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Previous meta-analyses have suggested an increased risk of amyotrophic lateral sclerosis (ALS) associated
with occupational exposure to extremely low-frequency magnetic fields (ELF-MF). However, results
should be interpreted with caution since studies were methodologically heterogeneous. Here, we assessed
the feasibility of a pooling study to harmonize and re-analyze available original data. A systematic
literature search was conducted. Published epidemiological studies were identified in PubMed and EMF-
Portal from literature databases’ inception dates until January 2019. The characteristics of all studies were
described, including exposure metrics, exposure categories, and confounders. A survey among the
principal investigators (PI) was carried out to assess their willingness to provide their original data. The
statistical power of a pooling study was evaluated. We identified 15 articles published between 1997 and
2019. Studies differed in terms of outcome, study population, exposure assessment, and exposure metrics.
Most studies assessed ELF-MF as average magnetic flux density per working day; however, exposure
categories varied widely. The pattern of adjustment for confounders was heterogeneous between studies,
with age, sex, and socioeconomic status being most frequent. Eight PI expressed their willingness to
provide original data. A relative risk of >1.14 for ALS and occupational exposure to ELF-MF can be
detected with a power of more than 80% in a pooled study. The pooling of original data is recommended
and could contribute to a better understanding of ELF-MF in the etiology of ALS based on a large
database and reduced heterogeneity due to a standardized analysis protocol with harmonized exposure
metrics and exposure categories. Bioelectromagnetics. 2021;42:271-283. © 2021 Bioelectromagnetics
Society.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal
neurodegenerative disease with an incidence of
1.7-2.3 per 100,000 person-years in the general
population [Logroscino and Piccininni, 2019]. ALS,
the most common motor neuron disease (MND)
comprising over 90% of all MND, affects the upper
and lower motor neurons and is so far incurable
[Gordon, 2011; Bozzoni et al., 2016]. About 10% of
ALS cases are hereditary, while the majority are
sporadic [Rowland and Shneider, 2001]. The
etiology of the disease is still unknown, although
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a number of environmental factors are discussed
[Belbasis et al., 2016].

A meta-analysis on ALS and residential expo-
sure to extremely low-frequency magnetic fields
(ELF-MF) [Ro6sli and Jalilian, 2018] included 5
studies, which evaluated the risk of ALS in associa-
tion with exposure to overhead power lines. No
increased risk was found for participants with the
highest exposure. In contrast, a meta-analysis on
occupational exposure to ELF-MF of Zhou et al.
[2012] indicated a moderate statistically significant
increased relative risk (RR: 1.45; 95% confidence
interval [CI]: 1.15-1.84). This meta-analysis com-
bined the results from 12 studies with an exposure
estimation based on job titles. However, when
quantitative data of ELF-MF were analyzed, esti-
mated, e.g., by job-exposure matrices (JEM), the RR
was not statistically significant (RR: 1.09; 95% CI:
0.82-1.43). An extended meta-analysis of Vergara
et al. [2013], including four additional studies, showed
similar results. The most recent meta-analysis of Huss
et al. [2018] included further newly published studies
from Sweden [Fischer et al., 2015], Switzerland [Huss
et al., 2015], Denmark [Pedersen et al., 2017], the
United States [Vergara et al., 2015a], and the Nether-
lands [Koeman et al., 2017]. The pooled estimate
indicated a slightly increased risk (RR: 1.14; 95% CI:
1.00-1.30), comparing individuals with high exposure
to ELF-MF to those with average or low exposure.
However, Huss et al. [2018] identified high hetero-
geneity (I = 74.9%, P = 0.000) between studies. Zhou
et al. [2012] also observed heterogeneity between the
included studies (I2 =58.9%, P=0.001), and Vergara
et al. [2013] hypothesized that methodological
differences like different exposure assessment
methods could be attributed to heterogeneity. Further-
more, heterogeneous cut-off points and thus different
definitions of exposure categories could attribute to
this heterogeneity [Zhou et al., 2012]. Therefore, the
interpretation of meta-analyses with combined risk
estimates based on different exposure categories is
limited.

Huss et al. [2018] additionally concluded that the
observed risks for ALS in analyses of “electrical
occupations” might be related to electric shocks (ES)
rather than ELF-MF exposure. The role of ES as a
confounder for the observed association of ELF-MF
and ALS is still not clear [Zhou et al., 2012]. Specific
workplaces, namely in electrical occupations, seem to
be associated with high exposure to ELF-MF and are
accompanied by an increased risk for ES [Huss et al.,
2013]. So far, it has been difficult to disentangle both
exposures [Huss et al., 2018] because ES occurs
unexpectedly [Huss et al., 2013].
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The aim of this study was (i) to identify relevant
studies on occupational exposure to ELF-MF and the
risk of ALS with a systematic literature search, (ii) to
describe characteristics of the included studies, and
(iii) to evaluate the feasibility of a pooled analysis on
occupational ELF-MF and ALS. For the feasibility of
a pooling study, 2 major questions were addressed: (i)
Is it possible to harmonize exposure data and
confounders of the individual studies? (ii) Is it feasible
to disentangle the effects of ELF-MF and ES on ALS?
We conducted a survey among the principal investi-
gators (PI) of the identified studies and evaluated the
potential power of a pooled analysis based on the
original data of previous studies provided by the PIs.

METHODS

Systematic Search

The systematic search was conducted according
to the PRISMA statement [Moher et al., 2009]. The
eligibility criteria were defined using the Population,
Exposure, Comparison, QOutcome, Study design
(PECOS) strategy [National Toxicology Program,
2015]. Peer-reviewed articles published in English
were included for the feasibility approach when they
reported on men or women >18 years (P). Exposure
was defined as exposure to occupational ELF-MF,
especially in the power frequency range of 50 and
60 Hz, as quantitative exposure estimates in magnetic
flux density in Tesla or Gauss (E). Exposed indivi-
duals were compared with a non- or low-exposed
control group (C) for the risk of ALS or MND (O).
Eligible study designs were epidemiological studies
like case-control studies, cohort studies, or cross-
sectional studies (S). Studies that reported ALS risks
for job titles or residential exposure were excluded.

We conducted a systematic literature search in
PubMed and the EMF-Portal (www.emf-portal.org), a
specific database for studies on the health-related effects
of electromagnetic fields. The search covered a timeframe
from the literature databases’ inception dates up to
November 2018. A detailed description of the search
terms is included in the Supplementary Appendix. After
our initial systematic search, we updated our search in
January 2019 by a nonsystematic screening for further
potentially relevant studies in the EMF-Portal.

In the first stage of assessment, the titles and
abstracts of the identified and potentially relevant articles
were independently screened and assessed by two
reviewers. Articles that failed to meet the inclusion
criteria were excluded. For the abstracts that met the
inclusion criteria, the full-text was retrieved and indepen-
dently reviewed by the same reviewers in the second


http://www.emf-portal.org

stage of assessment. The two reviewers made a final
decision about the inclusion of the articles. Whenever
subgroups or overlaps of study populations were
investigated in different publications, only the most recent
publication with a complete follow-up was included. The
data of relevant articles were extracted independently by
two reviewers. The extraction protocol was defined and
agreed upon before the start of the project. Extracted data
included bibliographic data, country, study type, study
size, study population, outcome information, information
on exposure assessment, exposure metrics, and categories
and information on confounders and risk estimates.

Assessment of the Feasibility of a Pooled Analysis

The PIs of the eligible studies were contacted in
May 2019 to evaluate their willingness to provide
their original data for pooling. We carried out a
sample size calculation for a pooled nested case-
control study, thus enabling the inclusion of partici-
pants from cohort studies and case-control studies
within a joint pooling approach using the two different
study designs available. The cases in the cohort and
case-control studies sum up to the total of all cases in
a pooled nested case-control study, whereas the
controls are recruited in the cohort populations and
control groups of the case-control studies. The
required sample size was calculated to detect an
effect size of >1.14, which was reported in the meta-
analysis of Huss et al. [2018], with a power of 80%
(¢ =0.05, one-sided). For the sample size calculation
of a pooled nested case-control study, we assumed
that 5.25% of the controls are highly exposed [Peters
et al., 2019]. We compared the results of the sample
size calculation to the number of cases in all identified
studies and to the number of cases from studies, where
the PI had indicated a willingness to pool their data.
The sample size calculation was not further stratified
for additional subgroups (e.g., for methods of
exposure assessment), as the overall study base for a
pooled analysis was expected to be limited. Sample
size calculations were conducted in R using the
package epiR [Stevenson et al., 2020]. For the sample
size calculations, we excluded a Swedish cohort study
on ALS mortality by Feychting et al. [2003] due
to potential overlap with cases in a newer Swedish
cohort on ALS incidence by Fischer et al. [2015].

RESULTS

Study Selection and Description

The systematic search yielded 473 articles that
matched the search criteria (Fig. 1). After the removal
of duplicates, 396 articles were screened based on the
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title and abstract, of which 317 studies were excluded
because they did not match the basic eligibility
criteria; among them, 34 articles were not written in
English. Despite fulfilling our inclusion criteria of
study design, exposure, and outcome, we excluded
one article that was published in Danish [Johansen,
2001] as this study was also published in English
[Johansen, 2000] and was included in our full-text
screening. The full text of the remaining 79 articles
was examined. Of these, 62 further articles were
excluded, most of them due to the lack of quantitative
exposure estimates. We identified 3 publications from
Denmark [Johansen and Olsen, 1998a; Johansen,
2000; Pedersen et al., 2017] and 2 publications from
the United Kingdom based on the same study
population [Sorahan and Kheifets, 2007; Sorahan
and Mohammed, 2014]. Therefore, we only consid-
ered the most recent publication from Denmark
[Pedersen et al., 2017] and the most recent publication
from the United Kingdom [Sorahan and Mohammed,
2014], both of which reported results from the longest
follow-up. Due to the additional nonsystematic
screening in the EMF-Portal after November 2018,
we identified one additional relevant article published
online in January 2019 [Peters et al., 2019]. Finally,
15 studies fulfilled the eligibility criteria and were
included in the feasibility assessment.

The 15 studies were published between 1997 and
2019 and were based on study populations from 8
different countries. They included 10 cohort studies,
of which one was analyzed as a nested case-control
study [Fischer et al., 2015], and 5 case-control studies
(Table 1). In total, 8,230,768 participants with 7,357
cases were investigated in the cohort studies. In the
case-control studies, 13,896 cases and 61,651 controls
were considered overall. An overview of risk
estimates for the included studies is shown in the
Appendix. Most studies (13/15) reported adjusted risk
estimates. Two cohort studies reported both crude and
adjusted risk estimates. Of them, no difference in the
study results was seen in one cohort study [Fischer
et al., 2015], while a lower risk estimate was observed
after adjustment for age, sex, and education compared
with the crude risk estimate in the other cohort study
[Parlett et al., 2011].

The majority of all studies (11/15) investigated
“mortality” as the outcome of interest (Table 1).
One cohort study [Pedersen et al., 2017] and one
case-control study reported on “incident cases”
[Fischer et al., 2015], whereas 2 case-control
studies reported on “prevalent cases” [Davanipour
et al., 1997; Peters et al., 2019].

From a total of 10 cohort studies, 5 investigated
occupational cohorts (Swiss railway employees

Bioelectromagnetics
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Records identified through
PubMed
m=372)

Records identified through
EMF-Portal
(m=101)

Records after duplicates removed
(n=396)

Titles and abstracts screened
(n=396)

Records excluded
(=317)

y

Full-text articles assessed for eligibility
m=79)

Full-text articles excluded
(m=62):
+ Studies without quantitative

A4

exposure estimates (n = 55)
* Studies on non-occupational
exposure (n = 5)
* Outcome was not ALS/MND (n=1)
* Study only on electric shock (n=1)

Studies included after full-text screening
m=17)

Exclusion of multiple publications on
the same study population

A4

@=3)

through systematic search
m=14)
One study identified in a non-systematic
search in EMF-Portal in 2019

m=1)

Studies included in the feasibility approach

Fig. 1. PRISMA flow diagram of literature search, eligibility, and inclusion process (adapted
from Moher et al.,, 2009). ALS =amyotrophic lateral sclerosis; MND = motor neuron

disease.

[Roosli et al., 2007] and Swedish resistance welders
[Hakansson et al., 2003], and electric utility workers
from Denmark [Pedersen et al., 2017], the United
Kingdom [Sorahan and Mohammed, 2014], and the
United States [Savitz et al., 1998]. The remaining 5
cohorts were based on occupational information from
the general population. Four of 5 case-control studies
were population-based. One case-control study used
clinical-based cases and blood and nonblood relatives
as controls [Davanipour et al., 1997]. The most recent
case-control study was a pooled study, combining
data from Italy, Ireland, and the Netherlands
[Peters et al., 2019].

The main method to assess occupational
ELF-MF exposure was the application of JEMs
(Table 2). Overall, 13 studies used different JEMs:
the JEM by Bowman et al. [2007] (n =6), the JEM
developed by Floderus et al. [1996] (n =4), and other
JEMs (n=3) [Kromhout et al., 1995; Johansen and
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Olsen, 1998b; Renew et al., 2003]. Furthermore, in 2
studies, alternative approaches were used: measure-
ments and modeling of the exposure for Swiss railway
employees under real service conditions [Ro6sli et al.,
2007] and the evaluation of the occupational history
interrogated by an industrial hygienist [Davanipour
et al., 1997]. Exposure was assessed by job titles from
census data [Feychting et al., 2003; Hakansson et al.,
2003; Parlett et al., 2011; Fischer et al., 2015; Huss
et al., 2015], occupational history of employees from
company records [Savitz et al., 1998; Roosli et al., 2007;
Sorahan and Mohammed, 2014; Pedersen et al., 2017],
job titles on death certificates [Noonan et al., 2002;
Park et al., 2005; Vergara et al., 2015a], or questionnaires
[Davanipour et al., 1997; Koeman et al., 2017; Peters
et al., 2019].

Two different exposure metrics were used to
quantify exposure to ELF-MF (Table 2). In 12 studies,
average magnetic flux density in uT per working day



Outcome
Incidence
Incidence
Mortality
Mortality
Mortality
Mortality
Mortality
Mortality
Mortality
Mortality
Prevalence
Mortality
Mortality
Mortality
Prevalence

Study population
Electric utility workers
General population
General population
Electric utility workers
Railway employees
Resistance welders
General population
Electric utility workers
General population
General population
General population
General population
General population
General population
Clinical-based cases and family
controls

Total and cases; number of cases and
controls
Total: 32,006; cases: 44
Total: 28,044; cases: 4,709
Total: 2,167,046; cases: 237
Total: 73,051; cases: 86
Total: 20,141; cases: 15
Total: 646,694; cases: 97
Total: 4,812,646; cases: 1,965
Total: 139,905; cases: 28
Total: 4,344; cases: 136
Total: 306,891; cases: 40
Cases: 1,323; controls: 2,704
Cases: 5,886; controls: 57,667
Cases: 6,347; controls: not reported
Cases: 312; controls: 1,248
Cases: 28; controls: 32

Study type
Retrospective cohort
Retrospective cohort®
Retrospective cohort
Retrospective cohort
Retrospective cohort
Retrospective cohort
Retrospective cohort
Retrospective cohort

Prospective cohort
Prospective cohort
Case-control
Case-control
Case-control
Case-control

Country
Denmark
Sweden
Switzerland
United Kingdom
Switzerland
Sweden
Sweden
United States
United States
Netherlands/Ireland/Italy ~ Pooled case-control
United States
United States
United States
United States

Netherlands

TABLE 1. Characteristics of the Included 15 Studies on Occupational Exposure to ELF-MF and ALS Sorted by Study Type

ALS = amyotrophic lateral sclerosis; ELF-MF = extremely low-frequency magnetic field.

Sorahan and Mohammed [2014]
?Analyzed as a nested case-control study.

Author [publication year]
Pedersen et al. [2017]
Fischer et al. [2015]
Huss et al. [2015]
Ro66sli et al. [2007]
Hakansson et al. [2003]
Feychting et al. [2003]
Savitz et al. [1998]
Koeman et al. [2017)
Parlett et al. [2011]
Peters et al. [2019]
Vergara et al. [2015a]
Park et al. [2005]
Noonan et al. [2002]
Davanipour et al. [1997]
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was provided. Three studies reported a cumulative
exposure in puT-years [Savitz et al., 1998; Roosli et al.,
2007; Sorahan and Mohammed, 2014]. Most of the
studies reported the geometric mean (8/15) [Noonan
et al., 2002; Feychting et al., 2003; Hakansson et al.,
2003; Park et al., 2005; Fischer et al., 2015; Vergara
et al., 2015a; Koeman et al., 2017; Peters et al., 2019],
one study used the arithmetic mean [Parlett et al.,
2011], and no information on the specification of the
mean value was provided in 6 studies [Davanipour
et al.,, 1997; Savitz et al., 1998; Roosli et al.,
2007; Sorahan and Mohammed, 2014; Huss et al.,
2015; Pedersen et al., 2017]. The exposure categories
varied between the included studies. Whereas in
studies that estimated the average exposure per
working day, the reference categories ranged from
<0.10 to <0.2 uT, and the highest exposure categories
varied from >0.26 to >1.0 uT (Fig. 2). In 2 studies
that estimated the cumulative exposure, the reference
categories varied from <0.59 to <2.5puT-years
(>1.14 to >20.0 uT-years for the highest exposure,
respectively) (Table 2). For the study on Swiss
railway employees, the mean cumulative lifetime
exposure was reported. Station masters served as the
reference category (median: 5.7 uT-years), and train
drivers were defined as highly exposed (median:
120.5 uT-years) [Ro0sli et al., 2007].

Overall, we identified 11 different confounders,
of which each was considered in at least 2 studies
(Table 3). In all studies, results were adjusted for age
and sex (however, in 4 studies, only men were
included). The definition of socio-economic status
(SES), the most frequent confounder after age and sex,
varied largely between studies. For example, in one
study, the SES was based on 2 categories only: blue-
collar workers or others [Hakansson et al., 2003].
Another study used 3 broad occupational categories,
without further information on the categories, to
adjust for SES [Noonan et al., 2002]. A further study
used 5 different categories for SES: white-collar, blue-
collar, farmers, self-employed, and unclassified/
missing, based on the occupational position stated in
the census [Fischer et al., 2015].

Six of 15 studies provided information on the
occurrence of ES among the study participants
(Table 3). The study from Denmark [Pedersen et al.,
2017] obtained data on occupation-related ES from
the Danish Working Environment Authority and from
an accident register. The other five studies used 3
different JEMs for estimating the risk of experiencing
ES [Fischer et al., 2015; Huss et al., 2015; Vergara
et al., 2015a; Koeman et al., 2017; Peters et al., 2019].
The risk for ES was categorized into low, medium,
and high, depending on the occupation of the

Bioelectromagnetics
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@ Lower limit of high exposure category
@ Upper limit of reference exposure category

1
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. ®03
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0
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Fig. 2. Upper limit of reference exposure categories and lower limit of high exposure
categories for the 12 studies on the risk of ALS using the metric average exposure to ELF-MF
in T per working day sorted by lowest to a highest reference category. ALS =amyotrophic
lateral sclerosis; ELF-MF = extremely low-frequency magnetic field.

participant. Three studies [Fischer et al., 2015; Huss
et al., 2015; Koeman et al., 2017] used the JEM by
Huss et al. [2013], which considers 116 different
occupations. One study [Vergara et al., 2015a] applied
the JEM developed by Vergara et al. [2012], based on
501 different occupations, and Fischer et al. [2015]
used an updated version of a JEM by Vergara et al
[2015b].

Assessment of the Feasibility of a Pooled Analysis

A total of 13 PIs responded to our survey. From
these, the PIs of 6 cohorts (6/10) and 2 case-control
studies (2/5) declared their willingness to provide the
original data for a pooling study. Some PIs would
prefer to be actively involved in a potential future
project in terms of developing the study protocol for
data analysis in addition to providing the original data.
A few PIs pointed out that the relocation and transfer
of data may be difficult due to the fact that some
studies were conducted more than 15 years ago. A
need for financial support was also emphasized.

The 8 studies with positive feedback about
providing original data showed methodological differ-

ences. Nearly all studies used JEMs (7/8) to assess
occupational exposure, whereas only one study used
measurements and modeling. For those studies that
investigated the risk for ALS in a specific occupa-
tional setting (e.g., electric utility workers), the
occupational history from company records was
used, while for population-based studies, information
on occupation was retrieved from a few points in time
(census data). Regarding confounders, all studies
except one had available information on age, sex,
and SES or education. Information on ES was
assessed in 3 studies.

Our sample size calculation for a pooled nested
case-control study showed that a total of 10,313 cases
and 20,626 controls with a 1:2 matching must be
included in a pooled nested case-control study to
observe an effect size of >1.14 with a power of 80%.
A 1:3 matching would result in 9,195 cases and
27,585 controls, and a 1:4 matching in 8,635 cases and
35,530 controls. When including data from all studies
identified by our systematic search, 19,288 cases
could be included in such a pooled analysis. In
comparison, if only studies were considered for which
the PIs would provide original data, 11,080 cases

Bioelectromagnetics
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TABLE 3. Reported Confounders® in the 15 Included Studies on Occupational Exposure to ELF-MF and ALS Sorted by Study

Type as in Table 1

Marital

Author (Year) Age Sex SES Education ES Ethnicity Solvents Pesticides Metals status Smoking
Pedersen et al. [2017] v / v
Fischer et al. [2015] v / v v v
Huss et al. [2015] v v / v 4 v v v v
Sorahan and v v /

Mohammed [2014]
Roosli et al. [2007] v/ na.
Hakansson et al. [2003] v / v
Feychting et al. [2003] v v /
Savitz et al. [1998] vV na V v v
Koeman et al. [2017] v / v v v v v v
Parlett et al. [2011] v / e v v
Peters et al. [2019] v / v v v v v v
Vergara et al. [2015a] v na v v v
Park et al. [2005] v v / v v
Noonan et al. [2002] vV na V v v v
Davanipour et al. [1997] v v / v

ALS = amyotrophic lateral sclerosis; ELF-MF = extremely low-frequency magnetic field; ES = electric shock; n.a. =not applicable;

SES = socio-economic status.
#Confounders that were considered in at least 2 studies.

could be included. These results showed that there
would be a sufficient number of participants for both
scenarios to detect an effect of >1.14 with a power
of >80%, even if a pooling study is based on only
those PIs with a positive attitude to such an analysis.

DISCUSSION

Brief Summary

Overall, 15 studies on occupational exposure to
ELF-MF and ALS published between 1997 and 2019
were included in our feasibility assessment. The
studies differed in terms of outcome, exposure
assessment, exposure metrics, and categories as well
as considered confounders. Based on the 8 studies
whose PIs would agree to provide data for a combined
analysis, it is feasible to detect an effect size of >1.14
with a power of 80% within the approach of a pooled
nested case-control study.

Heterogeneity in a Pooled Analysis: Data
Harmonization

All studies investigated the incidence, mortality,
or prevalence. ALS is a disease with high case fatality
rates and leads to death within 2-5 years after
diagnosis [Mehta et al., 2014]. For this reason,
combining these endpoints is a reasonable approach
within a pooled nested case-control study.

The underlying mechanism by which ELF-MF
might have an impact on health effects is still
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unknown. Therefore, the definitive metric to estimate
the exposure is still not certain [Kheifets et al., 2009].
The majority of the 15 studies estimated “exposure per
working day” and 3 studies “cumulative exposure.” In
a pooled analysis, the exposure metric “cumulative
exposure” could be converted to “exposure per
working day” if not already available in the original
data. First, the ratio of exposure as cumulative
uT-years and the number of exposed years needs to
be calculated. Second, the resulting value needs to be
divided by, e.g., 250 days for the United Kingdom,
which corresponds to the number of working days per
year for a full-time job [Sorahan and
Mohammed, 2014].

Compared with guidelines for limiting the
exposure to time-varying electric and magnetic fields
by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP), the observed exposure
levels in the considered 15 epidemiological studies
are, in general, rather low. The ICNIRP defined an
exposure limit of 1,000 uT (50/60 Hz) for 8h per
working day for the occupational setting [International
Commission on Non-Ionizing Radiation Protection,
2010]. The highest reported exposure category in the
included studies started at 1.0 uT, which is only 0.1%
compared with the ICNIRP limits. However, exposure
categories varied substantially in the identified studies,
which is especially true for the highly exposed group.
A meta-analysis is based on published risk estimates
with varying exposure categories between the dif-
ferent studies. In contrast, a pooling study with



original data allows the exposure categories to be
harmonized. This enables a more solid risk analysis
based on a larger database [Vergara et al., 2013; Zhou
et al.,, 2012; Huss et al., 2018]. Uniform exposure
categories could be defined a priori in a protocol for a
pooling approach, and the original data could be fitted
to these categories. Another possibility to harmonize
the original data is calculating the quantiles of
exposure for all available data and using these
quantiles as exposure categories for the pooled
analysis.

In a pooling study, a basic adjustment for age
and sex is possible. This is also feasible for other
important information that was not explicitly men-
tioned as a confounder in the original studies, e.g.,
time of exposure. Adjusting for the time of exposure
in a pooling study would account for possible general
changes in exposure levels in the population over
time, due to, e.g., the use of novel technical equipment
and appliances at work. To cope with studies that used
different definitions for the same confounder, stan-
dardized harmonization procedures should be applied.
For example, SES (reported in 5 of the 8 studies with
positive response) is defined differently in the
included studies. The definitions vary in terms of
complexity. The studies with the smallest number of
categories for SES would define how complex the
construct of SES could be. This means that SES would
be harmonized as a dichotomous variable. In a study
without data on SES, data on education could be
transferred into an approximation of the SES to
enlarge the set of studies adjusting for SES
[Galobardes et al., 2006; Shavers, 2007]. However,
adjusting for additional variables might be limited due
to a lack of further overlapping confounders (Table 3).

A major question of our feasibility study was the
possibility of disentangling the effect of ELF-MF and
ES. However, among those 8 PIs who would be
willing to provide original data, only 2 cohorts and
one case-controlstudy assessed ES. A cohort study
from Sweden [Pedersen et al., 2017] assessed ES as a
dichotomous variable, giving information on whether
a participant did or did not experience ES. Another
cohort study [Fischer et al., 2015] and a case-control
study [Vergara et al., 2015a] estimated the risk for ES
via a JEM and classified the risk levels into low,
medium, and high category. Data from the 2 studies
that estimated the risk for ES via JEMs could be used
for a stratified analysis among participants with a high
risk versus participants with low risk for ES.
Additionally, the risk for ES could be included as a
confounder in regression analyses. Nevertheless, the
general occurrence of ES is expected to be low. This
can influence the specificity of a JEM in terms of
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exposure classification [Vergara et al., 2012], which
limits the precision of exposure estimation via a JEM
for ES. Hence, an analysis to disentangle the effect of
ELF-MF and ES does not seem promising within a
pooling study due to a lack of studies with similar
exposure assessment of ES and the limited precision
of estimates via a JEM.

Strength and Limitations of a Pooled Analysis

The 15 studies included in our feasibility
assessment have been carried out independently by
different research groups and did not follow a
standardized protocol. Therefore, data harmonization
is a key element for a pooled analysis [Metayer et al.,
2013; Tikellis et al., 2018] and a challenge at the same
time [Schaap et al., 2011]. The process of data
harmonization could be carried out in a data
coordination center, similar to other international
pooling projects [Schaap et al., 2011; Metayer et al.,
2013; Tikellis et al., 2018]. Participating PIs would
send all relevant data with variables and value labels
to this data coordination center. The coordination
center would be responsible for developing a
harmonized data set based on a protocol agreed to
by all PIs. The protocol should also contain an
elaborated statistical analysis plan and data sharing
and authorship agreements [Hofer and Piccinin,
2009]. Further important points in terms of data
sharing that should be addressed early in the course of
such a pooling project are the legal regulations in the
cooperating countries and the General Data Protection
Regulation (GDPR) [van Veen, 2018].

The main advantage of a pooled analysis is the
increased statistical power due to the large sample size
leading to more precise risk estimates [Lesko et al.,
2018]. As differences in statistical risk analysis
methods in the original studies can hamper the
comparability of the results of the single studies,
using a unified statistical analysis method for the
pooled data is a further strength [Hofer and
Piccinin, 2009].

After a harmonized data set has been established,
information from potential future studies on ELF-MF
and ALS could be added to enlarge the data set. All
collaborative researchers who provide original data
should have the opportunity to suggest new research
questions. Therefore, a harmonized data set provides
opportunities for reproducible research and validation
[Munafo et al., 2017] and options to potentially
develop a research platform for future projects based
on established cooperation across different countries.

Despite extensive harmonization efforts in a
pooled study, the data for analysis depends on the

Bioelectromagnetics



280 Baaken et al.

quality of the original data. Seven out of 8 studies with
a positive response regarding a pooled analysis used a
JEM for exposure estimation. JEMs are in general
superior to more simplistic approaches like the use of
job titles, such as “electrical occupations” [Gobba
et al., 2011], as a JEM is based on the time-weighted
average (TWA) levels measured at work for specific
occupations in a sample population and allows for a
retrospective exposure assessment for large popula-
tion size. A JEM provides a quantitative exposure
estimate for certain jobs of interest, which enables the
quantification of variation within and between job
groups and the investigation of a potential dose-
response relationship [Ahlbom et al., 2001]. Never-
theless, exposure estimates based on JEMs are at risk
of misclassification in epidemiological studies due to
several limitations: the individual occupational ex-
posure to ELF-MF depends on various factors,
including magnetic field sources, the average strength
of the sources, and the proportion of time spent at
different locations and sources. Hence, the individual
exposure might differ compared with the average
exposure in an occupational group [Kheifets et al.,
2009]. Occupation might not be the main determinant
of exposure to ELF-MF [Kheifets et al., 2009].
Therefore, misclassification might also be introduced
due to exposures other than occupational exposure.
Occupational exposure was reported to account for
approximately 60% of 24-h exposure, while 40% of
24-h exposure was observed during periods spent at
home or outside [Gobba et al., 2011]. Additionally,
the accuracy of a JEM depends on the validity of the
occupational information [Merletti et al., 2014]. In 2
of the 8 studies, information on occupation was
derived from census data. In 2 further studies,
information on the main occupation listed on death
certificates was used. Complete occupational history,
that is, information on all occupations held by the
study participants from baseline to the end of the
observational period, was assessed in the remaining 4
studies using occupational records. Information on a
single point in time is thought to be less valid than a
complete occupational history.

Furthermore, in addition to exposure to ELF-MF
and ES, electric fields also might play a role in the
occupational setting in the context of ALS [Kheifets
et al,, 2009]. Elevated electric field exposure can
occur in the electricity supply sector close to
unshielded high-voltage conductors or near high-
voltage transmission lines or exposed busbars in
substations [Kheifets et al., 2009]. The maximum
electric field strength reported at the workplace can be
as high as 47kV/m [Korpinen et al., 2009]. These
elevated electric fields induce a greater current in the
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body than elevated magnetic fields; therefore, assess-
ment of the TWA of these electric fields in the
occupational setting would also be of interest
[Kheifets et al., 2009], but none of the included
studies assessed this exposure. The same applies to
alternative magnetic field exposure metrics. All 8
studies relied on TWA. Other proposed metrics, which
might be more biologically relevant, like, e.g., the
induced current in the body or combinations of the
alternating current and direct current [Kheifets et al.,
2009], are not reported.

A further limitation might be that PIs of only 8
out of 15 studies would provide their original data.
Not including all available data in a pooled analysis
and therefore potentially missing out on essential
scientific evidence could introduce bias to the results
of such a pooling study. For this reason, sufficient
methods for including published data from those
studies that do not provide original data should be
applied in sensitivity analyses.

Finally, our feasibility approach was limited to
information published in articles. This involves some
risk that the reported information could be misunder-
stood by us. At the same time, it is possible that the
original data contain further important information
and variables on, e.g., exposure characteristics, which
we have not considered in this feasibility approach but
could be included once the original data are available.
Additionally, the comprehensiveness of the selection
of studies for our feasibility approach might be
affected by our language restriction in the systematic
search. Also, a study by Morrison et al. [2012] found
no evidence of a systematic bias when applying
language restrictions for systematic reviews in the
field of medicine.

CONCLUSION

Our systematic search yielded 10 cohort studies
and 5 case-control studies on occupational exposure to
ELF-MF and ALS. In a survey, the PIs of 6 cohorts,
including 4 specific occupational cohorts and 2 case-
control studies, expressed their willingness to provide
original data for a pooled analysis. Based on the
possibilities of data harmonization, a combined data
set with a sufficient number of participants to show an
effect size of 1.14 with a power of 80% on the
association of occupational exposure to ELF-MF and
ALS could be established. Therefore, we recommend
conducting a pooled analysis of original data.
However, a meaningful analysis to disentangle the
effects of ES and ELF-MF on ALS does not seem
feasible. Furthermore, in the context of a reproduci-
bility crisis in science [loannidis, 2018], a pooled



analysis with original data using uniform methods to
analyze the data is an important contribution to
transparency and verifiability of study results. The
next step toward such a pooled analysis is to establish
a study protocol together with the Pls.
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