field effects in animals that could
also occur in humans. The principal areas covered include
neurobehavioural studies, the musculo-skeletal system, the cardiovascular
system and haematology, the endocrine system, reproduction and
development, and genotoxicity and cancer.

7.2.2.1 Neurobehavioural studies

The nervous system enables animals and humans to respond to
their environment and communicate with each other, as well as to
maintain their internal physiological state. It comprises the brain and
spinal cord of the central nervous system, the motor and sensory nerves of
the peripheral nervous system, and the sympathetic and parasympathetic
nerves and ganglia of the autonomic nervous system. Individual nerve
cells receive and transmit information along their axons by the
propagation of electrical impulses (action potentials). Information
transmission at synapses (junctions) with other nerve cells takes place via
the release of specialized neurotransmitter substances. In addition,
specialized neurosecretory cells in the hypothalamus, pituitary gland and
pineal organ of the brain release hormones that exert control over more
peripheral endocrine organs, such as the thyroid and gonads.

72211 Neurophysiological studies

The Lorenz force that acts on moving charge carriers, such as
ionic currents, might be expected to affect ion channel conduction
properties, thereby affecting nervous system function. However,
calculation by Wikswo and Barach (1980) suggested that a field of ~24 T
would be required to produce a 10% change in Na" or K' ion channel
conductivity, with larger fields required for heavier ions.

Support for this view comes from the work of three groups.
Schwartz (1978; 1979) found no effect of a 1.2 T field on action potential
conduction velocity and ion channel currents in lobster giant axons.
Similarly, Tenforde and colleagues found no effect of a 2 T field on
conduction velocity, refractory period and excitation threshold in excised
frog sciatic nerve preparations (Gaffey & Tenforde, 1983). Hong et al.
(1986) and Hong (1987) found no effect of exposure to a static field of up
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to 1.2 Torto 1 T on nerve conduction velocity in anaesthetised rats nor in
(awake) human subjects, respectively. In addition, a 1.5 T field had no
effect on the amplitude or latency of somatosensory evoked potentials in
volunteers (Hong & Shellock, 1990). (See chapter 8.8.1).

Rosen and colleagues have carried out a number of
electrophysiological studies over the past 10-20 years, including both in
vitro (previous chapter) as well as in vivo studies (see Rosen, 2003b for a
review). With regard to the in vivo studies, Rosen and Lubowsky (1987)
studied the effects of a pure static magnetic field of 120 mT on the
excitability of striate cortex in three adult cats. To avoid effects from the
anaesthesia, the animals were decerebrated (immobilised through surgical
transection of the mid-brain). All animals subjected to a 120 mT field
showed a gradual decrease in the maximum amplitude of the visual
evoked potential, as well as a reduction in its variability. This change
began 50 to 95 seconds after the field was turned on and persisted for 200
to 285 seconds after the field was turned off, with maximum effect
evident at 100 to 175 seconds. At 80 mT, an effect was found in only one
animal but not in the two others. Because the effects developed slowly
and persisted for some time after the field was turned off, the authors
suggested that the field alters the ionic environment or neurotransmitter
availability at synapses, rather than having an effect on axonal conduction.

The same conclusion was drawn based on the results of the
second study (Rosen & Lubowsky, 1990). The effects of 123 mT on
spontaneous discharge frequency and discharge pattern of principle cells
in the lateral geniculate body of five adult cats were examined. Effects on
the lateral geniculate body would result in altered visual evoked potential,
as was observed earlier. This experiment revealed that 45% of studied
cells showed a decrease in frequency after the field was turned on. Once
more, the effect developed slowly (75 seconds after field activation) and
returned to baseline 250 seconds after the field was turned off.

These results appear consistent with other studies by Rosen (1996;
2003a) on cultured neuroblastoma cells, in which patch-clamp techniques
revealed slow, long-lasting increases in the activation time-constants of
the voltage-gated Na' and Ca®'ion channels. These results are also
consistent with studies by Wieraszko and colleagues (Trabulsi et al., 1996;
Wieraszko, 2000) on the modulation of synaptic excitability by static
fields of 2 - 3 mT (see Table 10).
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Two Russian studies investigated the effect of a 10 to 30 min
static field exposure on evoked potentials in rats (Klimovskaia &
Smirnova, 1976; Smirnova et al., 1982). The first study found increased
amplitudes and additional waves in the evoked potentials after 0.4 T
exposure. The effects were reversible. In the second study, different
exposure levels between 0.1 and 1.6 T had been applied. An intensity-
dependent increase in the amplitude of the potentials as well as modified
shapes were observed. Effects were stronger in the hippocampus than in
the cortex.

Cordeiro et al. (1989) exposed rats that had been subjected to
sciatic nerve transection to a static magnetic field of 1 T for 12 h per day
for 4 weeks. Exposure, when compared to sham exposure, had no effect
on the speed of nerve regeneration.

Several animal species use geomagnetic fields for their orientation
and navigation. This means that these animals are very sensitive to static
magnetic field changes. Lohmann et al. (1991) subjected the marine
mollusc Tritonia diomedea to alterations in geomagnetic field orientation
at a 1 minute-on, 1 minute-off schedule for 26 min, and observed
increased action potential firing in two specific brain neurons.

It is known that the electro-fish Apteronotus emits weak
sinusoidal electric signals. Stojan et al. (1990) observed a changed in the
amplitude of the electric signal if a fish was exposed to a static magnetic
field up to 10 T during 20 h. This effect was observed above a threshold
of 1 T. The change in the amplitude was 8 to 10 mV for field strengths
between 2 and 10 T. The effect was observed immediately after the field
was turned on. The effect in the 2 T condition disappeared after 5 to 10 h,
whereas the effect persisted almost unchanged until the field was turned
off in the 10 T condition.

Table 14. Neurophysiological studies

Authors ‘ Animal ‘ Endpoint Exposure Results Comments
Static Magnetic Field Effects
(Schwartz, | Lobster Nerve 1.2 T SMF No effect on
1978) conduction parallel or nerve conduction
velocity in perpendicular | velocity
giant axon. to axon
20 - 30 min
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(Schwartz, |Lobster Resting 1.2 T SMF No effects on The
1979) potential, parallel or membrane preparation
membrane perpendicular | potential or viability
action to axon transmembrane | declined after
potential and | < 5 min or currents about 10 - 15
transmem- 20 - 30 min min.
brane
currents in
giant axon.
(Gaffey & | Frog Action Upto20T No significant
Tenforde, potential field parallel | effect of 2 T field
1983) amplitude, to or on action
conduction perpendicular | potential
velocity, to nerve amplitude,
absoluteand |4 _17h conduction
relative velocity, absolute
refractory and relative
periods in refractory
sciatic nerve periods. No
effect of 1 T field
on threshold
(Hong et Adult Motor nerve |0.3-12T No effect on Anaesthetized
al., 1986) | Sprague- |conduction 15,30 0r 60 | Nerve with
Dawley and sec conduction. intraperitoneal
albino rat | excitability Increased motor | chloral
nerve excitability | hydrate.
at>0.5Tand
t>30 sec. Effect
disappeared 1
minute after
termination of the
field exposure.
Effects were
dose related.
(Rosen & | Cat Visual 120 mT + At 120 mT Increased
Lubowsky, evoked 80 mT decrease in amplitude of
1987) response 100 sec amplitude, the visual
variability of a evoked

visual evoked
response; starts
50 sec after start
of exposure,
lasts 285 sec
after termination.

response at
80 mT in one
of three
animals (no
effect in the
others).
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(Rosen & | Cat Principle 123 mT Decrease of Decerebration
Lubowsky, cells in the 100 sec discharge before the
1990) lateral frequency in 45% | experiment
geniculate of the cells instead of
body studied, starting | anaesthesia.
75 sec after field | This paper
activation and documents a
returning to spontaneous
baseline 250 sec change of
after field was discharge
turned off. frequency in
the same
order as the
magnetic field-
induced ones.
(Klimovskaia | Albino Cerebraland |0.05-04T |SMFat04T
?98721)irn0va, rats gg:’v(sebxellar 10 - 20 min glrzregsed the
plitude of
potentials evoked
evoked by potentials.
sciatic Appearance of
stimulation additional waves
in evoked
potentials.
Effects of SMF
were reversible.
(Smirnova | White rats | Somatosens |0.1-1.6T Intensity-
etal., ory potentials 15, 30 min dependent
1982) in brain changes in
cortex and potential in both
hypo- cortex and
thalamus hippocampus,
with stronger
response in
hippocampus.
Effectsof 1.6 T
were the same
for different
electromagnets.
One of those
magnets had a
weak
component,
1.8%, of
alternating field,
100 Hz.
(Cordeiro Rat Nerve 1T No effect on
et al., regeneration 12 hid, 4 wk | nerve
1989) regeneration.
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(Lohmann | Marine Action Alterations in | Increased action
etal., mollusc potentials geomagnetic | potential firing in
1991) (Tritonia field response to
diomedea) orientation, changes in
1min on, 1 ambient earth-
min off, for 26 | strength SMF.
min
(Stojan et | Electric Natural 0.5,1,1.52, |Promptincrease
al., 1990) |fish electrical 4and10T in amplitude of
Aptero- activity 20h electric signals
notus when field was
turned on;
threshold was 1
T. Amplitude

decreased, but
only marginally,
after2-5hina
10 T field.

Studies considered to be uninformative

(Tkach et al., 1987)
(Kloiber et al., 1990)

7.2.2.1.2 Sensory receptors: the eye and the ear

The eye and the ear are both very closely associated with the
central nervous system. In fact the retina comprises, in addition to the
photoreceptors, complex neural circuitry that is derived embryologically
as an outgrowth of the forebrain. The hair cell receptors of the inner ear
project via sensory nerve fibres to parts of the brain, and receive neural
input projected from these brain nuclei.

Specialized nerve cells in the retina relay diurnal day/night
information to the pineal, thereby affecting the release and production of
melatonin and so affecting diurnal behaviour (see section 7.2.2.4.1). The
retina is also thought to play a key role in orientation and migratory
behaviour through detection of changes in the natural geomagnetic field.
Although the mechanism for this is unknown, the participation of radical
pairs from light sensitive molecules, e.g. cryptochromes, in magnetic field
perception has been recently suggested (Mouritsen et al., 2004). Olcese et
al. published two studies of the effect of artificial changes in the
geomagnetic field on catecholamines in the neuroretina (Olcese et al.,
1988; Olcese & Hurlbut, 1989). They observed a reduction in retinal
nocturnal dopamine and norepinephrine levels in rats with no effect on
melatonin synthesis in the retina itself. Further study with both nocturnal
and diurnal animals revealed different reactions for cone-dominant and
rod-dominant retina. An intact retina was essential for any effect to be
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detected. The mechanism and implications are unknown, although the
authors speculated that the effect might influence diurnal rhythms.

Only one study has investigated the effects of exposure to static

magnetic fields on hearing. Tausch-Treml et al. (1989) studied the
acoustic action potentials of the cochlea in guinea pigs after exposure for
up to 3 h to 8.5 T SMF. No effects were observed. Possible effects on the
vestibular system of the inner ear are described in section 7.2.2.1.4 on

animal behaviour.

Table 15. Sensory receptors: the eye and the ear

Authors ‘ Animal ‘ Endpoint Exposure Results Comments
Static magnetic field effects
(Olcese et | Rat Retinal Artificial Alteration of Exact
al., 1988) melatonin geomagnetic | ambient SMF mechanism
synthesis and | field strength |reduced retinal |and
catecholamine | pration? nocturnal implications
contents dopamine and not known.
norepinephrine
levels; no effect
on melatonin
synthesis.
(Olcese & |Rat, Retinal Artificial Retinal Exact
Hurlbut, hamster, |catecholamine | geomagnetic | dopaminergic mechanism
1989) ground contents field strength | system and
squirrel SMF < 60 mT | differentially implications
) responsive to not known.
Duration? SMEF.
Dopamine levels
can be reduced
by SMF.
Different
reaction for
cone-dominant
retina as
compared to
rod-dominant
retina.
(Tausch- | Guinea Acoustic 85T No effect. Non-
Tremlet |pig action 3h quantitative
al., 1989) potential analysis of
ECGs.

Studies considered to be uninformative

(Sacks et al., 1986)
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7.2.2.1.3 Analgesia

The effect of a hypogeomagnetic field on stress-induced analgesia
in mice was investigated in two studies. The experimental procedure in
the first study (Del Seppia et al., 2000) consisted of firstly maintaining the
mice under various magnetic exposure conditions for 90 minutes,
secondly immobilising the animals in a tube for 30 minutes and thirdly
recording the nociceptive responses of the restraint-stressed mice as the
latency of front paw lifting to an aversive thermal stimulus. Two
experiments were conducted with 3 and 5 groups of mice. One group was
exposed to a hypogeomagnetic field with a flux density of 4 pT and
another group was exposed to an ambient geomagnetic field of 46 uT.
The latency of foot-lifting responses in both experiments was
significantly reduced in the animal group exposed to a hypogeomagnetic
field compared to the group exposed to a normal geomagnetic field. The
observed effect strength was comparable with the effect of an injection of
1.0 mg kg of the specific opiate antagonist naloxone hydrochloride.
Those effects were more systematically investigated in the second study
(Choleris et al., 2002). A pre-stress exposure was necessary for the anti-
analgesic effects to occur. An anti-analgesic effect was observed if the
ambient field was strongly reduced by shielding during 2 h, but no effect
was observed in two near-zero magnetic conditions. The authors
suggested that the elimination of the extremely weak time-varying
component of the magnetic environment, which was only achieved by
shielding, may have been responsible for the observed effects.

Exposure to MRI fields where the static field component was 0.15
T was reported to alter morphine-induced analgesia to a heat stimulus in
mice (Ossenkopp et al., 1985). The authors suggested that exposure
resulted in alterations in neuronal calcium binding and/or alterations in
nocturnal pineal gland activity. It is not possible, however, to determine
whether exposure to the static magnetic field affected this response.
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Table 16. Analgesia

Authors ‘ Animal ‘ Endpoint ‘ Exposure Results Comments
Static magnetic field effects
(Del Seppia | Male C57 | Analgesia | Hypogeo- Reduction of the | Effects are
et al., 2000) | mice magnetic field |response latency, | comparable
using if Earths’ natural | with the effect
magnetic field was shielded. | of an injection
shield; This effectwas | of 1.0 mg kg™
SMF = 4 uT. similar with of the specific
_ oscillating opiate
Oscillating magnetic field (f < | antagonist
field: f< 0.1
. ~10.1 Hz). naloxone
Hz: 20-70 pT; hydrochloride.
40 Hz: 80 uT
2h
(Choleris et | Female |Analgesia [<0.1puT Reduction of Zeroed field
al., 2002) CD1 mice 2h analgesia by contained time-
strong reduction | varying
of ambient components
magnetic field. (f<0.1 Hz).
However, no Shielded field
effect with zeroed | §ig not contain
field. time varying
components
MRI or combined exposure studies
(Ossenkopp | Mice Analgesia |0.15T Alterations in day- | Well-designed
et al., 1985) 2%22.5 min and night-time experiment.
responses to Exposure to
morphine. SMF and RF
fields
(simulation of
diagnostic
procedure).

7.2.2.1.4 Behaviour

Behaviour is chiefly controlled by the central nervous system
acting on the body’s musculature via the peripheral nervous system and
may be either spontaneous or a response to an environmental stimulus.
Behaviour may be either innate or learned.

A number of studies have investigated the effects of static
magnetic fields on the behaviour of animals. A majority of the papers
have involved rodents (mice, rats, and mole rats), but studies of
paramecium, turtles and mosquitoes have also been reported.
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Davis et al. (1984) studied the behaviour of adult mice
continuously exposed for up to 72 hours to 1.5 T. Three types of
behavioural tests were employed, namely memory of electroshock,
general locomotor activity and sensitivity to a seizure-inducing
neuropharmacological agent (pentylenetetrazole or PTZ). No behavioural
alterations were found in the exposed mice when compared to the controls
in any of the experiments. Hong et al. (1988) exposed infant rats to 0.5 T
for 14 postnatal days. Following a one-month rest period, there was no
significant difference in learning ability (escape avoidance of a mild foot
shock) between the control and exposed groups.

Nakagawa and Matsuda (1988) also exposed rats, but for a longer
period. Rats were trained and observed for Sidman avoidance (SA) and
for discriminative avoidance (DA) for 7 and 14 weeks, respectively. Prior
to the completion of avoidance conditioning, rats in the SA group were
exposed for 0.6 T for 16 hours/day for 4 days and rats in the DA group
were exposed for 0.6 T for 6 hours/day for 4 days. Both exposed groups
showed a diminished performance of avoidance responses. Trzeciak et al.
(1993) exposed male, as well as pregnant and non-pregnant female, rats to
0.49 T for 2 hours per day for 20 consecutive days. Exposure had no
effect on open-field behaviour and locomotor activity for either the male
or female rats. However, a decrease in the ‘irritability’ of the rats, i.e.
their responsiveness to being touched, was noted.

Weiss et al. (1992) investigated the aversive response of rats at
static magnetic field levels of 0, 1.5 and 4 T using a simple T-maze with
one arm extended into the bore of the magnet. No behavioural differences
were found for 0 and 1.5 T. However, at 4 T it was found that the rats
would not enter the exposed arm of the maze in 97% of the trials, and that
this effect persisted for a short while when the exposed and sham exposed
arms were reversed. The authors proposed that the aversive response was
due to magnetic induction effects caused by motion in the strong
magnetic field gradient. A similar experiment by Nolte et al. (1998), in
which rats were given a conditioned stimulus (a taste solution) followed
by exposure for 30 min to a 9.4 T magnetic field, showed a conditioned
taste aversion that lasted for up to 8 days after the cessation of field
exposure.

These behavioural effects of exposure to intense static fields were
further explored in a series of recent studies by Houpt and co-workers
(Lockwood et al., 2003; Houpt et al., 2003), who exposed restrained rats,
and unrestrained and restrained mice, to static magnetic fields of up to 14
T. Exposure to a 9.4 T magnetic field for the same duration used by Nolte
et al. (1998) resulted in increased c-Fos expression, taken as an index of
neural activity, in the vestibular and visceral nuclei of the brain,
suggesting activation of the vestibular and visceral neural pathways
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(Snyder et al.,, 2000). These authors noted that such effects were
consistent with the suggestion by Schenck (2000; 2005) that small head
movements in a strong static field could induce vestibular stimulation
through the action of magnetohydrodynamic forces on the fluid within the
semicircular canals. Further study by these authors (Lockwood et al.,
2003; Houpt et al., 2003) found that exposure of rats to either 7 or 14 T
suppressed rearing as well as inducing tight circling, the direction of
which was related to orientation within the field. Conditioned taste
aversion was induced after exposure to either field strengths. Very similar
results were obtained with mice following exposure to a 14.1 T static field.
All mice developed a conditioned taste aversion and a significant number
displayed tight circling and a suppression of rearing. Unrestrained mice
exhibited larger effects than those that were restrained, supporting the
view that these responses are consistent with vestibular stimulation as
well as the reports of vertigo and nausea in people during movement in
very strong static magnetic fields.

Tsuji et al. (1996) reported decreased food and water intake in
mice exposed in a 5 T magnetic field for 24 or 48 h. The authors raise a
number of possible explanations, including the suggestion that this was
caused by discomfort experienced in the 5 T field.

A number of investigators have studied magnetic fields as
navigational markers and their effects on spatial discrimination. Kimchi
and Terkel (2001) used the blind mole rat in an eight-arm maze under
natural and artificial magnetic fields to show that the rodent was able to
perceive and use the Earth’s magnetic field to orient in space. Lohmann et
al. (2001) found that hatchling loggerhead sea turtles, when exposed to
magnetic fields found in widely separated oceanic regions, swam in the
direction that would keep them within the currents that facilitate their
migratory pathway.

Strickman et al. (2000) found that mosquitoes placed in a 0.1 mT
magnetic field moved until they were orientated parallel to the field.
Mosquitoes were tested for the presence of a remnant ferromagnetic
material indicative of a biological compass, but it was found that the
external surface appeared to have an affinity for ferromagnetic particles.

Rosen and Rosen (1990) studied the motility of Paramecium
following exposure to a 126 mT magnetic field. They observed a
reduction in swimming velocity and a disorganization of movement
pattern. The authors speculated that a realignment of anisotropic
molecules within the membrane could have been responsible for the
observation. This work was supported by a more recent study by Nakaoka
et al. (2002), in which they found that the Paramecium swam
perpendicular to 0.78 T.
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Levine and Bluni (1994) and Levine et al. (1995) investigated
whether a decrement in spatial discrimination learning in mice following
exposure to a static magnetic field was due to an interaction between the
field and physiological ferromagnetic material (magnetite) or instead to
an effect on circulating melatonin levels. These authors exposed mice to
static magnetic fields of up to 2 T for up to 100 min. The data partially
supported learning interference following magnetic field exposure, but no
consistent effect on levels of circulating melatonin was found. However,
the exposure was reported as having duplicated a ‘spin-echo’ MRI
sequence, and so the possibility that pulsed gradient fields were also
present cannot be ruled out.

Two studies by Ossenkop and colleagues (Innis et al., 1986;
Ossenkopp et al., 1986) examined the effects of exposure of rats to MRI
fields for about 23 min upon the performance of several behavioural tests
(namely spatial memory, open field behaviour and passive avoidance
learning). The MRI exposure had no effect on task performance by
exposed animals compared to those that were sham exposed. Similarly,
Messmer et al. (1987) found that the exposure of rats for 30 min to MRI
fields where the static field component was 1.9 T did not induce taste
aversion. In this test, taste aversion to e.g. saccharin is induced by an
associated exposure to a stimulus that was perceived as unpleasant.

Table 17. Behaviour

Authors ‘ Animal ‘ Endpoint Exposure Results Comments

Static magnetic field effects

(Davis et al., | Mouse Behaviour: 15T No effect on
1984) pas_sive 72 h behaviour.
avoidance
trials,
locomotor
activity, PTZ
seizure
threshold

(Hong et al., |Rat Learning 05T No effect of
1988) ability 14 d, 3x5 min g’ SMF on
(escape- (postnatal) learning.
avoidance of
mild foot
shock)
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(Nakagawa |Rat Behaviour 06T Performance
& Matsuda, Gor16h d'*, 44 of avoidance
1988) responses
inhibited,
staying low for
2 - 3 wk after
exposure.
(Trzeciak et | Rat Behaviour 049T Decrease in
al., 1993) 2hd' 20d irritability; no
effect on open-
field behaviour,
locomotor
activity.
(Weiss et al., | Rat Behaviour: 0,15,4T Behaviour Consistency
1992) walkinginto | 4 min disruption at 4 | with other
or avoiding T: initially 4 T | high field
magnetic is avoided:; experiments
field trained animals 3(‘;“;‘;33&
322#’“31 stop regior). 'N'ot
encountering a ﬂzizzgc;tfli; d
4T field. or a direct
effect of
SMF
exposure.
(Nolte et al., |Rat Aversiontoa |94 T With one SMF | Consistent
1998) conditioned | 30 min conditioning with other
taste stimulus day, high field
approximately | €xperiments
half of the rats | affecting
showed vespbular
conditioned region. .N.Ot
taste aversion; f:lear ifitis
) ’ | induced
with t'h.reg fields or a
conditioning direct effect
days, 7/8 rats | 5f SMF
showed taste | exposure.

aversion
lasting up to 8
days.
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(Snyder et Rat c-Fos 94T More c-Fos- Consistency
al., 2000) inductionin | 30 min positive cells in | with other
visceral and brainstem: high field
vestibular neural experiments
nuclei of the activation in affecting
rat brain stem visceral and vestibular
vestibular region. .N.Ot
nuclei. _clear ifitis
induced
Counterclockwi | fields or a
se turning direct effect
behaviour after | of SMF
exposure in exposure.
4/6 rats.
(Lockwood et | Mice Behaviour: 14T All restrained | Restraint
al., 2003) locomotor 30 min and stress might
activity, unrestrained suppress
conditioned mice effect
taste developed somewhat,
aversion CTA; a or effect
(CTA) significant might be
number enlarged
displayed tight | 94S ©©
O movement
circling and of
suppression of | nrestrained
rearing. Effects | gnimals
larger in
unrestrained
mice.
(Houpt et al., | Rat Behaviour: 7Tor14T Exposure Follow up of
2003) locomotor > 30 min suppressed experiments
activity, rearing and of Nolte et
conditioned induced tight | al- 1998.
taste circling and Influence of
aversion CTA restraint
(CTA) acquisition; stress
strongest unknown.

effect with 14
T.

(Tsuji et al., | Mouse Food and 5T
1996) water intake | o4 48 h

Exposure-
dependent
decreased
food, water
intake, body
weight; no
effect on organ
weight.
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(Kimchi & Mole rat | Eight-armed | Artificial Significant Relevance
Terkel, 2001) maze test geomagnetic directional to human
field strength preference health
2d shown unclear.
independent of
light
stimulation;
decrease in
performance
under shifted
SMF.
(Lohmann et | Sea Appropriate | Artificial Significant Relevance
al., 2001) turtles migratory geomagnetic directional to human
(hatchling) | direction field strength preference health
Duration not shown. unclear.
reported
(Strickman et | Mosquito | Blood- 0.1 mT Oriented Advantage
al., 2000) sucking 5 min parallel to SF; |of
two of 3 orientation
species took not clear;
fewer blood disrupted
meals in a feeding
rotating MF possibly
(90° each 15 because of
sec) than in unnatural
the Earth's field
normal MF. conditions.
(Rosen & Parame- Motility 126 mT Reduction in Low
Rosen, cium 48 h velocity, numbers of
1990) disorganization | organisms.
of movement.
(Nakaoka et | Parame- Swimming 068 T Paramecium Lack of
al., 2002) cium orientation 0.5-1sec swam statistics, but
perpendicular | effect clear.
to SMF; no A result of
effect in AC diamagnetic
MF (60 Hz, anisotropy of
0.65T). cilia and
trichocysts?
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MRI or combined exposure studies

(Levine & Mouse Left-right 03T Significant MRI fields
Bluni, 1994) discrimina- 30 min interference present.
tion learning with spatial Animals
ability and discrimination | transported
serum learning; 12 miles
melatonin variable between
levels melatonin MRI unit
levels. and
laboratory.
(Levine et Mouse Left-right 20T Significant Possible
al., 1995) discrimina- 100 min interference confound-
tion learning with spatial ing with
ability and discrimination | other MRI
serum learning; no magnetic
melatonin changes in fields.
levels serum
melatonin
levels.
(Innis et al.,, |Rat Spatial 015T No effect on
1986) memory test | 23 min spatial
memory.
(Ossenkopp |Rat Open field 015T No effect.
etal., 1986) behaviour 225’ 23.3 min,
and passive
avoidance 5d
test
(Messmer et | Rat Taste 1.89T No effect. Positive
al., 1987) aversion 30 min control
paradigm group
(injected
with 0.15 M
lithium
chloride)
developed
taste
aversion.

Studies considered to be uninformative

(Grzesik et al., 1988)
(Nikolskaia et al., 1999)
(Nikol'skaia et al., 2000)
(Phillips et al., 2001)
(Nikolskaia & Echenko, 2002)
(Wiltschko et al., 2002)
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7.2.2.2 Musculoskeletal system

The body musculature is, by and large, an effector organ of the
nervous system. The skeletal system of animals provides an articulated
frame against which the muscles of the body act to produce movement. In
most animals, muscle contraction can be rapid, and results from the
inherent excitability of muscle fibres. Muscles of the gastrointestinal tract
and cardiovascular system are also under nervous system control, but
have more of a ‘housekeeping’ regulatory role.

The bones of the skeletal system are relatively stable, but undergo
constant remodelling in response to mechanical stresses. Piezoelectric
effects within the bone are thought to have a role in this remodelling
process, through the generation of electric fields.

7.2.2.2.1 Muscles

The biomechanical activity of muscle results from its chemical,
electrical and mechanical excitability. The release of neurotransmitter
from a motor nerve terminal results in an action potential in the muscle
fibre that is transmitted along the cell membrane, activating a contractile
mechanism. In vivo regulation of the biomechanical activity of the
muscles is a complicated and integrated process. Animal models are very
useful for investigation of the processes of in vivo effects of static
magnetic field action on the processes of regulation of muscle activity.

The effects of chronic application of 0.02 T on specific ATPase
activities, and bioelectrical and biomechanical responses, in isolated rat
diaphragm muscle have been reported by Itegin et al. (1995). The mean
activities of Na'-K' ATPase and Ca’* ATPase determined from
diaphragm homogenates were significantly higher in the magnetic field
exposed group, but that of Mg”" ATPase was not significantly lower
compared to the control group.

Static magnetic field effects on motor nerve conduction and
resting membrane potential on muscle have been reported by Hong et al.
(1986) and Itegin et al. (1995). The resting membrane potential,
amplitude of muscle action potential, and overshoot values have been
investigated. The latency was found to increase in the experimental group,
and all the above-mentioned bioelectrical differences between the groups
were statistically significant. Force of muscle twitch was found to
decrease significantly in the magnetic field-exposed group. This finding
was attributed to the augmenting effect of magnetic field on Ca”" ATPase
activity. According to Itegin et al. (1995), these results suggest that static
magnetic field exposure changes specific ATPase activities and, hence,
bioelectrical and biomechanical properties in the rat diaphragm muscle.
Hong et al. (1986) described measurements of motor nerve conduction
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and excitability on the tail nerve of anaesthetized rats before and after
nerve exposure to a static magnetic field of various intensities and
durations. No significant change was found in either the distal latencies or
the amplitudes of the compound muscle action potential (CMAP)
measured from stimulating the tail nerve after it was exposed to 1.2 T for
60 seconds. However, the nerve excitability expressed as changes of the
amplitudes of the submaximally evoked CMAP increased significantly
when the tail nerve was exposed to a static magnetic field with a magnetic
flux density higher than 0.5 T for more than 30 seconds.
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Table 18. Muscles

Authors

Animal

Endpoint

Exposure

Results

Comments

Static magnetic field effects

(Itegin et al.,
1995)

Rat
diaphragm
muscle

ATPase
activities and
bioelectrical
and
biomechan-
ical
responses.

02mT
4hd’, 19 wk

Na™-K*
ATPase and
Ca* ATPase
activity
increased;
Mg?" ATPase
not increased;
resting
membrane
potential,
amplitude of
muscle action
potential, and
overshoot
values
lowered.

(Hong et al.,
1986)

Adult
Sprague-
Dawley
albino rat

Motor nerve
conduction
and
excitability

03-12T

15, 30 or
60 sec

No effect on
nerve
conduction.

Increased
motor nerve
excitability at
>0.5Tand
t> 30 sec.
Effect
disappeared
1 min after
termination of
exposure.
Effects dose
related.

Anaesthe-
tized with
intraperito-
neal chloral
hydrate.

Studies considered to be uninformative

(Gorczynska & Wegrzynowicz, 1986b)
(Tamaki et al., 1987)

(Takeshige & Sato, 1996)

(Satow et al., 2001)

7.2.2.2.2 Bone growth

Osteoblasts and osteoclasts cells are dynamic components in this
stable and slow-changing system. Environmental factors that have direct
or indirect action on these two types of cells in bone tissue can play a very
important role in processes of remodelling and re-shaping of the bones, as
well as bone healing processes. The long bones are first modelled in
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cartilage and transformed into bone by ossification that begins in the shaft
of the bone (enchondral bone formation). Osteoblast precursors secrete
factors that affect osteoclast development, an observation that is not
surprising given the necessity of maintaining a balance between
resorption and formation. The influence of static magnetic fields on the
growth of rodent bones has been studied using various methods. In
general, low field strengths and long exposure times were employed.

Yan et al. (1998) implanted magnetic rods in rat femurs. The flux
density close to the magnet was approximately 180 mT at most, while at 5
mm from the rod it was practically zero. The authors claimed to have
observed a decrease in bone mineral density and calcium content in
femurs implanted with non-magnetized rods at 12 weeks after the
procedure. The authors concluded that normal bone mineral density and
calcium levels were observed when the rods were magnetized. However,
no significant differences seemed to be present in the data. It is likely that
the statistical analysis of the data was incorrect. A further indication for
this might be that the authors also claimed to observe changes in bone
mineral density and calcium in the areas of the femur where the flux
density was zero.

The same group also studied the effect of the same procedure in
rat femurs that were made ischaemic (Xu et al. (2001). In this case,
exposure lasted for 3 weeks. The authors observed significant differences
between magnetized and unmagnetized rods only in the parts of the bone
where the flux density was zero. Again, the statistical analysis of the data
seems problematic. The authors speculated that exposure to the static
magnetic field from magnetized rods resulted in an improvement in the
blood circulation, leading to an improvement of bone growth. It is
difficult to envisage that this would have an effect only in the unexposed
areas. These experiments seem well-performed, but the analysis of the
data is flawed. There is no effect of the implanted magnetic rods on bone
growth.

Camilleri and McDonald (1993) used permanent magnets to apply
100 mT for 1 to 10 days to the sagittal sutures of rats. They observed a
transient reduction in thymidine uptake at 3 days after the start of
exposure, but no difference in tetracycline-incorporation. No effect on
bone growth and inhibition of cell division could be demonstrated.

Fracture healing in a rabbit radius was studied by Bruce et al.
(1987). They applied 22 - 26 mT for 4 weeks, using permanent magnets,
and determined the force needed to break bone units consisting of ulna
and radius, which could not be separated without damaging the healing
callus. Greater forces were needed to break the static magnetic field-
exposed units. The authors suggested that static magnetic fields might
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accelerate the maturation of tissues, leading to thicker trabecular bone and
thereby increasing the strength of a callus. However, no histological
differences were detected.

The presumed effect of static magnetic field exposure on bone
remodelling has led to the exploration of the use of permanent magnets in
orthodontics to accelerate the repositioning of teeth. Tengku et al. (2000)
studied the effect of such orthodontic magnets on the movement of the rat
tooth. The magnets resulted in maximum flux densities of 10 - 17 mT and
remained in position for 1 - 14 days. Tooth movement was identical in the
animals treated with magnets and those treated with equal seized
unmagnetized weights. However, a transient greater root resorption, an
increased width of the periodontal ligament space and greater activity of
clastic cells that are needed for bone remodelling were observed at 7 days
in the animals with magnets. The force exerted by the device was reduced
to zero by day 7 and remained so until day 14. It is possible that only
force-induced alterations are influenced by the static magnetic field, but
the overall effect on tooth movement is nil.

The influence of much higher fields on bone formation has also
been studied. Kotani et al. (2002) implanted mice with pellets containing
bone morphogenetic protein (BMP) 2 and exposed them for 60 hours to
an 8-T field. Bone growth in and around the pellets was significantly
higher in the exposed animals compared to the unexposed controls. The
orientation of bone formation was parallel to the static magnetic field. The
authors speculated upon several mechanisms, varying from alterations in
membrane phospholipids to static magnetic field-induced mechanical
stress, both leading to osteoblast differentiation. Exposure to a strong
static magnetic field in combination with bone morphogenetic protein
might be a clinically viable option for improving bone healing.

Kwong-Hing et al. (1989) used autoradiography and liquid
scintillation to examine acute exposure effects of MRI on dentin and bone
formation in mice. They found that exposure to a standard 23.2 min
clinical multislice MRI (0.05 T) procedure caused a significant increase in
the synthesis of the collageneous matrix of dentin in the incisors. The
results suggest that the magnetic fields associated with MRI can affect
cell activity. The mechanisms that may alter the incorporation of *H-
proline into the predentin layer remain largely speculative. The relative
role of the three magnetic fields (static, radiofrequency, and time-varying)
associated with MRI on the increase in the incorporation of *H-proline
still need to be examined.
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Table 19. Bone growth

Authors ‘Animal ‘Endpoint ‘Exposure Results Comments
Static magnetic field effects
(Yanetal.,, |Rat Bone Implanted | Authors reported a | No effect
1998) formation | magnetic decrease in bone was
rods mineral density observed.
~180 mT (BMD) and Ca
content in femurs
12 wk implanted with non-
magnetized rods
and normal levels in
femurs implanted
with magnetized
ones.
(Xu et al., Rat with | Bone Implanted Bone mineral Stated flux
2001) ischaemic | formation | magnetic density lower in density of
bone rods ligated + 180 mT not
model ~50mT unmagnetized rods |in bone; 50
at 3 wk ; strongest | mT max, but
3wk in proximal and at 5 mm from
distal parts. rod
Enhancement of practically
femoral bone zero (i.e. in
formation. proximal and
distal parts).
(Camilleri & | Rat Bone 100 mT Transient reduction
McDonald, growth 1-10d in thymidine uptake
1993) at 3 d. No difference
in tetracycline-
incorporation. No
effect on bone
growth.
(Bruce et Rabbit Fracture 22 -26 mT | Greater forces Change in
al., 1987) healing 4 wk needed for breaking | breaking
bone units exposed | force not
to SMF; no supported by
difference in histology.
histopathologic
comparison.
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(Tengku et | Rat Orthodon- |[10-17 mT | Greater root No
al., 2000) tic tooth 1-144d resorption, description of
movement increased width of | magnetic
periodontal ligament | material.
space and greater
tartrate-resistant
acid phosphatase
activity at 7 d. SMF
did not enhance
tooth movement.
(Kotani et Mouse Bone 8T Increase of ectopic | Orientation of
al., 2002) formation 60 h bone formation in bone
(induced and around BMP-2- | formation
by containing pellets, parallel to
implanted with orientation of SMF possibly
bone bone formation due to
morpho- parallel to SMF. diamagnetic
genetic anisotropy of
protein membrane
[BMP-Z] _ phospholipid
containing in .
pellets). osteoblastic
cells.
MRI or combined exposure studies
(Kwong- Mouse Formation [0.15T Increase in the
Hing et al., of dentin 23.2 min synthesis of the
1989) and bone collagenous matrix
of dentin in the
incisors.

Studies considered to be uninformative

(Linder-Aronson & Lindskog, 1991)
(Linder-Aronson et al., 1992)
(Darendeliler et al., 1995)
(Linder-Aronson et al., 1995)
(Linder-Aronson et al., 1996)
(Darendeliler et al., 1997)

7.2.2.3 Circulatory system

The circulatory system is the transport system of the organism
that supplies O, and substances absorbed from the gastrointestinal tract to
the tissues, and returns CO, to the lungs and other products of metabolism
to the liver and kidneys. It also has a central role in the regulation of body
temperature, and the distribution of the hormones and other agents that

regulate tissue and cell function.
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Blood, the carrier of these substances, is pumped through a closed
system of blood vessels. The circulation is controlled by multiple
regulatory systems, from blood pressure and heart rate controlling
systems to those maintaining adequate capillary blood flow in all organs
(but particularly in the heart and brain). The main components of the
circulatory system are blood cells (erythrocytes, leucocytes and platelets),
blood plasma (protein and non-protein component) and lymph. This
section is concerned with static magnetic field effects on the circulatory
system and on pharmacologically-induced changes to this system.

7.2.2.3.1 Cardiac function

The rhythmic beating of the heart, which maintains blood
circulation, is driven by periodic waves of electrical excitation These
begin in the pacemaking region of the right atrium, spread through the
right and left atria, triggering atrial contraction, then move through the
atrio-ventricular node and conducting system of the bundle of His to the
ventricular septum and walls, triggering ventricular contraction. This
electro-mechanical process of wave propagation through the heart causes
the pumping action of the heart and the circulation of blood.

Electrical potentials (flow potentials), generated across a blood
vessel by the flow of blood in static magnetic field, have been recorded in
a number of animal species exposed to magnetic fields greater than about
100 mT. While the physiological significance of these flow potentials
remains unclear, they are of great importance in the light of the strong
static fields used by MRI systems for clinical diagnostic analysis. They
result from Lorenz forces acting on moving charges (see chapter 5) which
are generally associated with ventricular contraction and the ejection of
blood into the aorta. They appear superimposed on the T-wave of the
ECG, which indicates the repolarisation of the ventricular heart muscle as
electrical excitability gradually recovers following contraction.

Studies have been performed on a number of animal species.
Briefly, flow potentials have been recorded in rats (Gaffey & Tenforde,
1981), rabbits (Togawa et al., 1967), dogs (Gaffey & Tenforde, 1979),
monkeys (Beischer & Knepton, Jr., 1964; Beischer, 1969; Tenforde et al.,
1983; Gorczynska & Wegrzynowicz, 1989) and baboons (Gaffey et al.,
1980). These and other studies are reviewed by Tenforde (2005). In large
animal species, the flow potential can be detected in the ECG at magnetic
field levels above approximately 0.1 T. The flow potential is a linear
function of field strength up to 1.0 T. At higher field levels, the total
electrical potential at the T-wave locus in the ECG increases more rapidly
as a function of magnetic field strength, possibly as a result of the
superposition of additional, weaker flow potentials. Total electrical
potential also increases with body size; for example, the average increase
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in the T-wave signal amplitude in a 1.0 T field in rats is ~ 75 uV, whereas
it is ~ 175 uV in juvenile baboons. Similar alterations in the ECG have
been observed in humans exposed to strong magnetic fields (see section
8.1.2.2.1).

Three studies have been performed on large mammals. Tenforde
et al. (1983) exposed Macaca monkeys to 0.5 - 1.5 T fields. The authors
observed an increase in the ECG signal amplitude with fields > 0.1 T but
no magnetohydrodynamic effect on blood flow and no effect on blood
pressure. They concluded that there was little or no cardiovascular stress.
Kangarlu et al. (1999) performed cardiac and physiological safety studies
in relation to magnetic resonance imaging in pigs. The animals were
exposed in an MRI machine for 3 h to a field that had a flux density of 8
T at the location of the heart. This did not result in effects on heart rate,
blood pressure, cardiac output or several other vital parameters. Finally,
Bourland et al. (1999) reported that exposure to a static magnetic field of
1.5 T had no effect on the cardiac ectopic beat threshold of anaesthetized
dogs in which a temporary and reversible cardiac arrest had been induced
by vagus nerve stimulation. The ectopic beat was induced by eddy
currents resulting from rapidly switched gradient magnetic fields. A lack
of effect on ectopic beat threshold was also seen in two dogs in which the
heart was beating normally during stimulation.

As part of a study on potentially hazardous effects of magnetic
field produced by MRI on cardiac function in the rat and guinea pig,
Willis and Brooks (1984) exposed the animals to 0.16 T static magnetic
fields only (5 min on, 5 min off, repeated four times). No changes were
observed in blood pressure, heart rate, or ECG. No sham exposures were
performed, but a comparison was instead made between the field on and
field off periods.

Other studies have been more equivocal. Nakagawa (1984)
reported that 600 mT fields for 33 min had no effects of various rabbit
heart rate parameters, but that a transient effect was seen immediately
after exposure to the field. A previous study by Nakagawa (1978)
revealed that reserpine-treated rabbits exposed to 60 mT for 5 weeks had
an increased in heart rate and blood flow when compared with the sham
exposed animals.

Klimovskaia and Smirnova (1975) exposed rabbits to 0.45 T for
30 min or 3 h. They observed a transient hypotension, a decrease in
respiratory rate and a trend towards brachycardia. They also subjected the
animals to accelerations of 6 and 10 G. The compensatory reactions of the
cardiovascular and respiratory system induced by such treatments were
not influenced by SMF exposure.
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In two papers, Gmitrov and Ohkubo (2002a; 2002b) reported the
effects on cardiovascular regulation of exposure to an artificial SMF in
relation to geomagnetic field disturbances. The baroreflex sensitivity
(BRS), arterial pressure and heart rate were determined in rabbits before
and after 40 min of local 0.35 T SMF exposure applied at the position of
the sinocarotid baroreceptor. Increased geomagnetic field disturbances
decreased baroreflex sensitivity, which lead to deregulated blood pressure.
Administration of nitroprusside interrupted the baroreceptor reflex, and
the static magnetic field antagonized this effect. Verapamil, a Ca®'
channel-blocking agent, antagonized the effects of applied static magnetic
field and geomagnetic field disturbances. The authors speculated that
exposure of the sinocarotid baroreceptor to static magnetic field, along
with modification of the pharmacotherapy for hypertension, should be
effective on days with intense geomagnetic disturbance, perhaps through
modulation of Ca®" channel permeability.

Table 20. Cardiac function

Authors ‘ Animal | Endpoint Exposure Results Comments

Static magnetic field effects

(Gaffey &
Tenforde,
1981)

Rat

ECG, heart
rate,
breathing
rate

upto21T

2 -3 min
(ECG, heart
rate, breathing
rate);

15T

5 h (post-
exposure
ECG)

If SMF>0.3T,
T-wave
amplitude
increased in a
field strength-
dependent
manner; no
changes in
heart rate or
breathing rate.

No short-term
or long-term
effects of 5-h
exposure.

Effect might
be caused by
field gradient.

(Tenforde et
al., 1983)

Monkey

ECG, blood
pressure

05-15T

Increase in
ECG signal
amplitude in
fields >0.1T;
no effect on
blood pressure;
magnetohydro-
dynamic effect
on blood flow.
Little or no
cardiovascular
stress.
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(Kangarlu et | Swine Cardiac 8T No effect on
al., 1999) function 3h body
temperature,
heart rate,
ventricular
pressure, and
cardiac output
(Bourland et | Dogs Ectopic beat |1.5T No difference in | Dogs
al., 1999) threshold in Ectopic beats ectopic beat anaesthe-
temporarily | gtimulated by threshold in tised with
arrested and rapidly exposed and pentobarbital
beating changing ungxposed
hearts gradient animals.
magnetic field
(Willis & Rat, ECG, blood [0.16 T No effect on
Brooks, guinea pressure 5 min on, ECG and blood
1984) pig 5 min off, x 4 pressure.
(Nakagawa, | Rabbit Electrophysio | 600 mT Transient No
1984) logical 33 min decrease in description of
responses heart rate after | methods for
exposure. statistical
analysis.
(Nakagawa, | Rabbit Cardiovascul |60 mT Increase in
1978) ar system 5wk heart rate (at 3
and 5 weeks)
and blood
volume of a
central artery of
an ear lobe (2 -
5 weeks) as
compared with
reserpine
treated animals.
(Klimovskaia | Rabbit EEG, arterial {0.45T Transient
& Smirnova, pressure, 30 min and 3 h hypotension;
1975) heart rate, decrease in
respiratory respiratory rate;
rate, bradycardia. No
reactions to decrease of
adrenalin, compensatory
and electrical reactions in

stimulation of
brain

response to
accelerations of
6and 10 G.
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(Gmitrov & | Rabbit Baroreflex 035T Increase in

Ohkubo, sensitivity 40 min BRS by SMF
2002a) (BRS), for nitroprusside
arterial depressor test;
pressure, SMF
heart rate antagonized
decrease in
BRS by

geomagnetic
disturbance.

(Gmitrov & | Rabbit Baroreflex 035T SMF and

Ohkubo, sensitivity 40 min geomagnetic

2002b) (BRS), effect on BRS
arterial antagonized by
pressure and Ca® channel
heart rate blocker.

Studies considered to be uninformative

(Reno & Beischer, 1966)
(Behari & Mathur, 1997)

7.2.2.3.2 Blood pressure

The regulation of blood pressure by the cardiovascular system
during circulatory changes faced normally in everyday life and
abnormally in disease illustrates the integrated operation of the
cardiovascular regulatory mechanisms.

Hypertension is sustained elevation of the systemic arterial
pressure. The arterial pressure is determined by the cardiac output and the
peripheral resistance (pressure = flow X resistance). The peripheral
resistance is determined by the viscosity of the blood and, more
importantly, by the calibre of the resistance vessels. Hypertension can be
produced by elevating the cardiac output, but sustained hypertension is
usually due to increased peripheral resistance.

Meszaros (1991) investigated effects of 40 mT and platelet
activating factor on blood pressure in rats. Transient hypotension (lasting
1 - 2 hours) was induced by injection of iron beads and 5-min exposure to
the static magnetic field, but this was only seen when the middle part of
the body was exposed and when there were short intervals between bead
injections and static magnetic field exposure. Hypotension was prevented
or reverted by a platelet activating factor antagonist.

Okano and Ohkubo (2001) examined the effects of static magnetic
fields on blood pressure in conscious rabbits. Blood pressure was
pharmacologically altered and a flux density of 1 mT was applied locally
to the ear for 30 min. Blood pressure was decreased by nicardipine, a Ca®"
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channel blocker, or increased by the nitric oxide synthase inhibitor
N(omega)-nitro-L-arginine methyl ester (L-NAME). Static magnetic field
exposure counteracted the effects of both drugs. However, the field was
only locally applied to part of the ear. The exposed area is probably too
small to alter blood pressure in the entire animal, especially in the
presence of the pharmacological agents. The effect might possibly have
been mediated by the autonomic nervous system.

The study by Okano and Ohkubo (2003a) is a continuation of the
above-mentioned paper (Okano & Ohkubo, 2001). In this case, they
investigate anti-pressor effects of whole-body exposure to a static
magnetic field (5.5 mT for 30 min) on pharmacologically-induced
hypertension in conscious rabbits. A suppression of both noradrenaline-
induced and L-NAME-induced vasoconstriction and hypertension was
observed, but there was no effect on microcirculation and blood pressure
without pharmacological treatment. The mechanisms of the reduction of
artificial hypertension are unknown.

Okano and Ohkubo (2003b) investigated the effects of static
magnetic fields on the development of hypertension using young male,
stroke resistant, spontaneously hypertensive rats (SHRs) beginning at 7
weeks of age. The animals were exposed to static magnetic fields of 3.0 -
10.0 mT or 8.0 - 25.0 mT for 12 weeks. Static magnetic fields suppressed
and retarded the development of hypertension for several weeks in both
exposed groups to a statistically significant extent when compared with
an unexposed group. A recent paper by Okano et al. (2005a) indicated
that a static magnetic field at 5 mT, but not at 1 mT, suppressed and
retarded hypertension, and also reduced plasma concentrations of NO
metabolites, angiotensin II and aldosterone, in rats. The antipressor effects
are probably related to the extent of reduction in plasma levels of
angiotensin II and aldosterone in the SHRs. Okano et al. (2005b) also
reported that static magnetic fields in the range of 7.5 - 25.0 mT applied
for 2 - 12 wks reversed reserpine-induced hypotension and bradykinesia
in rats.

133



Table 21. Blood pressure

Authors ‘Animal ‘Endpoint

‘ Exposure ‘ Results

Comments

Static magnetic field effects

(Meszaros,
1991)

Rat

Blood
pressure

40 mT
5 min

No effect after
saline+ SMF.
Rapid decrease
in arterial blood
pressure, lasting
1-2h after
iron+SMF; only
seen when
middle part of
body was
exposed and
with short
interval between
iron and SMF;
hypotension
prevented or
reverted by PAF
antagonist.

(Okano &
Ohkubo,
2001)

Rabbit

Blood
pressure
(BP) and
cutaneous
micro-
circulation

1mT
30 min

Reduced
vasodilatation,
enhanced
vasomotion;
antagonized
reduction of BP;
attenuation of
vasoconstriction,
suppression of
elevation of BP.

(Okano &
Ohkubo,
2003a)

Rabbit

Pharma-
cologically
induced
hypertension

55mT
30 min

No effects in
normal animals.
Hypertension
suppressed by
SMF.

(Okano &
Ohkubo,
2003b)

Rat

Blood
pressure

3-10o0r
8-256mT

12 wk

SMF
suppressed and
retarded
hypertension.
Also reduction in
angiotensin |l
and aldosterone.
No dose effect.
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(Okano et |Rat Reserpine- 3.0-10.0, | SMFin the

al., 2005b) induced 7.5-25.0 |rangeof7.5-2
hypotension | mT 5.0 mT for
reversed
reserpine-
induced

hypotension and
bradykinesia
compared with
sham-exposed
reserpine-
treated rats.

(Okano et |Rat Blood 03-1or |[SMFat1-5mT
al., 2005a) pressure 1-5mT suppressed and
12 wk retarded

hypertension.
Also reduction in
NO, angiotensin
Il'and
aldosterone.

7.2.2.3.3 Blood flow

One possible site of the action of static magnetic fields is on blood
flow. As a dynamic system of movable charges, this system is one that is
at a susceptible point for static magnetic field action on the level of
organism. Ohkubo and co-workers in Japan have performed a series of
experiments in rodents. Most studies concerned acute effects of short
exposures to low flux densities.

Ohkubo and Xu (1997) studied cutaneous microcirculation in
conscious rabbits using an ear chamber, a device that allows direct
observation of cutaneous capillaries. A flux density of 1, 5 or 10 mT was
applied for 10 min. Static magnetic field exposure induced non-dose-
dependent changes in vasomotion in a biphasic manner. With high
amplitude of vasomotion, static magnetic fields induced vasoconstriction;
with low amplitude of vasomotion static magnetic fields induced
vasodilation. The physiology of this effect is still unclear. It could be the
result of autonomic nervous system regulation mechanisms, or
stimulation and suppression of normal metabolism in tissues that is
related to changes in oxygen consumption. Immobilization stress cannot,
however, be excluded.

In another study from this group, Okano et al. (1999) performed a
more extensive investigation of the biphasic effect. They exposed
conscious rabbits to 1 mT for 10 min while either increasing the vascular
tone by noradrenaline administration, or decreasing it using acetylcholine.
Static magnetic fields resulted in vasodilatation and increased vasomotion
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under high vascular tone and in vasoconstriction and decreased
vasomotion under low vascular tone. Thus, static magnetic fields
counteract the effects of noradrenaline and acetylcholine.

Gmitrov et al. (2002) studies the effect of exposure to 0.2 and
0.35 T static magnetic fields on haemodynamics in anaesthetized rabbits.
They found an increased blood flow during and after exposure, when
compared with pre-exposure baseline and sham exposed controls. The
authors postulated that long exposure to high level non-uniform static
magnetic fields modifies microcirculatory homeostasis through
modulation of the local release of endothelial neurohumoral and paracrine
factors that act directly on the smooth muscle cells of the vascular wall,
presumably by affecting ion channels or a second messenger system.
However, data analysis in this paper is not completely clear. In the
controls, anaesthesia resulted in a decrease in blood flow. A similar
mechanism might be the cause of the observed trend for a decrease in
blood flow after cessation of static magnetic field exposure.

In a study by Xu et al. (1998), subchronic effects of a locally
applied static magnetic field on cutaneous microcirculation in rabbits
were observed. The microcirculation was studied using ear chambers in
conscious animals after exposure, by Sm-Co permanent magnets attached
to the ear chamber, to 180 mT for 24 hours to 4 weeks. Exposures for 1 -
3 weeks significantly increased the amplitude of long-lasting
vasodilatation and enhanced the vasomotion. The increased vasomotion in
the exposed group decreased again to the initial values after exposure. It
is peculiar that a short 1-mT exposure still has a measurable effect after
prolonged 180 mT exposure. Xu et al. (2001) studied acute
microhaemodynamic effects of whole-body exposure in anaesthetized
mice to static magnetic fields. Exposure was to 0.3, 1 and 10 mT for 10
min. An increased peak blood velocity was observed for flux densities of
1 mT or higher. The effect remained for up to 35 hour after exposure.

The effects of short exposures to very high flux densities of 8 T
on blood flow were investigated in three studies by Ichioka. Such a strong
magnetic field could evoke induction of electrical potentials and
magnetomechanical forces. Ichioka et al. (1998) exposed anaesthetized
rats for 20 min and measured microcirculatory blood flow. Following
exposure, blood flow initially increased for about 5 min, and gradually
decreased and returned to control level thereafter. The effect is probably a
rebound of the reactive hyperaemia and the action of magneto-
hydrodynamic forces that induced a reduction of blood flow during
exposure.

In a more elaborate study that followed this preliminary one,
Ichioka et al. (2000) observed that a high-intensity static magnetic field
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(again 8 T applied for 20 min) can simultaneously modulate skin
microcirculation and body temperature in anaesthetized rats. A decrease
of the skin blood flow and temperature during exposure were observed,
both of which tended to recover after cessation of exposure. It is possible,
however, that the anaesthesia reduced the temperature-controlling
mechanisms. In a subsequent study, Ichioka et al. (2003) demonstrated
that an 8-T field induced water vapour movement over the body of the
animals, thereby decreasing the humidity in the air around the animals.
This may well explain the decrease in skin temperature observed in the
earlier experiments. In a study with both mice and rats exposed to a
uniform 1.5 T field and to a 60 T m™ gradient field, Tenforde (1986b)
found no effects on core body temperature of exposures up to 3 h in
duration.

Table 22. Blood flow

Authors Animal Endpoint Exposure Results Commen

ts

Static magnetic field effects

(Ohkubo & Rabbit Cutaneous 1,5,10 mT Non-dose-

Xu, 1997) rr_1icro- o 10 min dep_er_1dent
circulation in variation of
rabbit ear vasomotion;10
chamber sec. latency

(Okano et al., | Rabbit Cutaneous 1mT Vasodilatation,

1999) micro- 10 min vasomotion under
circulation in noradrenaline-
rabbit ear induced high
chamber vascular tone;

vasoconstriction,
reduced

vasomotion under
acetylcholine-
induced low
vascular tone.

(Gmitrov et Rabbit Micro- 025T Increased blood Data
al., 2002) circulation 80 min flow during and analysis
after exposure not fully

when compared clear.
with pre-exposure
baseline and
control
experiments.
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(Xu et al., Rabbit Cutaneous 180 mT Vasodilation,
1998) micro- 24 h -4 wk enhanced
circulation in vasomotion at 1 -
rabbit ear 3 wk, disappears
chamber thereafter.
(Xu et al., Mouse Muscle 0.3, 1, 10 mT | Peak blood
2001) capillary 10 min velocity increased
micro- at1and 10 mT.
circulation
(Ichioka et al., | Rat Cutaneous 8T After exposure, 5
1998) micro- 20 min min increase in
circulation in blood flow, then
dorsal return to control
skinfold values.
chamber
(Ichioka et al., | Rat Cutaneous 8T Decreased skin
2000) micro- 20 min blood flow and
circulation in temperature
dorsal skin during exposure;
pocket rectal temperature
tended to
decrease.
(Ichioka et al., | Rat Skin 8T Skin temperature
2003) temperature | 5 min decrease related
changes to SMF-induced
decrease in
humidity around
the body.
MRI or combined exposure studies
(Tenforde, Rat, Temperature (15T + No effects on core
1986b) mouse changes 60 Tm" temperature.
upto3h

Studies considered to be uninformative

(Lud & Demeckiy, 1990)
(Steyn et al., 2000)

7.2.2.3.4 Blood brain barrier

The tight junctions between capillary endothelium in the brain and
between the epithelial cells in choroid plexus effectively prevent proteins
from entering the adult brain and slow the penetration of smaller
molecules. The rate of passage of molecules is inversely proportionate to
their size and directly proportionate to their lipid solubility. This barrier to
the exchange of substances between the brain and the blood and

cerebrospinal fluid is referred to as the blood-brain barrier.
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Shivers et al. (1987) reported that exposure to a short clinical MRI
procedure (0.15 T) elicited a temporary dysfunction of the blood-brain
barrier in rats. Recovery of normal blood-brain barrier function was
completed 15 - 30 min following cessation of the MRI exposure.

Prato et al. (1990) exposed adult rats to a clinical MRI procedure
at 0.15 T. They measured the concentration of a radioactive tracer, *>Gd-
DTPA, in whole-brain homogenates and in blood samples. A significant
increase in the blood-brain barrier permeability was observed in the MRI
exposed group compared to a sham exposed group. Prato et al. (1994)
also exposed adult rats to various exposure scenarios. An MRI
examination was simulated in two animal groups. A third group was
exposed to a pure static field of 1.5 T and a fourth group to 1.89 T. A
significant increase in the blood-brain barrier permeability was observed
in one of the MRI exposed groups, whereas a decrease was found,
compared to a sham exposed group, in the other MRI exposed group.
Both groups exposed to static magnetic fields showed significant
increased blood-brain barrier permeability only when compared to their
respective sham controls. However, the extent of increase in permeability
was small and within the range of diurnal variation. In addition and as the
authors noted, interpretation is complicated by the fact that the increased
tracer concentration in brain tissue could also have resulted from an
increase in cerebral blood volume, without any change in the permeability
of the blood-brain barrier.

Table 23. Blood Brain Barrier

Authors ‘ Animal | Endpoint Exposure Results Comments

MRI or combined exposure studies

(Shivers et al., | Rat Blood brain | 0.15 T (MRI) | Temporary
1987) barrier (BBB) | 23 2 min opening of BBB,
recovered
15 - 30 mins
after exposure.
(Prato et al., Rat Blood brain  [0.15 T (MRI) |BBBP
1990) barrier 2x23.2min | significantly
permeability increased.
(BBBP)
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(Prato etal., |Adult Blood brain | 1.5 T (MRI); |BBBP increased

1994) male barrier 1.5T (MRI after regular
Sprague | permeability | with reduced | MRI, but
-Dawley | (BBBP) RF and decreased after
rat increased modified MRI.
gradient Both SMF only

field); 1.5 T levels increased
(SMF only); |BBBP.
1.89 T (SMF

only)
2 x22.5 min

7.2.2.3.5 Blood cells

The results from several researchers are quite contradictory. This
may be due to different testing systems, as well as to different magnetic
field exposures (static magnetic fields alone, static magnetic fields in
combination with RF exposure, etc.).

Atef et al. (1995) reported effects on haemoglobin structure and
function of 10 min exposures to magnetic fields of 0.4 T. No changes in
dimensions and shape of haemoglobin molecules were observed, but a
decrease in auto-oxidation reaction rate was found. It was suggested that
auto-oxidation might be reduced by static magnetic field exposure
through a stabilizing effect on the tertiary conformation of haemoglobin.
Bhatia (1999) detected an increased phagocytic activity at 37 °C and a
decreased activity at 27 °C after exposing mice to 1.4 T for 60 min.
However, the changes involved a maximum of 25% and the clinical
relevance of this observation is questionable.

Feinendegen and Muhlensiepen (1987) reported an increase in
thymidine kinase activity in mouse bone marrow cells after static
magnetic field exposures from 0.2 to 1.4 T for 5 to 30 minutes. The mice
were anaesthetised and body temperature was manipulated using a
thermostatically controlled chamber. Thymidine kinase activity was
increased at a body temperature of 27 °C and decreased at 37 °C. The
effects were not lasting. The measured values returned to baseline within
several minutes after completion of static magnetic field exposures. The
differences in the size of the experimental groups (with a range from 9 to
45 mice) and the lack of information concerning the controls are
weaknesses of the study. Stegemann et al. (1993) reported about the
effects on the activity of acetylcholinesterase in mouse bone marrow cells,
which was inhibited by about 20% after a static magnetic field exposure
of 30 min to a 1.4 T field. However, they did not mention the number of
the control animals nor the conditions that they were kept in. As the
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experiments were obviously not blinded, it is unclear whether or not there
was bias in the reporting of static magnetic field-associated effects.

The viability of bone marrow cells in vivo can be tested by
isolating these cells, injecting them in recipient animals, and counting the
number of spleen colonies formed. In a follow-up experiment to the one
cited above, Peterson et al. (1992) used this technique to study the effect
of variations in field strength (0.5 - 1.4 T), exposure time (15 - 60 min)
and body temperature (20 - 37 °C) on murine bone marrow cells. An
increase in cell viability was observed after a 30 min exposure to 1.4 T
only with a body temperature of 27 °C, but not with lower or higher
temperatures. No effect was seen with lower field strengths. When the
body temperature was kept constant at 27 °C and the field strength at 1.4
T, an effect of exposure duration was found: that is, longer exposure
resulted in higher cell viability. The authors speculated that the specificity
of the effect might be membrane related.

Several other studies reported on the effects of long-term
continuous or intermittent static magnetic field exposure. Tenforde and
Shifrine (1984) examined the effects of long continuous magnetic field
exposure (6 d at 1.5 T) on the immune system of mice being exposed to a
static magnetic field. No effects were detected.

Gorczynska and Wegrzynowicz (1983) and Gorczynska (1987b)
published several studies regarding long intermittent magnetic field
exposure (maximum 0.3 T, 1 h d”', 7 weeks maximum). Gorczynska
described alterations in the coagulation system, in blood cell numbers,
and in the haematopoietic organs of guinea pigs. In nearly every study
published by this group, effects were described which were more or less
linked to static magnetic field exposure. Unfortunately, only limited
information is given about the experimental and environmental conditions.
The data reported in the publications appear to be incomplete and the
statistical analysis, if mentioned, seems to be questionable.
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Table 24. Blood cells

Authors ‘ Animal | Endpoint Exposure | Results Comments
Static magnetic field effects
(Atefetal., |[Mouse |Haemoglobin |[0.1-0.4T |No changesin
1995) structure and | 10 min dimensions or
function shape of Hb
molecule;
decrease in
auto-oxidation
reaction rate.
(Bhatia, Mouse | Membrane 14T Increased The increase or
1999) and 60 min phagocytic decrease of
receptors of activity at 37 °C | phagocyte
the reticulo- and decreased | activity is a max
endothelial activity at 27 °C | of ~ 25 %.
cells of bone Relevance is
marrow unclear.
(Feinendegen | Mouse | Thymidine 0.2-1.4T |Dose-dependent | Effects were
kinase 5-.30min |increase at body |only measurable
Muhlensiepen acitivity temperatures of | for minutes, not
, 1987) 27 °C and 29 °C, | lasting.
decrease at Relevance is
37 °C. Max unclear.
effect in 30 min,
return to
baseline in
5-10 min.
Membrane
effect?
(Peterson et | Mouse |Numbersof [>14T Increase in
al., 1992) spleen |spleen > 15 min number of
colonies | colonies at o spleen colonies
(CFU- | different 20-37°C  |ifsmF exposure
S7d) body was at least for
temperatures 30minat14T
at a body
temperature of
27 °C. Specificity
of effect may be
membrane
effect.
(Stegemann | Mouse | Acetylcholin- [ 1.4 T Max inhibition at | Reduction of
et al., 1993) esterase 30 min 3.5 (27 °C) or approximately
activity 2 h (37 °C); 20%. Relevance
incomplete is unclear.
recovery at 15 h.
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(Tenforde & |Mouse |Humoraland |1.5T No effects.
Shifrine, cell-mediated 6d
1984) immune
responses
(Gorczynska | Guinea | Platelet count; |5, 300 mT | Decreased No statistical
\%v | pig platelet 1hd", platelet count; test specified.
1 g%%")zynow'cz aggregation; | 7 increased
prothrombin platelet
and partial aggregation;
thromboplastin increased
times; prothrombin and
fibrinogen and partial
fibrinolysis thromboplastin
times;
decreased
fibrinogen,
increased
fibrinolysis.
(Gorczynska | Guinea | Myelopoiesis | 0.05, 0.3 T | Alterations in
1987b) pig 1hd?, numbers of
7 wk various blood
cells,
independent of
exposure time.
(Gorczynska | Guinea | Ceruloplasmin | 5, 300 mT | Drop in
1987a) pig activity and 1hd?, ceruloplasmin
iron content in 7 wk activity;
serum; liver unchanged
and spleen serum iron
morphology content;
morphological
changes of
spleen;
functional

disturbances of
liver.

Studies considered to be uninformative

Barnothy & Barnothy, 1970)

Battocletti et al., 1981)

(
(
(Turieva-Dzodzikova et al., 1995)
(

Zhernovoi et al., 2001)

7.2.2.3.6 Blood serum enzymes

Blood serum is a colloid system with proteins and an inorganic
component. Some of the proteins have a transport function, some have an
immune defence function and some are enzymes. The accent in this
section is especially on static magnetic field effects on enzyme activity in
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blood plasma. Most of the studies reviewed below were judged to be
scientifically weak.

Gorczynska and Wegrzynowicz (1984; 1985; 1986a; 1986b; 1989)
and Gorczynska (1986; 1987a; 1988) have published a series of
experiments on the effects of static magnetic field exposure on various
outcomes. Guinea pigs were used in the majority of experiments, but use
was also made of rabbits and rats. The exposures were homogenous static
magnetic fields created by a ‘resistive electromagnet’, with exposure
levels varying between 0.005 T and 0.3 T. Animals were exposed for one
hour per day, 1 - 7 weeks. Control animals were placed for one hour per
day in glass vessels similar to the ones used with the exposed animals.
For almost all of the studied outcomes, an effect of the exposure was
found that was independent of exposure level, but that generally increased
with the duration of exposure. The findings included an indication of
decreased concentration of serum protein, an increase in acid phosphatase
activity, increased Na' concentration, indications of increased K"
concentration, decreased chloride concentration, decreased glutamic
pyruvic transaminase (GPT) activity, an increased level of fibrinogen
degradation products (FDP) and a corresponding decrease in the
concentration of fibrinogen in plasma. No morphological changes in the
cardiac or skeletal muscles, kidneys, cerebellum, and lung tissue were
observed. In one experiment using Wistar rats (Gorczynska &
Wegrzynowicz, 1989), effects were independent of both magnetic field
level and duration of exposure, showing increased GPT activity, increased
glutamic oxaloacetic transaminase (GOT) activity, increased lactic
dehydrogenase activity, increased alkaline phosphatase activity, and
reduced cholinesterase activity for all exposure levels regardless of
exposure duration (1 - 7 weeks). However, experimental setup was only
briefly described, and there was no description of animal pre-
experimental conditions or of their conditions during the experiment. The
statistical methods used were also not described.

Watanabe et al. (1997) studied lipid peroxidation in the liver,
kidneys, heart, lungs, and brain of mice exposed to 3.0 T or 4.7 T for 1, 3,
6, 24, or 48 hours, or to a sham control. No effect was found at 3.0 T
exposures, whereas lipid peroxidation in liver, but no other organ, was
increased after 3 hours or longer of exposure to 4.7 T. Increased lipid
peroxidation in liver and GOT and GPT activities, were found after
administration of CCL, combined with exposure to 4.7 T, exceeding the
effect of each exposure alone.

Osbakken et al. (1986) studied effects of exposure to a 1.89 T
superconductive magnet on adult and offspring mice. The study design
included cage-control groups, control groups housed in the magnet room
20 feet from the magnet, and exposed groups housed in the magnet room.
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Animals were exposed during a certain part of the day, for one to three
months, for a total of 360 - 624 h. Animal populations and their living
conditions were clearly described. No consistent differences were found
in gross and microscopic morphology, haematocrit and white blood cell
counts, or in plasma creatine phosphokinase, lactic dehydrogenase,
cholesterol, triglyceride, or protein concentrations.

Papatheofanis and Papatheofanis (1989a; 1989b) studied acid
and alkaline phosphatase activity in bone and blood, and calcium and
phosphate ion concentrations, in serum from exposed, sham-exposed, and
cage controlled groups of mice. Animals were exposed for 30 minutes per
day during 10 consecutive days to a 1 T homogenous static magnetic field
generated by an electromagnet. No effects were found on ion
concentrations or any of the other studied endpoints.

Table 25. Blood serum, enzymes

Authors

‘Animal | Endpoint

Exposure

Results

Comments

Static magnetic field effects

(Gorczynska &
Wegrzynowicz,
1984)

Guinea
pig

Serum protein
concentration

0.005-0.3T
1hd”, 6 wk

Indication of
decrease in
serum protein
concentration
dependent on
duration of
exposure, but
not on magnetic
field level.

Weak
methodology.

(Gorczynska &
Wegrzynowicz,
1985)

Guinea
pig

Acid and alkali
phosphatase

0.005,0.3T

1hd”
1-7 wk

Increase of
acid, but not
alkali
phosphatase
regardless of
exposure level.

Weak
methodology.

(Gorczynska &
Wegrzynowicz,
1986a)

Guinea
pig

K*, Na* and
chloride
concentra-
tions in serum

0.005-0.3T
1hd”, 6wk

Increasing Na®,
decreasing CI’
in serum; no
statistically
significant
effect on K*. No
differences
were found 14
days after
exposure
cessation.

Weak
methodology.
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(Gorczynska & | Guinea | Glutamic 0.005, 0.05, |Changes in Weak
Wegrzynowicz, |pig pyruvic 0.1,0.3T enzyme activity | methodology.
1986b) transaminase |4, d", 7 wk related to
(GPT) activity exposure
and duration; no
morphological morphological
changes in the changes.
cardiac or Decrease of
skeletal GPT in guinea
muscles, pig, but
kidneys, increase in rat
cerebellum, (see 1989
and lung paper below).
(Gorczynska & | Rat Cytoplasmatic |0.008, 0.15 T | Increased Weak
Wegrzynowicz, enzymes, 1hd" activity of methodology.
1989) cholinesterase |1 _7 wk cytoplasmatic
activity, enzymes (GPT,
alkaline GOT, LDH),
phosphatase decreased
activity cholinesterase
activity,
increased
alkaline
phosphatase
activity;
independent of
exposure
intensity or
duration;
reversible,
return to normal
2 months after
experiment.
(Gorczynska, Rabbit | Fibrinogen 0.005, 0.12, |Increased Weak
1986) degradation 03T fibrinogen methodology.
products 1hd", degradation
24wk product related
to duration of
exposure, not
to dose.
(Gorczynska, Rabbit | Fibrinolysis 0.005, 0.1, Duration- Weak
1988) 03T dependent methodology.
1hd”, 4wk increase in rate

of fibrinolysis.
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(Watanabe et | Mouse | Lipid 3.0,47T Increase of lipid
al., 1997) peroxidation, 1,3,6,24, or peroxidation in
GOT and GPT (481 the liver after
activity exposure to 4.7
T,butnot3.0T.
The increase
did not vary
with duration of
exposure.
Effect of
exposure to 4.7
T on GOT or
GPT, only after
treatment with
CCL,. No effect
on lipid
peroxidation in
kidney, heart,
lung, or brain.
(Osbakken et | Mouse | Gross and 189T No effects. Weak
al., 1986) microscopic 360 h over methodology.
morphology; | 4 month -
haematocritand | go4 h over
white blood cell | 3 months
counts; plasma
creatine
phosphokinase,
LDH,
cholesterol,
triglyceride and
protein
concentrations
(Papatheofanis | Mouse |Boneacidand [1T No effects. Weak
& alkaline 30 mind”, methodology.
Papatheofanis, phosphatase 10d
1989a) activity
(Papatheofanis | Mouse | lonic and 1T No effects. Weak
& enzymatic 30mind™, methodology.
Papatheofanis, constituents of 10d
1989b) the circulatory
system, e.g.
blood alkaline
phosphatase,
acid
phosphatase,
calcium ion
concentration
and phosphate
ion
concentration
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7.2.2.4 Endocrine system

The endocrine system, like the nervous system, adjusts and
correlates the activities of the various bodily systems to the changing
demands of the external and internal environment of the body.

The pineal and pituitary neuroendocrine glands, both situated in
the brain and under neural control, release hormones into the blood stream
that exert a profound influence on body metabolism and physiology,
partly via their influence on the release of hormones from other endocrine
glands situated elsewhere in the body. For example, hormones from both
the pineal and pituitary glands play a central role in the control of
reproduction.

7.2.2.4.1 Pineal gland

The pineal gland, or epiphysis, secretes melatonin, which
functions as a timing device to keep internal physiological processes
synchronized with the light-dark cycle in the environment. Melatonin is
produced and released by the pineal gland only during the dark. Changes
in day length can be taken as a marker of season, and melatonin has an
important role in controlling the onset of reproduction in seasonally
breeding animals.

A series of experiments from the University of Mainz, Germany,
have focused on the effects of static magnetic field exposure on pineal
gland melatonin synthesis and cell activity. An artificial magnetic field
was generated by a pair of Helmholtz coils, of either 1.5 m or 3.0 m in
diameter, creating an inversion of the horizontal component of the Earth’s
magnetic field. The response of pineal cells from guinea pigs and rats to a
direct stimulation of a static magnetic field was investigated in two
experiments (Semm et al., 1980; Reuss et al., 1983). The majority of cells
(80% of cells from guinea pigs and 67% from rats), did not respond at all,
while the remaining cells elicited different types of responses, e.g.
inhibition in the guinea pig (Semm et al., 1980) or excitation of activity in
the rat (Reuss et al, 1983). A decrease in pineal serotonin-N-
acetyltransferase (NAT) activity and melatonin content (measured per
gland) in rats was found after exposure during 15 minutes or 2 hours
before midnight in an initial experiment (Welker et al., 1983).

An additional series of experiments were performed to elucidate
the mechanism(s) through which magnetic fields affect NAT activity and
melatonin content. NAT activity and melatonin content in acutely blinded
rats were not affected by 30 minutes exposure to a magnetic field, in
contrast to the decrease that was found in intact animals (Olcese et al.,
1985). In another experiment, the effect was found to be species
dependent, but independent of ocular pigmentation. That is, a reduction of
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NAT activity and melatonin content was found both in albino Sprague
Dawley rats and in Long-Evans hooded rats, but no effect was found in
golden hamsters (Olcese & Reuss, 1986). However, a later study showed
that pigmentation was important; no effect was seen in pigmented gerbils,
whereas NAT activity was decreased by exposure in male albino gerbils
(Stehle et al., 1988). Another study demonstrated that the effect was
found only in the presence of dim red light (Reuss & Olcese, 1986). The
number of animals in most of the above-described experiments was small,
it is unclear whether animals were randomized into experimental groups,
the ages of animals were not clearly reported, and levels of NAT activity
varied considerably between control groups of the same species in
different experiments.

A Swiss research group exposed rats to a one hour inversion of
the horizontal component of the Earth’s magnetic field, and compared
pineal cyclic adenosine monophosphate (cAMP) content to that in
unexposed siblings (Rudolph et al., 1988). A 38% reduction of cAMP
was found in exposed rats. In another rat experiment, no effect on NAT
activity or melatonin content was found after exposure to an artificial
magnetic field that compensated for the Earth’s natural magnetic field
(Khoory, 1987).

Kroeker et al. (1996) exposed rats to a static magnetic field that
could vary between 5x10° T and 0.08 T. One daytime and one nighttime
control group was used. The magnetic field was created by placing a disk
magnet on the bottom of each animal cage. No effects of the magnetic
field exposure on melatonin content were found in any of the
experimental groups. The only group with lower melatonin content was
the daytime control group.

Jankovic and collaborators studied aspects of the immune system
and melatonin in rats. In one study (Jankovic et al., 1991), they implanted
small magnets, or same size iron beads, a number of days before or after
immunization or challenge with various biochemical agents. Several
immune response markers showed significantly elevated levels with the
various static magnetic field treatments, while they were not visible in
sham exposed or sham operated subjects. It is difficult to determine any
localization information from this study (while the magnets are small, so
are rat brains). Following suggestions from other research in
magnetosensitivity, the authors studied the influence of magnetic fields in
combination with pinealectomy, with appropriate controls (Jankovic et al.,
1993; 1994). Magnetic fields again increased the immune response, and
the absence of the pineal reduced the same markers, but the papers failed
to make a strong case for linking the two.
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Lerchl et al. (1990; 1991) reported an influence of intermittent
exposure to a 40 uT static magnetic field on serotonin and melatonin
metabolism in laboratory animals. The results were supported by Yaga et
al. (1993), who reported changes in diurnal melatonin rhythm from pulsed
static magnetic fields (40 pT) that resulted in a net reduction of melatonin
secretion. In contrast, Levine et al. (1995) exposed mice to a 2 T pulsed
magnetic field without an effect on melatonin secretion. In all these
studies, the exposure contained time varying components due to rapid
field switching or pulsing. Thus, firm conclusions on static magnetic field
effects cannot be drawn from the results.

Table 26. Pineal gland

Authors ‘ Animal ‘ Endpoint | Exposure Results Comments
Static magnetic field effects
(Semm et al., Guinea | Electrical Artificial Depression of
1980) pig activity of | geomagnetic | pineal activity by
pineal cells |field strength |an induced SMF;
restoration by the
inverted SMF.
(Reuss et al., Rat Electrical Artificial Activation of Variable
1983) activity of | geomagnetic | pineal cells responses.
pineal cells |field strength |continued after
4 -5 min switching off the
magnetic stimuli.
(Welker et al., Rat Pineal Artificial Reduction of Seem to
1983) serotonin- | geomagnetic | nocturnal pineal |report
N-acetyl- field strength | NAT activity and | selected
transferase |5 melatonin content | results.
(NAT) by changing the | Weak
activity; inclination of the | methodology.
melatonin ambient SMF,
content 63 - 58°, 68° or
78°.
(Olcese etal.,, |Rat Pineal Avrtificial Reduction of Incomplete
1985) serotonin- | geomagnetic | nocturnal pineal | description of
N-acetyl- field strength | NAT activity and | methodology.
transferase | 30 min melatonin content
(NAT) in intact rats; no
activity; effects in blinded
melatonin rats.
content
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(Olcese & Rat, Pineal Artificial Reduction of Incomplete
Reuss, 1986) hamster | serotonin- | geomagnetic | nocturnal pineal | description of
N-acetyl- field strength | NAT activity and | methodology.
transferase |30 min melatonin content | NAT activity
(NAT) by 50° rotation of |in unexposed
activity and the horizontal rats was
melatonin component of the | considerably
content ambient SMF in | lower than in
rats; no effectin | their previous
hamsters. study (1985).
(Stehle et al., Mongo- | Pineal Atrtificial Decreases in Results not
1988) lian serotonin- | geomagnetic | nocturnal pineal | fully
gerbil, N-acetyl- field strength | NAT activity and | reported.
rat transferase | 30 min melatonin content | Incomplete
(NAT) in albino gerbils | description of
activity and and rats methodology.
melatonin regardless of sex;
content no effect in
pigmented
gerbils.
(Reuss & Rat Pineal Avrtificial Magnetic field Method-
Olcese, 1986) serotonin- | geomagnetic | reduces ological
N-acetyl- field strength | nocturnal NAT uncertainties;
transferase 15 min and activity, and | variable
(NAT) HIOMT activity, control data.
activity and only under dim
hydroxyl- red light. No
indole-O- effect of the field
methyl- alone.
transferase
(HIOMT)
activities
(Rudolph et al., |Rat Pineal Inverting of | Decrease in Methodology
1988) cAMP horizontal pineal cAMP. inadequately
component described.
of natural
SMF
1h
(Khoory, 1987) |Rat Pineal N- | Artificial No effect on NAT | Unclear if
acetyl- geomagnetic | activity or randomized.
transferase | field strength | melatonin Experiment
(NAT) 30 min content. not blinded.
activity,
melatonin
content
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(Kroeker et al., |Rat Neuro- 80mTor7 T | No effect on Unclear if
1996) chemistry [1ohand8d |melatonin, randomized.
catecholamines, | Experiment
serotonin, or their | not blinded.
metabolites.
(Jankovic et al., | Rat Weight 60 mT The highest
1991) change: 14,24, 34 immune
spleen, and 36 d response was
thymus observed with
Immune exposure of the
response: occ_lpltal brain _
plaque- region for 24 d in
forming cell the SMF group.
(PFC)
response,
haemag-
glutinin
production,
local hyper-
sensitivity
skin
reactions,
experi-
mental
allergic
encephalo-
myelitis
(EAE),
antibody
production,
peripheral
blood
CD4+ and
CD8+ cells
(Jankovic et al., | Rat Immune 60 mT Increased
1993) response: |oq ¢ immune
plaque- response in the
forming cell presence of
(PFC) implanted
response magnets.
and Reduced immune
hemag- response in the
glutination absence of the
reaction pineal gland.
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(Jankovic et al., | Rat Weight 60 mT Various immune | Results are
1994) change: 29,39 d responses were | more
spleen, increased by supportive of
thymus SMF. interactions
Immune SMF recovered | With some
response: decrease of other
plaque- immune reactions | Structure
forming cell caused by than the
(PFC) pinealectomy. pineal gland.
response, No
haemag- description of
glutinin methods for
production, statistical
local hyper- analysis.
sensitivity
skin
reactions,
MRI or combined exposure studies
(Lerchl et al., Mouse, |Pineal Inversion of | Pineal serotonin Age of
1990) rat serotonin horizontal increased; in rats: | animals not
metabolism | component increase of pineal |reported.
of Earth's 5-hydroxyindole Unclear if
magnetic acetic acid, randomized.
field decrease of Experiment
5 min, 5 min serotonin-N- not blinded.
off, 1 h; rapid acetyltransferase
on/off activity; pineal and
switching of | Serum melatonin
field levels not altered.
(Lerchl et al., Rat Serotonin- | Inversion of | Reduced Age of
1991) N-acetyl- horizontal serotonin-N- animals not
transferase, | component | acetyltransferase |reported
melatonin, |of Earth's activity, lower (but little
serotonin, magnetic melatonin; variation in
5-hydroxy- | field increased body
indole Rapid on/off serotonin, 5- weight).
acetic acid switching of hydroxyindole Unclear if
field acetic acid; effects | randomized.
not due to SF, but | Experiment
to on/off switching | not blinded.
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(Yaga et al., Rat Pineal 40 uT, Suppression of Age and sex
1993) pineal serotonin- | pulsed pineal NAT of animals
glands | N-acetyl- 45 min activity, and not reported,
transferase melatonin content | however,
(NAT) by exposure little
activity, during mid- or late | variation in
melatonin dark phase; no weight.
content changes after Unclear if
exposure early in | randomized.
the dark phase or
during the day.
(Levine et al., Mouse |Serum 2T No effect on
1995) melatonin | 100 min melatonin levels.
levels

7.2.2.4.2 Other endocrine gland effects

Other endocrine gland functions under static magnetic field action
were reported by Gorczynska and Wegrzynowicz (1991a). They
measured glucose homeostasis in rats after exposure to 1 mT and 10 mT
fields for 10 days. They observed relatively small, but significant and
consistent, changes, such as increased glucose levels, decreased insulin
release. They interpreted the observed immune system changes as stress
responses. Sutter et al. (1987) also studied effects on body weight and
insulin release in rats after long, intermittent exposures to 0.4 T or 0.8 T
fields. They saw no changes in organ or body weights. Although the two
field levels affected glucose oxidation, the changes for the two field levels
had different signs.

Teskey et al. (1987) exposed rats to MRI fields for 20 minutes per
day for 5 or 21 days and evaluated survivability, hormone levels and
weight parameters 13-22 months after the exposure. They found no
differences from controls at this distant observation point.
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Table 27. Other endocrine glands

Authors ‘ Animal | Endpoint Exposure Results Comments
Static magnetic field effects
(Gorczynska | Rat Glucose 1,10 mT Slight increase | Subtle but
& homeostasis |1h d'1, 10d in glucose, relatively solid
Wegrzynowicz insulin release | effects.
1991a) decreased,
glucagons
content
increased as
compared to
controls.
(Sutter et al.,, |Rat Pancreatic 400, 800 mT | In adipocytes, Opposite
1987) insulin 2hd”, 5d wk™ | 400 mT signs of the
content and in increased effects on
vitro insulin insulin- glucose
release of stimulated 1-"'C- | oxidation.
Langerhans glucose
islets; glucose oxidation and
and insulin 800 mT
plasma diminished it; no
levels; body effect on body
and pancreas weight.
weight
MRI of combined exposure studies
(Teskey et al., | Rat Survival, 0.15T No effect on
1987) stress 22.5mind”, |hormone levels
reactions 5d; and weight
233 mind", |parameters at
21d 13 - 22 months
after the
exposure. No
change in
survivability.

7.2.2.5 Reproduction and development

Few studies have examined the effect of static magnetic fields on
fertility. Most studies concern possible effects on the developing embryo
and fetus (teratogenic effects). Key factors in the investigation of the
potential teratogenic effects of any agent include an awareness of the
potential sensitivity of the different developmental stages and the
underlying developmental processes. Periods of cell proliferation and
migration are particularly vulnerable to many teratogens. With regard to
statistical analyses, those based on the numbers of affected fetuses (as
used by some authors) will tend to overestimate the significance of any
effect seen. This is because the assumption that individual fetuses within
a litter are independent leads to an underestimate of the true variance.
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7.2.2.5.1 Male fertility

Withers et al. (1985) did not detect any effect on spermatogenesis
after exposing mice to a magnetic field of 0.3 T for 66 hours. Narra et al.
(1996) reported slight changes in spermatogenesis and embryogenesis in
mice exposed at 1.5 T for 30 min, but no abnormalities in sperm head
shape (although the data were rather variable). Tablado et al. (1996; 1998;
2000) reported that maturation of sperm movement in mice, as well as
postnatal testicular and epididymus development, was largely unaffected
by either single, short-term exposure, or intermittent (1 h per day) or
continuous, long-term exposure at 500 - 700 mT. In 1996, no effects on
sperm motility, maturation and production were reported after exposing
mice to a maximum of 0.7 T, 24 h d”' for a maximum of 35 days. Tablado
et al. (1998) used the same experimental set up two years later and
reported sperm head abnormalities. However, developmental changes in
the testes were not detected by the same authors in a subsequent
experiment when dams were exposed, starting at the 7" day after
gestation until birth (Tablado et al., 2000).

Table 28. Male fertility

Authors ‘ Animal ‘ Endpoint ‘ Exposure ‘ Results Comments
Static magnetic field effects
(Withers Mouse |Spermato- 0.3 T No effect on
etal., 1985) genesis 66 h spermatogenesis.
(Narraetal., |Mouse |Spermato- |1.5T Reduction in
1996) genesis, 30 min testicular sperm; no
embryo- increase in sperm
genesis head shape
abnormalities;
decreased survival of
pre-implantation
embryos.
(Tablado et | Mouse |Sperm 07T No effect on sperm
al., 1996) develop- 1or24hd’ motility, maturation,
ment 100r35d | production
(Tablado et | Mouse |Sperm 07T More sperm head
al., 1998) develop- 1or24 hd' |abnormalities with
ment 35d " | continuous exposure;
no effect on tail.
(Tablado et | Mouse | Testis 05-07T No effect up to 35
al., 2000) develop- d7of days of age.
ment gestation to
day of birth

156




7.2.2.5.3 Mammalian development — static field exposure

Studies of possible teratogenic effects on mammalian species are
more relevant to humans than are those on non-mammalian species. An
early, rather comprehensive study by Sikov et al. (1979) did not find any
effect of exposure to a static field of 1 T, either before implantation,
during organogenesis or during fetal development, on the pre-natal and
post-natal development of mice. A later study by Konermann and Monig
(1986), which focused particularly on cortical development in mice, also
found no developmental effect of exposure to fields of 1 T. Similarly,
Zimmermann and Hentschel (1987) also reported a lack of effect on
development in mice following exposure to a static magnetic field of 3.5
T over the whole period of gestation. More recent studies of mice exposed
to fields of 4.7 T (Okazaki et al., 2001) and 6.3 T (Murakami et al., 1992)
confirmed the lack of effect of exposure during organogenesis on in utero
mouse development.

More variable results have been seen in two studies looking at
possible developmental effects in rats. Mevissen et al. (1994) reported a
significant decrease in the number of live fetuses per litter in rats exposed
for the entire period of gestation to a 30 mT static field. The authors
suggested that such exposure might be embryotoxic. A significant
increase in the total number of resorptions and number of fetuses with
common skeletal variants was also reported, although, as indicated above,
the significance of findings based on individual fetuses may well be
overestimated.

Table 29. Mammalian development - static field exposure

Authors ‘Animal | Endpoint Exposure Results Comments
Static magnetic field effects
(Sikov etal., |Mouse Prenatal and |1 T for No consistent Small litter
1979) postnatal varying effects seen on numbers
development | periods for prenatal or post- and large
up to the natal development. | litter
whole of variability
gestation preclude
firm
conclusions
(Konermann | Mouse Prenatal 1T No effect.
& Monig, development | 4 7 10
1986) 13 d post
conception
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(Zimmermann | Mouse Reproduction, | 3.5 T With mating during
& Hentschel, development, during 7-d period in field,
1987) haematology mating and reduced number of
whole period pregnancies (less
of pregnancy | Mating); no
(18 d) teratology and
pathology.
(Okazaki et Mouse Fetal 47T No effect on
al., 2001) development |5 4 prenatal death and
malformations but
enchondral
ossification
enhanced and
vascular
endothelial growth
factor reactivity
altered.
(Murakami et | Mouse Fetal 6.3T No significant
al., 1992) development 1h d'1, d7- effects on litter
d 14 of size, fetal weight,
gestation intrauterine
mortality rate, or
skeletal
abnormalities.
(Mevissen et | Rat Reproduction, | 30 mT Decreased fetal
al., 1994) fetal d 1-d 20 of survival; no
development pregnancy, malformations;
or whole increased skeletal
period of ossification;
pregnancy postnatal growth
enhanced after
exposure during
whole pregnancy.

Studies considered to be uninformative

(High et al., 2000)

7.2.2.5.4 Mammalian development — MRI exposure

The exposures of pregnant mouse dams to all three magnetic field
used in MRI (static, gradient and RF), have been examined by three
research groups. While such exposures are more realistic (regarding MRI),
any observed effects cannot be reliably attributed to any single field
component. Significant heating, which can result from excessive RF
magnetic field absorption, is a known teratogen (see Edwards et al., 2003).
In addition, high levels of acoustic noise, resulting from rapid gradient
field switching, may induce stress-related effects. A lack of effect,
however, indicates that if the experimental model used was appropriate
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and the experimental design of sufficient power, none of the above
conditions would have significantly affected the outcome.

Tyndall (1993) examined the effects of exposure for 36 min to a
1.5 T field (plus unspecified gradient and RF fields) on day 7 of gestation,
during development of the anterior neural plate. An increased percentage
of fetuses per litter with reduced craniofacial perimeter and crown-rump
length was reported in the exposed groups compared to sham exposed
animals. The author discussed RF-induced heating as a possible
mechanism, although no rise in body temperature was recorded. Earlier
studies (Tyndall, 1990; Tyndall & Sulik, 1991) reported that a similar
exposure increased the incidence of eye abnormalities in the same strain
of mouse (which is prone to this condition), but did not enhance the effect
of x-ray-induced increases in this endpoint.

Heinrichs et al. (1988) carried out a comprehensive study of the
effects of exposure of mice for 16 h around the same period (~ day 9
gestation) to MRI fields where the static magnetic field was 0.35 T.
Pulsed gradient and RF magnetic fields were also present. There were no
effects on the incidence of prenatal deaths, nor that of skeletal defects, but
crown-rump length was significantly reduced in the MRI-exposed group.
This effect may have been overestimated; however, since the analysis was
based on the number of affected fetuses and appeared to neglect litter
effects (see above). The authors noted that the noise generated within the
magnet (by the switched gradient fields) may have been stressful. They
further commented on the 10% reduction in body weight seen in both
exposed and sham exposed groups due to dehydration over the 16 h
treatment period.

An earlier study (Carnes & Magin, 1996) had reported
significantly reduced fetal weight, which is strongly influenced by litter
size, in mice exposed for 8 h on day 9 gestation to a 4.7 T static magnetic
field, a switched gradient field and a 200 MHz RF field where the whole-
body power absorption (specific energy absorption rate, or SAR) was
estimated as 0.015 mW kg™'. Sound levels were not provided. No effect
was seen after exposure on day 12 of gestation, nor after exposure on day
9 and day 12 combined. In addition, no effect was seen on the number of
fetal deaths in any MRI exposure group. Sperm production, which was
not significantly affected in the study described above (Magin et al.,
2000), was significantly reduced in mice exposed on day 12 gestation, but
not on day 9, nor on day 9 and 12 combined. Overall, even ignoring the
differences in experimental protocol, it is difficult to conclude that the
effects described in the two studies are reproducible, either within or
between the studies. A more likely explanation is of spurious differences
introduced by small numbers, incomplete analysis, and variable data.
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Later studies by Magin, Carnes and colleagues (Carnes & Magin,
1996; Magin et al., 2000) examined the effects of exposure of mice on
days 9 and/or 12 gestation, i.e. during organogenesis, to static magnetic
fields of around 4-5 T, combined with switched gradient and RF fields. In
the study by Magin et al. (2000), mice were exposed to a static field of 4
T, a switched gradient field and a 170 MHz RF field, for which the
average whole-body SAR was estimated to be 0.2 W kg'. Litter size was
unaffected, but significantly increased numbers of resorptions and fetal
deaths occurred in the group exposed on day 12 of gestation, but not on
day 9, nor on days 9 and 12 combined. In addition, a significant increase
in the rate of acquisition of motor skills was seen in the mice exposed on
day 9 of gestation, whereas this was decreased in the group exposed on
day 12. However, the numbers of pregnant dams per treatment group
were rather small, the analyses often based on total numbers rather than
numbers affected per litter, and the data were rather variable. Furthermore,
only the exposed groups experienced the loud (90 - 100 dB) acoustic
noise generated by the switched gradient fields.

Table 30. Mammalian development - MRI exposure

Authors ‘ Animal ‘ Endpoint Exposure ‘ Results ‘ Comments
Static magnetic field effects
(Tyndall, 1993) |Mouse |Crown-rump 15T Decreased
length and 36 min crown-rump
craniofacial length and
perimeter craniofacial
perimeter.
(Tyndall, 1990) | Mouse |Eye 15T No effect on
developmental | |ass than x-ray-induced
abnormalities | 1 1 on eye
induced by abnormalities.
x-radiation at |97 of
up to 30 cGy gestation
(Tyndall & Mouse |Eye 15T Increased
Sulik, 1991) development |35 min g7 |number of
of gest’ation malformations.
(Heinrichs Mouse | Placental 035T Reduction of
et al., 1988) resorptions, 16 h crown-rump
stillbirths, fetal begi;ming length and fetal
weight at birth | 5n°q 8 of weight.
and crown- gestation
rump length
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(Carnes & Mouse |Fetal growth, [4.7T Reduction of Small
Magin, 1996) postnatal 8h,d9, sperm number,
development, |4 12 of production in incomplete
testicular gestation adults. anaIyS|s,
development variable data.
(Magin et al., Mouse |Fetal growth, (4T No effect. Small
2000) postnatal 1or2x9h number,
development incomplete
analysis,
variable data.

7.2.2.5.2 Development in non-mammalian vertebrate embryos

In contrast to mammals, where development of the embryo and
fetus occur in utero, amphibian and avian embryos develop in eggs,
which are in some ways easier to experimentally manipulate. However,
effects on such development may be less directly relevant to humans than
studies on mammals.

An early, preliminary study by Brewer (1979) reported an
inhibitory effect of static magnetic field exposure of 0.05 T on the
reproduction of fish. However, the data were not analyzed. In contrast,
Asahishima et al. (1991) reported that magnetic shielding (5 nT) induced
early developmental abnormalities in the newt. The control data were,
however, rather variable.

The possibility that strong magnetic field gradients may affect
embryonic development in amphibia has been raised by IARC (2002).
Early studies (Neurath, 1968; Ueno et al., 1984) had described abnormal
growth and increased malformations in such embryos exposed to a static
field of 1 T with field gradients of 10 - 1000 T m!. However, Mild et al.
(1981) reported a lack of effect on the development of amphibian
embryos of exposure to a spatially homogeneous static magnetic field of
0.25 T for up to 7 days. In addition, later studies by Ueno et al. (1990;
1994) briefly reported a lack of developmental effects following exposure
during the early stages of development to 6.34 and 8 T fields, but it was
not clear whether such exposure included strong field gradients.

More recently, Denegre et al. (1998) investigated the effect of
exposure to static magnetic field of up to ~ 17 T on the first three
cleavages of the fertilized egg of the African clawed toad Xenopus laevis
used previously by Ueno et al. (1984; 1994). The authors found that the
second and third cleavage oriented parallel to the plane of the magnetic
field. The proportion of cleavages parallel to the field increased with field
strength above around 2 T, to a maximum effect at around 17 T. The
largest effects occurred in the homogeneous field rather than the gradient
field, and the authors suggested that the effect resulted from the
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interaction with diamagnetically anisotropic molecules in the mitotic
apparatus, possibly the microtubules of the spindle formation. These
effect on the mitotic apparatus of cells exposed to high magnetic fields
(up to 22 T) were confirmed in a further study by Valles et al. (2002).
However, it is not clear whether the effects reported by Denegre et al.
(1998) altered the proportion of eggs that developed into normal tadpoles.

Espinar et al. (1997) reported effects on cell migration and on
differentiation of the cerebellar cortex in chickens after a long continuous
exposure to 20 mT. The changes included cell degeneration and delay in
the process of neuronal differentiation. Jové et al. (1999) found slight
changes in the rate of development of chick embryos, including the pineal
gland, in chicks exposed to static magnetic fields of 18 or 36 mT for up to
15 days incubation.

Behr et al. (1991) found no effects on embryonic development
from exposure to a 4 T static magnetic field before and during incubation
of chick embryos. MRI-specific exposure combinations with ELF and RF
fields were also investigated in the study, but they are not relevant in this
context.

Prasad et al. (1982; 1990) evaluated the effects of MRI exposure
in an amphibian (frog) system. In one study (Prasad et al., 1982) frog
spermatozoa, eggs and embryos were exposed to 0.7 T in combination
with RF fields for 20 minutes. In another experiment fertilized frog eggs
were exposed to a maximum of 4.5 T, again in combination with RF
fields, for 60 minutes (Prasad et al., 1990). No deleterious effects were
detected. Yip et al (1994a; 1994b; 1995) found no effect on the
development of the central nervous system of exposed chickens in a total
of three studies highlighting the effects of long continuous MRI field
exposure (6 hours at 1.5 T in combination with RF and gradient fields).
Kay et al. (1988) evaluated the exposure effects of MRI on frog
embryogenesis. They found no abnormal morphology, function, or
developmental delays of frog embryogenesis.
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Table 31. Development in non-mammalian vertebrate embryos

Authors

‘Animal ‘ Endpoint

Exposure

Results

Comments

Static magnetic field effects

(Brewer,
1979)

Fish

Reproduction

0.05T

3
generations

1st generation:
reduced
gestation time;
2nd: reduction
spawn rate;
3rd:
reproduction
inhibited.
Increase in
size with
exposure.
Effects
reversed after
removal from
field.

No statistics.

(Asashima
etal., 1991)

Newt

Development

5nT
5d

Increased
number of
abnormalities.

Variable data

(Ueno et al.,
1984)

Frog

Embryonic
development

10T;
different
gradients

8-12h

No effect of

1 T field. Minor
malformations
with gradient
field exposure.

(Mild et al.,
1981)

Frog

Embryonic
development

025T
upto7d

No effect.

(Ueno et al.,
1990)

Frog

Embryonic
development

45,6.34T
upto 20 h

No effect of
6.34 Tup to
7Thordb5T
up to 20 h on
rapid cleavage
and
differentiation.

(Ueno et al.,
1994)

Frog

Embryonic
development

40nT,8T
upto20h

No difference
in development
between
control (Earth
magnetic field),
magnetic
shielded

(40 nT) and
8T.
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(Denegre et
al., 1998)

Frog

Development

1.74-167T
duration?

Alteration of
cleavage
planes (dose
response).
50% abnormal
embryos with
parallel SMF
(no dose
effect), no
abnormal
embryos with
perpendicular
SMF.

(Valles, Jr. et
al., 2002)

Frog

Embryonic
development

17-22T
duration?

Exposure
during first two
cell cycles
induced third
cycle mitotic
apparatus and
the third
cleavage plane
to align without
changing cell
shape.

(Espinar et
al., 1997)

Chicken

Brain
development

20mT

24 hatd®,
or from d 0-
d13

Exposure-
dependent
irreversible
effects on cell
migration and
differentiation
of cerebellar
cortex.

(Behr et al.,
1991)

Chicken

Embryonic
development

1,4T

18.8, 37.6,
56 or 75.1
min

No effect.

Includes SMF
only group,
but no
statistics.

(Jové et al.,
1999)

Chicken

Embryo
pineal gland
development

18,36 mT
fromd O -
d 5,10,15

Unequal
promotion of
embryo pineal
gland
development.
Effect
depended on
exposure
intensities and
duration.
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MRI or combined exposure studies

(Prasad et Frog Development [0.7 T + RF No effect.
al., 1982) after 20 min
exposure of
spermatozoa,
eggs and
embryos
(Prasad et Frog Embryonic 0.15,4.5T + | No effect.
al., 1990) development |RF +
gradient
1h
(Yip et al., Chicken | Axonal 15T+ RF + | No effect. Controls not
1995) outgrowth gradient exposed to
6h noise and
vibration as in
MRI.
(Yip etal., Chicken |Brain 1.5 T + RF + | No effect.
1994a) gradient
6h
(Yip etal., Chicken | Embryonic 1.5T + RF + | No immediate | More detailed
1994b) development | gradient effects, but studies should
6h after 6 d higher | be performed,
abnormality as the effect
and mortality | of noise and
rates. vibration
cannot be
ruled out.
(Kay et al., Frog Embryo- 15T+ RF + | No effect.
1988) genesis gradient
2x1hd",
prolonged
exposure

7.2.2.5.5 Developmental effects in non-vertebrate embryos

A few studies have been carried out with non-vertebrate species.

These are phylogenetically distant from mammalian species, but may
nevertheless (in principle) provide useful information. Levin and Ernst
(1997) detected an effect of long continuous low field exposure (10 mT -
100 mT) in a sea urchin model. Ho et al. (1992) reported that static
magnetic field exposure up to 9 mT during early embryogenesis of the
fruit fly caused a dose-dependent increase in the number of abnormalities.
Ramirez et al. (1983) evaluated the exposure effect of weak static
magnetic field (4.5 mT) exposure on oviposition and development of the
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fruit fly. They found no effects on oviposition, but an increase in
mortality of eggs and larvae.

These studies were regarded as relatively uninformative for health
risk assessment.

Table 32. Other developmental effects

Authors ‘ Animal ‘ Endpoint Exposure Results Comments

Static magnetic field effects

(Levin & Ernst, |Sea Embryo 10 mT-0.1T |Onsetof mitosis | Methodology
1997) urchin development | 56 1 delayed, weak.
species-
dependent;
exogastrulation
by 30 mT, not
15 mT in one
species, none in
other.

(Ho et al., Fruitfly Embryo- upto7mT Dose-dependent
1992) larvae genesis 30 min increase in

abnormalities.
9mT

24 h

(Ramirez et al., |Fruitfly Oviposition, |4.5mT No difference in | Variable
1983) development | 44 ¢ oviposition data;
(oviposition) between control |inappropriate

and SMF on analysis.
48 h d 1- 7,

(development) | 5ypidance of

SMF on
d8-14.
Mortality of
eggs, larvae
increased;
adult viability
decreased.

7.2.2.6 Genotoxicity and cancer

Animal studies are often used in the evaluation of suspected
human carcinogens, either screening for an increased incidence of
spontaneous tumours or for the incidence of tumours induced by known
carcinogens.

7.2.2.6.1 Genotoxicity and mutagenesis

Genotoxic effects of exposure to static magnetic fields have been
mostly examined in cell cultures (see section 7.1.7). Few in vivo studies
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of genotoxicity or possible effects on other carcinogenic processes have
been carried out.

Kale and Baum (1979) were unable to detect an enhanced
mutation rate in the fruit fly Drosophila melanogaster exposed up to ten
days to 1.3 T, and up to seven days to 3.7 T. In a subsequent study, Kale
and Baum (1980) examined the effect of a long, continuous magnetic
field exposure (166 h at 3.7 T) on chromosomal mutations in D.
melanogaster, but were not able to detect any measurable magnetic field-
induced changes. Koana et al. (1995; 1997) exposed D. melanogaster and
their larvae to a 0.6 T magnetic field for 24 hours and observed a decrease
of the surviving mutant genotype adults. The same group (Koana et al.,
1997) also studied 5 T static magnetic fields for 24 hours and observed an
enhancement of somatic recombination that was suppressed by vitamin E
supplement. However, the genotoxicity equalled the effect of half to a
quarter of the daily sunlight in Japan, thus making its clinical relevance
questionable.

More recently, Suzuki et al. (2001) used a standard micronucleus
assay and reported a significant, time-dependent and dose-dependent
increase in micronucleus frequency in mice exposed to static magnetic
fields of 2, 3 or 4.7 T for 24, 48 or 72 h. Micronucleus frequency was
significantly increased following exposure to 4.7 T for all three time
periods, and to 3 T after exposure for 48 or 72 h, whereas exposure to 2 T
had no significant effect. The authors suggested that exposure to higher
fields may have induced a stress reaction, or directly affected
chromosome structure or separation during cell division.

With regard to combined exposures, Prasad and his co-workers
(1984) examined the possible effects of exposure to RF and static
magnetic fields on DNA in a study using mice. They did not find any
chromosomal damage after exposing mice to 30 MHz in a magnetic field
of 0.75 T for 60 minutes.

In 1995 Rofsky et al. reported the effects of MRI exposure (1.5 T
static magnetic field with gradient and RF magnetic fields) with and
without administration of the MRI contrast agent gadopentetate
dimeglumine in a rat model (Rofsky et al., 1995). Neither magnetic fields
alone nor the combination with contrast agent resulted in measurable
chromosomal damage.
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Table 33. Genotoxicity and mutation

Authors ‘ Animal ‘ Endpoint Exposure Results Comments
Static magnetic field effects
(Kale & Baum, | Fruitfly, |Lethal 1.3-3.7T No effect.
1979) egg, mutations 24 h,10d
larva, low field,
pupa 7 d high
and field
adult
(Kale & Baum, | Fruitfly Lethal 37T No effect on
1980) mutations 166 h production of
induced sex-
linked, recessive,
lethal mutations.
(Koana et al., |Fruitfly, |Genotoxicity (0.6 T Decrease of
1995) 1st and 24h surviving mutant
2nd genotype adults.
instar
larvae
(Koana et al., | Fruitfly, |Genotoxicity 5T Enhancement by
1997) 3rd and 24 h SMF of somatic
instar mutagenesis recombination,
larvae no effect on non-
disjunction,
terminal
deletions, gene
mutations. Effect
suppressed by
vitamin E
supplement.
(Suzuki et al., | Mouse Micronucleus |2,3,4.7T Increased
2001) frequency 24,48, 72 h | number of
micronuclei at
higher exposure
intensities and
longer durations.
MRI or combined exposure studies
(Prasad et al., | Mouse Chromo- 0.75T No effects, no | Exposure to
1984) somes in 1h chromosomal | SMF and RF.
bone marrow damage.
(Rofsky et al., |Rat Unstable 15T+ RF + | No effect of
1995) chromosomal | gradient MRI alone or in
damage in T1 (5.45 min) | combination
regenerating |and T2 with
liver cells (10.45 min) gadopentetate
imaging dimeglumine.
sequences
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7.2.2.6.2 Cancer

Few studies investigating the potential carcinogenicity of static
magnetic fields have been carried out. With regard to possible effects on
induced tumours, Bellossi (1984) reported a lack of effect on survival
time in mice with chemically-induced epidermal tumours that were
exposed to up to 800 mT for up to 1 h per day for 5 days per week until
death was reported. In a later study, Mevissen et al. (1993) reported that
exposure of rats to a magnetic field of 15 mT for 13 weeks did not
significantly affect the incidence of chemically-induced mammary
tumours, nor did it affect the number of tumours per animal compared
with controls, although the weight per tumour was significantly increased.
A complication is that the tumour multiplicity was reduced in rats treated
with a static magnetic field as compared to the reference control, although
the difference was not statistically significant. However, it is hard to draw
any conclusions from this study because of the large range of tumour
weights and the relatively small group size.

The growth of transplanted tumours were reported to be
unaffected by exposure of mice to static fields of at least 1 T (Bellossi &
Toujas, 1982; Bellossi, 1986c). Bellossi and colleagues studied the effect
of static field exposure on the growth of tumours in mice injected with
Lewis Lung tumour cells. Exposure to uniform static fields of up to~1 T
for up to 8 h per day for 5 days per week until death had no effect on the
survival time (Bellossi & Toujas, 1982). Neither did exposure to non-
uniform static magnetic fields of up to ~ 1 T, with gradients of up to 3 T
m™ (Bellossi, 1986c¢). The same group also studied the influence of static
magnetic field exposure on spontaneous development of lymphoblastic
leukaemia in mice (Bellossi, 1986b). Neither uniform nor non-uniform
static magnetic fields had an effect. A somewhat longer lifespan was
observed after intermittent exposure to 600 - 800 mT, but the number of
animals in this group was quite small. The experimental procedures and
analysis of the data in all these studies were rather briefly described,
reducing the confidence that can be placed in them.
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Table 34. Cancer

Authors ‘Animal ‘ Endpoint Exposure Results Comments
Static magnetic field effects
(Bellossi, |Mouse |Methyl- 25-600 mT No effect on Methods
1984) cholanthren |5, d”, 5d wk splenic index incomplete.
carcino- or survival.
genesis 400 mT
5,10, 15, 30 or
60 mind”,
5d wk”
300, 600 or
800 mT
30 min d”" for
unspecified
time
(Mevissen |Rat Develop- 15 mT Increased Small sample
etal., ment of 91d tumour weight. | size and large
1994) mammary range of tumour
tumors weights; source
induced by of increased
DMBA tumour weight
not stated.
Histopathology
showed no
obvious
peculiarities.
(Bellossi Mouse | Tumour 13-900 mT No effect on Small group
& Toujas, growth 05,1,2,3, or survival after size. Also
1982) 4hd' 5dwk’ grafted Lewis | missing
from 2 months Lung tumour. statistics, but
of age until there are no
death obvious
differences.
(Bellossi, Mouse | Tumour 0.4 mT uniform | No effect on
1986¢) growth SMF; non- life span,
uniform SMF: | splenic weights
average or thymic
gradient 3 Tm™ | weights.
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(Bellossi,
1986a)

Mouse

Neither uniform
nor non-
uniform SMF

Small group size
for 600 - 800 mT
intermittent.

Spon- 400 - 800 mT
taneous 2hd", 5dwk"
carcino- 46 mT
genesis, from age 9 wk
survival up to death

had effects on
development of
viral
lymphoblastic
leukaemia.
Longer lifespan
after 600 - 800
mT
(intermittent).

Studies considered to be uninformative

(Imajo et al.,

1989)

(Gray et al., 2000)

(Tofani et al.

, 2003)

7.2.2.7 Other biological endpoints

This summary covers the category of studies that did not fit neatly
into the other animal sub-categories. These studies are generally of a poor
quality and were not considered informative for human health assessment.

Table 35. Other biological endpoints

Authors ‘ Animal ‘ Endpoint Exposure Results Comments
Studies regarded as uninformative
(Duda et al., |Rat Liver and 490 mT SMF had no Some
1991) kidney 05-4hd" |effect; 50 Hz differences
concentration total 8 - 64 h MF changed observed, but
of copper, metal these may well
manganese, concentration in | be due to
cobalt and iron kidneys of non- | multiple
fertilized female | comparisons.
rats.
(Satoh et al., | Mouse | Metallothionein |3.0,4.7 T MT synthesis Quite long
1996) (MT) synthesis | 1 3 g 24 induced in liver; | exposure
in liver, kidney, o‘r 4é h " | CClginduced needed to see
brain hepatic MT the reported
synthesis effects.

enhanced. No
effect in kidney
or brain.
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(Danielyan & | Rat Hydration of 200 mT Decrease of
Ayrapetyan, tissues and 0-5h hydration in
1999) cell volume brain and liver
(number of tissue for 3.5 -
ouabain 5 h; decrease
binding of cell volume
receptors) in brain, liver
and spleen;
increase of cell
volume in
kidney.
(Barnothy & | Mouse | Histopathology [0.9T,2 T Disorganization | Changes in bone
Sumegi, of various m’ gradient in 40% of marrow
1969) organs adrenal cortex | megakaryocytes
13d slices. decreased, the
Increased opposite of
mitotic index in | normal stress
liver cells. response.
No description of
methods for
statistical
analysis.
(Bellossi et | Rat, Body weight 400, 600, No effect on Varying
al., 1984) mouse 800 mT growth physical
2hd” observed parameters
5dw 4 weeks after without any
(4.6 mTin exposure. apparent
some mice), rationale.
rats exposed Generally
for 4 wk and shorter
mice for exposures than
>250d the preceding
studies.
No description
of methods for
statistical
analysis
(Bellossi et |Mouse |Water 600 mT No effect on Using a
al., 1981) structure in 2h brain relaxation | magnetic
brain: brain times T1/T2 five | method to
relaxation days after analyse these
times (spin- exposure. effects does not
lattice T1 and seem like a
spin-spin T2), very good idea.
measured Waiting 5 days
1-5d after is very long for
exposure structured
water.
Statistical
analysis
deficient.

172




(Bellossi, Mouse | Trypano- 400 mT No effect. No statistical
1983) somiasis 10, 30, 60, analysis. Very
120 min, 5d consistent
200 - 600 survival after
mT injection
90 min suggestive of a
very robust
disease
progression.
This animal
model may not
be adequate to
detect SMF
effect.
(Gorczynska | Rat Cell respiration | 0.008, Respiration
et al., 1986) (liver 015T through NADH
mitochondria) | q d"', 7 wk dehydro-
genase,
succinic
dehydrogenase
and cytochrome
oxidase
influenced by
duration,
intensity (more
at 0.008 T);
reversible after
3 months.
(Gorczynska & | Rat Structural 1,10 mT Structural The reported
Wegrzynowicz, changes in 1hd"' 104 |changesin changes may
1991b) hepatocytes ' hepatocytes be due to
mitochondria, mitochondria, temporary
endoplasmic endoplasmic alterations in
reticulum and reticulum and liver cell
ribosomes; ribosomes; organelles.
activity of increased
mitochrondrial activity of
respiratory NADH dehydro-
enzymes; genase,
glycogen in succinic
hepatocytes; dehydro-
serum cortisol genase,
cytochrome
oxidase;
increase in
glycogen in
hepatocytes;
high serum
cortisol.
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(Parafiniuk et | Guinea | Structural 5,300 mT Structural
al., 1992) pig changes in 1hd" changes in
hepatocytes 3.7 wk’ hepatocytes

mitochondria

mitochondria.

7.2.2.8 Conclusions

Few studies have been carried out on the effects of static electric
fields. The evidence indicates that the surface electric charge can be
perceived, and there is weak evidence to suggest that if the static field is
sufficiently intense (> 40 kV m in rats), then this may induce aversive
behaviour.

There is good evidence that the movement of laboratory rodents
in static magnetic fields equal to or greater than 4 T may be unpleasant,
inducing aversive responses and conditioned avoidance. Such effects are
thought to be consistent with magnetohydrodynamic effects on the
endolymph of the vestibular apparatus. Otherwise, the data on behaviour
are variable.

There is some evidence that several vertebrate and invertebrate
species are able to use static magnetic fields, at levels as low as
geomagnetic field strengths, for orientation. However, these responses are
not thought to be relevant to human health.

There is some evidence of a stimulating effect on bone formation
of static magnetic fields in the millitesla range. Stronger proof is present
for such effects of tesla-strength static magnetic fields in a model system,
but this treatment needs to be confirmed in vivo.

There is good evidence that exposure to fields greater than about 1
T (0.1 T in larger animals) will induce flow potentials around the heart
and major blood vessels, but the physiological consequences of this
remain unclear. Several hours of exposure to very high flux densities of
up to 8 T in the heart region did not result in any cardiovascular effects in
pigs. In rabbits, short and long exposure to fields ranging from
geomagnetic levels to the millitesla range were reported to affect the
cardiovascular system, although the evidence is not strong.

The results from one group suggested that the static magnetic
fields of millitesla intensities may suppress early blood pressure elevation
via hormonal regulatory system. The same group has reported that low-
intensity SMF of up to 0.2 T may induce local effects on blood flow that
may lead to improvement of microcirculation. In addition, another group
reported that high static magnetic field flux densities of up to 10 T may
lead to reduced skin blood flow and temperature. In all these cases,
however, the end points are rather labile, a situation that may have been
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complicated by pharmacological manipulation, including anaesthesia in
some cases, and immobilisation. In general, it is difficult to reach any
firm conclusion without some independent replication.

There are several studies describing possible effects of magnetic
field exposure on blood cells and the haemopoietic system. However, the
results are equivocal, limiting the conclusions that can be drawn. The
available evidence regarding effects of static magnetic field exposure on
enzymatic and ionic constituents in serum comes primarily from one
laboratory. These findings need to be confirmed by independent
laboratories before conclusions can be drawn.

With regard to effects on the endocrine system, several studies
from one laboratory suggest that static magnetic field exposure can affect
pineal synthesis and melatonin content. However, some studies performed
at other laboratories have been unable to demonstrate an effect. It is
possible that differences in the study designs, e.g. exposure circumstances,
species, outcome measures, or timing of exposure, can explain the
conflicting results. The finding of a suppressive effect of static magnetic
field exposure on melatonin production needs to be confirmed in further
research before firm conclusions can be drawn. On the whole, few studies
have investigated static magnetic field effects on endocrine systems other
than the pineal and no consistent effects have emerged.

Reproduction and development is a very important issue in MRI
exposure, for both patients and clinical staff. On this subject, only a few
good studies of static magnetic field effects are available at field values
above 1 T. MRI studies per se are uninformative in this respect, because it
is difficult to distinguish the effects of the static fields from those of the
other MRI fields. Further examination of the possible effects of static
field exposure is urgently needed for the assessment of health risk.

With regard to genotoxicity and cancer, so few animal studies
have been carried out that it is not possible to draw any firm conclusions.

175



8 HUMAN RESPONSES

8.1 Laboratory studies

Experimental studies using volunteers, including those exposed to
EMFs, are restricted for ethical reasons to the investigation of transient
physiological phenomena that can be determined to be harmless in the
controlled conditions of a laboratory. The advantage of volunteer
experiments is that they indicate the likely response of people exposed
under similar conditions. Disadvantages of volunteer studies include the
innocuous nature of the effects that can be investigated, the often short
duration of exposure and investigation, the small number of subjects
usually examined, and thus limited statistical power to detect an effect. In
addition, it is difficult to create an identical physical environment for
unexposed sessions for MRI studies, and the fields inside the magnet
might interfere with measurements of the biological endpoints.
Experiments on human subjects are naturally subject to stringent ethical
constraints. The subjects are usually screened for medical fitness and,
therefore, may not reflect the responses of potentially more susceptible
members of society. Within this limited context, however, volunteer
studies can give valuable insight into the physiological effects of
exposure to an agent.

The majority of laboratory studies have examined static magnetic
field effects, recently often in connection with MRI exposures. However,
a few studies on the perceptual effects of surface charge generated by
static electric fields have been carried out.

8.1.1 Static electric fields

Blondin et al. (1996) investigated human perception of electric
fields and ion currents during conditions simulating those present in the
vicinity of a high-voltage DC transmission line, with the purpose to
establish the sensory thresholds for detection. Healthy volunteers were
recruited through advertisements in local newspapers (23 men, 25
women). The electric fields and ion current generating system was located
in the ceiling of the exposure chamber which could expose subjects to
uniform DC fields of up to 50 kV m™ and uniform ion current densities of
up to 300 nA m™. Fields were presented either alone or in combination
with some specified level of ions. Subjects were presented with
continuous series of successive trials, each trial lasting about 25 seconds.
Half of the trials were non-signal, ‘blank’ trials. The median detection
thresholds were 45.1 kV m™' in the non-ion condition, and 36.9 kV m
with a high ion-concentration condition. There was a large variation in
individual thresholds; 33% had thresholds under 40 kV m™ and 66%
under 50 kV m™”. Two subjects had thresholds under 20 kV m™. With a
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simultaneous high ion current density (120 nA m?), 33% of subjects
detected fields <20 kV m™', and 10% could detect a 10 kV m™' field.

A study by Clairmont et al. (1989) investigated the effect of
interactions between AC and DC fields when placing AC and DC high-
voltage lines in the same power line corridor. A small part of the study
was an experiment where human subjects described sensation levels at
different exposure conditions. Observations were made under a hybrid
(both AC and DC) test line. Each person rated various sensations at
measurement locations along the lateral profile of the test line, while the
DC field, AC field, and ion current density were simultaneously
monitored at each of the locations. The authors concluded that the
combination of AC and DC fields caused relatively large increases in
sensation of the fields, compared to each field condition alone. However,
there was no adequate description of how the experiments were conducted;
i.e. the number of subjects, selection of subjects, and characteristics of
subjects are all unknown, exposure conditions are poorly described, and
subjects were not blinded to the exposure condition.

Table 36. Static electric fields

Authors Endpoint Exposure Results Comments
(Blondin et | Human Electric field: Median detection
al., 1996) | perception of [0-50kV m™ |threshold 45.1 kV m™
electric fields lon current in non-ion condition,
and ion density: 0, 60 | 368-9 kv m™ in high
currents or 120 nA m?2 | ion-concentration
condition. 33% had
thresholds < 40
kV m™, 66% < 50
kV m™. Two subjects
had thresholds < 20
KV m™. With a ion
current density of 120
nA m?, 33% detected
fields < 20 kv m™,
10% detected a
10 kV m™ field.
(Clairmont | Effects on DC field: Increased sensation | Experiment poorly
etal., human 0-40kVm in combined fields. described, not
1989) sensation by | Ac field: 0,2, systematic,
combination 5, 10, or unknown number of
of DC and 15kV m™" subjects, not
AC electric blinded.
fields
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8.1.2 Static magnetic fields
8.1.2.1 Neurobehavioural studies

Possible effects on the nervous system can be studied at several
different levels, from a simple level to the more complex. Effects on
properties of the peripheral nervous system, such as conduction velocity,
are readily investigated and may be relevant to effects seen at higher
levels of organization. Measurement of evoked potentials recorded from
the brain, usually in response to an auditory, visual or somatic signal,
takes this process further and include measuring potential effects on
signal transduction and central nervous system processing. Measurement
of the electrical activity of the brain (EEG) reflects spontaneous activity,
possibly in different mental states, but the results are notoriously difficult
to interpret. Tests of cognition, mood and other behaviours assess the
integrated output of the brain, and so are directly relevant to well being.

8.1.2.1.1 Human peripheral nerve function

Hong (1987) studied peripheral motor nerve conduction velocity
and nerve excitability in 10 volunteers after short exposure (5, 10, 15 sec)
to 1 T. No changes were found in nerve conduction velocity, whereas a
transient increase in the nerve excitability index (measured as the ratio of
the compound muscle action potential seen during or after exposure
compared to that measured before exposure) was observed. This change
was observed 5 sec or more after exposure, and disappeared within the
following 3 min. The authors concluded that motor nerve excitability is
increased during such exposure.

Vogl et al. (1991) studied nerve conduction velocity in 10 subjects
before, during and after exposure to static magnetic fields of 1 T, and to
combined MRI and RF fields. They found no effects of either static field
exposure alone or from MRI imaging.

Table 37. Peripheral nerve conduction velocity

Authors

Endpoint

Exposure

Results

Comments

Static magnetic field studies

(Hong,
1987)

Nerve function

1T
5,10, 15 sec

No effect on nerve
conduction velocity;
temporary increase of
excitability index:
effect not present 3
min after exposure.
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MRI or combined exposure studies

(Vogl et | Peripheral 17T Evoked potentials, as

al., nerve 1h measured here, are

1991) conduction not affected by MRI
velocities exposure.

8.1.2.1.2 Evoked and spontaneous brain activity

Electrical responses (potentials) evoked in the brain by exposure
of a subject to a sensory stimulus such as an auditory noise or visual
signal can be used as a diagnostic tool to indicate conduction problems in
a nerve pathway, including nerves and synapses within the central
nervous system. Hong and Shellock (1990) measured latencies of
somatosensory evoked potentials in 11 normal subjects exposed to a static
field of 1.5 T without detecting any differences in the latency or
amplitude of evoked waveform when comparing measurements before
and during exposure.

Dobson, Fuller and collaborators studied spontaneously occurring
activity as measured in epileptic patients by EEG after exposure to fields
in the mT range. Using the technique of comparing to individual baselines,
they reported increased epileptiform activity in six out of nine presurgical
epileptic patients. No effect was seen in one other patient and the results
in the last two could not be interpreted. One non-epileptic volunteer was
also included in the study (Fuller et al., 1995). In a study of 10 mesial
temporal lobe epilepsy patients, Dobson et al. (2000a), making the critical
assumption that epileptiform activity is a time-invariant Poisson process,
found an alteration in epileptiform activity in five out of 10 patients,
although the stimulation protocol resulting in these alterations differing
between patients. A very complex field protocol makes the evaluation of
the exposure difficult. Dobson et al. (2000b) also studied three patients
with mesial temporal lobe epilepsy. Significant alterations in epileptiform
activity were observed in 2 of the three subjects, while magnetic
stimulation resulted in cessation of interictal spike/wave trains in the third.

Miiller and Hotz (1990) measured possible delays in brainstem
auditory evoked potentials after exposure to up to 2 T MRI imaging
without finding any significant difference in a sample of 11 patients when
comparing to measurements made before the exposure. In addition, one
healthy volunteer was exposed during three hours of increasing exposure
from 0 to 2 T MRI (Hotz et al., 1992). No effect was found on brainstem
response in this person.

Vogl et al. (1991) recorded auditory (N=6), visual (N=20) and
somatosensory evoked potentials (N=20) before, during and after
exposure to static magnetic fields of 1 T and to combined MRI and RF
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fields without seeing any effect on latency and waveform for any of the
exposure conditions.

Metabolic activity is another way of assessing neural activity in
the brain. Volkow et al. (2000) measured brain metabolic activity in 12
healthy volunteers during MRI exposure, simulated MRI exposure (using
a PET scanner modified to look like an MRI unit), and during a regular
PET scan. The real and simulated MRI exposures were associated with
lower metabolic activity compared to the regular PET scan. The authors
suggest that this was due to differences in the visual field of the MRI and
PET scanner, and that it also indicated that the subjects had habituated to
the pulsed gradient field noise of the MRI scan.

Table 38. Evoked and spontaneous brain activity

Authors

Endpoint

Exposure

Results

Comments

Static magnetic field studies

(Hong & Somato- 15T No effects on short- | Applied t-statistic
Shellock, sensory duration not | 1atency of SEP. does not look sound.
1990) evoked specified
potentials
(SEP).
Difference in
latency of N20
and P25.
(Fuller et al., | EEG of 0.1, 0.9, 1.3, | Generation of Dosimetry at the
1995) epileptic 1.8 mT epileptiform activity | target (hippocampus)
patients 20 sec in the range of 0.9 - |is questionable.
1.8mTin6of7 Protocol is based on
exposed patients. the assumption that
there is no time trend
in the epileptiform
activity.
(Dobson et | EEG of 1-4mT No overall effect Experimental protocol
al., 2000a) |epileptic repeatedly attributable to SMF | complex and difficult
patients. for exposure. Claim to interpret. Baseline
Interictal spike 5 20 sec that 50% of subjects | before sub-protocols

counts

had significant
alteration in at least
one protocol (5/30
significant
protocols).

not consistent.
Overall evaluation
questionable. No
sham exposures.
Possible time trends.
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(Dobson et | EEG of 0.9, 1.3,
al., 2000b) | epileptic 1.8 mT
patients. repeatedly
Interictal spike | ¢4
t
counts 2,510,
20 sec

Generation of
epileptiform activity
at 1.8 mT in two of
three patients.

Experimental protocol
complex and difficult
to interpret.
Insufficient data to
draw conclusions.
Very inhomogeneous
results, even within
the three subjects.

MRI or combined exposure studies

(Mdller & Brainstem 15T No change in
Hotz, 1990; | auditory 14 - 67 min relative BAEP inter-
Hotz et al.,, |evoked peak latency after
1992) potentials exposure to MRI.
(BAEP)
(Hotz et al., | Brainstem 0,0.5, 1, No change. N=1
1992) auditory 15,27
evokec_i 3h
potentials
(BAEP)
(Vogl et al., | Somato- 1T Evoked potentials,
1991) sensory, 1h as measured here,
visual, and are not affected by
auditory MRI exposure.
evoked
potentials and
peripheral
nerve
conduction
velocities
(Volkow et |Brain glucose |4 T Metabolism lowered | Possibility that sound
al., 2000) metabolism 35 min in real and stimulus is
simulated MRI responsible for

environment: no
effect of SMF (but
effect of visual
stimulation).

differences between
MRI and PET. Small
gradient fields
present with SMF.

Studies considered to be uninformative

(von Klitzing, 1989)
(von Klitzing & Tessmann, 1989)
(von Klitzing, 1987)

8.1.2.1.3 Sensory perception

Schenck et al. (1992) reported ‘dose-dependent’ sensations of
vertigo, nausea and a metallic taste in the mouth in 11 volunteers exposed
to static magnetic fields of 1.5 and 4 T, and another group of 24 subjects
with 1.5 T exposure, in an MRI system. Similar sensations have been




anecdotally noted by other groups during volunteer and patient exposures
(Kangarlu et al., 1999; Chakeres et al., 2003b; Crozier & Liu, 2005).
These sensations occurred during movement of the head through a
gradient field. In addition, magnetic phosphenes could sometimes be seen
during eye movement in a field of at least 2 T. These effects may well be
attributable to the weak electric fields induced by movement within the
gradient field. The vertigo however, may be specifically attributable to
magnetohydrodynamic forces acting on the endolymph of the semi-
circular canals (Schenck, 2000).

In a study of auditory function, Winther (1999) found no effect on
hearing and balance in 11 healthy male subjects following their exposure
to a static magnetic field of 2 - 7 mT for 9 h. The subjects slept near the
magnet during one night. Hearing and balance were measured in the
evening before, and in the morning after the exposure.

Table 39. Sensory perception

Authors Endpoint Exposure Results Comments

Static magnetic field studies

(Schenck et | Sensory 15,47 At 4 T more Results consistent
al., 1992) experiences total exposure, vertigo, nausea, with induced electric
during motion 1-35h over metallic taste, fields and/or with
in the field one year magneto- direct effect on
phosphenes. vestibular organ.
(Winther et | Inner ear 2-7mT No effect on any
al., 1999) function 9h parameter.

8.1.2.1.4 Cognitive studies

With regard to cognitive studies, two studies using a battery of
cognitive test have been recently carried out during exposure to fields of
1.5 and 8 T (see Chakeres & de Vocht, 2005 for a review). Chakeres et al.
(2003a) studied the effect of an 8 T static field exposure on the cognitive
function of 25 healthy volunteers aged between 20 and 51 years.
Cognitive function was assessed using seven standard neuropsychological
tests of short-term memory, working memory, attention, and auditory
reaction time. The tests were conducted inside and outside of the magnet,
and the order of exposure condition was randomized. No effects were
found, except for a small decline in the performance of a short-term
memory task.

De Vocht et al. (2003) examined the effect of exposure toa 1.5 T
static magnetic field on 6 standard measures of sensory function,
cognitive function and motor co-ordination in 17 healthy volunteers. The
head of the exposed subjects was in a field of 700 mT. The subjects did
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all tests at a session before the start of the experiment, to minimize the
learning effect. Four different exposure conditions were used; 1% week
unexposed with no movements, 2™ week unexposed with movements, 3™
week exposed with movements, and 4™ week exposed with no movements.
The authors found significant declines in the performance of a hand-eye
coordination task (4%) and a near visual contrast sensitivity task (16%)
when subjects were exposed to static and gradient fields.

Preece et al. (1998) also examined static field effects on cognitive
function in 16 subjects during exposure to a static magnetic field of 0.5
mT (or to a 50 Hz, 0.5 mT magnetic field) in a randomized three-way
cross over study. No effects were found during static field exposure,
although exposure to the 50 Hz field resulted in a decline in numeric
working memory sensitivity and word recognition sensitivity.

Other studies have generally reported a lack of effect on cognitive
function following static magnetic fields or MRI exposure. In a study of
10 subjects, Kangarlu et al. (1999) found no effects on executive,
cognitive, language and motor functions tested immediately after a one
hour exposure to an 8 T pure static field when compared to tests
performed shortly before the exposure session. The study design did not
take possible learning effects into account.

Brockway and Bream (1992) included a total of 421 patients and
volunteers in four experiments on the effect of MRI exposure on memory.
In the first two experiments, 100 subjects were tested before and after
MRI exposure. The last two experiments included exposed subjects and
an unexposed control group. In experiment one, a reduced face and name
identification ability was found, which the authors attributed to the order
in which the tests were performed. A similar effect was found in
experiment four, but this was seen in both the exposed and unexposed
groups.

Besson et al. (1984) compared scores from 7 subjects on 7
psychometric tests performed before exposure to a NMR brain imaging
procedure and respective test scores 1-5 days after the exposure. Exposure
duration was 10 minutes, and the corresponding static field was 0.04 T;
RF fields were also present. An improvement in two tests was found.
However, this may be due to a learning effect.

Sweetland et al. (1987) assigned 150 volunteers either to an MRI
imaging procedure (0.15 T static field and RF), a sham condition without
any field, or a control condition outside the MRI unit. Exposure duration
was 47 minutes. A battery of psychometric tests was performed before
exposure, immediately after exposure, and three months later. Analyses of
differences in the test scores did not indicate an exposure effect. Given
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the large number of tests that were analysed, a few statistically significant
results were probably due to chance.

These data did not show effects of exposure on
neurophysiological responses and cognitive functions in stationary
volunteers during exposure to static magnetic fields of up to 8 T, nor can
they rule out such effects. However, a dose dependent induction of
vertigo and nausea was found in workers and volunteers during
movement in static fields greater than 2 - 3 T. The possibility that eye-
hand coordination and near visual contrast sensitivity are reduced in fields
adjacent to a 1.5 T MRI unit should be further investigated. The presence
of a magnetic field gradient was more commonly associated with these
types of neurophysiological responses. All available studies are based on
small numbers with limited power to detect modest effects, and have

methodological limitations.

Table 40. Cognitive functions

Authors Endpoint Exposure |Results Comments
Static magnetic field studies
(Chakeres 11 different 0.05,8T No effect, except for
etal., standardised ~1h small negative effect
2003a) neuro-cognitive on short-term
tests, and an memory.
auditory motor
reaction time
test
(de Vocht et | Evaluation of 0,15T No effect, except for
al., 2003) cognitive-motor, | 4 p 4% reduction in
cognitive and performance of eye-
sensory function hand coordination
tests and 16%
reduction in near
visual contrast.
(Preece et | Cognitive 0.6 mT No effect. Exposure duration
al., 1998) function ~1h not given.
Presumed to be
throughout the
behavioural test.
(Kangarlu et | Cognitive, 8T No effects. Some The study design
al., 1999) language and 1h reports of vertigo and | did not take into
motor function metallic taste in the account possible
mouth during learning effects.
movement.
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MRI or combined exposure studies

(Brockway | Memory loss: 0,15T Some decline in RF (and
& Bream, specifically recall | 4 ration memory performance | presumably
Jr., 1992) tests for faces, unspecified | N patients compared §W|tched gradient
common to controls, but not fields) also
objects, lexical attributed to present. Effect
items and digit exposure, since cannot be
span effects were ascribed to SMF
independent of body |alone.
location (e.g. head or
foot) being imaged.
(Sweetland | Six standardised |0.15 T No apparent effect on | Switched gradient
etal., 1987) | tests of cognitive | . 1 1, human cognition. and RF fields also
function However, anxiety present.
scores increased and
digit span scores
decreased following
MRI exposure.
Interpretation of
effects difficult: no
difference between
exposed and control
groups.
(Besson et | Four 0.04T Increase in verbal Switched gradient
al., 1984) standardised 10 min and full scale 1Q fields and RF
tests of cognitive following exposure. fields also present
function

8.1.2.2 Circulatory system

It is known that flow potentials, which can be easily recorded on
ECGs (see chapter 5), are induced around the major blood vessels and
hearts of exposed patients during MRI. In addition, calculations suggest
that magnetohydrodynamic forces will impede the flow of blood in major
vessels at very high flux densities (~ 5% at 10 T; see section 5.1.3). The
possible consequences of these effects have been explored in studies of
high-intensity static magnetic field with intensities between 1 and 8 T
associated with MRI-investigations. Other studies focused on the
physiotherapeutic devices already in clinical use with intensities < 100
mT. Exposure durations have varied from 10 min up to 1 h.

8.1.2.2.1 Cardiac function, blood flow and blood pressure in volunteers

A number of volunteer studies have recently been carried out to
test these calculations. Kangarlu et al. (1999) found that 10 volunteers
exposed to an 8 T field for 1 hour showed no change in heart rate, or
diastolic or systolic blood pressure, measured after exposure, compared to
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measurements taken before the exposure. The ECG recorded during
exposure was regarded as uninterpretable due to the superposition of the
potential generated by aortic blood flow and smaller potentials generated
by blood flow in other vessels, but no change was observed when
comparing ECG measurements taken before and after the exposure. More
detailed studies by the same group have recently been published. One of
these involved a study of 25 subjects and reported a lack of clinically
significant effects of exposure to fields of up to 8 T on heart rate,
respiratory rate, systolic and diastolic blood pressure, finger pulse
oxygenation levels and core body temperature (Chakeres et al., 2003b).
There was a statistically significant trend for systolic pressure to increase
with flux density. At 8 T this was about 4 mm Hg, which is consistent
with a haemodynamic compensation for a magnetohydrodynamic
reduction in blood flow (Chakeres & de Vocht, 2005), but was also
approximately one half of the difference seen when the subjects moved
from a supine to a sitting body position. Blood pressure returned to
normal after cessation of exposure. It is not clear whether the change in
blood pressure was caused by the static field exposure or to other
circumstances during the experiment, as no sham exposed group was
included. No ectopic beats or cardiac arrhythmias were reported in either
study.

Hinman (2002) reported the effects of exposure on heart rate and
blood pressure associated with short-term exposure to 100 mT static
magnetic fields. The exposure was local; the subjects laid down on 42
small permanent magnets. Seventy-five healthy adults were assigned to
one of three treatment groups (positive versus negative polarity and
control) in a double blind, randomized controlled trial. Heart rate and
blood pressure were monitored prior to exposure, at 1 min, 5 min, 10 min
and 15 min intervals during exposure, and again 5 min after exposure.
Slight, non-significant decreases in heart rate and blood pressure were
observed. An earlier study (Jehenson et al., 1988), conducted at a flux
density of 2 T, investigated cardiac rhythm changes in 12 healthy
volunteers for 1 hour before exposure, 1 hour during exposure, and 22
hours after exposure. In addition, four subjects were exposed to 1 T, and
nine control subjects were exposed to 0 T. A significant 17% increase in
cardiac cycle length was observed after 10 minutes of exposure at 2 T and
during the reminder of the exposure period. The cardiac cycle was back to
pre-exposure values 10 minutes after exposure. No significant effects
were observed at 1 or 0 T.

No effects on blood flow were seen in a number of other studies
(Stick et al., 1991; Mayrovitz et al., 2001; Martel et al., 2002). All of
these studies used small, locally placed, permanent magnets, e.g. on the
forearm or on the hand.
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Shellock and Crues (1987) included 50 patients for clinical MRI

imaging that were evaluated for heart rate and blood pressure. The study
was done with a 1.5 T system, and the RF component gave whole body
average SAR of 0.4 - 1.2 W/kg. There was no change in average heart
rate or blood pressure immediately before and after MRI exposure. The
authors concluded that whole body MRI exposure at 1.5 T is not
associated with significant changes in heart rate or blood pressure.

Table 41. Cardiac function, blood flow and blood pressure

Authors Endpoint Exposure |Results Comments
Static magnetic field studies
(Kangarlu | Body 8T No effect; although ECG'’s obtained during
etal., temperature, 1h ECG changes were exposure could not be
1999) heart rate, noted within normal interpreted.
respiratory range.
rate, blood
pressure,
cognitive
changes and
ECG
(Chakeres |ECG, heart 1.5-8T No clinically
etal., rate, 5 min significant changes in
2003b) respiratory vital signs. Systolic
rate, systolic blood pressure
and diastolic increased with 8 T
blood exposure. ECG
pressures, rhythm strip analysis
finger pulse showed no significant
oxygenation post-exposure
levels, core changes.
body
temperature
(Hinman, Heart rate and [ < 100 mT No effect.
2002) blood pressure | 15 min
(Jehenson | Cardiac rhythm |1-2T Temporary increase | Harmless for healthy
etal., 1h in cardiac cycle subjects, possible
1988) length: 177% at2 T, safety problem in
10% at 1 T, and 0% | dysrhythmic patients.
at0T.
(Stick et Blood flow in 0.4-0.5, No blood flow change | No statistics.
al.,, 1991) |single thumb 09-1T in the skin of the
or forearm 10 min thumb and at the

forearm.
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(Mayrovitz | Laser Doppler |0.1T No detectable effect
etal., flowmetry 36 min on skin blood
2001) (LDF) or laser perfusion in healthy
Doppler subjects.
imaging (LDI)
perfusion in
single hand
(Martel et | Resting 30 min No effect.
al., 2002) | forearm blood
flow and
vascular
resistance
(Weikl et ECG 05-4T No arrhythmias, no
al., 1989) 10 or 30 changes in heart rate.
min Small reversible
changes in ECG due
to Hall effect.
MRI or combined exposure studies
(Shellock & Heart rate 15T Whole body average | MRI exposure
Crues, 1987) |and blood 15 min SAR > 0.4 W/Kkg. conditions.
pressure Heart rate and

average mean blood
pressure not altered.

Studies considered to be uninformative

(Barker & Cain, 1985)
(Sud & Sekhon, 1989)
(Sakhnini & Khuzaie, 2001)

8.1.2.2.2 Serum proteins and hormone levels

Male volunteers (N=35), 25 to 49 years old, were exposed to a
static magnetic field of 9.6 mT during 40 minutes (Schmidt et al., 1999).
A set of Helmholtz coils was used to produce the static field, which also
created a ripple of time-varying magnetic fields 0.2 - 0.6% of the static
field (19 - 57 uT). The subjects also spent a 40 min control period inside
the coils without exposure, with one week between the two sessions.
Urine and blood samples were taken before and after exposure and
control sessions. An increase in serum and urinary creatinine was found
after exposure. No change in calcium levels was observed. However, it is
not possible to separate effects of the static magnetic field from the time
varying field.

Healthy male volunteers (N=11), 23 - 43 years old, were exposed
during the night to a static magnetic field from a 0.5 T interventional MRI
unit (Haugsdal et al., 2001). Three beds were set up in the vicinity of the
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super-conducting coil, and exposure ranged from 1.2 - 13.7 mT at
different locations in the beds. Total daily urine production was collected
in four time intervals during the exposure day, the day after exposure and
the control day 7 days after the exposure day. No effect on the excretion
of 6-sulfatoxymelatonin was found. However, the number of subjects was
too small to detect modest effects on melatonin production. The exposure
situation did not resemble ordinary working conditions around an MRI
system in terms of movements in varying static magnetic fields.

Table 42. Serum hormones and proteins

Authors

Endpoint

Exposure

Results

Comments

Static magnetic field studies

(Schmidt et | Creatinine, [9.6 mT Increase in serum and | Paper in Norwegian.

al., 1999) | calcium 40 min urinary creatinine. No | Exposure to SMF +
change in calcium time varying field.
levels.

(Haugsdal |Melatonin | 1.2 - 13.7 mT | No effect on the Number of subjects

etal., 9h excretion of 6- too small to detect

2001) sulfatoxymelatonin. modest effects on

melatonin levels.
Nocturnal situation is
not equal to normal
work environments
(e.g. movement while
working, time varying

fields).

8.1.2.3 Body and skin temperature

The effect of exposure to 1.5 T pure static magnetic fields for 20
min or 60 min on human body and skin temperature was investigated in
three experiments performed by Shellock et al. (1986; 1989). The group
size varied from 6 to 11 healthy volunteers for different experiments. Skin
temperature was measured on the following sites: abdomen, forehead,
upper arm, forearm, chest, thigh, calf and sublingual area. Body
temperature was measured via an oesophageal tube. No significant
temperature changes were found.

Chakeres et al. (2003b) studied 25 healthy volunteers, aged 24 -
53 years, exposed to static magnetic field strengths of 1.5, 3, 4.5, 6, and 8
T. Core body temperature was measured before, during, and after
exposure. No change in core body temperature was found.

Shellock and Crues (1987) included 50 patients for clinical MRI
imaging that were evaluated for core and skin temperatures. The study
was done with a 1.5 T system, and the RF component gave a whole body

189




average SAR of 0.4 - 1.2 W kg™, There was an average increase of core
body temperature of 0.2 °C, but there was no correlation between change
in body temperature and SAR.

The influence on deep body core and superficial body temperature
of humans as the result of exposure to 0.35 T and 1.5 T pure static and RF
fields was investigated in a total of 20 subjects in several experiments
(Vogl et al., 1988). Outcomes were measured before, during and after
exposure. No influence on the central body temperature (oesophagus and
rectum), or on the superficial temperature (venous intravascular), was

seen.

Table 43. Body and skin temperature

Authors

‘ Endpoint

Exposure

‘ Results

‘ Comments

Static magnetic field studies

(Shellock et | Body 15T No changes in core
al., 1986) temperature 20, 60 min body temperature.
(Shellock et | Body and 15T No significant
al., 1989) skin 20 min changes of surface
temperatures temperature at
abdomen, forehead,
upper arm, forearm,
chest, thigh, calf and
sublingual.
(Chakeres | Core body 15-8T No effect on core
etal., temperature | 5 min temperature.
2003b)

MRI or combined exposure studies

(Shellock & | Temperature |1.5T Whole body average |MRI exposure
Crues, 15 min SAR > 0.4 W/kg. conditions.
1987) Core body
temperature
increased on average
0.2°C.
(Vogl et al., |Deep and 0.350r 1.5 T | No temperature No conclusion for skin
1986) superficial exposure to change due to MRI and subcutaneous
(Vogl et al., body SMF procedure, no change | temperatures.
1988) temperatures | sol1owed by of core temperature
imaging (oesophagus, rectum)
sequences nor of the superficial

temperature (venous
intravascular).
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8.1.2.4 Dental exposure

Orthodontic magnets and implants are tools sometimes used
nowadays in dental and oral medicine. Questions have been asked about
the potential adverse health effects of static fields from these implants.

Bondemark et al. (1995; 1998) examined the effects of
orthodontic magnets on the oral mucosa, the dental pulp and the gingival
in a total of 15 patients (two studies, N;=7, N,=8 patients). The endpoints
of those examinations were morphological and histological alterations of
the surrounding tissue. The magnet and the demagnetised control magnet
were bonded on molars on either side of the mouth. The static magnetic
fields from the implants varied between 10 and 140 mT. The maximum
observation period was 9 months. Some inflammations were detected in
tissue close to both the magnet and demagnetised magnet, but not in other
sites. Those were attributed to contact irritation rather than to the static
magnetic field.

Table 44. Dental exposure

Authors Endpoint Exposure |Conclusions Comments

Static magnetic field studies

(Bondemark | Tissue changes |10-90 mT |No histologically
et al., 1995) 8 wk detectable changes in
human dental pulp or
gingival tissues.

(Bondemark | Morphological, |80 - No difference found

etal, 1998) |histological and | 140 mT between control and
immunohisto- 9 months test tissues. Observed
chemical minor tissue reactions
changes were attributed to

contact irritation with
the magnet body.

8.1.2.5 Therapeutic treatment

The impact of magnetism on human tissues and human health and
its use in the therapeutic treatment is an ancient and contentious subject
(Schenck, 2005) that remains so to the present (Whitaker & Adderly,
1998; Park, 2000). The studies are listed in Table 45.

Many of the studies on therapeutic effects share a number of
methodological limitations, the most important being potential placebo
effects due to lack of blinding and the fact that the field strengths were not
adequately characterized.

191




Table 45. Therapeutic treatment

Authors

Studies considered to be uninformative

(Hong et al., 1982)
(Lin et al., 1985)
(Ilvanov et al., 1990)
(Lud & Demeckiy, 1990)
(Caselli et al., 1997)
(Dexter, Jr., 1997)
(Vallbona et al., 1997)
(Bernhold & Bondemark, 1998)
(Man et al., 1999)
(Collacott et al., 2000)
(Holcomb et al., 2000)
(Alfano et al., 2001)
(Segal et al., 2001)
(Thomas et al., 2001)
(Suomi & Koceja, 2001)
(Carter et al., 2002)
(Hinman et al., 2002)
(Weintraub et al., 2003)

8.1.2.6 Conclusions

There are only very limited data available from human
experimental studies on the potential effects of exposure to static electric
fields. The results of the one small study that has investigated detection
thresholds for static electric fields indicated that the perception threshold
in people depends on various factors and ranges between 10 and 45
kV m™. Thresholds for annoyance from such sensations are probably
equally variable, but have not been systematically studied. The study of
combined electric fields from DC and AC high voltage power lines
indicated the possibility of increased sensations of the combined exposure,
but limitations of the experimental design, and lack of confirmative data,
prevent any conclusions.

The available data do not indicate that there are effects of static
magnetic field exposure on neurophysiological responses and cognitive
functions in stationary volunteers, nor can they rule out such effects (since
most of the performed studies are small and have several methodological
limitations). A dose-dependent induction of vertigo and nausea was found
in workers, patients and volunteers during movement in static fields
greater than about 2 T. One study suggested that eye-hand coordination
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and near visual contrast sensitivity are reduced in fields adjacent to a
1.5 T MRI unit. The occurrence of all of these effects is likely to be
dependent on the gradient of the field and the movement of the subject.

Flow potentials are induced in the major blood vessels and in the
heart by the flow of blood with a static magnetic field. These electrical
potentials are largest in the aorta, and occur during the T-wave of the
cardiac cycle. In addition, the flow of blood in a vessel will experience a
force opposing its motion. It has been estimated that the flow potentials
will generate currents at the sino-atrial node of about 110 - 120 mA m™ at
5 T, and about 200 mA m? at 10 T. It was predicted that the
magnetohydrodynamic effect could lead to a reduction in blood flow in
the aorta estimated to about 1% and 5%, respectively. A small change in
blood pressure and heart rate was observed in some studies, but these
were in the range of normal physiological variability.

There is no evidence of effects of static magnetic fields on other
aspects of cardiovascular physiology, or on serum proteins and hormones.
Exposure to static magnetic fields of up to 8 T does not appear to induce
temperature changes in humans. However, most of the studies were very
small, based on convenience samples, and often included non-comparable
groups. Thus, it is not possible to draw any conclusions regarding the
wide variety of end-points examined in this report.

Because of methodological limitations in available studies, it is
not possible to draw any conclusions regarding the wide variety of
reported therapeutic end-points.

8.2 Epidemiological studies

Epidemiological studies can provide direct information on the
health of people exposed to static fields, and are therefore given the
greatest weight in health risk assessment by WHO and IARC (Repacholi
& Cardis, 1997). However, their observational nature makes it difficult to
infer causal relationships, except when the evidence is strong or when
findings are supported by experimental data. This is because they may be
subject to bias (such as when the quality of information on EMF
exposures obtained directly from diseased people differs from that
obtained from people without the disease) and confounding factors. The
latter may occur, for example, when workers exposed to EMFs are also
exposed to other agents in the workplace that are strongly correlated to
static fields and could affect disease risk.

Studies have been carried out almost exclusively on workers
exposed to static magnetic fields generated by equipment using large DC
currents (see chapter 3). Most workers were exposed to moderate static
magnetic fields of up to several 10’s mT either as welders, aluminium
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smelters, or workers in various industrial plants using large electrolytic
cells in chemical separation processes. However, such work is also likely
to have involved exposure to a variety of potentially hazardous fumes and
aerosols, confounding interpretation. Health endpoints studied in these
workers have included cancer incidence, haematological changes and
related outcomes, chromosome aberration frequency, reproductive
outcomes and musculoskeletal disorders. In addition, one study examined
fertility and pregnancy outcome in female MRI operators, where the
potential to have been exposed to relatively large static fields of up to
~ 1 T may have existed.

8.2.1 Cancer
8.2.1.1 Welders

A large number of studies have investigated cancer risks among
welders. Unfortunately, none of the studies contained adequate exposure
assessment for static fields and they thus do not allow for a meaningful
analysis. Welders are also exposed to a varying degree to other potentially
harmful agents, e.g. welding fumes, ELF and RF magnetic fields.
Furthermore, most of the studies did not provide enough information to
determine the type of welding used, further limiting the usefulness of this
data in the review of potential health effects of static magnetic field
exposure. Thus, the studies of welders are not reviewed in any detail.
However, these studies are important, given a relatively high exposure to
static fields in some of the welding processes. Two meta-analyses provide
the most information. A meta-analysis of brain tumors in 38 studies of
occupational EMF exposure (Kheifets et al., 1995) reported a small but
significantly elevated risk for welders (relative risk [RR] = 1.25; 95%
confidence interval [CI]: 1.06 - 1.47). Another meta-analysis of 29
occupational studies of leukaemia found no risk increase in welders
(Kheifets et al., 1997).

8.2.1.2 Aluminium Workers

Various studies investigated the cancer risk in aluminium plant
workers. In 1982 Andersen et al. reported overall mortality and cancer
incidence in 7,410 male employees from 4 Norwegian aluminium plants
(Andersen et al., 1982). The mortality in the cohort was compared to the
general population, and the cancer incidence was compared to the
incidence in the population living in the counties where the aluminium
plants were located. Only lung cancer incidence was increased, but the
risk was essentially confined to two production subgroups: workers with a
short duration of employment and workers with a very long duration of
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employment in older plants. The interpretation of the results is restricted
due to the healthy worker effects and the incomplete smoking histories.

Rockette and Arena (1983) studied a cohort of 27,829 male
aluminium workers employed for > 5 years between 1946 and 1977 in
14 reduction plants in the USA, comparing the mortality among
aluminium workers to that of the general US male population. They
reported a slightly higher than expected, but not statistically significant
mortality from pancreatic, genito-urinary and lymphohaematopoietic
cancers. Deaths from lymphohaematopoietic cancer were not confined to
one subcategory of disease, or to one industrial process. As would be
expected from a healthy worker effect, they found a reduced mortality
from all cases of death, and also for several major causes of death such as
all malignant neoplasms combined, cardiovascular disease, and diabetes
mellitus. The healthy worker effect makes the modestly increased risks
for some cancer sites interesting, despite the lack of statistical
significance. Static magnetic fields were not measured, and other
exposures (e.g. polycyclic aromatic hydrocarbons, PAH) were present in
the same jobs. As a result, these could not be separated from exposure to
static magnetic fields.

In a cohort study of aluminium reduction workers in France,
Mur et al. (1987) analysed the mortality between 1950 and 1976 of
6,455 workers in order to assess occupational risks. The study focused on
lung cancer risks from air pollutants. Cancer mortality (standardised
mortality ratio [SMR] = 1.09; 95%-CI: 0.97 - 1.22) and mortality from all
causes (SMR = 0.85; 95%-CI: 0.80 - 0.91) was not significantly increased
compared to the general population. Although not statistically significant,
an SMR of about 2 was observed for malignant tumours in the liver, brain,
bone, skin and bladder. Analysis of workers involved in electrolysis,
maintenance or smelting yielded statistically nonsignificant SMRs of 1.09,
1.03, and 0.80, respectively. The cancer risk of electrolysis workers
decreased with length of employment. No exposure levels to static
magnetic fields were reported. In addition to exposure to static magnetic
fields, the workers were exposed to numerous chemicals such as coal tar
pitch and PAH, substances that are known to increase the risk of some of
these cancers. Only limited information about other confounding factors,
e.g. smoking, was available. Information about cause of death could only
be obtained for 71% of the cohort.

A cohort study was carried out in British Columbia, Canada,
involving 4,213 male workers with > 5 years of work experience at an
aluminium reduction plant between 1954 and 1985 (Spinelli et al., 1991).
The static magnetic fields usually generated in the plant ranged between
1 - 10 mT. The potential exposure to magnetic fields and to coal-tar pitch
volatiles was determined for each job by industrial hygienists using a job-
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exposure matrix. Mortality and incidence rates were compared to the
general male population. Potential confounding from smoking was
controlled for in the analyses. The SMR in the total cohort was 0.77
(90% CI: 0.70 - 0.84) for all causes of death, and 2.2 (90% CI: 1.2 - 3.7)
for tumours of the brain and central nervous system (International Code
of Disease (ICD)-9 191, 192) and 1.8 (90% CI: 0.8 — 3.3) for leukaemia
(ICD-9 204 — 208). For cancer incidence ascertained from 1970 onwards,
the standardized incidence ratio (SIR) was 1.9 (90% CI: 0.97 - 3.5) for
brain cancer (ICD-9 191), and 0.76 (90% CI: 0.21 - 2.0) for leukaemia.
However, no individual cause of cancer death or incident cancer was
related to cumulative exposure to magnetic fields, as estimated from the
job-exposure matrix. The incidence of bladder cancer was strongly related
to cumulative exposure to coal-tar pitch volatiles.

In 1995 Renneberg and Andersen determined cancer morbidity in
a cohort of 1,137 men working in a prebake smelter for at least 6 months
during the period 1922 - 1975 (Renneberg, 1995; Ronneberg & Andersen,
1995). The cohort was followed in the Norwegian Cancer registry during
the period 1953 - 1991. In the prebake process, the anodes made from
coke and coal tar paste are fabricated in a separate facility and then
introduced into the electrolysis vessel. This is likely to result in reduced
concentrations of air-borne polycyclic aromatic hydrocarbons and coal tar
particulate volatiles as compared to the newer Sdderberg process, where
the electrodes are introduced as a liquid paste and hardened in the
electrolysis vessel itself. The intensity of exposure to coal tar pitch
volatiles, asbestos, pot emissions, heat stress, and magnetic fields had
been previously assessed for all jobs at the smelter (Renneberg, 1995).
The cancer incidence in the cohort was compared to the incidence in the
general male population. No association was found between static
magnetic field exposure and cancers of the nervous system or
haematopoietic system, but the number of observed cases was very small.
There is probably some overlap between this study and the study by
Andersen et al. (1982).

Ronneberg et al. (1999) studied cancer incidence in a population
composed of 2,647 male short-term workers and two cohorts of men
employed for at least four years in a Norwegian aluminium smelter
(2,888 production workers and 373 maintenance workers). Of the
5,962 men who initially satisfied the inclusion criteria, six had died before
the observation period started in 1953 and 48 were lost to follow-up. The
remaining 5,908 men were linked to the files of the Norwegian Cancer
Registry and followed up from 1953 (or date of first employment) until
date of death or emigration, or the end of 1993. There was an association
between exposure to coal tar pitch volatiles and bladder cancer. There was
no association between static magnetic fields and cancers of the brain or
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lymphatic and haematopoietic tissues. Cancer incidence was not elevated
in any of the cohorts when compared with the expected incidence
calculated on the basis of the age- and calendar year-specific cancer
incidence of all men in Norway applied to the person-years at risk among
cohort members. In contrast, there was a significant positive association
between employment as a maintenance electrician working mainly with
220-V alternating current and lymphatic and haematopoietic cancer, and a
statistically nonsignificant association between PAH and lung cancer. The
healthy worker effect may have caused an underestimation of potential
effects. There was only limited control of confounding variables.

Milham (1982) calculated proportionate mortality ratios (PMR)
for leukaemia and non-Hodgkin’s lymphoma with respect to the
occupation. In extended analyses of a larger material additional cancer
sites were analysed (Milham, 1985). Elevated PMRs were found among
aluminium workers for several cancer sites; pancreatic, lung, and
haematological malignancies. The highest PMR was seen for acute
leukaemia (PMR = 233) and for other lymphomas (PMR = 260). This
study has numerous limitations, including cross-sectional design,
unknown contribution of different exposure sources, and confounding
from other exposures.

8.2.1.3 Chloralkali Plants

Barregard et al. (1985) studied cancer mortality and cancer
incidence in a group of 157 male workers at a Swedish chloralkali plant
compared to the general Swedish male population. The employees had all
worked regularly or permanently for at least one year during the period
1951 - 1983 in the cell room where the electrolysis process took place and
where they had been exposed to static magnetic fields (average: 14 mT).
The investigators reported no excess incidence of, or mortality from,
cancer. The results might be due to the healthy worker effect. Only
unspecific outcomes were studied (all causes of death, all types of cancers
combined). The study had poor statistical power.

The study was later expanded to include workers at eight
chloralkali plants, a total of 1,190 men (Barregérd et al., 1990). This study
was focused on exposure to inorganic mercury, and no magnetic field
measurements were made. An increased risk of lung cancer was observed.
Workers at some of the plants were also exposed to asbestos, which could
explain some of the observed risk increase. A slightly higher mortality
from circulatory diseases was also noted. The healthy worker effect may
have also affected the results in the expanded study. Information about
smoking habits was not available. The statistical power was poor for
specific cancer types.
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Ellingsen et al. (1993) studied cancer incidence and mortality in
674 workers employed for the first time before 1980 at two Norwegian
chloralkali plants. Cancer incidence and mortality were compared to
expected rates in the general Norwegian male population, based on five
year age groups and calendar years from 1953 - 1989. The main
hypothesis concerned mercury vapour, and no magnetic field
measurements were taken. A modest increase in lung cancer incidence
was found. No risk increases were found for cancers of the nervous
system or lymphatic and haematopoietic tissues. The overall mortality
was close to that expected and there were no increased risk for any
specific cause of death. The healthy worker effect is likely to have
affected the results. There was no control for confounding factors, other
than age and calendar. The study had poor statistical power.

8.2.2 Haematology, Inmune Status and Blood Pressure

After the identification of a cluster of B-cell lymphoma in an
aluminium reduction plant, Davis and Milham (1990) used a pilot study
to investigate the immune status of 23 workers, as immuno-deficiency is a
known risk factor for B-cell lymphoma. Out of the 350 employees, 44
volunteered for the study but only 23 could be included. Twenty of these
workers worked in the potroom, where there was potential for high
exposure to static magnetic fields as well as coal tar pitch. Three workers
were considered as unexposed because they had never worked in the
potroom. Potroom workers had significantly higher T8 levels
(mean = 1,227 cells/pul) than non-potroom workers (mean = 558 cells/ul)
or in comparison to normal for the general population values
(median = 450 cells/ul). T4 levels were higher for potroom workers
(mean = 1,017 cells/pl) than for non potroom workers (mean = 597 cells/ul)
(p <0.1) or normal values (median = 756 cells/pl). The subject selection
procedure was not well described. In addition, there were only 3
unexposed subjects. Population values are reported as medians, which are
likely to be lower than mean values. Smoking may be a confounding
variable, but even the non-smoking potroom workers had higher T8
counts than the general population.

Tuschl et al. (2000) studied immune parameters in hospital
personnel exposed to different sources of EMF. The immune parameters
of 10 MRI workers (generally exposed to static magnetic fields of 0.5 mT
in the operator room and occasionally to higher field strengths) did not
differ from those of the control group (23 persons). Other immune
parameters examined that showed no difference between exposed and
unexposed workers included relative and absolute numbers of
lymphocytic subsets, the proliferative activity of T and B cells, the
production of interleukin 2, interferon gamma and tumour necrosis factor
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alpha, serum immunoglobulins, non-specific immunity of monocytes and
granulocytes. The subject selection procedure was not well described. The
MRI workers were an average of 10 years younger than the other groups,
and smoking was half as prevalent. The actual individual exposure for the
working group could not be measured and could only be roughly
estimated.

Marsh et al. (1982) studied 320 exposed and 186 unexposed
workers in various industrial plants using large electrolytic cells in
chemical separation processes. The averaged static field level in the
exposed work environment was 7.6 mT and the maximum field was
14.6 mT. Based on theoretical considerations, the authors separately
examined vertical and horizontal components of magnetic fields.
Horizontal fields were considered as most relevant with respect to
induced currents. Vertical fields may be relevant for processes with a
certain latency period, as only vertical fields remain constant over time in
a moving upright body. The authors did not find major health problems in
this population. While the mean values of both the exposed and
unexposed groups were within the normal range, white cell counts were
decreasing with increasing horizontal magnetic fields. The percentage of
lymphocyte and percentage of monocyte increased with increasing
horizontal magnetic field. An increase in the systolic and diastolic blood
pressure with increasing exposure to the vertical component of the
magnetic field was observed in black subjects. The opposite trend was
observed in the whole study population, with a tendency for a decreasing
systolic and diastolic pressure with increasing vertical magnetic field
strength (p = 0.08). Results for whites and Hispanics were not reported. It
was noted that the description of the results in the text did not always
correspond to the numbers reported in the specified models. The subject
selection procedure was not well described. The 320 exposed workers
were likely to have been exposed to mercury and chlorine as well,
whereas the unexposed group was not. Only large long-term health effects
could have been detected in this small study population.

8.2.3 Chromosome Aberrations

Skyberg et al. (1993) compared chromosome aberration in the
lymphocytes of 13 high voltage laboratory cable splicers with 20 referents
not exposed to electric and magnetic fields. The cable splicers were
generally exposed to static and alternating magnetic field strength of
5 - 15 uT. They could also occasionally be exposed to magnetic fields
strengths up to 10 mT by touching the cable. Generally, no differences
between exposed and unexposed workers were found. However, exposed
smokers had more chromosome breaks than smokers, in comparison to
the control group (based on 7 exposed smokers). It is not known what
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property of the EMF exposure, if any, was responsible for the observed
effect. In addition, there were only a small number of subjects.

8.2.4 Reproduction

Several indicators of reproductive health were studied in
aluminium and metal workers, as well as MRI operators.

Mur et al. (1998) compared the birth-rate of 692 potroom male
workers exposed to static magnetic fields ranging from 4 - 30 mT to that
from 588 unexposed male workers from the same aluminium plants (all
blue-collar workers). The birth rate was calculated for each couple by
dividing the number of children by the number of years since marriage.
To control for cultural differences, only French men were included in the
study. The authors found a statistically significant increase in the birth
rate (relative birth-rate ratio of 1.1; p < 0.001). This result was interpreted
as an indicator that the fertility of the male workers was not decreased due
to exposure to static magnetic fields or heat. However, the age of the
husband/wife was not controlled for in the analysis.

Irgens et al. (1997) studied the male proportion in offspring of
workers in metal smelters, welders and workers involved in production of
electric wires during the period 1970 - 1993. The male proportion among
offspring to fathers and mothers not working in any of the investigated
occupations were used as a reference. In total, 1.2 million births were
included. Aluminium workers were exposed to static magnetic fields of
up to 10 mT and to alternating fields of up to 0.1 mT. Workers in plants
producing magnesium, nickel or iron were assumed to be exposed to 50
Hz magnetic fields up to 2 mT. The production of electric wire is
associated with 50 Hz magnetic fields up to 0.015 mT, and occasional
exposure of the hand to static and alternating magnetic fields of up to 10
mT. Common static and alternating field strengths to which the welders
were reported to be exposed were 0.001 - 0.05 mT. The offspring of male
aluminium workers or welders had a proportion of males similar to that of
the unexposed population (RR = 0.98; 95% CI: 0.94 - 1.03, and
RR = 1.01; 95% CI: 0.99 - 1.03, respectively). The offspring of women
working in the smelter industry had a significantly reduced male
proportion, which was particularly reduced for women working in the
aluminium plants (RR = 0.72; 95% CI: 0.59 - 0.90, based on 81 exposed
births). Exposure misclassification was very likely in this study because
the job title was reported only every 10 years by an imprecise three digit
coding system. There was no o control of any confounding factors, not
even the age of the parents.

Evans et al. (1993) investigated infertility and pregnancy outcome
in a cross-sectional study among MRI workers in the USA: 1,915 female
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MRI operators reported 1,421 pregnancies, of which 287 pregnancies
occurred during work as an MRI operator, the remaining during work in
another job or while being a homemaker. The risk of miscarriage for
pregnancies during MRI work was slightly (but not statistically
significantly) increased compared to work in other jobs, and was
considerably higher than the risk of homemakers. Minor differences were
found for early delivery and low birth weight when compared to
homemakers, but not when compared to other workers. The gender ratio
of offspring in the same study was not changed (Kanal et al., 1993). There
was no control for age: for example, women with pregnancies during
work as MRI operators were markedly older than other groups.
Homemakers below 30 years of age at pregnancy had a very low
miscarriage rate, which may have influenced the risk estimate. Selection
bias and reporting bias cannot be ruled out in this study, as it cannot be
determined what proportion of the total female MRI workers participated
in the study.

Baker et al. (1994) carried out limited follow-up of 20 children
with a variety of abnormalities imaged in utero with 0.5 T echo planar
MRI. Only case reports are presented, with no comparison group.

Myers et al. (1998) investigated effects on intrauterine growth
following in utero exposure to MRI. A total of 74 pregnant volunteer
women were recruited through advertisements, and underwent up to five
MRI scans during pregnancy. A control group consisted of
148 unexposed pregnant women matched on maternal age, parity, ethnic
origin, smoking history, and postcode. No effect was found on gestational
age-adjusted birth weight, although unadjusted birth weights and
gestational age were significantly lower in the MRI group. The study is
small, and the results are difficult to interpret.

Clements et al. (2000) followed 20 children exposed to MRI for
four times between 20 weeks to term and 35 unexposed children, from
birth until 9 month of age. A small decrease in length was found in
exposed children, and an increase in gross motor function. No other
effects were found. It is unclear how the subjects were selected to be
participants in the study, and no participation rates were reported. It
seems likely that this was not a random sample, and that selection bias
may therefore have affected the results. The statistical analyses were
questionable. Furthermore, the number of children is very small, and thus
only very large effects could have been detected.

8.2.5 Musculoskeletal Symptoms

A retrospective cohort study in an aluminium plant compared the
occurrence of musculoskeletal symptoms during 1986 to 1991 among an
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exposed (N = 342) and an unexposed group (N = 277) of workers (Moen
et al.,, 1995). Employees were exposed in potrooms to static magnetic
fields between 3 and 20 mT, and to ripple components (alternating
currents) as well. The unexposed group consisted of workers from the cast
house, the rolling mill and transport workers. The exposed and unexposed
groups had similar exposures to other risk factors for musculoskeletal
disorders, e.g. chemical substances, vibration, work load, etc. The
analysis was based on the symptoms reported to the occupational health
care unit in 1986 and 1991. No difference was found between the exposed
and unexposed groups. Further analyses focusing on sick leave due to
musculoskeletal disorders also failed to detect an association to the
exposure with static magnetic field (Moen et al., 1996). Selection bias
may have been present if health is a consideration in the selection of
workers to work in the potroom. Minor health problems may not have
been included in this study, because they probably did not get reported to
the health care unit.

8.2.6 Conclusions

The few epidemiological studies published to date leave a number
of unresolved issues concerning the possibility of increased cancer risk
from exposure to static magnetic fields. Assessment of exposure has been
poor, and the number of participants in some of the studies has been very
small, and thus these studies are able to detect only very large risks for
such rare diseases. Most of the studies were conducted in aluminium
plants or other smelter plants. The inability of these studies to provide
useful information is supported by the lack of clear evidence for other,
more established carcinogenic factors present in some of the work
environments studies. Other non-cancerous health effects have been
considered even more sporadically. Most of these studies are based on
very small numbers and have numerous methodological limitations. Other
environments with a potential for high fields have not been adequately
evaluated, e.g. MRI operators. In short, there is insufficient material for a
health evaluation.
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Table 46. Epidemiology

Authors Population | Endpoint ‘Type ‘ Exposure Results Comments
Cancer
Aluminium workers
(Andersen | 7,410 Mortality | Cohort | SMF: no Increased Interpretation
etal., male and levels lung cancer | of results
1982) employees | cancer stated incidence; restricted due
from 4 incidence essentially to healthy
Norwegian only in worker effects
aluminium workers with | and
plants short incomplete
duration of smoking
employment | histories.
and workers
with very
long duration
of
employment
in older
plants.
(Rockette |21,829 Mortality | Cohort | SMF: 4 - 50 | Cancer of Healthy
& Arena, workers in mT pancreas worker effect
1983) the (p<0.01); makes
aluminium leukaemia modestly
industry (n.s.). increased

risks for some
cancer sites
interesting
despite lack of
statistical
significance.
SMF not
measured.
Other
exposures,
e.g. PAH,
could not be
separated
from SMF
exposure.
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(Mur et al., |6,455 Mortality | Cohort SMF: no No increased | No SMF
1987) workers in levels cancer exposure
French stated mortality and | levels
aluminium mortality reported. Also
plants from all exposure to
between causes. numerous
1950 and chemicals
1976 such as coal
tar pitch and
PAH, that are
known to
increase risk
of some
cancers.
Limited
information on
other
confounding
factors, e.g.
smoking.
Information on
cause of
death only
obtained for
71% of the
cohort.
(Spinelli et |4,213 Mortality | Cohort | SMF: no All causes of
al.,, 1991) | workers of |and levels mortality:
an cancer stated SMR=0.77;
aluminium |incidence all cancer:
plantin SMR=0.92;
BC, brain cancer:
Canada SMR=2.2
(1.2-3.1);
bladder
cancer:
SMR=1.7
(1.1-2.6).
(Renneberg | 5,908 Mortality | Cohort |SMF: 2 -10|No increased | Possible
& workers in | and mT risk for brain | underestimati
Andersen, | Norwegian | cancer ELF: 0.3 - |cancer and on of potential
1995) aluminium | morbidity 10 T lymphatic effects due to
(Regnneber | smelters and healthy worker
getal, haemopoietic | effect. Limited
1999) tissue confounding

cancer.
Increased
leukaemia
risk for
employment
as an
electrician.

control.
Probably
some overlap
with Andersen
etal., (1982).
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(Milham, 12,714 Mortality | Cross- SMF: Acute Numerous
1985) death sectional | possible leukaemia: limitations,
records of exposure PMR=162; e.g. cross-
‘electrical’ other sectional
workers lymphomas: | design,
PMR=164. unknown
contribution of
different
exposure
sources.
Chloralkali Plants
(Barregard | 157 Cancer Cohort | SMF: 4 - 29 | Mortality: Results might
etal., exposed mortality mT SMR=10.8 be due to
1985) menina |and (0.4 -1.3); healthy worker
chloralkali |incidence cancer: effect.
plant SIR=0.8 Unspecific
engaged (0.3-1.9). outcomes (all
in the causes of
electrolytic death, all
production types of
of chlorine cancers
combined).
Poor statistical
power.
(Barregard | 1,190 Mortality | Cohort | SMF: no Slightly Healthy
etal., exposed and levels increased worker effect
1990) men in cancer stated cardio- possible,
eight incidence vascular comparison to
chloralkali mortality, general
plants increased population.
lung cancer | Poor statistical
incidence. power for
specific
cancer types.
Limited
confounding
control.
(Ellingsen | 674 Mortality | Cohort |SMF: no Slightly Healthy
etal., exposed and levels increased worker effect
1993) men in two | cancer stated lung cancer | possible,
chloralkali |incidence risk. comparison to
plants Incidence of |general
all cancers population.
combined Poor statistical
and total power. Limited
mortality confounding
close to control.
unity.
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Haematology, immune status and blood pressure

(Davis &
Milham,
1990)

20 exposed
potroom
workers
and 3
unexposed
worker from
the same
plant

Immune
status

Cross-
sectional

SMF: no
levels
stated

More T8 cells
(p<0.05) and
T4 cells
(p<0.1).

Selection
procedure not
well
described.
Only 3
unexposed
subjects.
Population
values
reported as
medians
(likely to be
lower than
means).
Smoking may
be a
confounding
factor, but
even non-
smoking
potroom
workers had
higher T8
counts than
general
population
value.

(Tuschl et
al., 2000)

Hospital
personnel:
10 MRI
worker

10 workers
at induction
heaters

23 controls

Immune
para-
meters

Cross-
sectional

MRI:

SMF: 05T
(operator
room)

Induction
heater:
ELF/IF (50
Hz-21.3
kHz): 2 mT

No effects on
number of
natural killer
cells and
oxidative
burstin
monocytes in
MRI workers.

Selection
procedure not
well
described.
Exposed and
unexposed
groups not
comparable in
terms of age
and smoking
habits.
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(Marsh et | 320 General | Cross- SMF: mean | Decrease in | Selection
al., 1982) | workers health sectional |[=7.6 mT, white cell procedure not
exposed to |indicators max = 14.6 | counts. well
SMF from mT Increase in described.
electrolytic lymphocyte | SMF-exposed
cells and and workers likely
186 monocyte to be also
unexposed percentages. | exposed to
workers No effects on | mercury and
red cell count | chlorine,
haemoglobin | whereas
and unexposed
haematocrit | group was
reading. Only | not. Exposure
in people of | to magnesium
colour: dust likely for
increase in exposed and
systolicand | unexposed
diastolic workers.
pressure.
Chromosome aberrations
(Skyberg et | 13 high Chromo- Cross- | Staticor 50 | More Small
al., 1993) | voltage some sectional | Hz B-field: 5 | chromosome | numbers of
laboratory | aberrations =154, aberrations | subjects. Not
employees sometimes | jn exposed known what
and 20 up to smokers than | property of
referents 10mT in non- EMF

Static or exposed exposure, if

alternating smokers any, is

E-field 5 - : ’ .

10 kKV/m responsible
for observed
effect.

Reproduction
(Mur et al., |692 Birth rate | Cross- SMF: 4 - 30 | Birth rate Not controlled
1998) potroom sectional | mT ratio for the age of
workers in exposed/ husband/wife.
aluminium control: 1.1
plants and (p<0.001).
588
controls
from the
same
plants
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(Irgens et | Norwegian | Offspring | Register | SMF: up to |Male: Exposure
al., 1997) workers in | sex ratio 10 mT smelter misclassificati
metal ELF: upto |works: on very likely,
reduction 1mT RR=0.97 because job
plants and (0.92 - 1.02) |title reported
electric wire only every 10
wire production: years by an
production RR=0.92 imprecise
(0.80 - 1.05) | three digit
welders: coding
RR=1.01 system. No
(0.99 - 1.03) | control of
Female: confounding
aluminium factors, not
works: even age of
RR=0.72 parents.
(0.59 - 0.90)
all smelter
works:
RR=0.88
(0.79 - 0.99)
(Evans et 1,915 Infertility Cross- SMF: 6% of | MRI vs other | Women with
al.,, 1993) |female and sectional | working workers: pregnancies
(Kanal et MRI pregnancy hours: miscarriage: |during work as
al., 1993) |technol- outcome 05-2T relative risk | an MRI
ogists and 6% of ratio operator
nurses working (RRR)=1.3 markedly
from USA hours: (0.9-1.8) older than
10 mT early other groups.
remaining | delivery: Pregnant
time: RRR=1.2 homemakers
<10mT (0.8-1.9) below age 30
low had a very low
birthweight: | miscarriage
RRR=1.0 rate - may
(0.5-2.0) have
MRI vs influenced risk
home- estimate.
makers: Possible
miscarriage: | selection and
RRR=3.2 reporting bias.
(1.7-6.0) Unknown
early participation
delivery: rate of female
RRR=1.7 MRI workers.
(0.9-3.4)
low
birthweight:
RRR=1.5
(0.5-4.41)
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(Baker et |20 exposed | Hearing | Appear |0.5T No effect No
al., 1994) | children, no | deficit to be echo planar found at 8 quantitativ_e
un—eqused case MRI months data. Varying
comparison reports hearing test. | follow-up time.
group Sound levels
not reported.
(Myers et | 74 children | Intra- Cohort | Up to five No effecton | Exposed
al., 1998) | exposed to | uterine MRI scans | gestational participants
MRI in growth in utero age-adjusted | recruited
utero birth weight. | through
Lower advertisement
unadjusted
birth weight
and lower
gestational
age in
exposed
children.
(Clements | 20 children | Develop- | Cohort |Four MRI Small Subject
etal., exposed to | ment at 9 scans in decrease in | selection
2000) MRI in month of utero length, procedure not
utero, and | age increase in described.
35 gross motor | Statistical
unexposed function. analyses are
children questionable.
Musculoskeletal system
(Moen et 342 Symptoms | Cohort |SMF:3-20 |Musculo- Possible
al., 1995) |exposed |of I mT Iand ELF | skeletal exposure to
potroom musculo- ripple symptoms coal tar pitch.
;’}’_Io? gg%t) workers in | skeletal components | from neck, Selection bias
’ an system shoulders, may be
aluminium arms: present if
plant and OR=0.9 health is a
277 (0.3-4.0) consideration
unexposed Musculo- in the
workers skeletal selection of
from the symptoms worke_rs to
same from back, work in the
plants hips, legs: potroom.
OR=1.1 Minor health
(0.3-3.2). problems may

not be
included in
study
(probably not
reported to
health care
unit).
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9 HEALTH RISK ASSESSMENT

In this chapter, the possible impact on human health from
exposure to static electric or static magnetic fields is assessed from the
reviews of the epidemiological and biological data, along with the
information on exposure indicated in the preceding chapters.

9.1 Static electric field effects

Static electric fields occur naturally in the atmosphere. Values of
up to 3 kV m-1 can occur under thunderclouds, but in fair weather they
generally are of order of 100 V m™. The most common cause of human
exposure is charge separation as a result of friction. For example, , charge
potentials of several kilovolts can be accumulated when walking on non-
conducting carpets, generating local fields of up to 500 kV m™. Direct
current (DC) power transmission can produce static electric field
strengths of up to 20 kV m’’, rail systems using DC can generate fields of
up to 300 V m! inside the train, and VDUs create electric fields of around
10-20kV m™ at a distance of 30 cm.

Static electric fields do not penetrate electrically conductive
objects such as the human body. The field induces a surface electric
charge and is always perpendicular to the body surface. A sufficiently
large surface charge density may be perceived through its interaction with
body hair and by other effects such as spark discharges (microshocks).
The perception threshold in people depends on various factors and can
range between 10 - 45 kV m™'. Thresholds for annoyance from such
sensations are probably equally variable, but have not been systematically
studied. Painful microshocks can be expected when a person who is well
insulated from the ground touches a grounded object, or when a grounded
person touches a conductive object that is well insulated from ground.
However, the threshold static electric field values will vary depending on
the degree of insulation and other factors.

Few animal studies of static electric field effects have been
carried out. The overall results do not suggest that exposure is associated
with adverse health effects.

There are no studies on exposure to static electric fields from
which to make any conclusion on chronic or delayed effects. IARC (2002)
noted that there was insufficient evidence to determine the
carcinogenicity of static electric fields.

9.2  Static magnetic field effects

The geomagnetic field varies over the Earth’s surface between
about 35 - 70 pT and is implicated in the orientation and migratory
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behaviour of certain animal species. Man-made static magnetic fields are
generated wherever DC currents are used, such as in some transportation
systems powered by electricity, industrial processes such as aluminium
production, and in arc welding. Magnetic flux densities of up to 2 mT
have been reported inside electric trains and in modern magnetic
levitation (MagLev) systems. Workers are exposed to larger fields in arc
welding, where fields of around 5 mT are present close to the welding
cables, and in the electrolytic reduction of alumina where fields of up to
around 60 mT are encountered.

The advent of superconductors in the 1970’s and 80’s facilitated
the use of much larger magnetic fields in medical diagnosis through the
development of magnetic resonance imaging (MRI) and spectroscopy
(MRS). 1t is estimated that some 200 million MRI scans have been
performed worldwide. Most scanners operate at 1 to 3 T, and MRI
exposures include pulsed magnetic and radiofrequency fields. Typically,
static magnetic flux density is only 0.5 mT at the operator’s console, but it
may be higher. However, occupational exposure > 1 T can occur during
the construction, testing and maintenance of these devices, as well as
during certain medical procedures carried out in MRI. Machines of 7- 8 T
are being installed at a few sites and the first 9.4 T MRI system was
installed in 2003. Both are associated with higher exposures. Various
research and high energy technologies also employ superconductors
where workers can be repeatedly exposed to fields as high as 2 T for
periods of up to a few hours per day.

A major difficulty in the assessment of the effects of exposure to
static magnetic fields is the paucity of relevant data. There have been few
studies of possible long-term health effects in exposed people, particularly
in fields of ~ 1 T and above. The likelihood of there being such effects
can be assessed, in the first instance, from a consideration of physical
interaction mechanisms. Three broad categories of effects can be
recognized; namely, a) electrodynamic interactions with ionic conduction
currents; b) magnetomechanical effects, including the orientation of
magnetically anisotropic structures in a uniform field and the translation
of paramagnetic and ferromagnetic materials in magnetic field gradients;
and c) effects on the electron spin states of radical pair intermediates in
certain types of metabolic reactions. The second effect represents
generally weak interactions because the magnetic susceptibility of most
biological material is very small and therefore significant mostly at flux
densities greater than 1 T.

Ionic currents interact with static magnetic fields as a result of the
Lorentz forces exerted on moving charge carriers, giving rise to an
induced electric field and exerting a force opposing the motion. Examples
of such processes are the ionic currents associated with the flow of blood,
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and the movement of ions through channels in cell membranes.
Thresholds for significant interactions with the movement of ions in ion
channels are thought to be around 24 T. However, measurable flow
potentials are generated in major blood vessels around the heart in fields
above ~ 0.1 T and their possible physiological consequences are
discussed below. The magnetohydrodynamic forces opposing the blood
flow could become increasingly physiologically significant at much
higher flux densities.

Movement of the whole or part of the body, e.g. eyes and head, in
a static magnetic field gradient will also induce an electric field and
current during the period of movement. Dosimetric calculation suggests
that such induced electric fields will be substantial during normal
movement around or within fields > 2 - 3 T, and may account for the
numerous anecdotal reports of vertigo and occasional magnetic
phosphenes experienced by patients, volunteers and workers during
movement in the field. These effects are discussed in greater detail below.

Magnetomechanical interactions in a magnetic field exert a torque
on macromolecules and structurally ordered molecular assemblies that
exhibit magnetic anisotropy, causing them to tend to rotate. Such effects
can be seen in vitro at fields > 1 T and may play a role in orientation of
magnetotactic bacteria and other organisms sensitive to the geomagnetic
field. The significance of this, if any, to human health is unclear. A
second major type of magnetomechanical interaction is the translation of
paramagnetic and ferromagnetic substances in static magnetic field spatial
gradients. However, most biological materials are only weakly
diamagnetic. A few, for example de-oxygenated red blood cells, are
weakly paramagnetic, but the force exerted on them even at 4 T is very
small compared to gravity. The forces exerted on ferromagnetic objects
such as metal tools pose dangers due to their acceleration in strong
magnetic field gradients. Of particular concern in MRI, are
electromagnetic interference (EMI) with the normal functioning of
pacemakers and other implantable medical devices, and the physical
forces on these and other implanted metal objects (such as aneurysm
clips).

Several classes of organic chemical reactions can be influenced by
static magnetic fields in the range from 10 to 100 mT as a result of effects
on the electron spin states of the reaction intermediates. Studies carried
out in vitro have shown that some metabolic reactions of this type can be
affected. It is considered that it is unlikely that there will be major effects
of physiological consequence, or even long-term mutagenic effects,
arising from magnetic field induced changes in free radical concentration
or fluxes.
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9.2.1 Physiological responses

Mechanistic considerations and volunteer studies of acute effects
from short-term exposure to static fields in the tesla range and field
gradients point to the following effects: the induction of electrical
potentials (flow potentials) around the major blood vessels close to and
within the heart, and an increase in the resistance to blood flow in these
vessels; and the induction of electrical potentials and eddy currents in the
body caused by physical movement within an high static field gradient,
resulting for example in vertigo and nausea during head movement. These
latter effects have also been attributed to magnetohydrodynamic effects
on the vestibular organs of the inner ear.

9.2.1.1 Flow potentials and reduced blood flow

Flow potentials result from Lorentz forces acting on moving
charges and are generally associated with ventricular contraction and the
ejection of blood into the aorta in animals and humans. The Lorentz
interaction also results in a ‘magnetohydrodynamic’ force opposing the
flow of blood. The reduction in aortic blood flow predicted at 5, 10 and
15 T is about 1%, 5% and 10%, respectively.

Theoretical considerations indicate that flow potentials generated
by blood flow in coronary arteries may be of greater physiological
significance than those generated in the aorta. The consequences of flow
potentials for health are less clear. Three possibilities have been
considered: changing the rate of excitation of the heart by acting on the
sinoatrial pacemaker tissues, inducing the ectopic initiation of activity at
sites that are not normally endogenously active, and altering the pattern of
action potential propagation through the ventricular myocardium, which
could be potentially arrhythmogenic. Calculations on healthy hearts
suggest that the first two effects have thresholds in excess of 8 T. It is
more difficult to assess the threshold for initiating potentially lethal re-
entrant arrhythmias by disturbing the pattern of action potential
propagation. It is important to note that these calculations have not been
validated by experimental investigation, although the paper of Chakares
(2005) contains some information on this.

Changes in blood pressure and heart rate were observed in some
studies of healthy volunteers, but not in others. The observed changes
were within the range of normal physiology. The methodological
limitations of the available studies are such, however, that it is not
generally possible to draw conclusions about the effects of static magnetic
fields on these endpoints.
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Mammalian studies do not provide strong evidence for or against
effects on the cardiovascular system when exposed to static magnetic
fields up to 8 T.

9.2.1.2 Movement-induced electric potentials and related effects

Physical movement within a static field gradient, such as that
occurring at the entrance to an MRI scanner and head movement within
the scanner, has been reported to induce transient sensations of vertigo
and nausea, and sometimes phosphenes and a metallic taste in the mouth.
Occurrence of these effects is likely to be dependent on the gradient of the
field and the movement of the subject. Such effects have been reported in
volunteers, workers and patients exposed to static fields in excess of
about 2-4 T. Such effects are also consistent with the results of animal
studies in which aversive behaviour and conditioned avoidance was
induced in laboratory rodents following exposure to static fields of 4 T
and above.

It is conceivable that such effects, although only transient, may
adversely affect people within such magnetic fields and field gradients.
The available studies do not indicate that there are effects of static
magnetic field exposure on neurophysiological responses and cognitive
functions in stationary volunteers, nor can they rule out such effects. One
study suggested that eye-hand coordination and near visual contrast
sensitivity are reduced in fields adjacent to a 1.5 T MRI unit. The
potential of such effects affecting the optimal performance of workers
carrying out delicate procedures (e.g. surgeons) must be highlighted.
Steps taken to mitigate these effects include moving slowly in and around
magnets. However, the electric fields and currents induced in people
working in such fields have not been clearly defined.

9.2.1.3 Other physiological responses

With regard to effects on the circulatory system, a number of
researchers have reported that exposure of laboratory animals to fields up
to several tesla (but sometimes as weak as the geomagnetic field of 35 -
70 uT) variously affect skin blood flow, arterial blood pressure and other
cardiovascular parameters. However, these endpoints are rather labile, a
situation which may have been complicated by pharmacological
manipulation (including anaesthesia in some cases) and immobilisation.

A few studies in rats indicated a possible temporary or weak
dysfunction of the blood brain barrier following a short clinical MRI
procedure. At present, there is inadequate data to evaluate risks to human
health.
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Some laboratories have looked for effects of static magnetic fields
on hormones, mostly the production and release of melatonin from the
pineal gland. Several studies from one laboratory suggested that the
inversion of the horizontal component of the geomagnetic field can affect
pineal melatonin synthesis and content.

It is difficult to reach any firm conclusion without independent
replication of these studies.

9.2.2 Reproduction and development

The available evidence from epidemiological studies is not
sufficient to draw any conclusions about potential reproductive and
developmental effects of exposure to static magnetic fields encountered in
occupational environments, including MRI. The few studies that were
available had severe methodological limitations.

Studies of possible reproductive and developmental effects on
mammalian species are most relevant to humans. No adverse effects have
been demonstrated in such studies, but few have been carried out,
especially in excess of 1 T. The MRI studies, taken as a whole, were
inconclusive. The animal numbers were small, the data variable and the
effect, if any, impossible to disentangle from the effects of pulsed
gradient magnetic or RF fields, or other potential stressors.

9.2.3 Cancer and genotoxicity

The few epidemiological studies published to date concerning the
possibility of increased cancer risk from exposure to static magnetic fields
leave a number of unresolved issues. Assessment of exposure has been
poor, and the numbers of participants in these studies have been very
small. Most of the studies were conducted in aluminium and other smelter
plants. Inability of these studies to provide useful information is
supported by lack of clear evidence for other, more established,
carcinogenic factors present in some of the work environments. The
evidence from animal studies concerning carcinogenesis is inconclusive,
since too few studies have been carried out.

From the limited number of animal studies that have been
published, there is no evidence that static fields of less than 1 T are
genotoxic. However, while one study reported an increased frequency of
micronuclei following exposure at fields of 3 or 4.7 T, there has been no
replication of this work.

No genotoxic effects have been seen in in vitro studies following
static magnetic field exposures of up to 7 T. Investigations of the
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combined action of static magnetic field exposure and known mutagens
have shown variable results. Conclusions about synergistic effects on
genotoxicity cannot be made without confirmation in mammalian studies.

9.3 Conclusions

9.3.1 Chronic and delayed effects

Electric fields

There are no studies of exposure to static electric fields from
which to make any conclusion on chronic or delayed effects. IARC (2002)
noted that there was insufficient evidence to determine the
carcinogenicity of static electric fields.

Magnetic fields

With regard to static magnetic fields, the available evidence from
epidemiological and laboratory studies is not sufficient to draw any
conclusions about chronic and delayed effects. IARC (2002) concluded
that there was inadequate evidence in humans for the carcinogenicity of
static magnetic fields, and no relevant data available from experimental
animals. They are therefore not at present classifiable as to their
carcinogenicity to humans.

9.3.2 Acute effects

Electric fields

Few studies of static electric field effects have been carried out.
On the whole, the results suggest that the only adverse acute health effect
is associated with direct perception of fields and discomfort from
microshocks.

Magnetic fields

Short-term exposure to static magnetic fields in the tesla range
and associated field gradients revealed a number of acute effects.

Cardiovascular responses, such as changes in blood pressure and
heart rate, have been occasionally observed in human volunteer and
animal studies. However, these were within the range of normal
physiology for exposure to static magnetic fields up to 8 T.

Although not experimentally verified, it is important to note that
calculations suggest three possible effects of induced flow potentials:
minor changes in the rate of heart beat (which may be considered to have
no health consequences), the induction of ectopic heart beats (which may
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be more physiologically significant), and an increase in the likelihood of
re-entrant arrhythmia (possibly leading to ventricular fibrillation). The
first two effects are thought to have thresholds in excess of 8 T, while
threshold values for the third are difficult to assess at present because of
modelling complexity. Some 5 - 10 per 10,000 people are particularly
susceptible to re-entrant arrhythmia, and the risk to such people may be
increased by exposure to static magnetic fields and gradient fields.

The limitations of the available data are such, however, that it is
not possible to draw firm conclusions about the effects of static magnetic
fields on the endpoints considered above.

Physical movement within a static field gradient is reported to
induce sensations of vertigo and nausea, and sometimes phosphenes and a
metallic taste in the mouth, for static fields in excess of about 2 - 4 T.
Although only transient, such effects may adversely affect people.
Together with possible effects on eye-hand coordination, the optimal
performance of workers executing delicate procedures (e.g. surgeons)
could be reduced, along with a concomitant reduction in safety.

Effects on other physiological responses have been reported, but it
is difficult to reach any firm conclusion without independent replication.

This risk assessment for static fields has been conducted with all
the scientific information available. This has involved identifying
whatever health risks can be determined and quantified. Nonetheless, the
severe lack of information has meant that it has not been possible to
properly characterise the risks from static field exposure. There are
indications, from modelling studies and/or some observations in people,
of field levels that could elicit acute effects. However, the information on
long-term and delayed effects is insufficient to characterize risk, only
general statements can be made, and these rely on very few well-
conducted studies. Having identified large gaps in knowledge, research
recommendations have been made in Chapter 1.
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10 RECOMMENDATIONS FOR NATIONAL AUTHORITIES

It is recommended that national authorities implement programs
that protect both the public and workers from any untoward effects of
static fields. However, given that the main effect of static electric fields is
discomfort from electric discharge to tissues of the body, the protective
program could merely be the provision of information about situations
that could lead to exposure to large electric fields and how to avoid them.

A program is needed to protect against established acute effects of
static magnetic fields. Because insufficient information is currently
available on possible long-term or delayed effects of exposure, cost-
effective precautionary measures may be needed to limit exposures of
workers and the public. Basic protective measures needed to avoid direct
and ancillary effects of exposure, and information on exposure standards,
form the main protective measures for people exposed to strong static
magnetic fields.

National authority recommendations are reported below:

10.1 Exposure guidelines and standards

National authorities should adopt standards based on sound
science that limit the exposure of people to static magnetic fields.
Implementation of health-based standards provides the primary protective
measure for workers and the public.

International standards exist for static magnetic fields (ICNIRP,
1994) and are described in Appendix 1. However, WHO recommends that
these be reviewed in light of more recent evidence from the scientific
literature.

10.2 Device standards

WHO urges technical standards bodies to continue the
development of appropriate technical standards related to the design and
manufacture of devices that use static magnetic fields, especially MRI
units.

To ensure patient safety, standards should continue to be updated
on MRI compatibility of medical implanted devices (see:
http://www.astm.org/).

10.3 Protective measures and ancillary hazards

National authorities should establish or complement existing
programs that provide protection against possible effects from exposure to
static magnetic fields. As described below, protective measures for the
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industrial and scientific use of magnetic fields can be categorized as
engineering design controls, the use of separation distance, and
administrative controls. Another general category of hazard control
measures, namely personal protective equipment (e.g., special garments
and face masks), is not effective for magnetic fields.

Protective measures against the ancillary hazards from magnetic
interference with surgical and dental implants or with emergency or
medical electronic equipment are a special area of concern. In addition,
the mechanical forces imparted to ferromagnetic implants and loose
ferromagnetic objects in high-field facilities also require that precautions
be taken.

The techniques to prevent needless exposure to high intensity
magnetic fields generally fall into three categories, namely,

(a) Distance and time

This entails limiting human access to and/or length of occupancy
in locations where field strengths may pose a significant risk. Since the
external magnetic flux density decreases with distance from the source,
separation distance is a fundamental protective measure. For example, at
large distances from a static magnetic field dipole source (i.e. distance >>
diameter of source), the field decreases approximately as the reciprocal of
the cube of the separation distance.

(b) Magnetic shielding

The use of ferromagnetic core materials restricts the spatial extent
of external flux lines of a magnetic device. External enclosures of
ferromagnetic materials can also ‘capture’ flux lines and reduce external
flux densities. However, shielding is normally an expensive control
measure and of limited use for scientific instruments. Furthermore, it has
not generally been shown to be cost-effective when compared with the
use of separation distance for large installations (Hassenzahl et al., 2004).

(©) Administrative measures

There are a number of administrative measures that can lead to
significant reductions in exposure to magnetic fields:

. pre-employment or pre-placement medical examinations are
needed to ensure that any prospective staff member has no
medical condition that would preclude working around strong
magnetic fields, or has no implanted medical devices or metallic
implants that could be affected by the magnetic field and lead to
some adverse health outcome;
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. educational programs for staff who need to work around static
magnetic fields are needed so that they can have the information
necessary to minimize their exposure and be able to work safely
around strong magnetic fields;

. warning signs should be posted and special access areas identified
to limit exposure of personnel near strong magnet facilities;

. loose ferromagnetic and paramagnetic objects can be converted
into dangerous missiles when subjected to magnetic field
gradients. Avoidance of this hazard can only be achieved by
removing loose metallic objects from the area of the magnet and
from personnel;

. in some circumstances, for example in MRI facilities, a
combination of shielding, restricted access, and the use of metal
detectors may be appropriate to avoid detrimental effects from
exposure to magnetic fields.

10.4 Ancillary hazards: implantable medical devices

Electromagnetic interference (EMI) with the normal functioning
of pacemakers and other implantable medical devices, and the physical
forces on these and other implanted metal objects such as aneurysm clips,
etc. are of particular concern in MRI. Certain types of cardiac pacemakers
exhibit malfunctions in response to EMI.

Pacemaker malfunctions can also be caused by MRI static
magnetic fields, which produce closure of a reed relay switch used to test
the pacemaker's performance while operating in a fixed rate pacing mode.

This indicates a requirement for effective controls to prevent
patients bearing medical implants from being adversely affected by the
fields present in MRI devices.

In addition, possible effects of fields on medical implants should
be addressed by competent technical bodies.

10.5 Optimal performance of workers in static magnetic
fields

Movement-induced electric potentials and related effects during
physical movement within static magnetic field gradients could lead to
induced sensations of vertigo and nausea, phosphenes and metallic taste
in the mouth, as well as possible effect on eye-hand coordination and near
visual contrast sensitivity.

These effects can occur during body or head movement within the
magnetic field, thereby having a possible negative influence on the

220



performance of workers during critical procedures at that time. This also
poses a potential safety risk.

Steps that can be taken to mitigate these effects should focus on
general recommendations to move slowly and to limit sudden head
movements, and on awareness notification and training.

10.6 Precautionary measures

Since there is still considerable uncertainty in the available
information about possible health effects from exposure to static magnetic
fields, national authorities might want to consider implementing
precautionary measures that ensure that peoples’ exposures are well
below the standards. However, such precautionary measures should not
undermine the scientific base of the limits by arbitrary reductions in the
limits values. Rather, various engineering, administrative and work
practice measures should be considered.

WHO is developing a precautionary framework for the reasonable
and cost-effective development of precautionary options. Readers should
refer to: www.who.int/emf for the latest version of this framework.

10.7 Patient exposure to MRI

WHO recognizes the benefit received by patients undergoing
magnetic resonance procedures. However, the static magnetic and other
fields to which the patient is exposed are greatly in excess of those
normally encountered by the general public or by workers. WHO
therefore recommends that patients (and volunteers) undergoing such
procedures should be informed of the nature of the associated benefits and
risks. The risks are those associated with the direct effects of the fields on
the body, as reviewed and assessed in this document, and those associated
with indirect effects such as the electromagnetic interference on
implanted medical devices and the movement of metal objects in the body.

10.8 Protection program

The American College of Radiology has published a
comprehensive set of safety and protective measures for working in MRI
units and for patient management (Kanal et al., 2002). These should be
implemented as part of a basic protective program for MRI units.

10.9 Licensing

National authorities should consider licensing MRI units in order
to ensure that protective measures are implemented. This would also
allow additional requirements to be complied with for MRI units with
strengths in excess of local national standards or 2 T. Such requirements
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relate to provision of information on patients and workers, and any
incidents or injuries resulting from the strong magnetic fields.

10.10 Research

Given the large gaps in knowledge that pertain to the safety of
people exposed to static magnetic fields, national authorities should fund
research to fill these gaps. Recommendations for further research form
part of this document and are posted on the WHO web site:
www.who.int/emf. Researchers should be funded to conduct studies
recommended in this WHO research agenda.

Since higher and higher magnetic field strengths are being
introduced, and little scientific information is available regarding their
safety, it is recommended that national authorities fund MRI units to:

. collect information on worker exposure to static magnetic fields
and make it available for epidemiological studies;

. collect information on patients subjected to MRI procedures. This
information should be in a form useful for future epidemiological
studies;

. require that facilities operating MRI units collect and provide, to a

central agency, any information on incidents and injuries that
result from use of MRI units with strengths in excess of 3 T.

National authorities should fund databases collecting information
on exposures to workers where high long-term exposures occur, such as
those involved in the manufacture of MRI or similarly high strength
magnets, and new technologies such as MagLev trains.
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12 GLOSSARY

Blood-brain barrier

A functional concept developed to explain why many substances that are
transported by blood readily enter other tissues, but do not enter the brain.
The ‘barrier’ functions as if it were a continuous membrane lining the
vasculature of the brain. These brain capillary endothelial cells form a
nearly continuous barrier to entry of substances into the brain from the
vasculature.

Calcium efflux/influx
The release/uptake of calcium ions from a sample into a surrounding
solution.

Cancer

Diseases characterized by the uncontrolled and abnormal division of
eukaryotic cells and by the spread of the disease (metastasis) to disparate
sites in the organism.

Carcinogens
Natural and artificial agents, mostly chemicals and types of radiation, that
increase the frequency with which cells become cancerous.

Case-control study

An investigation into the extent to which a group of persons with a
specific disease (the cases) and comparable persons who do not have the
disease (the controls) differ with respect to exposure to putative risk
factors.

Cell cycle

The cyclical process of growth and cellular reproduction in unicellular
and multicellular eukaryotes. The cycle includes nuclear division, or
mitosis, and cell division, or cytokinesis.

Chromosomal mutation (aberration)
The variation from the wild-type condition in either chromosome number
or chromosome structure.

Chromosome

The genetic material of the cell, complexed with protein and organized
into a number of linear structures. It literally means ‘coloured body,’
because the threadlike structures are visible under the microscope only
after they are stained with dyes.
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Chronic exposure
Exposure lasting for very long periods, e.g. significant periods of the
working life.

Cohort study

An investigation involving the identification of a group of individuals (the
cohort) about whom certain exposure information is collected, followed
by ascertainment of the occurrence of diseases at later times. For each
individual, information on exposure can be related to subsequent disease
experience.

Coil
Arrangement of current carrying wires for the purpose of producing a
magnetic field. Some common types: Helmholtz coils, Merritt coils.

Confidence interval (CI)

An interval calculated from data when making inferences about an
unknown parameter. In hypothetical repetitions of the study, the interval
will include the parameter in question on a specified percentage of
occasions (e.g. 95% for a 95% confidence interval).

Conductivity, electrical

The scalar or vector quantity which, when multiplied by the electric field
strength, yields the conduction current density. It is the reciprocal of
resistivity. Expressed in siemens per meter (S m™).

Continuous wave
A wave whose successive oscillations are identical under steady-state
conditions.

Current density

A vector of which the integral over a given surface is equal to the current
flowing through the surface. The mean density in a linear conductor is
equal to the current divided by the cross-sectional area of the conductor.
Expressed in ampere per square meter (A m™).

DC
Abbreviation for ‘direct current’, but also used to indicate constancy of
fields, see ‘Static field.’

Diamagnetic
A weakly magnetic material with relative permeability slightly less than

one.

Dielectric constant
See permittivity.
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Direct effect
A Dbiological effect resulting from direct interaction of EMF with
biological structures.

Dizziness

Dizziness may be experienced as lightheadedness, feeling like you might
faint, being unsteady, loss of balance, or vertigo (a feeling that you or the
room is spinning or moving).

Dosimeter
An instrument that can be worn on the body of a person for measuring
exposure over time.

Dosimetry

Measurement, or determination by calculation, of internal electric field
strength or induced current density, of the specific energy absorption, or
specific energy absorption rate distribution, in humans or animals
exposed to electromagnetic fields.

DNA (deoxyribonucleic acid)

This polymeric molecule (consisting of deoxyribonucleotide building
blocks that in a double-stranded, double-helical form) is the genetic
material of most organisms.

ECG

An electrocardiogram (ECG) is a test that records the electrical activity of
the heart. An ECG is used to measure the rate and regularity of heartbeats,
as well as the size and position of the chambers, the presence of any
damage to the heart, and the effects of drugs or devices (such as a
pacemaker) used to regulate the heart.

Electric field strength
The force (E) on a stationary unit positive charge at a point in an electric
field. Measured in volt per meter (V m™).

Electromagnetic energy
The energy stored in an electromagnetic field. Expressed in joule (J).

Electromagnetic fields or EMF

The combination of electric and magnetic fields in the environment. This
term is often confused with 'electromagnetic radiation' and can therefore
be misleading when used with extremely low frequencies for which the
radiation is barely detectable.

Electrostatic fields
Electric static fields produced by fixed potential differences.
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ELF
Extremely low frequency (in the range of 1 - 300 Hz) electromagnetic
fields.

Enzyme
A protein that facilitates a biochemical reaction in a cell.

Exposure dose
The amount of a chemical or physical agent in the environment that a
person comes into contact with over a period of time.

Exposure, long-term

This term indicates exposure during a major part of the lifetime of the
involved biological system. It may, therefore, vary from a few weeks to
many years in duration.

Exposure assessment
The evaluation of a person's exposure by measurements, modelling,
information about sources or other means.

Exposure metric

A single number that summarizes exposure to an electric and/or magnetic
field. The metric is usually determined by a combination of the
instrument's signal processing and the data analysis performed after the
measurement.

Expression (genetic)
The process by which the information in a gene is used to create proteins.

Ferromagnetic
Strongly magnetic materials with relative permeabilities that are non-
linear functions of the applied magnetic field.

Field characteristics
Detailed physical properties of electric or magnetic fields such as the
magnitude, frequency spectrum, polarization, modulation, etc.

Free radical

An unchanged atomic or molecular species with an unpaired electron. In
the context of this book, spin-correlated free radicals form the basis for a
proposed mechanism by which magnetic fields may interact with
biological tissue. Not to be confused with freely diffusing free radicals
that are not systematically affected by magnetic fields.
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Frequency
The number of sinusoidal cycles completed by electromagnetic waves in
1 second. Expressed in hertz (Hz).

Gauss (G)
Older unit of magnetic flux density. 1 gauss = 10" tesla (T).

General public
Those persons who do not fall under the definition of workers.

Geomagnetic field

Magnetic field originating from the Earth (including the atmosphere).
Predominantly a static magnetic field, but includes some oscillating
components and transients.

Gradient magnetic field

A magnetic field that is not spatially uniform. The rate at which the
magnetic field changes as a function of location, which is measured in
units of tesla per meter (T m™).

Heart rate
The measurement of the number of heartbeats per minute.

High-voltage DC lines
High voltage direct current lines operating at up to 500 kV, usually for the
transmission of electricity over long distances.

Indirect effect
Health effects resulting from impairment of functioning of biomedical
equipment caused by electromagnetic interference from external sources.

Magnetite

Magnetite, also known as lodestone, is a magnetic mineral form of iron
oxide. Biogenic magnetite form the basis for a proposed mechanism by
which magnetic fields influence biological systems.

Magnet
An object that has a (static) magnetic field.

Magnetic field

An vector quantity, H, specifies a magnetic field at any point in space,
and is expressed in ampere per meter (A m'l). See also magnetic flux
density.
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Magnetophosphenes
The sensation of flashes of light caused by induced electric currents
stimulating the retina.

Magnetostatic fields
Static fields established by permanent magnets and by steady currents.

Magnetic flux density

A vector field quantity, B, that results in a force that acts on a moving
charge or charges, and is expressed in tesla (T). The magnetic flux density
is often called the magnetic field, because the two terms differ only by a
proportionality factor in vacuum (air).

Magnetic Resonance Imaging (MRI)

A diagnostic imaging technology that exploits the tendency of nuclei with
magnetic moments (typically protons) to precess about static magnetic
fields at frequencies proportional to the local value of the static magnetic
field. Resonant radiofrequency fields excite these nuclei and are later
received from relaxing nuclei, effectively reporting their locations.
Magnetic field gradients are used to spatially encode the region of interest.

Magnetic Resonance Spectroscopy (MRS)

MRS uses principals similar to those used in MRI. However, uniform
static magnetic fields are used without magnetic field gradients in MRS.
The molecular environment near the relaxing nuclei cause differences in
received frequencies. Frequency components of the resulting spectra
provide a chemical analysis of the region of interest. MRS may be done in
vivo in MR scanners. Most MRS is done in vitro on machines that accept
only small chemical samples.

Microwaves
Electromagnetic radiation with the frequency range of 300 MHz - 300
GHz.

Mutagen
A substance that is able to cause a mutation.

Mutation
Any detectable and heritable change in the genetic material not caused by
genetic recombination.

Non-ionizing Radiation (NIR)

Includes all radiations and fields of the electromagnetic spectrum that do
not normally have sufficient energy to produce ionization in matter. These
are characterized by energy per photon less than about 12 eV, which is
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equivalent to wavelengths greater than 100 nm or frequencies lower than
3x 10" Hz.

Occupational exposure
All exposure to EMF experienced by individuals in the course of
performing their work.

Odds ratio (OR)

The ratio of the odds of disease occurrence in a group with exposure to a
factor to the odds in an unexposed group. Within each group, the odds are
the ratio of the numbers of diseased and non-diseased individuals.

PAH
Polycyclic aromatic hydrocarbon.

Paramagnetic
A weakly magnetic material with relative permeability slightly greater
than one.

Permeability

The scalar or tensor quantity whose product by the magnetic field strength
is the magnetic flux density. Note: For isotropic media, the permeability
is a scalar, for anisotropic media, a matrix. Synonym: absolute
permeability. If the permeability of a material or medium is divided by
the permeability of vacuum (magnetic constant) My, then the result is
termed relative permeability (n). Unit: henry per meter (H m").

Permittivity

A constant defining the influence of an isotropic medium on the forces of
attraction or repulsion between electrified bodies, and expressed in farad
per meter (F m™). Relative permittivity is the permittivity of a material or
medium divided by the permittivity of vacuum, €, .

Phosphenes

Weak visual sensations that occur in response to magnetic fields or by
direct electrostimulation. The effect is believed to result from the
interaction of the induced current with electrically excitable cells in the
retina.

Power density

In radio wave propagation, the power crossing a unit area normal to the
direction of wave propagation. Expressed in watt per square meter
(W m™).
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Public exposure
All exposure to EMF experienced by members of the general public,
excluding occupational exposure and exposure during medical procedures.

Plasma membrane
Lipid bilayer that surrounds the cytoplasm of both animal and plant cells.

Protein
One of a group of high-molecular weight, nitrogen-containing, organic
compounds of complex shape and composition.

Radiofrequency (RF)
Electromagnetic energy with frequencies in the range 3 kHz - 300 GHz.

Relative permeability

(Absolute) permeability (q.v.) divided by the permeability in vacuum. A
value near one signifies that the material is only weakly magnetized by an
external field.

Relative risk (RR)

The ratio of the disease rate in the group under study to that in a
comparison group, with any required adjustments for confounding factors
such as age. For rare diseases, the relative risk is practically the same as
the odds ratio.

Ribonucleic acid (RNA)

A usually single-stranded polymeric molecule consisting of
ribonucleotide building blocks. RNA is chemically very similar to DNA.
The three major types of RNA in cells are ribosomal RNA (rRNA),
transfer RNA (tRNA), and messenger RNA (mRNA), each of which
performs an essential role in protein synthesis (translation). In some
viruses, RNA (rather than DNA) is the genetic material.

Root mean square (rms)

Certain electrical effects are proportional to the square root of the mean of
the square of a periodic function (over one period). This value is known
as the effective or root-mean-square (rms) value, since it is derived by
first squaring the function, determining the mean value of the squares
obtained, and taking the square root of that mean value. Often used for
averaging the magnitude of time-varying electric and magnetic fields.

S.I.
Abbreviation for the International System of units.
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Static field

A field that does not vary with time. In most environments, electric and
magnetic fields change with time, but their frequency spectrum has a
component at 0 Hz. This 'quasi-static' component of the field can be
measured by averaging the oscillating signal over the sample time.

Systolic and diastolic blood pressure

Blood pressure is a measurement of the force applied to the walls of the
arteries as the heart pumps blood through the body. Blood pressure
readings are usually given as two numbers: for example, 110 over 70
(written as 110/70). The first number is the systolic blood pressure
reading, and it represents the maximum pressure exerted when the heart
contracts. The second number is the diastolic blood pressure reading, and
it represents the pressure in the arteries when the heart is at rest.

Tesla (T)
International System unit of magnetic flux density. 1 tesla = 10000 gauss

(G).

Time-weighted average (TWA)

A weighted average of exposure measurements taken over a period of
time, with the weighting factor equal to the time interval between
measurements. When the measurements are made with a monitor with a
fixed sampling rate, the TWA is equal to the arithmetic mean of the
measurements.

Transients
Brief bursts of high-frequency fields, usually resulting from mechanical
switching of AC electricity.

Voxels
Cubic cells with sides of 1 - 10 mm used to represent animal and human
tissues in dosimetry models.

Waveform

A single component of the field measured as a function of time by an
instrument with a response time much faster than the field's frequency of
oscillation. The term also refers to the shape of the wave as displayed on a
graph or oscilloscope trace.

Wavelength

The distance between two successive points of a periodic wave in the
direction of propagation, at which the oscillation has the same phase.
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Workers

Those people who can be exposed to electric, magnetic or
electromagnetic fields in the course of their professional duties, who have
been informed about the possible risks associated with such exposure, and
have been trained how to reduce these risks.
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13. RESUME ET RECOMMANDATIONS POUR LES ETUDES
ULTERIEURES

13.1 Résumé

13.1.1 Sources naturelles et anthropogéniques

Des champs électriques statiques sont présents a l'état naturel dans
l'atmosphére. Sous les nuages d'orage ils peuvent atteindre une valeur de
3 kVm™', mais par beau temps, leur valeur se situe normalement entre 1 et
100 V m™. En dehors de cela, la cause la plus commune d'exposition a des
champs €lectrostatiques est la séparation des charges provoquée par les
frottements. Par exemple, en marchant sur un tapis non conducteur, on
peut faire naitre, par accumulation de charges électriques, des potentiels
de plusieurs kilovolts capables d'engendrer des champs €lectrostatiques
locaux allant jusqu'a 500 kV par métre. L'intensité du champ
électrostatique créé par les lignes de transport de courant continu peut
atteindre 20 kVm™ ; elle peut aller jusqu'a 300 kV m™ a l'intérieur des
trains a traction électrique par courant continu et a 30 cm d'un systéme de
Visualilsation (VDU), on enregistre des champs électriques de 10 a 20
kVm™.

A la surface de la Terre, le champ magnétique terrestre varie entre 35 et
70 uT et il joue un role dans l'orientation et la migration de certaines
espéces animales. Chaque fois qu'on utilise des courants continus, par
exemple pour certains moyens de transport , diverses opérations
industrielles comme la production d'aluminium ou le soudage au gaz, on
produit des champs magnétostatiques. On a enregistré¢ des valeurs de la
densité de flux magnétique allant jusqu'a 2 mT a l'intérieur des trains a
traction électrique et dans les systémes a lévitation magnétique (MagLev)
en cours de développement. Dans les ateliers ou s'opére la réduction
¢lectrolytique de l'alumine, le personnel est exposé a des champs encore
plus intenses (jusqu'a 60 mT environ) et dans un rayon de 1 cm autour des
cables de soudage a I'arc, le champ est d'environ 5 mT.

L'arrivée des supraconducteurs dans les années 1970 a 1980 a facilité
l'utilisation de champs magnétiques beaucoup plus intenses pour le
diagnostic médical grace a la mise au point de techniques comme
lI'imagerie par résonance magnétique (IRM) , la spectroscopie par
résonance magnétique (SRM)? ou encore la résonance magnétique
nucléaire (RMN) dans le domaine de la recherche. On estime que 1'on a
pratiqué jusqu'ici quelque 200 millions d'TRM dans le monde. Le champ

? Dans tout le texte, il n'est question que de I'IRM , mais I'exposition au
champ généré par les dispositifs de SRM est du méme ordre.
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magnétostatique engendré par un appareil d'IRM est dii aux aimants
permanents, aux aimants supraconducteurs et a leurs combinaisons ; il est
de l'ordre de 0,2 a 3 T dans le cas des appareils habituellement utilisés
dans la pratique clinique. En recherche, on a recours a des champs plus
intenses, pouvant aller jusqu'a 9,4 T, pour 1'imagerie du corps entier. Le
champ parasite généré par les aimants utilisés en IRM est bien défini et il
est réduit au minimum avec les appareils muni d'un blindage approprié.
En ce qui concerne 1'exposition de l'opérateur au niveau de la console de
commande, on a généralement une densité de flux magnétique d'environ
0,5 mT, mais cette valeur peut étre dépassée. Cela étant, I'exposition
professionnelle peut atteindre ou dépasser 1 T lors du montage et de
l'essai de ces appareils ou encore lors d'actes médicaux pratiqués pendant
une IRM interventionnelle. Dans certaines recherches en physique ou lors
de la mise en oeuvre de techniques nécessitant des énergies élevées, on
utilise également des supraconducteurs et le personnel peut alors étre
exposé régulierement et longuement a des champs susceptibles d'atteindre
1,5T.

13.1.2 Mécanismes d'interaction

Les données expérimentales on permis d'établir I'existence de trois types
d'interaction physique entre les champs magnétostatiques et les systémes
biologiques, a savoir :

1) Les interactions ¢lectrodynamiques avec les courants de
conduction ionique. Ces interactions entre un champ
magnétostatique et un courant ionique sont dues aux forces de
Laplace-Lorentz qui s'exercent sur les charges en mouvement. Ces
effets font apparaitre des potentiels (potentiels d'écoulement) et
des courants électriques. Chez 1'Homme et I'animal, les potentiels
d'écoulement sont généralement liés a la contraction ventriculaire
et a l'éjection du sang dans l'aorte. L'interaction de Laplace-
Lorentz engendre également une force magnétohydrodynamique
qui s'oppose a 1'écoulement du sang. On a calculé qu'en présence
d'un champ de 15 T, I'écoulement du sang dans l'aorte pouvait étre
réduit dans une proportion pouvant aller jusqu'a 10 %.

2) Les effets magnétomécaniques, et notamment l'orientation des
structures présentant une anisotropie magnétique dans un champ
uniforme et le déplacement des matériaux paramagnétiques et
ferromagnétiques dans un gradient de champ magnétique. Les
interactions dues aux forces et aux couples qui s'exercent sur les
objets métalliques endogénes ou exogenes constituent un point
extrémement important.
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3) Les effets sur les états de spin électronique des intermédiaires
réactionnels. Les effets chimiques et biologiques des champs
magnétiques sont depuis longtemps envisagés dans le cadre de la
chimie des paires de radicaux a spins corrélés. Plusieurs types de
réactions chimiques organiques sont sensibles aux champs
magnétostatiques d'une intensité comprise entre 10 et 100 mT en
raison de l'effet que ces champs exercent sur les états de spin
des intermédiaires réactionnels. Une paire de radicaux a spins
corrélés peut se recombiner et empécher la réaction de se
produire lorsque les deux conditions suivantes sont respectées:
a) la paire formée, qui se trouve a 1'état triplet, doit passer a 1'état
singulet sous l'effet d'un certain d'un mécanisme ; b) les radicaux
doivent étre & nouveau en interaction physique pour pouvoir se
recombiner. L'étape a) peut étre sensible a l'action d'un champ
magnétique. La plupart des recherches concernent la possibilité
d'utiliser les effets des champs magnétiques sur les paires de
radicaux pour étudier les réactions enzymatiques. Il ne semble
toutefois pas qu'il puisse y avoir d'effets ayant des conséquences
d'ordre physiologique sur les fonctions cellulaires ni d'ailleurs
d'effets mutagénes a long terme qui découleraient des
modifications produites par les champs magnétiques sur la
concentration ou le flux des radicaux libres.

Dosimétrie

Pour bien comprendre les effets biologiques des champs électriques ou
magnétiques, il faut s'intéresser aux champs qui influent directement sur
les cellules des différentes parties de I'organisme et des tissus. On peut
dans ce cas définir la dose au moyen d'une fonction appropriée de
l'intensité du champ électrique ou magnétique au point d'interaction. La
dosimétrie a pour principal objet d'établir la relation qui existe entre entre
les champs extérieurs non perturbés et les champs internes. A cet égard,
les études informatiques utilisant des modeles voxélisés d'organismes
humains et animaux, de méme que 1'étude expérimentale de I'exposition ,
jouent un réle important.

Les interactions entre un champ magnétostatique et un tissu donné
impliquent vraisemblablement comme paramétres les propriétés
physiques suivantes du champ:

le vecteur champ magnétique, le gradient du champ et/ou le produit de ces
grandeurs, qui est une force. Certaines interactions plus importantes
résultent de déplacements qui se produisent dans un champ ou un gradient
de champ, en raison par exemple de mouvements du corps ou du courant
sanguin.
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Les parameétres dosimétriques appropriés sont choisis en fonction du
mécanisme physique qui conditionne le probléme de sécurité en cause. I1
est clair qu'aucun objet ferromagnétique ne doit se trouver a proximité de
l'aimant. Il est donc impératif de vérifier qu'il n'y a aucun objet de ce
genre ni d'implants qui pourraient entrer en mouvement sous l'action des
forces ou des couples exercés. Il est bon de mesurer la valeur maximale
du vecteur induction magnétique ainsi que celle de la force magnétique.
On peut cartographier le champ de maniére a pouvoir déterminer son
intensité en divers points du voisinage de 1'aimant ou le personnel pourrait
étre exposé , mais le port de dosimeétres personnels est peut-étre plus utile.

Les mouvements du corps ou de certaines parties du corps, par exemples
des yeux ou de la téte, qui se produisent dans un gradient de champ
magnétostatique vont également donner naissance a un champ et a un
courant électriques pendant la durée de ces mouvements. Les calculs
dosimétriques montrent que des mouvements normaux induisent un
champ électrique notable a proximité ou a l'intérieur d'un champ
d'intensité supérieure a 2-3 T et leur présence pourrait expliquer les
nombreux cas de vertiges ou de phosphénes magnétiques occasionnels
subis par des malades, des volontaires ou des personnels lors de
mouvements dans le champ magnétique.

Les sources d'exposition sont multiples. Les appareils d'imagerie par
résonance magnétique (IRM) en sont I'une des plus généreuses. Au cours
de la derniére décennie, on s'est attaché a faire en sorte que ces appareils
travaillent avec des champs trés intenses. Avec l'appareillage le plus
couramment utilisé dans la pratique clinique, le champ central est de 1,5 T,
mais on accepte maintenant d'utiliser en routine des dispositifs travaillant
avec un champ de 3,0 T et en 2004, plus de 100 de ces appareils étaient en
usage dans le monde. On met actuellement au point pour la recherche en
imagerie clinique des appareils qui utilisent un champ de 4 a4 9,4 T. A
mesure que l'intensité du champ d'un appareil d'IRM augmente, il en va
de méme des divers types d'interactions susceptibles de se produire entre
ce champ et les tissus. Cette tendance a utiliser des champs intenses, rend
d'autant plus importante la connaissance des interactions entre les champs
électromagnétiques engendrés par les appareils d'IRM et 1'organisme
humain.

13.1.3 Etudes in vitro

Les études in vitro fournissent des données qui sont utiles pour élucider
les mécanismes d'interaction et déterminer quelles sortes d'effets seraient
a étudier in vivo, mais sans une confirmation par des études in vivo, elles
sont insuffisantes pour permettre de mettre en évidence les effets
sanitaires.
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Un certain nombre d'effets biologiques dus aux champs magnétostatiques
ont été étudiés in vitro. On les a étudiés a différents niveaux
d'organisation : systémes acellulaires constitués de membranes ou
d'enzymes isolées ou impliquant certaines réactions biochimiques ou
encore divers modéles cellulaires constitués de cellules bactériennes ou
mammaliennes. Les points d'aboutissement des interactions étudiées
étaient les suivants :

orientation cellulaire , activité métabolique cellulaire, physiologie des
membranes cellulaires, expression des geénes , croissance cellulaire et
génotoxicité. Sur tous ces points, on a fait état de résultats positifs ou
négatifs, mais dans la plupart des cas, ils n'ont pas été reproduits.Les
effets observés sont plutdt variés et ont été constatés aprés exposition a
une large gamme de densités de flux magnétique. Il apparait qu'un champ
magnétostatique peut avoir plusieurs effets biologiques a des intensités
inférieures a 1 T et de 1'ordre du mT. Pour quelques-uns de ces effets,
l'existence d'un seuil a été indiquée, mais selon d'autres études, la réponse
ne serait pas linéaire et ne comporterait pas de seuil bien défini.

Au dessus de 1 T , on constate systématiquement un effet du champ
magnétostatique sur l'orientation des cellules, mais la signification de cet
effet in vivo reste discutable. Quelques études donnent & penser que
l'association d'un champ magnétostatique et d'autres agents comme par
exemple des substances chimiques génotoxiques pourrait peut-étre avoir
des effets synergiques, aussi bien protecteurs que stimulants. Les données
actuelles sont insuffisantes et doivent étre confirmées pour que 'on puisse
en tirer des conclusions définitives en ce qui concerne la santé humaine.
Outre leurs relations complexes avec des paramétres physiques tels que
l'intensité, la durée, la répétition ou le gradient de l'exposition, les
variables biologiques jouent manifestement un role important dans les
effets exercés par les champs magnétostatiques. On a ainsi montré que des
variables comme le type de cellule, I'activation cellulaire et d'autres états
physiologiques présents lors de l'exposition pouvaient influencer les
résultats expérimentaux. Les mécanismes a la base de ces effets ne sont
pas connus, mais il pourrait y avoir des effets sur les radicaux et les
ions .Des études in vitro fournissent certaines indications sur ce point.

Pour autant qu'elles mettent en évidence des effets biologiques, les trés
rares études portant sur les signaux IRM et autres champs associés n'en
révelent aucun qui soit différent de ceux que produisent a eux seuls les
champs magnétostatiques.

Dans l'ensemble, 'expérimentation in vitro ne permet pas de se faire une
idée claire des effets spécifiques exercés par les champs magnétostatiques
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et de ce fait, elle ne permet pas de conclure a la possibilité d'effets nocifs
sur la santé.

13.1.4 Etudes sur I'animal

I n'y a guére eu d'études consacrées aux effets des champs
électrostatiques sur 'animal; aucun signe d'effets sanitaires indésirables
n'a été observé autres que ceux qui résultent des sensations liées a la
présence de charges électriques superficielles.

S'agissant des effets des champs magnétostatiques, un grand nombre
d'études ont été effectuées sur l'animal. La plupart de celles qui sont
jugées utiles en ce qui concerne la santé humaine portent sur des champs
beaucoup plus intenses que le champ magnétique terrestre. Certaines
d'entre elles portent notamment sur I'exposition & des champs dont
l'intensité est de l'ordre du millitesla, c'est-a-dire comparable a une
exposition relativement élevée en milieu industriel. Plus récemment,
'avénement des technologies utilisant des aimants supraconducteurs et de
I'IRM a suscité des études sur les effets comportementaux, physiologiques
et génésiques pour des densités de flux magnétique approximativement
égales ou supérieures a 1 T. Toutefois, rares sont celles qui examinent les
effets chroniques possibles de I'exposition, notamment d'éventuels effets
cancérogenes.

Les réactions les plus régulicrement observées lors des études
neurocomportementales incitent a penser que les mouvements d'un
rongeur de laboratoire dans un champ magnétostatique égal ou supérieur a
4 T peut provoquer des sensations désagréables qui déterminent une
aversion et des reflexes d'évitement conditionnés. On estime que ces
observations cadrent bien avec des effets magnétohydrodynamiques sur
'endolymphe de l'appareil vestibulaire. Les autres résultats sont variables.

On est fondé a penser que plusieurs especes de vertébrés et d'invertébrés
sont capables de s'orienter en utilisant des champs magnétostatiques
d'intensité aussi faible que celle du champ magnétique terrestre, mais on
estime que ces comportements sont sans aucun rapport avec d'éventuels
effets sur la santé humaine.

Il est largement prouvé que l'exposition a des champs d'intensité
supérieure a environ 1 T

(0,1 T dans le cas des gros animaux) engendre des potentiels
d'écoulement dans le voisinage du coeur et des gros vaisseaux , mais les
conséquences physiologiques de ce phénoméne ne sont pas clairement
établies. Des porcs exposés plusieurs heures dans la région du coeur a une
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densité de flux magnétique trés élevée dont la valeur pouvait atteindre 8 T
n'ont présenté aucun effet cardiovasculaire. Chez le lapin, une exposition
de bréve ou de longue durée a des champs dont 1'intensité allait de celle
du champ terrestre a des valeurs de l'ordre du millitesla, auraient
provoqué des effets sur 1'appareil cardiovasculaire, mais les données ne
sont pas trés probantes.

Une équipe a obtenu des résultats qui donnent a penser qu'un champ
magnétique de 'ordre du mT pourrait inhiber une élévation précoce de la
tension artérielle par le truchement du systéme de régulation hormonale.
Selon cette méme équipe, un champ magnétostatique de faible intensité
(jusqu' a 0,2 T) pourrait , grace a des effets localisés sur le courant
sanguin, apporter une amélioration de la microcirculation. Par ailleurs,
selon une autre équipe, pour des valeurs de la densité de flux magnétique
allant jusqu'a 10 T, il pourrait y avoir réduction du courant sanguin et de
la température cutanés. Dans tous ces cas cependant, les points
d'aboutissement des effets biologiques sont plutét labiles, avec une
situation qui a pu étre compliquée par des interventions pharmacologiques
- notamment une anesthésie dans certains cas - et par l'immobilisation des
sujets. Dans l'ensemble, il est difficile d'aboutir a des conclusions
définitives sans que ces résultats soient reproduits de fagon indépendante.

Il existe plusieurs études qui décrivent les effets possibles d'une
exposition a un champ magnétique sur les éléments figurés du sang et le
systéme hématopoiétique. Toutefois, leurs résultats sont ambigus, ce qui
limite les conclusions que 1'on peut en tirer. Les données dont on dispose
au sujet des effets produits par une exposition a un champ
magnétostatique sur les constituants ioniques et enzymatiques du sérum
émanent essentiellement d'un seul laboratoire. Il faut que ces résultats
soient confirmés par des laboratoires indépendants avant que I'on puisse
en tirer des conclusions.

En ce qui concerne les effets sur le systéme endocrine, plusieurs études
effectuées par un laboratoire tendent a montrer que 1'exposition a un
champ magnétostatique peut affecter la synthése épiphysaire et
notamment la teneur en mélatonine. Toutefois, lors d'études effectuées
dans d'autres laboratoires, cet effet n'a pas pu étre mis en évidence. Avant
de pouvoir tirer des conclusions définitives quant a un effet suppresseur
des champs magnétostatiques sur la synthése de la mélatonine, la
confirmation de cet effet par d'autres recherches est nécessaire. D'une
fagon générale et a part le cas de 1'épiphyse, peu de travaux ont été
consacrés a 1'étude des effets des champs magnétostatiques sur le systéme
endocrine. Aucun effet ne semble avoir été systématiquement observé.
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Les effets génésiques et développementaux d'une exposition au champ
généré par les appareils d'IRM sont une considération trés importante
pour les malades comme pour le personnel soignant. On ne posséde a cet
égard que quelques bonnes ¢études portant sur des champs
magnétostatiques d'intensité supérieure a 1 T. Les études par IRM ne pas
informatives en soi car l'effet du champ statique ne peut pas étre distingué
des effets éventuellement produits par les champs de radiofréquence et les
champs a gradient pulsé en général. Ces points doivent étre examinés sans
délai pour que l'on puisse évaluer le risque sanitaire lié a ce type
d'exposition.

En ce qui concerne la génotoxicité et les effets cancérogénes, les études
sur I'animal sont, dans I'ensemble, si peu nombreuses que I'on ne peut en
tirer aucune conclusion définitive.

13.1.5 Etudes en laboratoire sur des sujets humains

Un champ ¢électrostatique ne pénetre pas a l'intérieur des corps
conducteurs, comme 1'organisme humain ; le champ provoque l'apparition
de charges électriques superficielles et il est toujours dirigé normalement
a la surface du corps. Lorsque la densité de la charge superficielle est
suffisamment grande, elle devient perceptible par son interaction avec le
systétme pileux ou encore par d'autres effets comme des décharges
électriques sous forme d'étincelles (microchocs). Le seuil de perception
individuel dépend de divers facteurs et peut se situer entre 10 et 45 kV m™.
Le seuil de sensation désagréable est sans doute également variable, mais
il n'a pas été étudié de facon systématique. Des microchocs douloureux
peuvent se produire lorsqu'une personne bien isolée du sol touche un objet
qui est a la terre ou lorsque une personne " a la terre" touche un corps
conducteur bien isolé du sol; toutefois, la valeur-seuil du champ
¢lectrostatique dépend du degré d'isolation et de divers autres facteurs.

L'expérimentation sur des sujets humains porte sur des points tels que la
fonction nerveuse périphérique, l'activité cérébrale, les fonctions
neurocomportementales et cognitives, la perception sensorielle , la
fonction cardiaque , la tension artérielle, la fréquence cardiaque, les taux
sériques de protéines et d'hormones, la température centrale et cutanée et
les effets thérapeutiques. On a travaillé avec des niveaux d'exposition
allant jusqu'a 8 T et les études ont porté sur des champs purement
statiques ainsi que sur les champs engendrés par les appareils d'IRM. Les
durées d'exposition allaient de quelques secondes a neuf heures , mais
elles étaient généralement inférieures a une heure. Les données
disponibles sont limitées et ce, pour plusieurs raisons; en général, les
échantillons prélevés sur les patients ou des volontaires en bonne santé
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étaient ceux qu'il était commode d'obtenir et le nombre de sujets était
faible.

D'aprés les résultats obtenus, il ne semble pas que 1'exposition a un champ
magnétostatique ait un effet sur les réactions neurophysiologiques ni sur
les fonctions cognitives de volontaires immobiles, mais ces résultats ne
permettent pas non plus d'exclure l'existence de tels effets. Des
travailleurs, des patients et des volontaires qui effectuaient des
mouvements dans un champ statique de plus de 2 T environ, ont ressenti
des vertiges et des nausées qui dépendaient de la dose. Selon une étude,
on a constaté chez des personnes qui se tenaient a proximité d'un appareil
d'1RM de 1,5 T, une diminution de la coordination oeil-main et une perte
de sensibilité aux contrastes en vision de prées. L'apparition de ces effets
dépend vraisemblablement du gradient du champ et des mouvements
effectués par le sujet. Certaines études font état de petites variations dans
la tension artérielle et la fréquence cardiaque, mais qui restent cependant
dans les limites physiologiques normales. Rien n'indique que les champs
magnétostatiques aient des effets sur d'autres aspects de la physiologie du
systeme cardiovasculaire, ni sur les protéines ou hormones sériques.
Jusqu'a une valeur de 8 T, il ne semble pas que ces champs provoquent
des variations de température chez les sujets humains.

A noter toutefois que la plupart des études étaient de faible envergure,
utilisaient des échantillons commodes a obtenir et portaient souvent sur
des groupes de sujets non comparables. Il n'est donc pas possible de tirer
la moindre conclusion concernant les effets trés divers examinés dans le
présent rapport.

13.1.6 Etudes épidémiologiques

Les études épidémiologiques qui ont été effectuées concernent presque
exclusivement des travailleurs exposés a des champs magnétostatiques
engendrés par des appareils alimentés en courant continu de forte intensité.
La plupart de ces travailleurs étaient exposés a des champs
magnétostatiques allant jusqu'a plusieurs dizaines de mT; il s'agissait de
soudeurs, de fondeurs d'aluminium ou de travailleurs employés dans
diverses installations industrielles effectuant des opérations de séparation
chimique dans de grandes cuves d'électrolyse.Il est cependant possible
que ces activités aient exposé les travailleurs a toutes sortes de fumées et
d'aérosols potentiellement toxiques constituant autant de facteurs de
confusion. Les effets étudiés chez ces travailleurs étaient les suivants:
cancers, anomalies hématologiques et leurs conséquences, fréquence des
aberrations chromosomiques, conséquences sur le plan génésique et
troubles musculosquelettiques. En outre, quelques études ont porté sur la
fécondité et l'issue de la grossesse d'opératrices d'appareils IRM ayant pu

298



étre exposées a des champs magnétostatiques relativement intenses allant
jusqu'a 1 mT environ. Deux de ces études ont examiné l'issue de la
grossesse de volontaires en bonne santé ayant subi des examens par IRM
pendant la gestation.

11 a été fait état d'un risque accru de cancers de diverses localisations, par
exemple de cancers du poumon, du pancréas ou encore d'affections
hématologiques malignes, mais il n'y a guére de concordance entre les
résultats des différentes études. Les rares études épidémiologiques
publiées jusqu'ici laissent un certain nombre de questions sans réponse eu
égard a la possibilité d'un risque accru de cancer en cas d'exposition a des
champs magnétostatiques. L'évaluation de I'exposition laisse a désirer et
comme certaines ¢tudes n'ont porté que sur un nombre de sujets trés
restreint, elles ne peuvent , dans le cas de maladies aussi rares, n'observer
de risque que lorsque celui-ci est trés élevé. On est d'autant plus fondé a
douter de la capacité de ces investigations a fournir des informations
utiles qu'on manque de preuves indubitables au sujet d'autres facteurs
cancérogenes mieux connus qui étaient également présents sur certains
des lieux de travail étudiés. D'autres effets sanitaires non néoplasiques ont
été également envisagés, mais de fagon encore plus sporadique. La
plupart de ces travaux portent sur des effectifs treés faibles et présentent
nombre d'insuffisances sur le plan méthodologique. On n'a pas
suffisamment étudié d'autres situations ou des travailleurs - par exemple
des opérateurs IRM - pourraient étre exposés a des champs intenses. Les
données actuelles sont insuffisantes pour permettre une évaluation d'ordre
sanitaire.

13.1.7 Evaluation du risque sanitaire
Champs électrostatiques

On ne dispose pas d'études sur I'exposition a des champs €lectrostatiques
dont on puisse tirer une conclusion quant a I'existence d'effets chroniques
ou retardés. Selon le Centre international de recherche sur le cancer
(CIRC, 2002) les données sont insuffisantes pour permettre de se
prononcer sur la cancérogénicité des champs électrostatiques.

Peu d'études ont été consacrées aux effets aigus d'une exposition a un
champ électrostatique. Dans 1'ensemble, les résultats obtenus indiquent
qu'il n'y a d'autre effet aigu indésirable que celui qui est li¢ a la perception
directe du champ et a la sensation désagréable produite par les
microchocs électriques.
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Champs magnétostatiques

En ce qui concerne les effets chroniques ou retardés, les données fournies
par les études épidémiologiques et les travaux de laboratoire sont
insuffisantes pour permettre de tirer la moindre conclusion. Le CIRC
(CIRC, 2002) estime ne pas avoir de preuves suffisantes, ni de données
valables tirées de l'expérimentation animale, pour conclure que
l'exposition a un champ magnétostatique a des effets cancérogeénes chez
I'Homme. II n'est donc pas possible, a 1'heure actuelle, d'affecter les
champs magnétostatiques a une classe quelconque de cancérogénicité.

Une exposition de bréve durée a un champ magnétostatique de 1'ordre du
tesla et au gradient de champ associé provoque un certain nombre d'effets

aigus.

Des réactions de nature cardiovasculaire - modification de la tension
artérielle et de la fréquence cardiaque - ont parfois été observées chez des
volontaires humains ainsi que lors d'études sur l'animal. Toutefois, pour
des expositions a des champs allant jusqu'a 8 T, elles sont restées dans les
limites physiologiques normales.

Bien que ce point n'ait pas été vérifié expérimentalement, il est important
de noter que le calcul permet de conclure a 1'existence possible de trois
effets dus aux potentiels d'écoulement induits : une légere modification de
la fréquence cardiaque (dont on peut considérer qu'elle est sans
conséquence pathologique), la production d'extrasystoles (qui pourrait
étre plus importante sur le plan physiologique) et un risque accru
d'arythmie par réentrée (susceptible de déboucher sur une fibrillation
ventriculaire). On pense que pour les deux premiers effets, le seuil se situe
au-dela de 8 T. Dans le cas du troisiéme, la valeur du seuil est encore
difficile a déterminer en raison de la complexit¢ de la modélisation.
Environ 5 a 10 personnes sur 10 000 sont particuliérement sensibles a une
arythmie par réentrée et ces personnes peuvent présenter un risque plus
important en cas d'exposition a un champ magnétostatique ou a un
gradient de champ.

Toutefois, les données disponibles présentent de telles insuffisances que
dans leur ensemble, elles ne permettent pas de tirer de conclusions
définitives quant aux effets des champs magnétostatiques sur les
paramétres physiologiques évoqués plus haut.

Lorsqu'un sujet effectue des mouvements dans un gradient de champ
statique, il peut éprouver une sensation de vertige , des nausées, parfois
des phosphénes et un golit métallique au niveau de la cavité buccale si
l'intensité du champ statique dépasse environ 2 a 4 T. Méme s'ils sont
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passagers, ces effets peuvent étre indésirables pour le sujet. S'ajoutant a
une éventuelle perte de coordination oeil-main , ces effets peuvent
perturber l'exécution de tiches délicates (interventions chirurgicales par
ex.) et donc menacer la sécurité.

On a fait état d'autres effets sur les réactions physiologiques, mais il est
difficile d'en tirer des conclusions définitives tant que ces résultats
n'auront pas été reproduits de fagon indépendante.

13.1.8 Recommandations a Il'intention des autorités nationales

Il est recommandé aux autorités nationales de mettre en oeuvre des
programmes en vue de protéger la population et les travailleurs contre
tout effet nocif des champs statiques. Toutefois, comme le principal effet
d'un champ électrostatique est la sensation désagréable provoquée par les
décharges électriques qu'il provoque dans les tissus de l'organisme, ce
programme de protection pourrait consister simplement a indiquer dans
quels cas on risque de se trouver exposé a un champ ¢lectrostatique
intense et comment éviter ce genre de situation. Dans le cas des champs
magnétostatiques, il est nécessaire d'établir un programme de protection
contre les effets aigus dont ils sont reconnus responsables. Comme les
informations dont on dispose actuellement au sujet de leurs effets
chroniques ou retardés sont insuffisantes, il pourrait étre nécessaire de
prendre certaines mesures de précaution analogues a celles qu'a élaborées
I'OMS (www.who.int/emf) afin de limiter 1'exposition de la population et
des travailleurs.

Les autorités nationales devraient adopter des normes fondées sur des
données scientifiques solides afin de limiter 1'exposition de la population
aux champs magnétostatiques. La fixation de normes a visée sanitaire
constitue la mesure de protection primordiale pour la population et les
travailleurs. Il existe des normes internationales applicables aux champs
magnétostatiques (CIPRNI, 1994) qui sont exposées a l'appendice 1.
L'OMS recommande cependant de revoir ces normes a la lumiére des

données les plus récentes publiées dans la littérature scientifique.

Les autorités nationales devraient établir des programmes - ou compléter
les programmes existants - en vue d'assurer une protection contre les
effets éventuels des champs magnétostatiques. En ce qui concerne les
mesures de protection a mettre en oeuvre dans le cadre de l'usage
industriel et scientifique des champs magnétiques, on peut distinguer les
mesures d'ordre technique, le respect d'une certaine distance par rapport a
l'appareillage et les mesures administratives. La protection contre les
dangers secondaires résultant d'interférences magnétiques avec des
équipements de secours , l'appareillage électronique médical ou encore
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avec des implants chirurgicaux ou dentaires est un domaine d'une
importance toute particuliére, compte tenu des effets indésirables
possibles des champs magnétostatiques. En raison des forces mécaniques
susceptibles de s'exercer sur les implants ferromagnétiques et les objets
non fixés dans une installation ou régnent des champs intenses, des
précautions doivent étre prises.

Les autorités nationales doivent envisager de soumettre a une autorisation
préalable les installations d'IRM afin de faire en sorte que les mesures de
précaution soient effectivement prises. Dans ce cas, les installations
d'TIRM dont l'intensité du champ dépasse la norme nationale ou est
supérieure a 2 T devraient ¢galement satisfaire a des exigences
supplémentaires. Il s'agit en l'occurrence des informations a fournir au
sujet des malades, du personnel et de tout incident ou 1ésion imputable a
la présence de champs magnétiques intenses.

Les autorités nationales doivent financer des recherches visant combler
les lacunes importantes qui subsistent au sujet de la sécurité des personnes
exposées a des champs magnétostatiques. Les futures recherches a
entreprendre sont indiquées dans la suite du présent document (voir plus
loin) et également exposées sur le site Internet de I'OMS (voir
www.who.int/emf). Les chercheurs doivent recevoir un financement qui
leur permette d'effectuer les études recommandées dans le programme de
recherche de I'OMS.

Il faut que les autorités nationales apportent un appui financier aux
installations d'IRM pour leur permettre de recueillir, sur I'exposition de
leur personnel et de leurs patients aux champs magnétostatiques, des
informations qui seront mises a la disposition des futures études
épidémiologiques. Elles devront également financer 1'établissement de
banques de données ou seront rassemblées des informations sur les
travailleurs qui subissent une exposition de longue durée, comme c'est le
cas du personnel employé a la fabrication des appareils d'IRM et
d'appareillages utilisant également des aimants de forte puissance ou qui
travaille sur des technologies nouvelles comme les trains a lévitation
magnétique.

13.2 Recommandations en vue des études futures

La mise en évidence des lacunes qui subsistent dans nos connaissances est
un élément essentiel de 1'évaluation de ce risque sanitaire et on trouvera
ci-aprés des recommandations en vue des recherches futures.
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13.2.1 Champs électrostatiques

11 ne semble pas qu'il y ait grand intérét a poursuivre la recherche sur les
effets sanitaires éventuels des champs électrostatiques. Aucune des études
effectuées a ce jour n'indique I'existence d'effets indésirables, si ce n'est la
possibilit¢ d'un stress en cas d'exposition prolongée a des microchocs
¢lectriques. Dans ces conditions, il n'y a pas lieu de recommander d'autres
recherches sur les effets biologiques des champs électrostatiques.Par
ailleurs, les occasions d'exposition importante a de tels champs sur les
lieux de travail ou de vie restent limitées et ne justifient donc pas d'études
épidémiologiques.

13.2.2 Champs magnétostatiques

En régle générale, les recherches menées jusqu'ici ne l'ont pas été de
fagon systématique et ont souvent ¢été effectuées en l'absence de
méthodologie appropriée et d'information sur l'exposition. Des
programmes de recherche coordonnés sont recommandés en vue d'une
meilleure systématisation de la recherche. Il faudrait également étudier
l'incidence de paramétres physiques tels que l'intensité, la durée et le
gradient sur l'issue biologique de 1'exposition.

13.2.2.1 Etudes théoriques et études sur modéles informatiques

La dosimétrie informatique permet de relier le champ magnétostatique
extérieur aux champs électriques et aux courants induits internes qui sont
engendrés par les mouvements des tissus vivants dans ce champ. Cet outil
théorique permet de caractériser le champ au niveau d'un organe ou d'un
tissu donné. Il existe quatre fantomes anthropomorphes voxélisés a haute
résolution , anatomiquement réalistes, qui représentent des adultes de sexe
masculin. Ces fantomes sont largement utilisés pour 1'é¢tude des champs
¢lectromagnétiques variables dans le temps. Par contre, trés peu de
travaux ont été effectués sur les champs magnétostatiques et on estime
qu'il est important de poursuivre la recherche au moyen de ces modé¢les. Il
importe en outre de travailler sur des fantdmes de tailles diverses et sur
des fantomes anthropomorphes féminins modélisant notamment des
femmes enceintes porteuses de foetus a différents ages. On pourrait
également effectuer des études sur des fantomes de femelles gravides
pour faciliter l'interprétation des études sur le développement au moyen
de tels modéles (priorité moyenne).

1l faudrait mettre au point un fantdme anthropomorphe modélisant la téte
et les ¢épaules et l'utiliser pour étudier les champs et les courants
¢lectriques ainsi que les phosphénes ou vertiges auxquels ils semblent
associés. Ce genre de modeéle pourrait également étre utilisé pour étudier
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les champs et courants engendrés par les mouvements de la téte et des
yeux dans un champ magnétostatique. Ce dernier point est jugé
particuliérement important en IRM interventionnelle, lorsque la réduction
des mouvements de la téte des chirurgiens et autres personnels cliniques
peut contraindre a une augmentation des mouvements oculaires. Il
faudrait également simuler les grands mouvements effectués par le
personnel autour de 1'appareil (priorité élevée).

On estime important de procéder a des calculs basés sur une modélisation
détaillée du myocarde et des pathologies cardiaques courantes. Cette
modélisation devrait prendre en compte la microarchitecture du coeur
ainsi que les petits vaisseaux du myocarde ou seraient susceptibles
d'apparaitre des champs et des courants capables d'influer sur la
génération du rythme par le noeud sinusal et sur la propagation de 1'onde
de dépolarisation. En outre, il est nécessaire de déterminer par le calcul
l'intensité et la distribution spatiale des courants induits dans le myocarde
par I'exposition & un champ et a un gradient de champ. Il faudrait étudier
un grand nombre d'orientations par rapport a la direction du vecteur
champ, ce qui permettrait une comparaison avec les courants dont le
calcul a montré qu'ils produisent des effets cardiaques. Il est recommandé
de s'appuyer sur des études expérimentales et des expériences en
laboratoire (priorité élevée).

On hésite encore, pour le moment, a soumettre les femmes enceintes a des
examens IRM a haute intensité, mais il faut admettre que cette situation
pourrait changer. Il serait donc souhaitable de procéder a des études par
modélisation sur les courants induits au niveau du foetus par les
mouvements de la mére ou du foetus lui-méme dans un champ de forte
intensité. Ces calculs (de méme que des travaux similaires sur les
gradients de champ et les champs de radiofréquence) permettraient
d'évaluer la probabilité d'effets éventuels sur le foetus (priorité élevée).

13.2.2.2 Etudes in vitro

Les champs magnétostatiques peuvent interagir avec les systémes
biologiques de différentes maniéres, encore que les effets a conséquence
sanitaire les plus probables soient imputables a 1'action du champ sur les
molécules chargées et sur la vitesse des réactions biochimiques.

Il est nécessaire de poursuivre les études sur les cibles des effets
biologiques des champs magnétostatiques et sur leur mécanisme. Il est
notamment recommandé d'étudier les effets de champs d'une intensité de
0,01 a 10 T sur l'interaction entre les ions (par ex. les ions Ca*" et Mgh)
et les enzymes et sur la formation de paires de radicaux libres. Sans se
cacher la difficult¢ du probléme, il vaut la peine de rechercher s'il y a
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encore d'autres réactions enzymatiques dont le mécanisme repose sur la
formation de paires de radicaux, en se servant pour cela de modeéles qui
puissent étre également valables en santé humaine. On pourrait également
se concentrer sur des espéces radicalaires toxiques, comme le radical
superoxyde, dont on sait qu'elles produisent des 1ésions et sont formées
selon des mécanismes impliquant des radicaux libres (priorité moyenne).

S'agissant de la cancérogénicité éventuelle des champs magnétostatiques,
les études faisant état d'un effet co-mutagéne sur diverses cellules sont
particuliérement intéressantes. Il faudrait effectuer des recherches de ce
genre sur des cellules primaires humaines et les étendre a la
transformation cellulaire et aux systémes génétiquement modifiés
(priorité élevée).

Dans certaines conditions d'exposition, les champs magnétostatiques
pourraient affecter 1'expression des génes et les fonctions correspondantes
dans les cellules humaines et mammaliennes, mais on ne dispose que de
peu de données a ce sujet. Les techniques de la génomique et de la
protéomique devraient étre appliquées a des cellules primaires humaines
afin de rechercher, par la présence éventuelle de marqueurs, la trace
d'effets de ces champs susceptibles d'avoir un retentissement sur la santé
humaine (priorité faible).

13.2.2.3 Expérimentation animale

On peut étudier sur des modéles animaux les effets d'une exposition
chronique aux champs magnétostatiques. En I'absence d'informations
précises sur le pouvoir cancérogéne de ces champs, des études de longue
durée (notamment sur toute la durée de la vie) sont recommandées. On
pourrait travailler a la fois sur des animaux normaux et sur des animaux
génétiquement modifiés. Par exemple, si l'on considére que la
multiplication des radicaux libres pourrait augmenter le risque de
cancérisation, on pourrait utiliser comme modele des souris privées du
geéne de la superoxyde-dismutase. Ce modéle présente une sensibilité
fortement accrue aux tumeurs et autres pathologies liées a la formation de
radicaux libres. L'utilisation de biopuces permet de déterminer et de
quantifier sans peine les effets des différents paramétres de 1'exposition
sur le génome et le protéome (priorité élevée).

Il faut étudier étudier de fagon systématique la possibilité d'un risque
accru d'anomalies du développement et d'effets tératogénes. Il est possible
que pendant sa phase de développement, I'encéphale soit particulierement
sensible aux effets de courants induits par les mouvements : les effets
d'orientation sont trés importants pour guider la croissance normale des
dendrites neuronales. Il n'est pas exclu qu'une exposition relativement
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bréve puisse entrainer des modifications persistantes. L'étude des
paramétres neurocomportementaux peut permettre d'explorer de fagon
rapide et sensible les effets d'une exposition sur les fonctions du cerveau
en phase de développement, aussi est-il recommandé d'entreprendre de
telles études. Il serait également utile de relever systématiquement,
pendant cette phase de développement, la présence éventuelle de
modifications morphologiques subtiles dans des régions déterminées de
'encéphale comme le cortex et l'hippocampe. On devrait également
envisager d'utiliser des modéles transgéniques appropriés (priorité
élevée).

Méme si certaines données indiquent que I'exposition d'animaux (et
d'étres humains) a des champs d'environ 2 T n'entraine aucun effet
physiologique, il serait utile de connaitre les effets de champs plus
intenses. On pourrait donc étudier avec fruit sur I'animal les effets d'une
exposition a des champs dont l'intensité atteint ou dépasse 10 T (priorité
moyenne).

Divers autres points d'aboutissement de l'effet des champs
magnétostatiques ont été étudiés, mais les résultats obtenus jusqu'ici ne
donnent que des informations limitées. Entreprendre une série d'études
portant chacune sur 'un de ces points ne serait pas trés économique, mais
il serait peut-€tre intéressant de procéder a une expérimentation animale
générale couvrant différents points (faible priorité).

13.2.2.4 Expérimentation sur des sujets humains

Les effets des champs magnétiques sur le comportement et les fonctions
cognitives doivent étre étudiés plus avant, méme si les données
disponibles n'indiquent pas l'existence d'un risque particulier pour certains
aspects précis des fonctions cognitives et ne permettent guere de savoir
quels paramétres seraient a étudier en laboratoire. Faute d'orientation
claire, on pourrait éventuellement étudier les effets d'une exposition sur
les résultats d'une batterie de tests psychotechniques, comportant
notamment des tests classiques d'attention, de temps de réaction et de
mémorisation, ne serait-ce que pour procéder a une premicre sélection
dans l'attente de travaux plus pointus. Ce travail expérimental pourrait
commencer par des études sur des volontaires (priorité moyenne).

Avec la généralisation des examens IRM au cours desquels le personnel
technique se trouve a proximité immédiate des malades et des
¢électroaimants, comme c'est le cas en IRM interventionnelle, il devient
nécessaire de procéder a des études complémentaires sur la coordination
de la téte et des yeux ainsi que sur les fonctions cognitives et
comportementales en présence d'un gradient de champ. On estime qu'il
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serait d'un grand intérét d'étudier de manicre plus approfondie les
mécanismes et l'intensité des troubles vestibulaires provoqués par les
champs, notamment les vertiges, car il est de plus en plus probable que le
personnel médical va étre amené a effectuer des tdches longues et
complexes dans un champ magnétique (priorité élevée).

De méme, il serait utile de poursuivre les études sur la fonction cardiaque
ainsi que sur les effets qui pourraient s'exercer sur l'appareil
cardiovasculaire. Il pourrait également étre nécessaire d'étendre ces études
a des champs de plus de 3 T afin d'évaluer les autres types de risque qui
pourraient s'ajouter a ceux qui existent dans la pratique clinique habituelle
(faible priorité).

13.2.2.5 Etudes épidémiologiques

Un certain nombre de catégories de travailleurs sont fortement exposées a
des champs magnétostatiques, comme par exemple les techniciens d'IRM,
les ouvriers des fonderies d'aluminium et certains employés de l'industrie
des transports (métro, trains a sustentation magnétique, trains de banlieue
et métro 1éger). Dans le cas de maladies chroniques rares comme le
cancer, il est nécessaire d'effectuer des études de faisabilité afin
d'identifier les groupes fortement exposés dont on pourrait s'assurer la
participation a des études épidémiologiques. Des études de faisabilité sont
également nécessaires pour déterminer si ces métiers impliquent d'autres
types d'exposition. Si I'on parvient a identifier un nombre suffisant de
travailleurs, le mieux serait probablement d'envisager des études cas-
témoins imbriquées, car il faut obtenir des données détaillées sur
l'exposition et sur les facteurs de confusion importants comme la présence
de rayonnements ionisants. Il faudra vraisemblablement organiser des
études collectives internationales de maniére a disposer d'un nombre
suffisant de sujets (priorité élevée).

Dans le cas des autres conséquences sanitaires plus courantes a courte
période de latence on peut également identifier et suivre
longitudinalement les groupes professionnels concernés, par exemple les
travailleurs des industries qui fabriquent des appareils d'IRM. Des
informations sur un certain nombre d'effets sanitaires pourraient d'ailleurs
déja étre tirées des examens médicaux systématiques subis par ces
personnels, mais elles ne sauraient étre utilisées que si des données
analogues concernant des groupes non exposés comparables sont
également disponibles. Une enquéte sanitaire portant sur des chirurgiens,
des infirmicéres et autres personnels utilisant I'IRM interventionnelle
permettrait d'obtenir des renseignements utiles sur le niveau, la durée et la
fréquence de l'exposition des travailleurs aux champs magnétostatiques de
ces appareils. De méme, les dossiers médicaux que possédent certains
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hopitaux pourraient aussi permettre d'obtenir des données sur des
personnes exposées mais dont la pathologie s'est ultérieurement révélée
bénigne (priorité élevée).

On estime qu'il y aurait également avantage a effectuer une étude
prospective sur les risques en cas d'exposition a des champs
magnétostatiques pendant la grossesse et a suivre également l'issue de la
grossesse chez les femmes qui ont di subir des examens par IRM
(priorité élevée).

L'expérience tirée de 1'étude d'autres fréquences montre qu'il peut étre trés
difficile d'obtenir une estimation fiable de l'exposition aux champs
électromagnétiques qui  puisse éEtre utilisée pour des études
épidémiologiques et leur substituer d'autres variables comme le nature du
travail effectué ou la distance a telle ou telle source ne permet pas
toujours une évaluation précise. Il est donc nécessaire d'utiliser un
appareillage spécial pour mesurer I'exposition. Des dosimétres personnels
relativement peu encombrants se sont révélés trés utiles pour les travaux
sur les champs électriques de trés basse fréquence, aussi l'usage de
dosimeétres personnels améliorerait-il grandement ['évaluation de
lI'exposition aux fins des études épidémiologiques. I conviendrait de
procéder a la validation numérique et expérimentale de ces dosimétres. Il
faudrait enregistrer l'intensité du champ magnétique, le gradient du champ,
la durée de l'exposition et, dans la mesure du possible, la vitesse de
variation du champ due aux mouvements (priorité élevée).

Tableau 1. Recommandations en vue de la recherche

Mécanismes d'interaction
Chimie des réactions mettant en jeu des paires de radicaux (0,1-10 T)
Effets co-mutagénes sur cellules humaines

Etudes théoriques et informatiques

Etudes dosimétriques sur fantdbmes voxélisés (homme/ femme/
femme enceinte)

Courants intraoculaires induits

Potentiels d'écoulement myocardiques

Etudes in vitro

Mécanismes d'interaction : réactions mettant en jeu des paires de
radicaux et activité enzymatique

Influence des paramétres physiques (intensité, durée, répétition,
gradient de champ magnétostatique)
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Mutagénicité et transformation cellulaire sur cellules humaines
primaires
Expression des génes dans des cellules primaires humaines

Expérimentation animale

Cancer

Effets sur le développement et effets neurocomportementaux
Fonction cardiaque (~ 20 T)

Expérimentation sur des volontaires

Fonction vestibulaire, coordination de la téte et des yeux
Fonctions cognitives et comportement

Effets cardiovasculaires

Etudes épidémiologiques

Etude de faisabilité portant sur les sources d'exposition, les
facteurs de confusion et le nombre de sujets exposés

Etude cas-témoins imbriquée portant sur des pathologies
chroniques comme le cancer (si réalisable)

Issue de la grossesse apres exposition professionnelle ou examen
IRM

Etude de cohorte sur les effets a court terme dans les professions
fortement exposées
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14 KPATKVIVI“ OB30P U PEKOMEHOALIUK K
OANBbHEULLUM NCCINEQOBAHUAM

141 Kpatkun o630p

14.1.1 I'lpupo36Hble U mexHO2eHHbI€ UCMOYHUKU MOCMOSIHHbIX
noneu

B mpupone snekrpuueckue IONS HOPUCYTCTBYIOT B aTMocdepe.
HanpsukeHHOCTh JIIEKTPHYECKOro ToJIs MOKET aocTurath 3 kB M mon
IpO30BBIMU TydaMM, OJHAaKO TP XOpOIIEH Ioroge OHa MOXKET
M3MEHAThCA B mpeaenax ot 1 10 100 B M. B Apyrux ciaydasx OCHOBHBIM
HMCTOYHUKOM BO3J€HCTBUS 2JIEKTPUUECKUX T0JICH Ha yYesloBeKa SBISETCS
pa3zerneHue 3apsAfoB B pesyspTare TpeHus. Hampumep, mapkanee no
HEMpPOBOJIAIIEMY KOBPY MOXKET IPUBECTH K HAKOIUICHHIO HJIEKTPHUUECKOT0
[IOTEHNMAJIa TOPS/Ka HECKOJNbKHX KHJIOBOJIHT M BO3HUKHOBEHHUIO
JTOKanbHBIX mOMeH g0 500 kB M. Ilpyu nepenadye MOCTOSHHOTO
anektpuueckoro Toka (II9T) co3maroTcs  AyIEeKTpUYECKHE OIS
HanpsukeHHOCThI0 10 20 KB M. B anexTponoesaax, paGoTalommx Ha
IIOCTOSIHHOM TOKe, peructpupyrorcs nons no 300 B M. Tpu pabore
MOHUTOPOB  KOMIIBIOTEPOB ~ CO3JAIOTCA  DJEKTPOCTaTHYECKHE  IOJIS
nopszka 10-20 kB M Ha pacctosauu 30 cm.

T'eomarauTHOE mosne 3emin u3MeHsercs B quana3zone 35-70 MxTn
BOJIM3M 3eMHOH IOBEPXHOCTH. Hexoropsle BuIbl  JKHBOTHBIX
OPHEHTHPYIOTCS B IPOCTPAHCTBE 110 CUJIOBBIM JIMHUSAM MAarHUTHOTO ITOJIS.
TexHOreHHbIE MarHUTHBIE TIOJIS CO3/IAl0TCS B MECTaX, I/l UCIIOJIb3YIOTCS
HUCTOYHUKH IOCTOSHHOTO TOKAa, HANpHMEp B CHUCTEMaxX TPaHCIOPTa,
paboTaromux Ha 3JEKTPUYECTBE, B MPOMBIIUICHHBIX MPOLIECCaX, TaKHX
KaKk TPOU3BOJICTBO AJTIOMHHHSA MM JJIEKTPOCBapKa, M, KakK IPaBUIIO,
BBIIE NPUPOJHBIX MArHUTHBIX mnosed. Tak, Hampumep, BHYTpH
JJIEKTPONOE3I0B U II0€370B HAa MAarHUTHOM IIOAYIIKE CO37ar0TCs
MOCTOSIHHBIC MarHuTHbIe 1oJst 10 2 MTn. TlpodeccnonansHbie paboune,
KaK TIPaBWIO, IIOJABEPraloTCS BO3ACHCTBHIO OoJjiee CHIBHBIX IIOJEH,
HampuMep, TpPpH  BIIEKTPOJIUTHYECKOM BOCCTAHOBJIECHHM  aIOMHHUS
co3matorcsi monst okono 60 MTn, a snexTpudeckas gyra MpH CBapke
CO3/laeT MarHuTHOe mnone mopsaxka 5 MTn Ha paccrossHuu 1cM OT
CBapOYHOr0 KaOeJs.

H[!HME‘I&HI/IG NICPEBOAYMKA:
3 B sTtom JAOKYMCHTC paCcCMaTpUBArOTCS HE U3MCHAIOIUECS BO BPEMEHU
OJICKTPUYCCKUE UM MAarHUTHBIC 11014, T.€C. C yactoToi 0 FH.
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Co3nanne cBepxnpoBoAHUKOB B 1970-80-x rT. crocoOCTBOBAIO
IIpUMEHEeHHI0 0ojee CHIBHBIX MArHUTHBIX IOJeH B MEAMIMHCKOM
JUAarHOCTUKE B pe3yiabTaTe pa3paboTKM METOAOB HCCIIEAOBaHUS,
WCTIONIB3YIOIUX ~ MarHUTHO-pe30HaHCHOe u300paxenne (MPU) wu
cekrpockonmio (MPC)?, u simepHo-MarmuTHEIA pesonanc (SIMP). Ilo
MMEIOLIMMCSI OLIEHKaM, K HacTOSIIEMYy BPEMEHHM BO BCEM MHpE ObUIO
mpoBegero okono 200  wmwmmmonoB  MPU mccnenoBaHuit. B
[TOBCEJHEBHBIX KJIMHUYECKHX HCCIIEAOBAaHUAX MarHutHble mosst MPU-
CKaHepoB, cocTapisonye nopsaka 0,2 — 3 Ti, co3aaloTcs MOCTOSTHHBIMU
MarHuTamy, CBEpXIPOBOISIIMMH MAarHUTaMH M WX KoMmMOuHanuend. B
UCCJICIOBATEIbCKUX LENAX NPH CKAaHUPOBAHMH BCEro Tesa MaIMeHTa
co3maroTcs mojis, pocturaiomue 9,4 Tn. BenuunHa MarHUTHBIX IOJIEH
BOKpPYI MarHMWTOB, HCIOJb3yeMbIX B MPU uccienoBaHusx, MoOxKeT ObITh
JIETKO OLIEHEHa, YTO MO3BOJIUT CHU3UThH BO3/IEHCTBUE HA MEPCOHAT ITyTeM
WCIIONb30BaHMs MAarHUTOB ¢ 3amuToi. Kak mpaBuito, Ha pabodeM mecte
oreparopa BeIHMYNHa MarHuTHOTO 1ot coctasisieT 0,5 mTn. OmgHako, BO
BpeMs COOpPKM M TECTHPOBaHMSA Takoro o0O0OpyJIOBaHHA WIM TIpU
MIPOBENICHUN MEJULMHCKUX IPOLENyp, KOrja HNalueHT UM MEAUIUHCKUI
[IepCOHAJl HaXOIATCA BHYTPH MarHuTa, BO3AEHCTBHE HAa MEPCOHAT MOXKET
pocturats 1 Ti u Beime. B HEKOTOPBIX (U3HMYECKUX HCCIIECIOBAHUSAX U B
BBICOKOOHEPICTHICCKUX TEXHOJIOTHAX MOTYT HCIIOJIB30BaThCA
CBEpPXIIPOBOJIHUKH, B pE3yJIbTaTe 4ero padoyue MOTYT pEryJsipHO B
TCYCHHUC JUIMTCJIBHBIX IEPHOAOB BPEMCHU IMOABEPraTbCs BOSHGﬁCTBM}O
nonei nopsaxa 1,5 Ti.

14.1.2 MexaHu3mbl e3aumodelicmeusi

Paznuyaror cnegyromye Tpu THIIa GU3NYECKOTO B3aUMOIEHCTBUS
MIOCTOSIHHBIX MArHUTHBIX MOJed C OHOJOrMYEeCKUMH CHCTEMaMH,
YCTaHOBJICHHBIE HA OCHOBE 3KCIIEPUMEHTAIILHBIX IaHHBIX:

€8] DJIEeKTPOANHAMUYECKOE B3aUMOJICUCTBHE TOKAMH MPOBOAUMOCTH
(HampuMep, ¢ TEKYIIMM PAacTBOPOM 3JIEKTPOJNTa). MarautHoe mone B
pe3ysipTaTe BO3HUKHOBEHUs CHIIbI JIOpeHIa JeHCTBYeT Ha JBIDKYIIHECST
HOCHTENH DJJIEKTPUYECKOTO 3apsaa.  OJTO IPHBOIUT K HMHAYKLIUH
JNIEKTPUIECKOTO MOTEHIHANA (TaK HA3bIBAEMOT'0 «IIOTEHIMATIA MOTOKA)
n Toka. «[loTeHnManbl MOTOKA» y JKUBOTHBIX M YENIOBEKA OOBIYHO
CBSI3aHBI C COKpAI[EHHEM CEep/ICYHBIX JKeIyAOYKOB M BEIOPOCOM KPOBHU B
aopry. JlopeHieBo B3auMozelicTBHE TaKkxKe IPUBOAUT K BOSHUKHOBEHUIO
MAarHUTHO-TUJIPOJUHAMUUYECKON CHJIBI, HAIPaBJICHHOH NPOTUBOIOJIOKHO
KpOBOTOKY. CuyMTaeTcs, 4YTO CHIDKEHUE KPOBOTOKA B aOpTe JOCTHUIaeT
10% npu peiictBuu MarHuTHOrO nouns 15 Ti.

‘B stoM JIOKYMEHTe paccMaTtpuBaercst merox MPU, ypoBaM Bo3aelicTBUS
ripu obcnenoBanny MPC npakTuyecku Takue xe.
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2) MarnutHo-MexaHndeckue d3(PQeKTsl, BKIOYAs OPUEHTAIHIO
MarHATHO-aHU30TPOIHBEIX CTPYKTYP B OJHOPOAHBIX INOJSIX M CMEIICHHUE
MapaMarHUTHEIX W (EeppOMarHUTHBIX MAaTepPHAIIOB B TPaJUEHTaX
MarHuTHOro mois. Ocoboe BHHMaHHME B MEXaHM3Max B3aHMMOICHCTBUS
NPE/CTABIsET BO3HHUKHOBEHHE CWJI ¥ BpAIIAIONIMX MOMEHTOB,
JEHCTBYIOIIMX Ha SHJIOTCHHBIE U 3K30T'€HHbIC METAJUTHUECKHIE TIPEIMETHI.

3) O¢ddexTsl BO3AEHCTBUS HA COCTOSHHE SIIEKTPOHHOTO CITHHA
IIPOMEKYTOYHBIX NPOAYKTOB peaKklUU. XHMHUS CIIMH-KOPPEIUPOBAHHBIX
nap pagukaioB B TCUYCHHUEC JJIUTCIBHOTIO nepuoaa BpEMCHU
paccMaTrpuBajgack B XUMHH M OHOJIOTHM Kak mposiBicHHE 3((PEeKTOB
MarHutHoro nois. IlocTosHHBIE MarHUTHBIE 1MOJIA B AuanasoHe oT 10 1o
100 MTnn MOTyT BIMSATP HAa MNPOTEKAHHE HEKOTOPHIX OPTaHUYECKHUX
XHUMHYECKUX pEeakUuid B pe3ysbTaTe BO3NCHUCTBUS HAa COCTOSHHUE
JJIEKTPOHHOTO CIMHA TPOMEXYTOYHBIX MNPOAYKTOB peakuuu. CruH-
KOppEeNMpOBaHHAsl Iapa paJUKaJOB MOXET PEKOMOMHUPOBATHCS H
MPEMATCTBOBaTh O0Pa30BaHMIO NPOIAYKTOB PEaKIHU B CICAYIOLINX
ycioBusax: (a) mapa, oOpa3oBaHHAs B TPUIUICTHOM COCTOSIHUH, JOJDKHA
MepeiiTH B CUHIJIETHOE COCTOSIHUE ITOCPEICTBOM KaKOTr0-I11M00 MeXaHn3Ma
u (0) pagukamel JOJDKHBI OBITH PACIOJOXKEHBI OJU3KO, YTOOBI
pexoMOMHUpOBaTh. YciioBHE (a) OYEHb YYBCTBHUTEIBLHO K BO3ACHCTBHUIO
MarHuTHoro noiisi. HauGonbliee yucio ucciaeoBaHuid ObLIO HAIIPaBJICHO
Ha INpHMEeHEHHE Takux 3(GEKTOB C LEIbI0 U3YUEeHHs PeaKLuil SH3UMOB.
O):[HaKO HHAYIHUPOBAHHOC MAarHUTHBIM I10JIEM U3MCHCHUC KOHLICHTan,I/lﬁ
WIM TIOTOKOB CBOOOAHBIX PAANKAIOB BO3MOXKHO HE MPUBOAUT K
(GU3HONOTHYECKUM  TIOCHEACTBUAM UL KJIETOYHBIX (DYHKIMH WM
OTJAJICHHBIM MyTareHHbIM 3P QeKTam.

LHosumempusi

Jns  moHuMmaHus  Ouonormyeckux 3(PQexkToB  BO3AEHCTBHA
JJIEKTPUYECKUX U MAarHUTHBIX IOJIell HEe0OXOIUMO paccMaTpHBaTh IIOJIA,
HETIOCPEICTBEHHO BO3/CHUCTBYIONINE HA KIETKU PAa3IUYHBIX dYacTeil Tena
u TkaHed. Jloza MokeT OBITH oOmpeneNeHa KakK COOTBETCTBYHOLIAS
(GYHKIUS 3IEKTPUYECKUX U MarHUTHBIX NOJIEH B TOUKE B3aUMOJICHCTBUSL.
YcTaHOBIGHHE B3aUMOCBS3M MEXIY BHEIIHUMH HEBO3MYIICHHBIMU
NOJSIMM W BHYTPEHHMMH TOJSIMH  SIBJI€TCSA OCHOBHOH  3ajaueit
JO3UMETpUH. BakHBIMH acrneKkTaMH J03UMETPUYECKHX HCCIIe0BaHUM
SIBIIIIOTCA KaK pacyeTHblE METOJbl C HCIOJIb30BAaHHEM BOKCEIbHBIX
MOJIeINIeH, TaK U SKCHIEPUMEHTAIbHBIE HCCIIEAOBAaHUS BO3ICHCTBHS TOJIEH.

JlelicTBrEe MarHUTHOTO T0JIS1 HA OMOJIOTHYECKHUE TKaHH, BEPOSTHO,
3aBUCUT OT (PU3MUYECKUX XapaKTepPUCTUK IIONS, TaKMX KaK BEKTOP
MarHATHOH MHAYKIWH, TPAJUEHT MAarHUTHOTO IOJS W/WIM HPOU3BOAHAS
9THX NapaMeTPOB, KOTOpas OOBIYHO HA3BIBAETCS «IIPOU3BOIHAS CHID».
HekoTopsle U3 CHIBHBIX B3aUMOJICHCTBHI XapaKTEPH3YIOTCS IBUKECHUEM
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Yepe3 CUJIOBBIC NMapaMETpPhl, HATPUMEP NEPEMEIICHUE TEJIa NI KPOBOTOK
B MAarHuTHOM I10JIC.

COOTBETCTBYIOIINE JO3UMETPUYECKUE IapaMeTphl 3aBHCAT OT
(u3MUECKMX ~ MEXaHM3MOB,  TPHBOAALUIMX K  BO3HUKHOBEHHIO
HeONaronpusTHeIX  3(QQEKTOB AN 3/0POBBSL. Ou4eBHIHO, 4YTO
(eppOMarHUTHBIE IPEeIMETHl He JOJDKHBI HaXOMUTHCS BOJIM3M MarHura.
[ToaToMy HACTOSTENBHO PEKOMEHAYETCS TNPOBOAWTH CKPHHUHT Ha
NIPUCYTCTBHE TaKUX MPEIMETOB W HWMIUIAHTaTOB, KOTOPBIE MOTYT
nepeMemarsCs B pe3yibTare NPHIOKEHUS CHJI WM BO3HHKHOBEHUS
BpAIIAIOMMX MOMEHTOB. HeoOXoauMo Takke NPOBOJUTH H3MEPEHUS
MaKCUMalbHOTO  3HA4Y€HHs BEKTOpa MAarHUTHOM  WHAYKUUH |
MIPOM3BOJHOM MAarHUTHOW cwibl.  JIs OLEHKM 3THX IapaMeTpoB B
Pa3IUYHBIX JIOKATU3ANMSIX OKOJI0O MarHWTa, TJe BO3ACHCTBHIO MOXET
[OJIBEpraThCs IIEPCOHAN, MOTYT OBITh HCIIOJB30BAHBI KapThl MOJEH,
OJTHAKO MHAMBU/IyaJIbHAS IO3UMETPHSI SBIISIETCS PEUMYILIECTBEHHOM.

JlBr>keHye BCero WM 4acTeil Tea, HalpuMep a3 WK T0JI0BbI, B
rpagyeHTe MarHUTHOTO IOJA HPUBENET K HMHAYKLUUM SIIEKTPUYECKOIo
I0JIs1 ¥ TOKA BO BpeMs ABMKEHUsA. J[03MMETpHUYECKHe pacyeThl II0Ka3aly,
YTO BEIMYMHA TaKUX HMHIYLUUPOBAHHBIX OJJEKTPHUYECKHUX  IOJNEH
CTaHOBUTCS 3HAYUTEIbHOM IPU HOPMAIBHOM JABIKEHHUH BOKDYT WM
BHYTPH MAarHMTHBIX moned Oomee 2-3 Tn.  DOTo MOXKET SBIATHCA
MIPUYHHON HMHIUBHUIY albHBIX CBUJIETEIILCTB 0 MOSIBJIECHUU
TOJIOBOKPY KEHHs ¥ MOPOM O BO3HUKHOBEHHHM BCIIBILIEK CBETA B IJa3ax y
HAlEeHTOB, AOOPOBOJBLEB M IIEPCOHAa BO BpeMsl INEPEMEIICHUS B
MarHuTHOM I10JIE.

HcTouHUKM JEHCTBUS IOCTOSHHBIX MAarHUTHBIX TIOJIEH Ha
YyeJI0BeKa MHOTOYHCIICHHBI U pa3Hoo0Opas3Hel. B mocnennee BpeMst oqHUM
U3 Hau0oJiee YacTO BCTPEYAIOLIMXCS UCTOYHUKOB BO3JCHCTBHS SBISACTCS
MPU o6GopynoBanue. B mocnenHee necsatuiieTHe ObUIM TPUIIOKEHBI
3HAYUTEIbHBIE YCHIUS, NalOIlMe BO3MOXHOCTH HCHOIb30BaTh MPU-
CHCTEMbI NPU OYEHb CHIBHBIX HOJAX. B NoBceaHeBHOH KIMHUYECKOM
npakTuKe npuMeHstorcss MPU-cucteMbl ¢ BeMMYMHON TOJISI B LEHTpE
marauta okono 1,5 Tn. Opnako, B HacTosiiee BpeMs JUISI IPOBEACHUS
PYTHUHHBIX ~KIMHUYECKHX MCCIIEOBAaHUN pas3pelieHbl CHCTEMbl C
MarHuTHBIM mosieM nopsiaka 3,0 Ti; B pesynbrare, k 2004 roxy mo Bcemy
MHUpYy mpuMeHsuioch Oonee 100 Takux cucrtem. Kpome 3toro, st
MENIMHCKUX Lenen pa3pabarsiBaeTcs HCCIIeI0BATENILCKOE
o0opysoBaHHE C MarHuTHbIM mojeM mopsaka 4 — 9.4 Tn. Tak kak
BenuyuHa nojisi MPU-cucrteM MocTOSHHO YBEIWYHMBACTCS, 3TO IPHUBOAUT
K pa3lIMuHBIM B3aHMOJICHCTBUAM IMOJeld C OMOJIOTMYECKUMH TKaHSIMH.
Takum oOpazoMm, B pe3yibTaTe BO3pPACTAIOIICH TEHICHIMH K
UCIIOJIb30BAHUIO 0OOJIee CHJIBHBIX TMOJEH ITOHMMAaHHE MEXaHHU3MOB

313



B3aUMOJIEHCTBUS DJIEKTPOMArHUTHBIX MoJiel, reHepupyembix MPHU-
CHCTEMaMH, C TeJIOM YeJIOBeKa CTAHOBUTCS Bce OoJiee 3HAUMMBIM.

14.1.3 UccnedoeaHus in vitro

Pesynbrarel N Vitr0 wuccienoBaHWi NEHHBI [UIsl TOHUMAHHS
MEXaHU3MOB B3aMOJICHCTBUS ¥ OLICHKH BO3MOXKHBIX 3((EKTOB, KOTOPHIE
MOTYT HCCIIEoBaThes N Vivo. OHAKO OHM He SBISIFOTCS JOCTATOYHBIMU
JUIs OLeHKH 3(G{EeKTOB ISl 310pOBbs YeloBeka Oe3 MOATBEPXKICHMS
PE3yNBTAaTOB B HCCIICMOBAHMSX iN VIVO.

B omeiTax in vitro 6suti 0GHapysKeHBI HEKOTOPbIE OHOJIOTHIECKHE
3¢ eKThl BO3JCHCTBHS MOCTOSHHBIX MAarHUTHBIX Toned. B kauecTBe
OOBEKTOB  HCCJICHOBAHHS  PACCMATPUBAINCH  Pa3JIMYHBIE  YPOBHH
OpraHM3allii:  CHUCTEMBI, H30JMPOBAHHBIC OT KICTKH, BKJIFOUYAFOIIHE
MeMOpaHbl, 3H3UMbl OHOXUMUYECKUX PEaKLUi, U Pa3IU4HbIC KIETOYHBIE
MOl Ha OakTepusiXx M KIEeTKax MIICKOIMMTAIOMKX. B ombITax
U3ydanuch Takue Ouonorumueckue 3PQeKxTbl, Kak OpUEHTAIMs KIETOK,
MeTaboIn4YecKasi aKTHBHOCTh KIICTOK, (PH3HOJIOTHS KJIECTOYHBIX MeMOpaH,
9KCHPECCHUS TEHOB, KJICTOYHBIH POCT U TeHOTOKCHYHOCTb.

B wuccrnenoBaHusX HAOMIOANUCh KaK TOJNIOXKHUTEIBHBIE, TaK H
OTpHIATENIbHBIC PEAKIIMH, OJJHAKO OOJbIIasl YacTh HAOMIOACHUN HE ObLia
npoayOnupoBaHa. Ha6mionaemble  3((eKThl  XapaKTepH30BAIUCDH
pasHooOpa3zueM M OOHApPYKHMBAIKUCH IOCIEC BO3JICHCTBUS IMOCTOSHHBIX
MarHWTHBIX MOJEH B IIMPOKOM AuamasoHe. bbuio oOHapyxeHo, 4To
MAarHuTHBIC TIOJII MOI'YyT He6ﬂaFOHpI/lﬂTHO ﬂeﬁCTBOBaTL Ha HCKOTOPBIC
CHCTEMBI NPH WHTEHCUBHOCTX HIke 1 Ti, oObryHO B muanazone MTia. B
OJJHUX UCCIIEIOBAHMAX ISl HEKOTOPBIX 3P (eKToB OBLT OOHAPYKEH TTOPOT,
OHAKO B JPYIMX HCCIENOBaHMAX HAOIIoganach  HENMHEHHas
3aBUCUMOCTb «71032-3QdexT» 6e3 BUIUMOro mopora.

Jus  marHuTHBIX monedl  Bbime 1 T ObUIM  MONTyYeHBI
COTJIacOBaHHBIE NaHHbIE MO dddexTam HX NeHCTBUS HA OPUCHTALMIO
KJIETOK, OJJHAKO 3HAYUMOCTH 3THX 3(P(heKToB IN VIVO He sicHa. AHamm3
HEKOTOPBIX HCCIENOBAaHUA TpenronaraeT, YTo KOMOHHHPOBAHHEIE
9 deKThl AeHCTBHUS MOCTOSIHHBIX MAarHUTHBIX NMOJIEH M APYTHX arcHTOB,
TaKHX Kak TEeHOTOKCHYECKHE BEIIeCTBa, MOTYT TPHBECTH K
CHHEepreTuueckuM 3(deKTam, Kak 3alUTHBIM, TAK U CTUMYJIHPYIOLIHM.
B Hacrosimee Bpemss uHGOpMauums, MOJXydYeHHas B OMbITax in Vitro,
SIBISIETCSL IPOTHBOPEYMBON M HYXKJA€TCs B TIOATBEPIKICHUH IO TIPHHSTHS
KakKuX-JIMOO BBIBOJIOB, Kacaromuxcs 3(p(exToB BO3AEHCTBUS Ha 370POBbE
YeJloBeKa.

9(1)(1)6KT BO3,H61710TBPI}I MMOCTOSIHHBIX MarHUTHBIX TOJIEH 3aBUCUT HE
TOJIBKO OT d)PI3I/I‘{€CKHX napaMeTpoB, TaKHX KaK MWHTCHCUBHOCTD,
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JUIMTELHOCTh, MOBTOPSIEMOCTh W TPAIMEHT BO3ICHCTBHS, HO W OT
Ouosiornueckux. IIoKa3aHO, YTO THUII KIETKH, KIECTOYHAs aKTHBALUS M
apyrue  (GU3MOIOIMYECKHE YCIOBMA BO BPEMS BO3JEHCTBHUS OIS
CYLIECTBEHHO BIMAIOT Ha PE3yJbTAaT 3KCIEPUMEHTa. MeXaHM3MBI 3THX
5} (}EKTOB 10 CUX HOpP HEU3BECTHBI, HO OHM MOIYT OBITH OOYCIIOBIECHBI
s¢dexTaMu JeUCTBUS MOCTOSHHOIO MATHMTHOTO TOJIA Ha PajuKallbl U
HOHBL.  BeposTHas pojib Takoro IeWCTBHMs ObLIa IIOATBEPKACHA B
HEKOTOPBIX MCCIIEIOBAHUAX iN Vitro.

Pe3ynbraTel HEKOTOPBIX HCCIECIOBAaHWH, HalpaBICHHBIX Ha
n3yueHue BozaedcTBus MPU-curHama w Apyrux KOMOMHHMPOBAHHBIX
noiei, ToKa3anum, 4ro  Owojormueckue  dPdexThl  IeHCTBUS
KOMOMHHMPOBAHHBIX TIOJIEH HE OTIMYarTCsi OT 3(PQEKTOB JAeicTBUSL
TOJBKO TOCTOSHHOTO MAarHUTHOTO MOJIS, €CIU Takue d(PQPeKTs MOTyT
CYILECTBOBATb.

B menoM wccnmenmoBaHus in Vitr0 He MalOT SCHOM KapTHHBI
CrIenn(pHYECKOro BO3ASHCTBUS MaTrHUTHBIX Noyieil. TakuMm oOpa3oM, OHH
HE YKa3bIBalOT Ha BO3MOYKHOE HEOJAronpuaTHOE BO3JCHCTBHE Ha
3/I0POBBE YEIIOBEKA.

14.1.4 UccnedosaHusi Ha 1a60OPaMOPHbLIX UBOMHbLIX

Pe3ynbTaThl HECKOJIIBKHX HCCIEROBaHUN 3GQeKToB Bo3aeicTBUSA
EKTPUYECKUX  MoJed  Ha  Ja0OpaTOpHBIX  JKMBOTHBIX  HE
CBH/ICTENTHCTBOBAIIA O HEONArompHUATHOM BO3JCHCTBHH, 32 NCKIIOUCHHEM
3¢ HEeKTOB, CBSI3aHHBIX C OIYIIEHUEM IOBEPXHOCTHOTO BJIEKTPHUECKOTO
3apsza.

Bonbiioe  KOMMYECTBO  HCCIENOBaHMH HAa  KHBOTHBIX
NPOBOAMIOCH C LENbI0 M3y4eHUs d(P(PEKTOB BO3ACHCTBHS MOCTOSHHOTO
MarHUTHOTO TMOJs. B OONBIIMHCTBE AITUX HCCIIEIOBAHUM, KOTOpBIC
paccMaTpUBAIOTCS 10 OTHOMIEHHIO K 3[0POBBIO 4YEJIOBEKA, H3ydyalloch
BO3ZICHCTBHE  MOJEH, 3HAYMUTENbHO  IPEBBIUIAIONIMX  MPUPOIHBIE
reOMarHuTHEIe Noisd. Heckonbpko HccnenoBaHMil ObUIM BBIIIONHEHB B
MTn-nuana3oHe MarHUTHOW WHAYKIMH, CPaBHUMOM C OTHOCHUTEIHHO
BBICOKMM MPOMBILIUICHHBIM BO3JieiicTBHEM. B mocnennee BpeMs B cBs3U €
Pa3BUTHEM TEXHOJIOTHMH CBEPXMPOBOAMMX MarHutoB u MPH-cucrem
MIPOBOJMJIOCH M3Y4YEHHE BO3JEHCTBHs ToJel, mnpesblmatromux 1 T, Ha
noBesieHne, HU3HOJIOTUIECKOE COCTOSIHUE U PEIPOAYKTUBHYIO (DYHKIIHIO.
B HEKOTOpBIX HCCIENOBAaHMUAX U3Y4aJHCh BO3MOXHBIE 3G QEKTHI
XPOHUYECKOTO BO3JICHCTBHSA, B YACTHOCTH, B OTHOIICHUH KaHIIEPOTeHe3a.

HauGonee cornacoBaHHbIE PE3YyJIbTAThI HCCIIeI0BaHUH ObLIH
NOJIy4€Hbl OTHOCHUTCIIBHO HeﬁpOHOBeHCH‘IeCKHX pCaKHHﬁ. A HMCHHO,
nepeEMEIICHUC J'Ia60paTOpHI>IX TPBIBYHOB B MNOCTOSIHHOM MAariuTHOM I10JI€
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nopsiaka 4 T u Belle ObLIO arpecCHUBHBIM M XapaKTEpPH30BalOCh Kak
MpOsIBJICHHE OTBpallleHuss W u30eranus. OTH SQPQEKThI, BEPOSATHO,
CBSI3aHBI C MATHUTHO-THAPOIMHAMUIECKAMHE ddexTamu Bo3aeicTBHS Ha
TMM(paTHYECKyI0 CHCTEMY BECTHOYISIPHOTO ammapaTta. B oTHomeHHn
JOPYTHAX BOBMOYKHBIX TIPHYMH JaHHBIE IPOTUBOPEUUBEL.

Cunraercsi, 4TO HEKOTOpbIE IMO3BOHOYHBIE M OECIO3BOHOYHBIC
BUJIBI MOTYT HCIONB30BaThb MArHUTHBIE IIOJSI HAa YPOBHSX, ONM3KUX K
FE€OMAarHUTHOMY MOJI0, C 1I€JbI0 OPUEHTAllMd B OKpYXawouled cpene,
OJTHAKO CYHTAETCs, UTO Takhe 3()(PEKTH HE SBIAIOTCS CyLNIECTBEHHBIMH
JUIS 3710POBbS.

B uccnenoBaHusix ObUIO MOATBEPXKAEHO, UTO  JAEHCTBHE
MarHuTHBIX mojied Bbime 1 Tn (0,1 Tnm ams KpYNMHBIX JKHBOTHBIX)
HHIYOUPYET «IOTEHIHAl TMOTOKa» OKOJNIO CepAlla M  OCHOBHBIX
KPOBEHOCHBIX COCYZIOB, OIHAKO (DM3HOIOTHYECKHE IOCIEACTBHS TaKOTO
BO3JIEHCTBUSA IO CHX TIOP OCTAIOTCS HESACHBIMH. Bo3IelcTBHE CHIBHBIX
mone#t (go 8 Ti) B obmacTé cepAra B TeUEHHE HECKONBKHX HYacOB HE
IPHUBENIO K BOSHUKHOBEHHIO CEPIETHO-COCYIHUCTHIX 3()(PEKTOB y CBUHEH.
KpaTkoBpeMeHHOE U JUIMTENbHOE BO3AeiicTBUE IOJICH B AMaNa3oOHE OT
FEOMAarHUTHBIX ~ YpOBHEH 10 Heckonbkux MTn  OpuBogmiIo K
HEeOJIaronpUsATHOMY BO3JEUCTBUIO Ha CEPAEUYHO-COCYIHUCTYIO CUCTEMY Yy
KPOJIMKOB, OJJHAKO HAOII0aeMasi 3aBUCHMOCTh He ObliIa 3HAUMMOM.

PesynpTartel OmHOW TpymIbl HCCIENOBATENICH IOKa3ald, 4TO
MarHuTHble TOJs MTJI-Iuama3oHa MOTYT YrHETaTh  IIOBBIIICHUE
apTepHaIbHOTO JABJICHUS IIOCPEICTBOM JEHCTBHS Ha TOPMOHAJIBbHYIO
PeryJIsSTOpHYIO cHUCTeMy. OTa e rpyIa IOoKa3ana, YTO IOCTOSHHBIC
oyl Manold uHTeHcHBHOCTH (mopsaaka 0,2 Ti) MOryT MHIYIMpPOBATh
JoKaJbHbIe 3P(EKTH B KPOBOTOKE, YTO MOXKET IPHUBECTH K YJIYUIICHUIO
MUKpPOLUPKYJISIUKA. JIONONHUTENBHO, Opyras TpyIIa HccieloBaTelNei
MoKas3ajia, 4To BO3/eiicTBHEe MarHUTHBIX moieil mopsaka 10 To moxer
NPUBECTH K CHIDKCHUIO TIOAKOXKHOTO KPOBOTOKA M TEMIIEPaTyphI.
OnHako, BO BCEX JTHX CIydasx H3ydaeMble IapaMeTphl ObLIM OYEHb
N3MEHYMBBI, YTO, BEPOSTHO, O0OYCIOBIEHO (hapMaKOIOTHIECKHMH
JNEeHCTBUSIMH, BKJIIOYAIOIIMMH aHECTE3MIO M MIMMOOWIn3anuio. B memow,
0e3 TPOBENECHUS HE3aBUCUMBIX ITOBTOPHBIX HCCICIOBAaHUH CIIOXKHO
MIPUATH K KAaKOMY-JIHOO BBIBOY.

Heckonbko uccnenoBaHuil  ObUIM  NOCBSILECHBI  U3YYEHHIO
BO3MOXXHBIX 3(()EKTOB BO3ICHUCTBHSI MATHUTHOTO MOJISI Ha KJICTKH KPOBU
U TEMOIIO3THYECKYIO cucTeMy. OHAKO, pe3ysbTaThl ATHX UCCIICIOBAHHI
COMHHTENBHBI, YTO OTPAHMYMBACT MX HCIIOJIB30BaHKe. B mabopaTopHbIx
ombiTax ObUIM OOHApYXeHBI YPPEKThl NEHCTBUS MATHUTHBIX TOJEH Ha
SH3UMHbBICE W HWOHHBIC KOMIIOHEHTHI IUTa3Mbl KpoBH.  OmHAKO, 3TH
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PE3yIbTAThI JOJIXKHBI OBITH TMOATBEPIKACHBL HCE3aBHUCHUMBIMHA
HaGOpaTOpHLIMI/I HCCICAOBAHUAMUA C LEJIBIO IIPUHATHSA 3aKIIFOUCHUA.

Pe3ynbraTel ONBITOB, NPOBEIACHHBIX B OJHON JabopaTopuu B
OTHOIIEHUM BO3JEHCTBUS HAa DHAOKPUHHYIO CUCTEMY, IOKa3alH, 4TO
MarHUTHBIC TIOJS MOTYT HEOJaronmpusATHO BIMATH Ha (YHKLUH
IIMIIKOBUIHOIO Tella M COAEp)KAHHWE  MEJAaTOHWHA. OpHako
HCCIIENOBAaHMs, NPOBEACHHBIE B IPYrHX JabopaTopusx, HE CMOTIH
MIOATBEPAUTE ITU PE3yJbTaThl. YTHETEHHE BBIPAOOTKM METAaTOHHMHA B
pe3yJabTaTe BO3ICHCTBHS MOCTOSHHBIX MAarHUTHBIX TOJIEH JOJDKHO OBITH
MOJATBEP)KACHO B JAIBHEHIIMX MCCIEAOBAHUAX C LEIBI0 HPUHATHSL
3amoueHus.  Kpome 3Toro, OBUIO MPOBEAEHO TOJNBKO HECKOIBKO
HCCIIEI0OBAHUM, KacalOlMXCsl BO3AEHCTBUA MarHUTHBIX HOJNEH Ha Ipyrue
OpraHbl SHAOKPUHHOM CHCTEMbI (KpOMe LIMIIKOBUAHOTO TeJa), OJHAKO
COI'JTaCOBAHHBIX PE3YJILTATOB MOIYyUEHO HE OBLIO.

BaxnsiMu Bonpocamu B uzyueHun Bosaenctsus MPU-cucrem Ha
MAIMEeHTOB M MEIULMHCKUN NEepCOHAN SBIISIOTCS PENpPOAyKTUBHOCTH U
pasButHe. B 3ToM HampaBneHHH OBIJIO MPOBEAEHO TOJIBKO HECKOJIBKO
XOPOILIUX HUCCIIEOBAHUM, B KOTOPBIX pacCMaTPUBAIMCh MAarHUTHBIE OIS
Boime 1 To. MPU-uccnenoBanus camMu 1o cebe HE SBISIOTCA
MH(POPMATUBHBIMH, MOCKOJIBKY 3((GEKT BO3AEHCTBUS MOCTOSHHOTO IMOJIS
HE MOXET OBbITh OTIMYUM OT BO3MOXKHOTO 3(dexra BO3AEHCTBUS
paZnoOYacTOTHOTO MOJII M HMMIIYJIbCHOIO MarHUTHOro mnosisi. Takum
o0OpazoM, Ui OICHKH pHUCKa IS 370pPOBbS 4YeJOBEKa HEOOXOIMMO
MIPOBEACHUE NATbHEHIIINX HUCCIIeIOBAHNH.

IIpoBeneHo HeOOMBIIOE YHUCIIO MCCIENOBAHUN Ha JIAOOPATOPHBIX
JKUBOTHBIX C II€JIbI0 M3YYEHHsS T€HOTOKCMYHOCTH U paKa, Ha OCHOBE
Pe3yIbTATOB KOTOPBIX CJIOXKHO MPUNATH K KAKOMY-JTH0O0 BBIBOY.

14.1.5 JlabopamopHbie uccredoeaHusi Ha Yesioeeke

OneKkTpuyecKue Mol HE IPOHMKAIOT B AIICKTPOIPOBOAALINE
IIpeJMEeThI, Takhe Kak Tejo ueioBeka. Ilose co3naer aneKkTpudeckuit
3apsl Ha IIOBEPXHOCTHM Tejla M HANpaBICHO IEPHEHIUKYIAPHO
MIOBEPXHOCTHU Tena. JlocTaToYHO OOJIBIION 3apsi] Ha MOBEPXHOCTH Tela
MOJKET OIIYIIAThCS MO €ro B3aUMOJICHCTBHIO C BOJIOCAMHU U IO JIPYTUM
s¢dexram, TaKMM ~ KaK = HCKPOBBIE  DJIEKTPHYECKHE  pa3psabl
(Mukpopaspsiznel). Ilopor omymieHns y uesioBeka 3aBHCHUT OT MHOTHX
(akTOpOB UM MOXKET HU3MEHAThbcd B auamnaszone 10-45 kB M ITopor
pazapaxeHus, BEpPOSITHO, U3MEHSIETCSl B TAKOM JK€ TMana3oHe, OJHAKO OH
CHUCTEMAaTHYECKH HE U3ydaycs. Bonessle MuKpopazpsAbl  MOTYT
MOSIBIISATHCSL B TE€X CIy4asX, KOTAa YeJIOBEK, XOPOIIO U30JUPOBaHHbBIN OT
3eMJIH, TPUKAcaeTcsl K 3a3eMJICHHOMY OOBEKTy, WM Hao0OpoT, Koraa
3a36MJICHHBI YeNoBeK IMpHUKacaeTcsi K MPOBOJIIEMY MaTepuaiy,
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KOTOPBI He 3a3emieH. OAHAKO, BEIMYMHA OPOTa ANEKTPHYESCKOTO OIS
OyIeT H3MCHSITBCS B 3aBHCHMOCTH OT CTCICHH H30JSIIMM W APYTHX
(axTOopoB.

B skcneprMeHTanbHBIX HCCIIEIOBAaHUSX Ha YENOBEKE M3ydajoch
BO3/ICHICTBUE MarHUTHBIX TOJICH Ha MEpUPEPHUUECKYIO0 HEPBHYIO CHCTEMY,
MO3TOBYIO aKTHBHOCTB, HEHPOIIOBEAEHUECKYIO M KOTHUTHBHYIO (DyHKIHH,
CEHCOpPHOE OILYIIEHHE, CePACUHYI0 (YHKLHIO, apTepruaJbHOe AaBICHHUE,
cepauebnueHne, TOpPMOHAIBHEIH YPOBEHb M YPOBEHb IPOTEHHOB B IIa3Me,
TeMIepaTypy Tella W KOXH, TepaneBTHyeckue 3(GheKTel.  YpoBHH
MarHUTHOTO IOJISi U3MEHSUIUCh B IIMPOKOM auanazone (mo 8 Tm). Ilpu
9TOM H3y4aluch d(Q(HEKTHl BO3AEHCTBHS MOCTOSHHBIX MOJNEH M IOJeH,
co3naBaeMblx MPU-cucremamu. Bpemsi Bo3aeHCTBUS U3MEHSIIOCH OT
HECKOJIbKMX CEKyHJ A0 9 4acoB, OJHAKO, B OOJBUIMHCTBE CIIy4acB
BO3JCICTBHE [UIMIOCH MEHee uaca. Pe3ynabTaTel 3TUX HCCIEIOBAHUN
UMEIOT OTpPaHUYEHHOE NPUMEHEHHE, T.K. H3Y4YaJIuCh OOJBHBIC HIIH
JOOpOBOJIBIIBI  C  XOPOIIMM COCTOSHHEM 370pOBbs, KpPOME TOrO,
HCCIIEI0BAaHUS IPOBOAMIINCEH B HEOOJIBIINX IPYIINaxX 00CIeNyeMbIX.

Pe3ynbpTartel NmpoBENEHHBIX MCCIEJOBAHMN HE YKa3blBAlOT Ha
HEOJIarONpUsATHOE BO3/JCHUCTBUE ITOCTOSHHBIX MATrHUTHBIX TMOJIeH Ha
Hepo(U3NOIOTHYEeCKUe peaklMd W KOTHHUTHUBHYIO (DYHKIHIO, OJHAKO
OHM HE WCKIIOYAIOT BO3HHKHOBEeHHUS 3THX 3(QdektoB. OOHapyxeHa
J1030Basi 3aBUCHMOCTh TSDKECTH BO3HHKHOBEHHS TOJIOBOKPY)KEHUS U
TOLIHOTHI y MPO(ECCHOHANOB, MTALUEHTOB U JOOPOBOJIBILIEB B PE3yJIbTaTE
NepeMeIleHus] B MarHUTHBIX MoJisix Beinie 2 Tin. B omgHoMm uccnenoBanumn
OBUIO TIOKA3aHO, 4TO NpH AelcTBuu noneid MPU-cucrem nmopsinka 1,5 Tn
CHIDKAETCsI BH3yalbHas KOOPAWHAIWS PYK U BOCIPHITHE KOHTPACTOB.
BoszuukHoBeHHE 3THX 3(HEKTOB, BEPOSTHO, 3aBUCUT OT TPAJUCHTA OIS
1 TIEpEMEIIEeHHS YeJI0BeKa B MAarHUTHOM Tojie. B npyrux mccnemoBaHmsIx
HaOIIOJaNINCh HEe3HAYUTEIbHBIE W3MEHEHUs] apTepHabHOTO JaBICHUS U
cepALeOMeHHs, HO OHU HAXOIWIUCh B TMpeaeiax (QHU3UOJOTHYSCKOM
HM3MEHYHBOCTH. He Obuto o6HapykeHO S(GQEeKToB BO3ACHCTBUS
NOCTOSIHHBIX ~MAarHUTHBIX IIOJIEH Ha JApYrue acHeKkThl CEepIeYHO-
COCYIHMCTON (U3HOJIOTHH, KOHIIEHTPAIMIO NPOTEHHOB B IUIa3Me H
TOPMOHANBHEINA (OH. Bo3melcTBHe MarHUTHBIX MOJICH B JAWANa3oHe J0
8 T He MpuUBeNO K N3MEHEHHIO TEMIIEPATYPHI Tela Y YEJIOBEKa.

O,[[HaKO CJIEAYCT OTMETUTH, YTO GOJIBIIIHCTBO I/ICCHG,I[OBaHI/Iﬁ
MIPpOBOAUJIOCH B rpymnrax ¢ HEOOJBIIIM KOJMYECTBOM YEJIOBEK M JacTO
BKJIIOYAJIO HECONOCTaBUMBIN KOHTPOJIb. Taxkum 06p330M, BBIBO/JIbI,
KacCaromuecsa BO3)1€I‘/‘ICTBI/I$[ MarHuTHBIX TIOJIEH Ha (byHKHI/IOHI/IpOBaHI/Ie
PaA3JIMIHBIX CUCTEM YCJIIOBCKA, B HACTOSAIIECM JOKYMCHTC HE IIPUBOIAATCA.
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14.1.6 Anudemuonoz2uvyeckue uccriedoeaHusi

ONMUIEeMHOIOTHYECKHE UCCIIeI0BAHMUS IPOBOIMIINCH B OCHOBHOM
Ha TPO(ECCHOHANBHBIX PAabOYHX, KOTOPHIE MOJBEPrajHCch BO3ACHCTBHIO
MarHUTHBIX MOJEH, T'eHEepUPYEMBIX OOOpYZOBaHUEM, HCIOJIb3YIOMIUM
OoubII0i TOCTOSIHHBIA TOK. OCHOBHAs JIOJIsl NEepCOHalla, BKIIOYAOLIAst
CBapIIMKOB, IJIABMJIBLUIMKOB ATIOMUHHA M pPabOYMX NPOMBIIIICHHBIX
NPOM3BOJICTB, B KOTOPBIX HCIIOJB3YIOTCS OOJIBIIME AIICKTPOIUTHYECKHE
BaHHbl JUIi XUMHUYECKUX TMPOLIECCOB pa3/elieHHs, IMOJABEprajiach
BO3JICHICTBUI0 MAarHUTHBIX TOJICH B TPOMEXYTOYHOM JHMaIla3oHE [0
HECKOJIbKHX AecaTkoB MTu. OpHako, Uil TaKUX MPOLIECCOB XapaKTEpPHO
BO3/IEHCTBHE U JPYTUX MOTEHIMAIBHO OMACHBIX IAPOB M a3p030JIeH, YTO
MOXKET TIPUBECTM K MCKAXEHUIO PE3yJIbTaTOB MCCIEAOBaHUN U
HEKOPPEKTHbIM BBIBOJIaM. B  3MMIeMHOJIOrHYecKuX HCCIeJOBaHUAX
M3y4YaJINCh YacTOTa BO3HUKHOBEHHS OHKOJIOTHYECKHX 3a00JIeBaHH,
reMaToJOrHUeckue HM3MEHEHHs, YacToTa XPOMOCOMHBIX abOeparui,
penponykTuBHBIE  d(OEKTB,  PacCTPOMCTBA  CKENETHO-MBIIICYHOMN
cucrteMbl. JIONOJHUTENIBHO, B HEKOTOPHIX HCCIEJOBAaHHUAX H3Yy4aloch
COCTOSHHE pPENpOAyKTHBHOW (yHKIMHM M HCXOIbl OepeMeHHOCTell y
JKeHIIMH-oniepatopoB  MPU-cucteM, KOTOpble MOIJIM IIOBEPraThCs
BO3/ICHCTBUIO OTHOCUTEJIBHO BHICOKUX MarHUTHBIX MOJIEH, JOCTUTAOIINX
1 Tn. Jlpa uccnenoBaHusi ObLIM HampaBlIeHbl Ha HM3YYEHHE HCXOJIOB
OEpeMEHHOCTH Y  3[0POBBIX  JKEHIIMH-IOOPOBOJIBIEB,  KOTOPBIE
npoxoaunu MPU-06cnenoBanus Bo BpeMsi 0epeMEHHOCTH.

B pesynbrare npoBeNEHHBIX HCCIIEIOBaHUM ObUT OOHaApyXeH
TIOBBILICHHBIN PUCK BO3ZHHUKHOBEHHUS paka pa3jIMYHBIX TUIIOB, HAIIpUMED,
paka JIerKHX, paka IIOJDKEIyJ0YHON XKeJe3bl W TIeMaTOJIOTHYECKHX
3JI0KaYECTBEHHBIX 3a00JI€BaHUM, OHAKO PE3YJIbTAThI THX HCCIICAOBAHUI
HE COIJIACOBAHBI. HeOosnpiioe  KOMMYECTBO  AMUAEMHOIOTHICCKUX
UCCJICIOBaHHUM, OIMYOJIMKOBAaHHBIX K HACTOAILIEMY BPEMEHH, OCTaBIISET
MHOTO HEpEUIEHHBIX BOIPOCOB O BO3MOXXHOCTH IIOBBIIIEHHOTO PHCKA
BO3HUMKHOBEHHS paka B pe3yidbTaTe BO3AEHCTBHSA  IOCTOSHHBIX
MarHuTHeIX noned. Jlo3uMeTpUdyecKue OLEHKH BO3JCHCTBHS B ITHX
WCCIIEN0BAHMAX OBLUTH HEHAIC)KHBIMH, a YHCIIO YYACTHUKOB B HECKOJIBKHX
WCCIIENOBAaHUAX OBUIO HE3HAYUTENbHBIM.  TakuM 00pa3oMmM, B O3THX
HCCIIEIOBAHUAX HEBO3MOXKHO OBIIO OOHAPYKHUTh PUCK JUIS TAKUX PEIKHX
3a0oneBaHuid.  HEBO3MOXKHOCTh 3THX HCCIEJOBAaHUN IIPEOCTABUTH
LeHHyI0 uHpopMauuio 00 3¢p¢eKxTax BO3ACHCTBHA MAarHUTHBIX IIOJICH
MIOJTBEPXKAAETCA OTCYTCTBHEM JaHHBIX O BO3HUKHOBEHHH JpYTHX,
HanOoJiee yCTaHOBJICHHBIX KaHLEPOTEHHBIX (DaKTOPOB, XapaKTEPHBIX IS
HEKOTOPBIX THUIOB paboyero mpolecca. HepakoBble 3¢ dexTs
BO3/ICMCTBUSI MarHUTHBIX MOJEH Ha 3/0pOBBE UEJIOBEKA HCCIEOBAIUCH
eme  pexe. BoNBIIMHCTBO  AMUIEMUONIOTHYECKUX — HCCIEIOBaHUH
NPOBOAMIOCH Ha HEOONBIIMX BBIOOPKAX H  XapaKTepHU30BalIOCh
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MHOXECTBOM METOAMYECKUX OTpaHUYECHUH. K coxanenuio, He
OLICHUBAJINCh 3¢ dexTh TUISt JPYTUX yCIOBUi padoTsI,
XapaKTePH3YIOMMXCSl OTEHINATBHO BBHICOKMMH IIOJISIMH, HalpuMep, y
onepatopoB MPU-cucrem. B Hacrosiiee BpeMsi TaHHbIC, HEOOXOTUMBIC
JUTSL OLICHKU PHCKA, PACCMATPUBAIOTCS KaK HeaJeKBaTHBIE.

14.1.7 OyeHka pucka 05151 300poebsl Yerioeeka

[MocTosiHHbIE AneKTpu4veckme nona

B mHacrosimee BpeMsi HEBO3MOXKHO NPUHTH K 3aKIIOUEHHUIO
OTHOCHUTEIBHO XPOHMYECKHX HJIM OTHAJICHHBIX 3((EeKToB BO3AEHCTBUA
JJIEKTPUUECKUX MoJiel. MexIyHapogHOe areHTCTBO IO HCCIIEIOBAaHUIO
paka (MANP) (IARC, 2002) ykazano Ha HEIOCTAaTOYHOCTH OICHOK
KaHIIEPOT€HHOCTH TIOCTOSHHBIX 3JIEKTPUIECKUX TTOJIEH.

Pe3ynbTaThl HECKONBKMX MCCIEIOBaHUH OCTPHIX 3G dEeKToB
BOSﬂCﬁCTBMH OJICKTPUICCKUX oJiei npeanojararoT, 4To0 CAMHCTBEHHO
BO3MOXHBIE O3(QQEKThl IS 3A0pOBbS YEIOBEKAa HENOCPEJACTBEHHO
CBA3aHBl C OIIYIICHHEM TMOoNed M AUCKOM(OpPTa OT 3NEKTPHIECKHUX
MHKPOPa3psIO0B.

[MocTosAHHbLIE MarHWTHLIE Nons

B  OTHOmIEHMM XPOHMYECKUX W  OTAAICHHBIX 3]dekToB
UMEIOIMECsT  Pe3yJIbTaThl  JTAOOPATOPHBIX H  IMHACMHOIOTHYIECKHUX
UCCJICOBAaHUN HE MO3BOJISIFOT CHIENaTh YETKUX OOOCHOBAHHBIX BBIBOJIOB.
MAWP (IARC, 2002) yka3piBaeT Ha HEaJCKBaTHOCTh pE3yJIbTAaTOB
HCCIIeIOBaHNUI Ha YeOBEKE KaHIEPOT€HHOCTH MOCTOSHHBIX MArHUTHBIX
I0JIeH M OTCYTCTBHE 3HAYMMBIX AAHHBIX B UCCIEAOBAHMSAX Ha KUBOTHBIX.
TakuMm 00pa3oM, B HACTOSIIIEE BpeMs MOCTOSIHHBIE MarHWTHBIC TOJIST HeE
MOTYT OBITh KJIacCH(PUIMPOBAaHBI Kak OOJAJAIoNINe BO3MOXKHBIM
KaHIIEPOT'eHHBIM BO3/IEHCTBHEM Ha 310POBbE YEIOBEKA.

HccnenoBanusi  KPaTKOBPEMEHHOTO  BO3ICHCTBHS ~MarHUTHBIX
mosieid M TPAJMEHTOB IIOJCH B TeCia-Auana3’oHe CBUACTEIBCTBYIOT O
BO3HHUKHOBEHHUH HEKOTOPBIX OCTPHIX 3PPEKTOB.

Peakun co CTOpPOHBI CEpIeYHO-COCYAUCTON CHCTEMBI, TAKUE KaK
HU3MEHEHHUE apTepHaNbHOTO JaBICHHS U IyJbca, U3peKa HaOMonantuch y
JOOpOBOJIBIICB M B HCCIEAOBaHMAX Ha KHUBOTHBIX.  OnHaKo, 3TH
M3MEHEHUs] HaXONWINCh B INpeAeNaX HOPMAJIbHOTO (PU3HOIIOTHYECKOTo
(YHKIMOHMPOBAHHS TIPU BO3ACHCTBUH MAarHUTHBIX moJiei 1o 8 T

TeOpeTI/I‘IeCKI/Ie HCCIeA0BaHusA MPEATIoJIararoT, 4YTo B pe3yjbTaTe
HHAYKOHUHU «IIOTCHIHMAJIa ITOTOKa» BO3MOXKHO Pa3BHUTHUC CICAYIOIIUX TPEX
Y Y

BO3MOXHBIX 3 (EKTOB! HE3HAYMTENBHOE HM3MEHEHHE CKOPOCTHU
cepauebueHust (KOTopoe, Kak Ipednojaraercsi, He MNPUBOAUT K
OTPHIIATENHBIM  TOCHEACTBHSIM ST 3[0POBBS),  HWHIYKIHUS

320



9KTOMHUYECKOr0 pUTMa (KOTOpas MOXeET ObITh Ooiiee (hPU3HUOIOTUYECKU
3HaYUMOW) M TIOBBIIICHHE BEPOSTHOCTH BO3HUKHOBEHHS TEPBHUYHOMN
apuTMUU  (BO3MOXKHO MPUBOISIICH K (QUOPHIUIAIMU IKEITYIOYKOB).
OpnHako, 3Ti 3((GEKTh JOMKHBI OBITh MOJITBEPKICHBI B IKCIIEPUMEHTE.
Hns  mepBeIX JOBYX O(QQEKTOB TpeanonaraeTcs HalUdue Mopora,
npesbimatoniero 8 To, s mocnenHero sddekra BenuunHy nopora
OLICHUTh JIOCTATOYHO CIIOXKHO H3-32 TPYJHOCTEH MOJIEIUPOBAHUS.
Bosmoxno, 5-10 wuwemoBek u3 10000 ocobeHHO ySA3BUMBI K
BO3HHUKHOBCHHIO apI/ITMI/II/I, u pl/ICK JUIA TaKHUX J'l}OZle/i MOXKET 6blTI)
TOBBIIIICH TPH BO3JCUCTBUM TIOCTOSHHBIX MArHUTHBIX TOJIEH W
TPaJUEeHTOB MOJEH.

OrpaHuueHHsT IMEIOIIMXCS TAaHHBIX TAaKOBBI, YTO Ha UX OCHOBE B
LEeNOM HEBO3MOXKHO TPHHATH K YEeTKOMY BBIBOLy 00 sddexrax
BO3/ICHCTBUS IIOCTOSIHHBIX MarHUTHBIX MOJEW Ha CHCTEMbl W (YHKIIHH,
U3y4aBIIHECS B UCCIICIOBAHHSIX.

Pe3ympTaTel  WCCIENOBAaHMH  MOKa3aly, dTo  (usmdeckoe
HepeMelIeHre B TpafieHTe MarHUTHOTO IO, TpeBblimatontero 2-4 T,
MOXET NPHUBECTU K OLIYLIEHUIO FOJIOBOKPYXKEHMS U TOIIHOTHI, a TAKXKe
METaJUIMUECKOro IpUBKyca BO pTy. HecMoTps Ha To, uTo Takue 3(deKTh
KPaTKOBPEMEHHBI, OHU MOI'yT HEOIAaronpUsATHO AEHCTBOBATh HA 310POBbE
YeJIoBeKa. IMpuHnmas BO BHHMMaHHE BO3MOXHBIE 3(GEKTB Ha
BU3YaJIbHYI0 KOOPAUHALMIO PYK, MATHUTHBIE I1OJISI MOT'YT B LIEJIOM BIMATD
Ha KauecTBO M  BBINOJHEHHE TOHKOH pabOTHI, BBIIOIHAEMOM
CenuanucTaMy  (HampuMmep, XHUpPypramu), M, TakuM oOpasom,
BO3/I€HCTBOBATH Ha O€30MACHOCTh MAI[UEHTA U CIIEIHAITHCTA.

JlononHuTENBHO ObUTH OITyOJIMKOBaHbI pe3ysbTaThl
WCCIIEIOBAHUM  BO3JCWUCTBHS  MAarHUTHBIX  MOJIEH  Juid  JpYyrux
(DU3MONOTHYECKUX PEaKLMi, OJHAKO 0e3 HE3aBUCHMOTO IOBTOPCHHS
TaKUX MCCJICAOBAHNI HEBO3MOXKHO MPUHTH K HAJIE)KHBIM BBIBOJIAM.

14.1.8 PekoMeHOayuu 0551 HaYUOHaNbLHbLIX Op2aHoe eslacmu

HaroHanbHBIM OpraHaM BIAacTH PEKOMEHIYeTCs BBIMOIHAT
IpOrpaMMBI, HANpaBICHHBIC HA 3aIlUTy HACENEeHHWS M IepcoHana OT
TF000TO HEOIArONPUATHOTO BO3JACHCTBHS MOCTOSHHBIX SIEKTPHIECKHUX H
MarHuTHbIX noneil. OpHako, NIpUHUMAs BO BHHMAHUE, YTO OCHOBHBIM
3(¢heKToM BIHAHHSA DICKTPHICCKUX TONEH SBIACTCA  OINIyIICHHE
JUCKOM(OPTa OT EKTPUUIECKUX MHUKPOPA3psAA0B Ha IOBEPXHOCTH Tea,
IIporpaMma 3aIlUThl MOXKET OBITh HalpaBleHa Ha HHGOPMHPOBAHUE
JIOJIEH O CUTYyalUAX, KOTOPbIe MOTIYT IPUBECTU K BO3JCHCTBUIO CUIIBHBIX
QNIEKTPUYECKUX IOJIeH, W KakuM o0pa3oM HX MOXHO u30exarb. Jlns
MOCTOSTHHBIX MAarHWUTHBIX TI0Jefl HeoOXomuMa TMporpaMMa 3amiuThl OT
BO3HUKHOBEHHS OCTPBIX 3((EeKTOB, OOHAPYKEHHBIX B MCCIECIOBAHUSIX.
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ITo npuumHe HemoCTaTKa MHOOPMAIMK O XPOHHUYECKHUX M OTHATICHHBIX
spdexrax Bcemupnoit Opranumzanumein  3apaBooxpanenus (BO3,
www.who.int/emf) pa3pabaTbiBatOTCS  NPEIYNpPEAUTEIbHBIC  MEpHI,
OCHOBAHHBIC HA AHAIHM3E «3aTPaThl — MOJIb3a», KOTOPbIE MOTYT OBITH
HEOOXOAMMBI [UISI CHHJKCHHS BO3ICHCTBHSA HAa MPO(ECCHOHAIOB U
HaCelICHHUE.

HammoHaneHEIM =~ OpraHam BIIACTH  CIIQyeT aJanTHpOBaTh
CTaHHApPTHI, OCHOBaHHBIE HA pe3ylnbTaTaX HAAEKHBIX HAYYHBIX
HCCIICIOBAHMH, KOTOpble OrPaHMYMBAIOT BO3ICHCTBHE IOCTOSHHBIX
MarHUTHBIX IOJIEH Ha YelloBeKa. BEIMOMHEeHNe CTaHIapTOB, OCHOBAaHHBIX
Ha 3(peKTax Uit 370pOBbs YeTOoBeKa, 0OECIIeUNBAECT OCHOBHYIO 3aIl[UTY
JUIS IEpCOHaNa U HaceleHus. MexIyHapoaHble CTaHIapThl pa3paboTaHbl
st octosTHHBIX MarHuTHRIX Tonei (ICNIRP, 1994) u omucansr B
Ipunoxenuu 1 kX JOKYMEHTY Ha aHIIMiickoM s3bike. Opnako, BO3
PEKOMEH]IyeT IIPOBECTH IEPECMOTP CYLIECTBYIOLIUX CTAaHJAPTOB B CBETE
HOBBIX HayYHBIX JaHHBIX.

HauuoHanbHBIM OpraHaM BIACcTH CIEQyeT YCTAHOBUTb HJIH
JOIOJHUTb CYIIECTBYIOIIUME IIPOrpaMMbl, KOTOpble 00€CIeunBaOT
0€30MacHOCTb HACETIEHUs U NEPCOHANIA OT BO3MOXKHBIX HEOIarONpUATHBIX
3pdexToB BO3AEHCTBHA MArHUTHBIX HOJIEH.  3aluTHbIE MEpbl B
OTHOLIECHUH IIPOMBIIUIEHHOTO u Hay4YHO-UCCIIE0BATEIbCKOTO
UCMONb30BAHUA MArHUTHBIX IIOJNEH MOryT OBITH IOJpA3JelIeHbl Ha
HECKOJIBKO KaTeropuil: KOHTPOJIb TEXHOJIOTMYECKOTO IMpOolecca, 3alluTa
pacCTOSIHUEM, aJMHUHHCTPATHBHBII KOHTPONb.  3aIllUTHBIE MEPHI OT
JOTIOJIHUTENLHOTO Bpela B pe3yJIbTaTe MAarHUTHONH HMHTep(hEpeHIu C
aBapUHHBIM MM MEANIMHCKAM JIIEKTPOHHBIM 000pYIOBaHHEM, a TaKKe
IUIsl XUPYPTHIEeCKHX WM 3yOHBIX HMIITAHTaTOB SABISIOTCA OOIACTHIO
0cob0ro BHMMaHHSA B CBS3H C BO3MOXHBIMH HEOIArONPHUATHBIMH
3¢ dexTaMu BO3NEHCTBUS MOCTOSHHBIX MAarHHTHBIX TIOJeH Ha 3T0pPOBBE
9enoBeka. B cBM3W ¢ TeM, YTO IpH IOMEMmEHHMH (heppOMATrHUTHBIX
HUMIUTAHTATOB M CBOOOJHO IIepEMEINAIOMUXCS OOBEKTOB B CHIIBHOE
MarHuTHOE IIOoNe, co3gaBaeMoe, Hampumep, MPU  oGopynoBaHueM,
BO3HUKAIOT MEXAHUYECKUE CHIbL, JEHCTBYIOIIME HAa 3TH OOBEKTHL,
HEO0O0XO0IUMO IIPUMEHEHUE IPeAyIPEIUTEIbHbBIX MED.

HammonanpHBIM ~ OpraHamM BIIACTH  CIeIyeT paccMaTpUBAaTh
HEOOXOMMOCTh TIPOBE/ICHHS JHIeH3upoBaHus MPH-o60opynoBanus ¢
LIeNIbI0 00ECTIeUeH sl BBIMOTHEHHS 3alIUTHBIX MEp. DTO TaKKe MMO3BOJIHT
YCTAHOBUTH JONOJIHUTENbHOE obOopynoBanue a1t MPU-cucrem, B
KOTOPBIX CO3/al0TCSl MOJsS, MPEBBIIAIONINE HAIMOHAIbHBIE CTaHAAPTHI
nin ypoBeHb 2 Tn. Taxue pekoMeHAalMK BKIIOYAIOT MPEIOCTaBICHUE
uHpopManMu 0 TAlUMEHTaX, HepcoHajle M  JIIOOBIX  Ciydasx
BO3HUKHOBEHUS HHIMICHTOB WM TNPUUYMHEHHs BpeAa B pe3ynbTaTe
BO3JICHCTBUS CUJILHBIX MAarHUTHBIX IOJIEH.
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HaumonanbHbIM =~ OpraHaM BIacTd  cllefyeT (DUHAHCHUPOBATh
HCCIIIOBAHMS C IENBIO 3aMOTHEHNUS TPOOEIOB B 3HAHUSX, HEOOXOIAMBIX
It obecTIeueH sl 0e30IacHOCTH JIFO/Ie, MOIBEPratOIIUXCs BO3ICHCTBHIO
MarHuTHBIX noneil. PexoMeHpanuMu K IajbHEHIIUM HCCIIEI0BAHUAM
OyIyT paccMOTpEHBI B JAaHHOM ITOKyMEHTE (CM. HIDKE) M pa3MEIIeHB! Ha
BeO-calire BO3 www.who.int/emf. ®unaHCOBYIO MOAJEPIKKY CIELyeT
OKa3BIBaTh HCCIIEIOBAHIAM, peKOMEHI0BaHHEIM BO3.

HannoHaneHBIM OpraHam BiacTH cienyer gpuHancupoBats MPU
nabopaTopuu ¢ menpio coopa MHGOpMAaMu O BO3IEHCTBHHM MarHHTHBIX
moyseii Ha TmepcoHan wu manueHtoB npu MPU  uccnepmoBanmsx,
HEOOXOMUMOW Ul TIPOBEINEHHS OJIHIEMHOIOTHIECKHX HCCIEeAOBAHHMA.
Kpome »3T1Oro, HeoOXoauMo OKa3bIBaTh (MHAHCOBYIO IOJIEPIKKY
CO3IaHMIO U TMOJJIEP)KaHUIO 0a3 MaHHBIX, CoIepKallux HHOOPMALHUIO O
JOTIOJTHUTENILHOM BO3ICHCTBUM CHJIBHBIX HOJIEH Ha MEepCoHal, KOTOpHIE,
HampuMep, co3jarTcs npu  npowsBoactBe MPU- wiam  momoOHBIX
MarHuToOB, a TAaKXe HOBBIX TEXHOJOTWH, TaKMX KaK 3JEKTpOIoe3aa Ha
MarHuTHBIX NMOAYIIKaX.

14.2 PekomMeHaauuu K ganbHenLWnUM nccrnegoBaHuam

Omnpenenenne npoOEIOB B HANIMX 3HAHUAX O BO3MOXXHOM
HEeOJIaronpusTHOM  BO3JCHCTBUM  TIOCTOSIHHBIX — JJIEKTPUYECKHX |
MarHWTHBIX TIOJIEH Ha 370pOBBE YENOBEKa SBISETCS CYIICCTBEHHOM
YacThIO IpOIlecca OLEHKU PHCKA Ul 370pOBbS YEeNOBeKa. B cBs3m ¢
9TUM Pa3pabOTaHbl PEKOMEHAAINMH K AaTbHEHIIIM HCCIeJOBaHUIM.

14.2.1 lfocmosiHHbIe anneKmpu4yeckue rnosisi

CunTaercsi, 4YTO NPOJOJDKECHUE HCCISIOBAHUI OTHOCUTEIBHO
3 (eKTOB BO3ACHCTBUS IJIEKTPUUESCKUX IMOJIEH Ha 3M0POBbE YEIOBEKa HE
SIBISIETCSL pe3yJIbTaTHBHBIM. VIMeroliuecs pe3yibTaThl UCCICAOBAHUN HE
CBHUACTCJILCTBYIOT O BO3HUKHOBCHHUH HC6HaFOHpI/IHTHbIX HOCJ'ICILCTBI/Iﬁ
JUISL 30POBBS YEJIOBEKA, 32 UCKIIIOYEHHEM BO3MO)KHOTO BO3HHKHOBEHUS
cTpecca B pe3yJibTare JUINTEIbHOTO ACHCTBUS MUKPOpPa3psmoB. Takum
o0pa3oM, TpPOAOJIKEHHE HCCIeqoBaHul Ouosorndyeckux 3¢dexron
BO3JICHCTBUS DJEKTPUIECKUX MoJeil He pekoMeHayeTrcs. Kpome Toro,
BO3JICHCTBHE CHIIBHBIX IOJIeH Ha pabovnX MecTax WM B Cpene OOMTaHU
MaJIOBEpOSITHO M, TaKUM 00pa3oM, HE MOXET CIY)XUTb OCHOBaHHEM K
MIPOBEACHHIO SIHAEMHOJIOTHIECKHUX UCCIIEIOBAHMUI.

14.2.2 [MocmosiHHbIe Ma2HUMHbI€ noJis
K HaCTOf[IJ_IeMy BpPEMCHH HCCIICIOBAHUA B 3T0171 06J‘IaCTI/I HEC

SBISUINCH CUCTEMaTUYHBIMU U, KaK IIPaBWJIO, BBINOIHINCE 0Oe3
COOTBETCTBYIOLIIEH METOJNOJOIMU M JaHHBIX O Bo3iekcTBuu. IlodTomy
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PEKOMEHIyeTCsl MPOBEJCHHE KOOPAMHHPOBAHHOM HCCIIEN0BATENbCKOM
MpOrpaMMBbl, OCHOBAaHHOM Ha CcHCTeMHOM moxaxone. Kpome »storo,
HEOOXOIMMO TIPOBECTH HM3YYeHHWE 3HAYMMOCTH BJIHSHHS — TaKHX
(GM3UYIECKNX TapaMeTpoB HA OMOJIOTMYECKUIT OTBET, KAK HHTEHCHBHOCTD,
MIPOJIOJDKUTENEHOCTD M TPAIUECHT BO3JIEHCTBUSL.

B pesynprate 0OCYXACHHS OIpAaHMYCHUIH CYIIECCTBYIOIIUX
HCCIIEIOBAHNH, PEKOMEHIyeTCS POBeIeHNE AaTbHEHIITNX HCCIeIOBaHUMN,
3aTParuBaroIIyuX MUAEMHOIOTHYECKHE UCCIIEJ0BaHUs, UCCIIeIOBAHUS Ha
JIOOpOBONBIIAX, HCCICAOBAaHWS HA JKUBOTHBIX W IN VItro, a Takke
H3yuYeHHE MEXaHU3MOB B3aUMOJAEHCTBUSA u TEOPETHUECKOE
MozenupoBanre. B Tabmume 1 mpencraBieH 0030p MpearaeMbIX
peKOMeH1alui.

14.2.2.1 Teopemu4ecKkue uccrnedosaHusi U ModesiuposaHue

MeTonsl pacyeTHOI MO3UMETPHUH IIO3BOJAIOT OLICHUTH CBS3b
MEXIy BEJIMYMHOM BHEIIHET0 MATHHTHOTO IIOJII M BHYTPCHHUMU
OJICKTPUYCCKHUMHU TIOJIAMH U MHAYUUPOBAaHHBIMHU TOKaMH, BbI3BaAaHHBIMH
JBIKEHUEM >KUBOH 00beKTa B Moje. Takue TeOpeTHUECKUE METOMBI
IMTO3BOJIAIOT OXapaKTEPHU30BaTh IOJIA B OINPEACIICHHBIX OpraHax U TKaHAX.
B Hacrosmee BpeMsi pa3paboTaHO 4 BOKCENBHBIX (PaHTOMa B3POCIIOTO
4eJloBeKa C  BBICOKMM  pa3pellleHHeM, Hauboyee  PealCTHIHO
OIMCHIBAIONINE €r0 AaHATOMHYECKOE CTPOCHHE. ITH (haHTOMBI IIUPOKO
WCTIONB3YIOTCSL B HWCCIEAOBAHHMAX  JJEKTPOMATrHUTHBIX  IIOJIEH,
HU3MEHSIONIMXCS BO BpeMeHH. OJIHAKO HCCIENOBAaHHUIO IOCTOSHHBIX
mojiedl ynemsyioch Majo BHUMaHHS, TakHUM o00pa3oM, HEOOXOIMMO
IpOBEJCHHUE JalbHEHIIMX HCCIEJOBAHUI C HCIOJIB30BAHHEM 3THX
(aHTOMOB. B wacTHOCTH, NMPHOPHTETHBIMH HAINPABICHHSMHU SBIITIOTCS
HCCIIeJOBaHMS ¢ (PaHTOMAMH PA3JIMYHOTO pa3Mepa, PaHTOMOM XKEHIIUHE,
a takke (paHTOMaMU OEpEeMEHHOW J>KCHIIMHBI Ha DPa3IMYHBIX CTaAMAX
OepemeHHocTH. IlogoOHBIE MCCenOBaHMS MOTYT OBITH IPOBEICHBI Ha
CbaHTOMaX 6CpCMCHHLIX JKHUBOTHBIX C LHEIbKO HUHTCpIIpETallun
pe3ynbTaToB Teopernueckux pacuero (IIpomeskyTounblii npuopuTer).

HeoOxomumo  paspabortate (aHTOM TOJOBBI-HU-IUIEY  OYCHB
BBICOKOTO Pa3pelIeHus] C ILEIbI0 UCCICNOBAHMS CBSI3U SJIEKTPUIECKHUX
nojed W TOKOB C TakUMH HaONIOAaeMbIMH  PEaKLUUSIMH, Kak
TOJIOBOKPYKEHHE M BCIIBILIKH CBeTa B Ia3ax. [1o00Has MoJenb MOXKET
OBITh TPUMEHEHa JJIsi UCCIECIOBaHHs MOJeH M TOKOB, WHIYLUPYEMBIX
JBIDKEHHEM TOJIOBBI M IJIa3 B MarHUTHOM II0Je. JTO OCOOEHHO Ba)KHO
mpu nposBegeHuM MeauuuHckux  MPU-npoueayp, mnpu  KOTOpPBIX
CHI)KCHHE TOJABM)KHOCTH TOJIOBBI (XHUPYPraMH M JIPYTHM MEIUINHCKUM
[IEPCOHAJIOM) KOMIIEHCHPYETCS IIOBBIIIEHHOH IIOJIBI)KHOCTBIO —TJIa3.
Kpome 5T0r0 HEOOXOOMMO CMOIENUPOBATH IEpEMEIIeHNe MePCOHANa B
3o0He Bo3neiictBust MPU-maraurta (Bpicokuii mpuopuTer).
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PaccmatpuBaercss HEOOXOAMMOCTh BBINOJHEHHS pacyeToB Ha
OCHOBE [IETAM3MPOBAHHBIX MOJENEH CepAla W THUIUYHBIX CepIACYHBIX
matojnoruii. B Takux Mozmensx OMKHA paccMaTpPUBATHECS MHUKPO-
apXUTEKTypa cepalla U KPOBEHOCHBIE apTepUH M COCYABI, B KOTOPBIX
MOTYT WHIyIIUPOBATHCS DJIEKTPUUECKHE TIONISI M TOKH, BIUSIOME Ha
PUTM, TCHEPUPYIOIIUICA  KapAMOCTUMYJSTOPOM, a TaKke Ha
pacmpocTpaHeHHe JACTIONSPU3AIMA K KIETKaM CEepIAeYHOW MBIIIIIEL.
Kpome 3TOr0, HEOOXOIMMO TIPOBECTH PACUETHI JJIsI OICHKH BETUYUHBI U
NPOCTPaHCTBEHHOT'O PacIpeieeHUs] TOKOB, HHAYIHPYEMBIX B CEp/LE, B
pe3yibraTe AEWCTBHUSA TOJIel Wi TpagueHToB noneil. HeobOxoanmo
u3y4uTh 3GQEKTs IPU Pa3IMYHBIX OPHUEHTAIMAX CepAlla K ION0. OTO
OBl TIO3BOJIMIIO TIPOBECTH COIOCTABJICHHE C PACUCTHBIMH 3HAYCHUSIMH
TOKOB, HWHAYLUPYIOIIUX cepaedHbie  3(deKTsl. Pexomennyercs
MPOBOJIMTh 3KCIEPUMEHTAJIbHBICE M J1a0OpAaTOPHBIC HCCICIOBAHHUS C
LENBIO MMOAJEPKKU TEOPETHIECKNX pacueToB (Bpicokuii mpuopuTer).

Hecmotpss Ha TO, 4TO B HacTosiiee BpeMs IPEIINOYUTAIOT HE
IIPOBOJUTH MPU-uccinenoBanus ISt OepeMeHHbIX JKCHIIUH,
MIPEIOJIAraeTcsi, YTO CUTYalnsi MOKET U3MEHUThCS B Oyaymiem. Takum
obpazom, pEKOMEHIyeTCst MIPOBECTH MO/JIEIMPOBaHUE TOKOB,
WHAYIUPOBAaHHBIX B IUIOJIE, B pE3yibTaTe IBIDKEHUS MaTepu WIN
BHYTPHYTPOOHOTO JBMXKCHUS IJI0a B MATHUTHOM TI0JIE. DTH pacueThl (U
MOJIOOHBIC HWCCIENOBAaHHUSA C TPAJUCHTAMU TIOJI M PaJHOYaCTOTHBIMHU
TIOJISIMH) TIO3BOJISIT OIICHUTH BEPOSITHOCTh BO3HHUKHOBEHUS BO3MOXKHBIX
3¢ dekToB y mioaa (Bbicokuii mpuopuTer).

14.2.2.2 UccnedosaHusi in vitro

IlocTosiHHBIE MAarHUTHBIE MO MOTYT B3aUMOJEHCTBOBATH C
OMOJIOrMUECKUMU CHCTEMAMU IO pPa3IMYHBIM MEXaHH3MaM, OJHAKO
Han0oJjee BEpOATHBIMU MEXaHU3MaMH, IPUBOASIIUMU K BO3HUKHOBEHHIO
3¢ (exToB I 340pOBbS, SABISIOTCS MHAYLUPOBAaHHBIE MONEM 3()(HEKTHI
Ha 3apsDKEHHBIC MOJIEKYJIbl M HM3MEHEHHE CKOPOCTH OHMOXUMUYECKHX
peaxiuii.

PexomeHayercss TpOBeNeHWE — JANbHEWIINX — HCCIENOBaHUM,
HalpaBJICHHbIX Ha M3Y4Y€HHE BO3MOXKHBIX MEXaHM3MOB M MHIIEHEH
Ouonornyeckux APQPEKTOB MarHUTHBIX  MOJICH. Pexomennyercs
HCCIIeIOBATh BIIMSIHUE TIOCTOSIHHBIX MarHuTHbIX mosieii 0,01 — 1 T Ha
B3auMmoieiicTBie moHoB (Hampumep, Ca®” wmn Mg®) ¢ sHsumamu u
(dbopMupoBaHue Map pagukanoB. HecMoTps Ha CIOKHOCTH BBIOJHEHUS
TaKUX HCCJICAOBAaHMN, HEOOXOAMMO NPOJODKUTH TIOUCK  JPYTHX
SH3MMHBIX PEaKIHi, KOTOpbIe MPOTEKAIOT MO MEXaHH3My OOpa30BaHUS
map paguKaloB, B MOJEISIX, 3HAYMMBIX JUIS 370POBbS YeJOBEKa.
PexomeHzmyeTcss CKOHIIEHTPHPOBATh YCWJIMS Ha HM3YYCHHE TOKCHYHBIX
paguKaioB,  HampuMmep,  CYNEpOKCHIOB,  KOTOpBlE  00JagaloT
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pa3pyLUTENbHBIM IeHCTBUEM U 00pa3yroTCsi IO MEXaHHU3MY CBOOOHBIX
panukanos (ITpome:kyTOYHBIII NPUOPUTET).

OcoOblii uHTEpEC O BO3MOXKHOM KaHLEPOT€HHOM JEHCTBUU
MAarHUTHBIX IOJICH MPeCTaBILIIOT COOOM Pe3ylbTaThl UCCIEAOBAHUN KO-
MyTareHHbIX 3((}EeKToB B pa3nMUHBIX KIETKax. Takoe HcciIeqoBaHUE
CIeIyeT MPOBECTH M HAa KIETKAaX-TPEAIIECTBEHHHKaX y 4YelOBeKa H
pACIIMPUTh HCCIEJOBAHMSA, BKIIOYAs MOJEIM Ha 3[0POBBIX KIETKAaX,
TpaHC(OPMHUPOBAHHBIX B PAKOBBIE KIETKH, WIH Ha T€HETHYECKH
Moau(UIHPOBaHHBIX KIeTKaxX (Bbicokmii mpuopurer).

IIpu ompeneneHHbIX YCIOBUSIX MarHUTHBIE MOJIST MOTYT BIMSTH Ha
9KCHPECCUIO TEHOB M COOTBETCTBYIOIINE (DYHKIMH B KJIETKaX 4YeJIOBEKa U
MJICKOTIMTAIONIMX, OJHAKO B 93TOM HAmpaBleHHH HUH(OpMALUU
HemocTaTouHo. McciemoBaHus ¢ MCIOJBb30BAHHEM METOJI0B M'€HOMUKHU U
MPOTEOMUKH CIIEAYyeT TPOBOAWTH HA KIETKAX-MPEANIeCTBEHHUKAX Y
YelloBeKa C MEeNbI0 IMOWCKAa BO3MOXKHBIX MOJEKYJSIPHBIX MapKepoB
BO3JICHCTBHS TIOCTOSIHHBIX TOJiel Ha 370poBbe uenoBeka (Huskmit
MPHOPHUTET).

14.2.2.3 UccnedosaHusi Ha nabopamopHbIX XUBOMHbIX

O hexTsl ATUTENBHOTO BO3AECHCTBUS MAarHUTHBIX IOJIEH MOTYT
ObITh HM3Y4YEHBl B MOJENSX Ha JKUBOTHBIX. B cly4ae OTCyTCTBHSA
cnenuduyeckoii  MHGOpMALMKM O  MOTEHIMAIBHO  BO3MOXHOM
KaHIIEPOr€HHOM JICHCTBMHM MarHUTHBIX MOJIEH PEKOMEHAYETCSl IPOBOIUTh
JUIMTEJIbHBIC HCCIIeOBaHUs (BKIIOYash WCCIENOBAaHHMS B TEYCHHE BCeil
JKM3HM JKMBOTHBIX). B HCCIENOBaHUSAX MOTYT paccMaTpuUBaThCs Kak
HOpPMaJlbHBIE, TaK M TEHETHYECKHU-MOANU(HIMPOBAHHBIE JKUBOTHEIC.
Hanpumep, eciu ogHMM U3 BO3MOXKHBIX IyTell BO3HHMKHOBEHMs paka
IIpenoaraeTcs yBeJIUdeHHEe KOHIEHTPALMU CBOOOIHBIX PajUKajloB, TO
MOXeT OBITh HCCIEeJOBaHA MOJENb Ha MBINIaX C OTCYTCTBHEM TIeHa
CyNepoKcu AUCMyTasbl. B Takoil Monenu CyniecTBEHHO IOBBIIIAETCS
VSI3BUMOCTh K DPaKky ¥ JApyrdM 3a00JeBaHUSIM, CBS3aHHBIM C
o0Opa3oBaHHeM CBOOOAHBIX paauKaioB. lcronb3oBaHHE TEXHOJIOTHI
TeHOMHKH U TIPOTEOMHKH MO3BOJISIET JIETKO OLEHUTH d(P(EKTH BIUSHUSI
Pa3MYHBIX MapaMeTpoB Bo3zaeicTBus (BbIcokuii mpuopurer).

Bo03MOXHOCTP MOBBIIIEHHOT'O PUCKA BO3SHUKHOBEHUS OTKIOHEHUH
B Pa3BUTHU M TEPAaTOreHHBIX 3(P(EKTOB HOKHA OBITh H3y4YeHa Ha
CHCTEMaTHYeCKOH OCHOBE. Pa3BHBAIOIIMICSI MO3T MOXET OBITH OCOOEHHO
VS3BUM K OJIEKTPUYECKUM TOKaM, HHIYLUUPOBAHHBIM [BIKCHHEM B
MarHUTHOM II0JIE: OpUEHTAIMOHHBIEC 3()(EKTHl BaXKHBI JUIsl HAITPABICHUS

HOpMaJIbHOro  pocta JACHAPHUTOB HeﬁpOHOB. BO3MO)KHO, 4qTo
OTHOCUTCIIBHO KOPOTKUM BO3,Z[GﬁCTBI/ICM MOTYT OBITH HHAYIUPOBAaHbI
IPOAOJKHUTCIIbHBIC U3MCHCHUA. I/I3yquHe HCPBHO-IIOBEACHYCCKUX
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[apaMeTPOB IMO3BOJISCT MPOBECTH OBICTPBIA M YyBCTBHTENBHBINA aHAIIM3
BO3MOXHBIX 3()(EKTOB BO3JEHCTBHS Ha pPa3BUBAIOLIMECS MO3rOBBIC
(GyHKIHH, U TaKne UCCIIENOBAHMS PEKOMEHAYIOTCS. LICHHBIMU SBISIOTCS
HCCIIEIOBAHMS, MO3BOJISIOIINE ONpPEJEINTh TOHKHE MOpQOIoruyeckue
M3MEHEHHUsI, KOTOPbIE IPOUCXOMSAT BO BPEeMsl PasBHTHS OIpPEIETCHHBIX
YYacTKOB TOJOBHOTO MO3ra, Kak, HaIpHMep, KOpa TOJIOBHOTO MO3ra.
Mooxer OBITh PacCMOTpPEHa BO3MOXKHOCTb IPOBEICHHUS HCCIEAOBAaHMIT C
HCIIOJIF30BAHHEM COOTBETCTBYIOIIUX TPAHCTEHHBIX Mopeneil (Buicoxmit
NPHOPHTET).

Hecmotpst Ha TO, dYro pe3ynbTaThl HCCIIEIOBAaHUN  HE
CBHIETEIBCTBYIOT O  BO3HUKHOBEHHH  3JIEKTPO(DU3HOIOTHIECKHX
3¢ deKToB mnpH BO3ICUCTBMM moyed mopsaka 2 Tn Ha JKUBOTHBIX U
YeJoBeKa, IOJIE3HO IPOBECTH HcclenoBaHne d(P(PEeKTOB BO3OEHCTBUS
Ooyiee CHJIBHBIX TIIOJIEH. Takum oOpazom, wusyuenue 3¢ddexron
Bo3zeicTBUs nosei 1o 10 T u Beille B MOAETSIX HA )KUBOTHBIX ABISIIOCH
651 rosie3ubIM (IIpoMesKy TOUHBII IPHOPHUTET).

PasHooOpasue  peakimii JApyrux cucteM ©  (QyHKIHH,
HCCJIEJOBABIINXCS HAa KUBOTHBIX, NPEJCTABIIAIOT TOJIBKO OTPAaHUYEHHYIO
nHpopMaruoo. XOTs MPOBEIEHHE CEpUH OJAWHOYHBIX HCCIIEJOBAHUI B
KaXJIOM U3 HalpaBJIeHUH MOXeT OBbITh  JIOPOTrOCTOSIIMM, Ooliee
paclIMpeHHOE HCCIEJOBaHME, Kacalolleecs H3yYeHMs Pa3iIM4YHbIX
HaIpaBJICHUH, MOXKET OKa3aThcs 1enecoodpasHbiM (Huzkuii mpuopurer).

14.2.2.4 OkcnepumeHmarnbHble uccrnedosaHuss Ha Yernoseke

Pexomennyercss  mpoposkaTh — MCCIENOBAHUS — BO3JEUCTBHSA
MOCTOSHHBIX MATHHTHBIX TION€H HAa KOTHHTHBHYIO CHOCOOHOCTH U
NIOBEJICHNE HECMOTPS Ha TO, 4YTO HMEIOLUIMECS [JaHHbIE He
CBHJICTENIBCTBYIOT O PHCKE IS CTIENM(UIHBIX ACTIEKTOB MBIIIICHHS H HE
BBIICIISIIOT BO3MOXKHBIE BIUSIONIHE ITapaMeTpPhl, KOTOPBIE JOMKHBI OBITh
IIPOBEPEHbl B JaOOPAaTOPHBIX YCHOBUAX. IIOCKONBKY HET SICHOCTH B
KaKUX HAIPABICHUAX HEOOXOJUMO IMPOBOAUTH MCCIICOBAHUS, OXHAM U3
BO3MOXKHBIX HAallpaBIEHUI MOXKET SABJIATHCS MCCIEAOBAaHUE BO3AEHCTBUSL
MarHUTHOTO II0JI Ha BBIIOJIHEHUE KOMIUIEKCA HHTEIUIEKTyalbHBIX 3a/1ad,
KOTOpPbIE BKIIIOYAIOT CTaHAApTHBIE TECThl HAa BHMMATEIbHOCTb, BPEMs
pearupoBaHus M 3allOMHMHaHUS. Takoe HampaBieHHE MOXKHO
paccMaTpuBaTh Kak IE€pPBOHAYallbHBI CKPUHHMHI C LEIBIO MPOBEICHUA
HOCTIeYIONIEro COKYCHPOBAHHOTO HccieqoBaHusA. IlepBoHadalbHBIE
HCCIIEJOBAaHHUSA MOTYT OBITh NPOBENEHBI Ha NOOPOBONBLIAX KaK YacTh
9KCIIepUMEHTAIbHBIX UccnenoBanuil (IIpome:kyTo4UHbIii IpuOpUTET).

B cBs3u ¢ pacmmpsomumes npumenenrnem MPU uccrnenoBanuid,
NpU KOTOPBIX NEPCOHANI HAXOJUTCS B HEMOCPEACTBEHHOW OJIM30CTH WM
BHYTPU  MarHuTa, HEOOXOIMMO  IPOBEACHHE  JIOIOJIHUTEIbHBIX
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I/ICCJ'ICI[OBaHI/lﬁ Mo KOOpAWHAIMKU TJia3 U TOJIOBbI, MBICIIUTCIBHBIX
CHOCOOHOCTEH W moBeAeHUs B rpaaueHte mnois. OcoOblii MHTEpec
NPEICTABISICT POBEACHAC NANBHEHIINX HCCICIOBAHUI O MEXaHH3Max
BO3HHKHOBEHHS i HHTCHCUBHOCTH WH/IYLHPOBAHHBIX MTOJIEM AUCGHYHKIHIA
BECTHOYJISIPHOTO aliiapaTa, BKIKOYas TOJOBOKPYKEHHE. IJTO CBA3AHO C
pacTyuieii BEpOSTHOCTBIO TOTO, 4YTO TMEPCOHaN OyJeT BBIIOJIHITH
CIIOXKHBIC 3a[1a4YM B 30HE JCHCTBUS MArHUTHOTO IOJIS OOJiee TUTENbHBIC
neproisl BpeMenu (Bpicoknii mpuopurer).

Takum ke o00pa3oM  SBIsS€TCS  IIOJIE3HBIM  NPOBEACHHE
JIOTIOJTHUTENBHBIX HCCICIOBaHUN cepleuHO (QYyHKIUU U 3PPEKTOB s
CEepICYHO-COCYIUCTON CHCTeMbl. Takue HCCIeOBaHUs MOTYT OBITh
NpoBeNeHbl TNpH JeiicTBuM moyei Bbime 3 Tio C menblo  OLEHKH
MIOTEHIMAIBHOTO  pUCKAa  BO3/AEHCTBUIl, NPEBBIAIOIINX  YPOBHHU
BO3JCHCTBUS  PYTHMHHBIX  KIMHHYeCKuX uccienoBaHuid  (Huskwmii
NPHOPHTET).

14.2.2.5 Bnudemuornozauyeckue uccrnedosaHusi

CymecTByeT  HECKONBKO  KaTeropuél  HpoecCHOHAIBHBIX
pa6OTHl/IKOB, UL KOTOPBIX XapakKTCPHO IIOBBIIICHHOEC BO3,£[GI>1CTBI/IC
MarsuTHBIX nosei. K Hum, Hanpumep, otHOCsTCS TexHUKH MPU-cuctem,
PabOTHUKH 3aBOJOB IO IUIABJICHHUIO ATIOMHUHUS, PAOOTHUKH HEKOTOPBIX
BHJIOB TpaHcropTa (METpo, I0e31a Ha MAarHUTHOW MOIYIIKE,
9NIEKTpOIIOe3a, TPOIUIeHOychl, TpamBan). [Ipu HCCIEIOBaHUM PEIKHX
XPOHHYECKHX 3a00JIeBaHMH, TaKMX KaK pak, HEOOXOIUMO IPOBEICHHUE
MJIOTHBIX HCCIIENIOBaHUN C IIENBI0 ONpeleeHHs TPYII IMepcoHana C
BBICOKAM (MaKCHMAIIbHbIM) BO3ACHCTBHEM, KOTOpBIC OINPEICICHHO
MPUMYT YYacTUE B DMUISMUOIOTHYESCKUX HCCIeNOBaHUIX. [IpoBeneHue
MIJIOTHBIX MCCIE0BaHUI TAKKe HEOOXOMUMO IJIsl OMPEACIICHUS IPYTHX
TUIIOB BO3JCHCTBUS B W3y4yaeMbIX TIpynmnax. B ciyuae, eciu Oyzaer
chopmupoBaHa Oonblnas rpymnmna paOOTHUKOB, TO IPOBEACHUE
UCCJICIOBAaHUS  METOJOM  «CIy4Yal-KOHTpOJb»  Oylder  Haumboiee
MOJIXOIAIINM, TIOCKOJBKY HEOOXOAMMO TOJNyYUTh HHGOPMAILMID 00
YPOBHSX BO3ﬂeﬁCTBHﬂ U O BAXXHBIX MCHIAKOIIHUX @aKTOan, TaKHX, Kak,
Hampumep, HoHM3upymomee wusiaydeHne. C menpio  (HOpMHPOBAHUS
OONMBIIMX  BBIOOPOK  NPEANIOYTHTENIBHO  IPOBOJWTH  COBMECTHBIC
MEXyHapoHbIe uccienoBanus (Beicokuii npuopurer).

Jnst u3ydeHus Ipyrux THUNUYHBIX 3G QEKToB Bo3AeicTBUA monel
Ha 3[J0POBbE YEJI0BEKA, UMEIOIIUX KOPOTKHUE JIATCHTHBIE EPHOJIBI, MOXKET
ObITh copmupoBaHa BHIOOpPKAa MMPO(ECCHOHANBHBIX pPAaOOTHUKOB C
HaOIIOZIeHNEM B TEUECHHE JUINTENBHOTO NEPHOIa BPEeMEHH (KOTOPTHBIE
uccnenoBaHus). Hampumep, rpymma pabounx TNpemnpHATHH, Tae
npousBoautcs MPHU-o60pynoBanue. Wudopmaiiss O COCTOSHUH
300pOBbsl MOXKET OBITH HAIPSAMYIO JOCTYIHA U3 PE3yJbTaTOB PYTHHHBIX
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MEIUIMHCKUX 00CieqoBaHui 3TUX paboTHUKOB. OJHAKO, 3TH JaHHbIC
MOTYT OBITh HCIIOJIb30BaHbI B aHAU3€ TOJBKO B TOM CJydYae, €Cld
noo0Hass HHGOPMALIUST O COCTOSHHH 370POBbs OYAET NOCTYIHA M IS
TPYOIBl CpPaBHEHUsS, HE HAaxXOJIIEHCS B YCIOBHSIX BO3IEHCTBUS.
MeguuuHCKUH OCMOTp XHPYPTOB, MEAWIUHCKUX CecTep W JPYTHX
COTPYIHHUKOB, paboTaromux BHyTpd MPU-MarHuToB, MOXET MO3BOJIUTH
MOJIYYHTh TIOJIE3HYI0 HH(OpMAIHO 00 YPOBHSIX, MPOJAOJIKUTEILHOCTH U
YacTOThl BO3ACMCTBUS TMOCTOSIHHBIX IOJEH 3TUX CHUCTEM Ha IMEpPCOHAI.
Kpome Toro, B apxuBax KJIMHHK MOTYT XPaHHUTbCS 3allUCH 00 MCTOPHSIX
0oJIe3He MaeHToB, YTO MMO3BOJIUT HOIYYUTh U aHAJIM3UPOBATH JaHHbIC
0 JIIOZSX, KOTOPbIE IOABEPrallcCh BO3JIEHCTBUIO MAarHUTHBIX TOJIEH U
COCTOSTHHE 3/I0pPOBbSI KOTOPBIX B TOCIEICTBUU YIydIIWIoch (Bbicokuii
NPHOPHTET).

IIpennonaraercs, u4To MOJE3HAs MH(OpPMAILMA MOXET ObITh
MOJIy4dCHa IpU MPOBECACHHUN IMPOCICKTUBHOI'O HCCJICAOBAaHUSA PHCKOB BO
BpeMsl OEpEMEHHOCTH, CBA3aHHBIX C MPO(ECCUOHANbHBIM BO3/eicTBHEM
IIOCTOSHHBIX MAarHUTHBIX l'[OJ'leﬁ, a TaKXKe Mpu Ha6J'IIOZleHI/II/I 3a UCXO0JaMHu
OepeMeHHOCTEH y KeHIUH, KoTopkie mpoxoauarn MPU uccnenoBanus Bo
Bpems OepeMeHHOCTH (BbIcokuii npuopuTer).

OnpIT HCCIENOBaHMS IOJIEW JPYyruxX 4YacToT II0Ka3aj, uYTo
NOJy4YeHHE HaJAeKHOH wuHpopManuu 00 YpOBHSAX  BO3JCHCTBHSA
9JIEKTPOMArHUTHBIX TMOJEH B OSIHJAEMHOJIOTHYECKUX HCCIIEIOBAHMUIX
SIBIISIETCSI OYEHB CIIOXKHOM 3aauel. A HMCIIONIb30BaHKUE TaKUX MapaMeTpoB,
KakK xapaktep paboThl, paCCTOSIHUE OT MCTOYHMKA BO3/ICHCTBUS HE BCeraa
HO3BOJIAET IMOJTYYUTh HAJEXKHBIC OLEHKM ypoBHEH oOmyueHus. Takum
o0pa3oM, TpeOyeTcsi MPOBEOCHHE WHCTPYMEHTAIBHBIX H3MEPEHHH C
LeNpI0  HAAe)KHOM  OIEHKH  J03. [Mpumenenre  HEOONBIINX
HMHAUBUYaJbHBIX JO3UMETPOB MOKA3aJI0 UX IIEHHOCTh B HUCCIEJOBAaHUAX
KpaliHe HH3KOYAaCTOTHBIX moyed. Takum 00pa3oM, HCIOJIB30BaHUE
WHIUBUIYaJIbHBIX JIO3UMETPOB TIO3BOJHUT CYIIECTBEHHO YIY4IINTh
OLIEHKH 103 HEOOXOJUMBIX Ul SMHUIEMUOJIOTHYeCcKuX uccnenoBannii. C
LEJIBI0 OLUEHKH HaJeKHOCTH JI03 HEOOXOAMMO MpPOBECTH BaIHIALUIO
pacueTHBIX M HW3MEpPEHHBIX 3HauyeHuWd. [l oOueHKH 103 crlexyer
3allUChIBATh TaKHe IapaMeTpbl, KaK BEJIIMYMHA MAarHUTHOTO IIOJIf,
TpaIuCHT MArHuTHOIrO TII0JIsI, W, B HACAJIBHOM Cliyda€, CKOPOCTb
U3MCHCHHSA MarHuTHOI'O IIOJIA B PE3YJIbTATC ABUIKCHUSA.
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Tabnuua 1. PekomeHaauum K ganbHenULWNM uccneoBaHMAM

MexaHU3MbI B3aumoaencTBus
Xumusa peakumn nap pagukanos (0,1 —1 Tn)

KomyTareHHble a¢pdeKTbl C MCMONb30BaHNEM KINETOK YenoBeka

TeopeTuquKwe uccnegoBaHua m mogenupoBsaHue

[o3nmeTpuyeckre nccrnenoBaHusi C UCMONb30BAHNEM BOKCENbHbIX
(HPaHTOMOB MYXXYMHbI/KEHLLMHBI/6EepeMEHHON XEHLUMHBI

VlH,D,yLlI/IpOBaHHbIe TOKU B IMnase

«lMoTeHuyunan notoka» B cepgue

WUccnepoBaHus in vitro

MexaH13Mbl B3aUMOAENCTBUSA: peakuuy nap pagmkanos v
aKTUBHOCTb SH3UMOB

BrnvsiHne douanyecknx napameTpoBs (MHTEHCUBHOCTL, NMOBTOPHOCTb,
NPOAOIHKATENbHOCTb, FPAANEHT MarHUTHOTO MOrs)

MyTareHHoCTb U TpaHcopmaLums B KNeTkax-npeawecTBeHHUKax y
YyeroBeka

3KCI'IpeCCVIF| reHOB B KINeTKax 4YerioBeka

JNla6opaTopHble uccrnenoBaHUA Ha XXUBOTHbIX
Pak
OhdhekTbl pasBnTHA 1 HeriponoBeaeH4Yeckne adheKTb

CeppeyHo-cocyauncTas cuctema (okorno 20 Tn)

JNla6opaTopHble uccrenoBaHUA Ha YeroBeke
BecTuGynsipHbIl annapat, KoopAnHaLUUs ronoBbl U rnas
KorHuTrBHas yHKUMS U NoOBEAEHNE

CeppeyHo-cocyancTble 3hdekThbl

Anuaemuonornyeckue nccrenoBaHus

MunoTHoe nccnegoBaHWe UCTOYHUKOB BO3AEWCTBUS, MELLAoLLMX
chakTopoB, kKonMyecTBa 06My4eHHbIX

M3yyeHne meTogom «criyvam — KOHTPOIb» BO3HUKHOBEHUS
XPOHUYecknx 3abonesaHnn, Hanpumep, paka (ecnu BbINOMHUMO))

Mcxoabl 6epeMeHHOCTEN B CBA3M C NPOdECCUOHANBHBIM
Bo3aencTeuem u B pesynbtate MPU uccneposaHum

KoropTHoe nccnegosaHue paHHux aghpeKkToB B rpynne
npodeccnoHanbHbIX paboTHUKOB C BbICOKMMU YPOBHAMM
BO34eNCTBUSA nonen
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15 RESUMEN Y RECOMENDACIONES PARA MAYORES
ESTUDIOS

15.1 Resumen

15.1.1 Fuentes naturales y artificiales

Los campos electrostaticos ocurren naturalmente en la atmodsfera. Valores
de hasta 3 kV m™' pueden ocurrir bajo nubes de tormentas, de otro lado en
condiciones de clima agradable estan en el rango de 1-100 V m™". Por otro
lado, la causa mas comun de la exposicion humana es la separacion carga
como resultado de la friccion. Por ejemplo, caminando sobre alfombras
no conductivas, potenciales de carga de varios kilovoltios pueden ser
acumulados, generando campos locales de hasta 500 kV m™. La
transmision de la energia de corriente directa (DC) puede producir
campos electrostaticos de hasta 20 kV m’, sistemas de ferrocarril
utilizando DC pueden generar campos de hasta 300 V m™ dentro del tren,
y las unidades de monitoreo visual (VDU) crean campos eléctricos de
alrededor de 10-20 kV m™ a una distancia de 30 cm.

El campo geomagnético varia sobre la superficie de la Tierra entre
35-70 pT y esta implicado en la orientacion y el comportamiento
migratorio de ciertas especies de animales. Los campos magnetostaticos
artificiales son generados donde quiera que las corrientes de DC sean
utilizadas, tales como en algunos sistemas de transportes energizados por
la electricidad, procesos industriales tales como produccion de aluminio y
en la soldadura a gas. Densidades de flujo magnético de hasta 2 mT han
sido reportadas dentro de los trenes eléctricos y en los sistemas de
levitacion magnética (MaglLev) en desarrollo. Los trabajadores estan
expuestos a grandes campos en la reduccion electrolitica del aluminio de
hasta alrededor de 60 mT, y en la soldadura con arcos eléctricos se
producen alrededor de 5 mT a 1 cm de los cables eléctricos.

El advenimiento de los superconductores en los 1970 y 80 facilito
el uso de campos magnéticos mucho mas grandes en el diagndstico
médico a través del desarrollo de la imaginologia (MRI) y espectroscopia
(MRS)' por resonancia magnética y la resonancia magnética nuclear
(NMR) para investigacion. Se estima que alrededor de 200 millones de
escaneos de MRI han sido realizadas en todo el mundo. El campo
magnetostatico de los escaners de MRI es generado por los magnetos
permanentes, los magnetos superconductivos y las combinaciones de ellos
en el rango de 0.2-3 T para los sistemas de uso clinico rutinario. En las
aplicaciones para investigacion campos magnéticos mas grandes de hasta

! Este documento se refiere totalmente a MRI; exposiciones experimentadas
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9.4 T son utilizados en el escaneo de todo del cuerpo del paciente. Los
campos magnéticos dispersos alrededor de los magnetos para los estudios
de MRI estan bien definidos y pueden ser minimizados en las versiones
con protectores de magneto. Con respecto a la exposicion, en la consola
del operador la densidad del flujo magnético es tipicamente 0.5 mT, pero
podria ser superior. Sin embargo, exposicion ocupacional hasta y mas de
1 T puede ocurrir durante la construccion y pruebas de estos dispositivos
y durante los procedimientos médicos realizados para MRI intervencional.
Varias investigaciones en fisica y tecnologias de alta energia también
emplean superconductores donde los trabajadores pueden ser expuestos
regularmente y por mas largos periodos a campos tan altos como 1.5 T.

15.1.2 Mecanismos de Interaccion

Las siguientes tres clases de interacciones fisicas de los campos
magnetostaticos con los sistemas bioldgicos han sido bien establecidas
sobre la base de datos experimentales:

(1) Interacciones electrodinamicas con corrientes de conduccion
ionica. Las corrientes i0nicas interactian con los campos magnetostaticos
como resultado de las fuerzas de Lorentz ejercidas sobre los portadores de
carga en movimiento. Estos efectos conducen a la induccion de los
potenciales (de flujo) eléctricos y las corrientes. Los potenciales de flujo
son asociados generalmente con la contraccion ventricular y la eyeccion
de sangre en la aorta en animales y seres humanos. La interaccion de
Lorentz resulta también en una fuerza magnetohidrodinamica en
oposicion al flujo de la sangre. La reduccion del flujo de sangre adrtica ha
sido predicha llegar alrededor del 10% para 15 T.

2) Efectos magnetomecanicos, incluyen la orientacion de las
estructuras magnéticamente anisotropicas en campos uniformes y en la
translacion de los materiales paramagnéticos y ferromagnéticos en las
gradientes del campo magnético. Las fuerzas y torques sobre objetos
enddogenos y exdgenos metalicos representan el mecanismo de interaccion
de mayor preocupacion.

3) Efectos sobre los estados del spin electronico de las reacciones
intermedias. La quimica del par radical correlacionado con el spin ha sido
por mucho tiempo una consideracion para los efectos de campo
magnético en quimica y biologia. Varias clases de reacciones quimicas
organicas pueden ser influenciadas por campos magnetostaticos en el
rango de 10 a 100 mT como resultado de los efectos sobre los estados del
spin electronico de las reacciones intermedias. El par radical
correlacionado con el spin podria recombinarse y evitar la formacion del
producto de reaccion si se cumplen dos condiciones: (a) El par, formado
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en un triple estado, tiene que ser convertido en un tnico estado por algiin
mecanismo y (b) los radicales tienen que reunirse fisicamente otra vez
para recombinarse. El paso (a) puede ser sensible al campo magnético. Se
ha realizado bastante investigacion sobre el uso de los efectos del campo
magnético del par radical como una herramienta para estudiar las
reacciones de las enzimas. Sin embargo, no parece existir la posibilidad
de efectos de consecuencia fisiologica sobre las funciones celulares o
efectos mutagénicos de largo plazo provenientes de los cambios inducidos
por el campo magnético en las concentraciones o flujos de radicales libres.

Dosimetria

Para comprender los efectos biologicos de los campos eléctricos y
magnéticos es importante considerar los campos que directamente
influyen sobre las células en diferentes partes del cuerpo y los tejidos.
Una dosis puede ser definida como una funcion apropiada de los campos
eléctricos y magnéticos en el punto de interaccion. El establecimiento de
la relacion entre los campos externos no perturbados y los campos
internos es el objetivo principal de la dosimetria. Los estudios
computacionales que usan modelos de seres humanos y animales a
basados en voxels, asi como los estudios experimentales de exposicion
son aspectos importantes de la dosimetria.

Las interacciones del tejido con los campos magnetostaticos
probablemente estan relacionada con las propiedades fisicas del campo
que incluyen: el vector del campo magnético, la gradiente del campo
magnético, y/o el producto de aquellas magnitudes con frecuencia
llamado el “producto fuerza”. Algunas de las grandes interacciones son
caracterizadas por el movimiento a través de las magnitudes del campo
tales como el movimiento del cuerpo o el flujo de sangre.

Los parametros dosimétricos apropiados dependen del mecanismo
fisico para el efecto motivo de la preocupacion de seguridad. Claramente,
los objetos ferromagnéticos tienen que ser restringidos de la vecindad del
magneto. La buisqueda tales objetos y de implantes que pueden moverse
debido a las fuerzas o torques es imperativo. Las mediciones del vector de
induccion magnética pico, y el producto pico de la fuerza magnética son
apropiados. Mapas del campo pueden ser utilizadas para estimar estos en
varias ubicaciones cercanas de los magnetos donde los trabajadores
podrian estar expuestos, pero la dosimetria personal podria ser mas 1til.

El movimiento de todo o parte del cuerpo, por ej. los ojos y la
cabeza, en la gradiente del campo magnetostatico también inducird un
campo eléctrico y corriente durante el periodo de movimiento. El célculo
dosimétrico sugiere que tales campos eléctricos inducidos estaran
substancialmente durante movimiento normal alrededor o dentro de
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campos > 2-3 T, y podria tomarse en cuenta para los numerosos reportes
anecdoticos de vértigo y ocasionalmente los fosfenos magnéticos
experimentados por pacientes, voluntarios y trabajadores durante el
movimiento en el campo.

Existen muchas fuentes de exposicion. Una de las mas prolificas
exposiciones es aquella concerniente al equipo para imaginologia por
resonancia magnética (MRI). En la década pasada, ha existido un esfuerzo
coordinado para permitir que el MRI opere en intensidades muy altas del
campo. El sistema mas comun en uso clinico actual tiene un campo
central de 1.5 T, sin embargo sistemas de 3.0 T ahora son aceptados para
trabajo clinico rutinario y para el 2004 mas de 100 sistemas estaran
operando en todo el mundo. Sistemas para investigacion de 4-9.4 T estan
siendo desarrollados ahora para imaginologia clinica. Conforme la
intensidad del campo del sistema de MRI se incrementa asi pasa con el
potencial para las interacciones tejido/campo de una variedad de tipos.
Comprender las interacciones entre los campos electromagnéticos
generados por los sistemas de MRI y el cuerpo humano ha llegado a ser
mas significativo con este empuje hacia altas intensidades de campo.

15.1.3 Estudios in vitro

Los resultados de los estudios in vitro son utiles para dilucidar los
mecanismos de interaccion, y para indicar los tipos de efectos que podrian
ser investigados in vivo, pero no son suficientes para identificar los
efectos a la salud sin evidencia corroborativa de los estudios in vivo.

Un ntmero de diferentes efectos biologicos de los campos
magnetostaticos han sido explorados in vitro. Los diferentes niveles de
organizacion fueron investigados: sistemas de células libres, empleando
membranas aisladas, enzimas o reacciones bioquimicas, y varios modelos
de células, utilizando bacterias y células de mamiferos. Los criterios de
valoracion estudiados fueron la orientacion celular, la actividad
metabodlica celular, fisiologia de la membrana celular, la expresion del gen,
el crecimiento celular y la genotoxicidad.

Para todos estos criterios de valoracion, descubrimientos positivos
y negativos han sido reportados. Sin embargo, la mayoria de datos no
fueron replicados. Los efectos observados son muy diversos y fueron
encontrados después de la exposicion a un amplio rango de densidades de
flujo magnético. Existe la evidencia que los campos magnetostaticos
pueden afectar varios criterios de valoracion en intensidades mas bajas de
1 T, en el rango de los mT. Umbrales para algunos de los efectos fueron
reportados, pero otros estudios indicaron una respuesta no lineal sin claros
valores de umbral.
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Los efectos de los campos magnetostaticos sobre la orientacion de
la célula han sido consistentemente encontrados por encima de 1 T, pero
su relevancia in vivo es cuestionable. Pocos estudios sugieren que los
efectos combinados del campo magnetostatico con otros agentes tales
como los quimicos genotdxicos parecerian producir efectos sinergisticos
tanto protectores como estimulantes. La presente informacion es
inadecuada y necesita ser confirmada antes de que puedan sacarse
conclusiones firmes sobre la salud humana.

Ademas, de la posible dependencia complicada respecto de los
parametros fisicos tales como intensidad, duracion, recurrencia y
gradientes de exposicion, las variables biologicas parecen ser importantes
para los efectos de los campos magnetostaticos. Las variables tales como
el tipo de célula, la activacion de la célula, y otras condiciones
fisiologicas durante la exposiciéon mostraron afectar el resultado de los
experimentos. Los mecanismos para estos efectos no son conocidos, pero
efectos sobre los radicales y los iones podrian estar involucrados.
Estudios in vitro proporcionan alguna evidencia para esto.

Los muy pocos estudios que emplean senales de MRI u otros
campos combinados no muestran ningun efecto bioldgico diferente de
aquellos causados por los campos magnetostaticos solos, si los hubiera.

En general, los experimentos in vitro no presentan un cuadro claro
de los efectos especificos de los campos magnetostaticos, y a causa de
ello tampoco no indican posibles efectos adversos a la salud.

15.1.4 Estudios en animales

Pocos estudios en animales han sido realizados sobre los efectos
de los campos electrostaticos a la salud; ninguna evidencia de efectos
adversos a la salud ha sido notada diferente de aquellos asociados con la
percepcion de la carga eléctrica superficial.

Un gran niimero de estudios en animales sobre los efectos de los
campos magnetostaticos han sido realizados. Muchos de ellos
considerados relevantes para la salud humana han examinado los efectos
de los campos considerablemente mas grandes que el campo
geomagnético natural. Un niimero de estudios han sido realizados de los
campos en la region de los militeslas, comparable a exposiciones
industriales relativamente altas. Mas recientemente con el advenimiento
de la tecnologia de magneto superconductivo y la MRI, los estudios del
comportamiento, los efectos fisiologicos y reproductivos han sido
realizados en densidades de flujo alrededor o excediendo 1 T. Pocos
estudios sin embargo, han examinado los posibles efectos de la
exposicion croénica, particularmente en relacion a la carcinogénesis.
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Las respuestas mas consistentes encontradas en los estudios
neuroldgicos del comportamiento sugirieron que el movimiento de los
roedores de laboratorio en campos magnetostaticos iguales o mayores que
4 T podrian ser torpes, induciendo respuestas de aversion y evitamiento
condicionado. Se piensa que tales efectos son consistentes con los efectos
magnetohidrodindmicos sobre la endolinfa del aparato vestibular. Por otro
lado, los datos son variables.

Existe alguna evidencia que varias especies vertebradas e
invertebradas pueden utilizar los campos magnetostaticos, en niveles tan
bajos como las intensidades del campo geomagnético, para orientacion,
sin embargo, no se piensa que estas respuestas tengan algun significado
para la salud.

Existe buena evidencia de que la exposicidn a campos mayores
que 1T (0.1 T en grandes animales) induciran potenciales de flujo
alrededor del corazén vy principales vasos sanguineos, pero las
consecuencias fisiologicas de esto permanecen sin aclararse. Varias horas
de exposicion a densidades de flujo muy altas de hasta 8 T en la region
del corazon no resultaron en ningun efecto cardiovascular en cerdos. En
conejos, exposicion de corto y largo plazo a campos en el rango desde los
niveles geomagnéticos hasta los militeslas se reportaron que afectan el
sistema cardiovascular, aunque la evidencia no es fuerte.

Los resultados de un grupo sugieren que los campos
magnetostaticos de intensidades de mT podrian suprimir la elevacion
temprana de la presion de sangre a través del sistema regulatorio
hormonal. El mismo grupo ha reportado que campos magnetostaticos de
baja intensidad de hasta 0.2 T podrian inducir efectos locales sobre el
flujo de sangre que podria conducir a la mejora de la microcirculacion.
Ademas, otro grupo reportd que densidades altas de flujo del campo
magnetostatico de hasta 10 T podrian llevar a reducir el flujo de sangre de
la piel y la temperatura. En todos estos casos, sin embargo, los criterios de
valoracion son muy débiles, una situacion que podria haber sido
complicada por la manipulacion farmacoldgica, incluyendo la anestesia
en algunos casos, y la inmovilizacion. En general, es dificil alcanzar
alguna conclusién firme sin alguna replicacion independiente.

Existen varios estudios que describen los posibles efectos de
exposicion al campo magnético sobre las células de sangre y el sistema
hematopoyético. Sin embargo, los resultados son equivocos, limitando las
conclusiones que se pueden obtener. La evidencia disponible respecto de
los efectos de la exposicion al campo magnetostatico sobre los
constituyentes enzimaticos e idnicos del suero que viene primeramente de
un laboratorio. Estos hallazgos necesitan ser confirmados por laboratorios
independientes antes de sacar conclusiones.
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Respecto a los efectos sobre el sistema endocrino, varios estudios
provenientes de un laboratorio sugieren que la exposicion al campo
magnetostatico puede afectar la sintesis pineal y el contenido de
melatonina. Sin embargo, algunos estudios realizados en otros
laboratorios no han podido demostrar ningin efecto. El hallazgo de un
efecto supresivo sobre la produccion de melatonina de la exposicion al
campo magnetostatico necesita ser confirmada con mayor investigacion
antes de que puedan obtenerse conclusiones firmes. En general, pocos
estudios han investigado los efectos del campo magnetostatico sobre los
sistemas endocrinos diferentes del pineal; ningin o efecto consistente
emerge.

La reproduccion y el desarrollo son temas muy importantes en la
exposicion proveniente de la MRI de los pacientes y del personal clinico.
Al respecto solamente pocos buenos estudios de los campos
magnetostaticos estan disponibles para valores del campo por encima de 1
T. Los estudios de MRI per se no son informativos porque el efecto del
campo estatico no puede ser distinguida de los posibles efectos de los
campos de radiofrecuencia y gradientes de pulsos en general. Para evaluar
el riesgo a la salud se necesita urgentemente una mayor revision.

En general, con respecto a la genotoxicidad y el cancer, se han
realizados tan pocos estudios que no es posible obtener ninguna
conclusion firme.

15.1.5 Estudios de laboratorio en seres humanos

Los campos electrostaticos no penetran los objetos eléctricamente
conductivos tales como el cuerpo humano; el campo induce una carga
eléctrica superficial y siempre es perpendicular a la superficie del cuerpo.
Una densidad de carga superficial suficientemente grande podria ser
percibida a través de su interaccion con el pelo del cuerpo y por otros
efectos tales como descargas tipo chispas (microshocks). La percepcion
del umbral en las personas depende de varios factores y puede estar en el
rango entre 10-45 kV m™. Los umbrales de sensaciones molestas son
probablemente igualmente variables, pero no han sido sistematicamente
estudiados. Microshocks dolorosos se pueden esperar cuando una persona
bien aislado de tierra toca un objeto puesto a tierra o cuando una persona
conectada a tierra toca un objeto conductivo que esta bien aislado de la
tierra; sin embargo, los valores del umbral del campo eléctrico estatico
variaran dependiendo del grado de aislamiento y otro factores.

En estudios experimentales con seres humanos los criterios de
valoracién investigados han sido la funcién nervioso periférica, la
actividad del cerebro, la funcién neuroconductual y cognitiva, la
percepcion sensorial, la funcién cardiaca, la presion sanguinea, el ritmo
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del corazén, los niveles de las proteinas del suero y hormonas, la
temperatura del cuerpo y la piel, y efectos terapéuticos. Niveles de
exposicion de hasta 8 T han sido investigados, y los campos estaticos
puros y de imaginologia MRI han sido estudiados. La duracion de la
exposicion esta en el rango de pocos segundos hasta nueve horas, pero
usualmente fue menos de una hora. Los datos disponibles son limitados
por varias razones; generalmente muestras convenientes de pacientes o
voluntarios saludables han sido estudiadas, y el nimero de los sujetos ha
sido usualmente pequefio.

Los resultados no indican que exista efectos de la exposicion a los
campos magnetostaticos sobre las respuestas neurofisiologicas y
funciones cognitivas en voluntarios estacionarios; pero tampoco se
pueden descartar tales efectos. Una induccion dependiente de la dosis de
vértigo y nauseas se encontr6 en los trabajadores, pacientes u voluntarios
durante el movimiento dentro campos estaticos mayores que 2 T. Un
estudio sugiere que la coordinacion de ojo-mano y la sensibilidad del
contraste visual cercano se reducen para campos adyacentes a una unidad
MRI de 1.5 T. La ocurrencia de estos efectos es probable que sea
dependiente del gradiente del campo y el movimiento del sujeto. Un
pequeiio cambio en la presion sanguinea y el ritmo del corazon se observd
en algunos estudios, pero estuvieron en el rango de variabilidad
fisiologica normal. No existe evidencia de efectos de los campos
magnetostaticos sobre otros aspectos de la fisiologia cardiovascular, o
sobre las proteinas del suero y hormonas. La exposicion a los campos
magnetostaticos de hasta 8 T no parece inducir cambios de temperatura en
los seres humanos.

Note sin embargo, que muchos de los estudios fueron muy
pequefios, estuvieron basados en muestras de conveniencia, y con
frecuencia incluyeron grupos no comparables. Ademas, no es posible
obtener algunas conclusiones con respecto a la amplia variedad de
criterios de valoracion examinados en este reporte.

15.1.6 Estudios epidemiolégicos

Los estudios epidemiologicos han sido realizados casi
exclusivamente en trabajadores expuestos a campos magnetostaticos
generados por equipamiento que utilizo grandes corrientes DC. Muchos
trabajadores estuvieron expuestos a campos magnetostaticos moderados
de hasta varias decenas de mT como soldadores, fundidores de aluminio,
o trabajadores en varias plantas industriales que utilizaron grandes celdas
electroliticas en procesos de separacion quimica. Sin embargo, tal trabajo
también es probable que haya involucrado la exposicion a una variedad de
gases y aerosoles potencialmente peligrosos; confundiendo la
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interpretacion. Los criterios de valoracion de la salud en estos
trabajadores incluyen el cancer, cambios hematologicos y resultados
relacionados, la frecuencia de aberracion de los cromosomas, resultados
reproductivos, y desordenes muscoesqueléticos. Ademds, unos pocos
estudios examinaron la fertilidad y el resultado de los embarazos de
operadoras de MRI, donde el potencial de haber sido expuesto a campos
estaticos relativamente grandes de hasta ~ 1T podria haber existido. Dos
estudios examinaron los resultados del embarazo en voluntarias
saludables expuestas a exdimenes de MRI durante el embarazo.

El incremento de los riesgos de varios canceres fueron reportados
por ¢j. cancer al pulmdn, cancer pancreatico y malignidades
hematolédgicas, pero los resultados no fueron consistentes a través de los
estudios. Los pocos estudios epidemioldgicos publicados hasta la fecha
dejan un niimero de temas sin resolver concerniente a la posibilidad del
incremento del riesgo de cancer provenientes de la exposicion a los
campos magnetostaticos. La evaluacion de la exposicion ha sido pobre, y
el nimero de participantes en algunos de los estudios ha sido muy
pequeio, por lo que estos estudios son capaces de detectar solo riesgos
muy grandes para estas raras enfermedades. La incapacidad de estos
estudios para proporcionar informaciones ttiles es apoyada por la falta de
una evidencia clara para otros, factores carcinogénicos mas establecidos
presentes en algunos de los ambientes de trabajo. Otros efectos a la salud
que no sean cancer han sido considerados atin mas esporadicamente.
Muchos de estos estudios se basan en niimeros muy pequeflos y tienen
numerosas limitaciones metodologicas. Otros ambientes con un potencial
para campos altos no han sido adecuadamente evaluados, ej. Los
operadores MRI. En el presente existen datos inadecuados para una
evaluacion de la salud.

15.1.7 Evaluacion del riesgo a la salud

Campos electrostaticos

No existen estudios sobre exposicion a campos electrostaticos de
los cuales se obtengan alguna conclusién sobre los efectos cronicos o
retardados. La TARC (IARC 2002) not6 que existia una evidencia
insuficiente para determinar la carcinogenicidad de campos electrostaticos.

Pocos estudios de los efectos agudos del campo eléctrico estatico
han sido realizados. En general, los resultados sugieren que el tinico
efecto agudo adverso a la salud esta asociado con la percepcion directa de
los campos y las molestias de los microshocks.
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Campos magnetostaticos

Con respecto a los efectos cronicos y retardados, la evidencia
disponible de los estudios epidemiologicos y de laboratorio no es
suficiente para obtener algunas conclusiones. La IARC (IARC, 2002)
concluy6é que existia inadecuada evidencia en seres humanos para la
carcinogenicidad de los campos magnetostaticos y ningtin dato relevante
disponible proveniente de experimentos en animales. Por consiguiente, en
el presente, no son clasificables como carcinogénicos para los seres
humanos.

La exposicion de corto plazo a los campos magnetostaticos en el
rango de los teslas y a las gradientes de campo indican un niimero de
efectos agudos.

Las respuestas cardiovasculares, tales como los cambios en la
presion de sanguinea y el ritmo cardiaco, han sido ocasionalmente
observados en voluntarios humanos y estudios en animales. Sin embargo,
estos estuvieron dentro del rango fisioldgico normal para exposicion a
campos magnetostaticos de hasta 8 T.

Aunque no verificada experimentalmente, es importante notar que
los célculos sugieren tres posibles efectos de los potenciales de flujo
inducidos: cambios menores en el ritmo de latidos del corazon (que
podrian ser considerados sin consecuencias a la salud), la induccion de
latidos ectopicos del corazoén (que podrian ser fisioldgicamente mas
significativos), y un incremento de la probabilidad de arritmia reentrante
(posiblemente conduciendo a la fibrilacion ventricular). Se piensa que los
primeros dos efectos tienen umbrales por encima de 8 T, y los valores de
umbral para el tercero son dificiles de evaluar en el presente por causa de
la complejidad del modelamiento. Algo de 5-10 por 10,000 personas son
particularmente susceptibles a la arritmia reentrante, y el riesgo para tales
personas podria ser incrementado por exposicion al campo magnetostatico
y la gradiente de los campos.

Las limitaciones de los datos disponibles son tales, que sin
embargo, tomados en forma integral no es posible sacar conclusiones
firmes acerca de los efectos de los campos magnetostaticos sobre los
criterios de valoracion considerados anteriormente.

El movimiento fisico dentro de una gradiente de campo estatico se
reporto que induce sensaciones de vértigo y nauseas, y algunas veces
fosfenos y un sabor metalico en la boca para los campos estaticos en
exceso de alrededor de 2-4 T. Aunque solamente transitorios, tales efectos
podrian afectar adversamente a las personas. Junto con los posibles
efectos sobre la coordinacion ojo-mano, la ejecucion optima por parte de
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los trabajadores de procedimientos delicados (ej. cirujanos) podria verse
reducida con un impacto concomitante sobre la seguridad.

Efectos sobre otras respuestas fisiologicas han sido reportados,
pero es dificil llegar a alguna conclusion firme sin una replicacion
independiente.

15.1.8 Recomendaciones para las autoridades nacionales

Se recomienda a las autoridades nacionales implementar
programas que protejan al ptblico y los trabajadores de algunos efectos
desfavorables de los campos estaticos. Sin embargo, dado que el principal
efecto de campos electrostaticos es la incomodidad proveniente de la
descarga eléctrica sobre los tejidos del cuerpo, el programa de proteccion
podria ser simplemente la provision de informacion sobre situaciones que
podrian llevar a exposicion a grandes campos eléctricos y el como
evitarlos. Se necesita un programa para campos magnetostaticos, para
proteger contra los efectos agudos establecidos. A causa de la insuficiente
informacion actualmente disponible sobre los posibles efectos de largo
plazo o retardados de la exposicion, medidas precautorias costo/efectivas,
como las que estan siendo desarrolladas por la OMS (www.who.int/emf)
podrian necesitarse para controlar las exposiciones de los trabajadores y el
publico.

Las autoridades nacionales deberian adoptar estandares basados
en ciencia solida que limiten la exposicion de las personas a campos
magnetostaticos. La implementacion de los estandares basados en la salud
proporciona la medida precautoria primaria para los trabajadores y el
publico. Estdndares internacionales existen para los campos
magnetostaticos (ICNIRP, 1994) y son descritos en el Apéndice 1. Sin
embargo, la OMS recomienda que estos deban revisarse a la luz de la
evidencia mas reciente proveniente de la literatura cientifica.

Las autoridades nacionales deberian establecer o complementar
los programas existentes que proporcionan proteccion contra los posibles
efectos de exposicion a campos magnetostaticos. Las medidas protectoras
para el uso industrial y cientifico de campos magnéticos puedan ser
categorizadas como controles de disefio de ingenieria, el uso de una
distancia de separacion, y los controles administrativos. Las medidas
protectoras contra los peligros secundarios provenientes de la
interferencia magnética con equipamiento electronico de emergencia o
médico y con implantes quirrgicos y dentales son un area especial de
preocupacion con respecto a los posibles efectos adversos a la salud de los
campos magnetostaticos. Las fuerzas mecanicas impartidas a los
implantes ferromagnéticos y los objetos flojos en instalaciones con
campos altos requieren que se tomen precauciones.
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Las autoridades nacionales deberian considerar el uso bajo
licencia de las unidades de MRI para asegurar que las medidas
precautorias sean implementadas. Esto también permitiria requerimientos
adicionales a cumplir por las unidades de MRI con intensidades en exceso
de los estandares locales nacionales 6 2T. Tales requerimientos se
relacionan al suministro de informacién de los pacientes, trabajadores y
de cualquier incidente o lesion resultante de los campos magnéticos
fuertes.

Las autoridades nacionales deberian proveer financiamiento para
la investigacion a fin de llenar los grandes vacios en el conocimiento que
conciernen a la seguridad de las personas expuestas a campos
magnetostaticos. Recomendaciones para mayor investigacion forman
parte de este documento (ver a continuacioén) y son colocados la pagina
web de la OMS: www.who.int/emf. Los investigadores deberian ser
financiados para realizar los estudios recomendados en esta agenda de
investigacion de la OMS.

Las autoridades nacionales deberian financiar unidades MRI para
recolectar informacion sobre la exposicion del trabajador a campos
magnetostaticos y la exposicion del paciente a MRI y hacerlo disponible
para estudios epidemioldgicos futuros. Ellos también deberian financiar
bases de datos que recolecten informacién sobre exposiciones a los
trabajadores donde exposiciones altas de largo plazo ocurran, tales como
aquellas involucradas en la fabricacion de MRI o similarmente de
magnetos de alta intensidad y nuevas tecnologias tales como los trenes
MagLev.

15.2 Recomendaciones para mayor estudio

Identificar los vacios en nuestro conocimiento de los posibles
efectos a la salud de la exposicion al campo estatico es una parte esencial
de esta evaluacion de riesgo a la salud y las siguientes recomendaciones
se realizan para mayor investigacion.

15.2.1 Campos electrostaticos

Parece haber poco de beneficio de continuar la investigacion
relacionada con los efectos a la salud concernientes a los campos
electrostaticos. Ninguno de los estudios conducidos hasta la fecha
sugieren algin efecto adverso a la salud, excepto al posible estrés
resultante de la prolongada exposicion a los microshocks. Por
consiguiente no existen recomendaciones de mayor investigacion
concerniente a los efectos biologicos de exposicion a campos
electrostaticos. Ademas, solamente existe oportunidad limitada para
exposicion significativa a estos campos en el lugar de trabajo o el
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ambiente en el que vivimos y por consiguiente no garantiza ningun
estudio epidemiologico.

15.2.2 Campos magnetostaticos

En términos generales, la investigacion realizada hasta la fecha no
ha sido sistemética y ha sido con frecuencia realizada sin una metodologia
apropiada e informacion de la exposicion. Programas de investigacion
coordinados son recomendados como una ayuda a un enfoque mas
sistematico. Existe también la necesidad de investigar la importancia de
los parametros fisicos como la intensidad, duracion y la gradiente del
resultado bioldgico.

Siguiendo una discusion de las limitaciones de los estudios
existentes, se recomienda una mayor investigacion que cubra
epidemiologia, estudios voluntarios, biologia animal e in vitro, y estudios
de los mecanismos de interacciéon, e investigaciones teodricas y
computacionales. Estas recomendaciones estan resumidas en la Tabla 1

15.2.2.1 Estudios teodricos y computacionales

La dosimetria computacional proporciona en vinculo entre un
campo magnético externo y los campos eléctricos internos y las corrientes
inducidas causadas por el movimiento de los tejidos vivos en el campo.
Tales técnicas tedricas permiten que los campos sean caracterizados en
tejidos y organos especificos. Para buenas resoluciones, anatdomicamente
realistas, fantomas basados en voxels de adultos varones estan disponibles,
y han sido ampliamente utilizados en estudios con campos
electromagnéticos variables en el tiempo. Sin embargo, se ha realizado
muy poco trabajo con los campos estaticos, y se considera necesario un
mayor trabajo utilizando estos modelos. En particular, el uso de fantomas
de diferentes tamafios, y el uso de fantomas femeninos se considera
importante, como es el uso de fantomas embarazadas con fetos de
diferentes edades. Podrian ser presentados estudios similares con
fantomas de animales prefiadas para ayudar a la interpretacion de los
resultados de los estudios en desarrollo con estos modelos (prioridad
media).

Deberia desarrollarse un fantoma de cabeza y hombros de muy
buena resolucion y utilizarlo para investigar los campos eléctricos y las
corrientes asociadas con los fosfenos visuales y vértigo. Este modelo
podria también ser utilizado para investigar los campos y corrientes
generadas por los movimientos de la cabeza y el ojo en un campo
magnetostatico. Lo Gltimo es considerado de particular relevancia a los
procedimientos de MRI intervencional donde los movimientos reducidos
de la cabeza de los cirujanos y otro personal clinico podrian necesitar un
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movimiento incrementado de los ojos. El movimiento brusco del cuerpo
del personal alrededor del sistema intervencional tiene que ser también
simulado (alta prioridad).

Los computos que utilizan un modelo detallado del corazon y el
modelamiento de las patologias cardiacas comunes son considerados
importantes. Este modelo deberia incluir la microarquitectura del corazon
asi como de los vasos sanguineos mas pequefios dentro del corazén que
podrian producir campos y corrientes con alguna influencia sobre la
generacion del ritmo del marca pasos y la propagacion de depolarizacion.
Ademas, son necesarios calculos para estimar la magnitud y la
distribucion espacial de las corrientes que son inducidas en el corazon
como consecuencia del campo y la exposicion a la gradiente del campo.
Multiples orientaciones del campo deberian ser estudiados. Esto
permitiria la comparacioén con las corrientes que han sido calculadas para
inducir los efectos cardiacos. Se recomienda estudios experimentales y de
laboratorio que soporten estos calculos (alta prioridad).

Aunque haya una resistencia al uso de MRI de campo alto sobre
mujeres embarazadas en la actualidad, se reconoce que esta situacion
podria cambiar. Por consiguiente, seria recomendable realizar los estudios
de modelamiento investigando las corrientes inducidas en un feto por el
movimiento maternal o intrinseco fetal en un campo alto. Estos céalculos
(y estudios similares con gradiente y campos de radiofrecuencia)
permitirian realizar una estimacion de la probabilidad de los posibles
efectos sobre el feto (alta prioridad).

15.2.2.2 Estudios in Vitro

Los campos magnetostaticos podrian interactuar con los sistemas
bioldgicos en un niimero de formas, aunque el mas probable medio para
causar efectos a la salud es a través de los efectos de campo inducido
sobre moléculas cargadas y alteraciones en la tasa de las reacciones
bioquimicas.

Se necesitan mayores estudios sobre los posibles mecanismos y
los 6rganos blanco de los efectos biologicos de campos magnetostaticos.
Se recomienda investigar los efectos de campos magnetostaticos de 0.01-
10 T sobre la interaccion de los iones (ej. Ca>" o Mg?") con formacion de
enzimas y pares radicales. Aunque se considera dificil hacerlo, es
conveniente buscar mas reacciones enzimaticas que procedan a través de
los mecanismos de pares radicales en sistemas modelos que son
relevantes para la salud humana. Otra sugerencia es concentrarse sobre las
especies de radical toxico, tales como el superoxido que son conocidos
por ser dafiinas y ser producidas por los mecanismos de radical libre
(prioridad media).
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Los reportes de un efecto comutagénico en varias células son de
particular interés con respecto al potencial carcinogénico de campos
magnetostaticos. Este tipo de estudios deben ser presentados utilizando
células primarias de seres humanos y extendidas para incluir sistemas
transformados y genéticamente modificados (alta prioridad).

Los campos magnetostaticos podrian afectar la expresion del gen
y varias de las funciones pertinentes en células de seres humanos y de
mamiferos bajo condiciones especificas de exposicion , pero se tiene poca
informacion disponible sobre esto. Estudios con técnicas tales como
protedmica y gendomica deberian ser realizados con las células humanas
primarias para buscar posibles marcadores moleculares para los efectos de
campos magnetostaticos relevantes a los temas de salud humana (baja
prioridad).

15.2.2.3 Estudios experimentales en animales

Lo efectos de exposicion de largo plazo a campos magnetostaticos
pueden ser enfocados utilizando modelos de animales. En ausencia de
informacion especifica con respecto al potencial carcinogénico de los
campos magnetostaticos, se recomienda estudios de largo plazo
(incluyendo estudios de por vida). Animales normales y genéticamente
modificados podrian ser utilizados. Por ejemplo, si una amplificacion de
los radicales libres fuese considerada una ruta posible por la cual el riesgo
de cancer podria ser incrementado, podria ser utilizado un modelo de
raton con supresion del gen superoxido dismutasa. En este modelo, la
susceptibilidad a los tumores y otros enfermedades relacionadas a los
radicales libres es muy elevada. El uso de las técnicas de microarreglos
permiten que los efectos de muchos pardmetros diferentes de exposicion
sean facilmente evaluados y cuantificados sobre el genoma y proteoma
(alta prioridad).

La posibilidad del aumento de riesgo de anormalidades en el
desarrollo y efectos teratologicos necesitan ser enfocadas de modo
sistematico. El desarrollo del cerebro podria ser particularmente
susceptible a los efectos de las corrientes inducidas por movimiento: los
efectos de orientacion son muy importantes para guiar el crecimiento
normal de las dendritas neuronales. También es posible que cambios
duraderos podrian ser inducidos por exposiciones relativamente cortas. El
estudio de los pardmetros neuroconductuales pueden proporcionar un
ensayo rapido y sensible para explorar los efectos de exposicion sobre el
desarrollo de la funcion del cerebro, y se recomienda tales estudios. Los
estudios para registrar los sutiles cambios morfologicos que ocurren
durante el desarrollo de regiones especificas del cerebro, tales como al
corteza o el hipocampo también son del valor. El uso de los modelos
trasngénicos apropiados deberia ser considerado (alta prioridad).
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Aunque haya datos que indiquen que la exposicion de animales (y
seres humanos) a los campos alrededor de 2 T no causan efectos
electrofisioldgicos, seria util conocer los efectos de los campos mas altos.
Ademas los efectos de exposicion de hasta y por encima de 10 T podrian
ser provechosamente explorados en animales (prioridad media).

Una variedad de otros criterios de valoracion han sido
investigados en animales que proporcionan en el mejor de los casos solo
informacion limitada. Mientras que una serie estudios individuales para
cada uno de estos criterios de valoracion podria no ser costo-efectivos, un
amplio estudio animal para cubrir diferentes criterios de valoracion seria
valioso (baja prioridad).

15.2.2.4 Estudios experimentales en seres humanos

Los efectos cognitivos y conductuales de los campos
magnetostaticos deberian de investigarse madas, aunque los datos
disponibles no sugieren riesgos particulares para aspectos especificos de
cognicion ni sirven para sugerir que parametros deberian ser evaluados en
el laboratorio. En la ausencia de una direccion clara un enfoque posible
seria investigar los efectos de exposicion sobre la realizacion de una
bateria de tareas cognitivas, que incluyan evaluaciones estandares de
atencion, tiempo de reaccion y memoria, solamente para actuar como un
tamiz inicial dejando pendiente trabajo mas enfocado. El trabajo inicial
podria ser realizado con voluntarios como parte de los estudios
experimentales (prioridad media).

Con una utilizaciéon mas amplia de los estudios de MRI donde el
personal de apoyo esta en una proximidad cercana a pacientes dentro de
un magneto, tal como en los procedimientos de MRI intervencional, se
necesitan estudios adicionales de la coordinacion de la cabeza y la vista,
funcion cognitiva y del comportamiento en una gradiente de campo. Se
considera de especial interés una mayor investigacion de los mecanismos
y la intensidad de disfuncion vestibular inducida por el campo incluyendo
el vértigo debido al incremento de la probabilidad que el personal médico
estara realizando tareas complicadas dentro de un campo magnético por
largos periodos de tiempo (alta prioridad).

Similarmente, estudios adicionales sobre la funcidén cardiaca
serian TUtiles y podrian investigar los efectos sobre el sistema
cardiovasculatorio. Estos estudios podrian necesitar ser completados para
niveles superiores a 3 T, para evaluar el riesgo potencial por encima del
que existe en el ambiente clinico rutinario (baja prioridad).

15.2.2.5 Estudios epidemiolégicos

Existe un niimero de categorias de trabajadores con exposiciones
elevadas a campos magnetostaticos, por ejemplo los técnicos de MRI, los
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trabajadores en las plantas de fundicion de aluminio, y ciertos
trabajadores de transporte (metros, trenes MaglLev, trenes conmutados, y
trenes urbanos). Para las enfermedades cronicas raras como el cancer,
estudios de factibilidad son necesarios para identificar los grupos
ocupacionales altamente expuestos que cuya participacion seria posible
asegurar en los estudios epidemioldgicos. Los estudios de factibilidad
también necesitan determinar que otras exposiciones estan presentes en
estas ocupaciones. Si numeros suficientes de trabajadores pueden ser
identificados, un enfoque de caso control anidado es probablemente el
mas apropiado, ya que informacion detallada acerca de la exposicion y
factores importantes de confusion tales como la radiacion ionizante
necesitan  obtenerse. Estudios de colaboraciéon internacionales
probablemente son necesarios para obtener numeros suficientes de
personas expuestas (alta prioridad).

Para otros resultados de salud mas comunes con periodos cortos
de latencia grupos ocupacionales altamente expuestos especificos pueden
ser identificados y seguidos en el tiempo, por ejemplo los trabajadores en
industrias donde los sistemas de MRI son fabricados. Informacion acerca
de diferentes resultados de salud podrian ya estar disponibles
provenientes de los examenes de salud realizados rutinariamente a estos
trabajadores, pero solamente pueden ser utilizados si informacion similar
también esta disponible para un grupo comparable no expuesto. Una
encuesta de salud de cirujanos, enfermeras, y otros trabajadores que
utilizan MRI intervencional proporcionaria informacién util como los
niveles, duraciones y frecuencia de las exposiciones de los trabajadores a
campos estaticos en estos sistemas. Similarmente, el registros de
pacientes podrian existir en algunos hospitales de los cuales seria posible
obtener los datos de las personas que estuvieron expuestas pero cuyas
condiciones fueron subsecuentemente encontrados ser benignas (alta
prioridad)

También es considerado conveniente realizar un estudio
prospectivo de los riesgos del embarazo asociados con la exposicion
ocupacional al campo magnetostatico, asi como también el seguimiento
de los resultados del embarazo de las mujeres embarazadas que
experimentaron examenes MRI (alta prioridad).

La experiencia con otras frecuencias ha mostrado que obtener
estimaciones confiables de la exposicion a campos electromagnéticos para
uso en estudios epidemiologicos puede ser muy dificil, y mediciones
sustitutas de la exposicion, tales el cargo en el trabajo o la distancia a una
fuente en particular podrian no siempre proporcionar evaluaciones
suficientemente exactas. Por consiguiente el uso de instrumentos
especificos es requerido para medir la exposicion. Los dosimetros
personales relativamente pequefios han demostrado ser muy utiles en la
investigacion de los campos de ELF, de esta manera, los dosimetros
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personales mejorarian mucho la evaluacion de la exposicion en los
estudios epidemioldgicos. La validacion numérica y experimental de los
dosimetros deberia ser realizada. La intensidad del campo magnético, las
gradientes del campo magnético, las duraciones de las exposiciones e
idealmente la tasa de cambio magnético debido al movimiento deberia ser
registrada (alta prioridad).

Tabla 1. Recomendaciones para la investigacion

Mecanismos de interaccion
Quimica de las reacciones de pares radicales (0.1-10T)
Efectos comutagénicos utilizando células humanas

Estudios tedéricos y computacionales
Estudios dosimétricos con fantomas voxel
masculino/femenino/ embarazada
Corrientes inducidas en el ojo
Potenciales de flujo en el corazén

Estudios in Vitro
Mecanismos de interaccion: reacciones de pares de radicales
y actividad enziméatica
Influencia de parametros fisicos (intensidad, duracion,
recurrencia, gradientes de SMF
Mutagenicidad y transformacion en células primarias de seres
humanos
Expresién del gen en células primarias de seres humanos

Estudios experimentales en animales
Cancer
Efectos en desarrollo/neuroconductuales
Funcién cardiaca (~20 T)

Estudios experimentales en voluntarios
Funcion vestibular, coordinacion de cabeza y ojos
Funcion cognitiva y del comportamiento
Efectos cardiovasculares

Estudios epidemiolégicos
Estudio de factibilidad de fuentes de exposicion, factores de
confusion, numero de personas expuestas
Estudio de caso control anidado de enfermedad crénica e;.
cancer (si es factible)
Resultados del embarazo en relacion a la exposicion
ocupacional y examenes MRI
Estudio cohorte de efectos de corto plazo en ocupaciones
altamente expuestas
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APPENDIX 1: INTERNATIONAL GUIDELINES ON EXPOSURE
TO STATIC MAGNETIC FIELDS

International exposure guidelines are developed by the
International Commission on Non-lonizing Radiation Protection
(ICNIRP). This independent scientific body is officially recognized by
WHO and its exposure guidelines advice is based upon the health risk
assessments published by WHO and cancer reviews and classifications
carried out by IARC. National authorities are advised to adopt
international standards, where they exist.

Exposure guidelines serve five main functions:

. a general framework for the protection of people who may be
exposed to static electric or magnetic fields whether at work, in
public spaces or in the home;

. a tool for the practical safety assessment of exposures in relation
to recommended exposure restrictions (compliance assessment);

. a basis for national standards and regulations on limiting exposure;

. a basis for the development of technical standards pertaining to
equipment design, device emissions and measurement procedures;

. a basis for operational procedures at workplaces and facilities,
especially if exposure to high field strengths are required for short
periods of time in occupational settings.

The basis for exposure guidelines is the health risk assessment.
From this, exposure restrictions are recommended below which acute
adverse health effects will not occur. In specifying restrictions on
exposure, it is important to note any uncertainties in the scientific
evidence as presented in the health risk assessment. This may be
particularly important in considering the evidence for adverse health
effects due to long-term exposure at levels lower than those that cause
acute adverse effects. It is also important that caution is exercised, to
ensure the adequate protection of all members of the community. For the
general public, those exposed include people who, for a variety of reasons,
might be especially susceptible to adverse health effects. In this respect, it
is important to consider the evidence, if any, of effects in children,
neonates and the unborn child, older people and people taking prescribed
medicines. In addition, possible effects of fields on medical implants
should be addressed by competent technical bodies.

Exposure to static electric fields is addressed in the ICNIRP
exposure guidelines (ICNIRP, 1998), although only in a general manner.
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Only the indirect effects of electric discharge are considered. No
quantitative restrictions on field strength are provided.

ICNIRP published its advice on limiting public and occupational
exposure to static magnetic fields in 1994 (ICNIRP, 1994). This had the
objective of protecting individuals from the direct effects of fields, from
indirect effects on ferromagnetic objects, and on implanted devices such
as pacemakers, aneurism clips etc. ICNIRP’s guidelines followed after the
development of a few national exposure guidelines including those
developed in the former USSR in 1978 (see WHO, 1987 for a review), the
American Conference of Governmental Industrial Hygienists (ACGIH,
2001) and by the National Radiological Protection Board in the UK
(NRPB, 1993). Elsewhere, guidelines recommending limits on
occupational exposure to static magnetic fields were developed for
specific laboratories/facilities such as in the US Department of Energy
(Alpen, 1979), the Stanford Linear Accelerator (1970) and the Lawrence
Livermore National Laboratory (Miller, 1987).

ICNIRP (1994) noted that the scientific knowledge existing at that
time did not suggest any detrimental effect on major developmental,
behavioural and physiological parameters following transient exposure to
static magnetic flux densities up to 2 T. In the absence of knowledge on
possible adverse health effects from long-term exposure, ICNIRP
recommended a restriction of 200 mT on time-weighted exposure. In
addition, the movement of a person in a magnetic field of 200 mT was
thought to result in a current density of between 10 and 100 mA m?,
which was considered not to result in adverse effects on the function of
the central nervous system at frequencies of less than 10 Hz. ICNIRP
calculated the maximum electric current density induced in the aorta by
the flow of blood in the magnetic field to be about 40 mA m™ and
concluded that this would not be harmful. In addition, the
magnetohydrodynamic effects at this flux density were also considered to
be of negligible consequence.

Based on these considerations, ICNIRP (1994) recommended a
time-weighted average exposure of 200 mT during the working day for
occupational exposures, with a ceiling value of 2 T. A ceiling value of 5 T
was considered acceptable for extremities, because they do not contain
large blood vessels or critical organs.

A ‘continuous exposure limit’ of 40 mT was given for the general
public. This is, in effect, a ceiling value, although “occasional access to
special facilities where magnetic flux densities exceed 40 mT can be
allowed under controlled conditions, provided that the appropriate
occupational exposure limit is not exceeded.”
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ICNIRP suggested that wearers of cardiac pacemakers,
ferromagnetic implants and implanted electronic devices might not be
adequately protected by the exposure limits for direct effects. Therefore,
ICNIRP recommended that people with cardiac pacemakers and
implanted defibrillators should avoid locations where the magnetic flux
density exceeds 0.5 mT. For other electronic devices, ICNIRP suggested
that they ‘may be susceptible’ to magnetic flux densities exceeding a few
mT. ICNIRP provided no specific quantitative restrictions on exposure
levels to avoid such interference effects, but instead recommended that
wearers of ferromagnetic implants, and specifically people with aneurism
clips, should consult their physician for advice on whether environments
with flux densities exceeding a few mT might pose a hazard. Finally,
ICNIRP stated that precautions should be taken to prevent hazards from
flying metallic objects if the magnetic flux density exceeded 3 mT.

Table 47. Limits of exposure to static magnetic fields (ICNIRP, 1994)

Exposure characteristics Magnetic flux density

Occupational
Whole work day (time-weighted average) 200 mT
Ceiling value 2T
Limbs 5T
General public

Continuous exposure* 40 mT

*Occasional access for members of the public to special facilities where magnetic
flux densities exceed 40 mT can be allowed under appropriately controlled
conditions, provided that the appropriate occupational limit is not exceeded.

The ICNIRP exposure restrictions for the general public provided
the basis for a Council of the European Union Recommendation on
limiting public exposure to static magnetic fields throughout the European
Community (CEU, 1999).
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