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Extremely Low Frequency
Electromagnetic Fields and Cancer:
The Epidemiologic Evidence
by Michael N. Bates*

This paper reviews the epidemiologic evidence that low frequency electromagnetic fields generated by altating current
may be a cause ofcancer. Studies examining residential exposures ofchildren and adults and studies ofelectrical and elec-
tronics workers are reviewed. Using conventional epidemiologic criteria for inferring causal associations, including strength
and consistency of the relationship, biological plausibility, and the possibility ofbias as an explanation, it is concluded that
the evidence is strongly suggestive that such nrdiation is carcinogenic. The evidence is strongest for brain andcentral nervous
system cancers in electrical workers and children. Weaker evidence supports an association with leukemia in electrical
workers. Some evidence alsoeists for an association with mdawnoma in electrial workes Failure to fnd consistent evidence
of a link between residential exposures and adult cancers may be attributable to exposure misclassification. Studies so
far have used imperfect surrogates for any true biologically effective magnetic field exposure. The resulting exposure
misclassification has produced relative risk estimates that understate any true risk.

Introduction
Since the discovery that electricity could be put to work in the

service of mankind, people have been increasingly exposed to
electromagnetic radiation as electrical transmission lines and
electrically powered devices have proliferated. For a long time,
such radiation was considered benign, although the evidence that
it could have biological effects, at least in experimental systems,
was increasing (1). It was not until 1979, with the publication of
a study (2) associating 60-Hz electromagnetic fields with an in-
crease in childhood cancer incidence, that concern began to
mount. Since then, many other studies have investigated whether
there is an association between exposure to such fields and
cancer. This review considers the evidence from studies of direct
or in utero exposure published in the peer-reviewed literature.
When alternating electric current (AC) flows, it generates an

electromagnetic field of corresponding frequency (3). In North
America, the AC frequency is 60 Hz, although in most other
countries it is 50 Hz. These frequencies fall into the narrow range
at one end of the electromagnetic spectrum, known as the ex-

tremely low frequency (ELF) region (up to 100 Hz). This spec-
trum, from the ELF region to gamma rays, covers a frequency
range of at least 22 orders of magnitude (4). Between ELF and
gamma rays, other frequency band designations include radio
and television, radar and microwaves, infrared, visible light and
ultraviolet rays, and X-rays. Different frequency ranges in the
spectrum can have different biological effects. For example, ex-

posure to the high-energy ionizing radiation at the high frequency
end of the spectrum can cause cancer and other illnesses.
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ELF fields usually have both electric and magnetic field com-
ponents. Electric fields are generated by any electrically charged
body; magnetic fields are only generated when a current flows
(3). Although both types of ELF field can induce very small,
localized electric eddy currents in exposed individuals, the two
field types have an important difference: Electric fields are easily
shielded by virtually all electrically conducting materials, in-
cluding buildings and human bodies; magnetic fields pass easi-
ly through almost all materials (5). Studies ofthe potential health
effects ofelectromagnetic fields have concentrated on the mag-
netic field because it is generally assumed to be the component
most likely to have biological effects.
Although the Earth's magnetic field has a 50 to 60 Hz compo-

nent, it is several orders ofmagnitude weaker than the man-made
fields to which people are commonly exposed. The main
geomagnetic field component is static and, unlike time-varying
ELF fields, does not induce flows of electric current in human
bodies (3).

Measurements of Exposure and Their
Limitations

Critical in the epidemiologic estimation of the magnitude of
effect are measurements of exposure and, when the effect in
question is cancer, historical measurements are particularly im-
portant. For ELF field effects, adequate historical data does not
exist, and it is not known with any certainty what exactly is the
biologically most important field component to consider even in
current studies. For example, it is not known whether it is the
peak field strength or cumulative exposure or if the relative
orientation ofthe field is important. Added to that is the fact that
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everybody isexposed to electromagnetic spectrumcomponents
.from a multitude ofsources, which are constantly changing over
time and as onemoves around. For this reason, all epidemiologic
studies have found it necessary to use various estimators ofex-
posure. In the studies discussed below, most such estimators fall
into one of four categories: residential wire coding, direct field
measurements, self-reports of appliance use, and occupational
classifications. Some studies employ more than one method.
However, all four estimators suffer from common limitations:
They may estimate exposure either athome or at work, but take
no account of exposure elsewhere, and their ability to provide
reliable estimates of historical exposures is unknown.
Wirecoding, usedbyWertheimerand Leeper intheirlandmark

study (2), involves a categorization ofeach dwelling according
to the configuration ofthe electrical wires outside the residence
and/orthe natureofany electrical structures nearby (e.g., substa-
tions). Wire coding categories are ranked according to their
estimated potential for generating magnetic field exposure. They
have been shown to be correlated to some extent with ELF
magnetic field measurements (6,7). A particular advantage of
wire codings is that they may easily be assessed from the street,
avoiding the necessity ofentering the houses. In some studies,
the wire codings are dichotomized by collapsing them into two
categories, referred to as "high current configuration" (HCC)
and "low current configuration" (LCC).
Most direct measurements ofelectric or magnetic fields have

been made in or around residences. Usually these are one-time
measurements, made at the time of interview. As such they do
not necessarily reflect true individual exposure over time. Some
studies have simply taken measurements at the front door ofthe
residence; others have taken measurements in various rooms
with most appliances either off or on.

Self-reports ofexposures, particularly to chemicals, areacom-
mon method ofassessing exposures in epidemiological studies.
Some studies have used self-reports ofhousehold appliance use
as a measure ofELF field exposure. The electric and magnetic
fieldsemittedbymostsuchapplianceshavebeenwellcharacteriz-
ed. Generally, however, most appliances are used intermittent-
lyandforshortperiods, and, whenaveragedovertime, theoverall
exposure arising from their use is low. Electric blankets and
water bed heaters give rise to relatively high ELF exposures
because of more prolonged and intimate contact (6).
The use of occupational titles, commonly grouping occupa-

tions involved in electrical or electronic work, is the usual
method ofclassifying workers as "exposed" or "unexposed. "
Usually these studies contain no measurements of electric or
magnetic field exposures, although limited data show that elec-
trical workers are more highly exposed to ELF fields than other
workers (8). However, there is wide exposure variation among
the various electrical and electronicjob categories, andjob titles
are clearly imprecise estimators of exposure.

Studies Involving Residential Exposures
Studies examining childhood and adult cancers are considered

below in the approximate chronological order oftheir publica-
tion. Selected risk estimates from these studies are summarized
in Table 1. In Table 1, and in Tables 24, a variety ofestimators
ofthe relative risk are used. These are defined in the text. Some
studies contain so many relative risk estimates for different situa-
tions and different subgroups that it is not possible to show them
all, or even most, in the tables. In those cases an effort has been
made to select the risk estimates that are the most representative
of the studies in question.

Table 1. Studies involving residential exposures.

Reference Study design Exposure estimator Cancer typea Relative risk estimate 95% CI
Childhood cancers

(2) Case control

(9)
(11)

(12)

(13)

Wire code (birth addresses)

Case control Wire code
Case control Field measurement

Case control Wire code

Prenatal electric blanket use

Postnatal electric blanket use

Leukemia
Nervous system
Lymphoma
Leukemia
All
Nervous system
Leukemia
All
Nervous system
Leukemia
Leukemia
Brain
Leukemia
AcLL
Brain

OR=2.28
2.48
2.36

OR= 1.08
OR=2.12

3.86
0.34

OR= 1.53
2.04
1.54
1.7
2.5
1.5
1.9
1.2

1.97-2.65
1.16-2.36
1.66-3.35
1.00-1.16
1.73-2.59
1.63-8.39
0.17-0.68
1.04-2.26
1.11-3.76
0.90-2.63
0.8 -3.6
1.1 -5.5
0.5 -5.1
0.6 -6.5
0.3 -5.7

Adult cancers
(6) Case control Wire code All OR=1.39 1.21-1.58
(18) Cohort Distance All SMR=0.87 (men) 0.78-0.95

SMR=0.92 (women) 0.83-1.01
Leukemia SMR=0.61 (men) 0.07-2.19

SMR= 1.54 (women) 0.42-3.94
(19) Case control Electric bed heaters ANLL OR= 1.47 0.9 -2.4
(20) Wire code 0.79 0.22-2.89
(22) Case control Electric blanket use AML OR=0.9 0.5 -1.6

CML 0.8 0.4 -1.6
(23) Case control Distance to power lines Leukemia OR= 1.45 0.54-3.88

Distance to substation Leukemia 0.99 -

(24) Case control Electric blanket use Testicular OR= 1.0 0.7 -1.4
aAML, acute myelogenous leukemia; CML, chronic myelogenous leukemia; ANLL, acute nonlymphoid leukemia; AcLL, acute lymphoid leukemia.
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Childhood Cancers
The first epidemiologic study to investigate a possible associa-

tion between cancer and electromagnetic field exposure was a
case-control study by Wertheimer and Leeper (2). Cases were
344 Denver, Colorado, persons who had died of cancer before
the age of 19. Wire codes were assessed for both birth and
"death" addresses.
From the data presented, it is possible to calculate odds ratios

(ORs). These associate HCC exposure, at both birth and death
addresses, with leukemia, lymphoma, and nervous system can-
cers (Table 1).

Fulton et al. (9) carried out a similar study of 119 Rhode Island
leukemia cases with age ofonset 0 to 20 years. An exposure in-
dex based on wire codes was assessed. No association between
the exposure index and leukemia was found.
Wertheimer and Leeper (10) criticized the Fulton et al. study

on several grounds. In particular, the addresses assessed for the
controls were only the birth addresses, which were occupied in
the 1950s. However, for the cases, the addresses assessed were
all those occupied during their lifetimes. They argued that,
because of migration to the suburbs in that period, the birth
residences were more likely to have been urban addresses, which
have a greater probability of being associated with HCC ex-
posure. This would tend to bias the relative risk estimate
downward, toward unity (i.e., no association). Wertheimer and
Leeper recalculated the Rhode Island data, restricting the case
and control addresses to those occupied by families from 1957
until diagnosis. This resulted in a moderate association between
HCC exposure and leukemia (OR = 1.7,95% confidence inter-
val [CI]: 1.0-2.7).
Tomenius (11) carried out a case-control study of716 Swedish

cancer cases aged 0 to 18 years. Dwellings occupied at birth and
at diagnosis were identified. For each ofthese, electrical struc-
tures occurring within 150 m were recorded (i.e., high voltage
wires, substations, transformers, electric railroads, and sub-
ways). The 50-Hz magnetic field strength was measured outside
the entrance to each dwelling.
The presence of electrical constructions within 150 m of a

dwelling was associated with a slightly elevated cancer risk (OR
= 1.3, p < 0.05). This association was stronger when only the
presence of200-kV wires was considered (OR = 2.1,p < 0.05).
An elevated risk was also found when dwellings were di-
chotomized by the magnetic field strength measured outside the
front door using a cut-point of0.3 IT (microtesla) (OR = 2.12,
95% CI: 1.73-2.59). Paradoxically, this risk was even stronger
for those dwellings where there were no visible electrical con-
structions (OR = 2.3,p< 0.05) and did not hold where 200-kV
wires or other electrical constructions were present. However,
the electric power distribution system in Sweden consists mostly
of buried cables, rather than overhead lines. This may have ac-
counted for these anomalous results if these cables generated
most of the measured magnetic fields.
The risk ofnervous system tumors was elevated in association

with a front-door magnetic field strength of > 0.3 AT (OR =
3.86, 3.86, 95% CI: 1.63-&839). For leukemia, the odds ratio was
0.3 (95% CI: 0.17-0.68), implying a protective effect of EMF
exposure.

In a case-control study involving 356 childhood cancers from
the Denver area, Savitz etal. (12) assessed residential wire codes

and electric and magnetic field measurements inside homes.
Magnetic field measurements obtained with appliances switched
on were weakly associated with cancer incidence (test for trend:
p = 0.14). No such trend was apparent for measurements with
appliances off.
Wire codes were more strongly associated with cancer risk

than field measurements, and there was a dose-response rela-
tionship.This association was strongest for homes occupied 2
years before diagnosis. When wire codes at time of diagnosis
were dichotomized, significant associations were found for all
cancers and for nervous system cancers (Table 1).

Parents were interviewed about exposures oftheir children to
electric appliances. This produced some weak evidence of
associations with leukemia and brain cancer for electric blanket
use by the mother during pregnancy (prenatal exposure), and
with acute lymphoid leukemia for electric blanket use by the
child (postnatal) (13).

Finally, while not strictly the subject of this review, it should
be mentioned that four studies have investigated the association
ofparental exposure to electromagnetic radiation with childhood
neuroblastoma. This is a rare peripheral nervous system tumor
with a median age ofdiagnosis ofabout 2 years. The first study
(14) found an OR of 2.13 (95% CI: 1.05-4.35) for a combined
group of parents with potential for electromagnetic exposure.
The OR for electronic workers only was 11.75 (95% CI:
1.40-98.55). Three subsequent studies failed to confirm these
associations (15-17). However, ifthese results were borne out by
future studies it would raise the possibility that, for the other
child cancer studies, the indices of residential exposure should
actually be considered as measures ofparental exposure. At this
stage, however, the biologic plausibility of such a hypothesis
seems low, as it would seem to require a mechanism by which
ELF radiation produced mutations in specific genes of the
gametes. As discussed later, ELF radiation has not been shown
to cause damage to DNA. Therefore, the remainder ofthis review
will proceed on the assumption that direct exposure ofchildren
to electromagnetic radiation is the event of interest.

Studies of Adult Cancers
Wertheimer and Leeper also conducted a case-control study

in Colorado of 1179 adult cancers and ELF exposure (6). Wire
codings were assessed for the address at which the case or con-
trol had spent most of the period from 3 to 10 years before
diagnosis.
The odds ratio for cases (all cancers) having higher exposure

wire codings than the controls was 1.39 (95% CI: 1.21-1.58). A
dose-response relationship was also evident. Although no data
were supplied, the authors stated that statistically significant
associations were obtained with lymphomas and with cancers of
the nervous system, uterus, and breast.
McDowall (18) identified a cohort of 7631 individuals living

within 50 m of a substation or other electrical installation or
within 30m ofan overhead power cable. Standardized mortali-
ty ratios (SMRs) showed no excess risks for all cancer or for
specific cancers, except for female lung cancer (SMR = 1.75,
95% CI: 1.07-2.71) and leukemia mortality (SMR = 1.54, 95%
CI: 0.42-3.94).
A case-control study of 114 nonlymphoid leukemia cases in

Washington state used interviews, wire codings (for all addresses
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Tible 2. Studies involving leukemia and occupational exposures.

Reference Occupation Histological type Relative risk estimate 95% CI
Studies that looked at leukemia only

(25) Telephone operators
(26) Electrical workers

(28) Electrical workers

Electrical workers

Electrical workers

Electrical workers

Amateur radio operators

Electrical engineers

Electrical workers
Electricians

Welders

Electrical workers

(37) Electrical workers

Leukemia risks from studies involving all cancer types
(45) Electrical workers

(46) Electrical engineers
(49) Linesmen
(50) Amateur radio operators

All leukemia
All leukemia
Acute
All leukemia
Acute
Acute myeloid
All leukemia
Lymphoid
Myeloid
Acute myeloid
All leukemia
Acute lymphoid
Chronic lymphoid
Acute myeloid
Chronic myeloid
All leukemia
Acute myeloid
All leukemia
Acute myeloid
Chronic myeloid
All leukemia
Acute
Acute myeloid
All leukemia
Myeloid
Lymphoid
All leukemia
Myeloid
All leukemia
Chronic
Acute
Lymphoid
Myeloid
Acute myeloid
All leukemia
Acute myeloid

All leukemia
Acute
All leukemia
All leukemia
All leukemia
Acute myeloid

occupied within 15 years before the diagnosis), and indoor elec-
tric and magnetic field measurements to estimate exposures
(19,20). Apart from a weak association with the use ofelectric
bed heaters, none of the exposure surrogates provided evidence
of an association with ELF field exposure.

After dichotomizing the wire codings, Wertheimer and
Leeper (21) reanalyzed the data from this study taking into ac-
count the time of exposure. Their reanalysis suggested an
association between acute nonlymphoid leukemia and both wir-
ing configuration and the use of electrically heated beds. They
found risks to be highest among the group that had had such ex-
posure during the 3 years preceding diagnosis.
A case-control study of 116 acute myeloid leukemia (AML)

and 108 chronic myeloid leukemia (CML) cases found no
association with regular use of electric blankets (22). Another
case-control study of771 leukemia cases investigated the effect
of living in proximity to electrical constructions (23). When
distance to the residence was dichotomized at 100 m, theOR for
power lines was 1.45 (95% CI: 0.54-3.88) and for substations
0.99. Finally, a case-control study oftesticular cancer found no

association with electric blanket use (OR
0.7-1.4) (24).

= 1.0, 95% CI:

Studies Involving Occupational Exposure
A number of studies have examined cancer risks in occupa-

tional groups. Invariably these studies have usedjob classifica-
tion as a surrogate for exposure. For convenience these studies
are considered below in three categories: a) studies that have ex-
amined leukemia only; b) studies that have examined brain
cancer; and c) studies that have looked at all cancers.

Studies That Have Examined Leukemia Only

A number of studies have specifically examined the associa-
tion between leukemia and occupational exposures to elec-
tromagnetic radiation. Results of these studies are summarized
in Table 2.
Wiklund et al. (25) investigated an alleged increased risk of

leukemia in Swedish telephone operators, but found no associa-

(29)

(30)

(31)

(33)

(34)

(35)
(36)

(32)

SMR= 1.03
PMR= 1.37

1.63
PIR = 1.29

1.73
2.07

PMR=0.98
1.00
1.07

OR =2.1
PRR =1.17

1.46
1.29
1.23
0.91

OR = 1.70
1.19

PMR= 1.91
2.89
2.67

PMR= 1.86
2.57

OR =3.8
OR =3.00

2.33
6.00

OR =2.25
3.83

OR = 1.62
2.12
1.25
1.73
1.22
1.16

OR =0.9
0.9

0.53-1.65
1.12-1.67
1.14-2.25
0.85-1.88
0.93-2.93
1.02-3.75
0.78-1.21
0.66-1.45
0.81-1.44
1.3 -3.6
0.96-1.41
0.75-1.79
0.89-1.81
0.86-1.76
0.52-1.48
0.97-2.97
0.42-3.38
1.22-2.84
1.61-4.55
0.72-6.82
0.99-3.18
1.11-5.06
1.5 -9.5
1.29-6.98
0.77-7.06
1.47-24.45
0.92-5.53
1.28-11.46
1.04-2.52
1.19-3.76
0.62-2.54
0.89-3.37
0.60-2.48
0.48-2.84
0.6 -1.3
0.5 -1.8

1.14-1.59
1.26-2.08
0.1 -3.2
0.7 -2.1
0.87-1.72
1.03-2.85

PMR= 1.36
1.62

SMR=0.9
SMR= 1.3
SMR= 1.24

1.76
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tion (SMR = 1.03). The first publication suggesting that occu-
pations involving exposure to electromagnetic fields may be
associated with leukemia was that of Milham in 1982 (26). He
found that 10 of 11 occupations in Washington state that were
presumed to involve exposure to ELF field radiationhad elevated
proportionate mortality ratios (PMR) for all leukemia, with an
overall PMR for the exposed occupations of 1.37 (95% CI: 1.12-
1.67). For acute leukemia, 8 out of 11 occupations had elevated
PMRs, with an overall PMR of 1.63 (95 % CI: 1.14-2.25).

This study and a number of subsequent ones have used propor-
tionate measures of effect (i.e., PMRs, proportional incidence
ratios, and proportional registration ratios). These estimators of
the relative risk have the potential to be misleading ifthere is in-
complete ascertainment of deaths from all causes or if a par-
ticular cause ofdeath is likely to be recorded preferentially. For
example, if there was incomplete ascertainment ofdeaths other
than from leukemia, then a PMR for leukemia might spurious-
ly appear to be elevated (27). Odds ratios from case-control
studies do not suffer from this potential problem.
Also in 1982, Wright et al. (28) published proportional in-

cidence ratios (PIRs) for leukemia in white males in Los Angeles
County. Foroccupations likely to be exposed to ELF field radia-
tion, evidenceofincreased risks was found, particularly forAML.
A similar study by McDowall (29) also found elevated PMRs,

particularly for myeloid leukemia in several electrical occupa-
tions. However, the number of cases in any individual occupa-
tion was very small, and overall PMRs (Table 2) were not rais-
ed. A case-control study of537 AML deaths by the same author
found an odds ratio of 2.1 (95 % CI: 1.3-3.6) for electrical oc-
cupations (29).
An overall proportional registration ratio (PRR) estimate of

1.17 (95% CI: 0.96-1.41) was obtained for all leukemias in 10
electrical work occupations in England (30). Excesses were also
found for acute lymphoid, chronic lymphoid, and acute myeloid
leukemias.

In a New Zealand case-control study involving 546 male
leukemia patients, Pearce et al. (31,32) found an excess for all
leukemia in occupational groups with exposure to ELF fields
(OR = 1.70, 95% CI: 0.97-2.97). This was entirely due to ex-
cesses for radio and television repairmen (OR = 8.17, 95% CI:
1.49-44.74) and electricians (OR = 4.75, 95% CI: 1.59-14.23).
There was no convincing evidence ofan elevated overall risk for
AML (OR = 1.19, 95% CI: 0.42-3.28).
Milham (33) obtained death certificates for 1691 amateur radio

operators from California and Washington state listed in the
"Silent Keys" section of the American Radio Relay League's
monthly magazine. The PMR for all leukemias was 1.91 (95%
CI: 1.22-2.84). The excess risk was attributable toAML (SMR
= 2.89, 95% CI: 1.61-4.55) and CML (SMR = 2.67, 95% CI:
0.72-6.82).
No excess leukemia mortality was found in men who had

worked in electrical occupations in Wisconsin (34). However,
electrical engineers had an increase in all leukemia (PMR =
1.86,95 % CI: 0.99-3.18) and acute leukemia (PMR 2.57,95%
CI: 1.11-5.06). In a case-control study of59 SwedishAML cases,
electrical workers had an elevated risk (OR = 3.8, 95% CI:
1.5-9.5) (35).
A case-control study was carried out with 53 male leukemia

cases who had worked in a shipyard between 1952 and 1977 (36).

Associations with leukemia were found for having worked as an
electrician or as an electric welder (Table 2).

Pearce et al. (32) found a leukemiaOR for New Zealand elec-
trical workers of 1.62 (95% CI: 1.04-2.52) in a case-control study.
Contrary to most other studies, the ORs were higher for chronic
and lymphatic leukemias than for acute and myeloid leukemias
(Table 2). Also contrary to other findings, Loomis and Savitz (37),
in a case-control study ofU.S. men, found no elevated risk for total
leukemia in electrical workers (OR = 0.9,95% CI: 0.6-1.3) or for
acute myeloid leukemia (OR = 0.9,95 % CI: 0.5-1.8). However,
certain subgroups of electrical workers had elevated leukemia
mortality, particularly electrical and electronic technicians (OR
= 1.9) and electricians (OR = 1.8).

Studies of Brain Cancer Only
A number of studies (summarized in Table 3) have examined

the relationship of brain cancer with electrical occupations. The
first ofthese was a study ofcentral nervous system neoplasms in
Los Angeles County, California, which produced a PIR of 1.42
(95% CI: 0.71-2.54) for white male electricians (38).
Lin et al. (39) performed a case-control study with 951 white

males who died of brain cancer in Maryland. Job types were
categorized on the basis of likely exposure to ELF fields; i.e.,
definite, probable, possible, or no exposure. This was the first
study to attempt to systematically categorize electrical jobs in
terms of their degree of exposure. Cases and matched controls
were analyzed in two separate groups according to whether there
was a case diagnosis ofglioma (519 pairs) or whether the type of
brain tumor was unspecified (432 pairs). For both groups, a
positive trend with increasing likelihood ofexposure was found.
This trend was strongest for the glioma group.
Thomas et al. (40) carried out a case-control study involving

435 brain tumor cases (including 300 gliomas). For occupations
considered to have involved exposure to microwave and radio fre-
quency radiation, theOR for all brain tumors was 1.6 (95% CI:
1.0-2.4).For those who had worked as electronics workers, the
OR for gliomas was 4.6 (95 % CI: 1.9-12.2), and for electrical
tradesmen, the corresponding OR was 1.8 (95% CI: 0.8-3.9). For
electronics workers, there was also an exposure-duration-
response relationship for gliomas (p < 0.05). For electrical
tradesmen, the exposure-duration-response relationship was
much weaker. The latter group was regarded as having been ex-
posed to ELF radiation, whereas the former group was exposed
to very high frequency and ultra-high frequency electromagnetic
radiation and may also have been exposed to chemicals, in-
cluding soldering fumes and solvents.
A case-control study of east Texas residents who had died of

glioma found men employed in occupations involving elec-
tromagnetic field exposure to have an elevated risk (OR = 3.94,
95% CI:1.52-10.20) (41). When degree of exposure was cate-
gorized according to the scheme ofLin et al. (39), a linear trend
for risk associated with increasing exposure was found (p <
0.01), with ORs ranging from 1.15 to 2.86.
A New Zealand case-control study found no increased brain

cancer risk for electrical workers overall (OR = 1.01, 95% CI:
0.56-1.82), although there were elevated risks for electrical
engineers (OR = 4.74, 95% CI: 1.65-13.63) and electricians (OR
= 1.91, 95% CI: 0.84-4.33) (32). Another case-control study
ofU.S. brain cancer cases found an OR of 1.5 (95% CI: 1.0-2.1),
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able 3. Studies of brain cancer and occupational exposures.

Reference Occupation Cancer type Relative risk estimate 95% CI
Studies of brain cancer only

(38) Electricians CNS PIR=1.42 0.71- 2.54
(39) Electrical workers Glioma (no exposure) OR= 1.00

(possible exposure) 1.44 1.06- 1.95
(probable exposure) 1.95 0.94- 3.91
(definite exposure) 2.15 1.10- 4.0
Test for trend: p < 0.05

(40) Electronics workers Glioma OR=4.6 1.9 -12.2
Electrical tradesmen OR=1.8 0.8 - 3.9

(41) Electrical workers Glioma OR=3.94 1.52-10.20
(32) Electrical workers Brain OR= 1.01 0.56- 1.82

Electricians 1.91 0.84- 4.33
Electrical engineers 4.74 1.65-13.63

(37) Electrical workers Brain OR=1.5 1.0 - 2.1
(42) Electrical workers Astrocytoma OR= 10.3 1.3 -80.8

Glioma 1.7 0.7 - 4.4
Brain cancer risks from studies of all cancer types

(44) Thermoelectric power workers Brain SMR=4.76 0.06-26.5
(45) Electrical workers Brain PMR= 1.23 1.00- 1.50

Electricians 1.55 1.13- 2.05
(46) Electrical engineers Brain SMR= 1.0 0.1 - 3.7
(47) Telecommunication workers Nervous system SMR= 1.03 0.3 - 2.3
(49) Linesmen Nervous system SMR= 1.5 0.9 - 2.4
(50) Amateur radio operators Brain SMR= 1.39 0.93- 2.00

with the excess mainly found among electrical and electronic
technicians (OR = 3. 1) and electric power repairers and in-
stallers (OR = 2.4) (37). Finally, a Los Angeles case-control
study found anOR of 10.3 (95 % CI: 1.3-80.8) for astrocytoma
associated with employment in electrical industries for more
than 10 years. An increasing risk with length ofemployment was
found (test for trend: p = 0.01) (42).

Studies of All Cancers

Some studies have examined the risks for any or all cancers
in workers in electrical occupations. With the exception of the
risks for leukemia and brain cancer (see Tables 2 and 3), the
results of these studies are summarized in Table 4.
Vagero and Olin (43) studied cancer risks in the Swedish elec-

tronics industry. Elevated risks of cancer were found for a
number of sites, including melanoma (Table 4), but not leukemia.
As the authors point out, studying the electronics industry as a
whole is likely to obscure any causal associations occurring in
particular occupational subgroups. Also, work categories were
classified on the basis of thejob reported at the time ofthe 1960
census. Thus, misclassification of exposure status is likely to
bias relative risk estimates toward unity.
Cammarano et al. (44) studied mortality in 270 men who had

worked in an Italian thermoelectric power plant for at least 6
months. Fifteen cancer deaths were distributed over a number
of sites (no leukemias), and an excess was found in those who
had worked at the plant for over 10 years (SMR = 2.76, 95%
CI: 1.43-4.82).

In a PMR study of men who had been employed in occupa-
tions with presumed electrical exposure in Washington State,
Milham (45) found significantly elevated risks for a number of
cancers including cancers ofthe pancreas, respiratory tract and
brain, as well as lymphomas and leukemias (particularly acute
leukemia) (Tables 2 and 4).

Olin et al. (46) studied mortality in 1254 Swedish electrical
engineers. Overall cancer mortality was only halfthat expected
and, with the exception of malignant melanoma (SMR = 3.2,
95% CI: 0.7-9.4), all relative risk estimates were below unity.
The same authors (47) carried out a cancer incidence study of

Swedish telecommunications workers. The 2918 subjects had
worked for the company for at least 6 months during the period
1956 to 1960. SMRs were generally unremarkable, except for
an excess of malignant melanoma (SMR = 2.5, 95% CI:
1.1-4.9). This association increased when cases were limited to
those who had worked in soldering departments and who had at
least 3 years of exposure (SMR = 3.9, 95% CI: 1.4-8.5).
An increased mortality from melanoma was also found in a

cohort of 1807 British semiconductor workers (SMR = 4.4,
95% CI: 1.58-15.05) (48). However, it is not clear whether this
occupation involves substantial exposure to ELF radiation.

In a cohort study of3358 Swedish power linesmen and 6703
power station operators, a total of699 cancer cases were iden-
tified, including 26 leukemias (49). No significant excesses of
any cancers were found in either group.
Following up his earlier study of mortality in amateur radio

operators (33), Milham (50) identified 2485 deaths during 1979
to 1984 of individuals listed in the 1984 Federal Communica-
tions Commission Amateur Radio Station and/or Operator
License File. Mortality from all malignancies was low (SMR =
0.89). However, mortality from all leukemias was elevated
(SMR = 1.24, 95% CI: 0.87-1.72), as was mortality from
AML (SMR = 1.76, 95% CI: 1.03-2.85) and brain cancer
(SMR = 1.39, 95% CI: 0.93-2.0).

Discussion
The evidence for a causal association between ELF elec-

tromagnetic fields and cancer is appraised below in terms of
several widely accepted epidemiologic criteria for inferring
cause-and-effect relationships. None of these criteria are
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Table 4. Studies of all cancer types and occupational exposures (results for leukenmas and brain cancers are presented in the Tables 2 and 3).

Reference Occupation Cancer type Relative risk estimate 95% CI
(43) Electronics workers All RR= 1. 15 1.10-1.20

Larynx 1.46 1.05-2.03
Mesopharynx 2.30 1.11-4.79
Lung 1.52 1.35-1.72
Colon 1.20 1.02-1.43
Bladder 1.22 1.02-1.47
Cervix 1.14 1.04-1.26
Melanoma 1.35 1.05-1.76

(44) Thermoelectric power workers All SMR=2.76 1.43-4.82
(45) Electrical workers Pancreas PMR= 1.17 1.00-1.35

Respiratory 1.14 1.06-1.22
Lymphomas 1.64 1.22-2.16

(46) Electrical engineers All SMR=0.5 0.3 -0.7
Melanoma 3.2 0.7 -9.4

(47) Telecommunication workers All SMR= 1.03 0.8 -1.2
Melanoma 2.5 1.1 -4.9

(48) Semiconductor workers All SMR= 1.03 0.76-1.36
Melanoma 4.4 1.58-15.05

(49) Linesmen All SMR= 1.1 1.0 -1.2
(SO) Amateur radio operators All SMR=0.89 0.82-0.95

necessary preconditions for ajudgment of causality. However,
each may add considerable weight for or against the existence
of a causal association.

Strength of the Association

This criterion is usually assessed in terms ofthe magnitude of
the relative risk estimates. The closer the estimates to unity, the
weaker the associations and the more likely they might be ac-
counted for by chance or bias (see below). Most ofthe relative
risk estimates in Tables 1-4 fall below 3, and many below 2. The
most strikingly elevated risks are for cancers ofthe brain or ner-
vous system, both for children and occupationally exposed
adults. Risk estimates for leukemia in occupational groups are
generally lower and many are proportional measures, which
may be particularly subject to selection bias (see below).

In all studies, the exposure estimators were crude. Thus, it is
certain there will be considerable misclassification ofthe degree
of individual exposure, although in most cases there is no ob-
vious reason to suggest that this would be differential between
cases and controls. [Possible exceptions to this are studies (2,6)
in which wire coding of residences was not done blind to case or
control status). The usual effect of nondifferential exposure
misclassification is to bias relative risk estimates toward unity;
in other words, to cause these estimates to understate the true
risk of exposure to ELF electromagnetic fields.

Consistency
Provided they cannot be explained in terms ofa common bias,

relative risk estimates consistently raised across a number of
studies may provide powerful evidence in favor of a causal
association (or, conversely, for a protective effect if estimates
are less than unity). The most consistent finding in the four
studies ofchildhood tumors (Table 1) is elevated risks oftumors
ofthe nervous system (all statistically significant) found by the
three studies which included cases of this tumor (2,11-13). All
four studies estimated leukemia risk, which was elevated in two
(2,12,13). Another study (9) showed no association, while one

indicated a protective effect (11). All three studies that includ-
ed all childhood tumors found increased overall risks.
As a group, the six studies that have examined the association

of adult cancers with residential ELF radiation exposure show
no pattern of increased cancer risks (Table 1). One study (6)
found a small, but statistically significant, increase for the risks
of all tumors combined, and a dose-response relationship was
apparent. Risks oflymphoma and cancers ofthe breast, uterus,
and nervous system were reported to be significantly elevated,
but no data were presented. Another study found a weak,
statistically nonsignificant association between nonlymphoid
leukemia and electric bed-heater use (19). In the same study,
both wire codes and ELF field measurements produced no
evidence of such an association.
The possibility must be considered that the reason no consis-

tent adult effect has been found is that residential measures ofex-
posure represent only a small proportion ofthe biologically ef-
fective ELF dose that most adults receive. Ifthe bulk ofadult ex-
posures are received at work and elsewhere, then it would be no
surprise that the relatively crude measures used to assess
residential exposure have generally been insufficient for an ef-
fect to be detected. On the other hand, children have spent a
greater proportion of their lives around the home and, therefore,
they are probably subject to less exposure misclassification than
adults.
Twenty-seven studies of occupational exposure have been

reviewed (Tables 2-4). Twelve of these looked specifically at
leukemia risks (25,26,28-37). With the exception ofone study
(25), these all found elevated leukemia risks in at least certain
electrical occupations. Such elevations were sometimes confin-
ed to histological subtypes, particularly AML. Some occupa-
tions showed evidence ofhigher risks than others, although this
varied from study to study.
Seven studies (32,37-42) looked specifically at risks ofbrain

or nervous system cancer. All seven produced evidence of an
association with electromagnetic radiation exposure in at least
some occupational categories.

Eight studies looked at risks associated with electrical occu-
pations for all cancer types (Table 4). Three of these studies
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showed some evidence ofelevated risks for leukemia (45,49,50),
and four produced increased risks of cancer of the brain or
nervous system (44,45,49,50) (Tables 2 and 3). In addition, four
of these studies showed an increase in the risks of malignant
melanoma (43,46-48). In one study the risks ofa wide range of
cancers were raised (43).

In summary, the most consistent findings are increased risks
of leukemia and brain cancer among electrical workers. There
are also consistent increases in brain cancers among children
with higher exposures to electromagnetic fields. Some consisten-
cy also exists in the evidence for an association between malig-
nant melanoma and electrical work.

Dose-Response Relationships
It is generally accepted that in a true causal association, higher

exposures to the causal agent will be associated with greater
risks. Although most studies reviewed did not mention having ex-
amined this possibility, six did report dose-response relation-
ships based on either estimated magnitude of exposure or
likelihood ofexposure: four investigations ofcancers of the brain
and nervous system associated with occupational exposures
(39-42), one study of adult cancers (6), and one of childhood
cancers (12).

Bias
Low relative risk estimates (less than, say, 2) are subject to the

suspicion that they may be attributable to some systematic bias
in the data or their analysis. The various types ofepidemiologic
bias can be grouped under three general headings: confounding
bias, selection bias and information bias.
Confounding Bias. This bias occurs when a causal factor for

the disease is also correlated with the exposure measure of in-
terest. This can lead to finding spurious associations between the
disease and the exposure measure. Provided the confounding fac-
tor has been measured, its presence can be taken into account in
the analysis.
Looking first at the occupational studies, several possible con-

founders have not yet been ruled out. Perhaps the most likely is
a chemical widely used in electrical or electronic work and
causal for, say, leukemia. Benzene, a solvent widely used in the
past, is a known leukemogen, particularly for acute myeloid
leukemia (51). PCBs, which are established animal carcinogens,
have been widely used as dielectrics in transformers and ca-
pacitors. Most occupational studies reviewed had insufficient
data to permit adjustment for exposure to solvents or other
chemicals. Nor was smoking generally adjusted for, although
there is evidence that smoking may be a cause ofleukemia, par-
ticularly AML (52,53).
Another possibility is electromagnetic radiation other than in

the ELF range. Studies have focused on the ELF range largely
because of the first study involving residential exposure (2).
However, this does not preclude the possibility that other fre-
quency ranges may be more carcinogenic. Thomas et al. (40)
provided suggestive evidence for this when they showed that oc-
cupations more likely to be exposed to radio frequency and
microwave radiation had higher brain cancer risks than those oc-
cupations primarily exposed to ELF radiation. This suggestion
rec ives some support from a meta-analysis (54), which found

consistently elevated leukemia risks across studies for telegraph,
radio and radar operators. For this group, the pooled relative risk
estimate for leukemia across studies was 1.8 (95% CI: 1.4-2.6)
and for AML, 2.6 (95% CI: 1.4-4.4).

It is less easy to postulate confounding factors for the residen-
tial exposures because it is not obvious what would correlate with
wire codes or ELF field measurements and, at the same time, be
causal for the cancers in question. To explain the findings with
wire codes, any confounding factor would have to be much more
strongly associated with wire codes than are ELF field measure-
ments (4). Twopossibilities are traffic density and water quality.
The former may occur if wires carrying higher current loads are
more likely to run along main thoroughfare. Savitz et al. (12) ad-
justed for traffic load and found it had no effect on risk estimates.

Residential electric power supplies are often grounded through
the domestic plumbing system. Such currents might have an elec-
trolytic effect on pipe materials, releasing various metals into the
water supply. This possibility has not been tested in any of the
studies to date. However, no metals have yet been implicated as
causes of brain cancer (or leukemia).

Selection Bias. When there is a systematic difference between
the subjects selected for study and those not selected, selection
bias occurs. This bias is ofmost concern in the studies, mostly
of leukemia in electrical workers, which used proportionate
measures ofeffect(PMRs, PIRs, andPRRs). Thesemaybebiased
if all causes of death in the cohort are not equally liable to be
ascertained, or ifthe so-called healthy worker effect is operating,
such that incidence ofor mortality from most other diseases in
the cohort is low. In one study the controls were selected dif-
ferently from the cases (9). This could have obscured an associa-
tion with childhood leukemia.
One further possibility is publication bias. The overall findings

ofthis review may be distorted if studies that find associations are
more likely to be published than those that do not. This bias is
very difficult to assess. However, in an area ofsuch widespread
interest the results of at least large studies are unlikely to go un-
published, whatever their outcome.
Information Bias. This bias occurs when the quality of infor-

mation on exposure or disease outcome is unsatisfactory, leading
to misclassification of subjects in the statistical analysis. Such a
bias has certainly occurred in the studies reviewed here, because
the estimates ofELF field exposures were imperfect surrogates
for the true ELF exposures. It seems probable that in most
studies such a bias would have been nondifferential between
cases and controls. This would lead to underestimates ofany true
risks associated with ELF exposure.

BiolQgical Plausibility
The plausibility of a putative cause and effect relationship is

enhanced when results ofexperimental animal or in vitro studies
support the epidemiologic findings. However, it has not so far
been demonstrated that ELF field exposures are carcinogenic in
experimental animals or genotoxic in in vitro test systems. Thus,
the hypothesis associating human cancers and ELF fields may to
some extent be regarded as lacking in experimental support. This
is not altogether unprecedented: Inorganic arsenic is a well-
established human carcinogen, but has not been shown convin-
cingly to cause cancer in animals, or point mutations in in vitro
systems. However, unlike ELF field exposure, arsenic has been
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shown to increase the rate of chromosomal abnormalities and
sister chromatid exchange when it is present during DNA
replication (55).
Experimental studies have shown that exposure to elec-

tromagnetic fields can have biological effects other than car-
cinogenesis (although the replicability of some ofthese studies
may be in question). These include changes in calcium efflux
from cell walls, effects on trout fertility, alterations in circadian
rhythms in several species, effects on pineal gland function and
melatonin content in rats, and alterations in heart rate in humans
(1,3,4). These have led to the development of new hypotheses
about how cancer might be caused by ELF exposure. It seems
likely that ifELF field exposure is carcinogenic, then it is pro-
bably acting through a promotional mechanism, rather than as
an initiator.

Conclusions
The evidence for a carcinogenic effect of ELF radiation is

strongly suggestive, although not yet conclusive. The evidence
is strongest for brain cancer in both exposed workers and
children. The relative risk estimates are sufficienfly consistent,
elevated, and precise that they are unlikely to be explained by
chance or bias. The finding of dose-response relationships in
four occupational brain cancer studies further increases the
likelihood of a causal connection. It may be more than a coin-
cidence that between 1968 and 1987 mortality rates from cancers
of the brain have approximately doubled in persons aged 65 and
older in seven industrialized countries (56).
The evidence for leukemia is less strong. There is an im-

pressive consistency in the occupational studies in the direction
ofrelative risk estimates for leukemia, particularly acute myeloid
leukemia. However, these risk estimates are generally low, and
the possibility that they might be explained by confounding or
selection bias cannot be ruled out. So far the evidence for
childhood leukemia is weak, although several studies did find
elevated relative risk estimates. However, the studies are relative-
ly few and such findings could easily be due to chance.
The evidence for a carcinogenic effect from adult residential

exposures is inconsistent and unconvincing at present. However,
this might be attributable to exposure misclassification. Risks for
malignancies other than brain cancer and leukemia cannnot be
ruled out on the basis of current evidence. The evidence for
melanoma in several occupational studies is particularly sug-
gestive. However, more narrowly focused studies will be re-
quired if other cancers are to be properly investigated.
As noted above, the exposure measures that have been used in

the epidemiologic studies to date are imprecise surrogates for a
true biologically effective exposure, which remains unidentified.
The resulting exposure misclassification will certainly have
depressed any truly elevated relative risk estimates toward the
null value. It is perhaps remarkable, given the uncertainties in
our understanding ofthe exposure of interest, that elevated risks
have been detected at all. For that reason, ifa causal relationship
between ELF fields and cancer is eventually confirmed, the true
relative risks will almost certainly turn out to be appreciably
higher than those listed above. Further epidemiological studies
will need to concentrate on developing more appropriate
measures of exposure to define what these risks might be.
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