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PREFACE

The possibility of adverse health effects from exposure to electricand
magnetic fields (EMF) has generated a heated controversy in recent
years, “‘debated” before the public through the national broadcast and
print media. The American worker would justifiably be concerned
and deserves a clear message on this issue. Itis usually the case with
environmental exposures that workers are exposed “first and
worst,” as potentially hazardous chemicals, materials, and agents
are introduced first for industrial purposes, and used in ways that
expose workers to much higher concentrations than would generally
occur in the community. This is true for EMF among certain
occupations in utilities and other industries where frequent, persis-
tent, or high exposures may occur.

The National Institute for Occupational Safety and Health (NIOSH)
is the federal research agency charged with “assuring safe and
healthful working conditions” for all workers. Towards thisend, itis
the responsibility of NIOSH to lead in the development of national
scientific priorities. In January 1991, NIOSH convened a scientific
workshop to develop a research agenda on the health effects of EMF
and methods for reducing exposures.

Atthe workshop, we brought together leading scientists to discuss the
relevant aspects of a research agenda and prevention strategies. We
endeavored to clarify what is known, and to identify what is not
known so as to plan aresearch agenda that will fill gaps in our current
knowledge. In this way, we intend to push forward the availability of
knowledge necessary for the protection of workers. We hope this
coalescing of expertise will assist the progress of all partners in this
field. We need to focus our efforts in evaluating the potential hazards
of EMF until we understand the nature and extent of any effects and
howto preventthem. Then, we will bring our findings to occupational
safety and health professionals, employers, and employees.



This year, NIOSH marks its 20th anniversary. I amdelighted that we
started this anniversary year with this workshop. It is in the best
tradition of the Institute. I hope you will find these Proceedings
useful. For those who attended the workshop, this document will
serve as arecord of the excellent plenary papers presented. For those
who were notable to attend, and for others wishing to gain insightinto
EMF research needs, we trust this text will serve as an excellent
reference.

Finally, I wish to thank the Chair and Co-Chair of this workshop, Mr.
Philip Bierbaum and Dr. John Peters. Dr. Peters was instrumental in
the selection of presenters and the program content; Mr. Bierbaum
was responsible fororganizingitall. Of course, each of the individual
plenary paper presenters, panel moderators and rapporteurs, and
panel members made possible this text. Tapplaud all of these efforts
in making the workshop the great success LQat it was.

. ald Millar, M.D., D.T.P.H. (Lond.)
Assistant' Surgeon General
Director, National Institute for
Occupational Safety and Health



ACKNOWLEDGMENTS

In addition to the plenary paper presenters, panel moderators and
rapporteurs, and panel members, we wish to thank the following
NIOSH employees for their diligent effort in the conduct of this
workshop and the preparation of thisdocument: Rosalynd J. Kendall,
who served as our administrative coordinator for the workshop and
who “did it all”; Maggie A. Ivory and Heather K. Houston, who
served as Ms. Kendall’s assistants; Theodore F. Schoenborn, who
served as the coordinator for the preparation of this document;
Vivian K. Morgan, Janice M. Huy, Charlene B. Maloney,
Shirley M. Carr and Thomas E. Zeigler, who served as team mem-
bers for our printing and publication activities; and Heinz W. Ahlers,
Rodger L. Tatken, Jerry W. Newman, Ronald L. Schuler and
Rebecca W. Spry, who served as team members in developing the
bibliography that was used for the workshop.



TABLE OF CONTENTS

Workshop Participants . - v iii
Preface . vesssssenasnistabrermtnrensarase ix
Acknowledgments .... " X
Table of Contents ...... versesentsstssennanensiseasranasness xiii
Executive Summary ...... |
Plenary Papers werrveneseranesarasne - .15
In Vitro Studies: Low Frequency Electromagnetic Fields—

Stephen F, Cleary, Ph.D, treesussssnasnae et sarasnas 17

Biological Effects of Extremely Low-Frequency Electromagnetic Ficlds:

In Vivo Sdies—Larry E. Anderson, Ph.D. - 45
HealthEffects of Electromagnetic Radiation on Workers: Epidemiologic
Studies—Gilles P. Thériault, M.D., DEP.H. ......cccvivercrcnvricsronae 91

Occupational Exposure Assessment for Electric and Magnetic Fields in
the 10-1000 Hz Frequency Range—T. Dan Bracken, Ph.D....... 125

Magnetic Field Management—William E. Feero .........cooveevcinnnnas 167
Research Recommendations from Workshop Panels ..........cccnnneneeesnn. 185
In Vitro/Cellular Mechanism Studies ... 187
In Vivo Studies ...... . ceosrersessssssansasass 192
Epidemiologic Studies....... wreesereseniseasiens 199
Exposure Assessment Studies veeteseunsnensnssnssanensansnassans 205
Methods for Reducing Exposures 213
Glossary . “ 219




EXECUTIVE SUMMARY



EXECUTIVE SUMMARY

The National Institute for Occupational Safety and Health (NIOSH)
convened a group of scientists on January 30-31, 1991, in Cincinnati,
Ohio, to develop a national research strategy on the health effects of
electromagnetic radiation on workers. The purpose of the workshop
was to review current data and new findings regarding electric and
magneticfields whichmay haverelevance for occupational exposures;
to identify knowledge gaps that might be filled by directed research;
and torecommend a national research agenda which, if implemented,
would close the gaps and permit reliable recommendations for
protecting workers. The workshop emphasized electricand magnetic
ficlds at frequencies up to 1000 Hz, excluding static ficlds; and
carcinogenic, reproductive, and neurologic health effects.
Approximately 300 individuals attended the workshop, including
120 from governmental agencies, 35 from academia, 20 consultants,
25 fromthe health care field, 40 from general industry, 30 from utility
companies, and 30 from research laboratories.

Five plenary papers were presented, each addressing a specific aspect
of potential health effects from exposure to electric and magnetic
fields, exposure assessments, or controls as they relate to workers.
The five presentations covered:

In Vitro/Cellular Mechanism Studies
In Vivo Studies

Epidemiologic Studies

Exposure Assessments, and
Methods for Reducing Exposures.

L JER JEE 2B JBE 2

Panels of scientific experts in the five areas, using the information
presented in the plenary papers, focused on the development of the
national research agenda.



Executive Summary

These Proceedings, then, serve as a report to the Nation based on the
interaction and discussions that occurred during the workshop. Dr.
J. Donald Millar indicated in hisintroductory remarks atthe workshop,
that this document would provide a lasting record of the excellent
plenary papers that were presented, and would focus research on the
needs that were identified for worker protection. These Proceedings
provide the reader with the following information:

3 Anexecutive summary whichhighlights the findings

from the workshop.

. Thefive plenary papers which served as the basis for
the panel discussions.

. The research recommendations which resulted from
the panel deliberations.

. A glossary of terms that is useful for familiarizing the
reader with the terminology that is used in this
scientific field.

* Details on how to obtain a copy of the NIOSH
bibliography that was provided to the participants of
the workshop.

It should be noted that the initial terminology used to charac-
terize the workshop (i.e., “electromagnetic radiation””)is more
correctly referred to as “electric and magnetic fields (EMF).”
Therefore, the title of these Proceedings and the terminology
used in the section on Research Recommendations have been
modified accordingly.

GENERAL FINDINGS

¢ The frequency range initially identified (i.e., up to 1000 Hz,
excluding static fields) is appropriate for a research
agenda dealing with the workplace.

¢ Thereisuncertaintyabout therelationship between exposures
to electric and magnetic fields and health outcomes.

4



Executive Summary

¢ The health end points that were initially identified as most
important (i.e.,carcinogenic, reproductiveand neurologic)
remained so. Other health end points that were discussed,
butwithlessemphasis, dealt withimmunologic and endocrine
changes and cardiovascular effects. Specific subsets of the
health end points are discussed in more detail in the section
on Research Recommendations.

¢ The scientific leadership role for protecting workers in the
EMF arenais a NIOSH responsibility which goes beyond
the conduct of the workshop. NIOSH was charged with
fulfilling this mandate by initiating the appropriate research
within its own mission and by continuing to influence and
interact with all involved parties (i.e., other Federal agencies,
state and local agencies, industry, labor and academia). Of
importance was the identified need to interact and coordinate
activities with the Department of Energy, Environmental
Protection Agency, Department of Defense, Food and Drug
Administration, National Institute of Environmental Health
Sciences and National Cancer Institute. These interactions
should include an immediate and continuing translation of
current knowledge to the occupational and environmental
health community via NIOSH’s dissemination mechanisms.

¢ The need to transfer the results of research to occupational
safety and health professionals, employers and workers
through training and education programs is paramount
to an overall prevention strategy.

HIGHEST PRIORITY RESEARCH NEEDS

It was recognized that the identified research needs were not unusual
for the occupational/environmental health field. However, for the
specific EMF hazards under discussion (i.e., lower frequency fields),
we are in the infancy of a research agenda when compared to other
occupational/environmental hazards. Also, it was acknowledged

5



Executive Summary

that the research needs in the five areas that were compartmentalized
for the purposes of the workshop are dependent and overlapping. But,
there was a very clear consensus of what the highest priorities are for
the research agenda. The highest priority research issue is to
determine whether occupational exposure to electric and/or magnetic
fields produces untoward health effects, and, if so, to determine not
only the type(s) and level of exposure that will produce them but also
ways to reduce exposure. In order to do this we need to accomplish
the following:

¢  Determinethe numberof workersexposed; the industries
and occupations where the exposures take place; and the
extent and type of exposures (including identification
and characterization of EMF sources, magnitude of the
fields as a function of frequency, phase and duration).

¢  Establish standardized assessment protocols, including
measurement techniques and performance criteria for
instruments and dosimeters, plus standardized
approachesforexperimental and epidemiologic studies.

¢ Conduct experimental and epidemiologic studies
directed at hypotheses-testing for specific health end
points of interest, testing models, mechanismquestions,
and occupational groups to be studied. Standardized
protocols and procedures, including specific quality
assurance approaches, also must be developed for the
experimental and epidemiologic studies.

¢ Conductmore long-term, definitive control technology
research for reducing the identified exposures to
acceptable levels .

This summary does not mean that the various components of
experimental and epidemiologic research on “health effects” have to
be conducted in sequence. However, it should be noted that without
better exposure assessment tools for estimating dose and without

6



Executive Summary

better knowledge about workplace exposure levels and types of
exposure, there will be limitations in the ability to interpret the health
effects data. Also, the scenario presented here should not preclude
implementing exposure reduction strategies that are now available
and feasible.

SUMMARY OF RESEARCH NEEDS

The major research needs in each of the five programi areas that were
discussed at the workshop are highlighted below.

In Vitro/Cellular Mechanism Studies

¢ Correlation of Exposure Parameters for In Vifro Studies with
Potentially Harmful Exposures found in the Workplace

A detailed occupational exposure assessment must be
conducted by qualified individuals in order to provide EMF
parameters for In Vitro/Cellular Mechanism Studies.

¢ Development of Methods for Occupational Dosimetry which
Reflect Exposures at the Cellular Level

Appropriate methods for theoretical and experimental
dosimetry should bedeveloped and applied to permitaccurate
extrapolation of EMF exposurelevels found inthe workplace
to exposure levels used in cellular studies. -

¢ Theoretical Studies and Models

Theoretical studies and models are necessary because of the
multitude of possible experimental exposures and parameters
and other conditions which need to be defined prior to
conducting definitive /n Vitro/Cellular mechanism studies.



Executive Summary

¢ Development of Reference Criteria for Experimental Design
and EMF Field Characterization

To reduce ambiguity and uncertainty in progressing toward
a unified understanding of the biological actions of EMF,
standardized criteria for conducting and reporting the results
of in vitro studies must be encouraged.

¢ Research Priorities for Health End Points

The highest priority should be assigned to in vitro studies
which help to define the nature of carcinogenic effects. Other
targets for EMF occupationally induced adverse effects that
should be investigated using in vitro methods include: the
male and female reproductive systems, endocrine and
neuroendocrine systems, alterations in fetal development,
and non-cancer related aspects of immune system function.
Regardless of the disease or system being investigated, the
focus of in vitro research should be on:

(@) mechanisms of interaction of EMF with
biological systems

(b) the consequences of those interactions, and

(c) relationship to EMF-related diseases.

in Vivo Studies
¢ Conduct Studies with Scientific Rigor

Reproducing the results of current research on in vivo effects
has been difficult. Therefore, the first priority should be to
improve the reproducibility and credibility of current and
future research.



Executive Summary

¢ Characterize EMF Exposures

There are many variables (e.g., exposure systems, EMF
parameters, and exposures in relation to biological rhythrns)
that can be manipulated or controlled in in vivo experiments,
and these must be well characterized and documented.

¢ Characterize Critical Effects of EMF

Establishment of critical effects on which to focus in vive
researchisessential. Thisrequires using scientifically accepted
methods; stressing quality assurance procedures, etc; properly
formulating and testing hypotheses; replicatingkey findings;
exploring relationships between exposure and dose; and
elucidating the mechanisms by which biological effects
occur.

¢ Neuroendocrine Dysfunction Produced by EMF

Specific recommendations include characterizing neural,
endocrine, and neuroendocrine responses; and studying
behavioraleffects, central nervouschanges, sleepdisturbances,
and mood changes.

¢ Definitive Studies of the Role of EMF in Carcinogenesis

Specific recommendations include conducting in vivo tests
of tumorinitiation, promotion and progression with emphasis
on leukemia, brain, and hormone-dependent tumors.

¢ Reproductive and Developmental Effects of EMF

Specific recommendationsinclude studying shiftsin patterns
of development, maturation and degeneration of animal
systems such as the nervous, reproductive and immune
systems.
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¢ Cardiovascular Effects of EMF

Specificrecommendations include conducting confirmatory
studiesin bothhumans and other animal species with emphasis
on such phenomena as calcium ions and neurotransmitters.

Epidemiologic Studies
¢ Characterization of Exposure

Researchersshould considerconductingexposure assessments
or surveys of selected occupational groups/jobs in order to
characterize their potential for exposure to EMF prior to the
selection of these worker populations for epidemiologic
studies. New epidemiologic studies should include a
characterization of exposure.

¢ Health Effects/Responses of Interest

The priorities were defined as cancer, reproductive effects,
health effects resulting from hormonal changes (e.g. sleep
disorders, behavioral changes, motor neuron diseases,
immunologic changes), and non-disease end points and
biomarkers (e.g. melatonin).

¢ Methodological Issues

Common protocols should be developed for both exposure
assessments/characterization as well as the epidemiologic
analyses; multi-center studies should be considered; the use
of existing databases should be explored; hypotheses need to
be well formulated based on previous epidemiologic studies
or on laboratory findings; potential confounders need to be

10



Executive Summary

identified and analytical techniques need to be improved to
evaluatetheseconfounders; andhypothesisgenerating studies,
such as PMR studies based on union or company death
benefit records should continue to be pursued.

+ Potential Worker Populations to Study

Populations to beconsidered included “high” exposure groups,
with significant variation in EMF exposure and no other
confounding exposures; women workers (for reproductive
and breast cancer studies); groups exposed to extremely low
frequencies other than the “power” frequencies of 50 and 60
Hz; health care workers; welders; aluminum reduction
potroom workers; electric railroad workers; and electric
machinery/motor workers.

Exposure Assessment Studies

¢ Measurement Guidelines

Standardized measurement protocols arerequired and training
programs are needed for health and safety professionals in
assessing exposure to EMF.

¢ Exposure Metrics

Accurate and uniformexposure metrics need to be developed
for epidemiologic studies.

¢ Measurement Instrumentation

Independent assessments are needed to evaluate instrument
performance, and standardized quality assurance programs
should be established. Personal dosimeters are needed that
will measure transient magnetic fields and their time rate of
change. Also, contact current meters need to be developed
and evaluated.

11



Executive Summary

¢ EMF Dosimetry
Dosimetric modeling techniques are needed that will
estimate the distribution of induced currents throughout the
body and provide a basis for specifying a dose measure.

¢ Non-Utility Sources of Exposure

Recommendations in this area are essentially identical to
those developed by the Panel on Epidemiologic Studies.

¢ Worker Communication
Ways of effectively communicating the concepts of EMF

exposure assessment to workers must be developed and
validated.

Methods for Reducing Exposures

¢ Identify EMF Sources

The identification and characterization of EMF sources are
important to any control strategy. Attention should be paid
to the magnitude of EMF as a function of frequency and
phase.

¢ Review and Recommend Electrical Code Changes
Importantitems to consider for potential code changesinclude

use of safe installation practices and computer modeling of
EMF.

12



Executive Summary
Continue Research on Field Cancellation Techniques

Important items to consider in improving cancellation
techniques include computer modeling of EMF, and
examining the wiring and circuit design of industrial
equipment, power tools and office appliances.

Materials Research

Research is needed to develop better materials for shielding
from magnetic fields.

Work Practices

Work task redesign and workstation design methods should
be developed.

Substitution

Substitutes should be designed to eliminate appliances that
generate high EMF.

- Transient Suppression

A study of generic approaches to reducing transient fields
should be conducted.

Personal Protective Equipment
Material research is needed to develop light weight, practical

materials which can be fashioned into functional garments
for the worker

13



Executive Summary

¢ Training and Education

Education of professionals and workers in the concerns
associated with exposure to EMF will help as a control
mechanism for reducing future EMF exposures.

Philip J. Bierbagum, ME.
Workshop Chair
Director
Division of Physical Sciences
and Engineering
National Institute for Occupational
Safety and Health

KN m ite,

John M. Peters, M.D., Sc.D.

Workshop Co-Chair

Professor and Director

Division of Occupational and
Environmental Medicine

University of Southern California
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IN VITRO STUDIES: LOW FREQUENCY

ELECTROMAGNETIC FIELDS
Prepared by:  Stephen F. Cleary, Ph.D.
Professor of Physiology and Biophysics
Department of Physiology
Medical College of Virginia

Richmond, Virginia
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Plenary Papers—In Vitro Studies, Stephen F. Cleary, Ph.D.

IN VITRO STUDIES: LOW FREQUENCY
ELECTROMAGNETIC FIELDS

INTRODUCTION

In vitro studies of effects of low-frequency (LF) electromagnetic
(EM)fields have revealed a variety of sensitive cell-physiologic end-
points. Effects have been reported on: (1) DNA, RNA and protein
synthesis; (2) cell proliferation; (3) cation fluxes and binding; (4)
immune responses; and (5) membrane signal transduction (i.e. hor-
mones, enzymes, and neurotransmitters). Typically such effects
occurred as a result of short-term exposure of cells to EM at
frequencies of 100 Hz or less and at low field intensities. The
dependency on frequency ormodulation, as well as the apparent weak
cellularinteraction of these LFEM fields, lacks theoretic explanation.
It has not been determined whether effects are induced by electric or
magnetic fields.

Confounding the interpretation of the results of such studies are
associated phenomena such as: (1) transient or time-delayed re-
sponses; (2) modulation- and intensity-specific effects, referred to as
modulation or intensity “windows”; and (3) general lack of dose-(or
dose-rate) response data or EM field thresholds. Consequently,
although it is well-established that LF EM fields affect biological
systems in vitro use of these data to assess human health effects is
limited.

Purpose

The purpose of this plenary paper is toreview selected representative
published reports of LF EM fields on in vitro systems. This is not
intended tobe anexhaustivereview. Invitrostudies thatdid notdetect

EM field effects were not reviewed in detail since they provide no
guidance for the direction of future research. This does notimply that
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ment of effects of EM fields on in vitro systems. However, the
limited number of published reports of EM field effects, be they
positive or negative, precludes the generation of a consensus
view at this time.

To the extent possible, relevance of the findings to occupational
exposures will be assessed. Principally, this will be attempted by
considering the consistency of in vitro and in vivo EM exposure
effects and comparison of EM field intensities that affect in vitro
systems with occupational EM exposure intensities. Finally,
suggestions will be made for the direction of future in vitro
research of direct pertinence to potential occupational exposure
problems.

Definitions

In the context of this article in vitro studies are defined as
experimental or theoretical studies of the effects of low fre-
quency (i.e. frequencies less than 1000 Hz) electromagnetic
(EM) fields on individual cells or explanted tissue, exposed and
assayed outside of human or animal bodies. In vitro studies may
involve: (a) normal mammalian cells or tissue, such as lympho-
cytes or other blood cells, obtained from donors prior to expo-
sure, or (b) transformed mammalian cells that are maintained
indefinitely in culture. Type (a) cells, derived from a specific
donor in limited quantities, have a finite lifespan of up to a week
or so. Type (b) cells, on the other hand, may be propagated
indefinitely in large numbers and exposed to EM radiation, or
other agents, for extended periods of time in various laboratories.
Cells of either type can be maintained under controlled condi-
tions in defined composition culture media supplemented with
various growth factors and antibiotics.
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Advantages and Limitations

The primary advantages of in vitro studies include: 1) the potential
for the precise control of experimental variables such as electric or
magnetic field strength, temperature, culture medium composition,
etc., 2) accurate and detailed dosimetric and densitometric informa-
tion, 3) exposure replication (essentially unlimited replication for
type (b) cells), 4) relatively simple cell geometry, amenable to
theoretical modeling of electric and/or magnetic field interactions
with cells or cell constituents, such as the plasma membrane, 5)
significant reduction in cost relative to in vivo studies. Taken as a
whole, in vitro studies afford the opportunity to determine basic
mechanisms of interaction of EM fields with living systems. This
distinction, relative to in vivo systems, is attributed to the complex
nature of EM field interactions and induced field distributions within
the body of experimental animals or humans which impede the
establishment of precise dose-effect relationships. The advantages of
in vitro systems may be exploited in investigations of co-factor
interactions of EM fields with other physical or chemical agents.
Such studies should prove of value in screening for potentially
adverse interactions of EM fields with other agents in the workplace.

In vitro systems thus provide a versatile means of investigating
direct EM cellular interactions or co-factor interactions. How-
ever, there are limitations on their use in developing guidelines
or standards for occupational exposure to EM fields due to the
complex interactive nature of integrated physiological systems
comprising an organism which preclude direct extrapolation of
in vitro data to in vivo responses. In vitro data, including EM
cellular effects thresholds and dose-response relationships can,
however, provide the basis for the design of in vivo studies by
defining critical physiological end-points, and EM field param-
eters. Understanding basic cellular-level interaction mecha-
nisms will provide a general basis for extrapolation of in vitro to
in vivo exposure effects, as well as inter-species exposure effects
of EM effects on mammalian systems.
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IN VITRO EFFECTS OF LF EM FIELDS
Biomolecular Synthesis

Low intensity LF electric and magnetic fields affect rates of synthesis
of DNA, RNA and proteins invitro. Liboff et al. (1984), forexample,
reported increased DNA synthesis in human fibroblasts exposed to
low intensity sinusoidal magnetic fields (15 to 4000 Hz). Weak ELF
electric or magnetic fields affected collagen and/or glycosaminogly-
cansynthesisin fibroblasts (Fitton-Jackson and Bassett, 1980; Kamrin,
1974; Farndale and Murray, 1985; Cleary et al., 1988). ELF electric
fields increased DNA (Rodan et al., 1978) and glycosaminoglycan
(Lec etal., 1982) synthesis in chondrocytes. Binderman et al. (1985)
reported cell-specific bi-phasic stimulation of cyclic AMP levels and
DNA synthesis in skeletal-derived cell cultures exposed to 3 Hz
electric fields. ~

Goodman et al. (1987), detected increased rate of messenger RNA
synthesis (transcription) in dipteran salivary gland cells exposed to
pulse-modulated magnetic fields at frequencies of 15 to 72 Hz.
Transcriptional activity was also increased following exposure to 72
Hz sinusoidal magnetic fields for periods of up to 45 min. The
maximum induced magnetic and electric field strengths were less
than approximately 4 mT (milliTesla) (40 Gauss) and 10 mV/m
respectively. Although all of the magnetic fields affected transcrip-
tional activity, there were quantitative and possible qualitative differ-
ences in the effects of the different magnetic field wave forms.
Analysis of the X-chromosome transcription patterns indicated that
pulsed magnetic fields augmented activation of pre-existing (nor-
mally active) chromosomal loci and activated inactive genes or gene
sets. Subsequent studies demonstrated similar effects of LF modu-
lated magnetic fields (including 60 Hz fields) on RNA transcription
and protein synthesis in other cell types (Goodman et al., 1989) and
in cell-free systems (Goodman, unpublished observations). The
mechanism(s) for magnetic field effects on transcription are unclear.
However, since this effect occurred in cell-free, as well as cell
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systems, possible direct genomic interaction is suggested. This is of
interest since most other in vitro cellular effects of LF electric or
magnetic fields have been associated with interactions with the cell
membrane, although here again mechanisms are uncertain.

Whereas ELF electric and/or magnetic fields of various intensities,
frequencies and modulation affect cell biosynthetic processes, at-
tempts to detect chromosomal alterations such as rearrangements,
single strand breaks, point mutations, or sister chromatid exchange
have proven negative (Cohen et al., 1986; Livingston, 1986; Benz,
1987; Reese et al., 1988).

Membrane Calcium Fluxes and Binding

The most extensively investigated and replicated in vitro effect of LF
EM fields is altered calcium ion (Ca®*) binding to chick brain tissue.
These studies revealed tissue sensitivity to extremely low intensity
LF electric and magnetic fields characterized by multiple modula-

on- and intensity-specific responses, referred to as modulation and
intensity “windows”, respectively. Multiple response windows,
which have proven difficult to explain theoretically, present poten-
tially perplexing problems with respect to the development of occu-
pational exposure guidelines since they violate traditional dose-effect
and threshold response concepts. Todate there is limited in vitro data
suggesting windowed responses for other cell end points such as cell
proliferation (Cleary et al., 1988; Ross, 1990) or fibroblast protein
synthesis (McLeod et al., 1987). This limitation may well be
attributed to the small number of studies designed to detect windows.

Bawinetal., (1975, 1976) firstreported modulation windows for Ca*?
efflux from chick brain exposed to 147 MHz radio frequency (RF)
electromagnetic radiation, amplitude modulated (AM) at specific
frequencies between 6 and 20 Hz, Blackman and co-workers, (1979,
1980a) reported intensity (power-density) windows for this phenom-
enon and subsequently found similar responses using modulated 50
MHz RF radiation (Blackman et al., 1980b). Sheppard et al. (1979)
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also observed a Ca*? efflux intensity window for modulated RF
radiation. Dutta et al. (1984; 1989) reported multiple intensity
windows for Ca*? efflux from neuroblastoma cells in culture exposed
to 915- or 147 MHz RF radiation amplitude modulated at 16 Hz.

Sinusoidal ELF fields induced intensity- and modulation-dependent
windowed effects on Ca*? efflux from chick brain tissue in vitro
(Blackman, 1985a). Whereas a 16 Hz sinusoidal field enhanced Ca*?
efflux at 6 and 40 V/m, 1- or 30 Hz fields were ineffective, as was a
42 Hz field at 30-, 40-, 50- or 60 V/m. A 45 Hz field enhanced efflux
at 40 V/m, of similar magnitude to the 16 Hz field. Field strengths
between 45- and 50 V/mincreased efflux at 45 Hz, whereas at 60 Hz,
35- and 40 V/m were effective intensities. Holding the field strength
constant at 42.5 V/m and varying the frequency revealed Ca*? efflux
enhancementin aregion around 15 Hz and another from45 to 105 Hz
(Blackman et al., 1985a).

Blackman et al. (1985b) observed that the local DC magnetic field at
the site of ELF-exposed samples determined which electric and
magnetic field frequencies were effective in inducing Ca*? release
fromchicken-brain tissue in vitro. Inthis study the DC magnetic field
was perpendicular to the plane containing oscillating electric and
magnetic field components. In a subsequent study Blackman et al.
(1990) observed that Ca*? efflux occurred when the DC-magnetic
field was perpendicular to the alternating magnetic field component
of a 314 Hz, 15 V/m, 61 nT (nanoTesla) EM field, but not when the
magnetic fields were in parallel alignment. They noted that this result
isconsistent with a magnetic resonance-like transduction mechanism
for the conversion of EM energy into a physicochemical change, such
as enhanced ion transport through helical membrane channels. It was
also noted that the magnetic field alignment dependence was in direct
contrast to the results of Smith et al. (1987), who demonstrated a
resonance-like effect of an alternating ELF magnetic field on the
mobility of diatoms.
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Diatom mobility depends upon transmembrane transport of Ca*2.
Smith etal. (1987) exposed diatoms to combined DC and alternating
magnetic fields they predicted would enhance Ca*? transport on the
basis of an ion cyclotron resonance theory advanced by Liboff (1985)
and McLeod and Liboff (1986) (discussed below). In agreement with
theory, a mobility maximum occurred at 16 Hz when the diatoms
were exposed to a DC magnetic field of 20.9 uT and an AC field of
20.9 uT, when the static and AC magnetic fields were in parallel
alignment. Perpendicular magnetic field alignment had no effect on
diatom mobility. As noted by Blackman et al. (1990), the diatom
experiments of Smith et al. (1987) and chick brain experiments were
conducted under different conditions. Smith et al. (1987) exposed
diatoms to a 1000-fold greater magnetic flux density than Blackman
et al. (1985) and with different magnetic field alignment.

Theresults of Blackman etal. (1985a,b; 1990) and Smith etal. (1987),
as well as observations of Thomas et al. (1986) on the effects of LF
AC magnetic fields on rat behavior, provide evidence of intensity-
and frequency-dependent responses having common features such
as: (a) multiple windows at frequencies less than 1000 Hz; (b)
intensity windows in arange of intensities well below levels at which
cellular alterations can be accounted for by conventional, well
understood physicochemical interaction mechanisms and (c) depen-
dence on orientation of geomagnetic and applied EM field compo-
nents.

In view of these complexities, and the limited number of studies that
have been conducted, it is not surprising that the physiological
significance of EM-induced alterations in membrane cation binding
or transport has not been ascertained. The central role of Ca*? fluxes
in neural processes is well known. Effects of low-intensity LF EM
fields on Ca*? binding to brain tissue in vitro, reported by Bawin et al.
(1975; 1976) and Blackman et al. (1979; 1980a,b; 1985a,b), suggest
that such fields may affect the mammalian central nervous system
(CNS) in vivo. The results of Thomas et al. (1986), and behavioral
changes in monkeys induced by exposure to LF EM fields reported
by Gavalas-Mediciand Day-Magdaleno (1976) do, in fact, implicate
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this phenomenon in EM-induced effects on the mammalian CNS.
Furtherevidence derives fromthe observation thatlow-amplitude LF
AM electromagnetic radiation induced Ca*? release from the brain of
alivecat(Adey etal. 1982). The potential physiological significance
of LF EM field exposure has been reviewed in detail by Adey (1981).

Cell Proliferation

The most extensive body of information concerning cellular effects
of LF EM radiation derives from studies of cell proliferation in vitro.
Interest in effects on cell proliferation has been stimulated by clinical
applications of such fields for the treatment of connective tissue
disorders, such as bone nonunions (Bassett et al., 1981, 1982), fresh
fractures (Wahlstrom, 1984) and tendinitis (Binder et al. 1985), as
well as reported association of LF EM field exposure and cancer.
Attempts to more fully characterize and quantitate in vivo responses,
and to establish mechanisms, have led to a series of in vitro studies,
many of which employed pulsed magnetic fields of the type reported
to be clinically effective. The results of such in vitro studies of effects
on nerve, muscle, fibroblasts, neural crest cells, and epithelial cells,
reviewed by Robinson (1985), document effects of LF electric and/
or magnetic fields on proliferation, intercellular communication and
development.

In addition to effects of LF pulsed magnetic fields, the results of
Liboff et al. (1984) indicated that sinusoidally varying magnetic
fields at frequencies in the range 15 Hz to 20 kHz induced prolifera-
tive changes in human embryonic foreskin fibroblasts in vitro.
Exposure to a 76 + 4 Hz magnetic field, at an intensity of 1.6 x 10
T_, (Tesla root-mean-square), induced statistically significant time
dependent increases in DNA synthesis during exposures of up to 96
hours. In this series of experiments the maximum increase in
proliferation, which occurred after 96 hours of exposure, was ap-
proximately 60%. Compared to sham-exposed cells, DNA synthesis
in fibroblasts exposed to ten different LF EM frequency and ampli-
tude combinations exhibited a time dependent maximum after 20
hours of exposure. Liboff et al. (1984) noted that this exposure
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duration corresponded to the midpoint of the S-phase of the fibroblast
cell cycle, suggesting that EM exposure effects may be related to
specific cell cycle alterations. Cell proliferation data for various
combinations of magnetic field intensity and frequency provided a
means of testing the hypothesis that cell proliferation was directly
stimulated by eddy currents induced by sinusoidal magnetic fields.
According to Faraday’s law the magnitude of the eddy currents, or
induced electric fields, is proportional to the product of the magnetic
field frequency and intensity. The data did not support this hypoth-
esis, leading Liboff et al. (1984) to conclude that either the magnetic
field effect on fibroblast proliferation was not due to induced eddy
currents or that the effect was a saturable phenomenon, such as a self-
limiting shift in the onset of S-phase. The threshold for sinusoidal
magnetic field effects on fibroblast proliferation was in therange 5 to
25 uT/s (microTeslas per second). Liboff et al. (1984) noted that this
value was similar in magnitude to the value of approximately 10 uT/
sreported to interfere with development of chick embryos (Delgardo
etal., 1982).

Liboff et al. (1984) also noted that threshold magnetic field magni-
tudes in their study were on the order of ambient 60 Hz fields in the
vicinity of devices such as fluorescent lights, fans, or electric motors.
Consequently, ambient fields must be measured and controlled to
ensure against artifacts in in vitro studies.

Ross (1990) investigated the effect of 48 hour exposure of rabbit
ligament fibroblasts in vitro to 16, 75, or 100 Hz sinusoidal magnetic
fields. Variation of AC magnetic field amplitude, frequency, and
vertical DC magnetic field strength resulted in either stimulation or
inhibition of proliferation. Proliferation was inhibited at all three
frequencies when the amplitude of the AC and DC magnetic fields
corresponded to cyclotron resonance conditions. The bi-phasic
nature of the effect of sinusoidal magnetic fields on proliferation was
demonstrated by varying the amplitude of a 100 Hz signal from 0.1
to 1 mT (milliTesla), holding the DC magnetic field constant at 0.13
mT. Proliferation was inhibited at amplitudes of 0.5 mT or less but
enhanced when the magnetic field intensity was increased t0 0.7 mT
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or greater, up to a maximum at 1 mT, the largest amplitude reported.
By varying the amplitude of the DC field from 0.1 to 0.3 mT and the
ACfield from0.5to 1 mT, while holding the frequency of the ACfield
at 100 Hz, Ross (1990) detected a significant interaction between DC
and AC magnetic fields and fibroblast proliferation. These data
support the hypothesis of a cyclotron resonance-like phenomenon
being associated with inhibition or stimulation of fibroblast prolifera-
tion.

Ross (1990) commented on the bi-phasic (stimulation/suppression)
proliferative effect of varying the AC magnetic field intensity. He
noted that cell proliferation is triggered synergistically by several
biomolecular pathways (O’Keefe and Pledger, 1983; Roger et al.,
1987; Van der Burg et al., 1988) which may be differentially affected
by magnetic fields at different intensities. It was also noted that the
AC magnetic field intensities used in this study were on the order of
those encountered occupationally (Miller, 1974).

Evidence that in addition to effects of magnetic fields, electric fields
per se affect cell proliferation was reported by Noda et al. (1987).
DNA synthesis was increased 20% in rat osteosarcoma cells exposed
for 34 hours to 60 Hz electric fields atcurrent densities of 0.3 to 3A__
per m?. Higher or low current densities were ineffective, indicating
a current density “window”. The results of this study are of interest
since the electric field effect depended upon a number of variables
including: (a)concentration of fetal calf serum (FCS); (b) cell seeding
density; (c) “stage” or age of the cell population at the time of seeding.
In general these data indicate that the 60 Hz electric field effect on
proliferation depended upon the mitotic status of the cell population
during exposure. This finding is potentially significant since it
suggests specific interaction of LF EM fields with the mammalian
cell cycle. The dependence of the proliferative effect of EM fields on
factors such as (a) — (c), if not taken into account in the design of in
vitro studies, could result in highly variable or contradictory results.
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Further evidence that electric fields per se, of a different wave form
than used by Liboff et al. (1984), Noda et al. (1987) or Ross (1990),
affected cell proliferation was provided by Cleary et al. (1988) who
exposed normal chicken tendon explants in vitro to low amplitude,
unipolar, square wave pulsed electric fields. An electrical field
parameter set consisting of 1 Hz, 1 millisecond duration pulses,
having a time averaged current density of 7 mA/m? (maximum
currentdensity 7 A/m?) induced a highly statistically significant 32%
increase in fibroblast proliferation in tendon explants exposed for 96
hours. Exposure to the same pulsed field at a time averaged current
density of 1.8 mA/m?did notaffectfibroblast proliferation. Exposure
to current densities of greater than 10 mA/m?, on the other hand
suppressed both proliferation and collagen synthesis, without affect-
ing non-collagen protein synthesis.

The effect of the 1 Hz pulsed electric field on fibroblast proliferation
was alsodependent upon orientation of the explant with respect to the
electric field. Fibroplasia was enhanced when the explant longitudi-
nal axis was oriented parallel to applied E-fields having current
densities of 3.5 or 7 mA/m?. For perpendicular orientation there was
no effect on proliferation. Fibroblast proliferation and collagen
synthesis were inversely proportional to donor age for the 3 to 16
week old chickens used in this study. However, there was no
interaction between donor age and the effect of ELF pulsed field
exposure on these dependent variables. Subsequent studies revealed
that the effect of pulsed electric fields on proliferation of explants
from chickens aged 8 — 16 weeks depended upon extra-cellular Ca*?
and FCS concentration. This was not true for explants from chickens
less than 3 weeks of age (Cleary, unpublished resuits).

It may be concluded that low intensity LF EM fields modulate
proliferation of normal as well as transformed mammalian connec-
tive tissue cells in vitro. Intensity (current density) windows resulted
from exposure tomagnetic as well as unipolar or bipolar (AC) electric
fields. The magnitude of the proliferative response was dependent
upon EM field intensity, exposure duration, and cellular and extra-
cellular factors.
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Cell Surface Effects

Phillips et al. (1986a) investigated the effect of 60 Hz EM fields on
the expression of the transferrin receptor on human colon carcinoma
cells in vitro. Cells were exposed for 24 hours to eithera 300 mA_ /
m? electric field; a 10* T__ magnetic field; or combined E and H-
fields at these intensities. The rationale for this study was the
association of the transferrin receptor with the receptor of natural
killer cells (cytotoxic lymphocytes), and the fact that expression of
this receptor is correlated with proliferation of normal and malignant
cells. Phillips et al. (1986b) reported that exposure of colon cancer
cells in vitro to 60 Hz EM fields significantly increased colony
formation in soft agar and increased the expression of tumor associ-
ated antigens.

Phillips etal. (1986a) reported a 24-fold increase in colony formation
in colon cancer cells exposed to both E and H-fields; a 14-fold
increase in magnetic field exposed cells; and an increase of 1.7 times
in cells exposed to the 60 Hz E-field. The increased clonogenic
capacity persisted for the 8 month study duration. The expression of
transferrin receptors in cells exposed to the combined fields, or to the
magnetic field alone, was maintained at maximal levels and was not
under the normal cell density regulatory influence. The change in
transferrin receptorexpression was maintainedin cells up to 8 months
after EM exposure. Based on these data, Phillips et al. (1986a)
suggested that EM exposure may affect normal cell proliferation
control processes.

Lubenetal. (1982) exposed osteoblast-like mouse bone cells to either
acontinuous pulse train magnetic field having a pulse burst repetition
rate of 72 Hz or recurrent bursts modulated at 15 Hz. These fields
induced extra-cellular electric field strengths of 0.1 V/m or less and
current densities on the order of 10 mA/m?or less. Exposure to either
EM signal for up to 90 hours significantly reduced the normal ability
of bone cells to produce cyclic adenosine monophosphate (CAMP) in
response to parathyroid hormone (PTH). There was no EM field
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effect on adenylate cyclase activity. EM field exposure blocked the
inhibitory effects of PTH on collagen synthesis. However, inhibition
of collagen synthesis by 1,25-dihydroxyvitamin D, was not affected.
PTH acts at the site of the plasma membrane, in contrast to 1,25-
dihydroxyvitamin D,, which acts primarily in the cell nucleus. Luben
et al. (1982) concluded that their data supported the hypothesis that
EM field effects are mediated primarily in the plasma membrane of
osteoblasts, either by interfering with hormone receptor interactions
or by blocking receptor cyclase coupling in the membrane. Support
for hypothesized cell surface alterations induced by EM fields was
provided by Marron et al. (1988) who used a chromatographic
technique to demonstrate that both 60 Hz electric and magnetic fields
altered the physical characteristics (surface charge, hydrophobicity)
of the surface of the amoebae Physarum. The E and H-fields acted
independently and in different ways. A 60 Hz, 1 V/m electric field
exposure for 24 hours increased net negative surface charge, whereas
magnetic field exposure at 0.1 mT decreased surface hydrophobicity.

Cancer Promotion

Membrane mediated alterations, induced by 60 Hz electric fields,
have been implicated in cancer promotion. Byus and co-workers
(1987)reported altered activity of ornithine decarboxylase (ODC), an
enzyme intimately involved in induction of proliferation of normal
and tumor cells. A 1 hour exposure to a 60 Hz 1 V/m electric field
induced a 500 percent increase in ODC activity in human lymphoma
cells and a 200 to 300 percent increase in mouse myeloma cells in
vitro. The magnitude and duration of ODC activation depended upon
cell type, E-field strength, and exposure duration. For example, a 1
hour exposure of hepatoma cells to a 60 Hz field strength of 10 mV/
m induced a 30 percent increase in ODC. Exposure for 2 hours at 1
V/m had no cffect, whereas a 3 hour exposure decreased enzyme
activity. Based on a comparison of the effect of EM fields and the
tumor promoting phorbol ester TPA on cellular ODC activity, Byus
et al. (1987) indicated that 60 Hz EM fields may function as a tumor
promoting stimulus. Theynoted, however, thatthere were significant
differences in the magnitude of the effects of TPA and the EM fields
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usedintheir study, oncellular ODC activity and that tumor promotion
by TPA is highly dependent on the dosage time schedule. Thusdirect
comparisons of the tumor promoting potential of EM fields and TPA
were not possible.

In addition to the possibility that LF EM fields may act as a tumor
promoter, as suggested by Byusetal. (1987), thereisin vitro evidence
of an alternative, but not mutually exclusive mechanism torelate EM
exposure to cancer, namely effects onimmune surveillance. Lyleand
co-workers (1988) detected a statistically significant 25 percent
inhibition of allogeneic cytotoxicity of B-lymphoma target cells by
murine cytotoxic T-lymphocytes that were exposed for48 hours toa
1 V/m__ 60 Hz sinusoidal electric field. The magnitude of cytotoxic
inhibition was dependent upon E-field strength. Exposure of T-
lymphocytes t00.1—-0.01 V/mresulted in 19 and 7 percent reductions
in cytotoxicity, respectively. When the 4 hour cytotoxicity assay was
conducted in the presence of a 1 V/m 60 Hz E-field, using previously
unexposed T-lymphocytes there was a statistically nonsignificant 5
percent reduction in cytotoxicity. These results suggest that the EM
field effect depended upon exposure duration and field strength. Lyle
etal. (1988) indicated that the threshold for inhibition of cytotoxicity
in clonal T-lymphocytes by exposure in vitro to a 60 Hz sinusoidal
electric field is between 0.01 and 0.1 V/m.

Theoretical Studies

A theory that adequately accounts for the reported in vitroand in vivo
effects of LF EM fields must address three major issues:

(1)  How effects are induced by EM fields at intensities well
below those known to induce recognized physical or physi-
cochemical alterations in living systems;

¥3) Why effects occur only in specific intensity ranges (i.e.
intensity or power density windows);

(3)  Why effects occur only at specific frequencies or modula-
tions (i.e. frequency or modulation windows).
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Whereas theories that partially explain LF EM field effects have been
advanced, none provide an adequate quantitative basis encompassing
these threeissues. Failure to develop an adequate theoretical basis for
low intensity LF EM field effects may be, in a general sense,
attributed to the uniqueness of non-equilibrium living systems which
render them not directly amenable to descriptions based on classical
physical or biochemical principles. The need to consider living
systems from different perspectives was discussed by Frohlich
(1984) Kaiser (1985), and others.

The general concept of cooperative and/or coherent interactions
between elements in living systems, such as membrane constituents,
has been invoked to explain effects involving weak coupling of EM
fields. Theoretical models incorporating such concepts were de-
scribed, for example, by Adey (1988a,b). Blackman et al. (1989)
discussed specific implications of such theories with respect to the
Ca*2 efflux from brain tissue in vitro.

Bawin et al. (1976), Blackman et al. (1989), and Smith et al. (1987)
observed frequency windows in the efflux or transport of Ca*? at or
near 16 Hz. The observation that the position of the Ca*2 frequency
window was dependent upon the magnitude and direction of the static
geomagnetic field led Liboff (1985), and McLeod and Liboff (1986),
to advance a theory that LF AC and DC magnetic fields coupled
energy to cations, such as Ca*? or Li*, via a cyclotron resonance
phenomenon. Whereas this theory predicted the observed occur-
rence of fundamental and harmonic frequency windows, unanswered
questions remain about the cyclotron resonance phenomenon as
applied toenhanced cation transportin biomembrane channels. Halle
(1988), for example, questioned physical aspects of the model on the
basis of classical mechanics, and indicated that fluid friction would
preclude significant magnetic field effects on ion transport. The
cyclotron resonance model also was criticized on the basis of
predicting an inconsistently large ion radius of gyration and longer
ionic collision damping times than predicted from physical principles
(Sandweiss; 1990).
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Weaver and Astumian (1990) developed physicochemical models to
explain the coupling of weak periodic electric fields to cells. They
modelled effects of applied electric fields on transmembrane poten-
tial under various assumptions, comparing the magnitude of induced
alterations to thermally induced fluctuations. For large elongated
cells with membranes having informational processing sensitivities
limited to specific extrinsic low frequency EM field band widths of
10 or 100 Hz, minimal detectable electric fields (i.e. transmembrane
induced signals atleastas great as thermal fluctuations) of 8 x 10*and
3 x 10 V/m, respectively were predicted. Phenomena such as cell
membrane signal averaging and electroconformational coupling of
applied electric fields to membrane macromolecules, such as en-
zymes, were also considered with respect to cellular effects of LFEM
fields (see also Astumian et al., 1990). Weaver and Asturmnian (1990)
concluded that their estimates are consistent with experimental
observations that low intensity EM fields affect living systems via
non-thermal interaction mechanisms.

In summary, theoretical models have not adequately described LF
EM field effects on ion binding or membrane transport, or other low
intensity field effects. It may be anticipated that ever increasing
knowledge of the unique nature of biological systems that has
rendered them refractory to straight forward description by the
application of physicochemical principles may advance theoretic
understanding of phenomena such as LF EM effects on living
systems. Obviously, a more extensive in vitro data base, including
dose responses and thresholds, will facilitate the development of
theoretical models of the interactions and effects of LF EM fields.

SUMMARY AND CONCLUSIONS

In vitro studies provide direct evidence that LF EM fields induce
physiologically significant alterations in normal and transformed
human and other mammalian cells. The weight of experimental and
theoretical evidence indicates that the outer surface of the cell
membrane is the primary locus for EM field induced cellular alter-
ations.
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Ina general sense, the type and magnitude of EM field effects on cells
in vitro are not inconsistent with purported effects on humans or
experimental animals, principally effects on cancerincidence, behav-
ior, and development. However, the limited extent and nature of in
vitro data preclude drawing conclusions about the specific relevance
to in vivo exposure effects. Although there are uncertainties in EM
exposure levels in in vitro as well as in vivo systems, it may be
concluded that EM field induced alterations in in vitro systems occur
at approximately the same levels encountered in occupational set-
tings.

In vitro data indicates that effects such as altered biosynthesis or
proliferation occur from exposure to extrinsic LF EM fields that
induce cellular level fields of the same approximate magnitude and
frequency as endogenously generated fields (Cleary et al., 1988;
Robinson, 1985). This suggest that instead of inducing unique
physiological alterations, EM fields may perturb normal cell func-
tions by mimicking endogenous fields. Mechanisms for EM field
effects may thus be sought by contrasting endogenous and exogenous
field characteristics, such as band width, wave form, etc.

Major impediments to utilization of extant in vitro data relate to: (a)
the dearth of dose responserelationships and/or effects thresholds; (b)
dosimetric and densitometric uncertainties, especially in the case of
magnetic field exposure, that result in imprecise knowledge of
cellular level induced EM field magnitudes; and (c) the lack of an
adequate theory to account for LF EM field effects characterized by:
(1) extremely low interaction energies, (2) intensity and modulation
windows, and (3) apparently complex temporal dependency.

In view of the unique and essential contributions of in vitro studies to
defining and understanding occupational health effects of LF EM
field exposure, future efforts must be directed toward removing these

impediments.
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BIOLOGICAL EFFECTS OF EXTREMELY
LOW-FREQUENCY ELECTROMAGNETIC
FIELDS: IN VIVO STUDIES

INTRODUCTION

Until the last few decades, the natural background levels of atmo-
spheric electric and magnetic fields were extremely low; however,
they have since dramatically increased. The industrialization and the
electrification of society have resulted in the exposure of people,
animals and plants to a complex milieu of elevated electromagnetic
(EM) fields that span all frequency ranges. One of the most
significant contributions to this changing electrical environment has
been the technological advances associated with the growth of
electrical power generation and transmission systems. In addition,
EM field-generating devices have proliferated in industrial plants,
office buildings, public transportation systems, homes and else-
where.

EM fields, which may extend far beyond their sources, are mostly
imperceptible to people. In the past, there was considerable contro-
versy as to whether fields in the extremely-low-frequency (ELF)
portion of the electromagnetic spectrum could even cause significant
biological effects, let alone pose a hazard to health. However,
research and clinical experience have shown that biological effects
from such fields are not precluded simply because they are not
perceived. Recent data confirm some of the earlier reports that ELF
fields do cause changes in certain biological systems. Thus, itis both
reasonable and timely to evaluate the interactions between the
modern EM environment and living organisms and to investigate
whether such interactions are beneficial or detrimental, transient or

permanent.
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Inthe pasttwodecades, research programs throughout the world have
greatly expanded in scope and depth to address such issues. Signifi-
cant progress has been achieved, both in defining the ways living
organisms interact with ELF fields and in describing biological
effects, both real and potential, from such fields. Much of this effort
has been directed toward electric fields of power frequencies. How-
ever, frequencies other than 50 and 60 Hz have also been examined,
and research has been expanded to include magnetic as well as
electric fields. Although itis now clear that ELF EM fields do cause
biological effects, the basis for those effects and the underlying
mechanisms of interaction remain largely unknown, and the health
implications for humans and animals have yet to be fully determined.

As in other areas of scientific investigation, the research being
conducted on ELF bio-effects has been performed at several levels:
human studies (primarily epidemiological), animal experiments, and
cellular (mechanistic) studies.

Some of the earliest efforts to examine health-related issues of ELF
fields were focused on the impacts of such fields in humans. Despite
the obvious desirability of obtaining such data, they are the most
complex and least complete. Additionally, often experimental
questions cannot be investigated in humans. Therefore, many areas
of biological investigation are more appropriately and efficiently
conducted with animal models.

This paper specifically examines the biological effects of exposure to
ELF EM fields observed in in vivo (animal) studies. An attempt is
made to evaluate experimental results and, insofar as possible,
interpret them with respect to potential health implications. An
overview of current concepts and possible mechanisms is given, and
possible future directions of research are discussed.
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PHYSICAL CONSIDERATIONS FOR COMPARING EX-
TREMELY LOW-FREQUENCY EXPOSURE BETWEEN
SPECIES

Physical Parameters of Exposure

ELF fields (less than 300 Hz) are quantified in terms of the electric
field strength E (volts per meter) and the magnetic field strength H
(amperes per meter) or the magnetic flux density B (tesla). Natural
environmental ELF fields are normally very low, but with wide-
spread and increasing use of electrical energy, the potential for
exposure has increased considerably. Exposure from man-made
sources generallyrangesup to 100 V/mand from0.1 uTto 30 uT; the
higher exposures occur for short time durations. The highest occu-
pational exposures may be on the order of tens of kilovolts per meter
and tens of milliteslas. Typically, however, occupational exposures
are 10 to 100 times lower than these high levels.

ELF fields are used in a variety of therapeutic and diagnostic
applications, including healing of nonunion bone fractures, promo-
tion of nerve regeneration, and acceleration of wound healing. These
applications involve partial-body exposures in the range of 1 to 30
mT. Exposures to time-varying electric and magnetic fields also
result from medical use of magnetic resonance devices.

Whole-body exposure to ELF electric fields may involve effects
related to stimulation of sensory receptors at the body surface (hair
vibration, or possible direct neural stimulation) and effects within the
body caused by the flow of current. Magnetic fields would appear to
interact predominantly by the induction of internal current flow.

Internal current flow is described in terms of current density in tissue
J (amperes per meter squared). Ohm’s law permits an equivalent
expression of current density in terms of internal electric field strength
E (volts per meter). Itis not known whether J or E is the more useful
and relevant physical quantity for an understanding of the mecha-
nisms of biological effects. Internal current densities produced by
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exposure to external E or B fields at practical levels (up to approxi-
mately 100 kV/m and 1 mT) are far lower than the current densities
produced by contact with electrical conductors that produce various
electric shock effects.

Data on neuromuscular stimulation (including respiratory tetanus
and cardiac ﬁbnllatlon) indicate that current densities higher than
about 0.1 A/m’ can be dangerous. Current densities near0.01 A/n?,

particularly with long-term exposures, may cause biological effects
that are important to health. At lower levels a variety of biological
effects may occur; however, the health implications of exposure at
such levels are not clear.

The magnitude of the internal current density is in direct proportion
to the frequency for sinusoidal external E and B fields. For pulsed or
other wave forms the rate of change of the field is relevant. The
duration of current flow is also important. It is practical to relate
observed effects to internal current density and the inducing external
fields. Accurate relationships of external field and internal current
density are functions of frequency, orientation of the body in the field,
body size and shape, and tissue composition. Thus, from these
fundamentals of interactions, possible mechanisms can be proposed
and defined in terms of external unperturbed E and B field strengths,
frequencies, and durations.

Dosimetry of Field/Animal interaction

Electric-field coupling to living organisms has been investigated,
both from a theoretical and an experimental perspective. Theoretical
treatments, which are addressed in other plenary papers, have been
extensively reviewed (Kaune 1985; Kaune and Phillips 1985; Polk
and Postow 1986) and will not be discussed here. Experimental
modeling is briefly reviewed because it provides important scaling/
dosimetric information for extrapolating data from animals to hu-
mans. A more detailed treatment of the subject can be found in
reviews by Kaune and Forsythe (1985) and Tenforde and Kaune
(1987).
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Inanimals ormodelsexposed toan electric field, aneasily determined
electrical parameteris the short-circuit currentinducedin the grounded
subject. Although most of the data collected to date were obtained at
only one frequency and body weight, currents at other frequencies (f)
and body weights (W) can be determined usingan fW2/3 dependence
(Kaune, 1981). The total short-circuit currents in humans and various
animals have been compared during exposure to a constant vertical
ELF electric field .
Table 1

Short Circuit Currents Induced in Grounded Humans and Animals
by Vertical Extremely Low Frequency Electric Fields. *

Species Short-Circuit

Current
I X 10%w*E *

@A)
Human 15.0
Horse 8.5
Cow 8.6
Pig ' 1.7
Guinea Pig 42
Rat 40

* Taken from TS Tenforde and WT Kaune 1987
** ] =cument (A), f=frequency (Hz), W = weight (g), and
E, = electric field intensity (V/m).

Another method of comparison, is a simple relationship described by
Deno (1977),in which the external electric fields acting on the surface
of a body are measured. Kaune and Phillips (1980) used such
measures to compare surface electric fields and induced-current
distributions in grounded models of rats and pigs. Current densities
were estimated from the induced current data. By combining data
derived fromDeno’s human measurements and Kaune’s animal data,
researchers have determined peak surface electric fields and current
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densities have been determined (Figure 1). All three models shown
in this figure were exposed to an identical 60-Hz electric field of 10
kV/m. An evaluation of the data shows that, despite comparable
exposure, the doses of electric fields received by the three models are
quite different. If dose is represented by either the induced axial
(along the long axis of the body) current density or the peak surface
electric field, the values are considerably larger in the human than in

the animal models. Therefore, if one wishes to extrapolate biological
data from one species to another, adjustrments must be made to scale
the exposure parameters. Since exposures are usually given as
unperturbed field levels (that is, fields with no bodies present), a
scaling factor must be used to equalize differences between species.
A complicating element is that the value of the scaling factor depends
upon the internal or external quantity that is being scaled. For
example, at the top of the body the surface fiekds (180, 67, and 37 kV/
m for human, pig, and rat respectively) require scaling factors of
approximately 1:3:5 for these respective species. If, on the other
hand, axial current density in the neck is the desired comparison, the
scaling factors are about 1:14:20 for the three species. These values

180 kV/m

1160 1400

Figure 1. Electric field intensity (kV/m)comparisons are made for the
highest point on the surface of a grounded man, pig, and rat
exposed to a 10 kV/m, 60-Hz electric field. Estimated average
axial current densities (nA/cm2) are also compared for the same
species through the body sections as shown. Also given for man
and pig are current densities calculated as being perpendicular to
the body surface. Relative body sizes are not to scale (adapted
from Kaune and Phillips 1980).
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change to 1:12.5:125, respectively, for current densities through the
lower abdomen. Although the general principle of scaling is appli-
cable and necessary, precise, quantitative extrapolation of data across
speciesrequires additional knowledge about the specific site of action
for a particular biological end point.

More precise current-density data have recently been obtained by
measuring more than one component of the total internal current-
density vector. Representative data for a human model exposed to a
vertical, 10 kV/m electric field is shown in Figure 2 (Kaune and
Forsythe 1985). Similar data have been obtained for animal models
as well (Kaune and Forsythe 1988). Methods have also been
developed to extrapolate data obtained with grounded subjects to the
ungrounded condition (Kaune et al. 1987).

Coupling of humans or animals to ELF magnetic fields is different
from the electric field coupling discussed previously. Although
biological organisms do not perturb an incident ELF magnetic field,
they serve as a conductive pathway in which eddy currents are
induced. These circulating currents lie in planes perpendicular to the
direction of the incident magnetic field (Tenforde 1986). The
magnitude of an electric field induced by an external magnetic field
depends mainly on the loop size of the induced current. Equivalent
doses for subjects exposed to a magnetic field can be obtained by
using ascaling factor based roughly on the size of the animal orhuman
in question.

Asdescribed in a paper by Tenforde and Kaune (1987), if the relative
magnitudesof the electric field induced ina human by electric (10kV/
m) and magnetic (30 x 10 T) fields (simulating the fields close to a
high-voltage power transmission line) are compared, the internal
fields induced by the electric field are roughly an order of magnitude
larger than those induced by the magnetic field. Thatmuch of the ELF
bio-effects research has been focused on electric field exposure can
be partially explained by this large difference in induced internal
electric fields.
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Figure 1. Induced current densities measured in a saline model of a
man exposed to a 10kV/m, 60-Hz electric field. Axial and radial
components of the induced densities are represented by the
vertical and horizontal arrows respectively with length of the
arrows roughly comparable to the intensity value of the current
(from Tenforde and Kaune 1987).
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REVIEW OF ANIMAL STUDIES

Although the interaction of humans with electric and magnetic fields
is of prime importance and concern, many areas of biological
investigation are more efficiently and appropriately conducted using
various other animal species. Animals provide an integrated system
that can be used in prospective studies, in contrast to the retrospective
studies usually done with humans. A major challenge of using data
from animal studies is the question of extrapolation to human
exposure conditions as discussed previously.

By far the largest body of information on biological effects of ELF
fields has been obtained in experimental research on animals exposed
to electric fields. Experiments have been performed primarily on
rodents (rats and mice), but a wide variety of other subjects have also
been used, including insects, birds, cats, dogs, swine, and nonhuman
primates. A broad range of exposure levels has been employed and
an equally large number of biological end points have been examined
forevidence of possible electric and/or magnetic field effects. These
multitudinous studies have been reviewed several times (Sheppard
and Eisenbud, 1977; WHO, 1984; Anderson and Phillips, 1985;
Graves, 1985). Summaries of the important findings are presented
here, arranged according to the biological systems that appear to be
principally involved: neural and neuroendocrine systems (including
behavior), reproductive systems (including fertility, growth and
development), and other functions (including cardiovascular and
blood chemistry, bone growth and repair, and cellular and membrane
properties). A separate section addresses the issue of carconogenesis
and mutagenesis.

Biological research conducted at power-frequency electric fields of
50 to 60 Hz has produced the preponderance of experimental data.
More limited work has been conducted at lower frequencies (15 to 35
Hz); very few studies have been performed at frequencies between
100 and 300 Hz. Only relatively recently have investigators begun
to focus on the effects of ELF magnetic field exposures on biological
systems.
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Neural and Neuroendocrine Systems

Many of the biological effects observed in animals exposed to ELF
fields appear to be directly or indirectly associated with the nervous
system. This apparent relationship might be anticipated, since the
nervous system is composed of tissues and processes that are unusu-
ally responsive toelectrical signals. In addition, both the structure and
function of this system are fundamentally involved in the interaction
of an animal with its environment. The major features of this
interaction; transmittal of sensory input fromexternal stimult, central
processing of such information, and subsequent efferent innervation
of tissues and organs, may provide the basis for explaining possible
links between ELF exposure and observed biological consequences.

In early experimental studies, nervous system parameters were
measured only occasionally, although many of the observed effects,
primarily behavioral, were related to nervous system function. Be-
fore the late 1970s, studies on ELF exposure relating to nervous
system function could generally be classified in three categories:
assessments of activity or startle-response behavior, evaluations of
stress-related hormones (such as corticosteroids), and general mea-
surements of central nervous system responses (such as EEGs and
interresponse times). Results were often contradictory, with claims
of both effects and non-effects from ELF electric field exposure.
However, because of the possible and suggested sensitivity of the
nervous system to ELF fields, subsequent studies included a broader
range of neurological assessments. Specific nervous system re-
sponses, in addition to behavior, began to be sought in experiments.
This effort was mounted to determine the extent of ELF interaction
with tissue and/or organ systems and also to investigate the mecha-
nisms underlying the observed biological effects.

Behavior

Among the most sensitive measures of perturbations in a biological
system are tests that determine modifications in the behavioral
patterns of animals. This sensitivity is especially valuablein studying
environmental agents of relatively low toxicity.
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Behavioral studies in several species provide evidence of field
perception and of the possibility that EM fields may directly alter
behavior. The threshold of detection reported by Stern et al. (1983)
is between 4 and 10 kV/m in rats. Human volunteers were able to
detecta 9kV/m 60 Hz field in certain postures (Grahamet al., 1987).
Thresholds for perception of the field have been reported in the 25 to
35 kV/mrange in other animal species, including mice (Moos, 1964;
Rosenberg et al., 1983), pigs (Kaune et al., 1978), and pigeons and
chickens (Graves et al., 1978 a,b). 1t appears that a change in other
environmental factors, such as relative humidity has the potential to
alter perception threshold values (Weigel and Lundstrom, 1987).
Cutaneous sensory receptors that respond to a 60 Hz electric field
have been identified in the cat paw (Weigel et al., 1987). Whether
such receptors exist in human skin is unknown.

An evaluation of the preference/avoidance behavior of animals for
remaining in or out of the E-field has been conducted at several field
strengths for 60 Hz electric fields. At100 V/m, no effect of exposure,
eitherin preference behavior or temporal discrimination, was evident
inmonkeys (deLorge, 1974). At25kV/m, rats preferred to spend their
inactive period in the field, whereas at 75-100 kV/m they avoided
exposure (Hjeresen et al.,, 1980). Swine (Hjeresen et al., 1982)
remained out of the field (30 kV/m) at night but demonstrated few
other observable behavioral changes. Alterations in activity have
also been reported in animals exposed to ELF fields, including a
transitory, increased activity response on initial exposure of rats or
mice at 25to 35kV/m (Hjeresen et al., 1980; Rosenberg etal., 1983).

Much of the behavioral work with nonhuman primates has been
performed at very low field strengths (7 to 100 V/m), where essen-
tially no effects of exposure were reported (summarized in NAS,
1977). Gavalasetal. (1970) and Gavalas-Mediciand Day-Magdaleno
(1976) observed changes in interresponse time of monkeys during
exposure, butno othereffects. Atmuch higherfield strengths (30kV/
m), Rogers et al. (1987) reported minor behavioral changes in
exposed baboons that appear related to the animals’ perception of the
field. The observed effects do not seem to be permanent or deleterious.
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In studies examining the effect of ELF magnetic fields on behavior,
many of the investigations carried out at low field intensities have
shown behavioral alterations, primarily activity changes (Persinger,
1969; Persinger and Foster, 1970; Smith and Justesen, 1977). In
contrast, studies conducted at higher field intensities have shown no
evidence of afield-associated effect on animal behavior (Creimetal.,
1985; Davis et al., 1984).

In the experimental studies that have been conducted to determine
whether ELF fields cause behavioral alterations, remarkably few
robust effects have been demonstrated (Lovely, 1988). Effects that
have been observed, usually arousal or activity responses, are prob-
ably due to the animal’s detection and possible perception of the
electric field.

Biological rhythms

Far from being static, living organisms exhibit marked dynamics in
metabolism and function. Major elements of such dynamics are the
endogenous rthythms of varying frequencies (such as ultradian,
circadian, and infradian). These biological thythms, which respond
to exogenous environmental cues, are nomally a complex mix of
phase-locked rhythms and have significant impacts on the physi-
ological and psychological well-being of the organism. Biochemical
processes, cellular communications, and functional systems are all
intimately associated with endogenous rhythms, as is overall sys-
temicresponse to the environment. Dysfunctionsin these underlying
rhythms can profoundly affect the organism and lead to a variety of
biological effects.

A number of investigations have been conducted to examine the
effects of ELF electromagnetic fields on natural biological rhythms.
Following Wever's significant findings (1971) on the influence of
electromagnetic fields on humans, several studies have been per-
formed. Dowse (1982) claimed that a 10 Hz, 150 V/m field affected
the locomotor rhythm of individual fruit flies. Researchers in Ehret’s
laboratory (Duffy and Ehret, 1982; Rosenberg et al., 1983) used
metabolic indicators to examine both circadian and ultradianrhythms
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in rats and mice exposed to 60 Hz electric fields. They observed no
effects of exposure in rats, but they reported that the activity and
rhythms of oxidative metabolism in male mice could be phase shifted
by exposure.

Wilson et al. (1981, 1983) directly examined another aspect of
circadian activity in rats by measuring the cyclical pineal production
of indolamines and enzymes. A significant reduction in the normal
nighttime rise of melatonin and biosynthetic enzymes in the pineal
gland was observed in rats exposed to either 1.5 or 40 kV/m.
Furthermore, the change in pineal indole response occurred only after
atleast 3 weeks of chronic exposure (Wilson et al., 1986). There was
also a suggestion of phase-shifting in young rats exposed to 60 Hz
fields (Reiter et al. 1988). In other studies, nocturnal pineal compo-
nents in mice and rats have been shown to be sensitive to rotated
magnetic fields (Welker et al., 1983; Kavaliers et al., 1984; Lerchl et
al., 1990). Recent evidence suggests that retinal sensors may be
involved in the pineal response to EM fields (Olcese et al., 1985;
Reuss and Olcese, 1986).

Sulzman and Murrish (1987) investigated the effects of ELF fieldson
circadian function in squirrel monkeys. In an examination of
exposure to arange of electric field intensities (2.6, 26, and 39kV/m),
accompanied by a 100 uT magnetic field, they reported apparent
intensity-related effects. None of the monkeys exposed to 2.6 kV/m
showed any change in activity or feeding after 2 weeks of exposure.
However, 33% of the monkeys exposed to 26 kV/m and 75% of those
exposed to 39 kV/mhad significant changes in their circadian cycles.

Although firm conclusions cannot yet be made regarding potential
health impacts from ELF effects on circadian or biological rhythms,
itisapparent that EM fieldscan alter thecircadian timing mechanisms
in mammals. Much work remains to be accomplished before the
observed effects and their biological consequences are clearly under-
stood. It seems probable that ELF effects on rhythms, particularly
those mediated by neuroendocrine systems, could play an important
role in other areas of observed bio-effects, such as behavior and
development.
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Neurochemistry/Neurophysiology

The relationship between the neurotransmitters norepinephrine and
epinephrine and the physiological responses of stress and arousal is
well established. Asresearchers began tolook for potential biological
effects of ELF electric fields, measuring these transmitters became
one of the assessments used to examine the nervous system for
evidence of a stress response in animals. This approach, which
benefited from the ease of measuring these chemicals in serum, urine,
or brain tissue, specifically addressed reports that ELF fields act as
mild stressors (Dumansky et al., 1977; Marino and Becker, 1977).
Unfortunately, potential methodological problems raised serious
questions about the validity of the results from early studies
(Michaelson, 1979). Experimental design and methodology prob-
lems have also contributed to contradictory results in some of the
more recent studies.

Groza et al. (1978) measured catecholamines in both urine and blood
after exposure of rats to 100 kV/m, 60 Hz fields. They reported
significant increases in epinephrine levels in both blood and urine
after acute (6-hourto 3-day) exposures but nochanges in norepineph-
rine or epinephrine with longer-term (12-day) exposures.

A report of increased norepinephrine in serum of rats exposed to 50
Hz (50 V/m and 5.3 kV/m) is found in the work of Mose (1978). A
companion paper by Fischer et al. (1978) examined norepinephrine
content in brain tissue of rats exposed to 5.3 kV/m for 21 days; after
15 minutes of exposure the levels increased rapidly. However, after
10 days of exposure, levels were significantly lower than in a control
group. Portet and Cabanes (1988) reported no changes in adrenal
epinephrine or norepinephrine in 2-month-old rats exposed to a 50
kV/M, 50 Hz field for 8 hours aday. Incontrast, Wolpaw etal, (1987)
reported decreases in cerebrospinal fluid concentrations of the major
metabolites of dopamine and serotonin, homovanillic acid, and 5-
hydroxindoleacetic acid in macaques exposed to electric and mag-
netic fields. In addition to possible species-specific response differ-
ences, some of the discrepancies between results of various labora-
tories may be explained in light of results described by Vasquezet al.
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(1988). Because of circadian fluctuations in levels of neurotransmit-
ters, the time of sampling may be critical in determining whether an
ELF effectis observed. Vasquez et al. reported significant changes
indiurnal patterns of several biogenic amines whenrats were exposed
to 60 Hz electric fields for 4 weeks.

Examining another neurochemical parameter, Kozyarin (1981) mea-
sured the acetylcholinesterase (AChE) enzyme levels in rats exposed
to 50 Hz electric fields. He reported that serum AChE activity was
approximately 25 times baseline levels in both young and old animals
exposed to 15 kV/m for 60 days, 30 minutes a day. Brain levels of
AChE decreased in exposed animals, although not by such large
percentages. Furtherimportant measurements were made to estimate
the course of recovery from the observed effects. All values had
retumed to normal 1 month after cessation of exposure. The author
concluded that electric fields can cause changes in the functional
condition of the central nervous system, although the changes appear

to be temporary.

Measurements of corticosteroids in animals exposed to electric fields
have resulted in a somewhat confusing picture, perhaps because of
the quick response to stimuli of these adrenal steroids (Michaelson,
1979). Studies at Pennsylvania State University examined the
hypothesis that 60 Hz electric fields act as a biological stressor
(Hackman and Graves, 1981). In that study an acute, transient
increase in plasma corticosterone levels occurred in mice exposed to
25 or 50kV/m. Serum levels of the steroid retumed to normal within
1 day. In some studies conducted in the Soviet Union, Dumansky et
al. (1976) showed an increase in corticosteroids in rats exposed for 1,
3, or 4 months at 5 kV/m.

In a study conducted by Marino et al. (1977), serum corticosteriod
levels were decreased in animals exposed to 15 kV/m for 30 days.
This study, however, used pooled, grouped samples of serum. Italso
had several other technical problems: cages varied, and in four
experiments exposed rats were individually housed, whereas control
rats were housed in groups.
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Results that appear to contradict Marino’s and Dumansky’sdatahave
been described by Free et al. (1981) and Portet and Cabanes (1988),
who exposed rats or rabbits to 100 and 50 kV/m, respectively, for 30
days or 120 days. No differences in corticosterone levels were
observed between exposed and control animals. Providing additional
support for these data was a study by Gann (1976) in which dogs
exposed to 15 kV/m showed no effects of E-field exposure on
corticosterone secretion. Quinlan et al. (1985) collected blood
samples fromrats via carotid artery cannulas during exposure or sham
exposure to an 80 kV/m, 60 Hz clectric field. No statistically
significant differences in corticosterone levels were noted.

In general, neurochemical data provide relatively weak evidence that
exposure to electric fields in the power-frequency range may cause
slight changes in nervous system function. The number of experi-
ments is not large, and there are significant questions about the
validity of several of the studies. Nevertheless, the findings support
the hypothesis that ELF exposure alters internal rhythms, increases
arousal in animals, and is transient in its effect.

Several laboratories have examined the morphology of brain tissue
from animals exposed to ELF electric fields. Carter and Graves
(1975)and Bankoske et al. (1976) exposed chicks to 40k V/mE fields
and saw no effects on central nervous system morphology. This
finding was supported by those of Phillips et al. (1978), who
examined rats exposed to 100 kV/m for 30 days. Again, no morpho-
logical evidence of an electric field effect was observed. In a study in
Sweden (Hansson 1981a,b), dramatic changes in cell structure were
reported in the cerebella of rabbits exposed to a 14 kV/m E field.
Exposed animals showed disintegration of Nissl bodies and the three-
dimensional endoplasmic reticulum structure, as well as the abnor-
mal presence of many lamellar bodies, particularly in the Purkinje
cells of the cerebellum. Reduced numbers of mitochondria, reduced
arborization of the dendritic branches, and an absence of hypolemmal
cisterns were also evident in these cells. However, these reported
changes must be interpreted with caution. The animals were exposed
outdoors and showed evidence of significant health deficits (whether
resulting from the electric field, other environmental conditions, or
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some combinations of these factors is notclear). Furthermore, results
from these studies are in conflict with experiments conducted by
Portet and Cabanes (1988), in which no ultra-structural changes
occurred in the cerebella of young rabbits exposed to 50k V/m. These
questions concerning neuroanatomical changes have yet to be re-
solved. However, the lack of obvious, significant functional deficits
in the central nervous systems of thousands of animals exposed to
date suggests that the dramatic morphological alterations in exposed
rabbits may result from conditions unrelated to electric field expo-
sure. The possibility of synergistic effects from the E field and a
stressful environment cannot be ruled out.

Because the nervous system is by nature electrically sensitive, it has
been assumed to be particularly sensitive to influence by external
ELF fields. To some degree this assumption has been bome out by
experimental results, although in the area of neurophysiology a
confusing array of studies have claimed both effects and no effects of
ELF field exposure. A case in point is the commonly used measure
of general central nervous system activity, the EEG. When chicks
were exposed for 3 weeks to 60 Hz E fields of up to 80 kV/m, Graves
et al, (1978b) noted no changes in EEGs recorded via electrodes
implanted after exposure. Similarly, no effects were observed in the
EEGs of cats exposed to 80 kV/m at 50 Hz (Silney, 1981). Earlier,
Blanchi et al. (1973) reported significant changes in EEG activity
when guinea pigs were exposed for 1/2 hour to a 100 kV/m, 50 Hz
field. Takashima etal, (1979) examined EEGs from rabbits exposed
to 1 to 10 MHz, modulated at 15 Hz. Before exposure, these animals
had silver electrodes implanted in their skulls for recording the EEG.
After 2 to 3 weeks of exposure, abnormal responses were observed
in the EEGs, although it was subsequently determined that the EEG
returned to normal when the electrodes were removed during expo-
sure. The investigators thus concluded that the effect on the EEG was
due to the local fields created by the presence of the electrodes in the
cranial cavity. Gavalas et al. (1970) noted that 7 and 10 Hz E fields
of only 7 V/m affected EEGs recorded from monkeys via implanted
electrodes. The significance of theseresultsis unclear, since they may
be due to an artifact caused by the implanted electrodes as noted
previously.
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EEGs from cats exposed to 50 Hz magnetic fields (8 hours a day at
20 mT) showed short-term decreases in power density spectra
(Silney, 1979). This response was observed only for a short time after
the magnetic field was switched on.

In an assessment of a more specific electric “fingerprint” of the brain,
the visual evoked response (VER), no effects of exposure were
observed in adult or developing rats. Jaffe et al. (1983) assessed the
VER in 114 rats exposed in utero through 20 days post partum. The
dams, fetuses, and subsequent pups were exposed to a 65 kV/m, 60
Hz electric field. No consistent, statistically significant effects of
exposure were observed. Wolpaw and associates (1987) examined
evoked potentials in pig-tailed macaques exposed to combined
electric and magnetic fields. As in Jaffe’s studies, the VER and the
auditory evoked potential showed no changes caused by exposure.
However, anattenuation of the late components of the somatosensory
evoked potentials was demonstrated in exposed animals. Theauthors
suggest that these abnormalities may have been due to a particularly
large number of stimuli giving rise to a change in the mechanisms of
attention. ‘

Two other neurophysiological studies have had clear, replicable
results. Jaffe et al. (1980) examined synaptic junctions from chroni-
cally exposedrats (60 Hzand 100kV/mfor 30 days). In these studies,
presynaptic fibers were stimulated with a pair of above-threshold
pulses. The heightratio of the resultant action potentials, observed as
a function of the interspike interval, demonstrated an enhanced
neuronal excitability in nerves from exposed animals. However,
many other parameters tested in these nerves showed no changes in
exposed animals. In asecond experiment Jaffe etal. (1981)examined
a wide range of physiological parameters of the peripheral nervous
system and neuromuscular function. The only effect observed was
slightly faster recovery from fatigue after chronic stimulation in one
class of muscle; the soleus, slow-twitch muscle.
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In summary, numerous studies have been initiated to determine how
greatly an electrical environment containing electric or magnetic
fields of ELF affects the nervous system. Many of the experiments
have not confirmed any neuropathological effects, even after pro-
longed exposures to high-strength (100 kV/m) electric fields and
high-intensity (5 mT) magnetic fields (Tenforde, 1985). As dis-
cussed previously, nervous system effects that have been observed
include altered neuronal excitability, altered circadian levels of pineal
hormones, and behavioral aversion to or preference for the field. In
addition, in several instances where unconfirmed or controversial
data exist, observed effects may or may not be real. Examples are
changes in serum catecholamines or corticosteroids, morphology of
brain tissue, and EEG wave forms. Possibly these and other putative
effects are due to a direct interaction of the electric field with tissue
or to an indirect interaction, such as a physiological response owing
to detection or stimulation of sensory receptors by the field. The
nature of the physical mechanisms involved in field-induced effects
is obscure, and elucidating them is one of the urgent goals of current
research.

The behavioral tests that most frequently showed an effect of
exposure were those relating to detection of the field or to activity
responses. Most other behaviors did not change with ELF field
exposure. It should also be noted that influences of the nervous
system on other biological systems are often mediated indirectly
through neuroendocrine or endocrine responses.

Reproduction and Development

Developing organisms, including prenatal and postnatal mammals,
are generally considered more sensitive to physical or chemical
agents than are adult animals (Mahlum et al., 1978). This greater
sensitivity, when it occurs, is thought to originate in subtle effects on
theincreased number and activity of processes and controls that guide
the developing cellular interactions. A number of studies have
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examined the effects of ELF exposure on reproduction and develop-
mentofbothmammalian andnon-mammalian species. Thesestudies
have been assessed in detail by other reviewers (Chernoff, 1985;
Sikov, 1985) and are briefly summarized here.

Most of the non-mammalian studies have been performed on chick-
ens or pigeons. Many studies have indicated that electric field
exposure of chicks at several field strengths, before and after hatch-
ing, did not significantly affect viability, morphology, behavior, or
growth (Krueger et al., 1972; Reed and Graves 1984; Veicsteinas et
al., 1987). However, in one series of experiments chicks exposed to
40 or 80kV/mondays 1 to 22 after hatching showed significandy less
motor activity during the week after removal from the field (Graves
et al,, 1978b).

Few studies have examined the effects of ELF magnetic fields on
growth and development of birds. Krueger et al. (1972) exposed
chicks from hatching through 28 days of age to a nonuniform, 45 Hz,
1.4 x 10* T field. Growth rates were depressed, but no other
parameters were affected. Great interest has been shown in the
reports of Delgado et al, (1982), who observed a marked increase in
malformation rate in chick eggs exposed to low levels of pulsed
magnetic fields (0.12 or 12x 10*T). It was subsequently reported that
an important determinant of the results was the wave shape of the
pulse (Ubeda etal., 1983). Several research groups have cooperated
ina multi-laboratory replication of the Delgado experiments. Results
described in a combined report (Berman et al., 1990) indicated that
significant malformation increases were suggested in 5 of 6 labora-
tories with statistically significant differences observed in two of the
laboratories. ’

Unreplicated studies have given some indications that exposure of
prenatal mammals to electric fields produces deleterious effects on
postnatal growth and survival (Knikerbocker et al., 1967; Marino et
al., 1976,1980; Hansson, 1981b; Sikovetal., 1987). These results are
countered by othersin which rats, rabbits, or mice were exposed to 20,
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50, 100, 200, or 240 kV/m and no effects on reproduction, survival,
or growth and development were demonstrated (Cerretelli et al.,
1979; Fam, 1980; Sikov et al., 1984; Pafkova, 1985; Rommereim et
al., 1987; Portet and Cabanes, 1988).

In an evaluation of reproductive and developmental toxicology in
swine, Sikov et al. (1987) observed no increased terata in progeny
from the first breeding of swing exposed during preganancy to a 60
Hz electric field. After 18 months of continued exposure the dams
were rebred and their litters were examined at 100 days of gestation.
Atthattime, malformation incidencein litters of exposed animals was
significantly greater than in comparable sham-exposed litters. Simi-
lar results were obtained in litters of second generation gilts that were
bom in the field and bred after 18 months of exposure.

This study was followed by one of similar design (but much greater
statistical power) in which rats were the experimental model. No
significant differences in growth and development were observed in
litters of rats exposed to 10, 65, and 130 kV/m when compared with
sham-exposed controls (Rommereimet al., 1988). In similar experi-
ments using 60-Hz magnetic fields, no significant changes were
demonstratedin exposed animals (Rommereimetal., 1990; Brinkman
et al., 1988).

In other studies a rotating magnetic field (0.5 to 15 x 10T) was used
to expose pregnant rats during various stages of gestation. Some
differences were noted between exposed and sham-exposed off-
spring, including increased thyroid and testis weights in exposed
pups. Also, the exposed offspring were more responsive when tested
ina suppressedresponse paradigm (Ossenkoppetal., 1972; Persinger
and Pear, 1972). As indicated previously, conflict remains over
results of studies investigating the potential for ELF electric or
magnetic field exposure to affect reproduction and development.
This confusion overresults indicates the need for carefully designed,
statistically sound experiments that will help clarify this important
area of investigation.
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Other Biological Functions

Bone growth and repair

One report of animals exposed to 60 Hz electric fields (McClanahan
and Phillips, 1983) indicated that bone growth per se was not affected
by exposure to 100 kV/m. However, this study, as well as an
additional report (Marino et al., 1979), suggested that bone fracture
repair was retarded in rats and mice exposed to S or 100kV/m, 60 Hz
fields butnot to very low (1 kV/m) field strengths. McClanahan and
Phillips (1983) suggestthatexposure affects thcrateofheahngbutnot
the strength of the healed bone.

In contrast to the experiments with sinusoidal 60 Hz fields, research
studies and clinical trials (discussed previously) have been performed
in which magnetic ficlds were used to treat bone fractures and
arthroses in humans. The weak electrical currents induced in bone
tissue by magnetic field pulses may enhance fracture repair by
altering intracellular concentrations of calcium ions, thus modifying
cellular metabolism and stimulating growth of the osteoblasts and
chondrocytes (Luben et al., 1982; Bassett, 1978). Why 60 Hz
sinusoidal electricfields cause aretardation of fracture repair, whereas
pulsed magnetic fields facilitate repair, is unclear.

Cardiovascular system

Cardiovascular function has been asscsscd by measuring blood
pressure and heart rate and performing electrocardiographic mea-
surements. Early studies indicated as possible effects a decrease in
heart rate and cardiac output in dogs exposed to 15 kV/m (Gann,
1976) and increased heart rates in chickens exposed to 80 kV/m
(Carter and Graves, 1975). A more recent and comprehensive study
inratsexposed to 100kV/m showed no such effects of exposure, even
when the animals were subjected to cold stress (Hilton and Phillips,
1980). Cerretelli and Malaguti (1976) reported transient increases in
blood pressure in dogs exposed to S0 Hz E fields greater than 10kV/
m. Hilton and Phillips (1980) were unable to confirm a report by
Blanchi et al. (1973) of electrocardiographic changcs in animals
exposed to 100 kV/m.
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Magnetic field exposure of dogs (50 Hz, 2 T) caused a stimulation of
the heartin the diastolic phase, with salvos of ectopic beats appearing
in the recordings (Sliney, 1985). Humans exposed to combined
electric and magnetic fields (9 kV/m, 20 uT) have demonstrated a
longer cardiac interbeat interval than sham-exposed subjects (Gra-
ham et al., 1987).

Serum chemistry appears to be relatively unaffected by exposure to
either ELF electric or magnetic fields (Marino and Becker, 1977;
Mathewson et al., 1977; Ragan et al., 1979, 1983). Hematological
data, however, present a more confusing picture. With electric field
exposure, white blood cell count was often elevated in populations of
mice and rats (Graves et al., 1979; Ragan et al., 1983). With the
exception of onereportby Tarakhovskyetal. (1971), all the published
studies on hematological effects of magnetic field exposure have
shown no field-associated effects (Beischer et al., 1973; de Lorge,
1974; Fam, 1981; Sander et al., 1982). The occasional positive or
negative effects on the hematopoietic system must be carefully
evaluated. Apparent sporadic effects may not be biologically or
statistically significant; particularly when appropriate multi-variate
analyses are used to evaluate the wide range of hematological and
serum chemistry parameters.

Immunology

There is some indication that exposure of animals to electric fields
does not markedly affect the immune system. In a comprehensive
investigation of the humoral and cellular aspects of the immune
system, Morris et al. (1979, 1982, 1983) observed no effects of
exposure at very low field strengths (150 to 250 V/m) in mice or rats.
In subsequent experiments at higher field exposures (100 kV/m), no
effects were seen in immune system response. However, Lyle et al.
(1983) reported significant decrements in the cytolytic capacity of
lymphocytes exposed to radio frequency fields modulated at 60 Hz.
Further work with 60 Hz electric fields alone also resulted in a
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suppression of T-lymphocyte cytotoxicity (Lyle et al., 1988). A
significant difference between the work reported from these two
laboratories is that Morris measured lymphocyte responses from
exposed animals, whereas Lyle exposed lymphocytes in culture.

In contrast to the apparent lack of strong or consistent electric field
influences on the immune system, immunoresponse to mitogens and
antigens appears to be significantly susceptible to ELF magnetic
fields (Odintsov, 1965; Mizushima et al., 1975; Conti et al., 1983).

Carcinogenesis and Mutagenesis

No effects suggesting a direct effect of electric field exposure on
mutagenesis or carcinogenesis have been observed (Mittler, 1972;
Frazieretal., 1987). However, there is considerable research interest
on this question due to an increasing number of epidemiological
studies that suggest a possible association between ELF magnetic
field exposure and cancer. As yet, only a few published laboratory
studies, conducted in animals, bear directly on this question and there
is an urgent need for such studies.

No studies to date have been reported in which spontaneous tumor
development was followed in normal animals exposed to ELF fields.
Another possible approach would be a cocarcinogenesis system in
which EM exposure is used as a promoter following an initiating
event (chemical or ionizing radiation).

In a preliminary report, Leung et al., (1988) describes an experiment
wherein animals were exposed to 60 Hz electric fields for extended
periods (approximately 180 days). The exposed and sham-exposed
animals were treated with a single dose of the potent mammary tumor
initiator dimethylbenz(a)- anthracene at S5 days of age. Noincreases
were reported in the number of rats developing tumors. However,
they did observed an increase in the number of tumors per tumor-
bearing animal.
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Tumor growth was inhibited in a few experimental animal models
when pulsed magnetic fields were used to expose the animals
(Bellossi et al., 1986). However, sinusoidal 60 Hz fields, did not
exhibit growth altering action (Thomson et al., 1988).
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HEALTH EFFECTS OF ELECTROMAGNETIC
RADIATION ON WORKERS: EPIDEMIOLOGIC
STUDIES

This paper was prepared for a plenary session of the NIOSH scientific
workshop on the health effects of electromagnetic radiation on
workers. It reviews the epidemiological evidence on cancer, repro-
duction, and neuropsychological effects with respect to the risk
resulting from occupational exposure to 60/50 Hz electromagnetic
fields (EMF). Childhood and adult cancers resulting from residential
exposure to EMF are not included in this review, nor are studies
dealing with direct current energy. With afew exceptions, thisreview
is limited to published studies in peer reviewed journals.

CANCER

Cancer was first associated epidemiologically with exposure to EMF
in 1979, when Wertheimer and Leeper (1) reported that children
dying from cancer resided more often in homes with high current
configuration than did healthy control children. Wire configuration
around houses was used as a surrogate for EMF exposure.

Soon after this study, epidemiologists from many countries looking
at occupational cohorts, reported what seemed to be a confirmation
of the putative association, EMF - cancer, as proposed by Wertheimer.

Since 1982, scores of occupational epidemiologic studies have been
published. To discuss the evolution of knowledge gained through
those studies, it is convenient to regroup them under subtitles: (1)
cancer hypotheses generating studies, (2) leukemia case control
studies, (3) brain cancer case control studies, (4) cohort studies of
electrical workers, (5) skin melanoma case control studies, (6)
welding and exposure to EMF, (7) male breast cancer.

93



Plenary Papers—Epidemiologic Studies, Gilles P. Thériault, M.D., DrP.H.
Cancer hypotheses generating studies

To test Wertheimer’s hypothesis, occupational epidemiologists first
examined existing mortality and morbidity registries of several
countries. Within six years, from 1982 to 1988, no less than 12
communications had been published, most of them as short papers or
letters to editors. As seen from figure 1, the majority of these reports
observed an excess of leukemia among broadly defined “electrical
occupations” and this excess seemed to be higher for acute myleoid
leukemia (Figure 2). Pooled analyses of these results have estab-
lished a significant excess of all leukemias with arisk estimate of 1.18
(1.09 - 1.29) and a significant excess of acute myeloid leukemia with
risk estimate of 1.46 (1.27 - 1.65) (14). Results presented in figures
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Figure 1. Leukemia Risks among Electrical Workers—All Leukemia
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Figure 2. Leukemia Risks among Electrical Workers—Acute Myeloid
Leukemia

1 and 2 are for all leukemias and for all workers. More spectacular
excesses were noted for specific leukemia types and/or specific
occupational groups butthese excesses varied between studies and no
consistent finding can be pinpointed.

Everybody, including the authors, have recognized that these explor-
atory studies were gross, that numbers were small, that exposure was
ill defined, that statistical analyses very often were weak, that there
may exist at the workplace carcinogenic agents other than EMF
responsible for the excesses observed, thatno confounders have been
controlled for and consequently that the results can only be indicative
and need to be reassessed by more powerful and better designed studies
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Leukemia case control studies

Five case control studies bearing on the issue of leukemia among
workers occupationally exposed to EMF have been published since
1985 (see Table 1). These studies are impressive: they are well

Table 1
LEUKEMIA AMONG WORKERS OCCUPATIONALLY EXPOSED TO
EMF
CASES / CONTROLS EXPOSURE UK {OONF. INT.)
ASSESSMENT
Gilmanf15 underground coal miners  time spent  all L 135
1985 40 leukemia deaths ‘underground  acute L 2.85
160 non cancer deaths chronic L 3.0
CLL 633*
Myelogenous L 4.74*
AML 3.80
Stem#16  naval shipyard workers ~ job histories  for electricians
1986 53 leukemia deaths + years of employment
alL 3.00 (129 - 6.98)
212 members of cohort ML 233 (0.77 -7.06)
alive at dx of cases LL 6.00 (147 - 24.45)
for welders
alL 225(092-5.53)
ML 3.83 (128 - 11.46)
1 0 (----)
Flodin#17  population based search  postal for electrical workers (elec.
1986 for association with gamma questionnaire  technicians, elec. welders,
rad in houses computer telephone mechanics)
59 AML alive AML 38 (15-95)
354 general population controls
Coggon#18 male cancers in occupational hist AML a cluster of § electrical
1986 3 UK counties throogh postal ~ workers in these 29 cases
29 acute myeloid leukemia questionnaires
2913 other cancers
Pearcck19  New Zealand cancer occupation on  for all electical workers
1989 reg. 80 - 84 registry forms  allL 1.62 (1.04 - 252)
534 male keukemia acute L 125 (0.62 - 2.54)
all other cancers chronicL 212 (1.19 - 3.76)
ML 122 (0.60 - 2.48)
LL 173 (0.89 -337)
AML 1.16 (0.48 - 2.34)
*p<005



Plenary Papers—Epidemiologic Studies, Gilles P. Thériault, M.D., DrtP.H.

designed, with reasonably large numbers of leukemia cases. On two
occasions, the association of leukemia with EMF was an incidental
observation by authors whose objective was to test a different
hypothesis. Odd ratios are higher than

those observed in the exploratory studies. In general, excesses are
seen for all leukemias and acute myeloid leukemia; chronic lymphoid
leukemia is also reported with elevated odds ratios. These five
studies, however, are plagued with one weakness: exposure assess-
ment. Exposure is estimated based usually on occupational history
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