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This is BPA’'s most comprehensive and detailed publication on the electrical and biological effects of
transmission lines. The other related BPA publications listed below are less technical. They can be
obtained by calling BPA's document request line which is 800-622-4520.You will hear a recorded
message. Please ask for the publication that you want by name. If you want to speak with someone,
please call the BPA public involvement line which is 800-622-4519. From outside of the U.S. you can
call 503-230-3478.

Living and Working Safely Around High-Voltage Power Lines (9 pages). This short booklet tells you

about safety precautions you should take when you are around a high-voltage transmission line. It
deals primarily with ways to prevent electric shocks.

What We Know (and don’t know) About EMF (brochure). If you want a short summary of the health
issues associated with electric and magnetic fields (EMF), you will find it in this publication.

Health, Safefy and New Electric Power Facilities (9 pages). This booklet describes how BPA consid-
ers health and safety issues when new electric power facilities are planned.

Electric Power Lines, Questions and Answers on Research info Health Effects (55 pages). This
booklet describes with a moderate level of technical details, the electrical properties of transmission
lines, and it reviews research on electric and magnetic fields.

Mention in this book of trade names, products or services does not
convey, and should not be interpreted as conveying, official BPA
approval, endorsement, or recommendation.
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This review was first issued in 1975 in response
to public and scientific interest that developed
in the early 1970s about the new extra-high-voltage
(EHV) transmisson lines (primarily 500 kV and
765 kV). (Abbreviations are defined on page I-4.) In-
terest centered on the possible effects of dectric and
magnetic fields, audible noise, radio noise, and ozone.
This review serves as BPA's generic source of informa
tion on these subjects. A main purpose of this publica
tion is to support BPA documents required by the Na
tional Environmental Policy Act that ded with environ-
mental impacts of new electrica transmission facilities.

When the first version of this review was published
in 1975, few biologica Studies directly related to trans
mission lines had been done. The review has since been
revised severa timesto reflect a growing body of re-
search results from throughout the world (the last maor
revison was in 1989).

The research expanded in the 1980s to include low-
voltage didtribution lines and a possible association be-
tween cancer and the magnetic fields in residences near
these lines. During this same time, reports began to be
published suggesting that electricd workers were aso
a increased risk of developing cancer. The use of elec-
tric blankets and electrically heated water beds and elec-
trica appliances aso began to be studied. Initia con-
cerns about power lines focused on eectric fields; when
interest developed in magnetic fields, the acronym EMF
(for electric and magnetic fields) began to be used.

Continued public interest in issues about EMF re-
aulted in Congressona Oversight Hearings on hedlth
effects of transmission lines, in 1987 and in 1990. Sec-
tion 2118 of the Energy Policy Act 0f1992 established
a nationd EMF research and communication program
that came to be known as “EMF RAPID.” The pro-
gram is funded by Federd and matching non-Federa
funds. BPA firgt developed specific guiddines for ad-
dressng EMF issuesin 1988, and revised the guide-
lines in 1992 and in 1995,

A large number of studies of EMF has been done
since this book was last published. Many more studies
are gill underway and are planned in the U.S. and in
severd other countries. Currently in the U.S, the larg-
est programs of research on EMF are managed by the
Electric Power Research Ingtitute, Federal agencies in-
volved with EMF RAPID, and the state of Cdlifornia
This extensive research is intended to provide more de-
finitive information needed for determining whether or

not power lines and other electrical devices affect hu-
man hedth. A report to Congress on the results of the
EMF RAPID program is expected a the end of 1997.
In 1996 the World Heath Organization began an exten-
sive 5-year review of research on EMF.

This BPA review has, therefore, been revised again
to include the findings of the most recent research, and
related developments involving EMF. BPA is unique
in the U.S. in having operating experience with com-
mercid 500-kV AC and +500-kV DC transmission lines,
a 1200-kvV  AC prototype, and a f600-kV DC test line.
Also, for severd years BPA conducted and managed
extensve engineering and environmental research pro-
grams involving EMF. Experience and research with
transmisson fadilities, information developed through
an ongoing literature review, and continued communi-
cation with numerous researchers and the public pro-
vide the basis for the materiad presented in this review.

This review was prepared with the assistance of a
team of BPA enginears and environmental speciaists
origindly assembled in 1974 to gather information on
the effects of transmission lines on people, animas, and
plants. The current team would like to acknowledge
the contributions of the following former team mem-
bers who asssted in the preparation of previous edi-
tions of this publication: Dr. T. Dan Bracken, John H.
Brunke, Allen Burns, A. Stan Capon, Vern L. Chartier,
Ted R. Eyler, Dr. David P. Hartmann, Gary M. lhle,
Gerad E. Lee, Dean E. Perry, Gerad L. Reiner, Fay L.
Shon, and Michael T. Zechmeigter.

The assistance of several other people who assisted
in this extensve effort is aso greetly appreciated. Dr.
Judith H. Montgomery provided extensive editorid ser-
vices on a fina draft of the book; Leroy P. Sanchez pro-
vided technicd assgtance with graphics, Jean M.
Connors, Elizabeth A. Mulcahy, and John Fenker ob-
tained copies of the hundreds of new references reviewed
in this edition; and Ernest E. Estes and Patricia Tawney
reviewed a find draft of the book.

This is BPA's most comprehensive and detailed pub-
lication on effects of transmission lines prepared for em-
ployees and the public. Other related less-technica
publications are aso avalable from BPA (see page ii).

Jack M. Lee Jr., Ph.D.
Chair, BPA Biologicd Studies Task Team
December 1996
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Transmission lines are high-voltage power lines
used to carry electric power efficiently over
long distances. Usualy, the lines extend from power
generating plants to load centers such as cities or large
industrial plants. Utilities then use lower-voltage dis-
tribution lines to deliver eectric power to individua
homes and businesses (Fig. 1.1).

The first AC transmission line in the U.S. was built
in 1889 between Oregon City and Portland, Oregon; a
distance of 21 km (13 mi) (Rustebakke 1983). The line
was operated at 4 kV. Through the years, transmission
lines have been built to operate at progressively higher
voltages. The highest transmission voltage in the U.S.
isnow 765 kV. Lines of this voltage have been in op-
eration in the Eastern U.S. since 1969. With each ad-
vance in voltage, larger amounts of energy have been
moved more efficiently and at less cost over lines with
greater individual capacity. With higher voltages, fewer
lines are needed and some types of environmental im-

pacts have been reduced. Table I. 1 shows when mgjor
BPA transmission voltages were introduced, and com-
pares their power-carrying capability.

To market power from 29 Northwest Federal hy-
droelectric projects, BPA operates about 23,800 km
(14,780 mi) of transmission lines (Fig. 1.2). Most of
the transmission is at voltages of 230 kV, 345 kV, and
500 kV. BPA’s 500-kV transmission system is one of
the largest in the world. In addition, BPA operates the
Oregon portion of the first commercial +500-kV DC
transmission line in North America

Before 345-kV lines were introduced, the most no-
ticeable effects of transmission lines were conflicts with
other land uses and changes in the visual appearance of
the landscape. Additiona effects became evident when
the EHV (extrahigh-voltage: 345 kV and above) lines
were introduced in the 1950s. Operating 345-kV lines
affected some radio reception in residences near the
lines. More effects occurred with the introduction of

Dam

13.8 kV

Turbine generator
83 (3-phase)

Hydroelectric Station 1

(15 ~ -—

transmission line

Step-down
transformer

§ép- wn
transtormers

Transmission substation showing some typical equipment

Distribution line, primary (3-phase, 4-wire)

2.3kv| \Pale

120/220 V
(secondary,
I-phase, 3-wire)

Figure I.1. A basic electric power system. BPA is responsible for transmission facilities only.

230-kV transmission line

Pole transformer
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transformer Neutral wire 3 |

Commercial

' Heiden‘uai
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Introduction

500-kV and 765-kV lines: television reception interfer-
ence, audible noise. and nuisance shocks from induced
voltages. These additional effects created some prob-
lems close to the lines. Through the years, BPA and
utilities in general refined designs and procedures so
that these short-term effects were reduced greatly.

In the 1970s, concerns began to be raised about the
possibility of health effects from long-term exposure to
eectric and magnetic fields (Young 1974, Marino and
Becker 1978). Interest in this controversia issue has
continued to increase (Lee 1984, Cunningham 1991,
Brodeur 1993, Taubes 1993, Pinsky 1995, Sagan 1996).
Questions are frequently asked by persons planning to
buy or sell property near transmission lines. Many ques-
tions are aso raised when new transmission lines and
substations are proposed. Many of these questions deal
with the electrical and possible health effects of these
facilities.

In the 19705, demand for electricity was growing
rapidly, and it appeared that even more powerful trans-
mission lines would be needed. The next class of trans-
mission lines is referred to as UHV (ultra-high-voltage,
1000 kV and above). Research on UHV lines was con-
ducted at several places throughout the world. BPA
operated and studied a 1200-kV prototype line near
Lyons, Oregon from 1977 to 1984 (Klinger et al. 1984,
Lee et al. 1984). Although the technical feasibility of
UHV lines was demonstrated, changing economic con-
ditions, make it unlikely that they will be needed in the
U.S. in the foreseeable future.

The purpose of this review is to provide factual in-
formation on the electrical characteristics of overhead
transmission lines, and on the known and possible ef-
fects on people, animals, and plants. Methods used to
reduce or eliminate the potential for undesirable effects
are also described.

This review does not discuss other effects of trans-
mission lines, such as those from construction and clear-
ing of rights-of-way, or from the physical presence of
the line (e.g., visua). Information on the overall ef-
fects of transmission lines can be found elsewhere (eg.,
Crabtree 1984, Kroodsma and Van Dyke 1985, Doucet
et al. 1995). Information on legal cases involving trans-
mission lines can also be found in other publications
(Creighton & Creighton 1996, Warnquest et al. 1996).

Electrical effects of overhead transmission lines ad-
dressed in this review fal into two broad categories:
glectric and magnetic field effects, and corona effects.
Because there are some magjor differences in the effects
of AC and DC transmission lines, they are discussed in
two separate parts of this review. (Frequently used ab-
breviations are defined on page 1-4.)

This book deals mainly with controversial issues
involving the possible health effects of exposure to elec-
tric and magnetic fields. Our goal is to provide factual,
objective information about these issues, and to present
conclusions reached by individuals and groups other
than BPA. BPA’'s own strategy for dealing with these
issues is included in Chapter 5 in the section, “Policies,
Standards, and Guidelines.”

Table I.1. Dates of introduction and power capacity for major classes of BPA transmission lines.

Power
Capability Circuit Length Typical
Line Year First Per Circuit km (mi) Right-of-way
Voltage Energized (MW) (Sept. 1994) Width m (ft)
115 kV 1939 100-350 6092 (3786) 18-38  (60-125)
230 kv 1939 200-700 8153 (5067) 27-38 (90-125)
345 kv 1955 300-1100 917 (570) 43 (140)
500 kv 1967 500-2500 a 7033 (4371) 32-50 (105-1 65)
+500 kv DC b 1985 3100 425 (264) 46 (150)
a Power transfer capability was calculated for a 240-km (149-mi)  line with series compensation.
One MW (megawatt) equals 1 million watts.
b From 1970 to 1985 the DC line was operated at +400kV The power capability of the line
was increased from 2000 MW up to 3100 MW in 1989 by increasing current carrying capability of the line.
|
L
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Introduction

Units of Measure and Abbreviations Used Frequently in this Book
Prefix  (symbol) Multification  factor
pico (p) 0.000000000001 = 1x10"9
nano (n) 0.000000001= 1x109
micro () 0.000001= 1x 104
milli (m) 0.001= 1x 10°¢
centi (c) 0.01= 1x10°%
kilo (k) 1000= 1x10°
mega (M) 1,000,000= 1x108
giga (G) 1 ,000,000,000= 1x 109
Quantity Abbreviation Quantity Abbreviation
ampere (amp) A milliampere mA
foot ft milligauss mG
gauss G millitesla mT
gram g ounce oz
hertz Hz pound Ib
inch in second s
joule J square foot ft?
kilogram kg square meter’ m?
kilometer km tesla T
kilovolts/meter kV/m volt Vv
microtesla uT volts/meter V/m
meter m watt w
mile mi yard yd
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his review describes the electrical properties of

AC (aternating-current) and DC (direct-cur-
rent) transmission lines and the known and possible ef-
fects on people, animals, and plants. Methods used to
mitigate undesirable effects are also discussed. In ad-
dition to information on high-voltage transmission lines,
the review covers related research on distribution lines
and on electrical appliances. The transmission-line elec-
trical properties discussed are electric and magnetic
fields (EMF) and corona effects (high-frequency and
audible noise, and ozone): first for AC lines, then for
DC lines.

Information on EMF in this review is mainly about
electric power frequencies (50/60 Hz). Some compara
tive information is aso included on radio and micro-
wave frequency fields (up to hundreds of millions of
Hz). Abbreviations used in this summary and used fre-
quently throughout this book are defined on page 1-4.

AC Electric and Magnetic
Fields (EMF)

Characteristics

In North America, AC electric power operates at a
frequency of 60 Hz, i.e., 60 cycles per second. Voltage
on any wire (conductor) produces an electric field in
the area surrounding the wire. Power-line electric fields
are measured by the difference in voltage between two
points (usualy 1 m apart). For example, the maximum
vertical field in the air near the ground on a BPA 500-kV
line right-of-way is usualy less than 9 kV/m. The elec-
tric field from a power line gets weaker farther away
from the line. Electric-field strength at the edge of a
500-kV line right-of-way is around 2-3 kV/m. Trees
and building material aso greatly reduce the strength
of power-line electric fields.

Electric fields are aso created by electrical wiring
and appliances. Throughout a home the electric fields
from these sources are usualy less than about 0.01 KkV/m
(10 V/m). Close to appliances the fields are stronger.
However, at 30 cm (1 ft) from appliances, electric fields
are generaly less than 0.100 kV/m (100 V/m).

A magnetic field is produced when electric current
flows in awire. The magnetic field (magnetic flux den-
sity) is described in units of teda (T) or gauss (G). Under

average loading conditions, average magnetic fields on
the rights-of-way of BPA transmission lines are about
3-9 uT (30-90 mG). The fields average about 0.7-3 UT
(7-30 mG) at the edge of the right-of-way. During peak
loading conditions, the magnetic fields on and off of
the right-of-way are about twice as strong as the levels
during average loading conditions.

The magnetic field produced by electrical appliances
decreases very rapidly away from the appliances. For
example, the median of fields measured about 27 cm
(10.5 in) away from electric ranges was about 0.9 uT
(9 mG). For microwave ovens, the measured external
60-Hz magnetic fields had a median of about 3.7 uUT
(37 mG). However, at [-2 m (3-6.6 ft) from most ap-
pliances, the average magnetic field is usudly less than
0.1 uT (1 mG).

Trees and most building material do not reduce the
strength of magnetic fields. Therefore, power lines can
be the dominant source of magnetic fields found
throughout homes and other buildings near the lines.
Currents on metallic plumbing systems that are con-
nected to the neutral wire of the power distribution sys-
tem can aso be a significant source of magnetic fields
in some buildings.

In addition to field intensity, EMF are also charac-
terized by other parameters. These include polariza
tion, harmonics, and transients. These characteristics
are of increasing interest when considering the possible
biological effects of EMF.

Instruments for measuring magnetic fields (gauss-
meters) are available from several manufacturers. Some
meters will also measure electric fields.

Electric and magnetic fields at radio and microwave
frequencies are called electromagnetic fields because
the two field components are tightly coupled into a
propagating wave. The term radio frequency (RF) is
often used to refer to the radio and microwave frequency
range. RF electromagnetic fields are measured in units
of power density (e.g., in units of mW/cm?). If the in-
tensity of one of the coupled fields is known (either the
electric or the magnetic component), then the intensity
of the other can be calculated. (At power frequencies
electric and magnetic fields from a source vary inde-
pendently and the fields must be measured or calcu-
lated separately.)

At sufficiently strong intensities, RF electromag-
netic fields can heat biologica materia (e.g., a micro-
wave oven). A variety of biologic effects has aso been
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reported in sudies of RF fidlds a intengties below where
heating effects are expected. However, as with  power-
frequency EMF, these nontherma effects of electromag-
netic fidds continue to be scientificaly controversd.

Shocks and Perception Effects

AC electric fields induce voltages and currents into
people and objects. If a person insulated from ground
(eg., wearing rubber boots) touches a grounded object
such as a metal fence in a strong electric field, a percep-
tible current or an annoying spark discharge may occur.
At mog,, the discharge may be similar to the shock re-
ceived after walking across a carpet and touching a door
knob. With the dectric-fidd strengths normaly found
on BPA 500-kV rights-of-way, people sddom notice any
sensation  when contacting grounded  objects.

Of more concern is the Situation where a grounded
person touches a large conducting object that is insu-
lated from ground (e.g., a wire fence on dry wood posts).
In this situation the person could receive a painful dis
charge shock. For this reason, fences and other large
permanent metalic objects near the larger transmission
lines are routinely grounded, as required by BPA policy
and the National Electrical Safety Code.

Magnetic fields can aso induce voltages on objects
such as long fences pardld to atransmisson line, re-
aulting in nuisance shocks. However, techniques are
available that can effectively mitigate shocks from mag-
netic fidd induction.

Electric fields aso induce voltages on vehicles near
transmission lines. BPA designs those lines that cross
parking lots to have lower eectric-field strengths to re-
duce the potential for nuisance shocks when people are
getting in and out of ther vehicles.

Potential Health Effects

Although shocks associated with EMF are well un-
derstood and largely controllable, questions have been
rased as to whether there are health effects from expo-
sure to these fidds. Both dectric and magnetic fidds
induce weak currents and electric fields into people and
animals. These currents and fields are too smdl to be
fdt, other than by harr simulation. Some scientids,
however, suggest that long-term exposures to these fields
may be harmful. Thousands of studies have been done
throughout the world on the possble biologicd effects
of power-frequency EMF.

Most of the early studies (1960s and 1970s) of
people exposed to power-frequency EMF focused on
generd hedth, menta hedlth, and reproduction. Most
of the studies involved electricd workers and a variety

of effects were reported. However, many of the early
studies suffered from methodology problems. Together,
these studies provide no consistent evidence for the ex-
istence of harmful effects of EMF on humans.

Beginning in the late 1970s and ealy 1980s epide-
miologic studies began to focus on the risk of cancer in
people who had lived or worked near electric power lines
or equipment. Early sudies in Denver, Colorado, found
associations between digtribution lines carrying high cur-
rent and the occurrence of childhood cancer. Severa
more studies of cancer in children living near distribu-
tion and transmission lines have since been done in sev-
era countries. These studies provide some evidence
for an increased risk of leukemia for children living near
power lines. Scientists, however, have not determined
whether EMF or some other factors are responsible for
this finding. Studies of adults living near power lines
generdly found no increased risks of cancer.

Other studies have found that workers in various
“electrical occupations’ overall have increased risks of
developing leukemia or brain tumors compared to those
in other occupations. Some studies aso found increased
cancer risks associated with high occupational exposure
to magnetic fields. The risk of breast cancer in women
and men exposed to EMF is aso being studied. As with
the resdentid dudies, it has not been determined
whether EMF or other factors are the cause of these find-
ings in the occupationd sudies. A main problemisa
lack of knowledge about the most appropriate way to
characterize and measure past human exposures to EMF.

The relative risks reported in the epidemiologic stud-
ies of EMF are generdly smal in magnitude. They are
amilar in Sze to other potentid (unconfirmed) cancer
risks reported in many studies of common environmen-
tal factors. In addition to the Sze of the potentid risk,
however, people consder other factors in deciding
whether various risks are acceptable or not. People tend
to be less likely to accept the potentid for even smdll
risks if they believe that the risks are imposed upon them.
Risksinvolving children are dso of particular concern
to many people. It is not surprising that there are widely
differing views about how to evaluate the evidence re-
lating to possble hedth risks of EMF

Researchers have reported severa effects of EMF
on laboratory animals. However, few of the effects have
been independently replicated by other researchers. Al-
though the effects resulted in functiona changes, eg., a
change in ahormone levd, it has not been shown that
the fields adversely affected anima hedlth. Other stud-
ies have found that EMF can aso cause functiond
changesin isolated cells and tissues. Some studies of
laboratory animals found that magnetic field exposure
increased the growth of tumors that had been purposely
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initiated by chemicals. Efforts are underway by other
researchers to repeat these studies to see whether the
same effects occur.

Some scientists believe that EMF cause biologic
effects by interacting directly with cel membranes.
Considerable laboratory research on hiological interac-
tions with EMF is ongoing. Scientists are trying to de-
termine whether the effects are biologicaly significant,
and to understand how the effects are caused.

Mogt of the epidemiologic studies, even those in-
volving transmission lines, have focusad on magnetic
rather than dectric fieds. This is apparently because
initia studies of childhood cancer involved high-cur-
rent distribution lines which have relatively weak elec-
tric fields. Electric fieds are aso shidded to varying
degrees by building material. Researchers assumed,
therefore, that magnetic fields were more likely than
electric fields to have arole in the observed associa
tions with power lines. Shidding of dectric fiddsis of
less importance for people outdoors near transmission
lines, and for dectricd workers in some Stuations.
Shielding aso makes it harder to measure exposures to
dlectric fields compared to magnetic fields.

Following the trend in the epidemiologic Sudies,
|aboratory studies also began to focus on magnetic fields.
As a result, very few studies have looked at the poten-
tid carcinogenic effects of power-frequency eectric
filds on laboratory animals.

Some scientists believe that important biological
effects from exposure to environmenta EMF are not
possible, because the internal fields that they induce are
weaker than the electrical noise produced by natura bio-
logical processes. Other scientists, however, have pro-
posed mechanisms to explan how biological effects of
EMF reported in some studies are able to occur at rela
tively low field levels. Tests of these mechanisms have
produced mixed results.

There have been severa reviews of the epidemio-
logic and hiologic research on EMF (see Appendix A).
These reviews consistently concluded that no causal link
has been established between EMF and adverse human
hedlth effects. However, they often acknowledged that
there are dtill unanswered questions, and more research
i needed. Many studies of EMF are still underway and
more are planned.

Most of the recent reviews that commented on pos-
sble needs for field exposure reduction or prevention
often recommend a variation of a concept caled “pru-
dent avoidance” This generdly means taking low or
no-cost steps to prevent or reduce exposures. Severd
studies have investigated ways to reduce levels of EMF

produced by transmission lines (see Appendix B). Some
reviews specifically recommended againgt a policy of
prudent  avoidance.

In addition to those cited in Appendix A, more na
tiond and internationa scientific reviews of research
on EMF and possible human hedlth effects are expected.
These include reviews by the National Council on Ra
diation Protection and Measurements, agencies and com-
mittees involved with the nationd EMF progran (EMF
RAPID), and the World Hedth Organization.

Relatively few studies have been done of plants and
animals exposed to EMF from transmission lines in natu-
ra environments. The studies that have been done pro-
vide no evidence for harmful effects of EMF on anima
hedth. Followup studies are underway on a possible
effect on one component of the immune system in sheep
raised in EMF beneath a BPA 500-kV  transmission line.

Studies have found that if wooden bee hives are
placed near high-voltage lines, bees can receive shocks
indgde the hive. The adverse effects caused by these
shocks can be prevented by proper hive placement, or
by shielding and grounding techniques.

Tree branch tips that grow too close to transmission
line conductors can be damaged by the strong electric
fields. Such effects are generdly of little practicd im-
portance, because tree growth near transmission lines
is usudly controlled to prevent eectricd flashovers,
which can cause power outages.

Standards and Guidelines

There are no nationa hedth standards in the U.S.
for exposure to 60-Hz EMF. Only about six states have
edtablished fied sandards or guideines for tranamis-
sion lines, and of these only two (Florida and New York)
included magnetic fields. Severa loca government or-
ganizations have addressed issues about EMF, and some
have taken various actions to reduce or prevent human
exposures to  EMF.

A professona organizetion in the U.S. and two in-
ternationa organizations have established limit vaues
for occupational exposures to EMF. The internationa
organizations aso included limits for public exposures.
All three organizations based their limits on established
biologica effects of rdatively srong EMF. The orga:
nizations believe that the epidemiologic studies of EMF
that reported hedlth-effect associations with much
weaker fields, are not conclusive enough to be used as a
basis for exposure limits. Organizations in Sweden es
tablished performance standards for EMF for computer
monitors. The standards have been widely adopted by
manufacturers of - monitors.
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Field Effects: Special Cases

Cardiac Pacemakers

Under some circumstances, cardiac pacemakers can
be affected by extraneous voltages and currents from
such things as automobile ignition systems and house-
hold appliances. Transmisson lines have not causd
any reported serious health effects for pacemaker pa
tients. Research, however, has shown that the fields
from transmission facilities can affect operation of some
types of pacemakers.

The mogt likely effect would be for the demand-
type pacer to revert to the asynchronous mode of opera
tion, i.e, begin pulsng the heart a aregular rate. Re-
version is basically a safety feature and is not necessar-
ily harmful. Other studies indicate that the operation of
certain pacemaker models can be inhibited by transmis-
son line and substation fields. These represent a small
percentage of models in use. As a precaution, pace-
maker patients who may spend time outdoors close to a
BPA trangmisson line or in a subgtation yard should
consult with a physician to determine whether their pace-
maker model is susceptible to 60-Hz interference.

Flammable Materials

It is possble that a spark discharge occurring from
induced voltages could ignite a flammable mixture such
as gasoline vapor and air. Circumstances leading to an
ignition are unusud, and to date no such event is known
to have occurred near a BPA transmission line. Asa
safety precaution, however, BPA recommends that ve-
hicles be a least 21 m (70 ft) from transmisson lines
when they are refueled. Grounding techniques or elec-
trical bonding of the vehicle and the fue container
should be used if refueling must occur nearer to the line.

Blasting

The dectricd effects of a tranamisson line might
cause premature detonation of explosives with electri-
cd blasting caps if they are being used near the line.
No such event is known to have occurred near a BPA
line. As a precaution, persons planning to detonate ex-
plosives near aBPA transmisson line should first ob-
tain clearance from the nearest BPA office.

Irrigation Equipment

Metd irrigation systems near transmission lines pose
a potentia shock hazard because they are large and at
times can be insulated from ground. However, with
basic precautions, hazards can be eliminated. The pre-
cautions, described in this and other BPA publications,
mainly involve grounding techniques and keeping pipe
and other equipment away from conductors.

AC Corona Effects

Corona is the breakdown of air at the surface of
transmisson-line conductors. It mainly occurs when
the electric field is greatly intensfied a projections such
as water droplets on the conductors. Corona is most
noticeable on 500-kV and higher-voltage AC transmis-
son lines during wet westher. Corona may result in
audible noise, radio and televison reception interfer-
ence, light, and production of minute amounts of ozone.

Through the years, transmisson-line designs were
developed that greatly reduced audible noise levels and
other corona effects. Few noise complaints are now
received from persons living near BPA 500-kV  trans-
mission lines. Although radio and television interfer-
ence problems sometimes occur, BPA policy requires
that al such problems be investigated and corrected if a
BPA facility is involved. Studies of 500-kV and 765-kV
trangmisson lines and of the BPA 1200-kV  prototype
showed that the amount of ozone produced by corona is
generally not detectable above average background lev-
ds.

DC Transmission

Characteristics

There are only seven high-voltage DC transmission
lines operating in North America. BPA operates the Or-
egon portion of the 1361&m  (846-mi) +500-kV  Pacific
Intertie, the first EHV (extra high voltage) DC trans-
mission line congtructed in North America. Over long
distances, DC lines can be more economica than AC
lines.

AC transmisson lines have three sets (phases) of
conductors. Bipolar DC lines, however, have only two
sets (caled negative and positive poles, like a battery).
Unlike AC lines, some of the air ions (positive or nega
tively charged molecules) produced by corona move
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away from the DC conductors. This movement occurs
because of forces exerted by electrical charges on the
two conductors, and because of wind drift. The electric
field from DC lines is produced by both the charge (volt-
age) on the conductors, and a * space charge” due to the
air ions. Wind, therefore, has a great influence on the
electric field near a DC line.

In contrast to AC, audible and radio-frequency noise
produced by DC coronais generaly greatest during fair
weather. The positive conductor is the primary corona
source. The DC audible noise is characterized by an
impulsive popping sound at generally lower sound lev-
els than AC lines. DC corona may result in radio recep-
tion interference. However, as with AC lines, BPA's
policy is to mitigate such problems, should they occur.
The amount of ozone produced by DC transmission-
line corona is barely detectable above background lev-
els.

DC Biological Effects

Charge will accumulate on insulated objects near
DC lines. Typicaly, however, the DC current coupled
by the flow of ions through air to people and objects is
very much smaller than the currents induced by AC
transmission lines. Nuisance shocks near a +500-kV
DC line are less likdy than for 500-kV AC lines. In
both cases, grounding techniques are effective in mini-
mizing shocks. Electromagnetic induction does not
occur with DC because the current flow that causes the
magnetic field is constant rather than aternating.

Operating experience and research has not produced
any evidence for long-term biological effects of the Pa-
cific DC Inter-tie on people, animals, or plants. Also, a
large body of research on air ions and DC fields indi-
cates that adverse effects are unlikely from DC lines.
Some scientists have suggested that air ion concentra-
tions differing from normal levels can have various ben-
eficial or adverse effects on plants, animals, and people.
However, most air ion research was not done specifi-
caly to assess possible effects of DC transmission lines.

BPA and several other organizations sponsored ex-
tensive long-term agricultural studies at a research site
along the Pacific DC Intertie in Oregon. The 3-year-
long studies found no adverse effects of the +500-kV
DC line on growth and reproduction of beef cattle or
crops.
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Alternating-Current
(AC) Transmission
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Alternating-Current (AC) Fields

- Most electric power systems use AC
(alternating-current) power, and operate at
extremely low frequency (50 and 60 Hz).

- Power lines and all electrical devices produce
EMF (electric and magnetic fields). Electric
fields are produced by voltage, and are easily
shielded by conducting material. Magnetic fields
are produced by current, and are not shielded
by most material. Field strength can be
calculated, or measured.

- EMF decrease in strength with distance from
the source. The decrease is faster for

electrical appliances than for power lines.
Electric fields in the center of rooms in most
homes average less than 10 V/m, and the
average magnetic field is less than 0.2 uT

(2 mG). At the edge of BPA transmission line
rights-of-way, average EMF range from about
0.5-3 kV/m, and 0.7-3.0 uT (7-30 mG).

- In addition to field strength, other factors used
to characterize EMF include polarization,
harmonics, and transients.

- EMF induce weak electric currents into
conducting objects, including people and
animals. The induced currents are usually
much weaker than natural currents produced
by the body. Scientists, therefore, do not

agree on how EMF can cause biological effects.
- Currents and voltages induced on objects
near transmission lines such as fences and
vehicles can cause nuisance shocks, but
measures are taken to minimize these effects.

- Electric fields from transmission lines can
sometimes be felt by hair vibration, but
magnetic fields cannot be felt by most people.

- In comparison to power frequencies, radio
and microwave frequencies (RF/MW) are called
electromagnetic fields, because the electric and
magnetic fields are tightly coupled. RF/MW
fields can have sufficient energy to cause
heating of biological material.

Basic Electrical Concepts

M odern electric power systems are so rdiable
that most people don't think about electricity
or how it works. Aslong as the light or the TV comes
on when we flip the switch, how electric power is pro-
duced or transmitted is not of much concern. If. how-
ever, you are interested in whether electricity can affect
us in ways other than by electric shock. then it is neces
sary to learn some basics about electric power. This
chapter describes how €electric power is produced and
distributed, defines the properties of EMF. and outlines
the basic biologica interactions of EMF. This material
involves several technical subjects which are presented
here in only a general way. References are included for
those who want to learn more about the technical de-
tails.

A primary reason for including this technical infor-
mation is that it provides the background for discussing
the biological research presented in later chapters. Is-
sues about the possible hedlth effect5 of EMF involve a
complex mix of technical data involving biology. epi-
demiology, physics, and electrical engineering. There-
fore, it is not surprising that definitive answers seem so
hard to obtain, or that so many different views exist on
this issue.

An AC electric power system begins where elec-
tric power is produced by generators at various kinds of
electric power plants. Generators are turned by water
or wind power, or by steam produced by burning fossil
fuels or from nuclear reactions. A generator consists
basicaly of loops of wire rotated through a magnetic
field. This rotation produces electric current in the loops,
and in the wires connected to the electric power system.

Figure 1. | shows how a simple generator produces
AC current and voltage with a sine-wave form such as
found in electric power systems. Actua generators con-
sist of many turns of wire, and are often designed so
that the wire loops are stationary. and the magnets ro-
tate. The generator in Figure 1.1 produces single-phase
power output.
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Output of one cycle of the
generator is shown below

2 Peak

rms

Voltage
and Current

When the wire loop rotates between the magnets, voltage
and current induced on the loop are connected to the light
circuit through the round sliprings. The positions of the loop
are shown on the sine wave on the left, corresponding to the
voltage polarity in the circuit at each instant in time. Current
reverses direction as voltage changes polarity. Sine wave
current and voltage are usually given in terms of root-mean-
square (rms). For sine waves, the rms value is the peak value
multiplied by 0.707. Electrical units in this book are given in
rms unless otherwise noted.

Figure 1.1. Basic operating principles of a simple single-phase AC generator.

Generators at electric power plants are designed to
produce three-phase eectricity. Thisis how power is
carried on most transmission lines (Fig. 1.2). Many bus-
nesses and industries use three-phase power to operate
large motors and other equipment. Most business and
resdential needs are met with single-phase dectric
power (see Fig. I. 1).

The three phases of an AC transmission line consist
of three separate wires (conductors) each carrying elec-
tric power. For lines of 500 KV and above, each phase
conductor usually conssts of a bundle of two or more
conductors. This makes the overall conductor diameter
appear larger and reduces the electric field on the con-
ductor. This reduces audible noise and other corona

Phase 1 Phase 2 Phase 3

Y Y

Voltage
and
Current

—»{ Time

Figure 1.2. Waveform of the output of a three-

phase generator. Each phase is separated
120 degrees from the other phases.

effects (coronais discussed in Chapter 5). The three
phases make up one circuit. Figure 1.3 shows some
typicd BPA sngle and double-circuit transmisson line
structures.

Various classes of transmission lines are referred to
by asingle voltage level cdled the “nomina voltage”
The nomind voltage is usudly less than the operating
voltage which varies over some range. The operating
voltage can be measured in two basic ways. For AC
lines, the measurement refers usualy to voltage between
any two of the line phases. A BPA  500-kV line (nomi-
na voltage) operates typically around 540 kV phase-
to-phase (with arange of 525-550 kV). The voltage
measured between a phase and ground is about 58 per-
cent of the phase-to-phase value (e.g., 312 kV to ground
when the line is operated a 540 KV between phases).

The (vector) product of voltage and current, ex-
pressed in watts, is a measure of electric power. Power
is carried on transmission lines a very high voltage to
reduce energy losses, which are largely related to cur-
rent flow. In generd, the higher the voltage, the lower
the losses for equal amounts of energy tranamitted.
Transformers are used to increase voltage for transmis-
sion, and to reduce the voltage for distribution to homes,
businesses, and factories.

The frequency of an AC voltage or current is given
in units of hertz (Hz) (1 hertz= 1 cycle per second). For
indance, in Figure 1.1, if the wire loop were rotated 10
complete turns in 1 second, the output would be 10 Hz.
Notice that during each cycle the voltage and current
changes between zero, and maximum positive and maxi-
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115-kV Lines |

-

115-kV wood H-frame

e T

Distribution line for comparisn

Single circuit
Ave. height 15 m (50 ft)
Ave._ span 183 m (600 ft)

230-kV Lines

115-kV steel lattice
Single circuit
Ave. height 23 m (75 ft)
Ave. span 351 m (1150 fi)

115-kV tubular steel
Double circuit
Ave. height 21-27 m (70-90 ft)
Ave. span 107-274 m (350-900 ft)

12kM  wood pole
Single  circuit
Ave. height 12 m ( 39 ft)
Ave. span 70 m ( 230 ft)

230-kVv  wood H-frame
Single ~ circuit

Ave. height 17 m (55 f)

Ave. span 183 m (600 f)

500-kV Lines |

500-kM steel lattice (flat)
Single circuit

230-kM steel lattice
Single  circuit
Ave. height 24 m (80 ft)
Ave. span 351 m (1150 ft)

|

230-kV steel lattice
Double  circuit
Ave. height 40 m (130 ft)
Ave. span 351 m (1150 f)

230-kM tubular steel
Double  circuit

Ave. height 37 m (120 ft)

Ave. span 27 m (900 ft)

Ave. height 27 m (90 ft)
Ave. span 351 m (1150 ft)

500-kV steel lattice (delta)
Single circuit (old design)
Ave. height 41 m (135 ft)
Ave. span 351 m (1150 ft)

Ave. span 351 m (1150 ft)

500-kV steel lattice (delta)
Single circuit (new design)
Ave. height 38 m (125 ft)

500-kV steel lattice
Double circuit
Ave. height 55 m (180 ft)
Ave. span 351 m (1150 ft)

Figure 1.3. Examples of AC transmission-line structure designs used by BPA (conductors not shown)
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mum negative values. A low frequency of 10 Hz would
cause the lamp to flicker noticeably. If the loop rotated
60 times per second (60 Hz), the lamp would appear to
our eyes to glow with a constant intensity. AC electric
power in North America has a frequency of 60 Hz; in
most other countries, 50-Hz AC is used. As a compari-
son, television transmitters operate at high frequencies
in the 55-890 MHz (MHz = million hertz) range.
Frequencies throughout the electromagnetic spec-
trum, and some comparative wavelengths, are shown in
Figure 1.4. Frequency is related inversedly to wave
length, i.e., as frequency increases, the wavelength de-
creases. The wavelength of the microwave oven fre-

Electromagnetic Spectrum

Cell Visible
phone light

Electric AM Ultra- Gamma
power radio TV/Radar Infrared |violet rays

I A R

Hz 10 100 10° 107 10° 101 10™ 10" 107 10" 10*! 1 -
AN L - ..
DC ELF Microwaves lonizing radiation

Frequency and Wavelength

As frequency increases, wavelength decreases

Electric power

60 Hz Wavelength 5000 km (3100 mi)
TV (channel 5)
76 MHz Wavelength 4 m (13.1 ft)

VAVAVAVAVAN

Microwave Wavelength 12.2 c¢cm (4.6 in)
2450 MHz W

Emnhhmm

Figure 1.4. Comparison of frequency and
wavelength for various sources of electric
and magnetic fields.

T e e e e I T R i T2 |

quency (2450 MHz) is 12.2 cm (4.8 in). In contrast,
the electric power frequency of 60 Hz has a wavelength
of 5000 km (3100 mi). However, transmission lines are
very poor 60-Hz transmitting “antennas.” The low fre-
guency power is not radiated away, as happens with
high-frequency television or radio transmitting anten-
nas.

The energy from higher-frequency fields (shorter
wavelengths) is absorbed more readily by biological
material, and it can produce heating such as with mi-
crowave ovens. The high energy associated with ioniz-
ing radiation, such as x rays, strips electrons from mol-
ecules. In contrast, the extremely long wavelength at
60 Hz alows the transfer of only a minute amount of
energy to objects the size of a person.

It can be shown that a person-sized object absorbs
about one trillion times less energy from a 60-Hz power-
line field than from a 60-MHz television frequency field
of equivalent power intensity (IITRI 1979). For ioniz-
ing radiation (above about 104 Hz) the energy per pho-
ton is more than 1.4 eV (electron voalts), whereas for
60-Hz, the energy per photon is only about 25 x 10 eV
(Suess 1982, Bennett 1992).

Notice in Figure 1.4 that the waveforms for the
examples al have uniform curved shapes. As noted
above, AC electric power is generated in what is known
as a sine waveform. There are a variety of other wave
forms found in various electronic circuits. As an ex-
ample, video displays produce both 60-Hz sine waves
and pulsed wave forms (Fig. 1.5). The latter has the
sharp appearance of saw teeth. There is some evidence
that different types of wave forms aso differ in their
potential to cause biological effects (Bassett 1994).

Power-Frequency Electric and
Magnetic Fields (EMF)

Power lines, electrical wiring, and electrical devices
and appliances al produce AC eectric and magnetic
fields. We are almost continuoudly exposed to the fields
from these sources when we are at home, work, or at
school. The sections that follow describe the properties
of electric and magnetic fields, tell how they are mea-
sured, and give examples of field intensities produced
by various sources. Human exposures to electric and
magnetic fields are described in Chapter 2. Chapters
2-4 describe the world-wide research aimed at assess-
ing whether exposure to these fields can adversely af-
fect people, animals, and plants. Information is also
included on beneficial medical uses of fields.
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Sine waveform
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Figure 1.5. Examples of some different types
of EMF waveforms.

In recent years, “EMF’ has often been used infor-
mally to refer to power-frequency electric and magnetic
fields. This can lead to some confusion because “emf’
is the formal abbreviation for electromotive force (i.e.,
voltage). A further point of confusion arises because
some authors use EMF to refer only to the power fre-
guency magnetic field. The term “electromagnetic field”
is also used by some authors to refer to power-frequency
magnetic fields, but this term is more correctly applied
to the tightly coupled electric and magnetic fields at ra-
dio and microwave frequencies. This book deas pri-
marily with electric power, so we usualy refer to the
electric and magnetic fields separately. When we use
EMF, we are referring to both the power-frequency elec-
tric and magnetic fields.

Electric Fields

Description and Comparative Levels

Description. Voltage on an object such as a wire
produces an electric field, E, in the area surrounding
the wire. An éectric fidd is basicaly invisible lines of

force that repel or attract electric charges. E is a “vec-
tor” quantity: This means that it has both direction and
magnitude. An example of the electric-field pattern
around a conductor above the ground is shown in Fig-
ure 1.6. Note that the field lines intercept the ground at
right angles (as they do for any conducting object). In
the figure, the conductor (in red) is shown from an end-
on view. The electric-field pattern around the multiple
conductors of a power line is more complicated than is
shown for the single conductor in Figure 1.6.

Conductor

Ground N \

! !|I||\
\mé Hl'(ll|'||-\l|'|\\|1 N

Figure 1.6. Example of the pattern of an

electric field. For simplicity, the field is
shown originating from a single conductor.

The presence of an electric field can sometimes be
demonstrated with a hand-held fluorescent tube (Fig.
1.7). This phenomenon has been associated with trans-
mission lines and distribution lines. Fluorescent tubes
also glow in some other electric fields-near an auto-
mobile engine, or a CB radio antenna, or when simply
scuffing your feet across a carpet. In al these instances,
the illumination is much less than that produced by nor-
mal use.

Home fields. Examples of typical 60-Hz elec-
tric-field strengths found in the home are given in Fig-
ure 1.8. Electric field strength is described in terms of
voltage-per-unit-distance at a specified position. For
example, 100 V/m means that there is a difference of
100 volts between two points in air, 1 m (3.3 ft) apart
vertically. Electric fields from appliances decrease rap-
idly with distance. In the center of the roomsin atypi-
cal home, 60-Hz electric-field strength is typicaly less
than 10 V/m (Caola et al. 1983, Savitz 1987).

In addition to the appliances shown in Figure 1.8,
the electric field measured 30 cm (1 ft ) above conven-
tiona electric blankets was 250 V/m (Vaentino 1972).
Conventional electric blankets consist of a single insu-
lated heating wire that is looped back and forth across
the blanket. With positive temperature coefficient (PTC)
electric blankets, the looped heating element consists
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Figure 1.7. The presence of an electric field
can sometimes be demonstrated with a hand-
held fluorescent tube. These time-exposure
photographs (several seconds) show tubes
glowing beneath a 500-kV line (top), near an
automobile ignition (middle), and next to a
transmitting CB radio antenna (bottom).

of two closdly spaced pardld insulated wires. Calcu-
lated eectric fields 30 cm (1 ft) above PTC blankets
were around 16 V/m; at 5 cm (2 in) the field ranged
from 10 to 40 V/m (Florig and Hoburg 199 1).

The dectric field levels usualy reported are called
“unperturbed” because they are for the Situation where
a conducting object is not nearby. A person or any con-
ducting object greetly perturbs (distorts) the electric
fidd. This makesit difficult to measure exposure. In
terms of human field exposures, electric-field levels pro-
duced by appliances cannot be directly compared to
equivalent fields from power lines. This is because fields
may be oriented differently with respect to the body.

Electric Field (V/m)
20 40 60 80

Figure 1.8. Typical 60-Hz electric field levels
30 cm (1 ft) from some electrical appliances,
and the all-room average for 481 homes in
Denver.

Sources: Appliance fields from Valentino (1972),
home average from Savitz (1987).
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For example, the current density induced in the chest of
a person covered by an eectric blanket is comparable
to the current dengity induced in the chest of aperson
ganding in a 90-140 V/m power-line field (Florig et d.
1987).

Power-line fields. Electric fields found near trans-
mission lines are usudly stronger than those near appli-
ances, 0 they are typicaly measured in units of  kV/m
(kilovolts per meter) (1000 V/m= 1 KkV/m). The elec-
tric field near an AC line can be measured with a hand-
held meter (Figure 1.9). Computer programs are also
available for caculaing dectric fidds.

Figure 1.9. Electric-field strength is measured
with a meter on the end of a long insulated
handle. This keeps the meter away from the
person's body which can distort the field.

Figure 1.10 shows the typical vertica electric-field
strength at various lateradl distances awvay from BPA
transmisson lines. The values were caculated for a
point 1 m (3.3 ft) above ground (the standard reference
height). For a fixed conductor-to-ground height, the
electric-field strength does not vary more than 10 to 15
percent for heights up to 3 m (9.8 ft) above ground.
There is dso a amdl horizontal dectric-fidd compo-
nent.

The maximum electric field near the ground occurs
usualy just outside the outer conductors a mid-span
(i.e, mid-way between two support structures). The
field strength dips right under the center of the lines
because the three phases partially cancel each other. The
highest commercid AC transmission-line voltage in the

U.S. is 765 kV. These lines, found in the Eastern U. S,
produce maximum electric fields of about 10-12  kV/m.
In the BPA system, the largest commercia line is 500 kV
and the maximum electric field is about 9 kV/m. Other
typicd transmisson line voltages include 115 kv,
230 kV, and 345 Kv.

Figure 1 .11 shows the distribution of the dectric
field beneath a 500-kV transmission line. Notice that
the maximum field occupies a small area near mid-span.
This is where the conductors sag closest to the ground.

The dectric-field strengths shown in Figures 1.10
and 1.11 are cdculated for flat terrain and maximum
conductor sag, i.e, when line current and ar tempera
ture conditions are highest. These maximum conditions
seldom occur, and measured field levels near operating
transmission lines are typicaly less than the calculated
maximum design levels. Measurements made of 359
gpans of 500-kV lines during late winter showed that
the average maximum dectric-field strength was only
3.7 kVIm (Bracken and Ray 1980). Fewer than 5 per-
cent of the line spans measured had maximum fidds
greater than 6 kV/m.

Digtribution-line primary voltages range from about
4 to 34 kV (Burke 1994). Measurements made of 60-Hz
electric fidds benegth 14.4-kvV  digribution lines in
Quebec showed that the fields were less than 1 kV/m;
typicaly, they were about 160 V/m (Heroux 1987).

The symmetry in fidd drength shown in Fg-
ures 1.10 and 1.11 would exist only when the line was
located above a ground surface that was clear and level.
Irregular ground or the presence of conducting objects
such as vegetation or structures greatly perturbs elec-
tric fidlds. Benesth tal vegetation, or within buildings
or automobiles, the electric field from a nearby trans
mission line is reduced considerably, because these ob-
jects act as a partid shidd. In one study, the eectric
field ingde a wood and brick home near a  500-kV line
was eght times smaler than the field outside (Caola et
a. 1983). The amount of shielding depends on the type
of building materid.

Another factor that determines field strength is the
conductor  configuration-the spacing and  arrangement
of the conductors ( Fig. 1.3). The eectric fields created
by the three phases of high-voltage lines tend to cancel
one ancther. In a ddta (triangular configuration), the
three phases are more compact than they arein aflat
configuration. Thus, the electric-field strength near the
ground for a delta configuration line is less than that of
a comparable flat configuration line a the same height.

Depending on phase arrangements, similar cancel-
lation effects can occur with two or more adjacent trans-
misson lines and with double-circuit lines. The maxi-
mum ground-level electric-field strength beneath  mul-
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Figure 1.11. Maximum calculated 60-Hz electric-field strength (1-kV/m contours) at 1 m (3.3 ft) above

level ground for a BPA 500-kV double-circuit transmission line. Measured levels are typically less
than calculated levels. Note that the horizontal and vertical distances are at different scales.

-8 BPA Electrical and Biological Effects Review



Chapter 1: AC Fields

tiple lines is about the same as would be found beneath
the highest voltage line alone. In other words, the elec-
tric fields from multiple lines do not simply add together:
two adjacent 500-kV lines do not represent a 1000-kV
line

Electric fields are vectors. they have both a direc-
tion (e.g., an angle in space) and a magnitude. The force
on a charged particle in an AC dlectric field is, there-
fore, continuously changing. The situation is even more
complicated with a three-phase power line because the
electric fields produced by the line will also have dif-
ferent phases. At each point in the air around the line,
the dectric-field vector traces an élipse in a plane as
the line voltage and current aternate at 60 Hz (Deno
1976).

The shape of the ellipse is defined by a semi-major
and a semi-minor axis. When the axes are equd in
magnitude but are 90 degrees out of phase, the field is
circularly polarized (also called a rotating field). At the
other extreme, when the two axes overlap, linear polar-
ization occurs. Electric fields within about 15 m (49.2 ft)
of transmission lines tend to be polarized dlipticaly;
beyond this distance they tend to be polarized linearly
(Zaffanella and Deno 1978).

Induced Currents and Voltages

When conducting objects such as vehicles or people
are in an AC dectric fidd, currents and voltages are
induced in them (Figure 1.12). The induced current
varies with the electric field strength, the frequency of
the field, the size and shape of the object, and the ob-
ject-to-ground resistance. The charges in metallic con-
ductors such as copper wire are mainly free electrons,
whereas in body tissues and fluids, the charges are
mostly ions (Adey 1981). With AC the charges don't

Figure 1.12. Basic pattern of the weak current
induced (white dashed lines) in a person
standing in the electric field (solid lines)
beneath a transmission line.

actually move appreciable distances. The alternating
current consists of minute oscillations (jiggling) of
charges over a distance of about the diameter of an atom
(Gary 1976).

Short-circuit currents. If an insulated object is
grounded, the induced current to ground is called the
short-circuit current. The short-circuit current induced
in objects in a 60-Hz electric field can be estimated with
formulas described by Deno and Zaffanella (1982).
Short-circuit currents for a 1.7-m (5.6-ft) tall person, a
cow, and some vehicles in a1l kV/m €ectric field are
shown in Figure 1.13.

Internal currents. As shown in Figure 1.12, the
external electric field does not penetrate the body. The
body or any other conducting object shields out most of
the externa field. This shielding is a result of the oscil-
lations of electric charges within the body. As the ex-
ternal AC field on the surface of the body changes be-
tween positive and negative voltage, oppositely charged
ions in the body oscillate toward the body surface. These
charges create an internal electric field that opposes and
amost entirely cancels the externa electric field (Kaune
and Anderson 1990). However, as the ions oscillate in
the body, they create weak currents (Fig. 1.12). Also,
the presence of currents in tissues and fluids is associ-
ated with weak internal electric fields.

Internal current densities and electric fields induced
in a grounded person standing in a 1-kV/m 60-Hz elec-
tric field are shown in Figure 1.14. For any other field
strength, multiply the field (in kv/m) by the values in
the figure. Note that the internal electric fields are at
least 100,000 times smaller than the externa field. In-
ternal currents and fields are even smaller when a per-
son is not grounded (Kaune et a. 1987a).

The current densities in Figure 1.14 are averages
for certain cross-sections of the body. The actual cur-
rent densities within the sections depend on the types of
tissue present. For instance, current densities are higher
in muscle than in bone (Carstensen 1987). At the cellu-
lar level, most of the current occurs in the small spaces
between the cells because the cell membrane is an ef-
fective insulator (Barnes 1992, Wachtel 1992).

The 60-Hz currents induced by transmission-line
electric fields are comparable in only a general way to
those produced in the body by the heart and nervous
system (Fig. 1.15). Natural currents have a wide vari-
ety of frequencies and wave forms (Bemhardt 1979).
The range of natura currents shown in Figure 1.15 is
for frequencies of less than about 1000 Hz.

The maximum body current induced in a person
(across the ankles) by a maximum transmission-line
dectric field (10 kv/m) falls within the range of natural
current levels (Fig. 1.15). Shown for comparison are
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Figure 1.14. Current densities and electric
fields induced in cross sections of a grounded

person standing in a 1-kV/m electric field.
Source: Derived from Kaune and Phillips (1980).

currents induced by a transmission-line magnetic fied
of 10 uT (100 mG), and a magnetic fied of 0.2 uT
(2 mG). The latter vaue is a threshold associated in
some studies with increased cancer risks (see Chapter 3).
Some scientists contend that because currentsin-
duced by externa fields are so small compared to natu-
rd levels, it is not possible for the externa fields to cause
biologica effects (Adar 1991). Nevertheless, many
published studies have reported biologica effects asso-
ciated with exposure to wesk externd fields (Bassett
1994, Goodman and S-Henderson 1994). One extreme
example from a frequently cited study of cacium ef-
flux from chick brain tissue (Blackman et d. 1982) is
shown in Figure 1.15. The effect observed from a 16-Hz,

640 1A

Figure 1.13. Short-circuit current in a person, a cow, and various vehicles in a transmission line
1-kV/m 60-Hz electric field. Source: Deno and Zaffanella (1982).

3-VIm dectric field was associated with current densi-
tiesin the tissue that were 1 million times smdler than
naturd current levels (Kaune and Anderson 1990).

This example shows why the possible hedth effects
of fields from transmission lines and other sources con-
tinues to be a controversd scientific issue. Many of
the following sections of this book describe the biologi-
ca research on EMF in detall, and discuss possible ways
that effects could occur from exposure to weak fields.

Induced subperception body currents are not unique
to a transmisson-line environment.  According to one
study, currents induced in a person’s neck and waist by
an electric blanket were equivalent in magnitude to cur-
rents induced by a transmission-line field of 40-50 V/m
(Slva 1985). The American Nationd Standards Insti-
tute (ANSI) dlows up to 05 mA leakage current from
portable household appliances, and 0.75 mA from fixed
appliances (ANSI  1973).

Perception Effects

When a person or animal contacts a conducting
object that is insulated from ground within an dectric
field, a perceptible current (tingling sensation) or a shock
may occur (Figure 1.16). This can aso happen when
the person or animd is insulated and the object is
grounded. The amount of current is determined by the
eectric-field strength, the size of the object, and how
well both the object and the person or animd are insu-
lated from ground (see related papers by Relly 1978,
and Banks and Vinh 1984).

The short-circuit body current in Figure 1.13 is the
maximum a person could receive from a 1-kV/m field.
The vaues in Figure 1.13 are worst-case estimates, be
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Figure 1.15. Comparison of natural internal
body currents with currents induced by
external electric and magnetic fields.

(See text for discussion.)

Sources: Bernhardt (1979), Kaune and Anderson (1990).

cause they were made with people and objects placed
on special rubber mats to insulate them completely from
ground. Conditions conducive to maximum current in
normal situations are rare. People and animals are usu-
aly grounded to some degree through their feet. Like-
wise, most vehicle tires are actually semi-conductive.
In addition, soil and vegetation in contact with the tires
or the vehicle provide additional paths for electrica
charge to move to ground.

Shocks. Shocks can be classified as below per-
ception, above perception, secondary, and primary. The
mean perception level for an 82-kg (180-lb) man at
60-Hz is about 1.0 mA (Keesey and Letcher 1970). It
is about two-thirds of that value for a 55-kg (120-1b)
woman. Secondary shocks cause no direct physiologi-
cal harm, but they may annoy a person, and cause
muscles to react involuntarily. Though difficult to de-
fine precisaly, the lower average secondary shock level
at 60-Hz for an average-sized man is about 2 mA (Deno
and Zaffanella 1975).

A person standing on dry gravel or wearing rubber boots
may feel a tingling sensation when touching a grounded
metal object (like a wire fence attached to metal posts).

Grounded Insulated

fence person

A person wearing leather shoes (especially on wet ground)
could get a painful shock by touching a large insulated metal
object (like a fence on dry wood posts). Such objects are
routinely grounded if they pose a shock hazard. Some metal
posts connected to the fence can correct the problem.

Insulated Grounded
fence person

|
I Lines are designed to have lower field levels where many
vehicles are expected (like parking lots ) to reduce nuisance
shocks when touching cars and trucks. Nevertheless, you
can receive annoying shocks if you park directly under a
large line in other areas. Tires are partially conductive, which
prevents vehicles from being fully insulated from ground.

Vehicle Grounded
o , person

Figure 1.16. Typical situations where nuisance
shocks can occur from induced voltages on
objects near transmission lines.

Primary shocks can be harmful. Their lower level
is described as the current at which 99.5 percent of sub-
jects can dill voluntarily let go of the shocking elec-
trode (conductor). Keesey and Letcher (1970) estimated
the mean let-go level for an 82-kg (180-1b) man as 9 mA
and 6 mA for a 55-kg (120-Ib) woman. Their estimate
for children was 5 mA. Dalziel(1943) earlier suggested
4.5 mA as a safe let-go current level for children. Ven-
tricular fibrillation (the heart stops beating) is estimated
to occur for 0.5 percent of adults with exposure for
3 seconds to a 60-Hz current through the heart of about
100 mA (35 mA for a small child) (Daziel 1960).

The National Electrical Safety Code (NESC) (IEEE
1996) specifies 5 mA as the maximum allowable short-
circuit current to ground from vehicles, trucks, and
equipment near transmission lines. BPA lines are de-
signed to meet requirements of the NESC. We are not
aware of any instances where adults or children have
been severely injured by induced currents from BPA
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lines. There have been reports of people receiving an-
noying shocks from vehicles and other objects near
transmission lines.

Spark discharges. The discussion above dealt
primarily with steady-state current that occurs while a
person is in contact with the ground or an object. In the
instant before contact, a spark discharge can occur. The
effect is similar to the static discharge shock a person
can feel after walking across a carpet and then touching
a door knab. In the electric field of an AC transmission
line, however, both charging and discharging are instan-
taneous and continuous, so long as there is a dight space
between the objects involved. Spark discharges are a
function of both voltage and energy. Energy is mea-
sured in joules (J) and is dependent on the size of the
object which is discharged and the voltage on the ob-
ject. For 50 percent of adult men, spark discharges reach
the perception level (fingertip-touch) when they mea-
sure about 0.14 mJ (millijoule) (IEEE Working Groups
1985).

Fingertip-touch annoyance occurs around the 1.3 mJ
level; hand-grab annoyance is estimated to occur at 4 mJ.
The magnitude of spark discharges beneath transmis-
sion lines depends greatly on ground conditions, but,
even under worst-case conditions for large vehicles, it
would be less than 30 mJ. Although painful shocks are
possible under certain conditions, shock levels are far
below the 50 J level believed to represent a danger
threshold in humans (IEEE Working Group 1972).

Utilities have for years mitigated problems associ-
ated with electric shocks from induced currents caused
by transmission lines. Utilities have internal standards
for grounding stationary objects such as fences, metal
roofs, and antennas. Other examples of precautions to
avoid electrical hazards are pointed out in subsequent
sections of this report and elsewhere (Reiner 1972; |EEE
Working Group 1972, 1973). BPA publishes safety in-
formation in a free nontechnical booklet titled, Living
and Working Safely Around High-Voltage Power lines.
An |EEE booklet also addresses the electrical effects of
transmission lines (IEEE Working Group 1985).

Hair vibration. In addition to nuisance shocks,
another short-term effect of 60-Hz electric fields is di-
rect perception of the field. The aternating charges in-
duced by an electric field on the body surface can cause
a detectable sensation through hair vibration. With elec-
tric field strengths produced by most lines, people would
normally not detect even the maximum field in this
manner. By standing near mid-span of a 500-kV line
on a il day, some people can feel a gentle vibration of
hair on their head or on an upraised arm.

In one study, 110 men were asked to describe their
perceptions of various 60-Hz electric-field strengths
(Reilly 1979). Approximately 20 percent of the men
could perceive a 9-kV/m field through stimulation of
head har. At field strengths of 2-3 kV/m, less than 5 per-
cent of the men reported that they could perceive the
field. At the lower field strengths, a gentle breeze can
cause enough hair movement to mask the feeling that is
produced by the electric field.

Cabanes and Gary (1981) assessed men's and
women'’s perception of a 50-Hz electric field in an in-
door high-voltage laboratory. With both arms held by
the sides, only 5 percent of the people could perceive a
5kVv/m field. With one arm raised above the head,
10 percent perceived a 2-kV/m field. Sensitivity to elec-
tric fields increases if the hair is wet (Deno and
Zaffanella 1982).

Magnetic Fields

Description and Comparative Levels

Description. A magnetic field is produced by
moving charges (current) in a conductor. Magnetic fields
are described in terms of flux density, B, and field
strength, H. The H field is given in units of A/m. In
this book, magnetic fields are given in terms of the B
field to be consistent with common usage in research
involving power-frequency magnetic fields. Measure-
ments of the magnetic B field are given typicaly in
tesla’s (T) or in gauss (G). We will usually be dealing
with smaller subunits and a useful conversion is, 1 uT=
10 mG. In ar and in biological material, a magnetic
field strength (H) of 1 A/m corresponds to a magnetic-
flux density (B) of about 1.25 T (12.5 mG) (Deno and
Carpenter 1994).

Figure 1.17 is an example of the pattern of a mag-
netic field from a single current-carrying conductor
above the ground. Notice that the field is not affected
by the ground (assuming no large amount of iron is
present). The magnetic field pattern surrounding a three-
phase transmission line is more complex than that for a
single conductor.

Magnetic fields, like electric fields, are vectors and
can be described in three dimensions designated as x, y,
and z (Fig. 1.18). Notice in the figure that the three
components of the vector are orthogonal, i.e., they are
mutually perpendicular.

Polarization. Multi-phase or multi-source mag-
netic fields are also polarized as described above for
eectric fields. Three types of polarization are defined:
eliptical, linear, and circular. Figure 1.19 shows the
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direction

Dlrecilon
of current in
conductor

Figure 1.17. Example of the pattern of a
magnetic field. For simplicity, the field is
shown originating from a single conductor.
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Figure 1.19. Magnetic-field polarization su
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rounding a transmission line. Only a few points
are shown; however, the field is present every-

where around the line.
Source: Zaffanella and Deno (1978).

Harmonics. Harmonics are frequencies of mag-

Figure 1.18. The magnetic field at any point (%)

is a vector that can be described by three
orthogonal axes, By, By, B2.

pattern of polarization calculated for a 765kV trans-
mission line. At each point surrounding the line, the
direction and magnitude of the magnetic field changes
throughout each cycle as the current in the conductors
aternates at 60 Hz. The magnetic-field vector rotates
around an elipse in the x-y plane during each cycle (the
z axis is parale to the line). The direction and magni-

tude of the maximum magnetic field is shown by the
semi-major axis. Similarly, the minimum field is shown
by the semi-minor axis.

For three-phase transmission lines the magnetic
field tends to be polarized dlipticaly near the ground
within about 15 m ( 49.2 ft) of the conductors (Zaf-
fandla and Deno 1978). Beyond this distance the fields
tend to be polarized linearly, so they appear more like a
single-phase field. With linear polarization, the semi-
minor axisis a small fraction of the mgjor axis. At some
points near the conductors, circular polarization occurs:
two axes are equal in magnitude but 90 degrees out of
phase.

netic or electric fields that are even multiples of the fun-
damental frequency. The harmonic content of the fields
from transmission lines is small except where there is
equipment serving large industrial loads (Zaffanella and
Deno 1978). Harmonics are undesirable because they
distort the voltage and current sine waveforms and,
therefore, can adversely affect operation of some elec-
trical appliances and equipment. Harmonics are aso
found in homes and businesses from the many electri-
cal appliances which are present (Fig. 1.20).

A large study of homes across the U.S. found that
residential harmonics consisted mainly of 180 Hz, the
third harmonic of the 60-Hz power frequency (Zaffanella

Circular Saw

Frequency (Hz)|

60 120 180

(MG peak)

Figure 1.20. Magnetic-flux density for 60 Hz,
and for the second (120 Hz) and third (180 Hz)

harmonics for two electric appliances.
Source: Deno and Carpenter (1994).

Hair Dryer

60 120 180
Frequency (Hz)
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1993). In that sudy, the totd harmonic distortion was
not large enough to affect sgnificantly the rms mea-
surements of the magnetic fieddd. Harmonics can be
important because induced current is directly propor-
tiond to frequency (eg., a 120-Hz field induces twice
as much current as a 60-Hz field of equal magnitude).

Transients. When power lines or appliances are
switched on and off, high-frequency field bursts caled
transients are generated. Transients are more common
with gppliances because power lines usudly remain
energized for long periods. In contrast, appliances in
homes and offices are continually being turned on and
off, manudly and automaticaly. Prdiminary measure-
ments of trandents in homes made with specid instru-
ments have found that transients have frequency com-
ponents ranging from below 60 Hz to a least 500 MHz
(Guttman et a. 1994).

Trangents have very short durations (eg. approxi-
mately 100 to 200 nanoseconds for switching light cir-
cuits, Fig. 1.21). The duration of a transent can be char-
acterized by the change (d) in magnetic flux densty (B)
as afunction of changein time (t) (the time derivaive
is symbolized as dB/dt) The dB/dt waveform can be
integrated to obtain magnetic-flux density; it is not clear
which of the two parametersis most rdevant in terms
of biologica exposures (Rellly and Kaune 1994).

8

n
[=]

N
=]

dB/dt (Tesla/second)

&

Figure 1.21. An example of a magnetic field

transient when a 200-W lighting circuit is

switched (as measured close to the switch).
Source: Redrawn from Guttman et al. (1994).

Gaussmeters. Instruments used to measure mag-
netic flux dengty, commonly cdled gaussmeters
(Fig. 1.22), differ in how they messure the three fidd
axes shown in Figure 1.18. Three-axis gaussmeters
measure what is called the resultant magnetic field. This
is the square root of the sum of the squares of the three
field components, B, B, and B,| With single-axis gauss-
meters, the meter or the coil atached to the meter must
be rotated carefully to measure each of the three axes.

Figure 1.22. Magnetic flux density being
measured with a three-axis EMDEX LITE
gaussmeter (top). The reading is the resultant
field in mG. With a Magnetics Sciences
International single axis gaussmeter (middle)
the coil attached to a digital multimeter is
rotated to find the maximum field. The reading
is also in units of mG. Three-axis meters can
also be mounted on wheel devices to make
magnetic field maps (bottom).
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The resultant field must then be caculated by hand. A
more direct approach, however, is just to record the
maximum reeding & a given point. Thisis usudly suf-
ficient for most purposes unless readings are to be com-
pared with those from a three-axis meter. Some  three-
axis gaussmeters can store measurements for long peri-
ods, and can be used to record magnetic-field exposure
automatically.

The maximum fied value measured with a single-
axis meter corresponds to the semi-mgjor axis of the
dlipse the minimum vaue corresponds to the semi-
minor axis (see Fig. 1.19) (NEMPG 1994). The result-
ant field, as measured with a three-axis meter, will be
equd to or greater than the maximum field depending
on the degree of polarization (IEEE MFTF 1992). The
greatest difference occurs with circular polarization,
where the resultant field is 41 percent greater than the
maximum field.

The presence of harmonics can affect the reading
from a gaussmeter, depending on the frequency response
(bandwidth) of the meter. Most meters don't measure
the field for a single frequency. Instead, they are sens-
tive to a range of frequencies. For instance, specifica-
tions for one single-axis gaussmeter used for 60-Hz
fields give a bandwidth of from 10 Hz to 20 kHz. Speci-
fications for a particular three-axis gaussmeter give a
frequency response of from 40 Hz to 1 kHz. Depend-
ing on the harmonic content of the field being measured,
the two meters could give different readings, in addi-
tion to differences between single and three-axis meters.

A publication that includes information and evau-
ations of available gaussmeters is for sae by the Elec-
tric Power Research Center in Ames, lowa (telephone
5 15294-8057). A lig of gaussmetersis dso available
on the Microwave News home page on the “Internet”
(http://www.microwavenews.com).

Appliance fields. Magnetic fields from electric
appliances are locdized in the immediate vicinity of the
device. Data in Figure 1.23 are from a study of 60-Hz
megnetic fields from large numbers of dectricd gopli-
ances. The magnetic flux dengtiesin the figure are re-
sultant fields measured with STAR (stand aone record-
es) daalogging magnetic-fidd meters (Zaffandla
1993). For appliances in generd, the field intengity de-
creases roughly with the inverse cube of the distance
away from the device. In comparison, the magnetic
fiedds from atranamisson line typicaly decreaseinin-
tengty more dowly (approximately with the inverse
square of the distance). The actud design of the line,
however, influences the rate at which the field decreases.

Gauger (1985) usaed a single-axis gaussmeter to
measure magnetic fieds from 25 types of appliances.
About 95 percent of his measurements of maximum

magnetic flux density at a distance of 0.3 m (1 ft) from
electrical appliances were below 10 pT (100 mG). At a
distance of 1.5 m (5 ft), most appliance fields were less
than 0.1 uT (1 mG). The background magnetic fields
in the homes where the appliances were measured ranged
from 005 to 0.1 uT (051 0 mG).

Horig and Hoburg (1991) studied the magnetic
fields produced by eectric blankets. They calculated
that the 60-Hz magnetic flux density 5 cm (2 in) above
conventiona electric blankets ranged from about 1 .0 to
3.5 T (10-35 mG). For PTC dectric blankets, the
caculated magnetic flux densty 5 cm (2 in) above the
blanket ranged from about 20 to 45 T (2045 mG).
For new low-magnetic-fild-design PTC electric blan-
kets made after 1990, average magnetic flux density
measured 5 cm (2 in) above the blanket was only 0.09
UT (0.9 mG) (EPA 1992). Electric heaters used with
water beds produce magnetic fields at the users loca
tion of about 0.3-0.5 T (3-5 mG) (Werthemer and
Leeper 1986, Bracken et a. 1995).

Magnetic flux densties at the surface of motor-
driven persona appliances can exceed 0.4 mT (4 G)
with time-rates-of-change exceeding 1000 T/s (Wilson
e a. 1994). Such appliances (e.g., shavers, hairdryers,
massagers) adso produce high-frequency burstsin the
low MHz range. Motor-driven appliances produce har-
monic frequencies (see above section) that often induce
higher currents in the user’s body than those induced
by the fundamental power frequency (Tofani et a. 1995).

Power-line fields. Magnetic flux dengties for
transmisson lines are shown in Figure 1.24. The data
in the figure are from a large study of BPA transmission
lines; they show calculated average and peak field lev-
els for average and peak load conditions. The actua
field from a specific line depends on the design of the
line and on the amount of current that it is carrying at a
given time. The average magnetic flux dendties be-
neeth tranamission lines are comparable in magnitude
to those very closeto gppliances (see Fig. 1.23). The
transmission-line fields, however, decrease in dirength
with distance much more dowly than appliance fields.

Magnetic fields are much more variable than elec-
tric fields because current varies greatly for a given line,
and among lines. The current can vary by the hour, day,
week, and by the season of the year, depending on the
loads carried by a particular line. An example of the
magnetic flux density measured over 1 week for a
500-kV transmission line is shown in Figure 1.25. Al-
though the mean fidd during the week was 3.86 uT
(386 mG), a “spot measurement” made during the week
could have shown a level ranging from about 2.24-6.27
UT (224627 mG) depending on when the measure-
ment was made.
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Magnetic Flux Densities At Two Distances From Appliances on the Left
27 cm 117 m
(105 in) (46 in)
Maximum 12.1 mG Maximum 1.3mG
95 Black &
White TVs P vedian 2.9ma P vedinn 0.1 mG
Measured Minimum 0.7 mG Minimum 0.0 mG
343 Color TVs Maximum 18.6 mG Maximum 14m@
Measured ‘ Median 7.0md - Median 0.4 md
Minimum 0.4 mG Minimum 0.02 mG
Maximum 28.6mG Maximum 6.2mG
383 Electric - Median 9.0mG - Median 0.3mG
Ranges Measured o I
Minimum 0.5mG Minimum 0.0 mG
485 Microwave Maximum 263.9 mG Maximum 17.2 mG
Ovens Measured ) .
(outside 60-Hz field, ‘ Median I 36.9md ‘ Median { 2.1md
not inside the oven) Minimum 0.9 m@ Minimum 0.2mG
Maximum 41.2 mG Maximum 3.2mG
118 Analog Clock/ .
Clock-Radios Measured - Median I 14.8 md - Median { 0.3m@
Minimum 1.8 mG Minimum 0.0 mG
95 Digital Clock/ Maximum 57 mG Maximum 1.3mG
Clock-Radios Measured - Median 1.3 ma -» Median 0.2md
Minimum 0.3mG Minimum 0.0 mG
e 15mG
Measufe.d _ﬁ# - Median H 3.1 md - Median I 0.3 m@
117 Ceiling Fans ' W % ma M i 00 mG
Maximum 3.8 mG
Measured (Window P vedion 3.0 m@ - Median 0.2 md
i .
HE'Rir conditioners N Em 184 m@& Minimum 0.0 mG
397 Fluorescent Lights Maximum 56.7 mG Maximum 3.5ma
Measured - Median 5.9 mGl - Median 0.4 m@
Minimum 0.2md Minimumi 0.0 mG
7. Refrigerators
BFeasure Maximum 157 mG Maximum 104 md
.. Median 2.6 m@d ‘ Median 0.4m@
Minimum 0.1 ma Minimuml 0.1 mG

Figure 1.23. Measurements of 60-Hz magnetic flux density at two distances from various electric
appliances. To convert from mG to uT, divide by 10 (10 mG= 1 uT).

Source: Zaffanella (1993).
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K 115-kV Lines
Approx. Edge
of Right-of-way

15m 30m 61m 91m
(50 ft) (100 ft) (200 ft) (300 ft)
For Average Loads
Mean Field (mG) 29.7 6.5 1.7 0.4 0.2
For PeakLoads
Mean Field (mG) 62.7 13.5 3.6 0.9 0.4
230-kV Lines

Approx. Edge
of Right-of-way

15m 30m 61 m 91m
(50 ft) (100 ft) (200 ft) (300 ft)
For Average Loads
Mean Field (mG) 57.5 195 71 1.8 0.8
For PeakLoads
Mean Field (mG) 117.7 39.8 145 3.6 1.6
500-kV Lines

Approx. Edge
of Right-of-way

20m 30m 61m 91 m
(65 ft) (100 ft) (200 ft) (300 ft)
‘orl Average Loads
Aean Field (mG) 86.7 29.4 126 3.2 1.4
:or Peak Loads
Aean Field (mG) 1825 61.9 26.7 6.7 3.0

Figure 1.24. Magnetic flux densities (60-Hz) calculated for BPA transmission lines based on both
average and peak loading conditions (peak conditions occur about 1 percent of the time each year).

To convert from mG to uT, divide by 10 (10 mG = 1 uT). Source: Stearns et al. (1992).
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Milligauss

Sat Sun Mon Tue Wed Thur

For This 1-Week Period:

Mean field = 38.6 mG
Minimum field = 22.4 mG
Maximum field = 62.7 mG

Figure 1.25. Magnetic flux density (60-Hz)
measured every 5 minutes for 1 week on the
right-of-way of a 500-kV transmission line.
Measurements were recorded automatically
with an EMDEX LITE meter.

Figure 1.26. Magnetic fields are not shielded
by most materials. They do decrease in
strength with distance (see Fig. 1.24).

Unlike éectric fields, 60-Hz magnetic fields pass
easily through most objects, including buildings and
people. Power lines can contribute significantly to the
magnetic field found throughout homes near the lines
(Figs. 1.26, 1.27). Savitz et a. (1988) reported that the
average magnetic flux densities measured throughout
homes near low-current power lines in Denver, Colo-
rado, was around 0.0541 uT (0.5-1 mG). In homes

10.0 ,
Median : Top 5% =
5.0 Values T Values
T 20 :
£ -
By ! 6@ |
= 4 1
i LY .
m -2
[ 1 I
2o |
T |
i g -05 —— I
02 1
X 0L ! Lo
Power Grounding Power Grounding
Line System Line  System
Figure 1.27. Median and top 5% of 60-Hz mag-
netic fields in 991 homes from power lines,
and grounding systems (10 mG= 1 uT). Circles
are the medians for each group. Upper bars
show the field exceeded in 5% of the homes.
Lower bars show the field exceeded in 95% of
the homes. Source: Redrawn from Zaffanella (1993).

near high-current lines, the field averaged around
0.143 pT (I-3 mG). There was considerable varia-
tion in the measurements, however.

Measurements made in 138 homes in the Sesttle
area also indicated that household appliances made only
a smal contribution to the magnetic-field levels through-
out homes. With most appliances off, the mean flux
dengity in rooms was 0.09 uT (0.9 mG); with appliances
on, the mean flux density increased only to 0.11 uT
(1.1 mG) (Severson et a. 1988). The study aso found
no relationship between daily home electricity consump-
tion and magnetic flux density measured in rooms in
the home (Kaune et al. 1987b).

Silva et a. (1988) made magnetic-field measure-
mentsin 9 1 buildings in 6 states. The mean field levels
in rooms were around 0.1 puT (1 mG). Average levels
measured near appliances as they would normaly be
used ranged from 0.9 to 2 uT (9-20 mG). The way that
homes are grounded and wired can have a big effect on
the magnetic fields in the home. Silva et a. (1988) also
found that the dominant magnetic field in homes lo-
cated close to power lines appeared to be from the lines.

A large study was conducted of 60-Hz magnetic
fields in nearly 1000 homes selected randomly across
the U.S. (Zaffanella 1993). The study found that 60-Hz
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magnetic fidds were strongest close to eectric appli-
ances (Fig. 1.23). However, power lines and grounding
systems (Fig. 1.27) generdly produced the largest mag-
netic fields throughout homes when fields were mea:
sured over 24 hours. Residentia magnetic fields from
power lines were highest for transmission lines, followed
by three-phase primary distribution lines, single-phase
primary or secondary distribution lines, and underground
digribution lines. Only about 2 percent of the homes in
the study had magnetic fields from trangmission lines.
No significant relation was found between home elec-
tric energy consumption, and residentid magnetic fields.
The overdl mean of the mean 60-Hz magnetic flux den-
sities measured in the center of rooms for al houses in
the study was 0.09 uT (09 mG).

As described above, there are many factors that in-
fluence magnetic fidd leves in human environments:
currents carried on nearby power lines, how well the
currents are balanced, power line configurations, loca
tions of return currents, and electric appliances and wir-
ing (Figure 1.28). A report by an IEEE Task Force de-
scribes the numerous sources of magnetic fields and the
problems involved in measuring and modeling these
fields (IEEE MFTF 1988).

For power lines, an important factor that affects the
magnetic field is how wdl the currents carried by the
phase conductors are balanced. With three-phase trans-
mission lines, the phase currents are generaly well-bal-
anced, and fidd strength decreases inversdy with the
square of the distance (Ud). The data on caculated

transmission line fields in Figures 1.10 and 1.25 assume
a balanced condition. Phase currents on distribution
lines are usualy not balanced because loads on the line
are unbalanced (IEEE MFTF 1988). Unbalanced phase
currents can increase fields greatly compared to the bal-
anced  condition.

The digtribution primary branch line in Figure 1.28
is the common wye configuration: it has three phase
conductors and a neutra (ground) conductor. Delta
three-phase systems have three phase conductors but
no neutrd. Notice in Figure 1.28 that the eectric ser-
vice neutrd wire is connected to a metd water pipe
(sometimes it is connected to a metd ground rod), and
the neutral is aso grounded a the power pole.

Grounding is done for safety reasons (to protect
againgt shocks and electrica fires). Idedly, current from
the hot wires should dl return over the neutra wire to
the transformer. In redlity, some of the current returns
over water pipes and other buried objects or through
the soil. This means that some magnetic fields around
homes and other buildings come from currents on wa
ter pipes and other metallic objects that become con-
nected to the electric power ground return system.

The magnetic field produced by the unbalanced (net)
current on the power line decreases more dowly (in-
versely with distance, 1/d) compared with the field from
balanced current (Bracken 1994). Also, when current
is balanced, magnetic field digtributions are the same
from wye and delta lines of the same configuration (Ben-
nett 1992). However, with unbalanced conditions, the

Transmissionline

 Magnetic fields come from power lines, wiring,

Homer ‘wiring and appliances

Figure 1.28. Sources of 60-Hz magnetic fields in and around hamae

3-phase (wye) distribution 2~ ﬁ?
line (branch primaries) T/

jl Step-down
A/ transformer

Single-phase
service drop
(120/240 V

secondaries)

Neutral wire
shown in red
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field distribution is different between the two systems,
depending on the configuration (e.g., horizonta vs. ver-
tical). Another factor that affects the magnetic-field dis-
tribution around buildings is how the electrical service
drop wires are spaced. When the wires are twisted into
a compact bundle (triplex), the field intensity is reduced
considerably.

To summarize an important point made in the above
sections, Figure 1.29 shows how fast field strength de-
creases with distance (d) at three different rates. Ex-
amples of sources where the field decreases as I/d in-
clude a long straight conductor carrying current where
the return-current conductor is very far away, and the
net current on a power system. Fields decrease as 1/?
from two conductors carrying equal currents in oppo-
site directions, at distances that are greater than the dis-
tance between the conductors (e.g., balanced transmis-
sion lines). Examples of sources where fields decrease
as |/dB include wire loops and coils (dipoles) represented
by electrical appliances and transformers.

g

75

% Magnetic Flux Density at Source
)

1/a3

2 4 6 8 10
Distance Units From Source

Figure 1.29. A comparison of how a magnetic

field decreases inversely with distance (d)
from the source at three different rates.

Induced Currents and Voltages

Body currents. AC magnetic fields induce elec-
tric fields and currents in conducting objects, including
people and animals, through a process known as
Faraday’s law of induction. The internal current path-
ways induced by a magnetic field (called eddy currents)
are different from those induced by an electric field.
Current induced by the magnetic field occurs in loops

perpendicular to the field. The largest loops and, there-
fore, the largest current densities, occur in loops around
the periphery of the body. The current induced by the
magnetic field can't be measured to ground (as opposed
to the short-circuit current induced by the electric field).
Nevertheless, magnetically induced current and induced
electric fields can be calculated by assuming different
sizes of current loops for various body parts (Bennett
1992, Carstensen 1987, Kaune and Anderson 1990,
WHO/IRPA Task Group on Magnetic Fields 1987).
Figure 1.30 shows the patterns of the currents in-
duced by the magnetic field from a transmission line.
The magnetic field beneath the line is essentialy hori-
zontal, while away from the line the fidld is essentialy
vertical (see dso Fig. 1.17). The maximum induced

Induced currents (white arrows) in a person
standing in the horizontal magnetic field
beneath atransmission line (shoulders are
parallel to the line).

X X X X X X X X

X X X X

X X X X ﬁ

X X X X . .
Direction
of field

X X X

X X X X

Induced currents (white arrows) in a person
standing off the right-of-way in the vertical
magnetic field from a transmission line.

+H+¢vv
|

Direction
of field

YYYYYYY

Figure 1.30. General distribution pattern of
the current induced in a person standing in
the horizontal and vertical magnetic fields

from a transmission line.
Source: Carstensen (1987), Kaune and Anderson (1990).
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current for a given magnetic flux density occurs when
the field is horizontal and directed toward the front of
the body, as in the top of Figure 1.30 (Carstensen 1987).

In this case, around the trunk (radius= 0.2 m) of a per-
son standing in a5 uT (50 mG) magnetic field, the in-
duced current would be about 4.7 nA/cm2, and the in-
duced €electric field would be about 235 pVv/m. (For
other magnetic field strengths the induced current and
the induced €electric field would be directly proportional
to these levels).

For very smal loops, such as the diameter of a single
cell, the magnetically induced currents and electric fields
are correspondingly very small. For a cell with a radius
of 10 pumandina5uT (50-mG) 60-Hz magnetic field,
the dectric field induced in the cytoplasm of the cdl is
only about 0.01 pv/m (based on Tenforde 1993).

Perception Effects

Most people cannot perceive 60-Hz magnetic fields
of the magnitude produced by transmission lines. An
extensive study involving 200 people found that they
could not perceive 60-Hz magnetic fields of up to 1.5 mT
(15 G) (a level more than 150 times stronger than the
average magnetic fiedld beneath a 500-kV transmission
line) (Tucker and Schmitt 1978). Cook et a. (1992)
also reported that none of the 30 men in their laboratory
study could detect the presence of a 20-uT (200-mG)
60-Hz magnetic fidd.

Some studies have reported that certain people are
“hypersensitive” to weak magnetic fields such as are
produced by electrical appliances and power lines (Kata
jainen and Knave 1995). Such people may respond
physiologicaly to such fields without being able to di-
rectly sense the field. However, there is considerable
scientific uncertainty about this issue. (See “Electrica
Hypersensitivity” in Chapter 2.)

Very strong AC magnetic fields, 10 mT (100 G) or
more, can cause a flickering sensation in human vision
(Tenforde 1985). However, the effect, called magneto-
phosphenes, disappears when the field is removed and
there are apparently no reported harmful effects on the
visual system.

Shocks. Magnetic fields can induce voltages at
the open ends of long, partially grounded conducting
loops such as fences, irrigation pipes, and distribution
lines parallel to transmission lines. Normally, one end
of the conductor is grounded and the earth serves as the
remainder of the loop. A person or animal that closes
the loop can experience steady state or spark discharge
shocks.

Threshold and let-go levels are the same as for elec-
tric-field coupled currents. Magnetically induced volt-
ages usually are lower and the current higher than in the
electric field case. Here again, proper grounding of
objects near transmission lines can prevent shocks.
Grounding is very effective because objects long enough
to create a hazard are usually permanent. For long par-
allel metal objects, such as fences, it may be necessary
to break the electrical continuity. Further discussions
of practical problems and safeguards appear in papers
by IEEE Working Group (1973), Jaffa (1981), and by
Jaffa and Stewart (1981).

Radio and Microwave
Frequency Fields

Although this book deals mainly with power-fre-
guency fields, questions are often raised about how ef-
fects of these fields compare to those at radio and mi-
crowave freguencies. The genera term radio frequency
(RF) has been used to describe frequencies from 3 kHz
to 300 GHz (Hitchcock and Patterson 1995). This in-
cludes microwaves (frequencies from 300 MHz to
300 GHz). Some of the biologica research described
in this book was conducted with RF carrier frequencies
modulated with power-frequency and other ELF (ex-
tremely low frequency, 3 Hz to 3kHz) fields. This sec-
tion gives an overview of RF fields and compares basic
properties with those of power-frequency fields. Some
key references are included for readers who want more
detailed information. The ongoing controversy about
the possible health effects of RF fields has many simi-
larities to the controversy associated with power-fre-
guency fields (Hitchcock and Patterson 1995).

Description

Wavelengths for RF range from 100 km (62 mi) at
3 kHz, to 1 mm (0.04 in) at 300 GHz. The term “€lec-
tromagnetic” field is usualy applied to RF because in
the “far field” region (more than about one wavelength
from the source) the electric- and magnetic-field com-
ponents are coupled tightly in propagating waves (Fig.
1.31). The two fields maintain the same relationship,
so if the magnitude of one of the fields is known, the
magnitude of the other field can be calculated.

Because power-frequency fields have extremely
long wavelengths, their effects occur in what is called
the “near field” region. This is a distance within about
one wavelength from the source-about 5000 km (3 100
mi) for 60 Hz. In the near field, the electric and mag-
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RF electromagnetic waves in the far field consist
of tightly coupled electric and magnetic fields at
right angles to each other. If the magnitude of
one field is known, the other can be calculated.

Electric
field

Magnetic
field

Propagation
direction

Figure 1.31. Pattern of an RF electromagnetic
wave in the far field showing the relationship

between the electric and magnetic fields.

netic fields are independent, and they can have widely
differing values. Each of the two fields must, therefore,
be measured or calculated separately.

The magnitude of RF electromagnetic fields in the
far-field region is usually given in terms of power den-
sity: the measurement unit is Watts per sguare meter
(W/m23). For many environmental exposures, smaller
subunits are used (i.e., mW/cm2, or pW/cm?). The size
of the électric field, E, in V/m can be found by multi-
plying the power density in W/m2 by 377 (the wave
impedance in free space) and then taking the square root.
The magnetic field strength, H, in A/m is found by di-
viding the power density by 377 and then taking the
square root. The following is an example:

Power density
10 W/m2

Electric field Magnetic field
61.4 V/m O.I6A/m

We are aways exposed to RF fields from a wide
variety of sources athough field levels are usualy very
weak. Higher exposures occur when we are close to
the RF sources, especially in occupational settings.
Some examples of RF power densities in the environ-
ment are listed in Table 1.1.

Table 1.1 Some examples of radio and
microwave frequency power densities in the

environment.

Source, Power

Location Density Reference
(MWlcm?)

Median in Tell and

large cities a 0.005 Mantiply (1980)

1 % of US. Tell and

population a <1 Mantiply (1980)

In homes near <100- EPA  (1987)

broadcast antennas b 200

Allowable leakage c

from microwave oven:
at 0.3 m (1 ft) 150
atl 0 m (3.3 f) 10

WHO/IRPA Task
Group (1993)

a These are based on RF measurements made in 15
large cities in the U.S. FM radio broadcasts were a major
contributor to the overall RF exposure.

b These were the highest levels in some homes located
close to several AM/FM broadcast antennas in Portland,
Oregon. Typical levels were well below 100  pW/cmz2,

¢ This assumes that RF leakage from the oven is at the
maximum level allowed by the performance standard set
by the Center for Devices and Radiological Health

(5000 pW/cm?, at 5 cm (2 in) from the oven surface

Il (21 CFR 1030.10 (c).

Biological Interactions

For frequencies below about 1 MHz. effects of RF
fields can be viewed as a function of induced currents
in objects as described above for power-frequency fields
(WHO/IRPA Task Group 1993). The amount of cur-
rent is directly proportional to frequency. At higher fre-
guencies, the currents can cause heating if power levels
are sufficiently high. Maximum heating occurs when
the object is smilar in size to the wavelength of the
field. For the human body, the maximum RF energy is
absorbed when the body height is about 40 percent of
the wavelength of the RF field (Gandhi 1980). For a
1.75-m (5.7-ft) tal human this corresponds to a fre-
guency of about 70 MHz. Microwave ovens heat food
efficiently because the frequency used (2450 MHz) has
a wavelength of 12.2 cm (4.8 in), which is similar to the
size of the food placed in the oven.

For RF fields it is, therefore. not sufficient to know
only the power density. the frequency of the field is aso
important in assessing biological effects. The depth that
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RF fields penetrate tissue is related inversaly to fre-
Quency. For ingtance, for the frequencies of 100 MHz
and 2450 MHz, the penetration depth is 60.4 cm
(237 in), and 11.2 cm (4.4 in), respectively (Johnson
and Guy 1972).

Scientists have developed a method for comparing
effects of different frequencies cdled the specific ab-
sorption rate (SAR). This is a measure of the rate that
RF energy is absorbed by tissue. It is given in units of
waits per kilogram of tissue (W/kg). SARs can be cdl-
culated, or determined experimentally.

SARs can be used to compare effects of RF on dif-
ferent species. The average SAR for humans, monkeys,
rats, and mice peaks around 70 MHz, 310 MHz,
750 MHz, and 2450 MHz, respectively (Durney e 4.
1979). Exposure to RF for 20-30 minutes with an SAR
of up to 4 W/kg increased human body temperature by
about 0.1-05 ‘C (WHO/IRPA Task Group 1993). In
comparison, the largest tissue field that could be induced
through ar by a 60-Hz field would produce an SAR of
only about 0.0001 W/kg (Tenforde 1993).

A variety of hiologica effects has been reported for
RF fidds at intendties beow where hedting effects
would be expected (Hitchcock and Patterson 1995).
These “nonthermal” effectsinclude studies of animals
exposed to RF fields modulated at ELF frequencies. To
date, no hazardous nonthermal effects of low intensity
RF fieds have been confirmed; nevertheless, the issue
remains controversia (Hitchcock and Patterson  1995).

RF Standards

There are severd nationd and internationd stan-
dards and guidelines for RF (Hitchcock and Peatterson
1995, Klauenberg et d. 1995). They tend to be compli-
cated because different frequency ranges have different
limits based on specific kinds of biologica interactions.
There are dso different views among scientific groups
about the best way to approach setting a standard. Nev-
ertheless, there are some common features in the newer
standards. For instance, there isatrend to identify an
SAR of 4 W/kg as a threshold for adverse effects (based
on hedting). A safety factor of 10 is then applied result-
ing in an SAR limit of 04 W/kg (WHOIRPA Task
Group 1993). As a result, alowed power densties are
reduced for frequencies around the resonance frequen-
cies for human exposure (i.e, around 100 MHz).

As an example, the American Nationa Standards
Ingtitute (ANSI) has a standard for frequencies between
3 kHz and 300 GHz that applies to workers and the gen-
erd public (IEEE 1992). The ANSI standard for occu-
pational exposure (controlled environments) limits
whole body exposure to less than 0.4 W/kg, and to less

than 8 W/kg for the pesk energy absorption in any part
of the body. The alowable power density associated
with an SAR of 0.4 W/kg for the human resonance fre-
quencies (30-300 MHz) is 1 mW/cm2. For public ex-
posure (uncontrolled environments), the corresponding
limit is based on an SAR of 0.08 W/kg, resulting in a
power density limit of 0.2 mW/cm2

General Safety

It isnot practica to cover overhead transmission
line conductors with insulating materid. A specific
amount of air gpace is the insulation. Electricity can,
therefore, arc through ar from a power-line conductor
to any conductive object connected to ground that en-
ters this space. This phenomenon, called “flashover,”
means that an object does not actually have to touch the
conductor, but must smply come close enough for an
arc to occur. To prevent flashover, transmission lines
are designed and built to have specific clearances be-
tween the line and ground and nearby objects. These
clearances are specified by the National Electrical Safety
Code (IEEE 199).

Later sections in this review describe specific safety
prectices to be followed when living or working around
high-voltage lines. In generd, BPA lines are designed
so that vehicles and other objects up to 4.3 m (14 ft)
high can safely pass under the lines. This height has a
safety margin built in, but if you need to operate equip-
ment somewhat taler than this, you should first check
with a BPA office. Generd safety precautions are de-
scribed in a BPA booklet, Living and Working Safely
Around High Voltage Power Lines (see page ii).
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K Chapicige

Exposure Assessment and Non-Cancer

Human Health Studies

- Most of the early health studies of people
occupationally exposed to EMF used job titles to
estimate potential field exposures. Early
residential studies estimated exposure by
describing characteristics of nearby electric
power lines and substations.

Small instruments were developed to measure
personal exposures to EMF. Electric-field
exposures are very difficult to measure because
they are greatly perturbed by conducting objects
including the body.

- Average occupational electric- and  magnetic-
field exposures measured for electrical workers
ranged from about 10-700 V/m, and about
0.14-0-77 uT (1.4-7.7 mG), respectively.
Average electric- and magnetic-field exposures
measured in homes and offices ranged from
about 1- 20 V/m, and 0-07-0.7 uT (0.7-7 mG),
respectively.

- There have been about 29 studies of the
general health of electrical workers, and about 11
general health studies of residents near power
lines. About six studies looked for damage to
chromosomes in electrical workers.

- Reproductive factors were included in about
13 electrical worker studies, and in about six
residential studies. About 22 other studies looked
at spontaneous abortion or other reproductive
outcomes among women who used computers.
Seven additional studies involved reproduction
and use of various sources of electric heat.

- About seven studies looked at mental health
conditions among electrical workers; about nine
mental health studies were done of residents
near power lines.

- About 34 studies looked for effects of short-
term field exposures on human volunteers under
controlled  conditions.

- Many effects have been reported, but reviews
generally find that there is no strong, replicated
evidence for adverse health effects from EMF.

Background

ost of the interest that first developed in the

1970s about possible human health effects of
power-frequency fields can be traced to reports from
the former Soviet Union. Beginning in the early 1960s
Soviet researchers began to study the health of workers
in new high-voltage substations (400 kV. 500 kV, and
750 kV). Researchers attributed a variety of physiologi-
cal and subjective allments to the workers' exposure to
B50-Hz electric filds (Asanova and Rakov 1966). The
Soviet reports were first widely reported to researchers
in other countries at a scientific meeting in 1972
(Korobkova et a. 1972).

Although medical evaluations conducted on 10 line-
men in the U.S. in the 1960s revealed no harmful ef-
fects of electric fields (Kouwenhoven et a. 1967) the
Soviet reports prompted further studies in other coun-
tries. The health effects reported by the Soviets were
generally not found in these studies of substation work-
ers in other countries.

Research on electric fields and human health ex-
panded in the 1970s and 1980s in part because of re-
ports of adverse effects of these fields on laboratory ani-
mals (e.g., Marino et a. 1976). In the early 1980s in-
terest also developed in power-frequency magnetic
fields, prompted by reports about a possible association
between these fields and human cancer. Wertheimer
and Leeper (1979) reported that cancer mortality was
increased for children who had lived near high-current
distribution lines.

EMF and occupational cancer became an issue fol-
lowing the publication of a paper by Milham (1982).
Milham reported that men in electrical occupations in
Washington state died more frequently from leukemia
compared to men in other occupations.

Since these early reports, hundreds of studies have
been conducted throughout the world on the possible
effects of power-frequency fields on human health.
These studies have covered general health. mentad
health, reproduction, and cancer. Most of these studies
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used epidemiologic methods, and a brief tutorial on epi-
demiology is presented in this chapter. Several other
studies were done with human volunteers in laboratory
facilities.

This chapter summarizes the large body of research
on the possible effects of EMF on human health, other
than cancer. Research on EMF and cancer in occupa
tional and residential environments is covered in Chap-
ter 3. In this chapter we begin by describing research
that has been done to characterize human exposure to
power-frequency EMF.

EMF Exposure Assessment

General Considerations

The early epidemiologic health studies of EMF were
often criticized because of problems in measuring ex-
posures (Coleman and Berall988). Occupational stud-
ies often used job titles to estimate exposures, some in-
cluded spot measurements of EMF in work environ-
ments. Residential studies often described exposures
by estimating the distance of homes from electric power
facilities. In more recent studies, sophisticated instru-
ments have been used to quantify exposures to EMF
(Bracken 1993, Bracken et al. 1993, Kavet 1995). The
pioneering efforts to develop instrumentation to mea-
sure personal exposures to EMF are described in the
sections below.

Electric Fields

Assessing human exposure to power-frequency elec-
tric fields is very difficult because the presence of the
body (which is a conductor) greatly perturbs the field.
The electric field at the surface of various body parts,
and the amount and distribution of currents induced
within the body, therefore, change with the position of
the body, e.g., standing, sitting, bending over.

For instance, assume that a person stood perfectly
still for 1 hour in a 1-kV/m electric field (as measured
without the person present). In this case, a basic mea
sure of exposure could be designated as 1-kV/m-hour.
However, if the goal is to relate exposure to some po-
tential biological effect, then it is necessary to specify
what aspect of exposure is of interest. At least three
basic possibilities exist; the electric field at the surface
of a body part, the total short-circuit body current, or
the induced current density across some body part. All
of these parameters are affected by body position and
the presence of nearby conducting objects. For example,

for a person standing in a 1-kv/ml vertical 60-Hz elec-
tric field, the enhanced field at the top of the head would
be about 18-kV/m (Kaune and Phillips 1980). If the
person sat down or bent over, the field would be less
than 18 kV/m. At this time, there is no agreement among
scientists as to what, if any, measure of electric-field
exposure is most appropriate.

As described below, various devices have been de-
veloped to assess human exposures to electric fields.
These devices measure the electric field by detecting
the current induced by the field between two conduct-
ing surfaces. Different approaches have been used in
an attempt to correct the readings obtained to account
for effects of placement of the devices on different parts
of the body. In some cases measures were also devel-
oped to account for human activity in the field.

Magnetic Fields

The body does not perturb power-frequency mag-
netic fields, so measuring human exposure to these fields
is not as difficult as for electric fields. Several small
magnetic-field exposure meters have been developed
that can be worn by people as they do their normal ac-
tivities. These meters measure the magnetic field by
detecting the voltages induced on coils by the magnetic
fidd.

Three-axis personal magnetic field exposure meters
record at specific time intervals, the resultant field at
the point on the body where they are worn. As indi-
cated above, the presence of the body does not affect
this parameter. However, the size and position of the
body in relation to the magnetic-field sources do affect
the currents and electric fields induced in the body by
magnetic fields.

Occupational Exposures

Electric Fields

Deno (1977, 1979) described one of the first uses
of a device to measure occupational exposures to 60-Hz
electric fields. In his studies, small meters were devel-
oped that could be attached to a worker's hard hat or to
an arm band. The meters recorded the time integral of
the unperturbed electric field in kV/m-hours, or inte-
grated the field into three ranges. less than 5 kV/m, be-
tween 5 and 10 kV/m, and greater than 10 kV/m.

The work by Deno (1977) prompted researchers in
Sweden to develop an instrument to measure personal
exposures to 50-Hz electric fields in transmission sub-
stations (Lovstrand et a. 1979). The measuring elec-
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trode was attached to the worker’s hard hat, and the elec-

tronics package was carried on a belt. In initia tests,
electric field exposures varied greatly, depending on the
particular work activity. The highest exposure recorded
was for personnel working for 3 hours on top of a cir-

cuit breaker where 3 1 percent of their time was spent in

fields above 10 kv/m.

BPA researchers aso developed a small 118 g (4 02)
electric field exposure monitor (EFEM) to measure the
eectric field environment for high-voltage workers
(Chartier et a. 1985, Chartier and Bracken 1987). The
EFEM was worn on a hard hat, in a shirt pocket, or on a
lanyard (Fig. 2.1). Tests were conducted to determine
electric-field enhancement factors for each of these lo-
cations. Results of the BPA study (Fig. 2.2) indicated
that, even for the most exposed personnel (230-kV and
500-kV  workers), exposure to unperturbed fields
above 4 kv/m occurred for only minutes per day
(Bracken and Chartier 1987). However, accumulated
exposure for high-voltage workers was nearly three or-
ders of magnitude greater than exposures for office
workers.

As shown in Figure 2.2, for indoor workers (the Figure 2.1. This man is wearing an electric-
non-exposed group), the median daily cumulative elec- field exposure meter developed at BPA.
tric field exposure above threshold was only about

Accumulated Daily Electric-Field Exposure (kV/m) hour
0.001 0.01 0.1 1.0 10.0

- I Non-exposed indoor workers (n=175) [11]]
|| | | ]

All 115KV workers (n=256) Hli | - ; | n

All 230-kV Workers (n 616

RN ’ |
i Line crew, 230 kVI(n=165) = 4 [ |
Maximum [ ' [
Range of 90th L ' i
pe_rcentile ; e All 500-kV workers (n=247) ‘ | _- | |
ey Minimum |1 [T | | | |
S |
i Substation operators, 500 kVi(n= 125) i_h |
Maximum BN | | | |
Range of . Lo | ! || |
‘median Electricians, 500 kVl (n=31)| __ — [ ] i
exposure o R I e
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Figure 2.2. Daily accumulated 60-Hz electric-field exposure for BPA personnel. Data were obtained
with an exposure monitor (EFEM) worn in a shirt pocket. The threshold of the meter was 0.4 kV/m.

Source: Redrawn from Bracken and Chartier (1987).

BPA Electrical and Biological Effects Review 2-3



Chapter 2. Exposure Assessment & Non-Cancer Health Studies

0.001 kV/m-hours. In contrast, for al  500-kV ~ work-
ers combined, the median exposure was about 0.5 kV/
m-hours per day. The highest (90th-percentile)  expo-
sure was about 5 kV/m-hours; it was recorded by elec-
tricians who worked around 500-kV ~ facilities.

A study in the UK. adso employed a small meter
to assess 50-Hz electric field exposures (Broadbent et
a. 1985). The meter was worn on the worker's upper
am and it had a measurement threshold of about 150
VIm. During a 2-week period, only 28 of 287 electri-
ca workers received exposures above 6.6 kV/m-hours.
Estimates were made independently, for a 6-month pe-
riod, of percentages of working time spent in fields of
1555 kV/im, 5595 kV/m, and greater than 95 kVI
m. For the most highly exposed group, estimated per-
centages of working time in the three ranges were 5.6
percent, 15 percent, and 2.2 percent, respectively.

In another study, a specialy designed vest was used
to measure eectric-fild exposures received by people
in various farming, recreationa, and household Situa-
tions (Silva 1985) (Fig. 2.3). The large surface area of
the vest permitted detection of 60-Hz electric fields as
low as about 50 V/m. For the 18 farms studied, the ! =
average time a farmer spent in fields above the thresh- ' 3 :

i

old of perception (3 kV/m) was estimated as 1 hour Figure 2.3. This horseback rider is wearing a
per year for farms with  500-kV lines, and a few hours special vest that measures exposure to 60-Hz
per year for farms with 765kV lines. The tota cumu- electric fields. The vest was developed by
lative exposure (in KV/m-hours) for farmers working ENERTECH Consuitants for EPRI.

near transmission lines was comparable to the cumu-

lative domestic exposures. About haf of the latter ex- ca workers exposures to eectric fields on the job and
posure was related to the use of electric blankets. The a home were studied (Deadman et a. 1988). Exposure
recregtiona exposures studied (jogging, bicycling, meters were worn on a belt or in a shirt pocket a work
horseback riding, skiing) were in generd lower than and a home during a |-week period. The eectric field
those estimated for both agriculturd and domestic ex- threshold of detection for the meter was about 200 V/m;
POSUres. the sampling rate was 1 minute. Results of the study

The performance of the eectric-field monitoring showed that, for 20 dectrical workers, the geometric
vest was compared to the small BPA electric-field ex- mean of the TWA (time-weighted average) electric-field
posure meter (EFEM) during 2 days of controlled test- exposure at work was 48.3 V/m, compared to only
ing (Bracken 1985,1987). Seven men wore the meters 49 VIm for 16 office workers. For the electrical work-
during a variety of activities to simulate work tasks of ers the exposures ranged from 4.7 VIm for apparatus
substation electricians and operators. The vest and the mechanics to 4189 V/m for transmission linemen.
EFEM produced smilar results when the EFEM was EPRI sponsored development of a digital exposure
worn on the arm or hard hat. When worn in a shirt monitor caled the EMDEX (Silva et d. 1988) (Fig. 2.5).
pocket, the EFEM recorded field levels 30-40 percent This portable unit measured both electric and magnetic
lower than levels recorded by the vest. Both meters fields, and could operate for up to severd days on one
were judged to be adequate for measuring occupational charging. A large multi-utility occupationd exposure
exposures to electric fields. Only the vest was judged study was conducted to obtan information on perfor-
to be suitable for measuring public exposure to low- mance of the EMDEX under actua operating condi-
level dectric fidds. tions (Bracken 1990, Bracken et a. 1995h).

Canadian researchers developed a small electronic Electric-field exposure data were collected with the
ingrument that could record EMF and transient fields EMDEX for 2082 workdays and 657 nonwork periods
for up to 2 weeks (Heroux 1991) (Fig. 24). In an ini- (Bracken 1990). Because of problemsin relating the
tid test of the meter (later called the Positron),  electri- EMDEX data to the unperturbed eectric field, results
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were presented as relative comparisons among job cat-
egories. The highest eectric-fidld exposures were re-
ceived by line workers, substation workers, and utility
electricians. Oflice workers received the lowest elec-
tric-field  exposures.

Figure 2.4. This electric and magnetic field
exposure meter developed by IREQ, Montreal,
Québec was licensed to Positron of Montreal.

The meter measures 2.3 x 8 x 14.3 cm.
Photo courtesy of Dr. Sarma Maruvada.

Figure 2.5. This man is wearing an early model
EMDEX exposure monitor used in studies of
occupational exposure to 60-Hz EMF described
in the text. Development of the EMDEX was
sponsored by EPRI.

Researchers in Denmark used a Positron meter to
measure occupational exposures to  50-Hz EMF (Skotte
1994). In the study, subjects wore the meter during a
24-hour period. The medians of the mean electric-field
exposures during work for utility employees in genera-
tion, transmission, digtribution, and substations were,
9.7, 539, 6.2, and 175 VIm, respectively.  The 95th-
percentile exposures for these four occupationa catego-
ries ranged from 24.2 to 592 V/m.

Magnetic Fields

Efforts to develop instruments to measure persona
exposure to power-frequency magnetic fields followed
the work with electric fields. The first instruments were
developed in the early 1980s (Fujita andTenforde 1982,
Lo e &. 1986, Mde et d. 1987).

The BPA electric-field exposure meter (EFEM) was
modified to measure 60-Hz magnetic-field exposures
by adding awire cail in the form of a bandolier worn
across the chest. This version was based on the design
of Mde et d. (1987). The ingrument measured the
4-second average of the magnetic field on the sensor. A
smal study was conducted to test the feasibility of us-
ing the Single-axis instrument to collect data on occu-
pationd exposures (Bracken 1988). For eight substa-
tion operator days, the instrument recorded an average
magnetic-fiddd exposure of 0.41 + 0.28 T (4.1 =
2.8 mG). In comparison, for nine office worker days
the average exposure was only 0.074 + 0036 uT (0.74
=#+036 mG). Although occupational exposure measure-
ments with the meter were feasible, the researchers sug-
gested that a three-axis meter might produce more reli-
able data

The persona-exposure meter used in the study by
Deadman et a. (1988) (errors corrected in Deadman
1996) was a three-axis instrument that measured the
60-Hz magnetic fidd & |-minute intervals. The meter
could also record high-frequency transient fields in the
5-20 MHz range. In a I-week test of the meter with 18
utility electrical workers, the geometric mean magnetic-
field exposure during work was 0.77 pT (7.7 mG). The
highest work exposure, recorded by apparatus electri-
cians, had ageometric mean of 1.2 uT (12 mG). The
comparison group of nonelectrical workers had a  work-
exposure geometric mean of 0.07 pT (0.7 mG).

The EMDEX persona-exposure meter was used to
assess occupational and home exposures to power-fre-
guency magnetic fieds in a large sudy involving 58
utility organizations (Bracken 1990). The EMDEX is a
three-axis magnetic field meter that can be programmed
to take measurements a regular intervals, and to store
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data until they are downloaded to a personal computer.
During the multi-utility study, magnetic fields were mea-
sured every lo-seconds by EMDEXs worn on the hip
by about 2000 workers in the study (see Fig. 2.5).

Some of the general results of the EMDEX occupa-
tional exposure study are shown in Figure 2.6. Work in
substations was associated with the highest median
magnetic-field exposure; 1.056 UT (10.56 mG). The
lowest occupational median magnetic-field exposure,
0.098 puT (0.98 mG), was recorded by workers in of-
fices.

In the Danish study (Skotte 1994), a Positron meter
was used to measure occupational exposures to 50-Hz
magnetic fields. The medians of the mean magnetic
field exposures during work for utility employees in
transmission, distribution, and substations were 0.56
(5.6), 0.14 (1.4), and 0.89 (8.9) 1T (MG), respectively.
The 95th-percentile exposures for these three occupa-
tional categories ranged from 1.5 to 2.5 uT (15-25 mG).

Personal exposure meters were used to assess 60-Hz
magnetic-field exposures of femae employees in an
office environment (Breysse et al. 1994). In the study,
15 women who worked with computers in a payroll of-
fice wore an EMDEX monitor in a hip pouch during
most of one work day. The mean exposure for al 15

women was 0.32 +0.15 uT (3.2 + 1.5 mG). The means
for each woman ranged from 0.1 to 0.65 pT (I-65 mG).
The high end of the exposure range was found to be
caused by electrical wiring beneath the floor of one
woman’'s workstation. Even with all office equipment
turned off in the workstation, the background magnetic
field was gtill 0.5 UT (5 mG).

Development of a very small magnetic-field expo-
sure meter that can be worn on the wrist was sponsored
by EPRI (Fig. 2.7). The first model of the meter, called
AMEX (average magnetic-field exposure system), was
a single axis meter that automatically recorded cumula-
tive magnetic-field exposure over time. A later model
caled the AMEX-3D was a three-axis meter weighing
120 g (4.2 0z) that is worn in a hip pocket or pouch
(Kaune et al. 1992).

The two AMEX models were compared in a test
involving 50 employees, students, and spouses from a
medical university (Dlugosz et a. 1994). The people
wore both of the models at the same time for 2 days.
The mean magnetic field recorded by the AMEX was
0.07 uT (0.7 mG) with a range of 0.02-0.27 pT (0.2-
2.7 mG). The corresponding mean and range recorded
by the AMEX-3D were 0.10 uT (1.0 mG), and 0.03-
0.31 uT (0.3-3.1 mG), respectively. Differences be-

01

Magnetic Field, mG (10 mG= 1 uT)
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Generation (n=1814) | I—\—;—
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Figure 2.6. Distributions of magnetic fields measured by EMDEX monitors worn by workers in electric
utility work environments and at home. The bars show the 5th, 25th, 50th (median), 75th, and 95th

percentiles for the means of field measurements for continuous time spent in each environment.
Source: Redrawn from Bracken (1990).
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Figure 2.7. AMEX-3D (left) and wristwatch-size
AMEX (right) magnetic-field exposure meters.
Development of these meters was sponsored

by EPRI. Photographs courtesy of Dr. Robert Kavet.

tween the readings for the two AMEX models were most
likely due to electrical differences between the meters,
and to differences in where they were worn on the body.

Residential Exposures

Electric Fields

Silva (1985) used a specid vest to make extensive
measurements of personal exposures to 60-Hz electric
fields in residential environments (see Fig. 2.3). Expo-
sures were reported in terms of equivalent fields. The
equivalent dectric field is the field that would induce
the same body current as that induced in a grounded
person standing in a uniform field of the same strength.

To estimate annual exposure, the equivalent field
data were combined with estimates of the amount of
time spent in various activities. For example, a person
reading by a lamp experienced an equivalent electric
field of about 9 V/m. If this activity occurred for 750
hours per year, the annual exposure from that activity
would be 6.75 kV/m-hours. Based on this approach,
the estimated annual electric-field exposure received by
a person in a typica home was 69 kV/m-hours, almost
half of which was from an electric blanket (Silva 1985).

In the occupational study by Deadman et al. (1988)
workers were also asked to wear the Positron meter when
they were not at work during the I-week test. At night
they were to place the meter near the bed but not near
an electrical appliance. The geometric mean of the time-

weighted average electric-field exposure during the
nonwork periods was essentially the same for both elec-
trical workers and office workers (10.8 and 10.5 V/m,
respectively).

The EMF personal-exposure study in Denmark
(Skotte 1994) included home exposures of 38 people
living near overhead power lines, 6 living near an un-
derground cable, and 5 living near a substation. The
power lines ranged in voltage from 50 to 400 kV. Home
exposures were also measured for 267 people who did
not live near power lines. The median of the mean ex-
posures for people living near the electric power facili-
ties was 21.9 V/m compared to 17.5 V/m for people
who did not live near such facilities. The 95th-percen-
tile exposure for the two groups was 91 V/m, and
47 VIm, respectively.

A Canadian study used Positron meters to compare
60-Hz EMF exposures for 18 people who lived within
60-73 m (190-240 ft) from a 735-kV transmission line,
to 17 people who lived more than 366 m (1200 ft) from
such lines (Levallois et a. 1995). Total eectric field
exposure at home (geometric mean) for those living near
the lines was nearly twice as high as for those away
from the lines (26.3 V/m, 14.0VIm, respectively). Dur-
ing sleeping time, exposure for those near the line was
2.8 times greater (27.3 V/m, 9.9V/m, respectively). For
both home total and sleeping exposures, the differences
between the two groups were statistically significant.

Magnetic Fields

Personal magnetic-field exposures were made dur-
ing nonwork time in the occupational exposure study
by Deadman et d. (1988) (errors corrected in Deadman
1996). The nonwork geometric mean of the TWA mag-
netic-field exposure for electrical workers was 0.20 uT
(2 mG), compared to 0.11 uT (1.1 mG) for office work-
ers. Authors of the study suggested that the higher ex-
posure for the electrical workers may have been caused
by misclassification of some work time as nonwork.

Data on residential 60-Hz magnetic-field exposures
were obtained in a study of over 300 homes throughout
the U.S. (Bracken 1994). A primary objective of the
study was to collect measured data on magnetic fields
associated with the power-line configuration types first
developed in the childhood cancer study by Wertheimer
and Lesper (1979). For part of the study, personal mag-
netic-field exposure data were collected with EMDEX
meters using a lo-second sampling interval. Some of
these data are shown in Figure 2.8. The study found
that people in very-high-current-configuration homes
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hed the highest magnetic fild exposures. Overdl, the
power line classification types were poor predictors of
resdentia magnetic fields because of high variability.

Persond 60-Hz magnetic-field exposures in homes
were aso obtained in the EMDEX occupationa study
(Bracken 1990) (Fig. 2.5). The median of the means
for continuous exposures in the home was 0.073 UT
(0.73 mG), and the 95th percentile was 0.401 uT
(401 mG).

A study in Maine used EMDEX meters to measure
magnetic field exposures of people living adjacent to
and far away from transmission lines (Kavet et a. 1992).
The mean magnetic-field exposure & home for five
people who lived within 91 m (300 ft) of the center of a
3A5kV  transmission line right-of-way was 0.318 uT
(3.18 mG). For 15 people who lived at least 213 m
(700 ft) from any transmission line, the mean exposure

a home was 0.159 T (159 mG). The difference be-
tween these mean exposures for the two groups was sta-
tigicdly sgnificant.

In the Danish study, the median of the TWA per-
sonal magnetic-field exposure of people living near elec-
tric facilities was 0.24 uT (24 mG) (Skotte 1994). For
people who did not live near power facilities, the me-
dian exposure was 0.05 uT (0.5 mG). The 95th percen-
tile exposure for the two groups was 1.54 T (154 mG),
and 0.17 mT (L7 mG), respectively.

In a Canadian study, 18 people living near a  735kV
transmission line had magnetic-field exposures a home
that were sgnificantly greater than those of 17 people
who did not live by such lines (Levalois et d. 1995).
Total exposures at home (geometric mean) for the two
groups were 0.71 uT (7.1 mG) and 0.16 pT (L6 mG),
respectively. During deep the exposure ratio for the

Figure 2.8. Exposures to 60-Hz magnetic fields meas
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two groups was even greater; 0.68 T (6.8 mG), and
011 uT (11 mG), respectively. All of these differences
between the two groups were datigticaly significant.

24-Hour Magnetic Field Exposure

In the study by Deadman et d. (1988) (errors cor-
rected in Deadman 1996) subjects wore the Positron
meters at work and a home for about 1 week. The geo-
metric mean of the weekly TWA magnetic field expo-
sure for electricd workers was 0.34 T (34 mG), com-
pared to 0.10 uT (1 mG) for the office workers. The
34fold difference in mean exposure between the two
groups was ddidicaly sgnificant.

For the people living near a 345kV  transmisson
line in Maine, their 24-hour magnetic-field exposure was
16-fold greater than the mean for people living far away
from transmission lines: 0259 pT (259 mG), and 0.157
UT (157 mG), respectively. The difference was dtatis-
ticdly ggnificant. There was no datidicaly sgniti-
cant difference between the two groups for mean mag-
netic-field exposure while people were away from home.
(These data exclude one person who had a very high
exposure away from home and was considered by the
authors of the study to be an outlier.)

The 24-hour magnetic fidd exposure (work plus
home) for people living near a 735kV line in the Sudy
by Levalois et a. (1995) was dso significantly greater
than for people living away from the ling; 0.49 uT
(49 mG), and 0.17 uT (L7 mG), geometric means re-
Spectively.

Magnetic-field exposures over 24 hours were esti-
mated from dosimeters worn by electricd workers and
by people living near tranamisson lines in Denmark
(Skotte 1994). The average exposure for the group of
workers in generation, transmission, and substation, was
roughly the same as for the people living near transmis-
son lines-about 5 pT-hours (50 mG-hours).

AMEX-3D meters were used to assess magnetic
field exposures of 29 children in the Washington, DC
area (Kaune et a. 1994). Children wore the meters for
24-hours and exposure data were obtained for homes,
schools, and daycare centers. Results showed that the
mean of the TWA magnetic field exposures in homes
was 0.141 pT (141 mG). For schools and daycare cen-
ters the mean exposure was 0.106 uT (106 mG). Ex-
posures were highest for children living in  high-current-
configuration homes compared to low-current homes,
but the variahility in the measurements was high.

A dudy of 64 children from the mid-U.S. found that
more than 40 percent of their time during a 24-hour week
day was spent in thelr bedrooms (Friedman et a. 1996).
Bedroom 24-hour magnetic field measurements  corre-

lated well with persona measurements made at home
with AMEX-3D meters. The 24-hour median field in
bedrooms was 0.086 HT (0.86 mG). The childrens me-
dian total 24-hour exposure including time a home and
away from home was 0.107 pT (107 mG).

Figure 2.9 shows data collected by two BPA em-
ployees to illustrate examples of patterns of 24-hour
magnetic field exposure. One of the employees works
in an office building with a computer. His highest ex-
posure on the day of the measurements occurred when
he used a microwave oven. The other employee works
a a 500-kV substation. His highest exposure occurred
when he made an inspection tour in the substation yard.
For this particular 24-hour period, the substation
operator's mean magnetic field exposure was about five-
fold greater than that of the office worker.

Human Health Studies

The sections to follow summarize the research that
has been conducted to assess the possible effects of EMF
on human hedth. The information is presented in a
rough chronology reflecting the order in which the mgor
EMF hedth issues developed. Studies for each mgor
type of heath issue are described in tables that give the
sudy design and primary results. Information in the
tablesis purposely brief, because over 200 individua
studies are presented in this chapter. The text for each
section compares and contrasts the studies, and provides
more details on key studies. An introduction to epide-
miology is presented on pages 2 1 [-2- 12,

General Health

Occupational Studies

Occupational research on non-cancer health effects
(summarized in Table 2.1) spans a period of nearly 30
years. The 29 studies from 12 countries listed in Table
2.1 mostly were concerned with the hedlth of workers
around high-voltage facilities. Studies began in the early
1960s when the first 400-700-kV  transmisson lines
were introduced.

The firgt studies involved a small group of U.S. line-
men (Kouwenhoven et a. 1967), and switchyard work-
es in Russa (Asanova and Rakov (1966). These stud-
ies were first compared and discussed by researchers in
1972 a the International Conference on Large High Volt-
age Electric Systems, held in Paris (Knickerbocker
1975). Overdl, researchers from the U.S. and other
countries attending the meeting were skeptica of the
Russian reports of hedth effects attributed to dectric
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24-hour Magnetic Field Exposure of an Office Worker Who Lives in a “Very Low Current-Configuration” House
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Figure 2.9. Examples of 24-hour 60-Hz magnetic-field exposures received by two BPA employees.
One employee (upper) works in the main BPA office with a computer, and lives in a “very low current
configuration” house (see Fig. 2.8). The other employee (lower) works at a 500-kV substation and

lives in a house with underground electrical service. Exposure for the office worker was measured
with an EMDEX Lite meter set to a sample rate of 4 seconds. Exposure for the substation worker was
measured with an EMDEX |l meter set to a sample rate of 5 seconds.
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A Brief Introduction to Epidemiologic Terms and Concepts Used in Chapters 2 and 3

Epidemiology The study of the patterns of diseases or conditions in human populations, and of the factors that
influence those patterns. The purpose of epidemiology is to obtain information to help prevent or control diseases and
health problems. Although epidemiologists want to find the causes of disease, determining cause and effect often
requires  additional information from  experimental  studies.

Measures of Mortality and Morbidity

Mortality rate. The number of deaths among a specific population at risk during a specific time period. For ex-
ample, the number of deaths per 1000 people from all causes in the U.S. during a given year. This is also a measure of
the probability of dying during the specific time. Mortality rates are often adjusted to apply to specific age groups.

Proportional Mortality Ratio (PMR). The proportion of deaths from a specific cause among a specific population,
compared to a reference population. For example, the number of deaths from brain cancer among electricians (e.g.,
within a company, industry, state) during a specific time period, divided by the expected number of deaths from brain
cancer for all other occupations during the same time period, and multiplied by 100. The PMR is a relative comparison
of the importance of deaths from a specific cause; it is not a mortality rate. A PMR of 100 means that, in the example,
the electricians had the same proportion of deaths from brain cancer as in the reference population. A PMR of 200
means that the electricians died twice as often, and a PMR of 50 means that they died half as often from brain cancer
as the reference occupations. The source of data for calculating PMRs is usually the death certificate, which includes
cause of death and usual occupation. Data on age composition of the populations are not required to calculate a PMR.

Standardized Mortality Ratio (SMR). The number of deaths from a specific cause observed in a specific popula-
tion (e.g., male welders in a large company), adjusted for age, divided by the number of deaths expected in an age-
adjusted standard population (e.g., males in the state where the company is located), multiplied by 100. An SMR of 100
means that the mortality rate for the welders was the same as expected in the standard population (an SMR of 150
means that the welders had a 50% higher death rate).

Incidence rate. The number of new cases of a disease in a specific population at risk during a specific time period.
An example is the number of new cases of leukemia among children during a given year. It can be expressed as the
number of leukemia cases per 1000 children per year, or as the probability that a child will develop leukemia during the
year.

Proportional Incidence Ratio (PIR). Similar to the PMR, except that incidence instead of mortality data are used.

Prevalence. The number of cases of a specific disease in a population at some specific time (it is not a rate).

Types of Epidemioclogic Studies| !

Cross-sectional (prevalence) study.The presence of specific diseases or health conditions in a group or groups
at a specific time. For example, questionnaires may be used to obtain data on the number of electricians in' a company
who reported feeling depressed, as compared to the number of office workers in the company who reported depression.
This type of study can be conducted relatively quickly, but it is usually difficult to determine the time sequence of how
exposure may have preceded the effect.

PMWPIR study. Often used in occupational settings as a screening or hypothesis-generating study. A PMWPIR
study vyields only relative information on mortality or incidence among groups. An elevated PMR/PIR  may suggest that
the group of interest has a true elevated rate for some disease, or it may reflect that the rate from some other disease is
lower in the group. Without further study, it is not known which possibility may be true.

Case-control study. A common epidemiologic study of relatively rare diseases. Cases are people who have a
specific disease or health condition, and controls are people who are selected to be similar to the cases (based on age ,
sex, and other factors), but who do not have the disease or condition. One common approach for selecting controls is
by random digit dialing of telephone numbers to contact people within the area near the locations of the cases. The
basic approach in this type of study is to compare the exposure to some factor(s) received by the cases and controls
prior to the development of the disease or condition. In most cases, exposures have occurred several or many years in
the past. Estimating these historic exposures is a major problem in case-control studies. Exposures of cases and
controls are compared by calculating an  odds ratio (OR). The OR is the proportion of cases exposed to some factor
(e.g., strong magnetic fields), divided by the proportion of controls exposed to the factor. It gives the odds that the cases
were exposed compared to the controls. An OR of 1 00 means that there was no difference between the cases and
controls in the proportions that were exposed to the factor (i.e., there was no association between exposure and the
disease). An OR of 2.00 means that the cases were exposed to the factor twice as often as the controls, and this shows
a positive association between exposure to the factor and the disease. This suggests that the factor may cause or
influence development of the disease. An OR of 0.50 means that the cases were exposed to the factor half as often as
the controls, and this is called a negative association. This suggests that exposure to the factor may help protect
people from the disease. The OR may estimate the relative risk when relatively rare diseases are studied, exposure to
the factor is common, and there are no important biases in the study.
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A Brief Introduction to Epidemiologic Terms and Concepts Used in Chapters 2 and 3 (cont.)

Cohort study. In a prospective cohort study, a cohort can be a group of people exposed to some factor of
interest (e.g., tobacco smoke ) who initially do not have the disease of interest (e.g., lung cancer). The cohort is
studied over a number of years to see how many individuals develop the disease. The incidence of disease in the
exposed group can bhe compared with the incidence in another group that was not exposed (or exposed to varying
degrees) to the factor (e.g., nonsmokers). The relative risk is the ratio of the incidences  for the two groups, and the
attributable risk is the difference between them. For example a relative risk of 5 means that the exposed group was

five times more likely to develop the disease compared to the nonexposed group. SMRs can also be calculated from
data collected in cohort studies. Prospective cohort studies can require very large numbers of people to be followed
for long periods of time if relatively rare diseases such as certain cancers are studied. An alternative is the retrospec-

tive cohort study (such as are used in some studies of EMF). In this type of study, both the exposures and the
disease or condition have already occurred. The cohort may be a group of workers in a company or group of compa-
nies beginning at some time in the past. Data on disease or deaths are obtained through company records or from
state, regional, or national registries. As in case-control studies, a major problem is the estimation of exposures that
may have occurred many years in the past. Risks can be calculated by comparing exposed and nonexposed groups
internally within the company, or by comparing exposed groups to external populations such as state or national
populations. Suppose, for example, that there were 50 deaths from a certain disease observed in a cohort of electrical
workers. If the workers in each age group had the same death rate from the disease as in the state population,
assume that 30 deaths would be expected. In this example the SMR=50/30 x| 00= 167. As compared to the state
population, the electrical workers in the company had a 67% increased risk of dying from the disease.

Confounders. A factor that is associated both with the exposure and disease of interest, and can be a cause of
the association that may be attributed to the exposure of interest. As an example, suppose that electricians had high
exposure to some chemical that causes cancer, and also happens to be present when exposures occur to magnetic
fields. If the researcher was not aware of this, and only magnetic fields were measured, the association between
magnetic fields and cancer could be due at least in part to the chemical. When information is available on potential
confounders, they are often taken into account as epidemiologic studies are designed and analyzed.

Healthy worker effect. Generally, workers tend to be healthier and have lower death rates when external com-
parisons are made with the general population. This is because chronically il and disabled people are generally less
likely to be employed. This phenomenon can make it appear that employment or occupational exposures have a
protective effect, or it may mask risks associated with occupational exposures.

Statistics
The various risk measures discussed above are usually point estimates from samples from larger populations.
Therefore, they will have variability associated with them. The amount of variability depends on the size of the sample,
and on the natural variability among people in the sample for the various factors under study. Statistical tests are used
to give some idea about this variability and whether the results could have been due to chance.

Confidence intervals (Cl). A range calculated around a point risk estimate, such as an odds ratio, that includes
the true risk with a certain level of probability (usually 95%). For example, an OR of 2.3 with a 95% ClI of 1 548
means than there is a 95% chance that the true risk is somewhere between 1.5 and 4.8 (and a 5% chance that it is
outside of this range). In this book all confidence intervals included (usually following a comma after the point estimate)
are for 95% unless noted otherwise. If (as in the example) the Cl does not include unity (1 or 100 depending on the
risk estimate), the risk is considered to be  statistically significant, i.e., it is very unlikely to be a chance finding.

p (probability) value. The probability that a difference observed between groups is due to chance. A statement
that p= 0.15 means that the difference would be expected to occur by chance alone about 15% of the time. Usually, p
values of less than 0.05 are considered to be statistically significant (shown as p< 0.05).

Cause and Effect

Although statistics can help epidemiologists decide whether their results may have been due to chance, a statistically
significant association does not also mean that the finding proves that the association represents a cause-effect
relationship. Determining whether some factor is a cause of a disease requires further analyses and study. Ultimately,
the determination is a matter of judgement. Several criteria (e.g., Hill 1965) are often used to help in this judgement
process. These attributes of the association to be considered include . 1) strength, 2) consistency, 3) specificity,
4) temporality, 5) biological gradient, 6) plausibility, 7) coherence, 8) experiment, and 9) analogy. Assessing cause and
effect is difficult because diseases generally have multiple causes that may act through direct or indirect means.
Epidemiologic evidence alone is generally considered insufficient to scientifically establish causality. However, there s
also considerable judgement involved in assessing whether evidence for causality from epidemiologic and other
studies is sufficient in practical terms to warrant preventative or public health action.

References: Ahlbom and Norell (1984) Hill (1965), Last (1995) Lilienfeld and Lilienfeld (1981), Rothman  (1988)
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Study/Location

Subjects/Exposure

Table 2.1. A summary of studies of general health of electrical workers exposed to EMF.

Selected Results

Asanova & Rakov
&1966),

ussia
Sazonova  (1%7),
Russia

Kouwenhoven et al.
(1967),

us.

Singewald et al.
(1973),

Krivova et al. (1973),

Russia

Fole etal. (1 974)
Spain

Roberge (1976)
Canada

Malboysson (1976)
Spain

Knave et al. (1 979),
Sweden

stopps &
Janischewskyj

1979),
anada

Puntoni
Italy

et al. (1 979),

Jingyi & Fanghua
(1980),
hina

Peceny et al.
(1983b),
Czechoslovakia

Health exams of 41 men and 4
women working in  400-500-kV
switchyards Electric fields
measured in switchyard.

Health exams of 29 switchyard
operators (<2 hr exposure/day),

and 25 maintenance people >5 hr
exposure/day.  Electric  fields
measured in switchyard.

Health exams given to 1 1 linemen
over 42months.  Exposure by
hours of live line maintenance.

9-year follow-up of linemen in the
above study-

Health exams were given to 319
men working around 220-500-kV
facilities.  ENM.

3 technicians and 3 medical
people were examined while in a
400-kV station for 3-8 hr.

56 male 735-kV  substation
workers given health and lab
exams. Lab data were compared
to a control group. ENM.

Health of 84 men in 400-kV
substations compared to 94 lower
voltage workers for 4 yr. ENM.

Health of 53 men in  400-kV
substations was compared to 53
nonexposed  workers.  Electric field
dosimeter used for base levels.

Health of 30 high-voltage workers
compared to 30 controls. Electric
field exposure estimated by
dosimeters and calculations.

Mortality (I 960-75) for >2000
male shipyard workers by job title.
ENM.

Health of 1138 men and women
working around 44-220-kV lines
compared to 290 controls.

Health of 19 men working in  200-
kV switch rooms compared to 37
men in  400-kV  switchrooms.
Electric fields measured.

Variety of ailments attributed to  50-Hz electric fields:
headache, fatigue, male sexual problems, chest pains,
irritability, gastritis, and effects on blood composition. No
quantitative data presented. Mean field =14-1 8kV/m

Exams before and after work showed several statistically
significant  differences  between groups. For maintenance
group: pulse rate and blood pressure lower and sensitivity
to current higher, slower reaction and higher test error rate.
Overall,  stronger electric fields increased fatigue.

No significant health changes noted. Two men had low
sperm counts. No quantitative data on results presented.
Range of body currents during line work: 85-840 HA.

Health of the linemen was not changed by exposure to high
voltage lines. Few quantitative data from exams presented.

For 500-kV  workers compared to workers at lower  volt-
ages, pulse rate and blood pressure deviated more from
normal. Changes in blood composition were also reported.
Some subjects complained of weakness and fatigue: heart
rate was reduced and blood pressure increased. No

guantitative data were provided. Field range: 2-21 kV/m.

Subjective ailments reported by Russian substation

workers were not found in this study. Differences between
controls and substation workers in several lab tests were
statistically  significant, especially for the 30-39 yr group.

Field exposure did not cause lasting pathological -effects
since no hiochemical changes were found. Exposure to
400-kV  facilities was of limited duration at time of study.

No health effects were attributed to electric fields and the
400-kv  workers did better on psychological performance
tests.

No differences in health status were found between high
voltage workers and matched controls selected from
maintenance workers in the same utility.

RRs.
respiratory disease, electricians
heart disease electricians 0.41,

Total deaths: electricians | .35, electric welders 0.99;
2.48 electric welders 1 .09;
electric welders 0.91.

No subjective complaints related to exposure, but some

effects reported on cholesterol, hblood pressure. ECG, and
EEG. Few details of statistical tests reported.

The 400-kvV  workers had higher frequency of leg pain,
oversensitivity, fatigue, and respiratory infections, but lower

frequency of disturbed concentration, and disturbed sleep.
400-kv electric fields: O-16 kV/im; 200-kV: O-12 kV/m.

McMillan & Causes of 52 deaths of welders at The only statistically significant cause of death for welders
Pethybridge a shipyard (1 955-75) compared to  was for gastrointestinal diseases (PMR= 176, p<0.05).
(1983)U.K. 2 other groups of workers. Researchers did not attribute it to  occupatlonal exposures.
Broadbent et al. Health questionnaires of 390 Some statistically  significant health differences between
(1985), power-line workers. Electric-field groups were found, but there were no significant correla-
UK. exposure meter worn for 2 weeks. tions with measured electric field exposures.
Abbreviations: ECG=  electrocardiogram, EEG= electroencephalogram, ENM= EMF not measured,

PMR= " proportionate mortality ratio, RR= relative risk
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Table 2.1. A summary of studies of general health of electrical workers exposed to EMF. (Continued)
Study/Location Subjects/Exposure Selected Results
Milham (1985), Occupational PMR study of Statistically ~ significant elevated  PMRs:  bronchitis,  pneumo-
u.s. 486,000 male deaths. Exposure nia, lung disease, stomach ulcer; deficits for diabetes,
by job titles. ENM. cerebral hemorrhage, heart disease, liver cirrhosis.
Olin et al. (1985), Mortality for 1254 electrical Compared to the general population, mortality was
Sweden engineers during 30 vyears. ENM. significantly lower for the engineers.
Deapen& Henderson 518 ALS patients and 518 controls Risk of ALS was significantly elevated for electrically
(1986) U.S. by occupation. ENM. related occupations-OR= 3.8*, 1 ,4-1 3.0 (I 9 cases).
Baroncelli et al. Health exams of 627 male railway Workers exposed to EMF of moderate strength did not
(L 986), workers in three EMF exposure show the presence of clear health effects based on health “I
Italy groups by hriweek and a control. exams and laboratory tests.
Gamberale et al. Health of 26 linemen was studied No statistically significant differences between the 2 days
g1989), 1day working on an energized were found related to EMF exposures. Parameters studied
weden 400-kV line and 1day with line off.  included subjective complaints, reaction time, memory,
EMF dosimeter worn during study. EEG, and blood tests including hormone levels.
Gunnarsson et al. 58 male, 34 female cases of Risks for MND were elevated significantly for welders
@ 992), motor neurone disease (MND), (OR=3.7*, 11-13.0); risk for electricity work was on the
Sweden 372 controls. ENM. borderline of statistical significance  (OR=6.7, 1 .0-32.1).
Nakagawa & Koana Mortality for cohort of 32,545 The two groups with the highest exposure did not have
(1993) railway workers in 6 groups by elevated SMRs for total deaths, heart disease, or  cere-
Japan magnetic-field exposure. brovascular disease.
Serdiuk & Physiological data were collected No statistically ~significant differences among engineers,
Tomachevskaya on 3 groups of people working in a electricians, and serving staff were found in epinephrine,
(1994), Ukraine 750-kV substation. norepinephrine, or serotonin in  urine.
Nikin et al. (1994), Blood samples from 27 women Levels of electrolytes (Na, K, Cl) in serum and in erythro-
Yugoslavia working near motors, 22 controls. cytes  (Na, K) were significantly higher in the exposed
Magnetic fields measured. group.
Savitz & Loomis All causes of death in cohort of Mortality in utility workers was lower than in the general
(1995), 138,905 men at five utilities. population. Total mortality for exposed jobs compared to
us. Magnetic field dosimeters used. other utility jobs was elevated (RR=1.13*, 1.09-1 .18).
Davanipour et al. 28 cases of ALS and 32 controls Lifetime work exposure OR= 2.7, 0.9-8.3* At least 20 work
(1995) and estimated occupational years & 1 SD above average relative to minimum exposure
us magnetic field exposure. ENM. OR=47* 1316.4.
Reif et al. (1 995) Preliminary results of  measure- A statistically significant negative association was found
Us. ments of the hormone melatonin between nighttime melatonin  secretion and magnetic field
in urine from 35 electric power exposures during the workday, Mean cumulative work
workers, magnetic field exposures were higher than for nonwork.
Baris et al. (I 996b), 1582 deaths (I 970-88) in a cohort For most causes of death, utility rates were lower than in
Canada of 21,744 men at an electric utility. the population. For utility workers with electric field expo-
EMF dosimeters were used. sure above background compared to below background,
deaths from accidents and violence RR=1.82* 1 .25-2.65.
Moen et al. (1996), Sick leave for musculoskeletal No significant associations were found between sick leave
Norway disorders for 342 aluminum plant over 5 yr for musculoskeletal disorders and work in
potroom workers 222 controls. potrooms  with exposure to DC and AC magnetic fields.
Abbreviations:  ALS=  amyotrophic lateral sclerosis, Cl= chlorine, EEG= electroencephalogram, ENM= EMF not
measured, K= potassium, MND= motor neurone disease, Na= sodium, OR= odds ratio, RR= relative risk, SD=
standard deviation
¥ statistically  significant

fields. This was in large part because similar effects 10 linemen had been completed. Also. the Russian
were not being reported by workers in those countries. per contained few details about the study design and
However, at the time only the preliminary study of the results, so the study was difficult to evaluate. Several
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scientists caled for additiona research in response to
the Russian study. Severd of the studiesin Table 2.1
were specifically conducted because of the Russian re-
port.

Except for research in Spain (Fole et a. 1974) and
in Czechodlovakia (Peceny et a. 1983p), the subjective
alments reported by the Russan workers were gener-
dly not found in later studies from other countries. One
difficulty in comparing results anong these sudies is
that the electricd work environments and work culture
varied greatly among countries. For example, some
work environments may cause workers to receive fre-
quent shocks from objects due to induced voltages.
Shocks, rather than field exposure could result in prob-
lems such as reported in some studies.

One of the largest studies to examine mortdity pat-
terns among electrical workers, and to include expo-
sure assessment as well, was conducted by Savitz and
Loomis (1995). Although the study focused primarily
on cancer, deaths from other causes were aso reported.
For al causes of death, workers as a group a five U.S.
electric utilities had a lower rate than in the generd popu-
lation (SMR= 77, 76-78). Degaths from specific non-
cancer causes were aso al less than in the population.
Authors of the study pointed out that these findings were
congstent with the healthy worker effect. When tota
mortality for magnetic-field-exposed occupations was
compared with other utility occupations, there was a
smndl but gatidicdly sgnificant eevaion, especidly
for exposed workers with 20 or more years of employ-
ment (SMR= 113, 109- 18). Information was not pre-
sented for specific non-cancer causes of death for occu-
pations exposed to EMF.

Deaths from dl causes were dso reported for the
Quebec utility (Baris et d. 1996b) that was part of the
Canada-France study by Theriault e a. (1994). Almost
dl SMRs for individua causes of desth werelessthan
unity, and for the entire cohort the SMR for al causes
combined was 75, 71-79. For deaths from accidents
and violence (due in part to electrocutions), risks were
elevated for EMF, and for pulsed magnetic fields (eg.,
for above background exposure to dectric fidds,
RR=1.82, 1.25-2.65). Authors of the Quebec study
sad that the generdly lower mortdity for the utility
workers compared to the population, was probably from
the hedthy worker effect, and posshility from
underassessment  of  mortality.

Three studies suggested that occupationd EMF ex-
posure is associated with motor neurone disesse, a-
though in these studies exposure was estimated only by
job title (Gunnarsson et a. 1992, Degpen and Henderson
1986, Davanipour et a. 1995). The latter two studies

found datidicaly sgnificant devated risks for atype
of motor neurone disease commonly called Lou Gel-trig's
disease (amyotrophic laterd sclerosis).

Preliminary results of one study in Table 2.1 found
that the pineal hormone melatonin was reduced in men
by occupational exposure to 60-Hz magnetic fields (Reif
et a. 1995). In another study, melatonin paterns mea
sured a the beginning and end of shifts for switchyard
workers were not sgnificantly different (ReiBenweber
and David 1996). When men were exposed to 60-Hz
EMF in a laboratory setting, no effects on nighttime  me-
latonin levels were found (Graham et a. 1995, 1996,
see Table 2.10).

Six additiond studies are covered in this section;
they address possible effects of EMF on chromosomes
in electrica workers (Table 2.2). These sudies were
prompted in part because of reports of reproductive ef-
fects in a study of Swedish substation workers
(Nordstrom et a. 1983, see Table 2.4).

The six studies al looked a peripheral lymphocytes
(which are somatic cells) in blood samples of various
kinds of electrica workers and controls. If effects of
some agent are found on somatic cells, this suggests the
posshility of other effects in the whole organism, such
as cancer or premature aging (Bloom 1981). Effects
found on germ cells (spermatozoa and ova) theoreti-
caly suggests the possihility of serility in the individua,
or mutations that could be passed on to offspring. If
only somatic cells are studied and chromosoma aber-
rations are found, thisimplies the possbility that germ
cells may dso be affected, assuming that exposure to
the agent occurs for hoth types of cells (Bloom 198 1).

All but one of the chromosome studies in Table 2.2
reported one or more statisticaly significant effects, a-
though there are some incondstencies. Chromosome
or chromatid breaks were reported in four of the stud-
ies. The studies by Bauchinger et d. (1981), and by
Khdil et d. (1993) did not specificdly mention chro-
mosome breaks. None of the studies found a statisti-
caly sgnificant effect on sister chromatid exchange (an
indicator of potential genetic hazard). There is dso evi-
dence presented in some of these studies that an electri-
ca worker's current or past smoking experience can in-
crease the likelihood of chromosome damage.

The possible mechanisms associated with — chromo-
somal effects in electrical workers was examined with
in vitro tests in the study by Nordenson et d. (1984).
The tests showed that a 50-Hz current density of
1 mA/cm? applied to blood samples did not cause chro-
maosome breaks, while breaks were found after 3 s
long spark discharge pulses were applied (pesk field

BPA Electrical and Biological Effects Review

2-15



Chapter 2: Exposure Assessment & Non-Cancer Health Studies

Study/Location Subjects/Exposure

l Tahle 2 2 A Summarv nf etiidiae nf eamatic chramnenmace fram alanrtriral wnarkare avnneed tn FMF

Selected Results

CA in lymphocytes  from 32 men
working in  380-kV  switchyards
and from 22 controls. Typical

Bauchinger et al.
(1981),
Germany

maximum electric-field  level  given.
Nordenson et al. CA in lymphocytes from 20 men
1984), working in  400-kV  switchyards
weden and from 17 controls. Typical

maximum  electric-field  given.

CA in 19 men working in  400-kV
substations and 19 controls. All
subjects were nonsmokers.
Electric fields were measured.

Nordenson et al.

(1988),
Sweden

Valus et al. (1993),

CA in 27 power-line workers and
Finland

27 telephone linemen controls. All
subjects were current  nonsmok-
ers. Exposure was estimated.

Khalil et al. (1993),
Jordan

CAin 15 men from 132-230-kV
substations and in 8 controls.
Smoking data separated. ENM.

Skyberg et al. (1993),
Norway

CA in 13 high voltage laboratory
workers and in 20 controls.
Exposure was to AC and DC
fields, pulsed and continuous.

The highest rate of aberrations was found in workers
exposed to the highest electric fields. No effects on SCE.

The rate of lymphocytes with chromatid-type
found on SCE,

The % aberrant cells was significantly higher in substation
workers  (12.8%) than

were smokers (2.3) was significantly higher than in control

No statistically significant differences between groups in
chromosome gaps, breaks, acentrics, atypical, or SCE.
Switchyard workers had occupational exposure to EMF for
over 20 yr. Maximum electric field in switchyards: 12 kVim.

Statistically ~ significant  differences ~ were found between
groups for chromatid and chromosome breaks. The

percent aberrant cells in exposed non-smokers was 5.1
compared to 2.6 in control non-smokers.

substation workers had significantly
and cells with micronuclei.

Compared to controls,
more chromosome aberrations,

breaks was
low in both groups but it was about twice as high in the
power line workers, mainly for ex-smokers. No effects were

replication, or micronuclei frequency.

in controls  (7%). Proliferation, ~mitotic
index were lower in substation workers. No effect on SCE.
Mean chromosome hreaks for laboratory workers who

smokers (0.7). No significant effects were found on SCE, %
aberrant cells, or on chromatid breaks.

Abbreviations: CA= chromosome analyses, SCE= sister

chromatid  exchange,

ENM= EMF not measured

strength of 3.5 kV/cm). These findings suggest that ef-
fects on somatic cells in electrical workers may be from
discharge shocks received when workers contact objects
in strong electric fields, instead of from exposure to EMF
per se (see dso “EMF and Genetics, Proliferation, and
Cancer” in Chapter 4).

Residential ~ Studies

Table 2.3 summarizes studies that looked at vari-
ous health factors for people living near certain sources
of EMF. The designs and methods varied greatly among
the studies; only three of the studies reported any mea-
surements of EMF. Perry and Pearl ( 1988) reported that
mean 50-Hz magnetic fields in apartment groups near
and distant from electric supply cables differed by only
0.154 uT ( 1.54 mG). For the 12 disease factors related
to the cardiovascular system compared for the two
groups, only one difference was close to statistical sig-
nificance. A later study by this group found no associa-
tion between myocardial infarction and residential mag-
netic fields (Perry et al. 1989).

Magnetic fields measured in the homes of people
in The Netherlands who lived within 100 m ( 328 ft) of
a 150-kV line or a substation ranged from 0. I-I. 1 uT
(-1 1 mG) (Schreiber et a. 1993). Mortdity from

culatory diseases was significantly elevated among these
people, but authors of the study attributed this to social
class distribution.

Four other studies of people living near transmis-
sion lines found no statistically significant effects on
certain genera heath factors related to proximity to the
lines. The study by Strumza ( 1970). however. used a
crude measure to identify such effects. i.e. use of medi-
cal services. That study and the other two (Poole et al.
1993, McDowadll 1986) al used distance from lines as a
measure for EMF exposure. Poole et a. ( 1993) pointed
out that residential proximity does not necessarily cor-
relate with EMF exposure; they caled for additional
health studies with improved exposure assessment.

Three studies provide some evidence that living
around transmission lines increases the risk of head-
aches. Poole et al. ( 1993) found an elevated risk of non-
migraine headaches; however, it was not satisticaly sig-
nificant. Those authors pointed out that they accepted
self-reported migraine headaches without medica con-
firmation. The study by Havsom et al. ( 1990) did use a
clinically tested headache quegtionnaire and found sta-
tigtically significant elevated risks. However. risks were
highest in that study for persons living at a mid-distance
from transmission lines, and not for those closest to the
lines. A similar result was found in an earlier study in
the UK. by Dowson et a. ( 1988). and Meyer
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Study/Location Subjects/Exposure

Table 2.3 A summary of studies of general health of residents exposed to power-line EMF.

Selected Results

Strumza (1970), Medical needs of 70 families

France within 25 m of 220-400-kV lines
compared to 74 families > 125m
from lines. ENM.

Eckert (1976), 494 cases of sudden infant death

U.S., Germany syndrome were studied on the
basis of possible EMF exposures.
ENM.

McDowall  (1986), 510 deaths (1971-83) from

Uk circulatory and respiratory

diseases among cohort living
near power facilities. ENM.

Survey of 576 hospital patients
who lived in multistory buildings.
Magnetic field exposure by

distance to power supply cables.

Perry & Pearl
(1988),
UK.

Perry et al. (1989),
UK.

Survey of 596 myocardial infarction
cases and 596 controls by  measur-
ed 50-Hz magnetic field outside
the front door of residence.

Survey of headaches in 132

people close to 132-kV lines and
94 people away from lines. ENM.

Dowson et al. (1988),
UK.

Haysom et al.( 1990),  Survey of headaches among 334

UK. people within 100 m of trans-
mission lines, and 358 people
more than 100 m from lines. ENM.

Poole et al. (1993), Survey of headaches among 382

us. people including those living near

230- and 345-kV lines. ENM.

Deaths among 1552 people living
within 100 m of lines or substations.

Schreiber et al.
The Netherlands

(1993),

No statistically —significant differences in medical needs
between the two groups were found that were attributed to
proximity to the transmission lines.

cases showed regional concentrations close
magnetic fields or stray ground currents

Locations  of
to uncommon

(power lines, railways, transmitters: airports, radar). Risk
was higher in ground or first floors.
Overall, mortality was lower than in the general population.

Death rate for respiratory disease was elevated for
residents closest to electrical facilities but it was not
statistically  significant (SMR= 127, 77-] 95).

Slightly more people (62%) with certain types of heart
disease lived nearer to electric supply cables (on the

borderline of statistical significance). Near field mean =
3.15 mG, distant mean field = 1.61 mG.

There was no statistically significant difference in the
magnetic fields measured for myocardial infarction cases,
and the fields for control addresses.

Fifteen (11.4%) people living within 100 m of  transmis-

sion lines reported recurrent or migraine headaches,
compared to 1 (1 .1%) report from people away from lines.

There was a weak trend for headaches, especially
migraine, to be more common among people living
within 50 and 100 m from 132 400-kV transm|55|on

lines. Some results were statistically significant.

Prevalence of non-migraine headaches among people
living near lines was elevated but it was not statistically
significant (OR= 1.5, 0.76-2.8).

For all causes of death, SMR= 1 Il, 96-128; for circulatory
disease, SMR=126* 101-l 55.

Coghill - (1994), Locations of 67 cases of sudden Cases lived closer to EMF sources (mean= 126 m) than
UK. infant death syndrome and 64 controls (mean= 206 m); the closer to the source, the
controls were compared by younger the age at death. EMF sources included power
proximity to EMF sources. ENM. lines, railways, terminals. Statistical tests not described.
McMahan & Meyer Survey of health problems for 152 Women near lines were not more likely to report health
(1995), women living near 66- and 220-kV problems (headaches, poor appetite, sleep disorders, poor
us. lines, or 1 block away. concentration) than those away (OR= 0.85, 0.45-1 .62).
Abbreviations: ENM= EMF not measured, OR= odds ratio, SMR= standardized mortality ratio,* statistically significant {

(1 995) found no evidence that prevalence of headaches
was increased in women living near transmission lines
in Cdifornia

Two studies attempted to relate the proximity of
SDS (sudden infant death syndrome) to sources of EMF
(Eckert 1976, Coghill et a. 1994). Both of these stud-
ies also used distance from sources to estimate expo-
sure. Because of the wide variety in the sources identi-
fied in the studies, the weakness of this exposure mea-
sure is even more apparent. The study by Coghill ( 1994)
was presented only in an abstract, with few details about
how the study was conducted.

Reproduction

Occupational

The early study of Russian substation workers by
Asanova and Rakov ( 1966) that initiated interest in pos-
sible health effects of EMF included a statement that
one-third of the workers complained of “sexual weak-
ness.” This and 12 other studies of reproductive health
of electrical workers are summarized in Table 2.4. Four
of these specifically mentioned that they looked for the
effects reported in the Russian study. but none reported
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Table 2.4 A summary of studies of reproductive health of electrical workers exposed to EMF.

Study/Location Subjects/Exposure Selected Results
Asanova & Rakov Health exams of 41 men and 4 One-third of the men of ages 30-40 yr complained of
1966), women working in  400-500-kV sexual weakness after 8-10 months work in high-voltage
ussia switchyards. electric ~ fields.
Kouwenhoven et al. Health exams given to 11 linemen Two men had low sperm counts.
(1967) U.S. over 42 months.
Singewaid et al. 9-year follow-up  of linemen in Sperm counts were judged to be highly variable, and they
(1973) U.S. above study. were not affected by the electric field.
Roberge (1976) Health exams of 56 male 765kV Before 765kV work, the men had 27 hoys and 25 girls. For
Canada substation workers. 9 months after start of work; 17 boys, 3 girls. Four (7%) of
high-voltage workers reported sexual weakness.
Stopps & Health of 30 high-voltage workers Four (13%) high-voltage workers and four (13%) controls
Janischewskyj (1979) compared to 30 controls. complained of sexual problems.
Canada
Knave et al. (1979)  Fertility was assessed in 53 men Compared to controls, substation workers had fewer
Sweden working in  400-kV  substations and children, especially boys, but the difference in number of
in 53 control workers. children was present before work began in substations.
Nordstrom et al. Questionnaires on reproductive Mates of switchyard workers had statistically significant
glggs), health were sent to 542 male lower frequency of normal pregnancy outcomes, and
weden power plant employees. higher frequency of births with congenital malformations.
The 400-kvV  workers had more girls compared to controls.
Peceny et al. (1983b), Health of 19 men working in 200- No decrease in libido reported by workers (no data
Czechoslovakia kV switch rooms compared to 37 presented).
men in 400-kV  switch rooms.
Buiatti et al. (1984) 112 male infertility cases were Risk for infertility was elevated for radioelectric workers but
| taiy compared to 127 controls by it was not statisticaify significant (RR= 5.89, 0.86-40.18).
occupation. ENM. No other electrical occupations were named.
Sanjose et al. (1991) Prematurity and parents’ occupa- Female electrical workers had elevated risk for preterm
Scotland tion was examined in a national delivery (RR=1.8*,  1.2-2.8) and male electrical workers had
study of 252,147 live births. ENM. lower risks for low birthweight  (RR=0.8,  0.7-0.9).
Juutiiainen et al. Early pregnancy loss studied in 89 No association found between early pregnancy loss and
9993), cases and 102 controls. Exposure mothers’ occupational magnetic-field exposure, based on 4
inland by job and some measurements. cases and 4 controls (OR=1 -15, 0.3-4.7).
Andrienko & Boyko Sexual function questionnaires, to ~ For males only, there was a suggestion that work at
1994), 65 male and 10 female substation substations is associated with decreasing sexual function
kraine workers (no voltage given). for some parameters. No quantitative data presented.
Lundsburg et al. Cases were men seeking care at No statistically significant associations found between high
1995), an infertility clinic. Controls were occupational magnetic-field exposure and three measures
EJ.S. men with normal semen. ENM. of semen quality. High exposure, >0.3uT (>3 mG).

Abbreviations: ENM= EMF not measured, OR= odds ratio, RR=relative risk, * statistically significant

finding the high percentage stated in that study. Of the found that substation workers had more girls. although

four. the highest percentage of reports of sexual prob- the finding was largely dismissed because the differ-
lems was given by Stopps and Janischewskyj (1979). ence existed before substation work began. In the study
However, in that study the percentage of complaints of by Nordstrom et al. (1983) the male/female sex ratio
sexua problems was the same ( 13%  for both the high- for children born to men working in 400-kV substations
voltage workers, and the control men. was 0.92, compare to 1. 16 for the reference group.
Three studies reported information on the sex ratio Other results of pregnancy outcome associated with
of children born to substation workers. Roberge ( 1976) electrical workers were reported by three studies in Table
found that the workers in his study had a larger percent- 2.4, There was a statistically significant increase in the
age of' boys. On the other hand, Knave et al. (1979) percentage of congenital malformations among children
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fathered by Swedish switchyard workers compared to
the reference group, 10. ! and 4.0 percent, respectively
(Nordstrom et al. 1983). Authors of study said that the
finding should be interpreted with caution because the
total numbers were small (1 8 children with maforma
tions for both groups).

The study from Scotland found both increased and
decreased risks associated with electrical occupations
of the mother and father, respectively (Sanjose et al.
199 1). However, no information was available about
possible EMF exposures for these occupations. In Fin-
land no association was found between mothers’ occu-
pational magnetic-field exposure and early pregnancy
loss, although the finding was based on very small num-
bers (Juutilainen et a. 1993). Two studies looked at
semen quality and they found no associations between
poor quality and employment as an electrical worker
(Singewald et al. 1973, Lundsburg et a. 1995).

Residential: Power Lines

At least six studies have investigated possible ef-
fects on reproductive health in women living near elec-
tric power lines (Table 2.5). Overall. the studies pro-
vide little evidence for such effects. The strongest evi-
dence for a possible effect of magnetic fields comes from
the study by Juutilainen et al. (1993). Results of the

study. however, varied depending on the magnetic field
cutoff level. Cutoff levels of 0.63 UT (6.3mG), and
0.25 uT (2.5 mG) produced much different results de-
pending on whether risk was calculated based on field
levels at the front door, the room average. or the maxi-

mum level. Authors of the study said that results of the
study should be vie-wed with caution because of the small

number of exposed subjects in the study.

Savitz and Ananth (1994) found no evidence that
miscarriage was associated with exposure of women to
power line fields. In that studv. however. miscarriage
was assessed at gestational ages later than those in the
study by Juutilainen et a. ( 1993).

The lower risk for malformations reported bv Rob-
ert (1993) is very difficult to interpret in relation to pos-
sible exposures to EMF from power lines. Because of
the way in which the study was designed. it is not known
whether any of the women lived close to transmission
lines. There is, therefore no real basis for comparing
exposures between the cases and controls in the study.

Residential: Electric Heating Sources

Related to the studies described in the above sec-
tion, is a group of studies that investigated reproductive
effects associated with magnetic fields from electrically
heated beds and ceiling cable heat (Table 2.6). Electric

Study/Location Subjects/Exposure

Table 2.5 A summary of studies of reproductive health of residents exposed to power line EMF.

Selected Results

Survey of 576 hospital patients
from multistory buildings.  Expo-
sure by distance to cables.

Perry & Pearl
(1988)
UK.

1688 cases of malformed infants
were compared to controls by
residence in areas with homes
within 500 m of transmission lines.

Robert (1993)
France

89 cases of early pregnancy loss
and 102 controls. Magnetic fields
measured in subjects’ homes.

Juutilainen et al.
(1993),
Finland

Measured magnetic fields and

power-line types were related to
pregnancy outcome for cases and
controls.

Savitz & Ananth
(1994),
us.

Magnetic-field exposures during
pregnancy were estimated by
power line type near residence,
and by dosimeters.

Bracken et al.
U.S., Canada

(1995a),

151 cases of congenital anomal-

Robert et al. (1996),
ies and 302 controls compared by

France

The frequencies of complications related to pregnancy
were essentially identical for women living near to and
distant from electric supply cables.

A statistically significant  lower risk of malformations was
found between maternal residence in towns which had at
least one home within 500 m of a transmission line.

Distances of case/control homes to lines not determined.

Risk was increased for women in homes with elevated
magnetic fields. For homes with average of >2.5 mG,
OR= 544* 1 .1-28 (based on 7 cases and 2 controls).

Pregnancies in homes above 2 mG were not more likely to
end in miscarriage or preterm delivery. Risk for low birth
weight was increased in the medium but not the high power
line category (OR= 2.6*, 12-6.5) (7 cases and 12 controls).

No associations found between residential power-line types
and low birthweight or intrauterine growth retardation
(2673 women). No associations found for 24-hour expo-
sure (534 women) or for 7-day exposure (858 women).

No associations found between congenital anomalies and |
distance of mothers’ home or apartment to transmission |

mothers’ residential proximity to lines: within 100 m OR= 0.95, 0.45-2.03 (2 cases). within
transmission  lines. ENM. 50 m OR= 1.25, 0.49-3.22.
Abbreviations; ENM= EMF not measured, OR= odds ratio, * statistically significant
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Study/Location Subjects/Exposure

Table 2.6. A summary of studies of reproductive health and exposure to sources of electric heat.

Selected Results

Wertheimer &
Legger (1 986),
U.sS., co

Telephone survey of 1256 new
parents about their use of electric
biankets and heated water beds,
and checks of birth records. ENM.

Wertheimer & Fetal loss for families with and
Leeper (1989) without ceiling cable heat. Some
us., OR magnetic field measurements.

Dlugosz et al. (1992)
U.S., NY

542 cases of babies with  congeni-
tai defects and matched controls.
Mothers' use of heated bed. ENM.

Womens' use of electric blanket
for 986 cases of abnormal
pregnancy and 975 controls.

Yong et al. (1992)
China

Bracken et al. (1995a),
U.S., Canada

Magnetic field exposure during
pregnancy for about 2500 women;
birthweight and fetal growth.

Lietal. (1995)
U.S., WA

118 cases of babies with urinary
tract defects and 369 controls.
Mothers’ use of heated beds.

Lee et al. (1996),
us., CA

Abortions among 5127 women
and use of electrically heated beds.

For heated bed users, conceptions  during the heating
season resulted in significantly more below-median birth-
weights with above median gestations. Frequency of fetal
loss was higher among heated bed users than nonusers.

Fetal loss ratio was the same for families with and without
ceiling heat, but fetal loss occurred more often among the
ceiling-heat group during months of increasing heating use.

The use of electric blankets or heated water beds by
mothers was not associated with neural tube or oral cleft
defects in their children.

Risk for spontaneous abortion and total abnormal preg-
nancy were elevated for electric blanket use during early
pregnancy (OR=1.95*% 1.31-2.90; OR=I.61*, 1 10-2.34).

No statistically ~significant associations were found between
measured exposures to magnetic fields and birth weight, or
intrauterine growth retardation.

For women with a history of subfertility association found
between heated bed use during first trimester and urinary
tract defects (OR=10.0* 1.2-85.5) (3 cases, 3 controls).

Abortion risk for electric blanket use RR= 0.73, 0.52-| .08;
for water bed use RR= 0.84, 0.65-1 .07.

Abbreviations; ENM= EMF not measured, OR= odds ratio,

RR=

relative risk, * statistically significant

—

blankets and electrically heated water beds can produce
relatively high magnetic-field exposures to users (Fo-
rig and Hoburg 1991). The first study to investigate
whether the use of such devices during pregnancy af-
fects fetal development was conducted by Wertheimer
and Leeper (1986). In that study there was no differ-
ence between heated-bed users and non-users in the pro-
portion of low birthweight babies (4.5 vs. 4. | percent,
respectively. The users, however, had significantly more
full-term gestations than non-users (46 vs. 21 percent,
respectively). The proportion of above-median gesta
tions was also higher for the September-June period
for the users. Presumably, this is the period when heated
beds were used most often. The study also looked at
frequency of abortions in the year before the live birth.
Abortions for electric-blanket users (7.8 percent) and
for water bed users (6.3 percent) were significantly
higher than those for non-users (4.2 percent).
Wertheimer and Leegper (1 989) conducted a second
study in an attempt to distinguish effects due to heating
from those due to magnetic fields. The study compared
fetal loss at homes with ceiling-cable heat, to homes
with mostly electric-baseboard heat. The estimated elec-
tric and magnetic fields in both types of homes were
10-50VV/m, 0.1uT (10mG) ; and 10V/im,<01 pT(<
1 mG), respectively. The study found that the overall

rate of fetal losses/live births was the same in homes
with and without ceiling heat (0.076 vs. 0.075. respec-
tively). However, there was also a positive association
for ceiling-heat homes compared to other homes in
monthly fetal loss and monthly heating degree days.

Yong et a. [ 1992) reported a statistically signifi-
cant association between electric-blanket use and spon-
taneous abortion. This result was found onlv for usage
during early pregnancy and not during middle or late
pregnancy. In a study ‘with extensive measurements of
magnetic-field exposures. Bracken et al. (19959 did not
find any dtatistically significant associations between
fetal development and exposure. Some odds ratios were
elevated, but they were less than 15, and there was no
strong indication of a dose-response effect. Risk of spon-
taneous abortion was reduced for women in California
who used electrically heated beds during pregnancy; it
was on the borderline of statistical significance (Lee et
al. 1996).

Two studies in Table 2.6 that examined birth de-
fects found overal no statisticaly significant associa
tions with use of heated beds (Dlugosz et al. 1992, Li et
a. 1995). The significant associaion reported by Li et
a. (1995) was only for a subpopulation of the women
in their study. Further, statistical significance was found
in this subgroup only for early pregnancy.
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VDTs (Video Display Terminals)

Several studies investigated possible reproductive
effects of occupational exposure to EMF from the video
monitors that are used with computers (Table 2.7). These
monitors are often called VDTs (video display termi-
nals) or VDUs (video display units). VDTS are a source
of complex EMF (Fig. 2.10) that extend from DC up to
radio frequencies. Waveforms include sinusoidal from
the power supply frequency, and sawtooth from pulsed
fields from electrical circuits that direct the electron
beam across the screen (see Fig. 1.5). Aswith TV sets,
EMF from VDTs decrease in strength rapidly with dis-
tance, however, while using a VDT a person is much
closer to the screen than when watching TV Because
of the complex EMF environment around VDTS, fidd
intensity alone may not be a sufficient measure of hu-
man exposure from these devices (Nair and Zhang
1995).

ELF

Electric field..... 1-10 V/m

Magnetic field.. 0.07-0.7 uT
(0.7-7 mG)

VLF

Electric field..... 115 V/m

Magnetic field.. 0.05-0.6 uT

(0.5-6 mG)

30cm DC
(1ft) Electric field..10-20 kV/m

Figure 2.10. Typical ranges of EMF at 30 cm
(1 ft) from computer monitor screens. As used
here; ELF = below 3 kHz, VLF = 15-100 kHz.

Note that EMF may be stronger at sides and
back of some monitors.

Sources: Advisory Group on Non-ionizing Radiation
(1994), Tofani and D'Amore (1991).

Interest in the possible health effects of VDTs arose
because of reports of clusters of effects on pregnant
women as computers began to be introduced into the
work place. Table 2.7 summarizes results of several
studies that have been conducted since the early 1980s
of women who worked with VDTs . Only afew of the
studies included measurements of EMF exposures; most
researchers estimated exposure by asking women how

many hours per week that they worked with VDTs. One
study (Roman et al. 1992) also considered passive ex-
posure to VDTs.

Spontaneous abortion was the factor most frequently
investigated in studies of VDTs. Of the 12 studies in
Table 2.7 that looked at this factor, five reported at least
one datisticaly significant association with VDT ex-
posure.  Of these, the largest risk (OR= 3.4) was re-
ported for the highest VDT exposure group in the study
by Lindoohm et d. (1992). In that study, magnetic fields
were measured for 17 VDT models as used by subjects
in the study. One of the few other studies that included
magnetic-field measurements found no association with
spontaneous abortion (Schnorr et al. 1991). However,
authors of that study (Schnorr et a. 1993) commented
that fields from the VDTs in their study were much lower
than those reported by Lindbohm et a. (1992).
Lindbohm et al. (1993) in response pointed out that
VDTs in their study included many older models made
before manufacturers began to consider magnetic fields.

Birth defects were included in 11 of the studies in
Table 2.7. Three of these reported statistically signifi-
cant associations, but there is no consistency or pattern
among results of the studies that suggests a causal asso-
ciation with VDT use.

Of the nine studies in Table 2.7 that included birth-
weight or low birthweight, only one (Ericson and Kallen
(1986a) reported a statistically significant association
with VDT use. That study assessed two categories of
low birthweight for three VDT exposure levels, each of
which included two time periods. Of the 12 risk calcu-
lations for these combinations, only one was statisti-
cally significant; it occurred in the medium exposure
group. Two other studies in Table 2.7 assessed intrau-
terine growth retardation. Neither reported any statisti-
caly significant positive associations with VDT use
(Windham et al. 1990, Bracken et al. 1995a).

Many of the studies in Table 2.7 were reviewed in a
report on health effects of VDTs by the National Radio-
logical Protection Board from the U.K. (Advisory Group
on Non-ionizing Radiation 1994). The report concluded
that the evidence does not indicate that womens' use of
VDTs affects the fetus, and that there is no urgent need
for further epidemiological studies of VDTs.

A review by Lindbohm and Hietanen (1995) also
concluded that the majority of the studies suggest that
VDT use is not related to adverse pregnancy outcome.
However, those authors suggested that some VDT stud-
ies did indicate increased risks, and they recommended
further research on fetal development in high-field in-
dustrial environments. Nair and Zhang (1995) ques-
tioned whether the VDT health question should be con-
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Study/Location

Table 2.7. A summary of studies of reproductive health of women who work with VDTs.

Subjects/Exposure

Selected Results

Lewis et al.
Australia

(1982)

Kurppa et al. (1985),

Finland

Ericson & Kallen
(19864a),

Sweden

Ericson & Kallen
(1986b),

Sweden

Westerholm &
Ericson  (1987)
Sweden

Mikolajczyk et al.

(1987),
Poland

Bjerkedal & Egenaes

(1987),
Norway

Nurminen & Kurppa

(1988),
Finland

McDonald et al.

1988
ana

Goldhaber et al.
(1988),
us.

Bryant & Love

1989
ana

Nielsen & Brandt
(1990),
Denmark

30 cases of SAB and 60 controls
from 13 companies were  com-
pared by estimated VOT use.
ENM.

Birth defects for 235 case mothers
and 255 referents were compared
by potential exposure to VDTs
ENM.

Pregnancy outcome among three
cohorts of women with assumed
different VOT exposures (total of
10,025 births). ENM

429 cases, 926 controls from the
three cohorts in the above study.
Jobs were categorized into three
VOT exposure groups. ENM.

Pregnancy outcomes (4117) for
clerks. Estimated VOT job
exposures classified into 5 levels.
ENM.

SAB for 142 women at two airline
booking offices. VOT users were
compared to nonusers.

Pregnancy outcome (1820 births)
for women at a postal office before
and during introduction of VDTs
into the work place. ENM.

Pregnancy outcomes for 60 VOT
users and 179 nonusers who were
referents in the birth defect study
by Kurppa et al. (1985).

Pregnancy outcomes (6876) for
VOT users compared to other
working women. Exposure by
estimated VOT hr/week. ENM.

452 cases of SAB or birth defects,
and 723 controis among hospital
workers. Exposure by estimated
VOT hriweek. ENM.

334 cases of SAB and two groups
of controls. Home/work VOT
exposure estimated. ENM.

666 cases of SAB and 764
controls among office  workers.
Exposure by estimated VOT  hr/
week. ENM.

Risk of SAB associated with VOT use was elevated but it
was not statistically significant (RR= 1.71, 0.1 0-29.04).

Mothers’ use of VDTs during the first trimester of preg-
nancy was not associated with birth defects
(OR=0.9, 0.6-1 .2).

Significant elevated risks for LBW only in the medium VOT
exposure group-observed/expected: 2.2*, 1.1-4.4, 1.5%
1.2-1 8. No significant effects for SAB, perinatal death, or

birth  defects.

Significant elevated risks for birth defects, especially for the
highest exposure (for >20 hr VOT exposure/week
OR=2.3*,  1.4-3.9). No statistically significant risks for SAB
(for >20 hr VOT exposure/week, OR=0.9, 1.4-1.7).

Risk of birth defects was elevated for the two highest
exposure groups combined but not significantly (observed/
expected = 1.9, 0.9-3.8). No significant risks for SAB,
birthweight, or perinatal mortality.

At one office SAB was significantly higher for VOT users
(40% vs. 22% for 21-30 age group). VOT users at both
offices suffered more from menstrual troubles. No statistical
tests were reported.

Introduction of VDTs into the work place did not lead to
increases in adverse pregnancy outcomes (sex ratio,
stillbirths,  birthweight, birth defects, mortality). No statistical
tests were reported.

Work with VDTs was not associated with adverse  preg-
nancy outcome including threatened abortion, gestation
length, birthweight, placental weight, and mothers! blood
pressure.

For current pregnancies elevated risks for VOT users were
found (observed/expected) for SAB (1 19* 1.09-1 .30), and
urinary birth defects (1.84*,  1.07-3.15). No effects were
found on birthweight, stillbirth, or preterm birth.

A significant elevated risk for SAB was found for women

who worked with VDTs >20 hrlweek compared to nonusers
(OR= 1.8% 1.2-2.8). Risk of hirth defects was also elevated
but not significantly (OR= 14, 0.7-2.9).

There were no statistically significant elevated risks of SAB

associated with VOT use (compared to postnatal controls,
OR= 1.14, 0.83-1 .56; compared to prenatal controls,

OR= 081, 059 1 1)

There were no statistically significant elevated risks of SAB

associated with VOT use (for any VOT use, OR= 0.94,
0.77-1 .14; for>30 hr VOT use/week, OR= 0.78, 0.48-| .25).

Tikkanen et al. Cardiovascular  hirth  defects, fetal For mothers exposed to VDTs more than 4 hours/day the
&1990) , growth, birthweight for 500 case risk of birth defects was not statistically significant; OR=
inland mothers and 1055 controls and 1.4, 05-38. Risk was not significantly elevated for  birth-
estimated VOT exposure. ENM. weight, placental weight, or length of pregnancy.
Abbreviations: ENM= EMF not measured, SAB= spontaneous abortion LBW=low birthweight,
IUGR= intrauterine growth retardation, * statistically significant
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Table 2.7. A summary of studies of reproductive health of women who work with VDTs. (Continued)

were estimated. ENM.

Bracken et al. LBW and IUGR for over 2500

(1995a), pregnancies. Magnetic field

us. exposures measured during
pregnancy.

Li et al. (1995), Mothers of 37 cases of urinary

us. tract birth defects and 116 controls
and VDT use. ENM.

Grajewski et al. LBW and preterm bhirths for a

(1995), cohort of VDT using telephone

us. operators and a cohort of nonus-
ers. ENM.

Rodriquez-Pinilla & VDT use by mothers of 3040

Martinez-Frias babies with birth defects, and

(1995), Spain 20,151 control mothers.

Study/Location Subjects/Exposure Selected Results
Brandt & Nielsen 421 congenital maiformation Only one of the 20 types of malformations studied,
1 990), cases and 1365 controls among hydrocephalus, had a statistically significant elevated risk
enmark office  workers. Exposure by based on 7 cases ( OR= 12.0*, 1.38-104). For all malforma-
estimated VDT hriweek. ENM. tions and VDT exposure >31 hriweek; OR=0.91, 0.43-1 .92,
Windham et al. 439 cases of SAB and 909 For all SAB cases and VDT exposure  >20 hriweek, |
6990), controls. Cases of LBW, IUGR OR= 1.2, 0.88-1 .6; for Kaiser hospital members
from SAB controls. Exposure OR= 2.1*, 1.1-3.8. For LBW, OR= 1.4, 0.75-2.5; for IUGR, |
estimated by VDT hriweek. ENM. OR= 1.6, 0.92-29.
Schnorr et al. SAB among cohort of 323 VDT For SAB and VDT use in first trimester of pregnancy,
8991), using telephone operators and OR=0.93, 0.63-1.38; for >25 hriweek VDT exposure,
S. 407 nonusers. VDT EMF were OR=1.00, 0.61-I .64.
measured for 2 models.
Lindbohm et al. 191 cases of SAB and 394 There was no elevated risk for SAB for VDT use (OR= 1 A,
1992), controls from three companies. 0.7-1 .6). Risk was increased significantly in the high field
inland Magnetic fields were measured for exposure (> 9 mG peak) groups for the two VDT models
17 VDT types used by subjects. used by subjects (OR=3.4* 1.4-8.6; OR=2.8* 1.1-6.8).
Roman et al. 150 cases of SAB and 297 Risk of SAB was not elevated by VDT use
(1992), controls. Occupational VDT use (OR=10.9, 0.6-1 .4) or by passive exposure to VDTs at work
UK. and passive exposure to  VDTs (OR= 0.9, 0.6 -1.6).

For VDT use <20 hriweek during pregnancy for LBW.
OR=0.58, 0.31-1 .09, based on 424 cases; for IUGR,
OR= 117, 0.76-1 .81, based on 424 cases.

There was no statistically significant risk of urinary tract birth
defects associated with mothers’ use of  VDTs. For > 225
hours of VDT use during pregnancy, OR= 1.4, 0.8-2.5.

VDT use was not associated with LBW (OR= 0.9, 05-1.7)
or with preterm birth (OR= 0.7, 0.4-1  .1).

There were no statistically significant associations between
VDT use and: trisomy 13, 18, 21; Mendelian syndromes; or
multiple  congenital anomaly  patterns.

IUGR= intrauterine growth retardation,

Abbreviations: ENM= EMF not measured, SAB= spontaneous abortion, LBW= low birthweight,

* statistically  significant

sdered closed because new monitors are designed to
have lower field strength. They believe that the com-
plex EMF environment surrounding VDTs may not be
best characterized by considering field strength alone.

Mental Health

Residential

Five of six studies from the U.K. reported statisti-
cally significant associations between suicide or depres-
sion and electric-power facilities (Table 2.8). A study
by McDowdl (1986) aso reported an elevated SMR
for suicide among people living closest to transmission

facilities in the U.K.. but it was not datigicaly senifi-
cant and it was based on only two cases. Bonnell et d.
( 1983) were critical of the study by Perry et al. | (1991)
based on how controls were selected. how magnetic
fields were measured, and on the basic design of the
study. Authors of the original study (Marino et a. 1983)
responded that they did not conclude that magnetic-field
exposure caused suicide, and that more data were needed
to evauate the association that they found.

The study by Perry and Pearl (1988) found statisti-
caly sgnificant associations for depression and for vari-
ous emotional disorders that were in opposite directions.
Authors of the study did not address how living close to
electric supply cables might cause both adverse and ben-
eficial effects on mental health.

BPA Electrical and Biological Effects Review 2-23



Chapter 2: Exposure Assessment & Non-Cancer Health Studies

Table 2.8. A summary of studies of mental health and residents exposed to power line EMF.

Study/Location

Subjects/Exposure

Selected Results

Reichmanis et al.
(1979), Perry et al.

(2

McDowall  (1986)
UK.

Dowson
UK.

et al. (1988),

Perry and Pearl
(1988),
UK.

Perry et al. (1989),
UK.

Poole et al. (1993),
us.

McMahan et al.
(1994),
us.

McMahan & Meyer
(1995), U.S.

Preece et al. (1996),
UK.

In the 1981 study, magnetic fields
were measured at the front door
of residences of 590 suicides and
594  controls.

Mortality for about 8000 people
living in the vicinity of electric
transmission ~ facilities.  ENM.

Survey of depression in 132
people living by 132 kV lines, and
94 controls away from lines. ENM.

Survey of 576 hospital patients
who lived in multistory buildings.
Magnetic-field exposure by

distance to power supply cables.

Survey of 359 patients with
depressive illness by magnetic
fields measured at residence.

Survey of depression among 382
people includinE those living near
230- and 345-kV lines. ENM.

Depression test was given to 152
women who lived adjacent to or
1 block from 66-220-kV lines.

Survey of worry among 152
women who lived adjacent to or 1
block away from 66-220-kV lines.

Survey of depression in 11,292
pregnant women and distance of

their homes from power lines.

The mean 50-Hz magnetic field for suicide residences was
significantly greater than for control residences, although
both were small (0.867 mG vs. 0.709 mG, respectively).
Also, more suicides than controls >1 mG (25 vs. 18%).

Based on 8 suicide cases? SMR= 75; it was not statistically
significant. For people within 15 m of transmission facilities,
SMR= 143 based on 2 suicide cases.

7 people living within 40 m of transmission lines reported
depression compared to 1 control person who lived away
from lines. The finding was statistically significant.

Significantly more cases (71%) of depression were from
apartments near power cables compared to those away
(29%) from cables. Significantly fewer cases (24%) of
personality defects, anxiety, and confused young were near
cables compared to those away (76%).

There was a small but statistically significant difference in
the mean 50-Hz magnetic field measured for cases
(2.26 mG) and controls (2.07 mG).

Prevalence of depressive symptoms was higher for people
living near transmission lines (OR=  2.8%* 1.6-5.1). Finding
was not explained by peoples’ attitudes about lines.

There were no significant differences in depressive
symptoms between the two groups when demographic
variables were controlled for (OR= 0.94, 0.48| .85).

Proximity to lines was not associated with level of worry
about them. Those most worried about lines were more
likely to report EMF-related illness (OR= 2.24*,  1.15-4.37).

There was a significantly greater incidence of perinatal
depression among women who lived within 100 m of
transmission lines of 132 kV and above.

Abbreviations: OR= odds ratio, ENM= EMF not measured,

* statistically  significant

Although the study by Preece et al. (1996) found an
association between depression during pregnancy and
residential proximity to transmission lines, authors of
the paper said that the finding was unlikely to be asso-
ciated with 50-Hz magnetic field exposure (emf Health
& Safety Digest July-August 1996: 13). They suggested
that the-pattern of smoking among study subjects could
have confounded the results.

Of the two U.S. studies Poole et a. ( 1993) found
dtatistically significant associations between depression
and adults living near transmission lines (for adults com-
bined, and for women separately). The other study in-
volved women only and no statistically significant as-
sociations were found (McMahan et a. 1994). In that
study, magnetic fields were measured at subjects homes,
and a recognized test for measuring depression was used.
Authors of the study stated, however? that the homoge-
neity of the population in the study may limit generali-
zation of the results. Because the two studies differed

in the way that subjects were selected and in the way
that depression was defined, a direct comparison of the
two studies is difficult.

Together, the studies summarized in Table 2.8 sug-
gest that there may be some relation between living near
power facilities and mental health effects. at least for
certain populations.

Occupational

Studies that examined possible effects of EMF on
mental health of electrical workers are summarized in
Table 2.9. The two studies that looked at depression
provide little evidence for any overall association with
electric field (Broadbent et al. 1985) or with magnetic
field (Savitz et a. 1994) exposures. In the latter study,
however, there were suggestions that electricians may
have elevated risk. For electricians, of the 20 RR cal-
culations for depression reported in the study. 17 were
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Table 2.9. A summary of studies of mental health of electrical workers exposed to EMF.

Study/Location

Subjects/Exposure

Selected Results

Broadbent et al.
i

Baris
8990),
K.

& Armstrong
Savitz et al. (1994),
u.s.

Savitz & Loomis
8995),

S.

Sobel €t al. (1995a),

U.S., Finland

Sobel et al. (1995h),
u.S.

Baris et al. (1996a),

Health questionnaires of 390
power-line workers. PEM (electric
field).

495 suicides were examined
among occupations with assumed
exposure to EMF, for 2 time
periods. ENM.

Depressive factors were  com-
pared between 183 Viet Nam
veteran electrical workers and
3861 nonelectrical workers.

Mortality among 138,905 men
from 5 electric utilities from  1950-

Cases of Alzheimer's disease and
controls in 3 data sets were
compared by estimated magnetic
field exposure. ENM.

Followup to above study. 316 new

cases of Alzheimer's disease and
135 controls. Magnetic field
exposure by job title. ENM.

49 suicides in 21,744 electric

Measures of depression, anxiety, and obessional  symp-
toms among male power-transmission and distribution
workers were not associated with electric-field exposure.

For 10 electrical occupational groups in one time period,
two were significantly elevated: radio/radar mechanics
PMR=153*, telegraph radio operators PMR=256*, and one
was significantly decreased, telephone installers PMR=57*,

For all electrical occupations combined, there was little
evidence of increased risk of depression. For electricians,
there were several indicators with increased risk but only
one indicator of depression was statistically significant.

Compared to the general population, risk of death by

suicide for utility workers was significantly less (SMR= 81*.
74-88). Suicide risk and magnetic-field exposure among
the utility workers was not reported.

The main occupations in the medium- and high-exposure
categories- seamstress, dressmaker, and tailor-had a
combined significant elevated risk for Alzheimer's disease
(OR=3.0*, 1.6-5.4; for women, OR=3.8*, 1.7-8.6).

Statistically significant associations were found in a fourth
data set. For high to medium occupational magnetic field
exposure: for men and women, OR=3.93%*, 15-10.6; for
men, OR=4.90%1.3-7.9; for women, OR= 3.40, 0.8-1 6.

Out of 10 EMF exposure indices studied, only the geomet-

1996h), utility workers (1970-88).  Risks ric mean electric field exposure showed a statistically
Canada compared inside utility and to the significant increased risk for suicide; RR=  2.76*, 1 1 5-6.62
general population. PEM. (20 cases). Cohort compared to population, SMR= 56".
Abbreviations: ENM = EMF not measured, OR= odds ratio, PEM= personal exposures measured, * statistically significant
elevated (range = |. 1-2.5) but only one was statistically Compared to the general population. the suicide rate

significant. Authors of the study recommended that
more comprehensive studies should be done.

Three studies found no elevated risk for suicide for
electrical workers overall. Of these, Bais and Arm-
strong ( 1990) did find a few significant risks for certain
occupational groups, but the risks were in different di-
rections and were statistically significant in only one of
the two time periods studied (1970-72). For that time
period, for al 10 electrical occupations combined, the
PMR was 89 with a 95 percent confidence interval of
75-104. The study by Savitz and Loomis ( 1995) was
directed primarily at cancer mortality but they reported
deaths from other causes, including suicide. Compared
to the general population most causes of death, includ-
ing suicide, for the utility workers were reduced. Au-
thors of the study said that the finding was consistent
with the heathy worker effect. Suicide mortality was
not analyzed on the basis of estimated magnetic-field
exposure in the report as were data on cancer mortality.

for workers at a large utility in Quebec was significantly
smaler (SMR= 56) (Bais et a. 1996b). That study
also assessed suicide risk within the utility with a case-
cohort study using 10 different indices of EMF expo-
sure (Baris et al. 1996a). Only the electric-field geo-
metric mean for the medium exposure group showed a
dtatistically significant elevated risk (Table 2.9). How-
ever, there was no dose-response trend, and the geo-
metric mean electric field was not determined to be the
most relevant exposure at the start of the study.

The studies by Sobel et al. (19953, 1995b) are. to
date, apparently the only ones that have investigated a
possible association between magnetic fields and
Alzheimer's disease. The evidence for the association
is strengthened because the finding is consistent among
widely divergent data sets. Also. risks were elevated
for people who work with sewing machines, and other
studies have confirmed that exposures from sewing ma-
chines are among the highest recorded for occupational
magnetic field exposures (Hansen et al. 1995).

BPA Electrical and Biological Effects Review
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Human Experimental Studies

Since the early 1970s several studies have been
conducted of human volunteers exposed to power-fre-
gquency EMF under experimental conditions. Often these
studies were conducted in specialy constructed indoor
facilities, but in some cases people were exposed out-
doors to EMF from power lines. Table 2.10 summa-
rizes these experimental studies of volunteers exposed
to EMF.

Exposures in the human experimenta studies typi-
cally lasted only a few hours or less, so such studies
focus on possible acute effects. One result most often
reported in these studies is an effect on the cardiac
rhythm, especially a dight slowing of the heart rate. One
of the first times this effect was mentioned was in the
general hedth study of men who worked in Russian
400-500-kV substations (Sazonova 1967). In that study,
men who had the highest exposure to 50-Hz EMF also
had lower heart rates after work compared to men with
lower exposures.

Nine of the experimental studies in Table 2.10 re-
ported aterations in heart rate in people exposed to EMF.
This finding was confirmed in the extensive laboratory
studies conducted at the Midwest Research Institute and
summarized by Graham et al. (1993) (Fig. 2.11). Those
studies found that effects on the heart rate (both speed-
ing and slowing) were not a linear function of field in-
tensity or exposure duration. Effects were found with
exposure to combined 60-Hz fields of 9 kV/m and 20 uT
(200 mG), but not with 6 kV/m and 10 uT (100 mG), or
with 12 kV/m and 30 uT (300 mG).

The studies also found that exposure to the 20-uT
(200-mG) field without the electric field produced the
effect on heart rate found in studies with combined fields.
In contrast to effects found when the fields were rapidly
switched on and off during exposure, exposure to a con-
stant 60-Hz magnetic field did not affect heart rate
(Sastre et al. 1995). Three other studies also found no
effects of electric and/or magnetic fields on heart rate
(Beischer et a. 1973, Hauf 1976, Eggert and Ruppe
1996).

The effects of EMF reported on human heart rate
are generaly small, transient, and to date have not been
associated with any adverse health effects. As pointed
out by Graham et a. (1993) the biologica significance
of the finding is that some mechanism(s) must exist for
EMF at levels as found in the environment to cause a
measurable physiological effect in exposed humans.

One known mechanism for a biologica interaction
of electric fields is surface stimulation of skin or hair.
In the studies at the Midwest Research Ingtitute in which
subjects were sitting with their arms not raised, tests

_..--ﬂﬂ

Figure 2.11. Facilities at the Midwest Research
Institute used for short-term studies of people
exposed to EMF. Volunteers are placed in an

exposure room (upper) and they are monitored

with instruments in a nearby room.
Photographs courtesy of Dr. Charles Graham.

showed that subjects could not reliably detect when the
60-Hz fields were on (Graham et a. 1987). This sug-
gests that effects found in the studies conducted by that
laboratory were due to other mechanisms, possibly sub-
perception body currents induced by the fields.

Wachtel et al. (1996) used a model of pacemaker
cells to see whether the cells would respond to the type
of intermittent magnetic fields that affected human heart
rate in the studies by Graham et al. (1993). The cells
did respond at current densities similar to those esti-
mated to be induced in the human body by exposures
used by Graham et al. (1993).

Three of the studies in Table 2.10 were designed to
measure thresholds for human perception of power-fre-
quency electric fields. Two of these involved tests of
people standing in electric fields; they produced similar
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Table 2.10. A summary of experimental studies of human volunteers exposed to EMF.

Study/Location;

Subjects/Exposure

Selected Results

Johansson et al.

1973),
weden

Beischer et al.
(1973)
us.

Krivova et al. (1973),
Russia

Hauf R. (1976)
Germany

Cabanes & Gary

(1o81)
rance

Sander et al.
Germany

(1982)

Deno & Zaffanella
8982),
.S.

Peceny et al. (1983a)
Tuhackova &
Cenkova (1982)
Czechoslovakia

Kalyada et al. (1985)
U.S.SR.

Silny (1985)
Germany

Stollery (1986)
UK.

Graham et al.
U.S.

(1987)

Fotopoulos et al.

2 groups of 20 men and women.
One exposed, one not exposed in
a laboratory. Average 50-Hz
electric field was 21  kv/m.

10 men were exposed to a 45Hz
0.1 -mT (1 -G) magnetic field in a
laboratory for up to 225 hr. 3
nonexposed controls.

23 men were examined during
work activities in a 10-32 kV/m
50-Hz  electric field.

Groups of 10 men and women
were exposed in a laboratory for 3
hr to 50-Hz fields of 20 kV/m and
3mT (30 G).

Detection of 50-Hz electric fields
by 75 men and women standing
inside a high-voltage laboratory.

50 people exposed for 1 wk to
50-Hz electric fields of 10 or 20
kV/im, and 17 people exposed to a
5-mT  (50-G) magnetic field.

Detection of 60-Hz electric fields
by 136 people standing outdoors
by a test transmission line.

Study 1: IO people exposed for
6 hr to50-Hz 15-18 kV/m electric
fields. Study 2: 13 people exposed
over 3 days.

8 subjects exposed in a laboratory
to 50-Hz electric fields of

10-15 kVim for I-2 hr periods per
week over 20 days.

>100 people exposed <lhr (head
or chest) to 51 00-Hz horizontal
magnetic fields up to 100 mT
(1000 G) while laying down.

76 men were exposed to electric
currents (up to 0.5 mA) such as
induced by a strong electric field
(36 kv/im) for 5.5 hr.

12 men exposed in a laboratory to
60-Hz EMF of 9 kV/m & 20 uT
(200 mG), & sham exposed for 2,
6-hr periods over |-week.

12 men exposed in a laboratory to

There were no statistically significant differences in
performance between the two groups.The study included
psychological tests, reaction time, subjective complaints,
performance tests, and memory.

A significant increase in serum triglycerides 1-2 days after
exposure. No effects on blood, heart rate, blood pressure,
temperature, urine, respiratory gas, reaction time, perfor-
mance tests, memory, cholesterol, pupil diameter.

Paper has few details but implies that biological -effects
were found which, along with results of other studies, led to
establishment of occupational electric-field standards in
Russia.

There were no significant effects on  blood, WBC, RBC.
ECG, EEG, heart rate, blood pressure, or triglycerides.
When current was injected with electrodes! effects were
seen on blood cell counts.

With both arms at sides, 4% of the people detected
field. With one arm raised above head 20% detected a

5- kV/m field and 40% detected a 10-kV/m field. 3 people

detected a 0.35-kV/m  field with any arm position.

Electric field: leukocytes increased 2.4% in 20 kVIm,
sedimentation increased 12.5% in 10 kV/m
in average EEG value end of day. Magnetic field: slight

difference in hand temperature, small change in lactic acid.

With both arms at sides, 7% of the people detected
field. With one arm raised, 30% of the people detected a
5-kVim field and 65% detected a 10-kV/m field. With arms
at sides 1% of the people could detect a I-kV/m field.

Statistically  significant effects were found on heart rate.
thyroxine, Achilles tendon reflex, epinephrine, cortisol,
testosterone. All results were not consistent for both
studies.

and

Exposure resulted in some small effects: slowing of the
heart rate by 8 beats/minute, tendency for reduced
accuracy on performance tests, and changes in the EEG.

Approximate thresholds for effects at 50 Hz: visual flicker at
7 mT (70 G), changes in visual evoked potential at 70
(700 G), headaches at 600 G. No effects on ECG. EEG,
blood pressure! or body temperature.

Significant  differences between exposed and sham-
exposed were found only on the second day with sham
group more alert at end of the day, and improved response
times to a complex syntax reasoning test.

Most factors studied were not affected by EMF (EEG. ECG,
respiration rate, performance tests). Significant effects
were found on heart rate, and on some components of
auditory and visual evoked response.

Statistically significant effects found: lactic acid dehydroge-

5-kV/m

blood

less reduction

5-kV/m

mT

8987)' 60-Hz EMF of 9 kVim & 20 T nase lower in postexposure, lymphocytes increased on day
S. (200 mG), & sham exposed for 2, 2 of exposure, T-helper cells lower in postexposure. No
6-hr periods over |-week. effects on cortisol, other hormones, other immune cells.
Abbreviations: WBC= white blood cells, ECG= electrocardiogram, RBC= red blood cells,
EEG= electroencephalogram
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Table 2.10. A summary of experimental studies of human volunteers exposed to EMF. (Continued)

Study/Location

Subjects/Exposure

Selected Results

Maresh et al. (1988),
S

Teresiak & Szuba

1989),
oland

Kato et al. (1989),
Japan

Wilson et al. (1990)
us.

Cook et al. (1992),
U.S.

Bell et al. (1992),
us.

Sadafi & Wood
(1993), Wood et al.

1994),
ustralia

Korpinen et al.
(1993) Korpinen &
Partanen (1994),
Finland

Korpinen & Partanen

9.993),
inland

Lyskov et al. (1993),
Russia

Graham et al. (1994),

Litovitz et al. (1994)
us.

Sastre et al. (1994)
us.

11 men exposed in a laboratory to
60-Hz EMF of 9-kv/im & 20-pT
(200-mG)  for 2-hr in combination
with 45 min of exercise.

64 people (22-63 yr old) exposed
to 50-Hz electric field of 0, 4.4,
10.9, or 13kV/m; or to currents of
0, 50, 135, or 160 A

Detection thresholds for 7 men
and 4 women for 50-Hz electric
fields indoors from electrodes
around the hand.

Melatonin excretion was mea-
sured in 32 women and 10 men
after sleeping with AC and DC

electric blankets for up to 10 wk.

30 men were exposed for 6 hr to
60-Hz EMF of 9 kV/im & 20 uT
(200 mG) while sitting in exposure
room in a double-blind study.

EEG for 20 people exposed to
60 Hz 0.078 mT (0.78 G) and/or
DC magnetic fields in a laboratory.
Fields on 2 seconds, off 5.

ECG for 12 men and 6 women
exposed in a laboratory for 60-150
seconds to 15.3-20 uT (153-200
mG) 50-Hz magnetic fields.

ECG for 27 male electric  transmis-
sion workers and 26 volunteers
were exposed outdoors to EMF
from 50-Hz  transmission lines.

ECG for 26 men exposed for  1-hr
periods to a 50-Hz 400-kV line in
3.5-4.3 kVim, 1.4-6.6 uT (14-66
mG), 15 men sham exposed.

11 women & 9 men in a laboratory
exposed to 45 Hz magnetic field
(125 G) from coils around their
head (continuous & intermittent).

Three groups of 18 men each

exposed sitting down in a labora-
tory for two 6-hr periods to 60-Hz
EMF (6-12 kVim & 100-300 mG).

Diabetic subjects were exposed to
a 60-Hz magnetic field (2-10 mG)
and to noise while sleeping.

Heart rhythm in 2 studies of men
exposed while sleeping to  60-Hz
intermittent magnetic fields of 1
and 20 uT (10 and 200 mG).

Effects of exercise were not affected by EMF exposure.

Heart rate was significantly slower at 30 and 120 minutes
into EMF exposure periods. No effects of EMF on cortisol,
growth hormone, testosterone, temperature, or lactic acid.

Reaction times to
increased significantly only at the highest
(13 kVim), and the highest current level (160
were applied through the hand.

both sound and light stimuli were
electric field
PA). Currents

Detection thresholds in summer were 30-65  kVim for the
hairy back of the hand, and >1 15 kV/m for the palm. During
fall, detection for back of the hand was 115  kV/m.

No effects on urine melatonin  metabolite with conventional
electric blanket. With continuous polymer wire AC and DC
blankets, 7 of 28 people showed a decrease in metabolite
during exposure and an increase in post-exposure.

Statistically significant effects were found on slowing of
heart rate, changes in event-related brain potentials, and
decreased errors in a reaction test. No effects on subjective
measures, sleepiness, time estimation, or field perception.

Most subjects showed field-related increased EEG activity.
The response during combined AC/DC exposure did not
differ from the sum of individual responses.

A transient 5% slowing of the heart rate 10 seconds after

switching from field off to on and persisting for 60 seconds.
An opposite effect occurred when switching from on to off.
Because of high variability, results were not conclusive.

Volunteers showed a slight slowing of the heart rate
following exposure. Volunteers (mean age 25.7 yrs) were
tested after walking beneath the line. Workers (mean age
40.8 yr) were tested after working in and  out of EMF.

The slight slowing of heart rate in a previous study (above)
was not found in this second study. A possible increase in
systolic blood pressure was found in the men exposed to
the line. Data presented were preliminary.

Statistically significant effects found: increase in alpha brain
wave activity, decrease in delta wave activity, beta waves
and mean/peak EEG frequencies increased in frontal
derivations. Also a possible decreased test learning rate.

For 9 kVim & 200 mG: statistically significant slowing of
heart, changes in event-related brain potentials. For 6

& 100 mG: significant decrease in reaction time and test
performance accuracy. No effects for 12 kvV/im & 300 mG.

kVim

Blood glucose levels increased in magnetic fields
(6 mG) (no statistical tests were reported).

>0.6 pT

There were statistically significant modifications to the
heart rhythm in the 0.0-O. I, and 0.15-0.40 Hz spectral
bands in men exposed to intermittent magnetic fields
(on 1 hr, off | hr, onloff every 15 seconds during on period).

Abbreviations: ECG= electrocardiogram, EEG= electroencephalogram
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Study/Location Subjects/Exposure

“
Table 2.10. A summary of experimental studies of human volunteers exposed to EMF. (Continued)

Selected Results

Sastre et al. (1995) Heart rhythm in 40 men exposed

u.s. 9 hr to a continuous 60-Hz
magnetic field of 20 uT (200 mG)
while sleeping in a laboratory.

Graham et al. Three experiments of melatonin in

men (113 total) exposed during

(1995, 1996h),
us. sleep to 60-Hz magnetic fields,

both intermittent and continuous.
Graham et al. 80 men in groups of 20 were
(1996a), exposed or sham-exposed
us. overnight to intermittent  20-uT

(200-mG)  60-Hz magetic fields.
57 men and 44 women were
exposed around the head to a
50-Hz 1 00-uT(1 -G) field for 9
minutes during performance tests.

Whittington et al.

1996),
ew Zealand

10 men and 10 women were
exposed for 10 min to 50-Hz

magnetic fields of 0.5, 1, and 2
mT (510, 20 G).

Eggert & Ruppe

1996),
ermany

Melatonin  secretion was studied in
8 men who slept for 6 wk with
special electric blankets that
produced EMF but no heat.

Kurokawa et al.

(1996),
apan

Lyskov et al. (1996),
Russia

6 tests were given to 7 men and 8
women who were exposed for
30 min to different combinations of
50-Hz plus DC magnetic fields.

Melatonin secretion in 16 men
exposed at night, 50-Hz linear
1 0-uT (100 mG) field (continuous
& intermittent). 16 controls.

Selmaoui et al.
(1996), France

Unlike results of previous studies of intermittent exposures
by this research group (see  above study) no effects were
seen on heart rate variability when men were exposed to

continuous magnetic fields.

in the first experiment, men with normally low night blood-
meiatonin levels had statistically significant reduced levels
after field exposure, but not in the second experiment.

Authors concluded magnetic fields did not affect melatonin.

No significant effects of exposure were found on hlood
meiatonin  concentrations.  Significant  alterations  associated
with exposure were seen for testosterone, T-helper ceils
(CD4), and natural killer ceil (CD56) activity.

Compared to nonexposure trials, during exposure subjects
were 14 msec faster on the most difficult task in responding
to compare the duration of 2 light flashes. No effects on 2

easier levels of difficulty, or on blood pressure or heart rate.

No effects of exposure were seen on body temperature or
on heart rate. There was a tendency for a reduction in
mental performance on psychological tests.

Preliminary results indicated no significant effects of
exposure on meiatonin  concentrations measured in urine.
The median magnetic field measured at the surface of the
electric blankets was 3.4 uT (34 mG).

For 45 T (450 mG) AC & 65T (650 mG) DC fields,
significant changes in 3 of 10 memory and coordination
variables; for the same AC field & 141 6T (140-1 70 mG)
DC field, change in one variable; ambient fields no effects.

Acute 9-hr exposure of young men at night to the 50-Hz
magnetic field did not affect levels of serum melatonin, or a
meiatonin metaboiite in urine as compared to control men.

Abbreviations: ECG= electrocardiogram, EEG= electroencephalogram

results (Cabanes and Gary 198 1, Deno and Zaffanella
1982). Most people in the studies could not detect elec-

tric fields of the strength found beneath transmission
lines unless they stretched one or both arms above their

head. In the tests by Cabanes and Gary (198 1), it was
found that a small percentage of people are sensitive to
relatively weak electric fields of less than 500 V/m. Not
al of the studies in Table 2.10 that found biological ef-
fects of field exposures reported whether subjects in the
studies could detect when the fields were on.

Six studies in Table 2.10 reported that field expo-
sure resulted in a decrease in peoples performance on
various mental tests involving reaction time or accu-
racy (Kalyada et al. 1985, Lyskov et a. 1993, Graham
et a. 1994, Eggert and Ruppe 1996, Lyskov et d. 1996).
Three other studies reported improved performance on
tests associated with exposure (Stollery 1986, Cook et
al. 1992, Whittington et al. 1996). Comparisons among
the studies are difficult to make because of the wide

differences in exposure conditions and in the types of
performance tests used in the studies. In a review of
this research, Whittington and Podd (1996) suggested
that the inconsistent results may have been caused by
low statistical power of the studies. They found that on
average, the 12 studies that they reviewed had only an
8 percent chance of detecting small effects-the size of
effects on human performance or physiology most likely
to be produced by EMF.

Four research groups examined the hormone mda
tonin in human volunteers exposed to 60-Hz magnetic
fields. In one series of studies, melatonin was measured
from blood samples taken from men while they slept in
circularly polarized fields of 1 or 20 uT (10 or 200 mG)
(Graham et al. 1995, 1996b). In one of the studies with
intermittent field exposure of 20 uT (200 mG). noctur-
nal melatonin was significantly depressed only in men
who had normally low melatonin levels, but the finding
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did not occur in a replicate study. A third study in the
series found no effects on nocturnal melatonin from ex-
posure to a 20-uT (200-mG) continuous magnetic field.

Other researchers measured a metabolite of mda-
tonin in urine (6-hydroxymelatonin sulfate) of 35 women
and 10 men who slept under electric blankets for sev-
eral weeks (Wilson et a. 1990). When subjects used
conventional electric blankets, there were no differences
in nocturna levels of the metabolite compared to pre-
and post-use times. For 7 of 28 subjects who used con-
tinuous polymer wire blankets (CPW), the metabolite
decreased with exposure, but it increased following ex-
posure (the researchers called the latter a rebound ef-
fect). The CPW blankets switched on and off twice as
often, and produced magnetic fields that were 50 per-
cent stronger than conventional blankets.

Preliminary results of another study of electric blan-
kets found no evidence that melatonin concentrations
in urine were affected by the use of such blankets by
eight men (Kurokawa et a. 1996). The blankets used
in the study were modified so that they produced EMF
but no heat. This was done so that heat would not be a
confounder to possible effects of EMF.

The fourth experimental study of melatonin in hu-
mans found no indication that exposure to a linearly
polarized 50-Hz 10-uT (I00-mG) magnetic field af-
fected levels of either serum melatonin, or the urine
metabolite 6-sulfatoxymelatonin in men (Selmaoui et
a. 1996). The men were exposed to the field while
they were lying down for 9 hours a night, for two nights.

Some of the longest human experimental EMF ex-
posures were included in the studies of 50-Hz fields by
Sander et al. (1982). Up to three people at a time spent
1 week in a specia room (including sleeping) exposed
to eectric fields for 6-22 hours per day, while three
other people were in a nearby control room. Extensive
data were collected on blood components, hormone lev-
els, EEG, ECG, temperature, and blood pressure. Two
psychological tests were administered, and eye flicker
frequency was measured. For magnetic-field studies,
one exposed and one control person were tested at a
time during a severa hour period. The same physiologi-
cal data were collected as for electric fields. Most pa-
rameters in both the electric- and magnetic-field stud-
ies showed no differences between exposed and control
subjects, with a few exceptions (Table 2.10).

Electrical Hypersensitivity

In addition to the possible reproductive effects of
EMF from VDTs discussed in the section above, there
are also reports of skin disorders and other symptoms
among some users of these devices. These effects are

often reported by persons who believe themselves to be
hypersensitive to electricity (Knave 1994). Other people
aso believe that they are sensitive to the electric or mag-

netic fields produced by electrical appliances and equip-
ment in general (Grant 1995, Knave 1994). Such people
report a variety of health effects including headache,
fatigue, nausea, insomnia, shortness of breath, heart pa-

pitation, dizziness, and memory difficulties.

Grant (1995) considered electrical sensitivity to be
aform of environmental illness such as chemical sensi-
tivity, sick building syndrome, and probably Gulf War
syndrome. The author acknowledged, however, that she
was an electrically sensitive patient and not a medical
doctor or a scientist.

Compared to many of the other hedlth effects in-
cluded in research on EMF (such as reproduction and
cancer), there have been relatively few studies on hu-
man electrical sengitivity. One study in the U.S. inves-
tigated sensitivity of patients to square wave magnetic
fields with frequencies of 0.1 Hz to 5 MHz (Rea et d.
1991). Of 100 patients who complained of being sensi-
tive to EMF, 75 responded to field exposure (none of
the controls responded). However, 50 of the patients
aso responded during field off conditions and they were
removed from the study. Of the remaining 25 people,
16 were found to respond to the fields in subsequent
phases of the study. Most reactions were neurological.
Similar studies in Sweden could not confirm the ability
of electricaly sensitive patients to detect weak fields
(studies cited in Knave 1994).

A review by the National Radiological Protection
Board concluded that the skin diseases reported by some
users of VDTs do not appear to be caused by exposure
to AC magnetic fields (Advisory Group on Non-ioniz-
ing Radiation 1994). The Board did suggest that the
DC electric fields from these devices may aggravate ex-
isting skin disorders, especially in conditions of low hu-
midity. They added that strain associated with work
may also give rise to skin problems. A study by Arnetz
et a. (1993) found that people withVDT-associated skin
complaints suffered more from occupational stress com-
pared to healthy controls who also used VDTs.

Many of the reports of electrical hypersensitivity
have come from Sweden. A report on EMF by several
Swedish Government agencies pointed out that symp-
toms reported by electricaly hypersensitive people are
common in the Swedish population, and they can have
many causes (Swedish Agencies 1996). The agencies
said that such symptoms had not yet been produced in
experiments where the sensitive individua was not
aware that EMF had been activated. The agencies said
that more research is needed to learn the causes of the
symptoms reported by electrically hypersensitive people.
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Human Studies of EMF and Cancer

Summary

- The question of whether EMF can affect
development of cancer in people is now the
main issue for EMF.

- Carcinogenesis is a complex multi-step
process, and there are more than 100 cancer
types. More than half of all cancers may be
caused by diet and tobacco. There are many
other potential risk factors, including EMF.

- The first studies of power-frequency EMF and
human cancer were published in the late 1970s
and early 1980s. These, and many of the studies
that followed, did not measure exposures to
EME Instead, exposures were estimated by
describing power lines near homes, and by
using “electrical” job titles.

- There have been about 19 studies of cancer
in children living near power lines, and about 11
studies of adults. Twelve studies looked at
cancer in children or adults and their use of
electrical appliances, or heated beds. About 15
of these 42 studies reported at least one
statistically significant increased risk.

There have been more than 100 studies of
cancer in workers in various electrical
occupations, and about 12 studies of cancer in
children of electrical workers. More than half of
these diverse studies reported at least one
statistically significant increased risk.

- A few studies have attempted to compare
trends in cancer rates with trends in electric
energy consumption. There are many problems
associated with this simple type of analysis.

- Research summarized in this chapter
suggests that EMF may be a risk factor for
leukemia, brain cancer, or possibly other
cancers. Meta-analyses of this research find
statistically significant increased risks of about
1.20-2.00. However, scientists generally agree
that these studies do not prove that EMF cause
or promote cancer. A major problem is the
difficulty of assessing past exposures to EMF.

Background

s described in Chapter 2. early concerns about

the possible hedth effects of EMF focused
mainly on acute effects. mental health. and reproduc-
tion. Cancer became an additiona issue in the early
1980s. and now most public and scientific interest in
EMF involves some aspect of cancer. Hundreds of stud-
ies of EMF and cancer have been conducted. and many
more are underway and planned. This strong interest in
cancer in hot unique to EMF:. such interest is a common
feature of many environmental health issues. For Ameri-
cans. cancer is the number-one personal health concern
(McAllister et a. 1993).

This chapter begins with a basic introduction to can-
cer processes and causes. and gives an ovarview of his
torical trends in cancer rates. It also describes how sci-
entists go about assessing cancer risks. This informa
tion provides a context for discussing the lage body of'
epidemiologic research that has been conducted to as-
sess whether EMF affect the development of cancer in
humans.

Cancer

Carcinogenesis

Carcinogenesis is a complex process that occurs
when a cell become abnormal and multiplies uncontrol-
lably The descendants then invade and destroy other
cells (McAllister et a. 1993, Weinberg 1996). Cdl
growth is normally highlv regulated. but sometimes this
regulation is atered. When this happens. the abnormal
cell multiplies rapidly into masses of abnorma cdls
called tumors. Benign tumors may cause problems be-
cause of their size. but it is malignant tumors (cancer)
that are deadly because of their ability to destroy sur-
rounding tissue. Cells from some malignant tumors also
enter the blood vessels and spread the cancer to distant
parts of the body (metastasize) (Ruodahti 1996 ).
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Most cancers are thought to originate from a single
cdl that has an dteration to the genetic materid DNA
(deoxyribonucleic acid) (Hart and Turturro 1988,
McAllister et a. 1993). If not repaired, this dteration
(mutation) can be passed on as the cell divides, result-
ing in many copies of the defective cdl. Fortunatdy,
most damage to DNA is normaly repaired by biologi-
ca processes. Over many years, however, the chances
increase that the damage will not be repaired.

DNA carries dl of the information needed for indi-
vidud cdls and the whole organiam to function. This
information is contained in individua parts of DNA
caled genes, which are located on chromosomes in the
cdl nucleus. Genes provide the basc information in
the form of codes for amino acids that combine to form
proteins. Mutations to certain genes appear to be espe-
cidly important in carcinogeness; they are often caled
Cancer jJenes.

Two basic types of cancer genes are known: onco-
genes, and tumor suppressor genes (McAlligter et al.
1993). Oncogenes are dightly atered versions of  proto-
oncogenes, which have norma functions, including cell
growth control. Tumor suppressor genes normaly work
to limit growth. Many cancers are thought to occur when
mutations occur to both of these norma gene types, thus
eimingting controls on cell growth.

Causes of mutations and, therefore, causes of can-
cer can originate from many factors. Some mutations
are inherited from the parents; some are caused by en-
vironmental factors such as ionizing radiation or chemi-
cals. Although most carcinogens such as x rays directly

damage DNA (they are genotoxic), others may act
through indirect (epigenetic) non-mutationad mecha-
nisms (Barrett and Shelby 1992). The latter includes
some chemicals that affect gene expression or cell pro-
liferation.

Carcinogenesis is conddered to be a multi-step,
multi-gene process (Barrett 1993). At least three steps
are usudly required: initigtion, promotion, and progres-
sgon (Fg. 3.1). During initiation, a mutation occursin
the DNA that may involve activating cancer genes.
“Complete carcinogens’ such as ionizing radiation at
aufficiently high levels can encompass dl three steps.
In many cases, however, initigtion aone will not lead to
cancer unless a promoter is present.

The presence of a promoter done typically does
not cause cancer (Hart and Turturro 1988). During the
promotion stage, the dtered cell multiplies and forms a
tumor. If EMF are involved in carcinogenes's, some
scientists believe that they are most likely to function
as promoters (Wertheimer 1989, Koifman 1993). Dur-
ing promotion, additional mutations may occur to tu-
mor cells, causing a progression to a malignant tumor.
Cancer cells dissolve the walls of blood vessels and enter
the blood and lymph systems where they are carried to
other stes. Common adult cancers may require 3-10
genetic events involving multiple cancer genes (Barrett
1993).

Scientific knowledge about the mechanisms of  car-
cinogenss has increased tremendoudly in recent years.
This trend will probably increase even more as new in-
formation is learned about molecular biology.

INITIATION

Genetically
cells altered cell

~ spread

Malignant *
tumor (cancer)

~ Metastasis—
Cancer cells

Figure 3.1. Highly simplified representation of the multi-step process of carcinogenesis (see text).

PROGRESSION

Cancer cells
destroy other
cells. Blood
vessels form
which feed
tumor, and
provide a path

_ for metastasis.

P Cancercells
enter blood
vessels
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Cancer Types and Trends

There are more than 100 types of cancer, athough
most deaths are from a smaler number of the most com-
mon types (NC1 1983). Figure 32 shows the numbers
of deaths in 1991 in the U.S. for the five leading cancer
sites for two age groups. Cancer is the second leading
cause of death in the U.S. after heart disease. In 1991
there were 514,636 deaths from cancer in the U.S, rep-
resenting 24 percent of the total desths from al causes
(Nationd Center for Hedth Statistics 1991).

From 1961 to 1991 in the U.S, the mortdity (death)
rate for some types of cancer increased, while others
decreased (Fig. 3.3). The most striking feature of these
data is the dramatic increase in the lung cancer morta-

Percent of Deaths Under 15 Years of Age

Females
{Total deaths = 611)

Males
(Total deaths = 825)

[l Leukemia Bl eukemia
BlBain Il Brain
[l Endocrine Bl Endocrine
[_JLymphoma [ISoft tissue
B Soft tissue Bl Bone

Percent of Deaths for Ages 5574 Years

Females
(Total deaths = 73,288)

Males
(Total deaths = 93,295)

BELung B Lung

Il Coion & Rectum Bocast
[ElProstate B colon & Rectum
[ |Pancreas [ lovary

Bl Esophagus Bl Pancreas

Figure 3.2. Deaths in 1991 in the U.S. for the

leading five cancer sites for two age groups.
Source: National Center for Health Statistics (1991).

ity rate for women. Mortality rates for severa cancer
types have decreased; the cancer mortdity rate for chil-
dren has also decreased. Mortdity rates reflect changes
in cancer detection and treatment, and changes in
lifestyle and in various environmental exposures.

Reliable information on U.S. cancer incidence rates
(new cases per year per 100,000 population) have only
been avallable since the early 1970s. As with mortality
rates, incidence rates have shown both increases and
decreases for various type of cancer (Fig. 3.4). Although
leukemia incidence rates for dl ages combined have
decreased, for children under 14 years of age they have
increased about 20 percent since 1973. Incidence rates
for brain and nervous system cancer in children have
increased about 38.4 percent. These data and those in
Figure 34 ae from the SEER (Surveillance, Epidemi-
ology, and End Results) Program, which is administered
by the National Cancer Indtitute. There are nine geo-
graphic areas in the SEER program (including  Seattle-
Puget Sound), representing about 9.5 percent of the U.S.
population (Ries et a. 1994).

Incidence rates are influenced by changesin how
cancers are diagnosed and reported, and in changes in
cancers caused by various environmental factors. Sci-
entists have differing opinions about how to interpret
cancer mortality and incidence rates, and the historical
trends in these data (Bearddey 1994).

Causes of Cancer

Many factors individudly or in combination with
other factors cause or contribute to the development of
cancer. Some factors are from the interna environment
(such as inherited mutations and hormones), but most
factors are from the externa environment. About 80
percent of al cancers may have an environmenta com-
ponent (Higginson 1993). Exposures to many of these
externd factors are controllable; therefore, many can-
cers are preventable (Doll and Peto 1981, American
Cancer Society 1996).

For most cancers that are diagnosed, it is not pos-
shble to identify the exact factor(s) that caused the dis-
ease. Therefore, potential causes of cancer (or diseases
in genera) are usudly caled “risk factors” Many esti-
mates have been published about the proportion of can-
cers that may be caused by various factors. Figure 3.5
shows some often-cited estimates of the relative contri-
bution of various risk factors to total cancer cases. To-
bacco and diet might be responsible for over haf of al
cancer cases. About 20-50 percent of cancers may be
influenced by naturd condtituents of food and by chemi-
cas from naturd cell products (Higginson 1993).
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Source: American Cancer Society (1995).
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Figure 3.3. Thirty-year trends in death rates for selected cancers in the U.S. per 100,000 population,
adjusted to the age distribution of the 1970 U.S. population. Data are for 1959-61 to 1989-1991.
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Figure 3.4. Percent change in U.S. cancer
incidence rates for all ages from 1973 to 1991.

Data are from nine geographic areas in the
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Figure 3.5. Possible proportions of cancer
deaths attributed to various factors. The red
bar is the best estimate, and the blue line is

SEER program. Source: Ries et al. (1994).

the range of estimates. Source: Doll and Peto (1981).
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Cancer Risk Assessment

A risk can be defined as the probability of the oc-
currence of a hazardous event. Risk assessment con-
sists of two basic steps; hazard assessment and expo-
sure measurement (American Cancer Society 1996). In
the first step, data are analyzed from epidemiological
studies, animal studies, and studies of cells and tissues.
This analysis provides the evidence to determine whether
some agent is a hazard (is carcinogenic). In the second
step, human exposure to a hazard is estimated. Expo-
sures may come from the air, water, diet, or other sources.
The exposure levels of the agent are assessed along with
assessments of how the agent interacts with the body.

The results of the two steps may be expressed in
terms of the chance that exposure to some level of the
agent will increase the chance of cancer in a certain
population by some amount. Risk management is the
process by which risks are controlled; it includes the
setting of safety standards by regulatory agencies. In
practice, agents with individual lifetime cancer risks
lower than 10 (one cancer in 1,000,000 people during
their lifetime) are generally not regulated in the U.S.
(Travis et a. 1987, Higginson 1993).

Epidemiologic Studies of EMF
and Cancer

Beginning in the early 1980s interest in hedth re-
search on EMF began to shift from genera hedth is-
sues to cancer. This was prompted by publication of
epidemiologic studies by Wertheimer and Legper ( 1979),
and by Milham (1982). Since that time over 140 papers
have been published on cancer studies involving resi-
dential and occupational exposures to EMF. Most of
the studies have focused on magnetic fields. The sec-
tions below summarize this large body of epidemiologic
research. An summary of epidemiologic methods and
terms was presented in Chapter 2 (see pages 2-11 and
2-12).

Residential: Power Lines

The possible association between EMF and cancer
was first investigated in studies of children and adults
living in residences near power lines. To date a total of
about two dozen residential cancer studies have been
reported. An additional dozen studies have also looked
for associations between cancer and EMF produced by
household appliances.

Children

In the 1970s Wertheimer and Leegper (1979) con-
ducted an exploratory study in Denver, Colorado, that
was the first to identify 60-Hz magnetic fields as a pos-
sible risk factor for childhood cancer. Their study found
statisticaly significant associations between child can-
cer mortality and proximity of children’s homes to high-
current electric power lines. The results seemed sur-
prising because they pertained mainly to distribution
lines, instead of transmission lines. The researchers said
that their findings appeared to relate to current rather
than voltage, therefore, they assumed magnetic instead
of electric fields were of interest. Further, the study
suggested that weak 60-Hz magnetic fields of only 0.2-
0.3 uT (2-3 mG) and above may in some way affect
cancer development. (Some measurements of magnetic
fields were made but they were not used in the analyses
of cancer data.) Wertheimer and Leeper (1979) pointed
out that the main sources of magnetic fields include
power lines and currents on water pipes.

The Denver study was criticized for a number of
reasons (Michaelson 1987). The results seemed even
more questionable after another study a year later in
Rhode Island failed to find similar results (Fulton et al.
1980). However, apparent biases in the Rhode Idand
study were identified (Wertheimer and Leeper 1980),
and the next two studies that were done (Tomenius 1986,
Savitz et al. 1988) did find statistically significant asso-
ciations between power line types and child cancer. The
study by Savitz et al. (1988) was done in Denver, but
researchers used newer child cancer cases. Savitz et al.
(1988) concluded that results of their study were gener-
aly consistent with the earlier study in Denver. A reas-
sessment of the second Denver study yielded statisti-
cally significant associations that were stronger than re-
ported in the 1988 paper (Savitz and Kaune 1993a).
Savitz and Kaune used a three-level code to classify
homes near power lines, and they found statistically sig-
nificant risks for total child cancer (OR= 1.9), leukemia
(OR= 2.9), and for brain cancer (OR= 2.5).

Another reassessment of the study by Savitz et al.
(1988) found a statistically significant threefold increase
in child cancer risk for homes in Denver with metal water
pipes, compared to homes with nonconductive pipes
(Wertheimer et a. 1995). Nonconductive pipes do not
conduct electric grounding current, so they are not a
source of magnetic fields. More studies followed and
to date there have been about 19 studies of power lines
and child cancer conducted in 10 countries (Table 3.1).
About a dozen other studies have looked at cancer in
children of electrical workers (summarized in a later
section of this chapter).
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Study/Location

Subjects/Exposure

Table 3.1. A summary of studies of cancer and children living near power lines.

Selected Results

Wertheimer & Leeper
(1979),
U.S., co

Fulton et al. (1980),
us., R

Tomenius (1986),
Sweden

Savitz et al. (1988),
u.sS., co

Coleman et al.
(1989),
UK.

Lin & Lu (1989),
Taiwan

Myers et al. (1990),
UK.

London et al. (1991),
US., Los Angeles

Lowenthal et al.
Australia

Feychting & Ahlbom

g1993),
weden

Olsen et al. (1993),
Denmark

Petridou et al.
(1993h),
Greece

Verkasalo et al.

344 child cancer deaths compared
to 2 groups of controls. Exposure
by size and number of power lines
and distance to home.

Power lines were classified and
mapped within 46 m of addresses
of 119 child leukemia cases and
240 controls. ENM.

Lines within 150 m of homes of
716 child cancer cases and 716
controls were mapped. Magnetic
fields measured at front door.

Power lines were classified and
mapped near homes of 356 child
cancer cases and 278 controls.
EMF were measured in homes.

Electrical  substations  were

mapped within 100 m of resi-
dences of 190 child leukemia
cases and 570 controls. ENM.

Electric power facilities were
mapped within 50 m of residences
of 216 child cancer cases and 422
controls.  ENM.

374 child cancer cases and 588
controls were compared by
distance to power lines and by
calculated  magnetic ~fields.

232 child leukemia cases and 232
controls were compared by power
line types, and by spot and 24-hr

magnetic fields in homes.

A pilot study of 76 child cancer
cases and no controls. Exposure
defined as residence within 50 m
of a power line. ENM

142 child cancer cases within 300
m of 220-400-kV lines. Exposure
by distance and by measured and
calculated magnetic ~fields.

1707 cases of child cancer and
4788 controls. Exposure by
distance to power facilites and by
calculated  magnetic fields.

136 child leukemia cases and 187
controls were compared by home
distance to electric power  substa-
tions and lines. ENM.

Cancer in all children living within

Excess of high-current configuration power lines was found
near homes of child cancer cases.-/- Leukemia, OR= 3.00%,
1.78-5.00;  lymphoma, OR= 2.08, 0.84-5.16; CNS,

OR= 2.40*, 1.15-501; total cancer, OR=2.23%* 1.58-3.13.

No association was found between residential power-line
configuration and leukemia in persons less than 21 vyears
old. For leukemia and comparing high- vs. low-current
configuration lines, OR=1.07,0.73-1 .57.

For total homes and fields >3 mG: leukemia OR= 0.3; CNS,
OR=3.7*, p<.05; lymphoma, OR=1.8; total cancer,

OR= 2.1* p<05. In this study analyses were based on

case and control homes, not on persons.

For high vs. low current lines: leukemia, OR= 1.54, 0.90-
2.63; brain cancer, OR= 2.04* 1 1 1-3.76; total cancer,
OR=1.53, 1.04-2.26. For >2 mG: leukemia, OR=1.93,
0.67556; total cancer, OR= 1.35, 0.63-2.90.

For persons less than 18 years old living within 50 m of a
substation, the risk of leukemia was elevated but it was not
statistically significant (OR= 1.5, 0.7-3.4) based on 14
exposed cases.

Some elevated risks were found, but none were statistically
significant. Leukemia, OR= 1.31, 0.78-2.21; lymphoma,
OR= 2.00, 0.62-6.5; brain, OR= 1.09, 0.50-2.37; total
cancer, OR=1.30, 0.92-1 .84.

No statistically significant associations were found between
child cancer and proximity to power lines, or with calculated
magnetic fields. For total cancer: within 100 m of lines,
OR=1.04, 0.64-1.70;> 0.3 mG, OR=1.73, 0.59-5.07.

For very-high-current lines, OR= 2.15*,  1.08-4.26; adjusted
OR= 1.73, 0.82-3.66. Adjusted trend of increasing risk with

increasing power-line current type,  p=0.017*.  For bedroom
mean 24-hr magnetic field >2.68 mG, OR= 1.48, 0.66-3.29.

Only 1 cancer case was found within 50 m of a power line.
Authors stated that no conclusions could be made. For
leukemia, observed cases (1) [/ expected cases (0.5) = 2.

For all dwellings> 3 mG: total cancer OR= 1.3, 0-6-2.7 (10
cases); leukemia OR=3.8*,  1.4-9.3 (7 cases); CNS cancer
OR=1 .0, 0.2-3.9 (2 cases). For all dwellings within 50 m:

total cancer OR=l.0, 0-5-2.2, leukemia OR= 2.9, 1.0-7.3.

For dwellings > 4 mG: leukemia OR= 6.0, 0.8-44; CNS
cancers OR= 6.0, 0.7-44; lymphoma OR= 5.0, 0.3-82;
combined OR= 5.6* 16-1 9 (6 cases). For dwellings

> 25 mG, combined OR= 15, 0.6-4.1 (6 cases).

For homes within 100 m of substations, leukemia

OR= 0.35, 0.12-] .08. For homes within 5-49 m of power
lines, leukemia OR= 1.06, 0.61-1 .84; within 5 m,
OR=1 109, 059241

For fields > 2 mG: CNS cancer OR= 2.3, 0.75-5.4; leuke-

¥ statistically  significant

T Odds ratios were not included in Wertheimer

& Leeper

9993), 500 m of transmission lines (140 mia OR= 1.6, 0.32-4.5; total cancer OR= 15, 0.74-2.7. A
inland cases). Magnetic fields were statistically ~ significant increase in CNS cancers (5 cancers)

calculated for all dwellings. was found for boys (but 3 cancers were in 1 boy).
Abbreviations: OR= odds ratio, CNS= central nervous system, ENM= EMF not measured

(1979) but they can be calculated from data in their paper.
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Study/Location Subjects/Exposure

Table 3.1. A summary of studies of cancer and children living near power lines. (Continued)

Selected Results

Gutierriz et al. 81 child leukemia cases and 77

(1993), controls were compared by
Mexico distance of homes to electric
power facilities. ENM.

67 child leukemia cases were
studied in relation to areas with
elementary schools crossed by
power lines. ENM.

Lin & Lee (1994),
Taiwan

298 child brain cancers, and 298
controls compared by power-line
types near home and spot and 24
hr magnetic-field measurements.

Preston-Martin et al.
(1996b),
US., Los Angeles

133 child brain cancer cases and
270 controls compared by power
line types near home. ENM.

Gurney et al.
(1996a), U.S., WA

Michaelis et al. 244 child cancer cases and 328

(1996), Germany controls compared by 24-hr
magnetic-field measurements in
rooms most used by child.

Coghill et al,. (1996), 50-Hz  electric and magnetic fields

UK. measured for 12 & 24 hr in
bedrooms of 56 child leukemia
cases and 56 controls.

For living within 200 m of transmission lines leukemia OR=
1.57, 0.52-4.81; within 200 m of substations OR= 1.62,
0.32-8.94; within 20 m of distribution lines OR= 2.12, 0.79-
5.85. For ‘“near” distribution lines OR=  2.63%  1.26-5.36.

Child leukemia risk elevated in districts with at least 1
elementary school crossed by a power line, SIR= 1.49%,
1 16| .91. Design of the study did not include determining
whether schools attended by subjects had power lines.

No significant risks for high-current overhead power lines.
Risk elevated significantly for underground lines, but this
was considered an artifact. No significant risks for — mea-
sured fields, but risks were elevated for the highest fields.

No associations were found between child brain cancer
and high-current power lines near the home. Comparing
high- vs. low-current lines, OR= 0.9, 0.5 5.

ORs for children with median 24-hr home exposure
>2 mG: leukemia 3.24, 0.90-1 1.64 (4 cases); CNS tumors
2.09, 0.29-15.22; total cancer 1.99, 0.59-6.76.

Leukemia ORs for electric fields: >20 V/m=4.69* 1 17-
27.78; 1 O-1 9 VIm= 240, 0.79-8.09; 59 Vim= 149, 0.47-
5.10; total cases >10 V/m cut off point=2.86*, 1 16-8.00.
No statistically significant ORs for magnetic fields.

Abbreviations: OR=
ratio, * statistically

significant

odds ratio, CNS= central nervous system,

ENM= EMF not measured, SIR= standardized incidence

The study by Feychting and Ahlbom (1993) of all
children in Sweden who lived on property within 300 m
(984 ft) of transmission lines has received considerable
attention. Among the findings was a fourfold increase
in leukemia for children living in dwellings where the
calculated magnetic field near the time of cancer diag-
nosis was > 0.3 uT (3 mG). There was also evidence of
dose-response for magnetic fields and cancer.

The ORAU Pand (1993) concluded that the study
by Feychting and Ahlbom (1993) was not compelling
because of inconsistencies with an earlier Swedish study
by Tomenius ( 1986). and because no significant asso-
ciations with cancer were found when present-day mag-
netic field measurements were analyzed. Further analy-
ses by Feychting et al. ( 1995a) of their Swedish study
showed that the time interval between diagnosis and con-
temporary magnetic-field measurements could explain
the different results when using historical and contem-
porary measurements .

To increase sample size, Feychting et al. (199Sh)
pooled data from the transmission line study in Sweden
(Feychting and Ahlbom 1993) with those in the study in
Denmark (Olsen et a. 1993). The pooled results for
child leukemia showed a more than twofold increase in
risk associated with the highest cumulative lifetime mag-
netic field exposures (RR= 2.5, I. I-5.4, 9 cases>. For

exposure to fields of 0.5 uT (5 mG) and above near the
time of leukemia diagnosis, risk was elevated fivefold
(OR=5.1,2.1-12.6, 8 cases). Risks for lymphoma and
for central nervous system tumors were not significantly
elevated in the pooled analysis.

One frequent criticism of the early studies is that
measurements of EMF in study homes were not made.
Instead, exposures were estimated bv characterizing the
types of power lines near subjects homes Waertheimer
and Leeper (1979) devised a detailed scheme to clas-
sify homes in Denver based on distance from power
lines, and on the size and number of conductors on power
lines within about 40 m ( 130 ft) of homes. This scheme
was based on assumed different levels of current car-
ried by power lines, used as a surrogate for magnetic-
field exposure. Later studies modified the scheme, but
the fundamental approach remained the same (see Fig.
2.8). Other studies have since shown that people living
in high-current homes do tend to have higher magnetic
fields than people in low-current homes. However, there
is considerable overlap among categories (see Fig. 2.8).

Child cancer studies that included magnetic-field
measurements generally found smaller risks associated
with the fields, compared to risks associated with power
line classifications (Miller et al. 1995). However. in
reanalyses of three studies. stronger and statistically sig-
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nificant odds ratios were found when higher magnetic-
field cutoff points of about 0.3-0.5 uT (3-5 mG) were
used (Wartenberg and Savitz 1993, Feychting et al.
1995). Some researchers conclude that factors other
than magnetic fields are more likely causes of the ob-
served associations between power lines and child can-
cer (discussed below). Others suggest that power-line
classifications or caculated magnetic fields near the time
of cancer diagnosis, may be more meaningful estimates
of past exposure than present day magnetic field mea-
surements (Feychting and Ahlbom 19953, Savitz 1995).

Differences in residential mobility and in the age of
residences between cases and controls have been sug-
gested as reasons to believe that the cancer-magnetic
field association in the Denver study, by Savitz et al.
(1988) is false (Jones et al. 1993, Jones 1993, Jones et
a. 1994). In the Denver study cases and controls dif-
fered on the basis of residential mobility (controls were
more residentialy stable). Jones et al. (1993) found
that in Columbus, Ohio, residents near high-current-car-
rying power lines moved more often than those near
low-current lines.

This type of selection bias could produce an elevated
OR associated with high current lines. Savitz and Kaune
(1993b) and Wertheimer and Leeper (1994a) acknowl-
edged that studies should consider these factors, but they
believed that the factors were unlikely to have substan-
tidly biased the Denver study. In a child brain cancer
study in Los Angeles, no associations were found be-
tween residential mobility and case-control status, or
with power-line types (Preston-Martin et a. 1996b).

Poole and Trichopoulos (1991) suggested that the
Denver study by Savitz et al. (1988) may have been
biased in a way that resulted in fewer subjects of low
socioeconomic status participating as controls. This
could be a problem if such subjects were more likely to
live near high-current lines, and if there was an associa-
tion between socioeconomic status and child cancer.
Gurney et al. (1995) investigated this issue in a hypo-
thetical case-control study in Western Washington state.
They found that, at least for the area studied, low par-
ticipation of subjects of low socioeconomic status as
controls is not likely to account for elevated risks of the
size reported in the Denver study.

Sahl (1994) hypothesized that residential proxim-
ity to power facilities is a surrogate for vira contacts
that may be a risk factor for child leukemia. This could
be important if possible risk factors for viral contact
were aso associated with proximity to power facilities.
Possibilities include residential mobility, being first born,
or use of child care facilities. Savitz and Ahlbom (1994)

suggested that it is extremely unlikely that viral asso-
ciations, if present, are strong enough to explain the re-
ported associations between power lines and cancer.

From the data collected in the Denver power line
study by Savitz et al. (1988), dtatistically significant as-
sociations were also found between child leukemia and
hamburger consumption (Sarasua and Savitz 1994), in-
sect pest strips (Leiss and Savitz 1995 ), and traffic den-
sity (Savitz and Feingold 1989). Other studies in Den-
ver identified severa factors that are associated with
power-line types based on current-carrying contigura-
tions (Wachtel et al. 1995). Of these, only renter status
was aso significantly associated with child cancer
(Wachtel et a. 1996). Although these studies have not
eiminated magnetic fields as possible factors, they do
point out the difficulty in determining the true causal
factors that may be involved.

Publication of the child brain cancer studies by
Preston-Martin et a. (1996b), and by Gurney et al.
(1996a) was accompanied by invited commentary and
responses from the authors. Preston-Martin et al.
(1996b) found no statistically significant elevated risks
for either power-line types or measured magnetic fields.
However, for the highest in-home magnetic fields,
> 0.3 UT (3 mG), the authors said that their results were
consistent with the hypothesis of elevated risk. Gurney
et a. (1996a) found no associations between brain can-
cer and power-line types, and they did not measure mag-
netic fields. Neither study found significant risks asso-
ciated with appliance use; both studies had low statisti-
cal power to detect risks smaller than 2.0.

In his commentary about these two studies, Poole
(1996) suggested that magnetic-field exposures from
power lines and appliances should somehow be com-
bined. Preston-Martin et al. (1996~) agreed in principle
with the need for consolidating exposures from mul-
tiple magnetic-field sources. They questioned whether
the existing knowledge about magnetic-field dosimetry,
alows for a meaningful consolidation at this time.

Poole also raised concerns about how control sub-
jects were selected including the use of random-digit
diaing. Gurney et a. (1996b) questioned whether con-
trol selection introduced significant biases in their study,
but they acknowledged the need for careful consider-
ation of this issue in case-control studies of EMF. Poole
added that the lack of magnetic-field measurements in
the study by Gurney et al. (1996a) makes it difficult to
interpret the null results of that study.

Only two of the studies in Table 3.1 included mea-
surements of electric fields. Savitz et a. (1988) found
no significant associations between child cancer and spot
measurements of electric fields (> 12 V/m) in the cen-
ter of rooms. The researchers suggested that possible
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effects of long-term electric field exposure could not be
addressed by their study. Coghill et al. (1996) found a
more than fourfold increase in risk of acute lymphoid
leukemia with electric fields (I 20 V/m) measured for
12 hours at night near the pillow on the child's bed.

This, and the risk for field exposures of 10 V/m and

above (OR= 286), were dtatisticaly significant. The
mean electric field measured in homes of leukemia cases
was also significantly greater than in homes of controls
(13.9 vs. 7.3 VIm, respectively). None of the Nordic

child-cancer studies that looked at high voltage trans-
mission lines included measurements of electric fields.

Henshaw et a. (1996) presented data suggesting that
50-Hz electric fields in homes can concentrate radon
progeny in such a way that human exposure to ionizing
radiation could be increased. Radon, instead of EMF,
could presumably be an explanation for increased can-
cer risks reported in some residential power line stud-
ies. In one of their tests an electric field of 5 kV/m was
used. Structures typicaly shield much of the electric
field from outside power lines, and electric fields of this
strength would seldom, if ever, be found inside homes.

The research on childhood cancer and power lines
has prompted considerable interest and there have been
a number of atempts to synthesize this body of research.
One basic way of summarizing the studies is to identify
those studies that reported statistically significant re-
sults. As shown in Table 3.1, 16 power-line studies ex-
amined child leukemia; six of these found at least one
statistically significant association (OR range about 1.5
4.69). Of the 10 studies that included brain or CNS
cancer, five found significant associations (OR range
about 2.0-4.2). Half of the eight studies of total cancer
reported significant associations (OR range about 1 .5
5.6). Most of the studies in Table 3.1 did report posi-
tive associations that were not statistically significant,
in some cases possibly because of small sample sizes.

Another way to summarize data from separate stud-
ies is to combine the results (whether statistically sig-
nificant or not) by means of a meta-analysis (Blair et al.
1995). This type of anaysis has gained widespread use
by epidemiologists in recent years, however, there is
ongoing controversy over the use of this type of analy-
sis (Greenland 1994, Olkin 1994).

Figure 3.6 shows results of some meta-analyses that
have been conducted to combine results of studies of
child cancer and power lines. For leukemia, statisti-
cally significant positive associations were found when
studies estimated magnetic field exposure by methods
other than by spot measurements. Three meta-analyses
found positive associations between child brain or cen-
tral nervous system tumors, but only one was datisti-
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A = Washburn et al. (1994). Distance from power lines or
power-line types {13 studies).

B = Miller et al. (1995). Power-line types (4 studies).
C = Miller et al. (1995). Distance to power lines (2 studies).
D = Miller et al. (1995). Spot magnetic-field measurements
(4 studies).

E = Ahlbom et al. (1993). Calculated magnetic field (3 studies).
F = Meinert & Michaelis (1996). Power-line types (4 studies).
G = Washburn et al. (1994). Distance from power lines or

- power-line types (7 studies).
H = Ahlbom et al. (1993). Calculated magnetic field (3 studies).
| = Meinert & Michaelis (1996). Power-line types (3 studies).

Figure 3.6. Results of meta-analyses of studies
of power lines and child cancer. Data are for the

most common types of child cancer; leukemia,

and hrain and rantral narvninie cuctam fiimare

tally significant. An analysis by Poole and Ozonoff
(1996) of the power line childhood cancer studies found
evidence of an increasing dose-response (i.e., increas-
ing risk with increasing magnetic field exposure). The
trend was stronger for leukemia than for brain cancer.

The meta-analysis conducted by Washburn et al.
(1 1994) summarized in Figure 3.6 was criticized in are-
view by Feychting and Ahlbom (1995b). The review
focused on prablems of attempting to combine results
of diverse studies which were not originally designed
to be combined. In response, Washburn et al. (1995)
acknowledged the limitations of the metaranaysis ap-
proach, but they see no acceptable alternative to under-
standing a body of studies on the same topic.

None of the authors of the analyses summarized in
Figure 3.6 concluded that the combined studies have
established that EMF cause cancer in children. Wilson
(1996) applied “Hill’s criteria” (see page 2-12) for as-
sessing causation to the child leukemia studies and con-
cluded that al the criteria would have to be modified to
find that magnetic fields are a hazard. He added that
this is not proof that a hazard does not exist. Levallois
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( 1995) used these same criteria and concluded that mag-
netic fields cannot be dismissed as a possible causal fac-
tor for childhood leukemia. He suggested that consid-
ering interim preventative measures while further re-
search is conducted might be prudent.

Adults

As with child cancer, Wertheimer and Legper ( 1982.
1987) were the first to publish a study on cancer in adults
living near power lines (Table 3.2). Their study of adults
was aso done in Denver, and they used a five-level ver-
sion of ther previous two-level method to estimate mag-
netic-field exposure bv classifying homes based on  prox-

Study/Location Subjects/Exposure

Table 3.2. A summary of studies of cancer and adults living near power lines.

Selected Results

Wertheimer and 1179 cancer cases and 1179

Leeper (1982, controls. Exposure by power-line
1987), types near homes. Magnetic fields
u.S., co measured, but not for exposure.
Wrensch ~ (1983), 102 brain cancer deaths  (1977-
U.S.CA 80) in white men and proximity of
residence to electric power
facilites or power plants. ENM.
McDowall  (1986), 213 cancer deaths for people
within 50 m of a substation, or
within 30 m of a power line were
compared to regional rates. ENM.
Severson et al. 114 leukemia cases and 133
(19882}\/ controls. Exposure was by  power-
U.Ss.,, WA line types, and by spot and 24-hr
magnetic-field measurements.
Coleman et al. 190 leukemia cases and 570
(1989), controls. Exposure was by
UK. distance of residences from
substations. ENM.
Youngson et al. 3146 cases of leukemia and
{}991), lymphoma and 3146 controls.
X Exposure by distance to lines and
calculated magnetic fields. ENM.

Eriksson & Karlsson 275 multiple myeloma patients

1992(}, and 275 controls. Exposure by
weden distance of residences from power
lines. ENM.

Mortality among 1552 people who
lived within 100 m of a 150-kV line
or a substation was compared to
the general population.

Schreiber et al.

(1993?,,
The Netherlands

610 leukemia patients and 618
controls were asked whether they
lived near high-voltage lines in the
previous 2-yr. ENM.

Shore et al. (1993),
Canada and U.S.

548 cancer cases and matched
controls. Exposure by line
distance, and by measured and
calculated magnetic fields.

Feychting & Ahlbom

(1994),
Sweden

Verkasalo et al. 8145 cancer cases in 383,700

Statistically ~ significant elevated “C-ratios” were found for
high-current lines and for cancer of the nervous system,
uterus, breast, and for lymphoma, and total cancer For
total cancer: OR= 1.28*% | .08-1 .52.

ORs for brain cancer calculated from data in paper: within
1 block of substation 2.55, 0.72-8.99 (7 cases); high-
tension lines within 1 block 1.33, 0.61-2.91 (14 cases);
power plant within 1.6 km 5.70, 0.63-51.96 (4 cases).

Statistically significant excess mortality found only for lung
cancer. For men and women within 14 m of a power facility,
lung cancer SMR= 215% 1 18-361. For women within 50 m
of a substation, or 30 m of a line, SMR= 175%, 107-271.

There were no statistically significant associations between
acute nonlymphocytic leukemia and any exposure type.
For very high-current lines, OR= 0.79, 0.22-2.89. For
>2mG, OR=1.50, 0.48-4.69.

For residences within 50 m of an electric power substation,
leukemia OR= 0.9, 0.5-1 .7.

Elevated ORs were found but not statistically significant.
For residences within 75 m of an overhead power line,
OR= 1.29, 0.99-1 .68 (99 cases). For residences in  mag-
netic fields > 3 mG, OR= 3.00, 0.61-1 4.86 (6 cases).

For subjects who lived within 1 km of a power line,

RR= 0.94, 0.64-1 .40 (40 cases). Information was not
collected on risks for persons living at various distances
from lines within 1 km.

No statistically significant risks were found. For all cancer,
SMR= 85, 63-1 14 (46 cases); female breast cancer, SMR=
115, 63-1 93 (14 cases); Hodgkin's disease, SMR= 496, 53-
1679 (2 cases); trachea & lung SMR= 114, 65-185.

No elevated leukemia risk was found for people who lived
within sight of transmission lines; OR= 1 .0, 0.7l .5 (66
cases). For people who lived near electric light and power
plants, OR= 7.9, 0.9-375.

For cumulative exposure to > 2 mG 15 yr before diagnosis:
leukemia, RR= 1.5, 1 .0-2.4 (29 cases), acute myeloid
leukemia, RR= 2.3. 1 .0-4.6 (9 cases); CNS tumors
RR=0.7,0.3-1 3.

For total cancer SIR= 0.98, 0.96-1 .00. Melanoma risk

(1996), adults living within 500 m of 1  10- increased significantly at a cutoff point of 0.40  pT-yr, but
Finland 400 kViines in50-Hz magnetic not at higher points. Risks for female breast cancer, CNS
fields 20.01 puT (0.1 mG). cancer, and leukemia did not differ by exposure level.
Abbreviations: OR= odds ratio, CNS= central nervous system, ENM=EMF not measured, SMR= standardized mortality
ratio, SIR= standardized incidence ratio, * statistically significant
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imity to various types of power lines. Some magnetic-
field measurements were made in and around some
homes, but the data were not used in the cancer analy-
SES.

The results of the case-control study by Wertheimer
and Leeper (1982,1987) were presented as*” C-ratios’
ingtead of the more commonly used odds ratios. With
some assumptions, the latter can be caculated from data
in their paper. Asin thar child cancer sudy (Werthe-
imer and Leeper 1979) cancer risk was aso elevated in
adults living near high-current power lines (Table 3.2).
Leukemia risk was not elevated except for the subgroup
of persons over age 70. Wertheimer and Leeper (1982
cited severd features of their data that they believed
suggested that the associations that they observed may
represent a causa link.

There have now been about 11 studies of cancer in
adults living near power lines (Table 3.2). All but two
of these (Wrensch 1983, Ericksson and Karlsson 1992)
included leukemia. None of the leukemia findings was
satisticaly significant. However, two studies found -
evated risks for leukemia in adults near power lines that
were on the borderline of datistica sgnificance
(Youngson et d. 1991, Feychting and Ahlbom 1994).
In addition, Shore et d. (1993) reported about an eight-
fold increased risk of leukemia for adults living near
electric light and power plants that was of borderline
significance. Authors of that study pointed out that they
could not distinguish between exposure to EMF and to
pollutants produced by power plantsneither was mea
sured in their study.

One dudy found datisticaly significant associations
between lung cancer and proximity of resdences to
power lines and substations (McDowal 1986). The
author of the sudy sad interpretation of results is  diffr-
cult because data were not available on smoking in the
study population. Two other sudies found no sgnifi-
cant associations between lung cancer and power lines
(Wertheimer and Leeper 1982, Schreiber et d. 1993).

Wertheimer and Leeper (1982,1987) found about a
twofold devated risk for nervous system cancer in
people who lived near power lines that was dtatisticaly
sgnificant. Wrensch (1983) dso reported that higher
percentages of men who died from brain cancer had lived
close to dectric power facilities, compared to control
men. Because of smal numbers of exposed subjects,
no statistical tests were done on these data (odds ratios
and 95 percent confidence intervals caculated from data
in the paper are shown in Table 3.2). Elevated risks for
nervous system tumors in adults were not found in three
other residential studies (Schreiber at a. 1993, Feychting
and Ahlbom 1994, Verkasdo et d. 1996).

Of the four studies in Table 3.2 that looked a breast
cancer, only Wertheimer and Leeper (1987) reported a
satigticaly sgnificant elevated risk (for women, C-ra-
tio= 1.64, which is roughly smilar to an odds ratio).
Risks were higher for premenopausa breast cancer (C-
ratio= 2.53). McDowall (1986) found no datidticaly
significant elevated risk of breast cancer in women liv-
ing in the vicnity of dectricd tranamisson fadlities
(SMR= 106). No cases of male breast cancer were found
in that study. Schreiber et d. (1993) aso found no cases
of mae breast cancer in men living near transmisson
facilities. The elevated risk for women was not dtatisti-
cdly sgnificant (SMR= 115). (Severd other Sudies
have investigated breast cancer risk among dectrica
workers-see Table 3.6.)

Residential: Cancer Clusters

The above studies of cancer among people living
near power lines were conducted mainly by using case-
control or cohort studies. The cancer cases used in such
sudies usudly come from some source of centrdized
records such as cancer registries. The studies attempt
to determine whether cases and controls lived in loca
tions that exposed them to some factor(s) that might
have increased their risk of cancer. Sometimes, even
before a formal study is done, the public or hedth agen-
cies notice what appears to be unusualy high numbers
of cancers that occur as a “cluster” in some geographic
area. These areas might be a city or apart of acity, a
county, a state, or a region.

A clugter can be generdly defined as an “Aggre-
gation of reaively uncommon events or diseases in
space and/or time in amounts that are believed or per-
ceived to be greater than could be expected by chance’
(Last 1995:30). Some studies of clusters have provided
the initid data that led eventudly to identification of
rare or new diseases. Examples include toxic shock syn-
drome in women, angiosarcoma of the liver in workers
exposed to vinyl chloride, Legionnaire' s disease, and
acquired  immunodeficiency  syndrome  (Rothenberg et
d. 1990, Rothman 1990). However, these same authors
pointed out that most investigations of clusters are not
helpful in identifying causes of disease. Bender et d.
(1990) observed that cancer clusters occur continualy
in populations, often from chance, and s0*. . . cancer
clusters most often represent expectedly unexpected
events”

Severd sStuations have been reported that some
persons believe are cancer clusters associated with ex-
posure to EMF. Journdist Paul Brodeur (1993) believed
that cancer clusters existed near a substation in Guilford,
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Connecticut (Meadow Street), in part of a County near
a power plant near Dukeville, North Caroling, and in
some schools near transmission linesin Cdifornia

Investigations of the Guilford case by the Connecti-
cut Department of Hedlth and the Connecticut Acad-
emy of Science and Engineering found no evidence for
arecognizable cancer cluster related to the substation
(Connecticut Academy of Science and Engineering
1992). The North Carolina Depatment of Hedth and
Natural Resources found that brain cancer rates in the
county and in the townships near the power plant were
not elevated compared to nationa rates (Transmission/
Distribution Health & Safety Report August 31, 1990).
The Cdifornia Department of Hedlth Services found that
the 13 cancers identified among staff at the Slater School
were twice the expected raie (Neutra and Glazer 1993).
However, the Department concluded that the cancers
could have occurred by chance.

Public concerns in Omaha, Nebraska about a pos
shle cancer cluster associated with exposure to EMF
prompted an investigation by the Nebraska Department
of Hedth (Larm 1995, EMF Health & Safety Digest
Supplement  November/December  1995). The Omaha
Parents for the Prevention of Cancer believed that the
findings of the Department’s report confirmed their be-
lief that the cancers were related to children’s exposure
to EMF. The report, however, concluded that because
of the diverdity of the cancer types, and their largely
representative  distribution, no cancer cluster existed.

Community concerns about EMF aso developed
on Long Idand in New York in relaion to high rates of
breast cancer among women in that area (Schoenfeld et
a. 1996). An epidemiologic study began in 1996 that
will investigate the possible association between EMF
and breast cancer on Long Idand.

Residential: Appliances and
Electrically Heated Beds

Severd studies have investigated cancer in adults
and children and use of electricaly heated beds and elec-
trical appliances (Table 3.3). None of these studies
measured personal exposures to EMF from these de-
vices, instead, use was assessed from questionnaires.
Other studies have shown that magnetic fields close to
electrica appliances can be strong athough they de-
crease rgpidly with distance (Gauger 1985). Motor-
driven gppliances dso produce high frequency bursts
in the low MHz range with high time-rates-of-change
(dB/at) (Wilson et al. 1994). Appliances such as shav-
ers, har dryers, massagers are used close to the head.

Older electric blankets can produce high magnetic
fields close to the heating wire, which isdso close to
the user's body (Florig and Hoberg 199 1). Electric blan-
kets made after 1990 were redesigned to produce much
lower fields (EPA 1992a). Electrically heated water beds
produce magnetic fields at the user’ s location that are
less than hdlf the strength of fidlds from dectric blan-
kets (Wertheimer and Leeper 1986, Bracken et a. 1995).

As shown in Table 3.3, there are 13 studies of elec-
tric blanket users and cancer, of which only two reported
statistically significant associations. Of these, Savitz et
d. (1990) found positive associations for child brain
cancer, and Vena et a. (1994) found a negative associa-
tion with premenopausal breast cancer. The latter find-
ing, however, occurred only in the lowest electric-blan-
ket-use exposure category. Six studies included users
of electricaly heated water beds; none found any dtatis-
ticdly sgnificant cancer risks (Wrensch 1983, Savitz
et al. 1990, Ryan et a. 1992, McCredie et a. 1994,
Preston-Martin et a. 1996a, 1996h).

Preston-Martin et . (1996b) reported that, in Los
Angedles, therisk of child brain cancer was increased
twofold for mothers use of dectricaly heated water
beds; the risk was on the borderline of satistica Sg-
nificance. Children's use of water beds was aso asso-
ciated with an devated brain cancer risk, but not Sg-
nificantly 0 (OR= 20,06-6.8).  Combining data from
Ceifornia and Western Washington, no significant brain
tumor risks for use of electric blankets or heated water
beds were found (Preston-Martin et a. 1996a).

The two studies of breast cancer and electric blan-
ket use by Vena et d. (1991, 1994) prompted Stevens
(1995) to comment that the two analyses should be com-
bined because they are for the same study population.
Combining the data would increase the Statistical power
of the study. In response, Vena et a. (1995a) reported
on combined results which did produce dtatisticaly sig-
nificant associations. However, the drength of the as-
sociations was not consistent with increasing exposure
estimates. Vena et a. (1995a) emphasized that they be-
lieve that it is not appropriate to combine data on  pre-
and postmenopausal breast cancer, because they are dif-
ferent diseases.

Wertheimer and Leeper (1995) reandyzed results
of the two studies by Vena et d. (1991, 1994) using as
the referent group, persons who used electric blankets
only to warm the bed. Their reeanayss found Statisti-
cdly sgnificant two- to threefold increases in breast
cancer risks for women who used electric blankets dur-
ing the night. They adso combined results of the two
dudies and found gatisticaly sgnificant results. Vena
et d. (1995h) responded that they believed neither re-
analysis was appropriate.
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Table 3.3. A summary of studies of cancer and the use of electrically heated beds and appliances.

Study/Location

Subjects/Exposure

Selected Results

Wrensch u.s.

CA

(1983),

Preston-Martin et al.

1988
EJ.S., )Los Angeles

Severson et al.

8%§)WA

Verreault
(1990)
U.S., WA

etal.

Savitz et al. (1990),
U.S., Denver

London et al. (1991)
US., Los Angeles

Vena et al. (1991),
U.S., New York

Ryan et al. (1992)
Australia

McCredie
(1994?_
Australia

et al.

Vena et al. (1994),
U.S., New York

Lovely et al. (1994),
U.S.,%VA (1994

Preston-Martin et al.
(1996h),
US., Los Angeles

Gurney et al.
(1996a), U.S., WA

Preston-Martin et al.
(1996a), U.S.

102 brain cancer deaths (1977
80) in white men and use of
electrically heated beds. ENM.

224 adult leukemias (2 types) and
matched controls, and use of
electric  blankets. ENM.

114 adult leukemias (1 type) and
113 controls, and use of electric
blankets. ENM.

214 men with testicular cancer
and 658 controls, and use of
electric  blankets. ENM.

252 cases of child cancer, 222
controls, and use of electrical
appliances and heated beds by
mothers and children. ENM.

232 cases of child leukemia and
232 controls, and use of electrical
appliances and electric  blankets.
ENM.

382 cases of postmenopausal
breast cancer, and 439 controls
and use of electric blankets. ENM.

170 cases of brain cancer, 417
controls, use of electric blankets,
and heated water beds. ENM.

82 cases of child brain tumor and
164 controls, and mother's use of
electric blankets and heated
waterbeds. ENM.

290 cases of premenopausal
breast cancer, and 289 controls,
and use of electric blankets. ENM.

114 cases of adult leukemia, and
133 controls, and use of personal
electrical appliances. Magnetic
fields measured for a sample.

298 child brain cancers and 298
controls, and mother's and child's
use of electrical appliances and
electrically heated beds. ENM.

133 child cancer cases and 270
controls, and use of electric
appliances and heated beds, and
home electric heat.

538 child brain tumors, 795
controls, use of electric blankets
and heated water beds. ENM.

ORs for brain cancer calculated from data in paper: electri

blanket OR=0.86, 0.49-1 .51(44 cases); water bed OR=1 10,

0.44-2.78 (9 cases); radiant heat OR= 0.64, 0.23-I .75.

Adult leukemia was not associated with use of electric
blankets. For acute myeloid leukemia, OR= 0.9, 0.5
chronic myeloid leukemia OR= 0.8, 0.4- .6.

Borderline risk of adult acute nonlymphocytic leukemia for 1
income group. For family income < $15,000,

OR= 2.40, 0.99-5.84; for family income > $15,000,
OR=1.01,0.53-1 .94.

Testicular cancer was not associated with electric blanket
use. For electric blanket use in previous
1.4; for cumulative use I-24 months, OR= 0.9, 0.5-1 .3; for
cumulative use 25-125 months, OR=l.2, 0.7- .9.
Statistically ~ significant associations for brain cancer and
electric blanket use: for prenatal use, OR=2.5* 1 1 -55; for
use in first trimester, OR=  4.0%, 1.6-9.9. No significant
associations for use of clocks, hair dryers, or water beds.

Statistically  significant associations for leukemia were found
for use of. black-and-white TV, OR= 1.49* 1 .01-2.33; and
hair dryer, OR= 2.82* 1.42-6.32. For child's use of electric
blanket, OR= 7.00, 0.86-1 21.8.

For use of electric blanket any time in the previous 10 yr,

breast cancer OR=1 .00. For use continuously through the
night, OR=l.46, 0.96-2.20. For highest use group and for
daily use through the night for 10 yr, OR=l.36, 0.77-2.40.

Electric blankets: glioma, OR= 148, 0.83-2.63; meningioma,
OR=0.86, 0.39-] .83. Heated water beds: glioma, OR= 0.67,
0.18-2.45; meningoma, OR= 1.27, 0.25-6.42.

No associations were found between child brain cancer and

mother's use of electric blankets, or heated water beds. For

regular electric blanket use, OR= 0.4, 0.2-1 .2. For regular
water bed use, OR= 0.2, O- 5.

One association was statistically significant, and it was
negative. Blanket use: to warm bed only, OR=0.43*  0.21-
0.90; sometimes to warm, sometimes all night, OR= 1.39,
0.72-2.69; continuously all nightt OR=1.43,0.94-2.17.

Massage units were positively associated with leukemia,
and use of hair dryers was negatively associated. Use: any
appliance, OR=0.71,  0.41-1 .24; massage units, OR=3.00%,
1.43-6.32; hair dryers, OR=  0.38* 0.22-0.66.

Only one child brain cancer risk was of borderline statistical
significance; mother's use of electrically heated water bed
OR= 2.1. Child's use of: water bed OR= 2.0; electric blanket
OR= 12; ham radio OR= 2.1; hair dryer OR= 1.2.

No statistically significant brain cancer risks were found.
ORs for child/mother use: electric blanket  0.5/0.9,
0.8/0.7, computer 0.9/0.8; bedside digital clock 1.8/1 .0.

Child: portable BIW TV 1.6; color TV 1.3; electric heat 0.6.

No statistically significant brain cancer risks were found.
Electric blanket use; in utero OR= 0.9, child OR= 1
bed use; in utero OR= 0.9, child OR=l.2.

.6; for

10 yr, RR=1 0, 0.7-

water bed

0. Water

C

Abbreviations:

OR= odds ratio, RR=rate ratio, ENM= EMF not measured,

* statistically significant (confidence interval is not always shown because of space limitations)
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Of the three studies that looked a the use of electri-
cd appliances, London et d. (1991) found statistically
sgnificant postive associations for child leukemia and
use of black and white TV and har dryers. In the adult
leukemia study by Lovely et a. (1994) there was a sta
tigicaly sgnificant negetive association for use of hair
dryers, and a sgnificant positive association for use of
massage units. There was dso a margindly sgnificant
24-fold increase in leukemia risk for the highest cat-
egory of daily use of dectric shavers. Sussman and
Kheifets (1996) suggested that this finding was prob-
ably not true because it was most likdly influenced by
bias from using proxies to obtain appliance use data for
cases but not for controls. Savitz et a. (1990) found no
datigticaly sgnificant associations between child can-
cer and the use of hair dryers or bedside clocks.

Taken together, the studies summarized in Table 3.3
provide little consistent evidence for any links between
cancer in adults or children, and the use of appliances
or heated beds.

Occupational Cancer: Background

In their paper on cancer in children living near power
lines, Wertheimer and Leeper (1979) briefly reviewed
an earlier report on mortality and occupation by
Gurdnick (1963). From daa in the latter report, Wer-
theimer and Leeper (1979) found that as a group, men
In Six occupations with assumed frequent exposure to
AC magnetic fields had a smal (15 percent), but statis-
ticaly sgnificant, excess mortdity from cancer. This
may have been the first published report to point out a
possible link between work in electrical occupations and
cance.

The report by Guranick (1963) was later reviewed
in more detal by Roth (1985) who found that, among
six electricd occupations, three had dtatisticaly signifi-
cant increased cancer rates (Stationary engineers, mo-
tormen, and electricians), while power-station operators
had a sgnificant deficit in cancer mortaity. Werthe-
imer and Leeper's (1979) brief mention of occupational
magnetic-field exposure and cancer did not generate
much interest in thisissue. Interest that eventualy de-
veloped can largely be traced to publication of a paper
3 years later by Milham (1982): it reported associations
between electrical work and leukemia

Occupational: Leukemia

Milham (1982, 1983) conducted an analysis of a
large data set consisting of 438,000 deaths of menin
Washington state from 1950-79. From death certifi-
cates, information was obtained on causes of degth and

occupation, and Proportiond Mortdity Ratios  (PMRS)
were caculated. For 11 occupations with presumed ex-
posure to dectric and magnetic fidds, the combined
PMR for al leukemias was 137; for acute leukemia it
was 163. Both PMRs were datigticaly significant. Four
of the occupations aso had gatisticaly sgnificant €-
evated PMRs (electricians, TV/radio repair, power sta
tion operators, and aluminum workers). When the analy-
s was updated to include 3 more years of data, the
results were essentially unchanged (Milham 1985).

Milham’'s work prompted severa other researchers
to conduct similar studies (Table 3.4). PMR studies can
be conducted relatively quickly, and severa more stud-
ies were published. Like Milham (1982) many of these
were published as brief letters to the editor in scientific
journas. Savitz and Cale (1987) combined the results
of 11 sudies of leukemia among electrical occupations
such as those identified by Milham (1982). For electri-
ca occupations combined, their summary relative risks
for 11 studieswere: 1.2 (1. I- .3) for tota leukemias,
14 (1.2-16) for acute leukemias, and 15 (1.2-1.8) for
acute myelogenous (myeloid) leukemia.

Figure 3.7 shows the summary relative risks from
11 dudies for acute leukemias for each of 10 electrical
occupations as caculated by Savitz and Cale (1987).

6.0

5.0

4.0
3.0

20—* L
1.0 ! f*'égl%*

RR & 95% Confidence Interval

A-B C D E-F- G H I J K
Electrical Occupations

A = Aluminum workers
B = Power station operators
C = Telegraph, radio, and radar operators
D = Electrical and electronic engineers
_ E = Electronic technicians
F = Power and telephone linemen
G = Motion picture projectionists
H = Electricians
| = Telephone repairers and installers
J = Welders and flame cutters
K = Total for above occupations

Figure 3.7. Combined relative risks for 11
studies of acute leukemia and electrical

occupations with assumed exposure to EMF.
Source: Savitz and Calle (1987).
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Table 3.4. A shmmary of studies of leukemia in workers exposed to EMF.

Study/Location

Subjects/Exposure
(men unless noted otherwise)

Selected Leukemia Results
(for all leukemias unless noted otherwise)

Guralnick (1963), Werthe-

imer & Leeper (1979),U.S.
Houten et al. (1977), U.S.
Puntoni et al. (1979),

Italy

Peterson & Milham

(1980), U.S., CA
Wiklund et al. (1981),
Sweden

Milham (1982, 1985),
U.S., WA

Wright et al. (1982), U.S.,

CA

Howe & Lindsay (1983),
Canada

Coleman et al. (1983),
UK.
McDowall  (1983), U.K.

Dubrow & Wegman
(1984), U.S., MA

Morton & Marjanovic
(1984), U.S., OR

Calle & Savitz (1985),
u.S., Wi

Mortality for US. men who died in
1950. Job ftitles

6434 male cancer cases, non-cancer
patient controls. Lifetime job histories.

Mortality in  >2000  shipyard workers
compared to 2 types of controls.

Mortality patterns of 200,000 men by
occupation.

Leukemia cases among telephone
operators compared to population.

146 leukemia deaths among electrical
workers (1950-1 982).

35 leukemia deaths in electrical
workers compared to other jobs.

10% sample of mortality among
Canadian labor force (1965-73).

113 ieukemias for electrical workers
compared to other occupations.

Mortality study (98) and a case (36)-
control study for electrical workers.

Cancer mortality patterns for white
men by occupation (1971-73).

Leukemia mortality (1678) by
tion in a metropolitan area.

occupa-

81 leukemia deaths (1963-78) for
electrical  workers.

from death certificates.

SMRs  for; electrical workers 113, electricians
107, linemen/service men 143.

RRs for: electricians 0.58, linemen/service men
0.69, welders 0.41.

RR for lymphoma/leukemia in electrical welders
556 (1 case); no cases for electricians.

For electrical occupations RR= 0.9.
(Cited in Savitz and Calle 1987.)
1.03.

Observed cases (12) / expected (11.7) =

PMRs for electrical workers: 136*, AL 162*. LL
126, ML 126.

PIRs for electrical workers: 128.6, AL 172.6%
AML 207.1*%; for power linemen, AML 816.6*.

No significant leukemia risks for electrical
workers. Data not included.

PRRs for electrical workers: | 17%; ALL 146; CLL,
129; AML 123; CML 91.

PMRs
104, ML=107,

for electrical workers: 98, LL= 100, ALL=
AML= 104; RR for AML= 2.3*,

No significant leukemia risks for electrical
workers. Data not included.

Electricians and welders did not have  statisti-
cally significant elevated leukemia rates.

PMRs for electrical workers: 103, AL 113.

Gilman et al. (1985), U.S. 40 leukemia deaths among coal ORs for >25 yr underground mining: 2.53* AL
miners. 2.85, CL 8.22*, AML 3.8.

Olin et al. (1985), Sweden 2 leukemia deaths for 1254 electrical Compared to the general population, no

engineers from 1930-79. significant leukemia risks, SMR=90.

Blair et al. (1985), U.S. 14 leukemia deaths for electricians SMRs for: electricians 75, for electrical  engi-

and electrical engineers (1954-1 970). neers 101,

Stern et al. (1986), U.S., 53 leukemia deaths and 212 controls ORs for electricians: 3.00*, ML 2.33, LL 6.00";

NH among shipyard workers (1952-1 977). welders 2.25, ML 3.83" electrical  shop 2.57".

Flodin et al. (1986), 59 AML cases (1977-82) from 5 For 8 AML cases for electrical workers, |

Sweden hospitals and 354 referents. LRR= 3.8

Tornquvist et al. (1986), 26 leukemias (1961-79) in 10,061 Leukemias: linemen SMR=130 (10 cases),

Sweden linemen and power-station operators. power-station operators  SMR=100 (16 cases).

Lin (1987), Taiwan 17 leukemia/lymphoma deaths (1971 Observed (17) / expected in the general

85) in electric power utility employees. population (8.48) =  2.00*.

Abbreviations: AL= acute leukemia, ALL= acute lymphoid leukemia, AML= acute myeloid leukemia, ANLL= acute
nonlymphoid leukemia, CLL= chronic lymphoid leukemia, ~CML= chronic myeloid leukemia, CNS= central nervous
system, LL= lymphoid leukemia, LRR= logistic rate ratio, ML= myeloid leukemia, OR= odds ratio, PIR= proportional
incidence ratio, PMR= proportional mortality ratio, PRR= proportional registration ratio, RR= relative risk,

SIR= standardized incidence rato, SMR= standardized mortality ratio

* statistically significant (confidence intervals are not given because of space limitations)
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Study/Location

Subjects/Exposure
(men unless noted otherwise)

Selected Leukemia Results
leukemias unless noted otherwise)

(for_all

Pearce (1988),
Zealand

New
Cartwright et al. (1988)
UK.

Linet et al. (1988),

Sweden

Tola et al. (1988), Finland

Preston-Martin & Peters

(1988), U.S., CA
Brownson & Reif (1988),
u.s., MO

Pearce et al. (1989), New
Zealand

Guberan et al. (1989),
Switzerland

Matanoski et al. (1989),
U.S., New York.

Koifman et al. (1989),
Brazil

Forastiere et al.(1989),
Italy

Gallagher et al. (1990),

Canada

Loomis & Savitz (1990),
us.

Garland et al. (1990), U.S.

Juutilainen et al.
Finland

(1990),

Robinson et al. (1991),
U.s.

Crane et al. (1991), U.S.

Torngvist et al. (1991),
Sweden

Spinelli et al. (1991),
Canada
Richardson et al.
France

(1992),

Tynes et al. (1992),
Norway

18 leukemia cases for electrical
workers (1979-83).

13 cases of AML among electrical
workers (1976-86).

125 leukemia cases for electrical
workers (1961-79).

3 leukemia cases (1953-81) welders
at shipyards and machine shops.

130 CML cases ( 22 welders)
85) and 130 controls.

(1979-

475 cancer cases and 1425 controls
compared by occupation.

21 leukemias (1980-84) in electrical
jobs, controls other cancers.

Leukemia deaths and cases (1970-84)
for electricians and painters.

Cancer among 50,582 telephone
linemen (1976-80).

4 leukemia cases for electric power
workers compared to Rio’s population.

Cancer mortality among 406 workers
at 2 power plants.

59 leukemia deaths (1950-84) among
8 electrical worker groups.

3400 leukemia deaths (1985-86) from
16 states by occupation.

102 leukemia cases (1974-84) among
active duty Navy personnel.
Leukemia cases among all industrial
workers (1971-80).

183 leukemia deaths for 11 electrical
occupations from 14 states.

Occupational and environmental
exposures for 60 cases and controls.

534 leukemia cases for 35 electrical
occupations (1961-79).

Leukemia mortality and incidence for
4213 aluminum plant workers.

185 acute leukemia cases (1984-88)
and 513 controls by occupation.

107 leukemia cases among 37,945
electrical ~ workers.

ORs for: electrical workers 1.70, radio/TV repair
8.17*, electricians 4.75*.

AML for electrical workers RR=  2.5%
SIRS for electrical workers: ALL 100, CLL 120,
ANLL 110, CML 110; linemen CLL 190"

SIRS for welders: at shipyards, 91; at machine
shops, 125.

For CML among welders: crude OR= 19*,
adjusted OR= 25.4*

No evidence of elevated leukemia risk for
electrical workers (no data shown).

electrical
3.36*.

ORs for:
engineers 4.74*;

electrical workers  1.62%
CLL for 20-64 yr old

For 1948 electricians: SMR= 143 (2 deaths),
SIR= 125 (2 cases).

SIRS for. cable splicers 700*

. Cal (3 cases), central
office technicians 107 (2 cases).

Workers with occasional EMF exposure SMR=
59. No leukemias for higher exposure jobs.

For all workers for
cancers: observed (1)

lymphatic/hematopoietic
|/ expected (1.05) = 0.95.

No statistically significant PMRs were found;

welders 103, electricians  96.

ORs for electrical workers: 1 .0 (76 cases), less
than 65-yr-old 1.3 (38 cases).

Only electrician's mate showed a horderline
statistically significant risk, SIR=250.

RRs for workers with possible EMF exposure:
1.42% (94 cases), AML 1.37 (34 cases).

All electrical workers PMRs: 119*, AML 114.
Telegraph/telephone operators AML 499*,

No associations found between electrical work
and AML. No data presented in abstract.
SMRs  for: telegraphitelephone  2.1*  linemen

CLL 2.8* electrical engineers CLL 1.7*.

For all workers: SMR 175 (7 cases),
SIR 76 (3 cases).

ORs for: all EMF exposure except arc welding
AL 3.9*, EMF exposure AML 4.83*.

SIRS for: from 1960 census 1.08, workers active
in 1970 14*, AL 1.50*, CL 1.49%*, AML 1.50*.

Abbreviations: AL= acute leukemia, ALL= acute

myeloid leukemia, CL= chronic leukemia,

ANLL= acute nonlymphoid leukemia, AML=
CLL= chronic lymphoid leukemia, ~CML= chronic myeloid leukemia,
MDS=  myelodysplastic syndromes, O/E= observed/expected, OR= odds ratio, PMR= proportional mortality ratio,
RR=relative risk, SIR= standardized incidence rato, SMR= standardized mortality ratio

* statistically significant (confidence intervals are not always given because of space limitations)

acute lymphoid leukemia,
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Table 3.4. A summary of studies of leukemia in workers exposed to EMF. (Continued)

Study/Location

Subjects/Exposure
(for men unless noted otherwise)

Selected Leukemia Results
(for all leukemias unless noted otherwise)

Sahl et al. (1993), U.S.,
CA

Matanoski et al. (1993),
us.

Floderus et al. (1993),
Sweden

Guenel et al. (1993),
Denmark

Ciccone et al. (1993), Italy
Theriault et al. (1994),
Canada, France

Floderus et al.
Sweden

(1994),

Mele et al. (1994), Italy

Tynes et al. (1994a),
Norway

London et al.
CA

(1994), U.S,,
Armstrong et al. (1994),
Canada, France

Tynes et al. (1994b),
Norway

Linet et al. (1994),
Sweden

Dosemeci & Blair (1994),
us.

Savitz & Loomis (1995),
us.

Baris et al. (1996b),
Canada

Fear etal. (1996)
UK.

Miller et al. (1996),

44 leukemia cases (1960-88) for male
and female utility workers. PEM.

124 leukemia cases (197580) for
telephone linemen. PEM.

250 leukemia cases (1983-87) from
half of Swedish population. PEM.

Leukemia incidence among a cohort of

2.8 million people by occupation.

86 cases of AML, CML, MDS (1989-
90) and 246 controls by occupation.

140 leukemias (1970-89) at 2 utilities
in Canada, and 1 in France. PEM.

Leukemia cases (1961-79) among
electric railway (16.6 Hz) workers.

Leukemia in electrical workers among
619 leukemia cases (1986-1 990).

52 cases of leukemia (1958-90) for
railway workers & magnetic fields.

121 leukemia cases among electrical
workers (1972-90). PEM.

95 leukemia cases among electric
utility workers (1970-1 989). PEM.

Leukemias (1953-91) at 8
tric companies. PEM.

hydroelec-

1260 leukemia cases for Swedish
women (1961-79) by occupation.

68 leukemia deaths (1984-89) for
women in the telephone industry.

164 leukemias (1950-86) at 5 electric
power utilities. PEM.

20 leukemias (1970-88) at an electric
utility in Quebec. PEM.

214 leukemias (1981-87) for male &
female electrical  workers.

50 leukemia cases (1970-88) at an

For electrical workers: internal cohort study
RR= 1.09, case control study OR= 0.91.

For peak magnetic-field exposure above median
10-yr latent OR= 2.4 , 15yr latent OR= 6.6.

ORs for mean daily exposure > 2.9 mG, longest

job 10 yr before diagnosis :  1.6*, CLL 3.0*.
O/Es for continuous magnetic-field exposure:
men 1.64* (39 cases), women 0.56 (2 cases).

ORs for magnetic-field exposure and AML CML
MDS: men 1.6 (17 cases), women 0.8 (4 cases).

ORs for
ANLL 2.41%(

> median magnetic field exposure:
33 cases), AML 3.15* (26 cases).

RRs for engine drivers and conductors:  1961-
69, 1.3 (13 cases); 1970-79, 0.9 (18 cases).

ORs for electrical worker: AML 1.6, ALL 1.1,
CML 2.2.

For magnetic-field exposure 19-36 G-yrs, OR=
1.07. Electric vs. nonelectric railways, OR=0.74.

ORs per 10 mG increase for ave. exposures:
1.2, CML 1.6* (for % time >25 mG, CML 2.2").

ORs for above median exposure to pulsed
magnetic fields: 0.69, CML 0.72, ALL 1.21.

Cumulative magnetic-field exposure: 50-350
mG-yrs SIR= 74, >350 mG-yrs SIR= 104.

Electrical workers too few to analyze. Machine/
electronic SIRs: CLL 90, CML 50, ANLL 50.

Telephone operators MOR= 0.6, no deaths for
engineers & technicians, or mechanics/repair.

Exposed occupations > 20 yr employment, RR=
1 .00, for electricians RR=2.50* (6 cases).

Total cohort SMR= 105, above background
magnetic-field exposure  SMR=121, RR= 141.

Male electrical workers PRR=123*, AML= 129*
Female electrical workers PRR= 143.

Male electrical workers >345 V/m-yr, OR=4.45%

Canada electric utility in Ontario. PEM. 1.01-19.7; >71 mG-yr, OR= 156, 0.47-5.14.
Tynes et al. (1996), 2 leukemia cases among 2619 female Female radioftelegraph operators SIR= 1 .1, 0.1-
Norway radio & telegraph operators, 4.1.
Alfredsson et al. (1996), 20 leukemia cases among electric Lymphoid leukemia for male locomotive
Sweden railway  workers. engineers and conductors SIR= 2.3 13-3.2.
Abbreviations: AL= acute leukemia, ANLL= acute nonlymphoid leukemia, AML= acute myeloid leukemia, CL= chronic
leukemia, CLL= chronic lymphoid leukemia, =~ CML= chronic myeloid leukemia, = MDS= myelodysplastic syndromes,
MOR= mortality odds ratio, O/E= observed/expected, OR= odds ratio, PEM= personal exposure measurements,
PMR= proportional mortality ratio, PRR= proportional registration ratio, RR= relative risk, SIR= standardized incidence
ratio, SMR= standardized mortality ratio
* statistically significant (confidence intervals are not always given because of space limitations)
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As shown by the 95 percent confidence intervals, indi-
vidud risks for four of the occupations were Statisti-
cdly sgnificant. Savitz and Calle (1987) concluded
that while the early studies of leukemia and dectrica
occupations showed modest elevated risks, the results
were not sufficient to establish that EMF caused can-
cer. They added that there was a need for better charac-
terization of exposures beyond simply using job ftitles.

The early dectricad worker studies were aso re-
viewed by Coleman and Beral(1988) and they reached
conclusions similar to those of Savitz and Cale (1987).
Both papers cdled for more studies with better mea
sures of exposure to determine whether occupationd
exposure to EMF is causdly linked to cancer.

Dozens of studies have now been done of leukemia
and other cancers for electricdl workers; the leukemia
studies are briefly summarized in Table 34 and in Fig-
ure 3.8. At least 62 Studies have looked at leukemia for
one or more electrical occupations, and about 28 have
reported a least one dtatigticaly significant elevated risk.
Savitz and Loomis (1995) reported a sgnificant de-
creased leukemia risk for electric utility workers as com-
pared to the genera population (SMR=  76,64-83).

Beginning in 1993, studies began to be published
that included some measures of personal exposures of
electrical workers to magnetic fields. About a half-dozen

s No. of studies with at
least one statistically -
60 r significant risk.
o
ﬁ - Total no. of studies
7 of a leukemia type. -
* 40
&
2 r
ke
3
Z 20 r
10 ¢
0
Leuk. AML CML CLL ALL ANLL
Leuk. = Total leukemias combined
AML = Acute myeloid leukemia
CLL = Chronic lymphoid leukemia
CML = Chronic myeloid leukemia
ALL = Acute lymphoid leukemia.
ANLL = Acute non-lymphoid leukemia

Figure 3.8. Summary of studies of leukemia and
electrical workers in Table 3.4 by leukemia type.

Graph shows numbers of studies that reported
at least one statistically significant risk.

such studies are identified in Table 3.4 by the abbrevia
tion, PEM (persona exposure measurements).  Floderus
et a. (1993) were among the first cancer studies to mea-
sure persond magnetic field exposures. A sample of
workers from many occupations wore an EMDEX meter
for one work day. The results were then applied to the
jobs held longest during the 10 years before cancer di-
agnosis for subjectsin the study, to provide at least a
rank order of relaive magnetic-fild exposure. The
sudy found that the risk of chronic lymphoid leukemia
increased sgnificantly with increesing magnetic fidd
exposure in a dose-response pattern, For the highest
magnetic-field exposure categories, risks were elevated
three- to over fivefold depending on which other fac-
tors were controlled for. No significant associations
were found for acute myeloid leukemia.

Sahl et . (1993) also used EMDEX meters to mea
sure magnetic field occupationa exposures for workers
a the Southern Cdifornia Edison Company. No asso-
ciation was found between totd leukemias and expo-
sure for al occupations. Electricians had the highest
measured magnetic field exposure-a mean of 3 .0 1 WT
(30.1 mG)-and they aso had the highest leukemia risk
in the interna cohort analysis. However, the rdative
risk of 195 (0.64-6.00) was not dtatigticaly significant.
Authors of the study pointed out that because of smal
numbers of deaths, their study provided little informa-
tion on possible risks of less than 2.0. Also, because of
small numbers, leukemia subtypes were not analyzed.

The large study by Theriault et a. (1994) included
measurements of EMF exposures of a sample of 2066
workers using Positron meters. For magnetic-field ex-
posures above the median, atistically sgnificant d-
evated risks were found for acute leukemias (Table 3.4).
Risks were aso elevated for totad leukemias (RR= 1.54)
and for chronic lymphoid leukemia (RR=1.48), but they
were not gatigicaly significant. There were no clear
dose-response trends, and there was no congstency
among results for the three utilities in the sudy. Fur-
ther andlysis of data from the utility in Quebec showed
no sgnificant leukemia risk compared to the generd
population (SVIR= 105) (Baris et d. 1996h). Leuke-
mia risk was sgnificantly devated more than fourfold
for the Quebec workers with cumulative eectric field
exposure of > 345 Vim-years (Miller et . 1996). This
is one the few epidemiologic studies of electrical work-
s that included electric field exposures.

In the study involving five large tilities in the U.S,
AMEX meters were used to obtain a sample of 2842
measurements of occupationd magnetic-field exposures
(Savitz and Loomis 1995). For al exposed occupations,
there were no satigticaly sgnificant associations be
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tween magnetic fidd exposure and totd leukemias, or
for two subtypes (acute myeloid, chronic lymphoid).
When job titles were used in the analyses, risk for total
leukemias was elevated significantly, only for men who
had worked for 20 or more years as an electrician-
RR=2.50 (1.08-5.76).

Occupational: Brain Cancer

Studies that have looked at brain or central nervous
system cancers are summarized in Table 3.5. Many of
these are the same studies as those summarized in Table
34 for leukemia. As noted above, most of the studies
used job categories as a surrogate for exposure to EMF.

Milham (1985) added to his 1982 leukemia Study
of eectricd workers in Washington by including mor-
tality from brain cancer. Based on data from death cer-
tificates, datisticaly sgnificant devated brain cancer
risks were found for electrical workers as a group, and
for electricians (Table 3.5). Demers et a. (1991) con-
ducted a desth-certificate-based case-control study of
occupationa brain cancer mortality in Washington for
1969-78. For communication and utilities industry oc-
cupations as a group, brain cancer risk was not elevated.
For gationary engineers in Washington, risk was Sg-
nificantly elevated more than twofold for al bran can-
cers, for gliomas, and for astrocytic tumors. This occu-
pationa group includes workers who maintain power
generating  plants.

Lin et . (1985) adso used death certificates to con-
duct a case-control study of occupationad mortality from
brain cancer. They grouped dectrica occupations by
estimated magnetic-field exposure. Brain cancer risk
was found to increase with increasing level of estimated
exposure, with a sgnificant twofold increase for the
highest  exposure  group.

Speers et d. (1988) dso studied brain cancer mor-
tality by grouping dectricad occupations by estimated
EMF exposure. Their andyses showed a Satidticaly
significant linear trend for brain cancer risk with increas-
ing magnetic field exposure. The highest category, prob-
able exposure, was associated with a nearly fourfold e-
evated brain cancer risk.

For occupations in Los Angeles with assumed high
exposure to EMF, brain cancer risk increased up to nearly
twofold with increasing years of work (Preston-Martin
et a. (1989). The dose-response trend was on the bor-
derline of datistica significance. For astrocytomas, the
risk increased more than fourfold; the trend for increas-
ing risk with increasing years worked was Satidticaly
Sonificant.

Koifman et d. (1989) attempted to assess brain can-
cer mortdity by differing degrees of exposure to EMF.
However, of the only five brain cancers in the study,
none occurred in the top two exposure categories. Us
ing two EMF exposure groups (possible and probable),
Juutilianen et d. (1990) found a gatidicaly sgnificant
linear trend in central nervous system cancer, but with
only a 3 1 percent increase in the highest exposure group.
Lewis and Buffler (199 1) found no dose-response trend
for brain cancer risk when a three-level estimate of EMF
exposure was used. The highest level, however, had a
nonggnificant odds ratio of 1.78 (0.70-45 1).

Mack et a. (1991) used job titles to estimate expo-
sure, but they aso looked at increasing years worked in
the occupations. For al brain cancers, there was no
linear trend for years worked and risk. For astrocytoma,
there was a satidticaly sgnificant trend with alo-fold
eglevated risk for more than lo-years work.

Sahl et a. (1993) measured persona magnetic-field
exposures for utility workers, no associations were found
between brain cancer and exposure. Two occupations
among the highest exposed (electricians, plant opera
tors) had elevated brain cancer risks in an interna co-
hort analysis, but they were not datisticaly significant.

No evidence was found of a dose-response for brain
cancer risk and persond magnetic-field exposures in the
study by Floderus et d. (1993). Risks were elevated
significantly in the very highest exposure category. For
exposure in which > 39 percent of the work time was
over 0.20 uT (2 mG), and average daily exposure was
>0.41 uT (4.1 mG): braintumors OR= 1.9 (1.2-3.1),
asrocytoma OR= 21 (1.2-38).

In the large Canada-France study by Theriault et al.
(1994), brain cancer risk was elevated 54 percent in
workers with magnetic-field exposures above the me-
dian, and devated twofold for workers in the highest
exposure category (190th percentile). Neither risk was
datigticdly sgnificant, however. There was a Saidti-
caly sgnificant 12-fold elevated risk for astrocytoma,
based on 5 cases. Authors of the study caled the latter
finding suspicious given Smilar resultsin the literature,
but they said that it could have been an artifact.

Further analyses of data from the utility in Quebec
showed that brain cancer risk was not elevated signifi-
cantly compared to the generd population; however
some significant risks were found for certain exposures
(Baris et d. 1996h, Table 3.5). There were no brain
cancer degaths for the highest magnetic-field exposure
category, and when the medium and low categories were
combined the risk was devated but not sgnificantly
(RR= 343, 0.82-14.38). Brain cancer risks were not
sgnificantly elevated for workers a the Ontario utility
in the Canada-France study (Miller et d. 1996).
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Table 3.5. A summary of studies of brain cancer in workers exposed to EMF.

Study/Location

Subjects/Exposure
(men unless noted otherwise)

Selected Brain Cancer Results
(for all types unless noted otherwise)

Guralnick (1963), Werthe-
imer & Leeper (1979) U.S.

Houten et al. (1977), U.S.
Howe & Lindsay (1983),
Canada

McMillian et al. (1983),
UK.

Wrensch  (1983), U.S., CA

McMillan & Pethybridge
(1983), U.K.

Dubrow & Wegman
(1984), U.S., MA

Vagero et al. (1985),
Sweden

Milham (1985), US., WA
Olin et al. (1985), Sweden
Lin et al. (1985), U.S., MD

Coggon et al. (1986), U.K.

Tornquist et al. (1986),
Sweden

Thomas et al. (1987),
U.S., NJ, PA

Magnani et al. (1987),
U.K.

McLaughlin et al. (1987),
Sweden
Lin (1987), Taiwan

Speers et al. (1988), U.S,,
TX

Lin (1988), Taiwan

Guberan et al. (1989),

US. mortality in 1950 by job titles from
death  certificates.

6434 cancer cases, non-cancer
patient controls. Lifetime job histories.

10% sample of mortality among
Canadian labor force (1965-73).

2 CNS cancer deaths (1955-75)
among welders at shipyards.

102 brain cancer deaths (1977-80) by
occupation.

Mortality among 131 welders in a
shipyard (1955-75).

Cancer mortality patterns for white
men by occupation (1971-73).

5 CNS cancers (1958-79) in  telecom-

munications  industry  workers.

101 brain cancer deaths among
electrical workers (I 950-1 982).

2 brain cancer deaths for 1254
electrical engineers from 1930-79.

951 brain tumor deaths (1969-82) by
estimated job EMF exposure.

97 brain cancer cases (1975-80) by
occupation.

30 CNS cancers (1961-79) in 10,061
linemen and power station operators.

138 brain cancer deaths (1979-81) for
MWI/RF exposed occupations.

432 brain cancer deaths  (1959-
63,1965-79) by occupation.

Gliomas for electrical workers from
3394 for all occupations (1961-79).

8 brain cancer deaths (1971-85) for
electric power utility employees.

202 brain cancer deaths (1969-78) by
occupation & possible EMF exposure.

374 deaths (1976-86) among employ-
ees of a telephone/telegram company.

Brain cancer deaths and cases (1970-

For electrical workers, SMR=  152*
for electricians, SMR=  217*

No brain cancer cases for electrical workers.
No significant brain cancer risks for electrical
workers. Data not included.

CNS cancer deaths for welders: PMR= 100.
For assumed EMF exposure OR= 0.80,  0.38-
1.71 (13 cases) (calculation from data in paper).

2 deaths from CNS diseases (PMR=  100) but
there were no deaths from brain tumors.

No significant brain cancer risks for electrical
workers. Data not included.

CNS cancers SMR= 100.
PMRs for. electrical workers  123* electricians
155*,  power operators 130, linemen 77.

For electrical engineers, SMR= 100.

Primary brain tumor ORs by EMF exposure:
definite  2.15*,  probable 1.95, possible 1.44".

RRs for: electrical engineers 1.9 (3 cases),
workers in gas/electricity/water 1.7 (3 cases).

CNS cancers: linemen SMR= 150 (13 cases),
power station operators SMR= 100 (17 cases).

RRs for: exposed electrical jobs 2.3*, > 20 yr
exposure 3.1* electronics manuf./repair  4.6*.

RRs for: electrical/electronics workers 1.3,
electrical engineers 0.9, EMF exposed 0.9.

SIRs: welders/cutters ~ 1.4* (46 cases), linemen
1 .0 (13 cases), electricians 0.8 (42 cases).

For all employees: O/E= 4.21" (8 observed
cases).

ORs for: EMF-exposed workers 3.94* probable
EMF exposure 2.86* (11 cases).

For all employees O/E= 2.4 (5 observed cases).

For 1948 electricians: SMR= 154 (2 deaths),

Switzerland 84)among electricians and painters. SIR=1 18 (2 cases).

Matanoski et al. (1989), Cancer among 50,582 telephone SIRs for: cable splicers 179 (2 cases), central

US., New York linemen by occupation (1976-80). office technicians 90 (4 cases).

Abbreviations: CNS= central nervous system, MW/RF= microwave/radio frequency, ~O/E= observed/expected,
OR= odds ratio, PMR= proportional mortality ratio, RR= relative risk, SIR= standardized incidence ratio,

SMR=
* statistically significant (confidence intervals are not always given because of space limitations)

standardized mortality ratio
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Study/Location

Subjects/Exposure
(men unless noted otherwise)

e ——————
Table 3.5. A summary of studies of brain cancer in workers exposed to EMF. (Continued)

Selected Brain Cancer Results
(for all types unless noted otherwise)

Reif et al. (1989),
Zealand

New

Preston-Martin (1989),
Uu.Ss., CA

Preston-Martin et al.

(1989), U.S. Los Angeles
Koifman et al. (1989),
Brazil

Loomis & Savitz (1990),
us.

Schlehofer et al. (1990),
Germany
Juutilainen et al.  (1990),

Finland

Tornqgvist et al. (1991),
Sweden

Mack et al.(1991),Preston-
Martin et al.(1989)U.S.,CA

Lewis & Buffler (1991)
u.s, TX, LA

Gallagher et al.
Canada

(1991),

Spinelli et al.
Canada

(1991),

Demers et al.
Uu.S., WA

(1991),
Ryan et al. (1992),
Australia

Tynes et al. (1992),
Norway

Sahl et al. (1993), U.S.,
California

Floderus et al. (1993),
Sweden
Guenel et al. (1993),
Denmark

452 brain cancer deaths (1980-84) by
occupation.

8612 brain cancers (1972-1985) by
occupation.

202 glioma cases and 70 meningioma
cases (1980-84) by work years.

5 brain cancers in electric power
workers compared to Rio's population.

2173 brain cancer deaths (1985-86)
from 16 states by occupation.

226 brain cancer cases (1987-88) for
men and women by occupation.

162 brain cancer cases (1971-80) in
occupations with EMF exposures.

398 brain cancer cases for 35 electri-

cal occupations (1961-79).

272 brain cancer cases (1980-84) by
electrical occupations.

375 CNS cancer cases (1980-84) by
electrical occupations.

120 brain cancer deaths (I 950-84)
among 9 electrical worker groups.

Brain cancer mortality and incidence
for 4213 aluminum plant workers.

904 brain cancer deaths (1969-1 978)
by occupation.

170 brain cancer cases (1987-90) for
men and women by occupation.

119 brain cancer cases among 37,945
electrical  workers.

32 brain cancer cases (1960-88) for
male and female utility workers. PEM.

261 brain cancer cases (1983-87)
from half of Swedish population. PEM.

Brain cancer incidence for a cohort of
2.8 million people by occupation.

ORs
electrical

for: electrical workers 0.78 (8 cases),
engineers  4.74*  electricians  1.91.

Electricians: all brain cancers, PIR= 1249 (22
cases); for gliomas PIR= 175.6* (20 cases).

For >5 yr work in high EMF exposure: glioma,
OR= 1.8 (14 cases); astrocytoma, OR= 4.3".

Workers with occasional EMF exposure SMR=
95. No brain cancers for higher-exposure jobs.

for electrical workers:  1.4"
technicians

ORs . _
electrical/electronics

(75 cases),
2.7*,

RRs for >5 yr as an electrician: all 1.87, women
5.2*, men 0.9. Female electrical jobs RR=1 1.8*

CNS cancer RRs for: possible exposure, 1.29;
probable exposure, 1.31, for linear trend*.

SMRs: radio/TV repair 290*, glioblastoma 340%,
welders/cutters  glioblastoma ~ 150*, linemen 1 0.

ORs
meningioma 0.3, glioma 1.7, astrocytoma

for >1 0-yr electrical work: 1.3 (15 cases),
10.3%.

ORs for: all electrical occupations 0.65, definite
probability of magnetic-field exposure 1.78.

PMRs
ages 20-65 yr, 121 for ages

for all EMF-exposed occupations: 125 for
>20 yr old.

Brain and CNS cancers for all workers: SMR=
217* (10 cases), SIR= 194 (8 cases).

Communications/utility ~workers OR=
system operators OR= 4.5

RRs for all & high currents: meningioma 1.70,
glioma 0.93; women glioma & CRTs 4.99*
For electrical workers: SIR=109.

For electrical workers: internal cohort study
RR= 1.09, case-control study OR= 0.95.

ORs, mean daily exposure >4.1 mG, longest job
10 yr before: 1.2; > 39% work time > 2 mG 1.9*

O/Es for continuous magnetic-field exposure:
men 0.69 (23 cases), women 1.23 (9 cases).

0.9; plant &

* statistically significant (confidence intervals are not always given because of space limitations)

Theriault et al. (1994), 108 brain cancers (1970-89) at 2 ORs: >median magnetic-field exposure 1.54 (48
Canada, France utilities in Canada, 1 in France. PEM. cases), >90th % exposure, astrocytoma  12.29%,
Floderus et al. (1994), Brain cancer cases (1961-79) among RRs for engine drivers and conductors: 1961
Sweden electric railway (16.6 Hz) workers. 69, 1.2 (24 cases); 1970-79, 0.8 (25 cases).
Tynes et al. (19%4a), 39 brain cancers (1958-90) for railway For magnetic-field exposure 19-36 G-yrs, OR=
Norway workers & magnetic-wfield exposures. 97, Electric vs. nonelectric railways, OR=0.82.
Abbreviations: CNS= central nervous system, O/E= observed/expected, OR= odds ratio, PEM= personal exposure

measurements, PIR=proportional incidence ratio, PMR= proportional mortality ratio, RR= relative risk,

SIR= standardized incidence ratio, SMR= standardized mortality ratio
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Study/Location

Subjects/Exposure
(men unless noted otherwise)

Table 3.5. A summary of studies of brain cancer in workers exposed to EMF. (Continued)

Selected Brain Cancer Results
(for all types unless noted otherwise)

Tynes et al. (1994b),
Norway

Brain cancers (1953-91) at 8
Armstrong et al. (1994),
Canada, France

Rodvall et al. (1994),
Sweden

Dosemeci & Blair (1994),
us.
Savitz & Loomis (1995),

Heineman et al. (1995),
China women, by occupation.

Baris et al. (1996h),
Canada

Grayson  (1996),
us.

Beall et al. (1996),
Fear et al. (1996),
UK.

Mitler et al. (1996),
Canada

Tynes et al. (1996),

Alfredsson et al. (1996),
Sweden

12 astrocytoma cases among

hydro- Cumulative magnetic field exposure: 50-350
electric companies & magnetic fields.

84 brain cancer cases among electric
utility workers (1970-1 989). PEM.

343 brain cancer cases (1987-90) for
men and women by occupation.

54 brain cancer deaths (1984-89) for MORs:
women in the telephone industry.

151 brain cancers (1950-86) in men at
us. 5 electric power utilities. PEM.

276 brain cancers (1980-84) in

20 brain cancers (1970-88) at an
electric utility in Quebec. PEM.

230 brain cancers (1970-1 989) in male
U.S. Air Force personnel by job title.

149 brain cancer deaths (1975-89) in
us. men & women at an electronics plant.

281 brain/meninges cancers in male &
female electrical workers (1981-87).

35 brain cancer cases (1970-88) at an
electric utility in Ontario. PEM.

5 brain cancer cases among 2619
Norway female radio & telegraph operators.

railway For ‘“active” drivers and conductors combined
engine drivers and conductors.

mG-yrs SIR=71, >350 mG-yrs SiR=44

For above-median exposure to pulsed-magnetic
fields OR= 0.84, for 90th percentle  OR=I.9.

For people probably exposed to magnetic fields,
RR= 15, for longest exposure RR=19.

Telephone operators 1.3, mechanics &
repair 3.0, no deaths for engineers/technicians.

For magnetic-field exposure of >7 mG-yr for
past 2-10 yr, RR= 2.56*.

For exposure to electromagnetic fields, SIR=
120.

For total cohort SMR= 113, power plant workers
SMR= 3.90*, high magnetic fields RR=  4.88*

For ever EMF exposure, OR= 1.28; for highest
cumulative months of exposure OR= 1.44.

For >10 yr in programming jobs OR=2*  Glioma
5-yr programming 10 yr before death  OR=3.9*

For male electrical workers PRR=  114* for
female electrical workers PRR= 140.

Male electrical workers >345 V/m-yr, OR=0.99,
0.16-6.24; >71 mG-yr, OR=2.36, 0.52-10.8.

Female radio/telegraph operators SIR= 1 .,
0.3-2.3.

astrocytoma RR= 1 .1, 0.5-2.0.

PRR=proportional registration ratio, RR= relative risk,

Abbreviations: CNS= central nervous system, O/E= observed/expected, OR= odds ratio, MOR= mortality odds ratio,
PEM=personal exposure measurements, PIR= proportional incidence ratio, = PMR= proportional mortality ratio,

SIR=standardized incidence rato, SMR= standardized mortality
ratio, * statistically significant (confidence intervals are not always given because of space limitations)

A primary finding of the large study of cancer among
U.S. eectric utility workers by Savitz and Loomis ( 1995)
was an elevated risk of brain cancer associated with
magnetic-field exposures. For total exposure and for
the highest exposure category, >4.3 uT (43 mG)-year,
the relative risk for brain cancer was 2.29, and it was
statistically significant. For exposures over the last
2-10 years, the risk was aso eevated significantly
(RR= 2.56) in the highest exposure category, > 0.7 UT
(7 mG)-yr. In this same exposure category, brain can-
cer risk per unit of magnetic field exposure per year
was aso increased significantly: RR= 1.94 per uT-yr
Figure 3.9 shows the pattern of brain cancer risk with

increasing magnetic-field exposure for the past 2- 10
years for workers at five U.S. electric utilities in the
study by Savitz and Loomis (1995).

Results of 29 studies of brain cancer and occupa-
tional magnetic-field exposure were combined in a meta-
analysis by Khefets et a. (1995). The review found
that the combined results of these studies showed a small
but statistically significant increase in brain cancer risk
for electrical workers (Fig. 3.10). The analysis, how-
ever, did not establish whether magnetic fields or other
factors were the cause of the increased risk. The results
of the analysis were not sensitive to effects of unpub-
lished data, influence of individua studies, or to weight-
ing or modeling.
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Figure 3.9. Relative risk of brain cancer for
utility workers exposed to increasing levels of

60-Hz magnetic fields for the past 2-10 years
(1 uT = 10 mG). Source: Savitz and Loomis (1995).
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Figure 3.10. Relative risk of brain cancer for
electrical workers from a meta-analysis of

results of 29 published studies.
Source: Kheifets et al. (1995).

Khefets et a. (1995) concluded that results of their
meta-analysis could be interpreted in at least three ways.
1) there is no association between occupationa expo-
sure to EMF and brain cancer, 2) there is truly a small
effect of exposure, or 3) there is a true large exposure
effect but it primarily involves a smdl number of pre-
conditioned individuds, or potentidly affects dl indi-
viduas and depends on the presence of some other

factor(s). Authors of the study said that their results are
evidence againg the firgt interpretation, provide some
evidence to support the second interpretation, and pro-
vide no clues to factors in the third interpretation.

Occupational: Breast Cancer

In the U.S, the incidence rate for breast cancer in
women is about 110 cases in 100,000 women per year,
compared to about 1 case in 100,000 men per year (Ries
et d. 1994). Carcinomas (cancers arising from  epithe-
lium) that develop in mae breasts are histologicaly in-
distinguishable from those in females, dthough the rela
tive frequencies are different (Thomas 1993). The pro-
portion of carcinomas in male breasts with estrogen re-
ceptors is adso higher than in females.

There have now been at least 20 occupational stud-
ies that have specificaly provided data about electrical
occupations and breast cancer risk (Table 3.6). Stevens
(1987,1993)  suggested a possible mechanism to explain
how EMF could affect the development of breast can-
cer. This possible mechanism involved suppression of
melatonin, a hormone which has been reported to have
oncogtatic properties. Suppression could be caused by
the increasing amount of light a night in dwellings in
industridlized countries, and by exposure to EMF.  We-
theimer and Leeper (1982) had previoudy reported -
evated breast cancer risks in women living near power
lines. Matanoski et d. (1989, 1991) reported finding
two cases of breast cancer in male telephone centra
office technicians. This was a more than sixfold eleva
tion in risk of mae breast cancer, dthough it was not
gatidicaly sgnificant.

In addition to the studies in Table 3.6, there are prob-
ably severa more that included al cancers but that did
not mention specific occupational data on male breast
cancer because it is so rare. For example, in a study of
4203 cancer deaths in the male Canadian labor force,
there were only 3 breast cancer desths (Howe and Lind-
say (1983). The report did not identify the occupations
in which the breast cancers occurred. Of the studies in
Table 36,12 involved male breast cancer. Half of these
reported elevated risks, but in only three of the studies
were the findings datidicdly sgnificant. The Satisti-
cad power of these studies tends to be low because of
the smal numbers of male breast cancers.

The study in the U.S. by Demers et . (1990, 1991)
reported the largest number of male breast cancer cases
(33) for electrical workers. Risk of breast cancer was
highest for the group consisting of electricians, telephone
linemen, and electric power workers (OR= 6.0,1.7-21).
Risks were dso highest for men who began work be-
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Table 3.6. A summary of studies that reported data about breast cancer in workers exposed to EMF.

Study/Location

Subjects/Exposure

Selected Breast Cancer Results

Puntoni et al. (1979),
Italy

Vagero et al. (1985),
Sweden

Sorahan et al. (1985),
UK.

Matanoski et al. (1989,
1991), U.S., NY

Oemers et al.
(1990,1991), U.S.

Tynes & Anderson (1990),
Tynes et al.(1992) Norway

Rosenbaum et al. (1990,
1994), U.S., NY

Loomis (1992), U.S.
Guenel et al. (1993),
Denmark

Loomis et al. (1994a),
us.

theriault et al. (1994),
Canada, France

Floderus et al. (1994),
Sweden

Tynes et al. (1994c),
Norway

Tynes et al. (1994b),
Norway

Qosemeci & Blair (1994),
us.

Savitz & Loomis (1995),
us.

Cantor et al. (1995),
us.

Coogan et al. (1996),
us.

Fear et al. (1996),
UK.

Tynes et al. (1996),
Norway

Mortality (1960-  1975) among >2000
male shipyard workers by occupation.

139 cancers (1958-79) in male &
female telecommunications workers.

Cancers (1970-81) among male &
female semiconductor plant workers.

Cancer among 50,582 telephone
linemen by occupation (1976-80).

227 male breast cancer cases from 10
cancer registries by occupation.

Cancer among 37,945 male electrical
workers compared to national rates.

71 male breast cancer cases  (1979-
88), exposure to heat & EMF by job.

250 male breast cancer deaths (1985

88) from 24 states by occupation.

Cancer cases among 2.8 million men
and women by occupation.

Breast cancer deaths (1985-89) for
female electrical workers in 24 states.

4151 cancer cases (1970-89) for male
electric utility workers. PEM.

Cancers in male railway workers
(1961-79) & magnetic fields (16.6 Hz).

Cancers in female radio/telegraph
operators (1940-89).

Cancers (1953-91) among 5088 men
at 8 hydroelectric companies.

Cancer deaths (1984-89) among
women in the telephone industry.

Cancer deaths (1950-88) in 138,905
men at 5 electric utilities. PEM.

Breast cancer deaths (1984-89) for
33,509 female electrical workers.

6888 new female breast cancer cases
from 4 states by occupation.

7981 cancer cases for male and
female electrical workers (1981-87).

50 breast cancer cases among 2619
female radio & telegraph operators.

There were no cases of breast cancer for
electricians or for electrical welders.

For women, breast cancer SMR= 60, 30-130 (7
cases). No breast cancer cases listed for men.

For women SMR= 32 (2 cases), SRR= 68 (9
cases). No breast cancers observed for men.

For central office technicians SIR= 650, 79-2350
(2 cases).

ORs for: electrical workers 1.8 (33 cases),
electric trades & related 6.0 (13 cases).

For electrical workers SIR=  2.07* 1.07-3.61
(12 cases).

For estimated occupational EMF exposure,
OR= 0.7, 0.3-1 .8 (6 cases).

Electrical workers: <65 years old OR= 2.2 (3
cases), >65 years old OR= 0.4 (1 case).

O/E for continuous magnetic-field exposure:
men 1 .36 (2 cases ) women 0.88 (55 cases).

ORs for: electrical workers 1.38* (68 cases),
telephone installirepair  2.17* (15 cases).

O/E= 0.85 (7 breast cancer cases) for all
workers combined.

For the 2 highest-exposure jobs (engine drivers
& conductors) RR= 4.9* 16-157 (3 cases).

For all women SIR= 150* for those with more
than 20 years of work RR= 2.19".

For all men: SIR= 137, 3-763 (1 case).

MORs:  Engineersitechnicians  2.7*, 1.3-6.0 (9
deaths); mechanics/repair 16,0.8-32(9 deaths).

For all men: SMR= 80, 29-174 (6 cases). Breast
cancer RR was not reported in an internal study.

ORs for high probability of ELF: white women
1.09, 1.02-1.2; black women  1.28% 1.1-1.6.

ORs high potential of magnetic-field exposure:
premenopausal 1.98, postmenopausal 1.33.

For male electrical workers PRR= 129, 71-217.
For female electrical workers PRR= 89, 72-1 12.

Female radio/telegraph operators SIR= 1.5%
1 1-20; ages 50-54 yr SIR= 2.5*% 13-43.

Abbreviations:

ELF= extremely low frequency, MOR= mortality odds ratio, O/E= observed/expected, OR= odds ratio,

PEM= personal exposure measurements, PMR= proportional mortality rato, PRR= Proportional registration ratios,

RR= relative risk,
tion ratio (O/E x 100)

standardized incidence ratio, SMR=

standardized mortality ratio, SRR= standardized registra-

* statistically significant (confidence intervals are not always given because of space limitations)
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fore age 30, and who were exposed to EMF for at least
30 years before cancer was diagnosed (for the highest
exposure group, OR= 7.4, 1.6-34). There was no Sg-
nificant trend, however, for increasing risk with increas-
ing duration of work in an EMF-exposed job. As with
most of the studies in Table 3.6, exposure was estimated
by job titles, and no exposure measurements for EMF
were made.

Risk for breast cancer was elevated 29 percent for
male dectrical workersin the U.K. (14 cases), but it
was not atigicaly sgnificant (Fear et d. 1996). In
that same study there were 83 cases of breast cancer
among female electrical workers, with a 10 percent defi-
atinrisk, but it dso was not datigticaly sgnificant.

A Norwegian study found that, based on 12 cases
of male breast cancer, risk was doubled for a group of
12 electrical occupations (Tynes and Andersen 1990,
Tynes et d. 1992). Within the group, risk was elevated
sgnificantly for electrica transport workers (SIR= 396,
108-1014), and nonggnificantly for dectricdans
(SR= 219,7 1-5 12). Authors of the study said that their
results should be interpreted with caution because of
the small numbers of cases in the study.

Neither of the two studies that included measure-
ments of personal magnetic-field exposures found an
elevated risk of male breast cancer (Theriault et a. 1994,
Savitz and Loomis 1995). In each study there were only
about a half dozen cases of male breast cancer. Be-
cause of these smal numbers, breast cancer risks were
not reported for individua electrica occupations in these
studies.

Two studies reported atisticaly sgnificant risks
of breast cancer in female electricd workers, based on
andyses of death certificates from the same source for
24 dates (Dosemeci and Blair 1994, Loomis et dl.
19943). Dosemeci and Blair (1994) studied cancer
mortality (1984-89) only for femae telephone industry
workers, and looked a four occupationa groups. They
did not relate these groups specificaly to EMF expo-
sures. Breast cancer risks were devated, one signifi-
cantly so, in two of the groups that seem generaly to fit
in the “electrical occupation” category as used by other
researchers (Table 3.6).

Loomis et a. (1994a) found that, out of 27,882
deaths in women from breast cancer from 1985-89, only
68 women had occupations that they classified as a type
of electrical worker. Risk for these eectrical workers
was elevated, but it was on the borderline of datistical
significance (OR= 138, 104 .82). For specific occu-
pations, only one, (telephone ingdlers-reparersline
workers), had an adjusted risk that was dtatisticaly sig-
nificant (OR= 217, 117-4.02).

In an editoria, Trichopoulos (1994) reviewed the
Loomis et a. study and related research, and he gener-
dly took a skeptica view about the possibility that EMF
affect the occurrence of breast cancer. Wertheimer and
Leeper (1994b) commented that Trichopolos should
have also pointed out that likely exposure
misclassfication in the negative breast cancer Sudies
can hias the results toward the null (i.e, no effect).

Makin and Moss (1994) suggested that the breast
cancer risk for telephone workers found in the study by
Loomis et d. (1994a) may have been confounded by
ionizing radiation from radium bromide contained in
some vacuum tubes. They also questioned whether tele-
phone pole workers have eevated magnetic-field ex-
posures. In response, Loomis et a. (1994b) acknowl-
edged that future studies should examine additiond fac-
tors, and they cited research that found that telephone
workers did have elevated magnetic-field exposures.

The study by Loomis et d (1994a) aso prompted
correspondence from Cantor et a. (1995). These re-
searchers had recently completed a study of the same
death certificate data base (with one more year of data)
athough they had focused on radiofrequency fields.
They extended their sudy by having an indudtria hy-
gienist code occupations by posshle exposure to  power-
frequency fields. They aso reported results separately
for white and black women, with only the latter show-
ing dtatigticaly significant risks of breast cancer (Table
3.6).

Cantor et . (1995) concluded that their studies and
those of Loomis et d. (1994a), ruled out the possibility
of a very high risk of female breast cancer from expo-
sure to magnetic fieds. However, they added that a
possible modest elevation in risk cannot be addressed
by these data

Breast cancer risk was devated sgnificantly for
women who worked a sea as radio and telegraph op-
erators, especidly for those of ages 50 years or more
(SIR=1.8, 1.1-2.7) (Tynes et d. 1996). The women
were exposed to fields at radio-frequencies (405 kHz-
25 MHz), and a 50 Hz. For the latter, measurements
showed that body exposures to magnetic fields near the
radio sets were only about 0.1-0.2 uT (I-2 mG). Sg¢-
nificant elevated breast cancer risks were aso found in
the study for long duration of shiftwork.

Goldberg and Labreche (1996) reviewed 115 stud-
ies of possible occupational risk factors for female breast
cancer, of which seven involved eectrica workers.
They concluded that there was limited evidence for as-
sociations with the pharmaceutical industry, and with
employment as cosmetologists and beauticians. The
reviewers aso found associations for employment as
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chemists and for jobs with exposure to EMF; however,
methodology problems with the studies precluded any
definite conclusons.

Occupational: Total Cancer

At least 34 studies have looked at total cancer mor-
tality or incidence in one or more electrica occupations
(Table 3.7). Of the 3 1 studies that involved mae work-
s, about 12 reported one or more dtatisticaly signifi-
cant pogtive risks. These sgnificant pogtive risks
ranged from about 1.06 to 2.76. At least five studies
reported one or more daidicaly sgnificant negative
risks for total cancer and dectrical work (range 0.50-
0.83). Six studies included total cancer for femae elec-
trical workers Vagero and Olin 1983, Vagero €t d.
1985, Sorahan et d. 1985 Guenel et a. 1993, Tynes et
d. 1994c, Dosemeci and Blair 1994, Tynes et a. 1996).
Only the Dosemeci and Blair (1994) study reported a
datigticaly sgnificant devated risk (Table 3.7) for an
occupdtion that might include eevated exposures to
EMF, dthough occupations in the study were not de-
fined in such a way.

Of the gx dudies that included measurements of
personal  exposures, two reported dtatisticaly significant
elevated risks. The risk for total cancer found in the
> 90th-percentile  exposure group by Armstrong et al.
(1994) was due primarily to an excess of lung cancer.
In this study, assumed exposure (as measured with
Positron meters), was to high-frequency pulsed mag-
netic fields. There is some uncertainty, however, about
what the exposure meters actually measured in the high-
frequency channel (Guttman et a. 1994, Maruvada and
Jutras  1994).

Savitz and Loomis (1995) found that total cancer
mortdity showed a samdl but gaidicdly sgnificant
increase (up to 19%) for increasing duration of employ-
ment in magnetic-field-exposed jobs as measured by
AMEX meters. Three of the highest exposed occupa
tions (linemen, eectricians, power plant operators)
showed risks that ranged from 0.99 to 1.12, Risks in-
creased with increasing total magnetic-field exposure
(RR= 122, 109 137, for the highest magnetic-field ex-
posure category with 505 cases). In this study, total
cancer risk was influenced in part by a datigticaly sig-
nificant increase in brain cancer.

Bais et d. (1996b) conducted further analyses of
data on cancer and persond EMF exposures from the
Quebec portion of the Canada-France study by Theriault
et d. (1994). They found that utility workers had smaller
risks for total cancer compared to the general popula-
tion (Table 3.7). They atributed these findings to the

hedlthy worker effect, or possibly to an under-assess
ment of mortdity. The workers a the Ontario utility in
the Canada-France study showed no significant risks
for tota cancer associated with exposures to EMF
(Miller et d. 1996).

Occupational: Other Cancer Types

Several additional cancer types have been included
in studies of electricd workers. Many of these are the
same studies summarized in Tables 3.4-3.7 for the can-
cer types discussed in the above sections. The sections
below summarize results of studies reporting positive
effects for seven additional cancer types. The numbers
of studies that did not report dtatisticaly significant risks
ae given, but they are generdly not summarized. This
IS not because such studies are less important, but be-
cause of space limitations. Many of these negative stud-
ies reported elevated risks that were not dtatisticaly sig-
nificant, in some cases possibly because of smal num-
bers of cases.

Lymphoma

Out of about 34 dectrica-worker studiesthat in-
cluded lymphoma, about six reported a least one dtatis
ticdly sgnificant risk. Guranick (1963) combined U.S.
data on lymphoma with lymphosarcoma and various
neoplasms of the lymphatic and hematopoietic system.
Only for dationary engineers was there a Satidticaly
sgnificant risk (SMR= 152, p< 0.05). Risk was not
elevated for dx dectricd occupations combined.
Dubrow and Wegman (1984) found significant elevated
risks for lymphoma in dectricd engineers in Massa
chusetts (SMR= 300, p< 00l), and for lymphosarcoma
in eectricians (SMR= 331, p< 0.01).

In the study by Milham (1985), a group of five EMF-
exposed electricd occupations from Washington  state
had a combined elevated risk for al lymphatic and he-
matopoietic cancers (PMR=139, p< 0.01). Within the
group, only power-station operators had a dtatigticaly
significant elevated risk (PMR= 195, p< 0.01). Among
employees of an eectric utility in Tawan, the risk of
leukemia and lymphoma combined was significantly el-
evated (O/E= 2.00, p< 0.01) (Lin 1987). Lymphoma
risk was sgnificantly elevated in New York telephone
cable splicers (SIR= 359, p< 005, and nonsignificantly
in centrd office technicians (SIR= 194, p> 0.05)
(Matanoski et a. 1989). Workers in eectric-power in-
dustries in Sweden had an eevated lymphoma risk
(SIR= 130, p< 009, as did power plant engineers/tech-
nicians (SIR= 470, p< 0.05) (Linet et d. 1993).
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Table 3.7. A summary of studies of total cancer in workers exposed to EMF.

Study/Location

Subjects/Exposure
(men unless noted otherwise)

Selected Results -Total Cancer

Guralnick (1963), Werthe-

imer & Leeper (1979) US.
Puntoni et al. (1979),
Italy

Beaumont & Weiss
(1980), U.S.

Vagero & Olin (1983),
Sweden

Howe & Lindsay (1983),
Canada

Cammarano et al. (1984),
Italy

Vagero et al. (1985),
Sweden

Barregard et al. (1985),
Sweden

Sorahan et al. (1985),

UK.

Milham (1985), U.S., WA
Olin et al. (1985), Sweden
Tornqvist et al. (1986),
Sweden

Lin (1987), Taiwan

Lin (1988), Taiwan

Guberan et al. (1989),

U.S. mortality in 1950 by job titles from
death certificates.

Mortality (1960-75) for
workers by job ftitle.

>2000  shipyard

114 cancer deaths (1950-76) of
welders who worked in metal trades.

Cancers in 73,102 male and female
workers in the electronics industry.

4203 cancer deaths among 10% of the
Canadian labor force (1965-73).

15 cancer deaths in 270 men who
worked at a power plant (1960-69).

Cancers in 2918 male and female
telecommunications industry workers.

6 cancers (1958-83) among workers at
a chlorine production plant (DC EMF).

Cancer deaths/cases for 1807 men
and women at semiconductor plants.

2649 cancer deaths among electrical
workers (1950-1 982).

24 cancer deaths for 1254 electrical
engineers from 1930-79.

699 cancers (1961-79) in 10,061
linemen and power station operators.

180 cancer deaths
electric  power

(1971-85)  for
utility  employees.

129 cancer deaths (1976-86) at a
telephone/telegram company.

Brain cancer deaths and cases  (1970-

SMRs: electrical workers 115* electricians 122%,
stationary engineers  130%, power station  53*.

electricians
RR=1.19,

Based on two control populations,

RR= 1.30, 1.54; electric welders 1.47.

For welders SMR= 0.98.

For women RR= 1.08, 1.01-I
for men RR= 1.15%, 1 .1 0

15 (1009 cases),
.20 (1855 cases).

For electrical workers, data shown only for
telegraph  operators, SMR= 199".

For all workers SMR= 198* 11 1-326, for
workers > 10 yr work SMR= 276*; 143-482.

For women SMR= 98 (37 deaths), for men
SMR= 103 (102 deaths).

O/E= 0.8, 0.3-1 .9.

SMRs: women 67 (14 deaths), men 174 (11

deaths); SRRs: women 113, men 155, both 122.
For all electrical occupations PMR=  106*.
For electrical engineers, SMR=  50% 30-70.

SMR=II0
SMR=100

Linemen
operators

(236 deaths), power station
(463 deaths).

For all employees, O/E= 1.15*

For all employees, O/E= 101

For a total of 1948 electricians: SMR= 114 (52

Switzerland 84) among electricians and painters . deaths), SIR= 92 (78 cases).

Matanoski et al. (1989), Cancer among 50,582 telephone SIRs for: cable splicers 181* (40 cases), central

US., New York linemen by occupation (1976-80). office technicians 115 (96 cases).

Koifman et al. (1989), Cancer deaths in electric power SMRs were significantly elevated at all magnetic

Brazil workers, and exposure level. field exposure levels (SMR range  129*-201%).

Forastiere et al. (1989), Cancer deaths in 406 workers at 2 For all workers SMR= 112 (16 deaths).

Italy power plants.

Melkild et al. (1989), 30 cancer cases among welders at a For welders, O/E= 1.22.

Norway shipyard (1953-86).

Spinelli et al. (1991), Cancer deaths and cases in 4213 For all workers, SMR= 92 (95 deaths), SIR= 95

Canada aluminum plant workers (1954-85). (158  cases).

Tynes et al. (1992), 3806 cancers in 37,945 electrical For electrical workers, SIR= 106* 103-l 09.

Norway workers.

Abbreviations:  O/E=  observed/expected, OR= odds ratio, PEM= personal exposure measurements, PMR= proportional
mortality ratio, RR= relative risk, SIR= standardized incidence rato, SMR= standardized mortality ratio ,
SRR=standardized registration ratio (O/E x 100).

* statistically significant (confidence intervals

are not always given because of space limitations)
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Study/Location Subjects/Exposure

(men unless noted otherwise)

Table 3.7. A summary of studies of total cancer in workers exposed to EMF. (Continued)

Selected Results -Total Cancer

Sabhi et al. (1993), U.S,,

Guenel et al. (1993),
Denmark

Nakagawa & Koana
(1993), Japan electric railway  workers.

Theriault et al. (1994),
Canada, France

Tynes et al. (1994c),
Norway

Armstrong et al. (1994),
Canada, France

Tynes et al. (1994b),

Norway hydroelectric companies.

Dosemeci & Blair (1994),
us. the telephone industry.

Savitz & Loomis (1995),

Baris et al. (1996h),

Canada utility in Quebec. PEM.

Miller et al. (1996),
Canada

Tynes et al. (1996),
Norway radio & telegraph operators.
Aifredsson et al. (1996),

Sweden railway  workers.

773 cancer cases among electrical
CA workers at an electric utility. PEM.

Cancer cases in men and women with
occupational magnetic-field exposure.

818 cancer deaths among 32,545
4151 cancer cases (1970-89) among For magnetic field-exposure > median,
223,292 men at 3 utilities. PEM.

Cancers in 2619 women who worked SIR= 114,96-1 34.
as radio/telegraph operators.

2679 cancer cases (1970-88) in men
at 2 utilities and pulsed EMF. PEM.

Cancers in men who worked at 8

Cancer deaths (1984-89) for women in MORs:  Engineersftechnicians 2.1*, 1 1 -39 (19

Cancer deaths in 138,905 men at 5
us. electric  utiliies  (1950-86). PEM.

466 cancers (1970-88) at an electric
1484 cancer cases (1970-88) at an
electric utility in Ontario. PEM.

140 cancer cases among 2619 female

630 cancer cases among electric

RRs for: ail electrical workers 1.08, electricians
0.85, linemen 1 17, plant operator 1 1 9.

O/Es for potential magnetic-field exposure:
women 0.98 (210 cases), men 1.04 (846 cases).

For electric power facilities, SMR=  54*,

OR=1 .01, 0.91-1 1 3 (2158 cases).

For cumulative exposure, > 90th percentile,
OR=1.39*%, 1.05-1.85 (301 cases).

For > 30-yr employment SIR= 115% >35 uT yr,
SIR= 105. Installation electricians SIR= 140%,
deaths); mechanics/repair 1.3, 0.7-2.2.

AH workers SMR= 86 (4833 deaths). Magnetic
field exposed jobs, RR=1 19* 1 111 .29

For total cohort SMR= 83*76-91.  Above-
background magnetic fields SMR= 93, 78- 11.

Male electrical workers >345 V/m-yr, OR=0.98,
0.76-1.27; >71 mG-yr, OR=1.01, 0.82-1.24.

Female radio/telegraph operators Si R= 1.2,
1.

For male locomotive engineers RR= 0.9, 0.8-
1 0; for conductors RR= 1.0, 0.9-1 .2

Abbreviations: MOR= mortality odds ratio, O/E= observed/expected, OR= odds ratio, PEM= personal exposure measure-
ments, PMR=proportionate mortality ratio, ~RR= relative risk, SIR= standardized incidence ratio, SMR= standardized
mortality ratio , SRR= standardized registration ratio (O/E x 100).

* statistically significant (confidence intervals are not always given because of space limitations)

Among the many studies that did not find signifi-
cant elevated lymphoma risks were large studies that
included personal magnetic-field exposures (Sahl et al.
1993, Theriault et a. 1994, Savitz and Loomis 1995,
Baris et a. 1996b).

Lung Cancer

About 29 studies of electrical workers reported re-
sults for lung or respiratory cancer, and about 11 of these
reported at least one datistically significant risk increase.
In the U.S. study by Guralnick (1963), five electrica
occupations combined had a significant risk for cancer
of the trachea, bronchus, and lung (SMR= 128, p< 0.01).
Risk was aso elevated significantly for two of the oc-

cupations (stationary engineers, SMR= 159. p< 0.0 1
electricians, SMR= 13 1, p< 0.0 1). Electricians in New
York aso had a significant increase in lung cancer risk
(RR=21, p= 0.03) (Houten et d. 1977).

Electricians who worked in an Itaian shipvard had
a more than fourfold increased risk of death from can-
cer of the lung, bronchus, and trachea (RR= 4.72,
p< 0.05,6 cases) (Puntoni et al. 1979). Asbestos expo-
sure was widespread in the shipyard, although electri-
cal welders did not have a statisticaly significant in-
creased risk for lung cancer. Welders in the Sedttle.
Washington area with long work experience did have a
significant elevated risk of respiratory cancers (SMR=
169, p< 0.01) (Beaumont and Weiss 1980). Men who
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worked in the Swedish electronics industry also had a
significant elevated risk of cancer of the trachea, and
lung (RR= 1.52, 1.35-1.72) Vagero and Olin 1983).

Blair et a. (1985) found a significant deficit in the
risk of cancer of the lung and bronchus for U.S. mili-
tary veterans who were electrical engineers (SMR= 68,
p< 0.05). In that study, risk was elevated for electri-
cians but it was not statistically significant (SMR= 118,
p > 0.05). In Sweden, risk for cancer of the lung and
trachea was reduced significantly for power-station op-
erators (SMR= 70,50-90) Tormgvist et al. 1986). Risk
for power linemen was also reduced, but it was on the
borderline of statistical significance (SMR= 70,40-100).

Male dectrica workers in the U.K. had a signifi-
cant deficit in lung cancer risk (PRR= 85,81-89). The
researchers suggested that the lower risk may reflect a
lower smoking rate among electrical workers.

For workers in Italian thermoelectric power plants
who were less than 60-years old, lung cancer risk was
significantly increased (SMR= 247, 108-487)
(Forastiere et a. 1989). Welders who had worked at a
Norwegian shipyard for |-5 years had a significant risk
of lung cancer (O/E= 5.6, p< O.0l), but risk was not
increased in welders who had worked for more than 5
years (O/E= 0.58) (Melkild et a. 1989). Installation
electricians at hydroelectric power companies in Nor-
way had significant increased lung cancer risks
(SIR= 188, p< 0.05) (Tynes et al. 1994b). Risks were
not increased for power-supply electricians (SMR= 79),
or for electric line workers (SMR= 84).

Armstrong et a. (1994) reported a strong associa-
tion between lung cancer and exposure of electric util-
ity workers in Canada and France to high-frequency
pulsed magnetic fields. For combined data from two
utilities, the odds ratio increased to 3.11, 1.60-6.04 in
the highest exposure group. For the utility in Quebec
the risk was much higher (OR= 6.67,2.68-16.57). Both
findings were statistically significant. Authors of the
study said that the results suggest a causal association;
however, they identified factors that do not support such
an association. This included little previous evidence
for this association, uncertainty about what the personal
exposure meters actually measured, and no evidence that
the utility workers had elevated lung cancer risk com-
pared to the general population.

Additional analyses of data for Quebec from the
Canada-France study again showed that exposure to
pulsed magnetic fields was associated with an elevated
lung cancer risk (Baris et a. 1996b). However, as com-
pared to the general population, the risk was smaller
and not statistically significant (for above-background
exposure to pulsed fields SMR= 121, 85-169).

Urinary, Bladder, Kidney Cancer

There have been at least 27 studies of electrica
workers that reported data on cancers of the urinary sys
tem, bladder, or kidney. Four of these reported statisti-
cally significant elevated risks for bladder cancer, and
three reported risks for kidney cancer.

For U.S. workers in six electrical occupational
groups combined, the risk for bladder cancer was el-
evated significantly (SMR= 140, p< 0.05) (Guranick
1963). Risk was elevated significantly for only one of
the individua occupations. motormen (SMR= 286,
p< 0.05). The risk for electricians was nearly doubled,
although it was not statistically significant (SMR= 190,
p> 0.05). Bladder cancer risk was elevated significantly
for workers at an aluminum reduction plant in Canada
(SMR= 169, 106-257) (Spindli et al. 1991). In Nor-
way, the incidence of bladder cancer among electrica
workers was a so elevated significantly (SIR= 123,1 10-
138) (Tynes et a. 1992). Male electrical workers in the
UK. had a smal but datigtically significant elevated
risk of bladder cancer (PRR= 110, 101-120).

Two studies reported significant elevated risks for
kidney cancer in electrical engineers. For electrical
engineers in Massachusetts, risk of kidney cancer was
more than doubled (OR= 2.77, p< 0.05) (Dubrow and
Wegman 1984). In a study from the U.K., electrica
engineers had a 15-fold increased risk of death from
kidney cancer (RR= 15.2, 1.7-136) (Magnani et al.
1987). This finding was based on four deaths of electri-
cal engineers from various industries. For workers with
assumed exposure to electromagnetic fields, risk of kid-
ney cancer was also elevated significantly (RR= 1.9,
1.1-3.2). In the same study, electricians had about a
threefold elevated risk of kidney cancer, and it was on
the borderline of statistical significance (RR= 2.9, 1.0-
8.3). For workers in Norwegian hydroelectric power
plants who were employed more than 30 years, risk of
kidney cancer was elevated significantly (SIR= 160,
p< 0.05) (Tynes et a. 1994b). For workers in that study
with the highest estimated cumulative magnetic-field
exposure, the risk was smaller and not statistically sig-
nificant (SIR= 116, p> 0.05).

Stomach Cancer

Three studies reported statistically significant in-
creased risks of stomach cancer for electrical workers
out of about 27 studies that have reported on this cancer
type. In a lo-percent sample of the Canadian labor force,
linemen and servicemen showed a significant increased
risk for stomach cancer (SMR= 233, p< 0.05) (Howe
and Lindsay 1983). At one electric power company in
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Brazil, workers who had the highest estimated expo-
sure to EMF had a significant elevated risk for stomach
cancer (SMR= 213, 102-392) (Koifman et a. 1989).

Armstrong et d. (1994) found sgnificant elevated
risks for ssomach cancer in utility workersin Canada
and France exposed to high-frequency pulsed fields
(OR= 3.26,1.44-7.38  for exposure > median, 0-20 years
before diagnoss). A later andyds of data from the
Quebec part of the study found that, compared to the
generd population, ssomach cancer risk was less for
workers exposed to above-background pulsed fields
(SMR= 22, 1-122) (Bais et d. 1996b). Among work-
ers at eight Norwegian hydroelectric power companies,
risk of stomach cancer was elevated, but it was on the
borderline of datisticd significance (SIR= 130,99-169)
(Tynes et d. 1994b).

Skin Cancer, Melanoma

Cancers of the skin are the most common cancer in
the U.S,, but most are highly curable (ACS 1996).
Melanoma is the most serious type of skin cancer be-
cause it is highly maignant and commonly spreeds to
other parts of the body. There have been about 28 stud-
ies of skin cancer and electrical workers; some of these
reported data on melanoma and other skin cancers sepa
rately. Five of these studies reported statistically Sg-
nificant eevated risks for melanoma. Among workers
in the Swedish eectronics industry, there was a signifi-
cant elevated melanoma risk for men (RR= 135, 105
1.76), but not for women (Vagero and Olin 1983). For
workers in a semiconductor factory in the UK., women,
but not men, had a dgnificant meanoma risk
(SRR= 440, p< 0.03) (Sorahan et a. 1985).

The risk of non-melanoma skin cancer was dightly
but significantly elevated for male electricd workers in
the UK. (PRR= 109,102-| 19) (Fear e &. 1996). Rik
of melanoma in that study of electricd workers was aso
elevated for both men (PRR= 11894-  147) and women
(PRR= 127, 55-251), but nather was datidtically Sg-
nificant.

Two studies reported elevated melanoma risks for
workers in the telecommunications industry. In one of
these, Swedish men had a significant risk for melanoma
(SMR= 250, 110-490) , and the risk was adso elevated
in women but it was not datidicaly sgnificant
(SMR=280,80-720) (Vagero et . 1985). In the other
sudy, Canadian men had a sgnificant risk (O/E= 2.7,
1.31-5.02); there were no melanoma cases among fe-
male workers (De Guire et a. 1988).

Men who had worked for more than 30 years a a
hydroelectric company in Norway had a significant -
evated risk of skin cancer (SIR= 203, p< 0.05) (Tynes

e a. 1994h). Men who had the highest estimated cu-
mulative exposure to magnetic fidds had a sgnificant
risk of melanoma (SIR= 224, p< 0.05). Melanoma risk
was aso increased significantly for power-supply elec-
tricians (SIR= 208, p< 0.05).

Two studies reported Satigicaly sgnificant de-
creased risks, including a study of men who worked a
an duminum reduction plant in Canada (for skin can-
cer, SIR= 51,38-67) (Spindli et d. 1991). In the large
sudy by Theriault et a. (1994), risk of melanoma was
sgnificantly reduced for men with above-median ex-
posure to magnetic fields, and with O-20 years of expo-
sure relaive to diagnoss (OR= 049, 0.26-0.94). For
dl men with above-median exposure, risk was aso de-
creased but not significantly (OR= 0.86, 0.49-1.48).
However, a one of the three utilities in the study, mela
noma risk was devated fourfold, athough it was not
datigticaly significant (OR= 398, 0.44-36.01).

Prostate Cancer

At least 23 studies of eectrical workers have re-
ported results for prostate cancer, of which, about four
reported  dtatigticaly significant risks.  Out of four elec-
tricl worker occupations from Massachusetts, motion
picture projectionists showed a significant elevated risk
for prostate cancer (OR= 8.01, p< 0.001) (Dubrow and
Wegman 1984). Prostate cancer risk was elevated Sig-
nificantly in machine shop welders in Finland (O/E= 2.5,
0< 0.05), but not in platers, machinists, or in pipefitters
(Tola et . 1988). For telephone centrd office techni-
cians in New York, prostate cancer risk was elevated
sgnificantly (SIR= 348, p< 0.05) (Matanoski et d.
(1989). In that study risk was also elevated for tele-
phone cable splicers but it was not Satigticaly sgnifi-
cant (SIR= 438, p> 0.05).

In Quebec, risk of prostate cancer was significantly
elevated in eectricd workers with 10 or more years
employment (OR= 2.38, 113501) and in ralway
trangport workers with less than 10 years employment
(OR= 447126-1583)  (Aronson et d. 199). Forrail-
way workers with 10 or more years employment, the
risk was smaler and not significant (OR= 181, 0.71-
458). Welders and flame-cutters with 10 or more years
employment adso had an elevated risk for prostate can-
cer, but it was on the borderline of satistical sgnifi-
cance (OR= 213, 0.95-4.78).

Eye Cancer

About sx studies of electrical workers have reported
data on eye cancer or disease, and only one reported
datigticaly sgnificant devated risks. Mae dectrica
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and eectronics workers in the UK. had significant risks
for eye cancer in 3 out of 8 years from 1968-70
(Swerdlow 1983). Proportiond registration ratios for
the 3 years were 714 (p< 00l), 444 (p< 0,05), and 571
(p< 0.05), based on a total of 13 cases. Other occupa
tions that had significant eevated risks for eye cancer
in this study included administrators and managers (41
cases), and professionals, technical workers, and artists
(72 Cases).

Gallagher et a. (1985) studied 90 cases of ocular
melanoma from western Canada, and they did not find
ggnificant devated risks for the dectrical occupations
as reported by Swerdlow (1983). They did find that
indoor workers in general had significant elevated risks.
Out of 4833 cancers among men at five U.S. utilities,
Savitz and Loomis (1995) found six benign neoplasms
of the eye and brain (SMR= 5520-120), and 39 neo-
plasms of unspecified nature of the eye and brain
(SMR=117,83-160).  Singewad et d. (1973) gave eye
examinations to 10 linemen over a 9-year period and no
eye problems were reported.

Occupational: Summary

The previous sections have summarized results of
about 113 studies of cancer and electrical workers. This
large body of research is difficult to synthesize because
the studies are so diverse. Although severa of the stud-
ies used similar categories of “electrical workers,” oth-
ers used unique groupings to estimate EMF exposure.
Only a few of the studies used meters to measure per-
sond  exposures to magnetic fields-exposures to elec-
tric fields have seldom been measured in cancer stud-
ies.

Even those studies than did include persona expo-
sures to EMF, they only provided data about  present-
day exposures-usudly only atime-weighted average.
To calculate cancer risks, many assumptions still have
to be made about how to define “exposure,” and how to
estimate individual exposures that occurred in the past.
Thus exposure misclassfication is a potentid problem
inthese studies. In generd, in a study where exposure
misclassification is random (occurs with about the same
frequency for “exposed” and control groups), the result
Is that the risk estimate derived from those groups is
biased toward the null (Hutchison 1982, Savitz 1995).
This means that the rea risk is probably larger than the
risk estimated in the sudy.

Severa occupational cancer studies considered pos-
shle factors other than EMF that could have been the
cause of elevated risks found in the studies. In generd,
controlling for confounding factors did not greaily

change reaults for EMF. For example, in the Canada-
France study, Theriault et d. (1994) estimated exposures
to chemicad and physical agents listed as carcinogenic
or possibly carcinogenic by the International Agency
for Research on Cancer, and by the American Confer-
ence of Governmenta Indudtrial Hygienists. There was
little confounding by these chemicdls, asthe odds ra
tios for magnetic fidds changed little after they were
adjusted for chemica exposures. In the large study of
five U.S. utilities, Savitz and Loomis et a. (1995) dso
found no evidence for confounding of their results for
magnetic fidds.

Figure 3.11 provides a quick reference of the num-
bers of occupational cancer studies for each cancer type
summarized in this chapter. The figure dso gives an
indication of the numbers of studies that reported dtatis-
ticaly sgnificant elevated risks. As mentioned in the
above sections, many of the studies that did not find
datigticaly sgnificant results did find elevated risks.
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Figure 3.11. Numbers of studies of electrical
workers included in this chapter by cancer type.
Graph also shows numbers of studies reporting
at least one statistically significant risk.
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Even with the large number of studies that has been
conducted, scientists still are uncertain about the cause(s)
of the elevated cancer risks for electrical workers re-
ported in this body of research. One of the most recent,
and largest of these studies by Savitz and Loomis
( 1995 133) stated that, “Firm conclusions regarding
whether magnetic fields cause cancer, based on our study
aone or on the entire literature, are not yet possible.”
Those authors advised against more studies unless they
can more accurately assess historical exposure, or can
specify more biologically relevant, testable hypotheses.

In a review of the EMF occupationa studies, Wil-
son and Stevens (1996) concluded that the studies sug-
gest that something associated with electrical occupa-
tions increases the risk of leukemia, brain cancers, breast
cancer, and possibly melanoma. Regardless of whether
the causal factor(s) turns out to include magnetic fields,
those authors suggested that industrial professionals ap-
proach the issue with some caution.

Occupational: Cancer in Workers’
Children

In addition to the studies described above of cancer
in workers exposed to EMF, some studies have also
looked for associations between cancer in children, and
the occupation of their parents. Table 3.8 summarizes
12 studies that have reported on cancer risks in the chil-
dren of parents who were assumed to have been exposed
to EMF.

Six of the studies in Table 3.8 included mothers.
and only one reported a statistically significant associa-
tion. For women who worked at home with sewing ma-
chines during pregnancy, their children had a more than
fivefold elevated risk of developing acute lymphoblas-
tic leukemia, and the risk was datisticalv significant
(Infante-Rivard 1995). Authors of the study had ini-
tially attributed their findings to organic dust and syn-
thetic fibers present during fabric sewing. However.
after learning that electric sewing machines produce very

Study/Location Subjects/Exposure

Table 3.8. A summary of studies of cancer in children of workers exposed to EMF.

Selected Child Cancer Results

Finland parents’ occupations.

Spitz & Johnson (1985), 157 child deaths

U.S., TX
Nasca et al. (1988), U.S.,

Infante-Rivard (1995),
Spain

Sanders et al. (1981), UK. 6920 child cancer deaths (1959-63
1970-72) and fathers' occupations.
Hemminki et al. (1981), 948 child cancer cases (1969-75) and

from  neuroblastoma
(1964-78) and fathers’ occupations.

338 child cancer cases (1968-77) and

NY parents’ occupations. childs' birth, OR= 1.61, 0.83-3.11 (19 cases).
Wilkins & Koutras (1988), 491 child brain cancer deaths  (1959- Electrical  assembling, installing, repairing,

usS., OH 78) and fathers’ occupations. OR= 2.7*, 1.2-6.1 (19 deaths).
Johnson & Spitz (1989), 499 child CNS cancer deaths (1964- Electricians OR= 3.52, 1.02-12.08 (7 deaths);
U.sS., TX 80) and fathers’ occupations. construction electricians  OR=1  0.05%1.17-86.29.
Wilkins & Sinks  (1990), 1 10 child brain cancer cases (1975-82) Nonionizing radiation: father OR= 3.2*, 1 1 88
usS., OH and parents’ occupations. (13 cases); mother OR= 2.1, 0.6-7.3 (5 cases).
Wilkins & Hundley (1990) 101 child neuroblastoma cases and Depending on how EMF exposure was defined,
us., OH fathers'  occupations. ORs ranged from 0.5, 0.2-1.2 t0 1.9, 0.4-9.7.
Bunin et al. (1990), U.S., 104 child neuroblastoma cases  (1970- EMF exposure, narrow definition: for  preconcep-
PA 79) and fathers’ occupations. tion exposure OR= 1.3, 0.4-4.1.

Olsen et al. (1991), 1747 child cancer cases (1968-84) Total child cancers by father's occupation:
Denmark and parents’ occupations. electrician OR= 0.8, welder OR= 1 0.

Kuijten et al. (1992), U.S., 163 child astrocytoma cases  (1980- Father’s: definite EMF exposure, OR=1.1,0.4-
NJ, DE 86) and parents’ occupations. 3.1. electrical repair, OR=8.0*, 1.1-356.1

128 child cases of acute lymphocytic
leukemia and mothers’ occupations.

& For electrical occupations: 1959-63, PMR= 95
(120 deaths); 1970-72, PMR= 107 (89 deaths).

Transport & communication workers: mothers
OR=1 52, fathers OR=1.22.

ORs:
deaths),

1.054.35 (17
11.75%  1-40-98.55.

electrical workers ~ 2.14%
electronics  workers

Parents’ with electromagnetic field exposure at

Working at home with sewing machine,
OR= 5.78* 1.27-26.25.

Abbreviations:  CNS= central nervous system, OR=

odds ratio,
* statistically significant (confidence intervals are not always given because of space limitations)

PMR= " proportionate mortality ratio
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strong magnetic fields (Sobel et a. 1994), they reinter-
preted their study as possibly being magnetic-field re-
lated.

Five studies reported statistically significant eleva-
tions in cancer risk in children of fathers who had some
occupational exposure to EMF. However, the exposure
classifications used in the studies varied widely, and no
two of the studies reported significant risks for the same
exact electrical occupation, or group.

In a review paper, Gold and Sever (1994) concluded
that the evidence is suggestive for increased risks of
neuroblastomas and CNS cancer in children of electri-
cal worker fathers. However, because low freguency
EMF are not known to be mutagenic, the potentia
mechanism by which paternal exposure to EMF could
cause cancer in offspring is not known.

Comparative Cancer Risks and
Conclusions About Research

The previous sections have described cancer risks
reported in alarge number of studies of people exposed
to EMF. To help place these risks in perspective, this
section provides some information on other cancer risk
factors that have been reported in the scientific litera-
ture. The information in Table 3.9 is presented to show
in general how the magnitudes of the relative risks for
EMF compare to some of these other factors. The in-
formation is not intended to imply that risks for EMF
are more or less important or acceptable than these other
factors. The latter are vaue judgments that will vary
among individuals, and among organizations (see Chap-
ter 5 for more on risk assessment).

Several scientific committees have reviewed the
epidemiological evidence involving EMF and cancer,
and many of these are summarized in Appendix A. None
of the reviews concluded that EMF have been shown to
be the cause of the increased cancer risks reported in
some studies. However, several reviews recommended
prudent or precautionary measures to reduce or prevent
exposures to EMF because of the uncertainty that exists
in the evidence. A number of reviews of this evidence
have also been published in scientific journals, and some
of the most recent ones are summarized below.

Verschaeve (1995:246) concluded that,

“Overdl, the avalable human data on EMF and
cancer (especialy leukemia, brain and breast cancer)
are too inconsistent to establish a cause-and-effect rela-
tionship, but there is enough evidence of association to
raise concern.. . . The available information only alows

ELF EMF to be classed as possible carcinogens to hu-
mans, with a higher probability in occupational expo-
sures.”

A review by Hardell et al. (1995) classified epide-
miologicd studies of EMF and cancer into five groups:
no association, probably no association, possible asso-
ciation, association, or no conclusion. Hardell et a.
(1995:3) concluded that,

... there are possible associations between (i) an
increased risk of leukaemia in children and the exist-
ence of, or distance to, power lines in the vicinity of
their residence, (ii) an increased risk of chronic lym-
phatic leukaemia and occupationa exposure to low fre-
quency electromagnetic fields and (iii) an increased risk
of breast cancer, malignant melanoma of the skin, ner-
vous system tumors, non-Hodgkin lymphoma, acute
lymphatic leukaemia or acute myeloid leukaemia and

certain occupations.”

Foster and Mouldern (1996: 102) summed up their
views with,

... we conclude that there is till no substantial evi-
dence that power frequency magnetic fields cause or
promote cancer.. . . The strongest responsible claim that
can be made to the contrary is that such a hazard might
exigt, athough it cannot be clearly identified in present

studies.”

Stevens (1996:290) observed that,

... the weight of evidence supports an association
of proximity to power lines and risk of, at least child-
hood leukemia, and the weight of evidence supports an
association of putative occupational exposure and in-
creased risk of leukemia and brain tumors. It is impor-

tant to determine if these associations are causal.”

In areview of causes of cancer in the U.K. Sir. Ri-
chard Doll (1996: 18 |), whose epidemiological research
helped establish the link between smoking and lung can-
cer, had this to say about studies of cancer and exposure
to magnetic fields:

“The numbers of cases in the best studies are small,
but we must, | think, conclude that the possibility of a
risk from such exposures exists, and that we urgently
need research to determine whether it does exist or not.
The fields concerned are aimost wholly man-made and,
if the risk is real, there will certainly be an opportunity
of reducing them, though at considerable socia cost.”

Electric Power Consumption
and Cancer Trends

The research summarized in this chapter, although
not conclusive, suggests that residentid and occupational
exposure to EMF increases the risk of cancer. Some
scientists who question this possibility argue that if EMF
realy did affect cancer, then national cancer rates should
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Table 3.9. Some examples of cancer risks reported for factors other than EMF.

Cancer Type Risk Factor Relative Risk Comments References
Lung Smokingt 5.5-23.9* Range for 1-9 to40+ cigarettes per day, Fraumeni & Blot (1982)
US. veterans
Lung Environmental 1.19* U.S. nonsmokers EPA (1992b)
tobacco smoket 1.38* U.S. nonsmokers, highest  exposed groups
Lung Home radon 1.20 U.S. nonsmoking women, highest exposure Alavanja et al. (1994)
1.20 Sweden, nonsmokers, highest exposure Pershagen et al. (1994)
1.80” Sweden, all subjects, highest exposure
Lung Asbestost 2.55 Insulation workers 1 O-l 4 yr employment Selikoff et al. (1979)
6.08 Insulation workers 30-34 yr employment
Hematopoietic Benzenet 3.93% U.S. chemical workers Wong (1987)
Leukemia 1.36 U.S. male petrochemical workers Waxweiler et al. (1983)
Leukemia 5.00% U.S. natural rubber workers Infante et al. (1977)
Leukemia Smokingt 1.09 Pooled estimate, 9 case-control studies Siegel (1993)
1.34* Pooled estimate, 6 cohort studies
Leukemia Hot dogs 1.3 Child's consumption of >1 per week Sarasua & Savitz (1994)
9.5+ Child’s consumption of >12 per month Peters et al. (1994)
Leukemia X rayst 1.6 Prenatal x rays of twins Harvey et al. (1985)
Leukemia Home pest 3.0* Child leukemia in homes where pest strips Leiss & Savitz (1995)
strips used during fast 3 months of pregnancy
Breast Alcoholt’ 111* Women, 1 drink/day (meta-analysis) Longnecker (1994)
1.38¢ Women, 3 drinks/day (meta-analysis)
Breast X rayst 0.8 Men with chest x rays every 6-10 yr Thomas et al. (I 994)
1.4 Men with chest x rays every 2 yr
2.0 Men with chest x rays more than every yr
Breast Environmental 3.1* Women exposed to tobacco smoke for at Morabia et al. (1996)
tobacco smoket least 1 hr/day for at least 1 consecutive yr
Breast Oral contracep 1L7* For women ages 25-34 yr who used oral Rosenberg et al. (1996)
tivest contraceptives for at least 1 yr
Bladder Water 1.8* For people in Colorado with 30 or more yr McGeehin et al. (1993)
disinfection exposure to chlorinated surface water
Bladder Occupation 2.69* Men in machine trades Anton-Culver et al.
5.37* Homemakers (I 992)
Brain N-nitroso corn- 3.3* Child tumors: mother burned incense, Preston-Martin et al.
pounds 2.3* mothers’ high intake of cured meats (1982)
X rayst 2.5 Child tumors: >5 full-mouth dental x rays
Brain x rayst 21.7* Child tumors after leukemia treatment Neglia et al. (1991)
Brain Petrochemicals  2.63* Men with 15-yr  employment Waxweiler et al. (1983)
Melanoma Fluorescent 1.71 Men with 21-30-yr occupational exposure Walter et al. (1992)
light 1.92* Men with > 31-yr occupational exposure
Melanoma Sunlightt 2.3% Women in San Francisco who never used Holly et al. (1995)
sunscreen

* Finding is statistically significant.
There was a statistically significant dose-response.

tFactor is glenerally considered to be a known cause of cancer, although not necessarily of all types, and under conditions in these
examples.

Pure alcohol does not cause cancer in animals but it seems to cause cancer in humans in combination with other factors, e.g., smoking.

Oral contraceptives also have a protective effect against ovarian and endometrium cancers.
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have increased greatly, because of the rapid increase in

per-capita consumption of electric power (Adar 1991,
Jackson 1992, ORAU Pane 1992, Poole and
Trichopoulos 1991). Although this argument seems to

have some logical apped initidly, other scientists have

pointed out flaws in the argument which are summa
rized below (Delpizzo 1990, Savitz 1993, Wertheimer

and Leeper 1992, Heath 1996).

Adair (1991) compared child leukemia incidence
rates in Connecticut for 1940-80, with U.S. per capita
electric power use during this period. Leukemia rates
remained fairly stable, but power use increased 12-fold.
Adar concluded from this comparison that child leuke-
mia is not caused by eectromagnetic fields, and that
poor qudity studies that show otherwise are wrong.
Jackson (1992) contended that the absence of appre-
ciable changes in cancer death or incidence rates in the
U.S. snce 1900 dso shows that EMF pose no signifi-
cant hazard to the average person.

Researchers in three other countries also examined
cancer rates in relation to electric power consumption
by the use of ecologica studies. In Greece, deaths from
childhood leukemia from 1976-89 were compared to
increases in electric power consumption during this pe-
riod (Petridou et a. 1993a). Although mortdity rates
decreased during this period, there was a suggestion that
the rale was dowing as power consumption increased
(0.249 deaths per 100,00 children per year for every
increase of electric power consumption equal to 1 MWhr
per child per year). The finding was not datidicaly
ggnificant, and the authors of the udy sad that the
results did not strongly support the hypothesis linking
EMF to cancer.

Researchers in Canada found that provinces with
the highest resdentid eectric consumption rates aso
had higher rates of childhood cancer (Kraut et a. 1994).
The study looked a the period 1971-86, which was a
time period when there were significant increases in in-
cidence rates for overal child cancer and for child brain
cancer. Authors of the study acknowledged that a ma
jor limitation of their sudy, and dl smilar ecologicd
studies, is that no information is available on actud field
exposures.  Thisis amgor flaw in the gpproach be-
cause historic data are not available on human expo-
sures to EMF. As discussed below evidence shows that
the average magnetic fidd in the home has little or no
relation to home electric power consumption.

A sudy in Japan found that among 47 administra
tive divisons, there was a datidicaly sgnificant in-
verse correlation between desths from leukemia and
other cancers in males and electric power consumption
per capita (Sokgima et a. 1996). For example, in the
divison with the lowest per capita eectric power con-

sumption, the death rate for leukemia was about 10 per
100,000 population. In the divison with the highest con-
sumption, the death rate was about 4 per 100,000. After
adjustment for expenditures per person the correlation
was dill sgnificant. Therefore, the researchers con-
cluded that the correlation was likely to be independent
of socioeconomic factors related to income. The re-
searchers assumed that average exposure to EMF should
correlate with average electric power consumption per
person in a given area. However, they cited no evidence
to support the assumption. No correlation was seen in
the study for per capita electric power consumption and
al causes of desth in males.

It is true that since the introduction of electric power
in the late 1890s the use of dectricity by homes, bus-
nesses, and industries has increased a a rapid rate. Even
in the more recent period from 1950 to 1991, per-capita
eectricity sdes in the U.S. increased dmogt fivefold
(Kujawa et d. 1992). However, the assumption that
average human exposure to EMF has aso increased at
the same rate is probably not correct.

There is no question that exposures to EMF increased
after electric power was firgt introduced, because strong
AC fidlds a& 50/60 Hz basically did not exist before that
time (the earth produces manly DC fields). However,
through time there is evidence to indicate that many ex-
posures to EMF may have decreased for people who were
usng dectricty. For example, early buildings were
wired in a way that kept the hot and neutra wires sepa
rated (caled knob and tube wiring). This type of wiring
produces stronger EMF than modern wiring in which
the two wires are usudly right next to each, separated
only by insulating materid. In a study of homes through-
out the U.S,, average magnetic fields in homes with
modern wiring were about 25 percent lower than the
fiddsin older homes with knob and tube wiring (Zaf-
fandla 1993).

Wertheimer and Leeper (1992) pointed out the im-
portance of the modem use of nonconducting eements
in plumbing systems (e.g., plastic pipe) in reducing mag-
netic fields. This practice greatly reduces magnetic fields
from return currents on plumbing, and from net currents
on didribution lines-both of which are sgnificant con-
tributors to magnetic fields in buildings. Delpizzo (1990)
aso observed that many modem appliances such as ra
dios and TV sets with transistors draw less current than
older appliances that used high-power vacuum tubes.
Three sudies have dso shown that there is no sgnifi-
cant association between home electric energy consump-
tion, and residentid magnetic-field intengity (Zaffanella
1993, Kaune et d. 1987, Lee et a. 199).
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Anather problem is that historic cancer rates and
trends are subject to many uncertainties, and there are
differing interpretations as to the underlying causative
factors. Reliable data on U.S. cancer incidence rates
are only available from about the early 1970s (Savitz
1993). Such data, therefore, are not generdly avalable
for the period when electric power was being introduced
and when new exposures to EMF were occurring.

Figure 3.12 shows some U.S. cancer incidence rates
for 1973-91 as reported by the SEER program (see page
3-3) of the Nationd Cancer Indtitute. These cancers are
those most often associated with EMF exposures in the
studies reviewed in this chapter. During this period the
incidence rate for the two most common cancers in chil-
dren increased (Ries et a. 1994). For acute lympho-
cytic leukemiain children of dl races, both sexes, and
ages 0-14 years, the incidence rate increased 20 per-
cent. For child cancers of the brain and nervous sys-
tem, the incidence rate increased 38.4 percent. For leu-
kemia for all ages, the incidence rate decreased by 11.3
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Figure 3.12. Some U.S. cancer incidence rates
for children and all ages for 1973-91, and per

capita electricity sales during the same period.
Sources: Kuja et al. (1992), Ries et al. (1994).

percent from 1973-9 1. For brain and other nervous sys
tem cancers, the incidence rate increased 24.6 percent

during this period. For people aged 65 years and over,

the incidence rate for brain and nervous system cancers
increased 54.4 percent. In comparison to these cancer

rates, from 1973-9 1, per capita electricity sales increased
by about 35 percent (Kujawa et d. 1992).

Most of the data in Figure 3.12 are not consistent
with the hypothesis that cancer rates do not reflect
changes in eectric energy consumption.  This is not to
say, however, that this crude andyss proves thet the
Increase in dectricity consumption is causaly associ-
ated with cancer. Likewise, for the reasons discussed
above, it does not seem appropriaie to suggest that this
simple type of analysis is evidence to dismiss the poss-
bility that EMF are cancer risk factors.

Although we have focused on electric power, an-
other important condderation is that many other sg-
nificant societal changes have occurred during the time
that electric power has been increasing in use. Some of
these-such as synthetic chemicals, drugs, medical treat-
ments, and lifestyle and diet-have also changed greatly
over the last 100 years. These and other factors aone,
or in combination, may act to increase or decrease can-
cer rates. Savitz (1993) believed that using secular trends
to distinguish a moderate or a no effect of EMF on hedth
from among al these other factors, cannot be done.
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Effects of EMF on Animals and Plants

- Since the 1960s large numbers of studies have
been done of animals exposed to EMF in
laboratories. These in vivo studies were mostly
intended to provide data to help assess the
potential for adverse effects of EMF on people,

- Many effects of EMF have been reported on
animals in laboratory studies, but relatively few
have been independently replicated. Much
current interest is focusing on effects on the
hormone melatonin, and on dancer  promotion.
The laboratory animal studies to date have nut
firmly established the existence of any hazardous
effects from levels of EMF as found typically in
the  environment.

- Many studies have also been done on effects
of EMF on cells and tissues. These in vitro
studies are often designed to explore possble
mechanisms to explain how EMF may cause
biological effects. Areas of current interest include
melatonin, gene expression, and carcinogenesis.
- Many scientists believe that the cell membrane
is a basic site fur biological interactions with EME
Several posshble mechanisms t0 explain
biological effects of EMF have been proposed.

- Studies of plants growing near transmisson
lines generally found no adverse effects of EMF
on overdl growth, Tips of tree branches growing
close to transmission-line conductors can be
damaged by corona in strung electric fields.
Some laboratory studies found that specific
combinations of AC and DC magnetic fields can
affect plant growth.

- In special studies, honeybee hives were
adversely affected by electric currents and
shucks induced by electric fields from large
transmission  lines.

- Some studies have been dune of wildife and
domestic animals exposed to EMF and relatively
few effects have been reported. Studies are
continuing on a possible effect of EMF from a
500-kV line an the immune system of sheep.

Background

his chapter provides an overview of the large

body of research on the possible effects of
power-frequency EMF on animals, cells and tissues, and
plants. This research has been done since the 1960s
and includes studies done in laboratories and in natura
environments. The laboratory anima studies (in vivo)
span a large number of biological areas, including be-
havior, stress, growth, reproduction, hormones, cardio-
vascular system, nervous system, immune system, and
cancer. Studies of EMF and cells and tissues (in vitro)
include carcinogenesis, gene expression, mutagenesis,
and cell communication and growth. A primary pur-
pose of the laboratory studies is to provide information
to supplement the human studies described in Chapters
2 and 3 to allow for a hazard assessment of EMF.

A smaller number of studies has been done of EMF
and animals and plants in natural environments. These
include studies of livestock, wildlife, insects, and plants
living near transmission lines. Other natura environ-
ment studies have looked at animals and plants exposed
to low-frequency EMF from a U.S. Navy communica-
tion antenna. In two studies, livestock were exposed to
simulated transmission line-fields inside buildings.

This chapter begins with an introduction to basic
exposure considerations for laboratory studies of EMF.

Laboratory Studies

These studies were done primarily to help assess
the potential for EMF to cause biological effects in hu-
mans, and to investigate possible mechanisms for such
effects. It is, therefore, important to understand how
exposures in the laboratory relate to exposures that
people may receive. This process is complicated by a
lack of agreement among scientists about what expo-
sures to EMF are most biologicaly relevant, and by fun-
damental problems in extrapolating from results of stud-
ies of animals and cells, to humans.
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Chapter 4: Studies of Animals and Plants

EMF Exposure Considerations

Chapters 2 and 3 provided an introduction to the
basic ways that EMF interact with people and animals.
This section provides more specific information that is
useful for understanding the results and limitations of
laboratory studies. The design and conduct of a labora
tory study of EMF is a complex undertaking that re-
quires the combined efforts of biologists, engineers, and
physicists.

As described in Chapter 1, there are severa param-
eters that are needed to characterize EM F in addition to
simply the field intensity. Vaberg (1995) listed several
such characteristics that he believed should be consid-
ered, when applicable, to fully describe the fields present
in laboratory experiments involving magnetic-field ex-
posures. These characteristics are listed below:

« Exposure Intensity and Timing

« Magnetic-field intensity

*Timing and duration of exposure
« Repetition of exposure periods

« Circadian time of exposure

« Frequency-Domain Characteristics
% Field oscillation frequency

« Harmonic content

« Intermittency

*Turn-on turn-off transients

« Time coherence

« Spatial (Geometric) Characteristics

« Polarization (circular, linear)

« Orientation of AC and DC magnetic fields
« Spatial homogeneity

. Combined EMF Exposure

« Superimposed electric fields

« Earth’s static (DC) magnetic field

« Incidental, unplanned EMF exposure

« Laboratory System Characteristics
« Cell culture system geometry

+ Size, number, movement of animals
« Accessory non-EMF exposures

For studies that include electric-field exposures,
the same parameters should apply. To date, relatively
few published papers on studies of EMF have provided
such comprehensive information about fields used in
the studies.

The sections below discuss some additional con-
siderations specifically related to electric- and magnetic-
field exposures in laboratory studies.

Electric Fields

In vivo studies. Most early interest in the pos-
sible hedlth effects of electric power facilities involved
electric fields. A large number of studies of laboratory
animals have been done of power-frequency electric
fields. A basic eectric-field exposure system consists
of two horizontal paralel plates, one of which is
grounded and one of which has voltage applied. This
arrangement produces a vertical electric field between
the plates, where animals are placed during exposure
(Fig. 4.1). This s, therefore, similar to the electric field
beneath a transmission line which is also primarily ver-
tical. The electric-field strength depends on the amount
of voltage on the plate, and on the distance between the
plates.

The strength of the electric field used in laboratory
studies, has often been selected so that it has some ap-
plication to human exposure to environmenta fields.
This requires taking into account the fact that conduct-
ing objects, including animals, perturb electric fields.
As aresult, the strength of an external eectric field im-
pinging on the surface of an anima or human depends
on the size and shape of the body. Likewise, the body
current induced by an electric field is greatly influenced
by body size and orientation. This means that, in gen-
eral, animals must be exposed to stronger electric fields
than the field of interest for human exposure. For ex-
ample, Figure 4.2 compares the surface field, induced
body current, and short-circuit current for a human and
two kinds of animas standing in a 10-kV/m eectric field.
Because humans have a relatively narrow and tall body
shape, al three parameters are much greater compared
to those of the animals. However, if the person were
sitting down or bending over, the surface field and the
internal current would be reduced. Likewise, when rats
stand on their hind legs, the fields and currents are greater
than those shown in Figure 4.2.

The kind of information in Figure 4.2 has been used
by some researchers to scale the electric field used in
laboratory anima studies, so that it more closely matches
electric-field strengths for human exposures. For ex-
ample, a rat would have to be exposed to an electric
field of about 119 kV/m, to produce about the same
amount of induced current across the chest as a person
would receive standing in a 10KV/ml  electric field (about
the maximum field beneath a large transmission line).

Plastic rodent cages can lower the exposure to elec-
tric fields in laboratory studies, especially when they
are dirty (Free et al. 1981, Baum et al. 1991). The type
of bedding, and the amount of soiling also produce some
shielding of the eectric field. There is mutual shield-
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ing when animals are close together which can further
reduce electric-field exposure. In most papers on elec-
tric field studies, only the unperturbed electric field level
is given (i.e, the field without the animals or cages
present). The actual exposure may vary greatly among
studies depending on the amount of shielding that may
be present.

Figure 4.1. This is a parallel-plate system used
for exposing laboratory animals to power-
frequency electric fields. An electric field is
produced between a horizontal metal plate
that is connected to voltage, and a horizontal
plate that is connected to ground. Voltage is

turned off when personnel enter the room.
Photo courtesy of Battelle Pacific Northwest Labs.

An anima’s interaction with an electric field is aso
influenced by the design of cages and feeding and wa
tering devices. Unless care is taken, animals can re-
ceive shocks inside the cage, and biological effects at-
tributed to electric fields per se may actually be caused
by shocks. Also, the possible production of noise, vi-
brations, or ozone from the electric field source must be
considered. With proper methodology, these factors can
largely be eliminated. These types of confounding fac-
tors may have been present to varying degrees in some
of the early research on power-frequency electric fields.
More detailed information on proper techniques for the
generation and measurement of 60-Hz electric fields in
laboratory studies can be found in a report by Misakian
(1984).

In vitro studies. Parallel-plate exposure systems
can also be used to expose cells and tissues to electric
fields, although there are some limitations. Kaune et al.
(1984) calculated that the maximum electric field that
be induced into cell suspensions through air from paral-
lel plates is about 0.01 V/m. This interna field strength
is at least lo-times smaller than the maximum electric
field induced in a person standing in the maximum elec-
tric field beneath a transmission line (Kaune and Phil-
lips 1980). By using dielectric material such as glass or
polypropylene instead of air, electric fields of 0.2 V/m
have been induced into cell suspensions with pardld-
plate systems (Kaune et a. 1984).

10 kV/m 60-Hz External Electric Field

Y Yy vy rF Y ¥ YY Y Y Y Y XYY Y YN rF Y Y °¥Y y¥¥y r Y Yy ¥YYTY Y YY Y Y

7
160 pA

Figure 4.2. Grounded human, swine, and rat in a 10 kV/m vertical electric field showing enhanced field
at the top of the body (kV/m), induced axial current averaged across the chest (nA/cm2), and short

circuit current to ground (uA) (not to scale). Source: Kaune and Phillips (1980).
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Other researchers have injected current onto elec-
trodes that are placed directly into the cell suspension
media to produce strong internal eectric fidlds (Marron
et d. 1986). The dectric field strength can be calcu-
lated from Ohm'’s law by dividing the current dengty
by the conductivity of the culture medium. This go-
proach raises the possibility that metal ions from elec-
trodes could contaminate the cell media. Some research-
ers used insulated electrodes (Greenebaum et a.  1979),
or have used agar bridges to isolate the electrodes from
the media (Reese et d. 1988). Figure 4.3 shows two
basic types of electric field in vitro exposure systems.

Another approach for producing in vitro electric-
field exposure is to induce an dectric field in the cul-
ture medium with an externd AC magnetic field (Kaune
et d. 1984, Mullins et a. 1993). With this method, elec-
trodes do not need to be in contact with the experimen-
tal medium. Researchers have dso used REFMW  fre-
quencies amplitude modulated at 60-Hz or other low
frequencies to induce eectric fidds in cdll and tissue
cultures (Blackman et a. 1985a).

Magnetic Fields

In vivo studies. As interest in power-frequency
magnetic fields began to increase, systems were devel-
oped for exposing animds to both eectric and mag-
netic fields (Miller et d. 1989, Baum et d. 1991) and to
magnetic fids done (Wilson et d. 1994a, Stuchly et
a. 1991, Mitsuru et d. 1993). These systems were of-
ten based on work by Meritt et a. (1983) who described
specifications for current-carrying square coils that could
be used to generate uniform magnetic fidds. Figure
4.4 shows one design for a system for exposing labora
tory animds to both dectric and magnetic fidds. The
vertical electric field is produced by paralel-plate elec-
trodes as described above. A horizontd magnetic field
is produced from current in the square vertical coils that
surround the system. Exposure systems can aso be de-
sgned to produce vertica or circularly polarized mag-
netic fields (Shigemitsu et a. 1993, Baum et d. 1991).

Animals do not perturb the magnetic field, so there
IS no need to consder scaling factors for direct mag-
netic-fidd effects. However, the internal dectric fidd
that isinduced by an externd AC magnetic fidd isin-
fluenced greetly by body sze and shape. If induced
electric fidlds are of interegt, it is, therefore, necessary
to gpply some scaling factor when laboratory animas
are used in sudies to obtain information about possible
effects of magnetic fields on humans. Feero (1989) sug-
gested that as a first-order  approximation, magnetic field
scding factors should equa the linear dimensions of
body sizes.

In Vitro Exposure System (A)

ulture medium
e Cell sample
oy .
Current ‘
source

Electrode
plate

Electrode
plate

In Vitro Exposure System (B)

Electrode

Culture medium
e Cell sample

Current
source

Rubber:
stopper

Electrode

Figure 4.3. Simplified examples of two types
of systems for exposing cells/tissue to 60-Hz
electric fields. In (A) the electrodes are in

direct contact with the culture medium. In (B)
the electrodes are separated from the culture

medium by agar bridges. Sources: Adapted from
Reese et al. (1988), and Misakian et al. (1993).

Stuchly et a. (1991) scaed magnetic-fidd expo-
sure in alaboratory study by assuming that the maxi-
mum current loop radius is proportional to the cube root
of the body mass (volume). If the average human body
mass is assumed to be 70 kg (154 Ib), and the average
body mass for a mouse is 25 g (0.9 oz ), then the scaing
factor is about 14. Therefore in their study, on the basis
of body mass, exposing mice to a magnetic field of 2 mT
(20 G), is similar to exposing people to a field of about
015 mT (15 G).

Weiguo et d. (1994) concluded that weight-based
scaling for 60"Hz magnetic field exposure is not as ac-
curate as scaling based on induced currents from hu-
man and rodent models. For example, for the human-
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Figure. 4.4. A system developed to expose
laboratory animals to 60-Hz EMF. The electric
field is produced by voltage on the parallel
plate electrodes (metal tubing). The magnetic
field is produced by current in the vertical
rectangular coils (inside white plastic pipes).

Photo courtesy of Battelle Pacific Northwest Labs.

mouse comparison, the two scaling methods may vary
by 1.7 times or more assuming homogeneous tissue con-
ductivity. However, even bigger differenceswould be
expected if heterogeneous conductivity models (which
are more realistic) were used.

In vitro studies. Systems for exposing cells and
tissues to power-frequency magnetic fields often use
circular wire loops of many turns called Helmholtz coils
(Miskian 1984). In a basic system, cdl or tissue
samples are placed within the magnetic field between
two coils. The magnetic field is not perturbed by com-
mon materias used to contain the samples (e.g., glass
or plastic). However, the shape of the container does
affect the currents and eectric fidds induced in the
medium within the container (Misakian et a. 1993).

Kirschvink  (1992) discussed design  considerations
for improving the uniformity of magnetic fields pro-
duced by Hemholtz-coil exposure systems. He aso
recommended the use of double-wrapped coil systems.
These systems have two sets of wire wrapping for the
cails instead of one. When currents in the two wires are
pardlel, they add together and produce a magnetic field.

When current is equa and opposite in the wires, they
cancd and no field is produced; this arrangement can
be aso used for sham control exposures.

The magnetically induced current in a circular con-
tainer perpendicular to the fidd is zero at the center,
and progressively increases in strength to a maximum
around the outer edge of the container. This phenom-
enon can be used to separate effects from the magnetic
fidd per sg, from effects due to induced currents and
eectric fidds. If cdl samples are placed in concentric
circular wells separated from each other, dl cdls are
exposed to the same magnetic flux dengity, but they are
exposed to induced electric fields of differing intensity
(Misakian et a. 1993).

The type of magnetic-field polarization that is used
aso affects the magnitude and oscillation of induced
currents and dectric fidds in the cell medium. Both
linear and circular polarization have been used for in
vitro studies of power-frequency magnetic fidds
(Misakian ~ 1991).

Studies of Laboratory Animals

The number of laboratory anima studies that have
been done on power-frequency EMF is even more  ex-
tensve than the epidemiologic studies reviewed in Chap-
ters3and 4. It is, therefore, not feasible to include dl
known gtudies. Instead, the most often cited studies
will be described. References are given to reviews of
the laboratory research for readers who want more in-
formation about studies on a particular topic.

The laboratory animal research is grouped into 10
categories. 1) behavior, 2) dtress, 3) growth, 4) repro-
duction and development, 5) melatonin, 6) other hor-
mones, 7) cardiovascular system, 8) nervous system,
9) immune system, and 10) cancer and mutagenesis. For
most categories, studies are further divided into elec-
tric- field studies, magnetic-field studies, and studies of
combined dectric and magnetic fields. Asin previous
chapters, the research is presented in a rough chronol-
ogy reflecting the development of research issues.

Behavior

The behavior of animals can be a sensitive indica
tor of effects of exposure to environmental agents. Some
behaviors are simple predictable reflexes, and others are
influenced by past experience (Eckert 1988). Many
behaviora tests measure locomotor activity by use of
such methods as activity whedls, resdentid maze, or
the open fidd. In the latter, for example, an animd’s
movements over a grid-lined floor are recorded.
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Other anima behaviora tests involve conditioning
using positive or negative reinforcers. For example, an
animal given a mild shock paired with an audible tone
will eventually respond aversely to the tone in the ab-
sence of the shock (McFarland 1993).

Operant conditioning is a widely used type of be-
havioral test. In these tests an animal is trained to per-
form atask (e.g., pull alever, peck a button) to obtain a
food reward (McFarland 1993). A wide variety of op-
erant tests is used in which animals are trained to re-
spond only under certain conditions, for example only
when a certain sound or field is present. Tests are aso
used in which animals are rewarded when they respond
in specific intervals of time. The timing of the response
can be studied to determine whether some stimulus like
EMF affects the timing or pattern of the response.

Other studies examine the behavior of animals as
they perform day-to-day activities associated with feed-
ing, grooming, sleeping, reproducing, and caring for
young. Observations may involve isolated animals, or
animals that are interacting as part of a social group. As
with other research discussed in this chapter, behavioral
research on EMF is primarily focused on assessing the
potential hazardous effects of these fields. Behavioral
effects seen in studies of EMF may mean that animals
are simply aware of the fields and they are responding
to their presence. Of more importance from a potential
hazard viewpoint are behavioral changes that may rep-
resent a direct physiological effect of EMF on the func-
tioning of the neuromuscular system.

Electric field. One of the earliest studies in the
U.S. of 60-Hz electric fields and laboratory animals fo-
cused on anima behavior (Moos 1964). That study
found that nighttime activity levels were increased when
mice were exposed to 60-Hz fields of 0.8-1.2 kv/m.
Since then, several other laboratory studies of power-
frequency electric fields have also reported changes in
behavior of mice, rats, baboons, and swine. Table 4.1
summarizes severa of these studies.

Most of the studies used stronger field strengths than
those used in the study by Moos (1964), and it was clear
early on that strong electric fields could greatly affect
behavior because of shocks, if precautions were not
taken. In the study by Knickerbocker et al. (1967) with
fields of about 160 kV/m, mice were shocked when they
attempted to drink from water bottle nipples. The elec-
tric field had to be turned off for a time each day to
allow the animals to drink. Researchers in that study
also reported that corona could be heard from the mice
when they attempted to stand on their hind legs.

Some studies have attempted to determine the low-
est 60-Hz electric-field strength that animals can de-
tect. The combined detection range for rats reported by

two research groups using different methods was
3-13.3 kV/m (Stern et a. 1983, Stern and Laties 1985,
Sagan et al. 1987). This is very similar to the 60-Hz
electric-field detection threshold for baboons
(5-15 kV/m) (Orr et al. 19954). The detection thresh-
old for pigeons was between 10.5 and 21 kV/m (Coo-
per et al. 1981).

Detection of electric fields is presumably mediated
at least in part by surface stimulation of feathers, fur,
and vibrissae. Weigel and Lundstrom (1987) found that
the vibration of vibrissae in an éectric field is influ-
enced by relative humidity.

At least two studies found that animal detection of
60-Hz electric fields is not caused only by hair vibra-
tion. Stell et a. (1993) found that blowing air over rats
(to cause hair movement) did not eliminate the animals
ability to detect electric fields. A cutaneous receptor
was found in the cat’s paw that responds to 60-Hz elec-
tric fields (Weigel et a. 1987). These studies show that
there may be other biological receptors that are sensi-
tive to 60-Hz electric fields.

In addition to detection, some studies used shuttle-
box systems to determine whether animals would avoid
electric fields if given the opportunity to do so. Swine
tended to avoid 30-kV/m fields (Hjeresen et a. 1982),
and rats tended to avoid fields of 60 kV/m and above
(Hjeresen et a. 1980). In contrast, the latter study also
found that during the light period, rats apparently pre-
ferred to be in 60-Hz electric fields of 25 or 50 kv/m.
Bayer et a. (1977) found that female rats preferred to
build their nests outside of a |0O-kV/m 50-Hz field. The
lowest level at which femaes would leave their nest
was about 10-20 kV/m. Le Bars et al. (1983) reported
that rats did not avoid eating in a 50-kV/m field com-
pared to a area with no field.

Strong 60-Hz electric fields of up to 65 kV/m were
not aversive to baboons (Rogers et a 1995h), athough
some studies showed that certain social behaviors were
temporarily affected by electric-field exposure (Coelho
et a. 1991, Eadey et a. 1992). Three behaviors that
seemed to be affected, athough not dways significantly,
were called passive affinity, tension, and sterotypy.
Those researchers suggested that electric fields of 30-
60 kV/m affected the baboon’s central nervous system
by unknown mechanisms. They added that there were
insufficient data to determine whether such effects might
be deleterious.

Magnetic field. Several laboratory studies have
looked for behavioral responses of animals to magnetic
fields at or near the frequency of electric power (Table
4.2). Femde pigmented rats (Long-Evans Hooded)
appear to be able to detect 60-Hz magnetic fields of at
least 0.22 mT (22 G), dthough lower flux densties were
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Table 4.1. A summary of studies of behavior of laboratory animals exposed to electric fields.

Study/Location

Species/Exposure (60-Hz vertical,
unperturbed, unless noted)

Selected Behavior Results

Moos (1964),
us.

Knickerbocker et al.
(1967) U.S.

Gavalas-Medici &
Day-Magdaleno
(1976), U.S.

Bayer et al. (1977),
Sander et al. (1982),
Germany

Smith et al. (1977),
u.s.

Shandala et al. (1979),
Russia

Babovich & Kuzyarin
(1979), Russia

Graves et al. (1979)
Cooper et al. (1981)
us.

Hjeresen et al. (1980),
Us

Rosenberg et al.
(1981), U.S.

Hjeresen et a. (1982),
us.

Rosenberg et al.
(1983), U.S.

Le Bars et al. (1983),
France

Savin & Kuz'micheva
(1985), Russia

Stern et a, (1983),
Stern and taties
(1985), U.S.

Creim et al. (1984),
u.S.

Blackwell & Reed
(1985), UK.

Groups of 1 O-1 7 male mice 6-wk old
e>g)osed/not exposed |-30 days to
0.8-1 .2 kVim. No controls.

22 male mice exposed 10.5 months to
160 kV/im, 6.5hr/day. No water during
exposure. 22  controls.

Groups of 4-5 monkeys were exposed
to 7-, 45., 60-, & 75Hz horizontal fields
of up to 56 V/m peak to peak.

6 male rats 6-wk old exposed to  50-Hz
100 kV/im for 1 yr; 6 controls. 5 female
rats to 100 kv/m for 1 -wk.

8 male rats were exposed to a  25.kV/m
horizontd field fur 6 wk. 8 controls.

400 rats were exposed to  50-Hz fields
of 10, 15, or 20kV/m for 1-4 months for
20-320 min per day. Controls.

Male rats were exposed to 50-Hz fields
of 7, 12, or 15 kVIm for 4 months for 30
min per day. Controls.

6 pigeons were trained to peck a food
key and then tested to determine if they
could detect an electric field.

Groups of 8 male rats were exposed to
filds from 0 to 105 kV/m in in
periods, and oOne 235-hr period.

34 male deermice, ungrounded, and
21, grounded, exposed to  100-kV/m
over four I-hr periods at I-hr intervals.

17 small female swine exposed to 30-
kV/m for 3438 hr (mean) before 2|-hr
behavior testing. 15 controls.

5 groups of 12 deer mice were exposed
at inactive period for I-hr to fields from
I0-75 kV/m at 1 -hr intervals. 8 controls.

Rats, mice, rabbits, and guinea pigs
exposed to 50-Hz 50 kV/m fidd.

Male rats were exposed to 50-Hz fields
0f300r100kV/mforl hrorl hr&20
min per day for 9 days. Controls.

19 male & 5 female rats were trained to
press food levers, and used in tests to
measure detection of electric fields.

Groups of 8 male rats were exposed to
fields of 34-133 kV/m in taste-aversion
experiments.

20 male mice were exposed fur  30-min/
dz;ty for 5 daysto 50-Hz fields & 50-400
V/m pesk to pesk. 20 controls.

Mechanical counts showed that during the night
mice were significantly more active during field-
on times, compared to field-off times.

Subjective observations: exposed animals
reacted to the strong electric field, and tended to
sleep more than controls.

Exposure to fields at frequencies of 7 & 75Hz
but not 60-Hz significantly modified a lever-
press response in monkeys.

Male activity (measured automatically) lower in
exposed, but they spent more time gnawing on
food holders. Females avoided fields .10  kV/m.

When tested after the fifth week of exposure,

there was a tendency for the exposed rats 1O
show greater exploratory E‘CtIVIFy.

In tests before, during, and after exposure, fields
of 15& 20kVim significantly affected the latent
period of conditioned reflexes to bells/buzzers.

Significant effects on the rats’ working capacity
(swimming with load) in  15kVim  and on the
l[atent period of conditioned reflex in all fields.

A conditioned suppression test showed that
pigeons detected a field at a level of between
105 and 21 kV/im at head height.

In 45-min tests rats significantly avoided .90
kV/m, and tended to avoid .60 kV/m. Fur 235
hr, .75 kVIimavoided, 25 or 50 kVIm preferred.

Activity (measured automatically) increased
significantly during the inactive phase of the
circadian cycle for the first exposure period.

Swine spent significantly more time in the
shielded part of their pén than in the part
exposed to 30-kV/m.

Mice showed significant arousal only at first
exposure to .50 kV/m as measured by activity,
CO, production, and 0, consumption.

No changes observed in fgeneral behavior, or in
distribution of rats' use of feeding aress in fields
of 0to 50 kV/m (no behavioral data shown).

Exposure to both field levels led to a significant
slowing of the development of a conditioned
reflex activity to sound but not to light.

Threshold of field detection for males was
enerally between 4-10 kV/mand for females
e detection threshold was about 3-10 kV/m.

Consumption of saccharin in presence of the
field did not lead to taste aversion learning (field
did not cause gastrointestinal distress).

No effects on exploratory behavior or on
emutionality as measuréd by movement and
excretion during 2 min on an open field arena.
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Study/Location

Species/Exposure (60-Hz vertical,
unperturbed, unless noted)

Table 4.1. A summary of studies of behavior of laboratory animals exposed to electric fields. (Cont.)

Selected Behavior Results

Weigel & tundstrom
(1987), U.S.

Sagan et al. (1987),
us.

Stern & laties (I 989),
u.S.

Coelho et al. (199I),
Easley et al.
(1991,1992), U.S.

Stell et at. (1993),
u.s.

Orr et al. (1995a),
us.

Rogers et al. (1995a),
US.

Rogers et al. (1995h),
u.s.

Snouts of 12 rats were exposed to a
5U-kVIm  field periodically from spring
through winter, and vibrissae observed.

16 male rats were trained and used in 2
tests to measure their detection of
electric fields of various strengths.

3 male and 2 femaie rats were trained
to press a lever to turn off a 9U- or 100-
kVim field to study aversive stimuli.

8 young adult male baboons were
exposed to 30 kV/m, orto 60 kV/im for
12 hrfday for 6 wk. 8 controls.

6 male rats were trained to detect
electric fields, and tested to see if
moving air affected detection.

6 male baboons were trained to push a
button in the presence of a  60-Hz
electric field to measure field detection.

12 male baboons pushed a button
within certain times fur food. 6 wk at 30
& 60 kVim, 12 hr/day. 12 controls.

6 male baboons were trained to obtain
a food reward in the presence of a light
and/or an electric field.

The number of vibrissae that vibrated depended
on % relative humidity-above 39% no more
than 1 vibrated; at 25%, half of them vibrated.

Threshold of field detection for males was
generally between 7.9-13.3  kV/m. Rats were
trained to detect tones to receive water.

Rats did not reliably turn off the electric field but
they did turn off an incandescent lamp which
was apparently an aversive stimulus.

Systematic  observations indicated that baboon
behavior was significantly affected, reflecting a
stress response to the field.

Moving air did not affect field detection  suggest-
ing that movement of hair, vibrissae, or skin is
not the main mechanism for field detection.

The average field detection threshold for male
baboons was 12 kV/m and the range among
subjects was 5-15  kV/m.

In 2 studies, baboons significantly decreased
responding “work stoppage” to test cues  on the
first day of exposure. No effects over 6 wk.

In 7 studies, no strong evidence that baboons
perceived fields up to  65-kVim  field as aversive,

and exposure did not affect operant responding.

not tested in the study by Smith et a. (1994). A strong
60-Hz field of 3.03 mT (30.3 G) was not found to be

aversive to rats (Lovely et a. 1992). This field level

was selected by the researchers because it induces cur-

rents in a rat that exceed the current induced by a
130-kV/m electric field. Rats avoid strong electric fields
(Hjeresen et a. 1980). Therefore, the results of the
magnetic-field study suggest that field avoidance is me-

diated by factors other than induced current, e.g., by

sensory stimulation effects.

Sander et al. (1982) found no evidence that rats
avoided spending time in a strong 50-Hz magnetic field
of 5mT (50 G). In that study, a field-exposed cage and
a nonexposed cage were connected by a tube through
which the rats could move freely.

Another study found no evidence that male albino
rats (Sprague-Dawley) could detect a 0.2 mT (2 G)
45Hzmagnetic field (Marr et al. 1973). There are sev-
eral differences between this and the study by Smith et
al. (1994), including sex and type of rat, field frequency,
and differences in the type of tests used in the studies.

Male rats exposed to 50-Hz magnetic fields of
0.04 mT (0.4 G) showed increased rearing activity and
trends for an increase in ambulation, and less defeca

tion (Rudolph et a. 1985). It is not known whether
these effects were associated with field detection, or with
other mechanisms.

Some behavioral studies of rats reported interactions
between AC magnetic fields and other factors. The rate
and pattern of the performance of rats in a behavioral
test was affected only when rats were exposed to a spe-
cific combination of 60-Hz and DC magnetic fields
(Thomas et al. 1986). No effects were seen with either
field alone. The study was a test of a cyclotron reso-
nance theory (Liboff 1985); the fields used in the study
were selected to correspond to the mass ratio for lithium
ions. A later study by Stern et a. (1996) did not repli-
cate the findings of Thomas et a. (1986). An earlier in
vitro study by Blackman et al. (1985b) found effects of
combined AC and DC magnetic fields on calcium ef-
flux from chick brain. Even if cyclotron resonance is
not the mechanism responsible for effects seen in the
rat study, those authors pointed out the importance of
considering the geomagnetic field when assessing ef-
fects of 60-Hz fields.

Specific combinations of AC and DC magnetic
fields affected the performance of rats in seeking food
rewardsin aradial arm maze (Lovely et al. 1994). Also,
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Table 4.2. A summary of studies of behavior of laboratory animals exposed to magnetic fields.

Study/Location

Species/Exposure
(60-Hz, horizontal unless noted)

Selected Behavior Results

Grissett  (1971),
u.s.

Marr et al. (1973),
u.s.

de Large (1974),
us.

Smith & Justesen
(1976), U.S.

Silny (1976),
Germany

Clarke & Justesen
(1979), U.S.

Sander et al. (1982)
Germany

Davis et al. (1984),
us.

Rudolph et al. (1985)
Germany

Thomas et al. (1986),
Liboff et al. (1989),
us.

Ossenkopp &
Kavaliers (1987a,

1987h), U.S.
Ossenkopp & Cain
(1987), U.S.

Lovely et al. (1992),
us.

Trzeciak et al. (1993)
Poland

Smith et al. (1994),
us.

Lovely et al. (1994),
u.s.

Prato et al. (1996),
Canada

Stern et al. (1996),
u.s.

3 squirrel monkeys were for 42 days to
a 45-Hz field of 1.0 mT (10 G).

7 pigeons and 4 male rats were trained
for behavioral tests and exposed to 0.2
mT (2 G) vertical fields (rats, 45 Hz).

2 male & 2 female rhesus monkeys
were exposed to a 15- or a 45-Hz field
of 0.82-0.93 mT (8.2-9.3 G).

39 male mice (2 strains) in groups of 3
were exposed to a vertical 1.7 mT (17
G) field for 2-min periods over 48 hr.

Rats were exposed to a 50-Hz 50-mT
(500-G) field for 1 wk.

A test of the ability of 4 chickens to
detect a vertical 60-Hz modulated 2450
MHz 1.7 mT (17 G) field.

In 8 tests with 2 rats each, rats could
select cages in a 50-Hz vertical field of
5 mT (50 G), or a nonexposed cage.

14 female mice were exposed to a 1.65
mT (16.5 G) field for 72 hr. 14 controls.

Groups of 8 male rats were exposed to
a 50-Hz, 0.04-mT (0.4-G) field for 4 hr.
8 controls per experiment.

5 male rats were exposed for 30 min
before I-hr tests to 0.05-5 mT tg.5-5 G)
fields with/without a DC field-0.02 mT.

Male mice were treated with morphine
and exposed to 0.05-0.15mT (.5-1 .5
G) fields for 60 min. Controls.

Male rats were exposed to fields of
0.05-0.185 mT (0.5-1.85 G) and treated
wiith a seizure-inducing drug. Controls.

32 male rats. A 3.03-mT (30.3-G)
vertical field present in part of the box.

Male and female rats were exposed to
50-Hz fields of 8mT (80 G) 2 hr/day for
20 days, and tested at 3 time points.

5 female rats were trained and exposed
to 0.2-1 ,9-mT (2-1 9-G) vertical fields for
3 min in tests for field detection.

Learning was studied in rats trained to
obtain food in an 8-armed radial maze
exposed to combined AC & DC fields.

Groups of 10-1 2 land snails exposed to
a 60-Hz 299-uT (peak) (2.9-G) mag-
netic with DC field of 78 uT (780 mG).

5 male rats exposed to 60-Hz & DC
fields as in Thomas et al. (1986).

Field exposure had no consistent effects on the
monkey' rates of lever-pressing to obtain food.

Pigeons: the field did not affect temporal
discrimination during tests, and it was not
detected. Rats: a 45Hz field was not detected.

Field exposure had no consistent effects on the
operant behavior of monkeys (rates of  lever-
pressing to obtain food).

Locomotor activity increased in both strains
during field exposure; the pigmented strain was
more reactive to the field.

Rats could freely leave the magnetic field area if
they found it aversive. At most, the field caused
only a weak irritation in the rats.

A conditional suppression test suggested that
chickens could detect the field but possible cues
from vibration or heating could not be ruled out.

Little difference was found between amount of
time spent by rats in the field-exposed and the
nonexposed cages (data not shown in paper).

No effects of field exposure were seen on
locomotor activity, memory of electroshock
avoidance task, or response to seizure agent.

Rats exposed to the field at the beginning of the
light phase showed 40% more rearing activity
than the controls No effects for dark phase.

Exposure to both 60-Hz and DC fields, affected
rate & pattern of rats’ response in a reinforce-
ment test. No effect seen with either field alone.

Significant  dose-response reduction of the pain-
reducing effect of morphine (behavior on a warm
hotplate) at night. No daytime exposure effect.

Fields of I-1.5 G significantly reduced the
lethality of the drug-induced seizures. Fields of
05 and 1.85 G had no significant effects.

Rats did not avoid that part of the shuttle box
exposed to the magnetic field.

Both sexes exposed to the field showed
significantly lower levels of iritability, and no
effects on exploratory behavior or locomotion.

A conditioned suppression test showed that rats
detected the field as a cue to stop food-lever
pressing to avoid a brief electrical shock.

Rats made more search errors in 0.05 mT (0.5
G) 60 Hz & 0.027 mT (0.27 G) DC fields; fewer
errors in 0.05 mT 60 Hz & 0.048 mT DC fields.

AC + DC magnetic field exposure reduced effect
of drug on snails' response to a hot plate. Field
effect may be through direct field detection.

Behavioral effects of AC + DC fields found by
Thomas et al. (above) not found in this study.
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Chapter 4: Studies of Animals and Plants

mice exposed to a 0.75-mT (7.5-G) 50-Hz magnetic field
tended to make more errors in finding food in a maze
compared to the control mice (Sienkiewicz et al. 1996).

Another rat study in Table 4.2 reported an interac-
tion between a 60-Hz magnetic field and mortality from
drug-induced seizures (Ossenkopp and Cain 1987). The
drug was PTZ (pentylenetetrazol) administered at a dose
of 55-60 mg/kg. The lethality from seizures was re-
duced when male rats were exposed to fields of
0.1-0. 15 mT (1.0-1 5 G), but no reduction was seen
with stronger fields. Lovely et al. (1996) also found a
trend for reduced mortality from PTZ-induced seizure
in rats exposed to a0.1 mT (I G) 60-Hz magnetic field.
In the study by Ossenkopp and Cain ( 1987), a 0.1 -mT
(I-G) field had no effect on novelty-dlicited seizures in
Mongolian gerbils. An earlier study with male mice
found no effect of al .65 mT ( 16.5 G) 60-Hz magnetic
field on severity of seizures induced by PTZ at a dose
of 75 mg/kg (Davis et a. 1984).

A behaviora study with mice aso reported an in-
teraction between a drug (morphine) and a 60-Hz mag-
netic field (Ossenkopp and Kavaliers 1987a, 1987h).
Another study of mice found that their relative activity
levels while exposed to a 60-Hz magnetic field were
higher for a pigmented strain compared to abino mice
(Smith and Justesen 1976). Those authors suggested,
however. that the finding may have been confounded
by other variables.

Strong 45-Hz magnetic fields had no effects on the
behavior of two species of monkeys (Grissett 197 1. de
Lorge 1974). The animals were trained to press a lever
to obtain food, and field exposure had no significant
effects on the monkeys performance of this task.

Combined fields. Some of the earliest behav-
iord studies of combined AC electric and magnetic fields
were done for frequencies of 45 and 75 Hz, instead of
the electric power frequencies (50/60 Hz). The former
were associated with frequencies of a planned U.S. Navy
submarine communication project (at various times the
project was called Sanguine, Seafarer and ELF). Sev-
eral species were studied that were exposed to electric
fields of | O-20 V/m and magnetic tields of 0.2 mT (2 G)
(Coate et a. 1970). In some of the tests, bluegill finger-
ling fish and Eastern painted turtles reacted to the onset
of the tields in water. Reactions were not observed for
young and adult rats, or for mallard ducklings. Adult
rats and their offspring conceived and raised in the com-
bined fields did not differ from controls in their perfor-
mance in avoidance and escape learning tests.

In other Navy-sponsored studies, rhesus monkeys
were exposed to | mT (10 G) magnetic fields and weak
electric fields of up to a few 10s of V/m at frequencies

of 10,45, and 60 Hz (de Lorge 1973a, 1973b). Expo-
sure to these fields produced no consistent effects on
the monkeys' performance in various behavioral tests.

Adult rats that were exposed perinataly to 60-Hz
fields of 30 kV/m (vertical), and 0.1 mT (1 G) (circu-
larly polarized) showed dtered behavior in responding
to tests (Salzinger et a. 1990). Forty-one male rats in
two experiments were exposed to EMF throughout their
mother’s pregnancy, and for the first 8 days after they
were born. The rats were trained to press a lever, and
as adults they gradually began to respond at lower rates
compared to unexposed controls. No effects were found
on general activity levels of the exposed rats.

Performance on a simple motor task was studied in
six monkeys (pigtailed macagues) exposed to 60-Hz
EMF of 3 kV/m and 0.01 mT (0.1 G), 10 kv/m and
0.03 mT (0.3 G). and 30 kV/m and 0.09 mT (0.9 G)
(Wolpaw et al. 1989). Exposure occurred during three
21-day periods. Compared to four control monkeys,
exposure to combined EMF had no effects on the mon-
keys performance of a task to obtain water. There were
aso no indications that the fields were disturbing to the
animals.

Another study found no effects on the feeding
rhythm of two squirrel monkeys exposed to 60-Hz EMF
of 2.6 kvV/mand 0.1 mT (1 G) (Sulzman and Murrish
1986). A dight lengthening of the feeding period was
seen in three of nine monkeys exposed to 26 kV/m and
0.1 mT (1 G), and in three of four monkeys exposed to
39 kV/m and 0.1 mT (1 G). In these studies, the ani-
mals served as their own controls during the field-off
periods. The researchers suggested that the results from
their laboratory study might not occur in natural out-
door environments where numerous cues are available
to time biological rhythms.

As summarized in Table 4.2 rats exposed to both an
AC and a DC magnetic field showed a change in per-
formance on a behaviora test (Thomas et al. 1986). No
such effects were found when the same researchers ex-
posed rats to combined 60-Hz EMF of | kV/m and 0.05-
0.5 mT (0.5-5 G) (Thomas et al. 1984).

Orr et al. ( 1995b) studied operant behavior of ba-
boons exposed for 6 weeks to 60-Hz EMF of 6 kV/m
and 50 YT (0.5 G), and 30 kV/m and 100 uT (I .O G)
(Fig. 4.5). No significant effects of either of the com-