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Future needs of occupational epidemiology of
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fields: review and recommendations

L Kheifets,” J D Bowman,? H Checkoway,®> M Feychting,* J M Harrington,® R Kavet,®
G Marsh,” G Mezei,® D C Renew,® E van Wijngaarden®

ABSTRACT

The occupational epidemiological literature on extremely
low frequency electric and magnetic fields (EMF) and
health encompasses a large number of studies of varying
design and quality that have addressed many health
outcomes, including various cancers, cardiovascular
disease, depression and suicide, and neurodegenerative
diseases, such as Alzheimer disease and amyotrophic
lateral sclerosis (ALS). At a 2006 workshop we reviewed
studies of occupational EMF exposure with an emphasis
on methodological weaknesses, and proposed analytical
ways to address some of these. We also developed
research priorities that we hope will address remaining
uncertainties. Broadly speaking, extensive epidemiological
research conducted during the past 20 years on
occupational EMF exposure does not indicate strong or
consistent associations with cancer or any other health
outcomes. Inconsistent results for many of the outcomes
may be attributable to numerous shortcomings in the
studies, most notably in exposure assessment. There is,
however, no obvious correlation between exposure
assessment quality and observed associations.
Nevertheless, for future research, the highest priorities
emerge in both the areas of exposure assessment and
investigation of ALS. To better assess exposure, we call
for the development of a more complete job-exposure
matrix that combines job title, work environment and task,
and an index of exposure to electric fields, magnetic
fields, spark discharge, contact current, and other
chemical and physical agents. For ALS, we propose an
international collaborative study capable of illuminating a
reported association with electrical occupations by
disentangling the potential roles of electric shocks,
magnetic fields and bias. Such a study will potentially lead
to evidence-based measures to protect public health.

A substantial segment of the epidemiology on
electric and magnetic fields (EMF) has focused on
occupational settings, where exposures that are
generally greater than those in the general popula-
tion provide the potential for easier detection of
effects. More importantly, EMF exposure is
increasing in some occupational settings and
concerns a large number of workers in a variety
of industries. Further research affords an opportu-
nity to prevent adverse health effects through
exposure reduction, if warranted.

Most of the prior reviews focus on environ-
mental exposures or on particular diseases, leaving
many questions unanswered. To identify the
highest priority research needs in occupational
extremely low frequency (ELF) EMF epidemiology

and to develop practical proposals to address
remaining uncertainties, the Energy Networks
Association (ENA) in the UK sponsored a meeting
to which an international group of experts was
invited. The sponsors imposed no constraints on
the group’s review of the current state of knowl-
edge or on their deliberations or recommendations.
The meeting took place in Edinburgh, Scotland
over 14-15 September 2006. In this summary
report we review studies of occupational EMF
exposure, discuss impediments in many of these
studies, and present priority recommendations for
research to address remaining uncertainties.
Following extensive literature searches in PubMed
and other databases, papers for detailed review
were selected according to the judgment of work-
shop participants.

HISTORICAL OVERVIEW OF OCCUPATIONAL EMF
EPIDEMIOLOGY

The occupational EMF literature encompasses a
large number of studies with a variety of designs,
such as proportional mortality studies, studies of
workers in ‘‘electrical” occupations, studies of
electric utility cohorts, and studies of the general
population. The literature includes mortality and
incidence studies.

Early studies were characterised by rather crude
exposure assessment, sometimes limited to inves-
tigation of disease risk for individual job titles or to
grouping of job titles as “electrical occupations”;
often, an individual was classified as having an
electrical occupation (variously defined) on the
basis of a single job reported on a death certificate.
Later studies improved exposure assessment
through the use of job-exposure matrices (JEMs)
based on workday measurements of magnetic field
levels in various occupations. The most sophisti-
cated and detailed JEMs relied on individual
measurements for both individual work tasks and
work environments. Initially, JEMs included occu-
pations held predominantly by men and only
recently have included those held mainly by
women. Also recently, exposure assessment has
shifted from jobs to relevant sources of exposure,
permitting assessment of historical as well as
current exposures.

Large cohorts of electric utility employees have
contributed the most significant share of the
occupational data."” In addition, disease registries
linked to JEMs have included workers in other
industries.*""  Following the first report by
Wertheimer and Leeper in 1979 of an increased
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risk of adult cancer with work in electrical jobs," initial studies
by Milham' and others concentrated on leukaemia and brain
cancer. Subsequent studies have investigated other cancers,
notably breast cancer, and, more recently, cardiovascular and
neurodegenerative diseases.

EPIDEMIOLOGICAL STUDIES OF OCCUPATIONAL EMF
EXPOSURE AND HEALTH OUTCOMES

Cancer

A pooled analysis of major utility cohort studies published in
1999 found weak associations between occupational EMF
exposure and leukaemia and brain cancer.” Recent analyses of
large electric utility cohorts in Denmark” and the United
Kingdom,”® welders in Sweden’ and railway workers in
Switzerland' showed no consistent risk increases for leukaemia
or brain cancer with elevated occupational magnetic field
exposure. Reduced exposure misclassification through improve-
ments in exposure assessment methods, such as the use of
detailed individual job histories augmented with full-shift
measurements or JEMs, did not result in higher risk. Although
a 2008 update to meta-analyses conducted in 1995 and 1997V
found small risk increases for all types of leukaemia and brain
cancer, pooled risk estimates were lower than in past meta-
analyses, and leukaemia subtypes showed no consistent pattern
when past and present meta-analyses were compared.* Findings
were not sensitive to assumptions, influential studies, weight-
ing schemes, publication bias, study characteristics or funding
source. Although a small risk increase for leukaemia and brain
cancer cannot be entirely excluded, the lack of a clear exposure—
outcome pattern suggests that magnetic fields as presently
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Figure 1 Results from individual studies of Alzheimer disease. For
consistency between studies, the risk estimates presented are based on
overall analyses of subjects’ primary occupations. Included case—control
and cohort studies were identified through a PubMed search using the
keywords “neurodegenerative disease” or “Alzheimer’'s disease” and
“electromagnetic fields” or “magnetic fields”. The search was restricted
to articles in English and to studies reporting results for Alzheimer's
disease separately.
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measured are by themselves not responsible for the observed
excess risk. A recent World Health Organization review of
occupational studies" did not alter the International Agency for
Research on Cancer’s 2002 conclusion that there is inadequate
evidence to link magnetic field exposure to adult cancers.”

The hypothesis that magnetic field exposure increases breast
cancer risk by suppressing nocturnal melatonin provided the
motivation for studying breast cancer in relation to occupa-
tional magnetic field exposure. For male breast cancer, which is
extremely rare, the literature consists mostly of studies with
small numbers of cases. Both cohort and case—control studies
show conflicting results, and overall do not provide strong
support for an association.”

For female breast cancer, study results are mixed, with some
studies reporting moderately elevated risks for premenopausal
women and for oestrogen-receptor-positive breast cancers.*?*
Risk did not increase with elevated magnetic field exposure in a
recent case—control study of more than 20 000 female breast
cancer cases in Sweden that used an elaborate, female-specific
JEM and included adequate control for potential confounders.™
Recent studies from Norway, the United States and China also
indicated no association between occupational exposure to
magnetic fields and female breast cancer.”®" The epidemiologi-
cal evidence available to date thus does not provide support for
an association.

Several studies examined various other types of can-
cer.'” 22 %% Qverall, there is no consistent indication of any
relationship between these cancers and occupational magnetic
field exposure.

Neurodegenerative diseases

Research investigating risk of neurodegenerative diseases has
focused mainly on Alzheimer disease (recently reviewed by
Santibafez et a/*) and amyotrophic lateral sclerosis (ALS), and,
to a lesser extent, on Parkinson disease.

A notable weakness in neurodegenerative disease studies is
case identification. In some studies, cases were identified in
hospitals and controls among patients with other diseases at the
same hospitals or among friends or relatives of cases. These
studies are likely to have greater potential for selection bias than
population-based studies, which, on the other hand, have often
identified cases from mortality registries and thus have greater
potential for disease misclassification.*

No consistent evidence has linked Parkinson disease to high
occupational EMF exposures. Most of the available studies
found no evidence of increased risk.* **

Early studies of Alzheimer disease provided weak evidence of
an association with EME.*® The strongest evidence came from
two clinic-based studies, whereas evidence from four popula-
tion-based studies was considerably weaker and more incon-
sistent, for example, in terms of exposure timing.* ' * ' Eight
studies published in 2000 or later were population based, and
again the results were mostly inconsistent,** ** ** whereas one
clinic-based study™ was consistent with previous studies by the
same investigators that used their original design.* *

Figure 1 provides risk estimates. Findings of increased risk do
not seem to have been influenced by exposure assessment
method or, with the exception of clinic-based studies, source of
case identification. Subgroup analyses within studies strengthen
the impression of inconsistency in the data. One recent study of
mortality among electricity generation and transmission work-
ers in the UK indicated no increase in Alzheimer disease,®
whereas a Swiss study of railway employees found an increasing
risk of Alzheimer disease with increasing exposure.”
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Figure 2 Results from individual studies of amyotrophic lateral
sclerosis (ALS). Included case—control and cohort studies were identified
through a PubMed search using the keywords “neurodegenerative
disease” or “amyotrophic lateral sclerosis” and “electromagnetic fields”
or “magnetic fields”. The search was restricted to articles in English.

Table 1 summarises selected ALS studies; fig 2 shows risk
estimates. Studies up to 2000 yielded more consistent evidence
(table 1), with several clinic- and population-based studies
suggesting an increased risk with employment in electrical
occupations.* ¥ " Two of six recent studies reported an
increased risk with EMF exposure; one of the two may have
been confounded by co-exposure to neurotoxic agents,* and the
other was restricted to railway workers.”” Three of the studies
reporting no effect on ALS risk estimated magnetic field
exposure through JEMs* * #; like the earlier studies, however,
two of these studies* ** found an increased risk for electrical
occupations. A recent UK study reported broadly similar results
for magnetic field exposure but found no risk increases in any
job categories for motor neuron disease mortality among
electricity generation and transmission workers compared to
the general population.* Thus, the evidence linking electrical
occupations to an increased risk of ALS is remarkably
consistent, but the evidence of an association with measured
magnetic field levels is weaker. One explanation could be that
another risk factor causes the increased risk in electrical
occupations. Exposure to electric shock is a possibility,” *
although it is not likely to explain the entire risk increase.*

Other diseases

Cardiovascular disease

A 2007 review provides a detailed summary of studies of EMF
and cardiovascular disease.” Early descriptive studies reporting
arthythmias and tachycardia among Russian high-voltage
switchyard workers first raised concern about cardiovascular
effects from EMEF exposure. Later studies were designed to
investigate the hypothesis that long-term exposure to EMF may
increase cardiovascular disease mortality by reducing heart-rate
variability.® In a 1999 cohort study of electric utility workers,
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Savitz et al found elevated risks of mortality from cardiovascular
disease.® A number of epidemiological studies in several
countries that used a variety of study designs did not confirm
Savitz’s findings.” 7 Additionally, recent experimental studies
of volunteers™ found no decrease in heart-rate variability after
exposure to EMF. We therefore conclude that occupational
exposure to EMF does not appear to play a role in the aetiology
of cardiovascular diseases.

Suicide

A pathway involving a possible effect of EMF on melatonin
production, the role of melatonin in depression, and depression
as an important risk factor for suicidal behaviour makes suicide
a potential consequence of EMF exposure.” 7 Selected occupa-
tional studies on this subject are summarised in table 2.

In a study of electric utility workers, van Wijngaarden et al
observed an exposure—response relationship with recent but not
distant magnetic field exposure, with an OR of 1.7 in the
highest exposure group.”” However, other electric utility worker
studies provide only limited support.” 77 Studies using job title
as a surrogate for EMF exposure are equally inconsistent.”*®
Lack of information on potential confounding factors in most
studies further hampers the interpretation of these findings.

CHALLENGES
Occupational EMF exposure assessment

ELF magnetic field exposures

Exposure assessment, including the use of JEMs, remains a
major challenge in occupational EMF epidemiology. For the past
15 years, the better studies have assessed the magnitude of
time-weighted average (TWA) magnetic fields with JEMs based
on personal measurements. JEMs for electric utility workers® *
and for the general population® * have been constructed from
extensive full-shift measurements with three-axis magnetic field
meters that record an approximation to the “resultant” field
every few seconds. These resultant data are combined with
activity records to calculate either the TWA of the magnetic
field or other metrics.

One problem with JEMs is that occupation is not the main
determinant of magnetic field exposure. A person’s occupational
exposure depends on magnetic field sources encountered during
work, the average strength of sources, and the proportion of
time spent at different locations relative to sources.
Consequently, measured exposure varies widely among indivi-
duals within occupational groups.” Furthermore, when JEMs
are populated solely from measurements, they cannot properly
represent historical exposures. Thus, JEMs can misclassify ELF
magnetic field exposures.

Several improved JEMs have been developed. Miller er al
constructed a JEM that classifies exposure measurements by
location as well as by job.” Renew et al assessed exposures of
power station workers with a magnetic field model that takes
account of the engineering design, layout and operational
history for each power station.*® Results from this model were
combined with the proportion of time spent in specific station
areas for each job and with occupational history to give
individual exposure values. This approach has the added
advantage of reconstructing historical exposures. In another
approach, Coble et al (submitted) modified the JEM’s average
magnetic field for an individual by using interview information
on exposure times and locations relative to reported sources. A
combination of these innovations might reduce exposure
misclassification in future studies. However, considerable
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lateral sclerosis (ALS)

Main characteristics and findings of epidemiological studies of exposure to occupational electric and magnetic fields and risk of amyotrophic

Author, year

Study population (location)

Exposure assessment

Covariates

Exposure group

RR (95% CI); observed*

Deapen and
Henderson, 1986%

Gunnarsson et al,
1991%

Gunnarsson et al,
1992%

Davanipour et al,

1997%

Savitz et al, 1998*

Savitz et al, 1998%

Johansen and

Olsen, 1998+

Noonan et al, 2002*

Hakansson et al,
2003"

Feychting et al,
2003

Park et al, 2005

518 ALS cases identified from the ALS
Society 1977-79, 518 friend controls (USA)

1961 deaths from ALS in the Swedish
population 1970-83, 2245 population-based
controls (Sweden)

92 prevalent cases of motor neuron disease
at hospitals in central and southern Sweden,
372 population-based controls (Sweden)

28 clinic-based prevalent cases of ALS,
32 relatives controls (USA)

Cohort of 139 905 men working at five

US electric utility companies 1950-86.
Mortality compared to the general
population, and internal comparisons within
cohort; 33 ALS cases identified (USA)

114 deaths from ALS 1985-91, matched
controls selected from among persons
who died from other causes not related
to electric and magnetic fields (USA)

Cohort of 26 135 men working in an electric
utility company 1900-93; 14 deaths from
ALS identified. Mortality compared to
national mortality rates (Denmark)

312 deaths from ALS 1987-96 in
Colorado, 1248 matched controls among
other causes of death (USA)

Cohort of Swedish engineering industry
workers with a large proportion of
resistance welders, 537 692 men and
180 529 women followed in Causes of
Death Registry 1985-96; 97 deaths from
ALS identified (Sweden)

Economically active Swedish population
1980, 4 812 646 persons, followed in the
Causes of Death Registry 1981-95; 1965
deaths from ALS identified (Sweden)

6347 deaths from motor neuron disease
in 22 states during 1992-98; controls
were deaths from other causes not
related to electric and magnetic fields or
solvents (USA)

Exposure defined as
“electrical occupations”

Occupational categories

Occupational categories

Occupations classified by
industrial hygienist as
electrical (high or medium)
or non-electrical

Used work-shift
measurements of extremely
low frequency fields in a
sample of workers to
categorise occupations

Occupations classified
according to work in
“electrical occupations”

Job-exposure matrix;
categorised workers into high,
medium, low or background
magnetic field exposure

Three methods:

1) primary occupation
classified as electrical or
non-electrical,

2) combination of occupation
and industry codes classified
into four exposure categories,
3) population-based job-
exposure matrix constructed
from 2400 magnetic field
measurements

Information on occupation
from censuses linked to a
job-exposure matrix
constructed from over 1000
measurements

Information on occupation
from 1970 and 1980 censuses
linked to a job-exposure matrix
constructed from over 1000
measurements

Information about usual
occupation from death
certificate linked to job-
exposure matrix constructed
from 2400 magnetic field
measurements

Age, men only

Age, men only

Sex

Age, calendar year,
race, social class,
work status, poly-
chlorinated biphenyl
and solvent
exposure

Age, social class,
men only

Age, duration of
employment, men
only

Age, race,
occupational
grouping, men only

Age, sex,
socioeconomic
status

Age, sex,
socioeconomic
status

Age, sex, race,
region, socio-
economic status

Electrical occupation

Electricity workers

Electricity work

Average lifetime
occupational
exposure, 75th
percentile

Employment in
exposed occupation,
years

0-<5
5-<20
=20

Electrical occupation

Medium to high
exposure (=0.3 uT)

Electrical occupation
No exposure
Possible exposure

Definite or probable
exposure

Average exposure
<0.1 puT
0.1-0.19 uT
0.2-0.29 uT
=03 uT

Average exposure
<0.164 pT
0.164-0.250 puT
0.250-0.530 uT
>0.530 pT

Average exposure
=3 uT

1970 and 1980

1970 or 1980

=5 uT

1970 and 1980

1970 or 1980
Electrical occupations

Analysed as a
continuous variable
with 10 equal width
exposure strata

3.8 (1.4 to 13.0); 19

1.5 (0.9 to 2.6); 32

6.7 (1.0 to 32.1); 4

2.3 (0.8 to 6.6)

1.0; 22
1.8 (0.7 to 4.7); 18
2.4 (0.8 t0 6.7); 16

1.3 (1.1 to 1.6); 114

25(1.1t0 4.8); 9

2.3 (1.29 to 4.09); 19
1.0; 242

1.18 (0.83 to 1.67); 285
1.75 (1.00 to 3.06); 19

1.0; 59

0.79 (0.54 to 1.15); 134
1.21 (0.75 to 1.93); 51
0.77 (0.37 to 1.59); 12

1.0; 15

1.58 (0.88 to 2.81); 52
1.95 (0.97 to 3.92); 17
2.16 (1.01 to 4.66); 13

0.8 (0.6 to 1.1); 48
0.8 (0.7 to 1.0); 197

0.6 (0.4 to 1.0); 16
0.7 (0.6 to 1.0); 83
1.4 (1.0 to 1.8); 47

0.94 (0.73 to 1.20); 5965
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Table 1 Continued

Author, year Study population (location)

Exposure assessment

Covariates Exposure group RR (95% Cl); observed*

Sorahan and
Kheifets, 2007

Mortality 1973-2004 among 79 972
Generating Board of England and Wales

68 deaths from motor neuron disease
identified. Compared to mortality rates for
the general population of England and Wales
and internal comparisons (Great Britain)

exposure

Roosli et al, 2007*°
railway employees. Internal comparisons
within cohort, train drivers had highest

exposure and station masters the lowest.  exposure

Information on job and facility Age, sex,
employees of the former Central Electricity (location) used to estimate
exposures to magnetic fields. socioeconomic
with computerised work histories 1971-93; Power station workers

considered to have highest

Mortality 1972-2002 among 20 141 Swiss Exposure was assessed
through on-site measurements Study was
and modelling of past

Electricity generation 0.87 (0.67 to 1.10); 68
and transmission
workerst

RR per uT year
cumulative exposure

calendar year,

status (the latter
only in internal
comparisons)

1.04 (0.84 to 1.30); 78

1.31 (0.31 to 5.59)
2.32 (0.70 to 7.73)

Railway train drivers
Cumulative lifetime
exposure >median

Age, time period.

restricted to men

*Observed number of exposed ALS cases; fstandardised mortality ratios (SMRs).

attention to detail is required when applying improved exposure
metrics to ensure that they result in exposure assessments
which are more accurate.

Electric fields, shocks and contact current

Magnetic fields are not the only aspect of the ELF electro-
magnetic environment, which also includes electric fields,
electric shocks, microshocks (spark discharge) and contact
current.

In electric utility environments, typical elevated electric fields
induce greater current in the body than typical elevated
magnetic fields, and far greater currents occur in the body
during electric shocks, albeit very briefly. Miller reported an
association for leukaemia in utility workers that was much
stronger for electric fields than for magnetic fields,*” and electric
shocks have been suggested as a risk factor for ALS.

Elevated electric field exposures occur only where there are
unshielded high-voltage conductors. Moderate-to-high levels
(0.1 to >1 kV/m) are found only near high-voltage transmission
lines or exposed busbars in substations. In these limited
environments, adequate estimates of TWA electric field
exposures can be obtained from spot measurements or
computer modelling.”

A “taxonomy of electric shocks” that identifies the different
types of shocks is needed for future investigations. Severe
electric shocks among utility workers are rare and are reportable
to government authorities in some countries; this may be useful
for compiling data about the rate of severe but non-fatal shocks.
Microshocks can be experienced by a person on touching a
conducting object in an electric field greater than about 2 kV/m.
Contact current flows imperceptibly into the person’s body
while the person remains in contact with the conductor.

Alternative magnetic field exposure metrics

The absence of an established mechanism by which magnetic
fields could produce health effects” makes it difficult to identify
the definitive metric for assessing exposure. Misspecification of
the exposure metric is likely to bias risk estimates towards the
null.

A possible source of misclassification in EMF exposure
assessment is the sole use of the resultant magnetic field as
the exposure metric, on the assumption that TWA adequately
represents magnetic field exposure. Other magnetic field metrics
that may be more biologically relevant include percentage of
time above a threshold, induced current in the body, combina-
tions of ac and dc fields, the ratio of the major and minor axes,
and intermittency of exposures.” Although many alternative

76

metrics such as these are highly correlated with the TWA, some
are not. We can now measure alternatives to the resultant using
instruments that capture the magnetic field vector waveform in
great detail,”” combined with software that calculates the
alternative metrics from the waveforms (Bowman et al/, in
preparation). The use of multiple metrics for measuring EMFE
exposure is likely to lead to associations that are purely due to
chance. To minimise this possibility, the number of metrics
should be limited to either those used in previous studies or
those arising from a particular biophysical interaction requiring
epidemiological investigation.

Multivariable statistical techniques™? may also be useful in
analysing multiple exposure metrics obtained by using measure-
ment data from vector waveform monitors.”

93-97

Health outcome assessment

Misclassification of health outcomes can be an important source
of error in occupational epidemiology research. Occupational
cohort studies frequently rely on mortality data for outcome
determination. For diseases with high case fatality rates (for
example, ALS and some cancers), mortality provides a reason-
ably complete and accurate indication of disease incidence.
However, diagnostic information inferred from death certifi-
cates may be inaccurate for other outcomes, such as Alzheimer
disease, cardiovascular disease and suicide.” ' In addition, cases
may go undetected or, if identified, may be inaccurately
reported. Where feasible, obtaining clinical and pathological
information would highly benefit disease diagnosis.

Analyses

Control, evaluation and modelling of potential biases
Recent advances in statistical modelling provide powerful
tools that may prove useful for resolving some of the thornier
EMF-related analytical issues; for example, for disentangling
individual and joint effects of jobs, shocks and magnetic fields
in future ALS studies or for taking the exact timing of EMF
and other exposures into account. For example, hierarchical
regression methods provide a generalised framework for
regression analysis that encompasses a number of different
approaches, including non-parametric regression, empirical
Bayes regression, random-coefficient regression, multilevel
analysis, generalised estimating equations, G-estimation,
penalised-likelihood analysis, ridge regression and Stein esti-
mation.'”

Traditional sensitivity analysis, which estimates what the
true effect measure (for example, relative risk) would be in light
of the observed data and a hypothetical level of bias, can also be

Occup Environ Med 2009;66:72-80. doi:10.1136/0em.2007.037994
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Table 2 Main characteristics and findings of epidemiological studies of exposure to occupational electric and magnetic fields and risk of suicide

Author, year

Study population (location)

Exposure assessment

Covariates

Exposure group

RR (95% Cl); observed*

Baris et al,
1996"

Kelsh and Sahl,
1997

Johansen and
Olsen, 1998+

Van
Wijngaarden et
al, 20007

Jarvholm and
Stenberg,
20021

van
Wijngaarden,
2003"

21 744 male electric utility
workers followed from 1970
to 1988; case—cohort study
of 49 suicide deaths and 217
randomly selected workers
(Canada)

40 335 electric utility workers
followed from 1960 to 1991
(USA)

21 236 male electric utility
workers followed from 1974
to 1993 (Denmark)

138 905 male electric utility

workers followed from 1950
to 1988; nested case—control
study of 536 suicide deaths

and 5348 controls (USA)

33 719 male electricians and
72 653 male glass or
woodworkers followed from
1971 to 1997 (Sweden)

11 707 suicides and 132 771
deceased controls identified
from death registry 1991-1992
(USA)

Job-exposure matrix based
on positron measurements

Arithmetic mean (AM) and
geometric mean (GM) of
electric, magnetic and
pulsed electromagnetic
fields

Collapsed similar job titles
into homogenous
occupational groups.

Analysis based on usual
occupation

Job-exposure matrix for
magnetic fields based on
24-h measurements and
judgment

Job-exposure matrix for
magnetic fields based on
time-weighted average
measurements

Job title

Job titles grouped according
to presumed
electromagnetic field
exposure

Socioeconomic status,
alcohol use, marital status
and mental disorders

Age, gender

Age

Age, ethnicity, work status,
social class, geographic
location and exposure to
solvents and sunlight

Age, calendar year

Age, gender, race, marital
status, geographic area,
education

Cumulative electric
fields (V/m) (AM)
<136.10

136.10-<308.60
308.60+
Cumulative electric
fields (V/m) (GM)
<23.10
23.10-<40.30
40.30+

Occupational category

Administrative
/technical/clerical

Management
/professional

Service/labour
Linemen

Meter reader/field
service

Plant operations
Trade/craft

Estimated average
exposure (uT)
<0.09

0.1-0.29
0.3-0.99

1.0+

Recent cumulative
exposure (past year)
(uT-years)

0

>0-0.029
0.03-0.049
0.05-0.11

0.12+

Electricians

Compared with general
population

Compared with glass-
and woodworkers

Occupational category
Not exposed
Exposed$

1.0 (-); 21
1.6 (0.5 to 5.1); 15
1.7 (0.4 to 8.0); 13

1.0 (-); 16
2.8 (0.9 to 8.1); 20
1.8 (0.4 to 8.5); 13

1.0 (-); 18
0.9 (0.3t0 2.5); 5

2.2 (0.96 to 5.2); 8
2.0 (1.1 to 3.8); 22
2.0(0.6 to 7.1); 3

2.7 (1.3 to 5.5); 13
2.0 (1.0 to 3.8); 19

1.0 (0.6 to 1.6); 19
0.8 (0.6 to 1.1); 37
0.9 (0.7 to 1.2); 41
1.4 (0.98 to 1.9); 36

1.0 (-); 294

1.2 (0.8 to 1.9); 58
1.4 (0.9 to 2.3); 62
1.6 (0.97 to 2.7); 62
1.7 (1.0 to 2.9); 60

0.6 (0.5 to 0.7); 95

0.7 (0.6 to 0.9); 95

1.0 (-); 11,283
1.3 (1.2 to 1.4); 424

*Observed number of suicide deaths; fstandardised mortality ratios (SMRs), confidence intervals computed from information provided in original paper; istandardised mortality
ratio; 8electrical and electronics engineers; electrical, household and telephone repairers; electrical and electronics technicians; broadcast equipment operators; electricians and

electrician apprentices; power plant operators; and motion picture projectionists.

improved through the use of Bayesian or Monte Carlo
methods.'**

Combining results across different studies

The proliferation of new EMF studies in recent years provides
excellent opportunities for combining data across studies.
Although attempts have been made to combine results using
meta-analysis of summary results from published epidemiolo-
gical studies of EMF-exposed workers,'® the only effort to
perform analyses of actual data sets pooled from multiple
studies was attempted for the utility worker cohorts.” Pooled
analyses can avoid many difficulties associated with meta-
analytic techniques but require that participating investigators
develop standardised protocols for reconciling study differences,

Occup Environ Med 2009;66:72-80. doi:10.1136/0em.2007.037994

for example, exposure assessment protocols and information on
confounding factors and co-exposures.'”

RESEARCH RECOMMENDATIONS
Much has been learned from occupational EMF epidemiology;
however, several issues remain to be resolved. Research should
employ improved case ascertainment and diagnosis, better
exposure assessment, and better assessment of potential
confounding factors. Future studies should also be large enough
to investigate modifying factors such as age at disease onset, sex
and the effect of exposure timing.

The highest occupational EMF research priorities emerge in
the areas of exposure assessment and investigation of specific
health outcomes.
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Health outcomes

The most promising research would focus on clarifying the
reported association of electrical occupations with ALS. As ALS
is almost invariably fatal within a few years of diagnosis, ALS
deaths in the cohort mortality studies are likely to closely reflect
incidence. However, extremely low incidence presents a major
difficulty in studying ALS, even over a protracted period within
a single cohort. Thus, the number of cases for analysis in
individual studies has been small. A pooled analysis of previous
cohorts, combined with a JEM refined to the extent possible for
past job descriptions, could give a better indication of whether a
true causal factor or the presence of biases produced the
observations published to date.

Exposure assessment

Methods for exposure assessment remain among the most
influential determinants of study quality; thus, broader and
more precise exposure assessment can be an important
advancement. First, the improved method developed to
quantify magnetic field exposure for workers in power stations
should be pursued in future studies of existing electric utility
cohorts. New studies should include detailed information from
interviews or company records for groups of jobs with regard to
field sources encountered during work, the average strength of
these sources (depending on the facility), and the proportion of
time spent at different locations relative to sources. To estimate
exposures for each subject, algorithms that combine this
information with existing EMF exposure data need to be
developed and validated against workplace measurements.
Second, methods for assessing exposure to electric fields, spark
discharge and contact current are worthy of further research, as
is an investigation of alternative exposure metrics for magnetic
fields. With new data, we can develop a more complete JEM
that combines job title, work environment and task, and an
index of exposure to electric fields, magnetic fields, spark
discharge, contact current, and other chemical and physical
agents.

CONCLUSIONS

Although the epidemiological evidence suggests excess risk with
occupational EMF exposure for some health outcomes, there is
no outcome for which the combined evidence is strong or
consistent enough to support the conclusion that a health
hazard exists. For some health outcomes, results from different
studies are inconsistent; for others, the evidence is fragile
because of small numbers and poor precision, or because of the
inherent difficulties of studying particular conditions and
exposures. In vitro, in vivo or mechanistic evidence has not
provided clues for further investigation in occupational epide-
miology. ALS is deemed the highest priority health outcome to
pursue in future studies, along with improvements in exposure
assessment. The development and application of methods to
determine the presence and magnitude of biases using sensitiv-
ity analyses also deserves further consideration.
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