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A B S T R A C T

Introduction: Occupational exposure to extremely low frequency magnetic fields (ELF-MF) occurs in
many occupations such as welders, electric utility workers, train drivers and sewing machine operators.
There is some evidence suggesting ELF-MF exposure to be a risk factor for Alzheimer’s disease (AD). The
current study aims at systematically reviewing the literature and conducting a meta-analysis to evaluate
the risk of AD amongst workers exposed to ELF-MF.
Methods: Bibliographic databases were searched including PubMed, EMBASE, Cochrane Library, and Web
of Science in November 2017. Risk of bias was assessed in the all included studies. Pooled estimates were
obtained using random-effects meta-analysis. In addition, sources of heterogeneity between studies and
publication bias were explored.
Results: In total, 20 articles met the inclusion criteria. The pooled results suggest an increased risk of AD
(RR: 1.63; 95% CI: 1.35, 1.96). Higher risk estimates were obtained from case-control studies (OR: 1.80;
95% CI: 1.40, 2.32) than from cohort studies (RR: 1.42; 95% CI: 1.08, 1.87). A moderate to high
heterogeneity (I2 = 61.0%) and indication for publication bias (Egger test: p < 0.001) were found.
Conclusion: The results suggested that occupational exposure to ELF-MF might increase the risk of AD.
However, this suggestion should be interpreted with caution given the moderate to high heterogeneity
and indication for publication bias.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Due to industrialization, characterized by an increasing
production, distribution, and consumption of electricity, occupa-
tional exposure to extremely low frequency magnetic fields (ELF-
MF) in the frequency range of 3 Hz to 300 Hz (ACGIH, 2015) is
common in many work environments. The exposure originates
from overhead and underground power lines (Monazzam et al.,
2015a,b), different medical equipment (McRobbie, 2012), electrical
appliances, and electrical motors (Eskelinen et al., 2016) for
instances in trains (Jalilian et al., 2017; Monazzam et al., 2016). As a
consequence, electrical power installers and repairers, electricians,
electrician apprentices, power plant operators (Bowman et al.,
2007; Jalilian et al., 2016; Monazzam et al., 2015b), welders, train
drivers, spinners, weavers, knitters, dyers, tailors, and dressmakers
(Seidler et al., 2007) are occupationally exposed to these fields.
Some organizations such as International Commission on Non-
Ionizing Radiation Protection (ICNIRP) and American Conference of
Governmental Industrial Hygienists (ACGIH) have established
occupational exposure threshold limits for ELF-MF (whole body
ceiling exposure limit in 60 Hz for ACGIH and ICNIRP: 1 mT)
(ACGIH, 2015; ICNIRP, 2010).

ELF-MF is classified as a “possibly carcinogenic to humans”
agent by the International Agency for Research on Cancer (World
Health Organization, 2016) according to ‘fairly consistent’ findings
from childhood leukemia studies (Ahlbom et al., 2001; Greenland
et al., 2000). In adults, study results are less consistent although
previous meta-analyses also reported overall increased risk for
leukemia and brain cancer (Kheifets et al., 2008; Zhang et al.,
2016), as well as various neurodegenerative rare diseases, in
particular Alzheimer's disease (AD) (García et al., 2008).

The first epidemiological study on AD was published by Sobel
et al. (1995) who reported that occupational exposure to ELF-MF
above 0.2 mT might elevate the risk for AD (Sobel et al., 1995).
Following this study, more attention was drawn to this disease and
further epidemiological studies were conducted. Qiu et al. reported
that the relative risk (RR) of AD in workers exposed to more than
0.2 mT ELF-MF was higher (2.30; 95% confidence intervals [CI]:
1.00, 5.10) than those exposed to less than 0.2 mT (Qiu et al., 2004).
Roosli et al. found a higher AD risk for train drivers and shunting
yard engineers, which were highly exposed to 16.7 Hz compared to
lower exposed station masters (Roosli et al., 2007).

However, some studies showed no significant relationship
between exposure to ELF-MF and evaluated risk of AD. In 1999,
Graves et al. reported an odds ratio (OR) of 0.95 (95% CI: 0.27, 2.43)
for AD for workers exposed to more than 0.3 mT (Graves et al., 1999
). Sorahan and Mohammed showed no convincing evidence that
United Kingdom (UK) electrical workers had suffered from an
elevated risk of AD due to ELF-MF exposure (Sorahan and
Mohammed, 2014).

Some meta-analyses have addressed the overall association
between occupational ELF-MF exposure and AD (García et al.,
2008; Vergara et al., 2013). In a meta-analysis, Huss and
Vermeulen reported a pooled RR of 1.51 (95% CI: 1.21, 1.88) for
occupations with high vs. low average MF exposure. Strikingly,
they found a consistent exposure-response pattern with studies
including highly exposed occupations which reported the highest
risk estimates (Huss and Vermeulen, 2014). Another meta-
analysis, conducted by Vergara et al., indicated a small association
(RR: 1.27; 95% CI: 1.15,1.40) between occupational exposure to ELF-
MF and AD risk (Vergara et al., 2013). Moreover, in 2008, Garcia
et al. found pooled estimates of 2.03 (95% CI: 1.38, 3.00) and 1.62
(95% CI: 1.16, 2.27) for case-control and cohort studies, respectively
(García et al., 2008).

Totally, Veagara et al. and Garcia et al. reported substantial
heterogeneity between studies, for instances, between case-
control and cohort studies. They also indicated gender differences
in the risk estimates potentially reflecting different occupations for
men and women. Quality of exposure assessment or outcome
classification was also discussed to be a relevant source of bias
producing heterogeneity among the studies. However, other
relevant variables such as job title (the most exposed jobs) or
frequency have not been systematically evaluated yet. In addition,
to the best of our knowledge, four new or updated studies have
been published and no meta-analysis has been conducted since
2013 (Vergara et al., 2013) (searching period is up to January 12,
2012). Therefore, the aim of this paper was to provide an updated
systematic review including meta-analysis of occupational ELF-MF
exposure and AD and to systematically address the source of
heterogeneity reported in previous meta-analyses.

2. Material and methods

2.1. Search strategy

A systematic literature search was conducted in the Cochrane
Library, EMBAS, PubMed, and Web of Science databases up to
November 1, 2017, using the following keywords: “neurodegener-
ative”, “Alzheimer”, “dementia”, in combination with “extremely
low frequency”, “ELF”, “EMF”, “magnetic field”, “electric field”,
“electromagnetic”, “occupation”, “job”, “workplace”, “electrical
occupation”, “electricity work”, “power line”, “occupational expo-
sure”, “work-related”, as well as “welder”, “railway”, “electric
utility”, “power plant”, “welding”, and “garment”. In addition,
Medical Subject Headings (MeSH) include “neurodegenerative
diseases”, “Alzheimer's disease”, “dementia” in combination with
“magnetic fields”, “electromagnetic fields”, “occupations”, “work-
place”, “work”, and “occupational exposure” were searched in the
PubMed and Cochrane Library databases. Moreover, the specialist
literature database EMF-PORTAL (https://www.emf-portal.org/)
was checked using “Alzheimer” as the search term (2017).
Additional studies were identified by manual search in Google,
and from the references of original studies or review articles on the
current topic.

2.2. Study selection

Two authors (H.J and S.H) evaluated all documents regarding
the title, keywords and abstract. If they were not able to identify
the articles by title and abstract, full-text was evaluated. When two

https://www.emf-portal.org/
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reviewers were unable to reach an agreement, a third party (M.N)
was included in the decision making-process.

2.3. Eligibility criteria

Peer-reviewed articles that reported AD risk estimates in
association with ELF-MF exposure were eligible for analysis. These
studies must have included well-defined occupations or tasks
related to ELF-MF exposure. ELF-MF exposure of the participants
had to be assessed by measurements, estimated by job exposure
matrix (JEM), or an industrial hygienist (IH). The outcome had to be
defined as a medical diagnosis of AD or registered as AD on a death
certificate. In the case of overlapping publications from the same
study, the most comprehensive paper was used studies with poorly
defined occupational groups (e.g. manual workers), or occupation
unrelated to ELF-MF (e.g. fumes) were excluded. Furthermore,
review articles, mechanism, laboratory or clinical studies, non-
English articles, and non-occupational studies were excluded as
well.

2.4. Data extraction

We extracted following three types of data from each study:
Fig. 1. PRISMA flow diagram of article sele
1. General data of studies: years of publication, Country, time
period, number of cases, covariates, and study design.

2. The outcome data: the source of outcome data, method of
assessment, and diagnosis creation.

3. The exposure/job data: the source of exposure/job data,
exposure assessment method, and exposure creation.

We extracted quantitative risk estimates including ORs, RRs,
and Hazard Ratios (HR) and their 95% CIs of the AD risk for workers
occupationally exposed to ELF-MF. The risk estimates of the
highest ELF-MF exposure groups were extracted, if available. In
addition, AD risk of electric occupations, welders, and train drivers
was also extracted if available. For later subgroup comparisons, risk
estimates of the following strata were extracted if available:
gender (male, female, and both genders combined), country (USA,
Scandinavia, and other), exposure level ( >0.2 mT, >0.3 mT, and
>0.5 mT), frequency of electricity (50 and 60 Hz), source of
outcome data (death certificate, medical records, and other),
and type of study (case-control and cohort studies).

2.5. Risk of bias in individual studies

We used a modified version of Repacholi et al. method
(Repacholi et al., 2012) for assessment of bias in individual studies.
ction and exclusion for final analysis.



Table 1
Characteristics of epidemiological studies on occupational exposure to ELF-MF and AD.

First author,
Year

Country Study
design

Outcome: Exposure: Covariates Results Bias
Score**

Time period Source Source � Male
� Female
� Both*

(Ref) Number of cases Assessment criteria Assessment criteria

Sobel, 1995
#1

� 1982–1985
� Finland
� 53

Case-
control

� Medical records
� Clinical examination
� NINCDS-ADRDAa

� Interview
� IHb assessment, Job

title, Direct measure-
ments

� >0.2 mT

Gender, age at
examination, age at onset,
education

� 0.70 (0.10, 8.90)c

� 10.20 (1.10, 95.30)
� 2.70 (0.60, 12.10)

9

(Sobel et al.,
1995)

Sobel, 1995
#2

� 1977–1978
� Finland
� 198

Case-
control

� Medical records
� Clinical examination
� NINCDS-ADRDA

� Interview
� IH assessment, Job ti-

tle, Direct measure-
ments

� >0.2 mT

Gender, age at
examination, social class

� 2.70 (0.70, 9.80)
� 3.50 (1.30, 9.60)
� 3.20 (1.50, 7.20)

9

(Sobel et al.,
1995)

Sobel, 1995
#3

� 1984–1993
� USA
� 136

Case-
control

� Medical records
� Clinical examination
� NINCDS-ADRDA

� Interview
� IH assessment, Job ti-

tle, Direct measure-
ments

� >0.2 mT

Gender, age at
examination, education

� 1.70 (0.30, 10.30)
� 3.70 (0.40, 33.60)
� 2.40 (0.60, 9.20)

9

(Sobel et al.,
1995)

Sobel, 1996 � NRd

� USA
� 326

case-
control

� Medical records
� Clinical examination
� NINCDS-ADRDA

(Probable or definite
AD)

� Clinical records,
� H assessment, Direct

measurement,
� >0.2 mT

Gender, age at
examination, education,
age at onset

� 4.90 (1.34, 7.89)
� 3.40 (0.76, 15.98)
� 3.93 (1.45, 10.56)

9
(Sobel et al.,
1996)

Feychting,
1998

� 1989–1991
� Sweden
� 77

case-
control

� A register-based sam-
ple of twins

� Clinical examination
� NINCDS-ADRDA

(probable, possible
and definite AD)

� Interview
� IH assessment, JEMe

� �0.2 mT

Age, gender, education � –

� –

� 2.70 (0.90, 7.80)f

12

(Feychting
et al., 1998)

Savitz, 1998a � 1985–1991
� USA
� 256

Case-
control

� Death certificates
� Underlying cause of

death
� ICDg-9

� Death certificates
� Job title

Age, calendar year, social
class, work status, race

� 1.20 (1.00, 1.40)
� –

� –

7
(Savitz et al.,
1998a)

Savitz, 1998b � 1950–1986
� USA
� 80

cohort � Death certificates
� Underlying cause of

death
� ICD-9

� Occupational records
� Direct measurements
� 2.35-14.5 mT-year

Age, calendar year, social
class, work status,
chemical exposures, race

� 2.70 (0.80, 8.90)h

� –

� –

11
(Savitz et al.,
1998b)

Graves, 1999 � 1987-NR
� USA
� 89

Case-
control

� Medical records
� Clinical examination
� NINCDS-ADRDA

(probable, possible
and definite cases)

� Interview
� IH assessment
� �0.3 mT

Age, education � –

� –

� 0.95 (0.27, 2.43)i

10
(Graves et al.,
1999)

Noonan,
2002

� 1987–1996
� USA
� 1556

Case-
control

� Death certificates
� Any mention of AD
� ICD-9

� Death certificates
� JEM
� �0.3 mT

Age, race, occupational
grouping

� 1.01 (0.68, 1.49)
� –

� –

10

(Noonan
et al., 2002)
Feychting,
2003

� 1981–1995
� Sweden
� 2000

Cohort � Death certificates
� Underlying cause of

death
� ICD-9

� Census
� JEM
� �0.5 mT

Age, socioeconomic status � 1.30 (1.00, 1.70)j

� 2.30 (1.00, 5.20) j

� –

11

(Feychting
et al., 2003)

Håkansson,
2003

� 1985–1996
� Sweden
� 40

Cohort � Death certificates
� primary or contribut-

ing cause of death
� ICD-8 and ICD-9

� Census
� JEM
� >0.53 mT

Age, socioeconomic status,
gender

� 2.70 (0.88, 8.25)k

� 22.70 (1.32, 390.82) k

� 4.04 (1.40, 11.66) k

12

(Håkansson
et al., 2003)

Harmanci,
2003

� NR
� Turkey
� 57

Case-
control

� A population-based
study

� Clinical examination
� MMSEl and DSMMDm

� (Probable AD)

� Interview with next of
kin

� IH assessment
� >0.2 mT

Age, gender, education,
rural or urban, residence,
electrical appliances, water
heating, medical history,
use of drugs, use of alcohol

� –

� 4.02 (1.02, 15.78)
11

(Harmanci
et al., 2003)

Qiu, 2004 � 1987–1996
� Sweden
� 202

Case-
control

� Medical records
� Clinical examination
� DSMMD

� Interview with next of
kin

� IH assessment, JEM,
direct measurements

� Age, education,
� vascular disease,
� Apolipoprotein,
�

� 2.30 (1.00, 5.10)n

� 0.80 (0.50, 1.10)n

� 0.90 (0.70, 1.30)n

12
(Qiu et al.,
2004)
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Table 1 (Continued)

First author,
Year

Country Study
design

Outcome: Exposure: Covariates Results Bias
Score**

Time period Source Source � Male
� Female
� Both*

(Ref) Number of cases Assessment criteria Assessment criteria

� �0.2 mT E genotype, use of alco-
hol, smoking, mental
activity, social activity,
gender

Park, 2005 � 1992–1998
� USA
� 45

Case-
control

� Death certificates
� Any mention of AD
� ICD-9

� Death certificates
� IH assessment, JEM
� �0.9 mT

Age, race, gender, region
and Socioeconomic status

� –

� –

� 1.12 (1.05, 1.22)

12
(Park et al.,
2005)

Davanipiour,
2007

� Through 1998
� USA
� 1502

Case-
control

� Medical records
� Clinical examination
� NINCDS-ADRDA

(probable or definite
AD)

� occupational records
� JEM
� > 0.2 mT

Gender, stroke, smoking,
income, education,
ethnicity, age at
examination or age at onset

� 1.40 (0.30, 1.60)
� 3.30 (1.30, 8.40)
� 2.20 (1.20, 3.90)

10

(Davanipour
et al., 2007)

Roosli, 2007 � 1972–2002
� Switzerland
� 25

Cohort � death certificates
� causes of death
� ICD-10

� Occupational records
� Direct measurements

and modelling of past
exposure

� > 5.7 mT

Age, time period � 2.56 (1.12, 5.82)
� –

� –

12
(Roosli et al.,
2007)

Seidler, 2007 � NR
� Germany
� 108

Case-
control

� Medical records
� Clinical examination
� MMSE, HISo, expert

assessment (possible
AD)

� Interview with the
next of kin

� IH assessment, JEM,
direct measurements

� > 1 mT

Age, region, gender,
dementia in parents,
smoking

� –

� –

� 2.10 (0.20, 23.60)

10
(Seidler et al.,
2007)

Andel, 2010 � NR-1998
� Sweden
� 148

cohort � A population-based
study,

� Clinical examination
� NINCDS/ADRDA (pos-

sible AD)

� Telephone screening,
� JEM
� � 0.2 mT

Age, gender, education,
vascular risk factors

� 1.80 (0.64, 5.05)
� 1.08 (0.57, 2.07)
� 1.38 (0.88, 2.26)

12
(Andel et al.,
2010)

Sorahan,
2014

� 1973–2010
� UK
� 170

cohort � Death certificates
� Any mentioned of AD
� ICD-9, ICD-10

� occupational records
� JEM
� > 20 mT-year

Gender, attained age,
calendar period and
socioeconomic status

� –

� –

� 0.73 (0.33, 1.61)

12

(Sorahan and
Mohammed,
2014)
Davanipiour,
2014

� 1993-1994
� USA
� 45

case-
control

� A Population-based
study

� Clinical examination
� MMSE (dementia in-

cluding two-thirds of
AD cases)

� Interview,
� IH assessment, JEM
� > 1 mT

Gender, age, education,
family income, stroke,
smoking, alcohol
consumption.

� –

� –

� 3.40 (1.30, 8.90)c

11

(Davanipour
et al., 2014)

Koeman,
2015

� 1986-2003
� Netherlands
� 232

Cohort � Death certificates
� Causes of death
� ICD-9, ICD-10

� A population-based
study

� JEM
� >0.3 mT

Smoking status, physical
activity, body mass index

� 0.91 (0.39, 2.12)
� –

� –

12

(Koeman
et al., 2015)

Pedersen,
2017

� 1982–2010
� Denmark
� 17

Cohort � Medical records
� Clinical examination
� ICD-8, ICD-10

� Occupational records
� JEM
� �1 mT

Gender, age, calendar year,
electric shock, job

� 1.13 (0.70, 1.82)
� –

� –

12

(Pedersen
et al., 2017)

Risk estimates (odds ratio for case-control studies and relative risk for cohort studies) and 95% confidence interval.
* Combined male and female results.
** Zero score indicates the highest risk of bias and twelve score indicates the lowest risk of bias.
a Criteria from the National Institute of Neurologic and Communicative Disorders and Stroke-Alzheimer Disease and Related Disorders Association.
b Industrial Hygienist.
c Unadjusted; d: Not reported.
e Job Exposure Matrix.
f Results for last occupation.
g International Classification of Diseases.
h Results for underlying cause, with exposure �20 mT-year.
i Results for ever/never exposed- Industrial hygienist 2.
j Results for total occupation in 1970.
k Results for primary or contributing cause of death.
l Mini Mental State Examination.
m Criteria from the Diagnostic and Statistical Manual of Mental Disorders.
n Results for exposure in lifetime principal occupation.
o Hachinski Ischaemic Score; p: MMSE score<10.
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Totally, in this section we pointed out six source of bias including
funder, reporting, data analysis, selection-participation bias,
confounding, and recall and information bias (Supplemental table
S1). They were weighted by two stars (full weight), one star (partial
weight), and no star (no-weight), if applicable. Then, the total risk
of bias in individual studies was indicated by summing of stars, so
that the highest and the lowest risk of bias were showed by zero
star and twelve stars, respectively.

2.6. Data analysis

Overall, the OR of AD in case-control studies approximates RR.
Therefore, when an association between ELF-MF and the risk of AD
was estimated in the analyses of pooled studies, the OR was used as
a RR measure. In addition, HR was considered as equal to RR.

After extracting quantitative information from each study, the
effect size of each study was calculated based on the RR and
standard error (SE) of RR. To evaluate the heterogeneity, Q-test (p
< 0.1 as heterogeneity) and the I2 statistics (25%, 50%, and 75%,
indicating low, moderate, and high levels of heterogeneity,
respectively) were used. Also, the sensitivity analysis was carried
out to assess the robustness of our findings. Given the large
heterogeneity between studies, final pooled risk estimates were
calculated using random effects (Der Simonian–Laird method)
meta-analysis. The forest plot for all studies and the pooled
estimate with 95% CI were drawn. The influence of individual risk
estimates (sensitivity analysis) was assessed by performing
Fig. 2. Forest plot of studies on the risk of AD and occupational ELF-MF exposure. Risk e
squares and horizontal lines, respectively. Pooled estimate with 95% CI is depicted as o
repeated meta-analyses with one study left out each time (
Supplementary Fig. S1). In addition, we assessed sensitivity of the
overall pooled estimate when leaving out sets of studies based on
bias score (Low: pooled estimate of studies with score of >10;
Medium to high: pooled estimate of studies with score of �10;
High: pooled estimate of studies with score of <10)

Subgroup analysis was conducted to compare the effect size
(RR) in gender, exposure, country, source of outcome data, and
study design. In addition, we used meta-regression analyses to
investigate potential sources of heterogeneity. Moreover, a
cumulative meta-analysis was applied as more recent study
may be of higher quality. Funnel plot as a visual method and the
Begg's test as a statistical test were used to evaluate the publication
bias. Moreover, the trim-and-fill method was applied to provide a
summary effect adjusted for publication bias. All analyses were
carried out in STATA (version 14.0; Stata Corp, College Station, TX,
USA).

3. Results

3.1. Selected studies

A total of 148 relevant records were identified through
databases and other sources. Of all records, 19 review articles, 17
non-English articles, 30 articles with no relation to ELF-MF
exposure, 19 articles with no relation to AD, 21 letter, letter
response, author commentary, report, or editorial articles, twelve
stimates and 95% confidence intervals (CI) for the individual studies are depicted as
pen diamonds.



Fig. 3. Sensitivity of the effect estimate when leaving out sets of studies based on
bias score.
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environmental or residential studies, and six non-epidemiological
studies were excluded. In addition, two articles that were updated
in the later publications, two articles with no exposure assessment
or clear definition of jobs, and a study with no clear definition of AD
were excluded. Finally, 20 articles (Andel et al., 2010; Davanipour
et al., 2014; Davanipour et al., 2007; Feychting et al., 2003;
Feychting et al., 1998; Graves et al., 1999; Håkansson et al., 2003;
Harmanci et al., 2003; Koeman et al., 2015; Noonan et al., 2002;
Park et al., 2005; Pedersen et al., 2017; Qiu et al., 2004; Roosli et al.,
2007; Savitz et al., 1998a; Savitz et al., 1998b; Seidler et al., 2007;
Sobel et al., 1995; Sobel et al., 1996; Sorahan and Mohammed,
2014) (one of them was included three studies (Sobel et al., 1995))
were selected for the final analyses (Fig. 1).

3.2. Study characteristics

Table 1 shows the study characteristics included in the review.
The articles were published between 1995 and 2015, but periods
for the case ascertainment of the case-control studies were
between 1977 (Sobel et al., 1995) and 1998 (Davanipour et al.,
2007; Park et al., 2005) although in three case-control studies
(Harmanci et al., 2003; Seidler et al., 2007; Sobel et al., 1996) no
time periods had been reported. For cohort studies, follow-up time
periods covered 1950 (a study from the USA) (Savitz et al., 1998b)
until 2010 in the UK (Sorahan and Mohammed, 2014). In general,
the studies were carried out in the USA (nine studies), Sweden (five
studies), Finland (two studies), Switzerland (one study), Denmark
(one study), Turkey (one study), German (one study), UK (one
study), and the Netherlands (one study).

The number of included AD cases ranged from 25 (Roosli et al.,
2007) to 2000 in a Swedish study (Feychting et al., 2003). Of the 22
studies (extracted from 20 articles), 14 were case-control and eight
cohort studies. The source of AD diagnosis included medical
records (eight case-control studies), a register-based database (one
case-control study), death certificate (three case-control and six
cohort studies), hospital records (one cohort study), and popula-
tion-based studies (two case-control studies and one cohort
study). In the case-control studies, clinical examination and
National Institute of Neurologic and Communicative Disorders
and Stroke-Alzheimer Disease and Related Disorders (NINCDS-
ADRDA) criteria were dominant methods in the diagnosis of AD
(respectively, n = 11 and n = 7). In the cohort studies, International
Classification of Diseases (ICD) codes were most often used. Source
of occupational exposure and jobs data were interview (n = 6),
clinical records (n = 1), death certificate (n = 3), occupational
records (n = 5), census (n = 2), interview with the next of kin
(n = 3), a population-based study, and a telephone screening.
Exposure assessment was based on the IH assessment, JEM, job
title, and direct measurements. However, some studies used a mix
of these methods for exposure assessment. Exposure creation for
the studies except one (Savitz et al., 1998a) presented in mT (unit of
magnetic flux density), was dominantly 0.2 mT. Additionally, some
studies (Savitz et al., 1998b; Sorahan and Mohammed, 2014) used
cumulative occupational exposure (mT-year) as their criteria. The
risk estimates of studies (OR for case-control and RR, and HR for
cohort studies) were presented for male and/or female and/or both
genders.

3.3. Primary meta-analysis results

Fig. 2 shows forest plot of studies with considering occupational
exposure to ELF-MF and risk of AD.

The results displayed in Fig. 2 show moderate to high
heterogeneity amongst studies (I2 = 61.0%, p < 0.001). In addition,
the pooled of 31 risk estimates was obtained (RR = 1.63; 95% CI:
1.35, 1.96). Therefore, ELF-MF exposed workers have a 1.63 times
increased risk to develop AD (Fig. 2).

3.4. Risk of bias within studies

We found that Savitz study has the highest risk of bias (7 stars).
Totally, 17 out of 22 studies showed a low risk of bias (�10 stars)
(Table 1 and supplementary table S2). Fig. 3 shows Sensitivity of
the effect estimate when leaving out sets of studies based on the
risk of bias.

Results of Fig. 2 indicated the pooled estimate of 1.42 (95% CI:
1.15, 1.76), 2.14 (95% CI: 1.40, 3.26), and 2.56 (95% CI: 1.38, 4.17) for
studies with low, moderate to high, and high risk of bias,
respectively.

These findings revealed that the risk of bias was higher in the
studies with a higher pooled estimate. However, overall pooled
estimate and heterogeneity values were slightly higher in
compared to the pooled estimate of studies with low risk of bias.

3.5. Subgroup analysis

Fig. 4 shows the forest plot of some jobs which were exposed to
ELF-MF and risk of AD.

The results of subgroup analyses showed that train drivers had
the highest risk of AD (RR = 2.94; 95% CI: 1.15, 7.51) than electrical
workers and welders. However, the differences among three jobs
were not statistically significant (Q = 4.74, df = 2, p = 0.094) (Fig. 4).

According to the results of nine risk estimates, the risk of AD for
female workers (RR = 2.39; 95% CI: 1.29, 4.40) was significantly
higher than males. Estimates differed significantly between
countries with the pooled estimate of 1.77 (95% CI: 1.33, 2.38),
1.63 (95% CI: 1.21, 2.20), and 1.48 (95% CI: 0.74, 2.93) for studies
conducted in the USA, Nordic countries, and other countries,
respectively. Subgroup analysis according to the cut-off point used
to differentiate between the exposed and non-exposed subjects
revealed a higher risk of AD for >0.2 mT (RR = 2.00; 95% CI: 1.43,
2.80) compared to >0.3 or 0.5 mT. A significant difference (p
< 0.001) was shown between the risk of AD for different
frequencies of electricity (50 Hz vs. 60 Hz). In terms of the source
of outcome data, the risk of AD among studies with medical
records (RR = 2.23; 95% CI: 1.50, 3.33) was significantly higher than
other sources of outcome data (p < 0.001).The risk of AD was found
to be higher in the case-control than in cohort studies (p < 0.001).

The results of meta-regression showed that none of covariates
were the sources of heterogeneity (P > .1).



Fig. 4. Forest plot of studies on some jobs. Risk estimates and 95% confidence intervals (CI) for individual studies are depicted as squares and horizontal lines, respectively.
Pooled estimates with 95% CI are depicted as open diamonds.
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The results of Fig. S2 (Supplementary file) indicated a relatively
stable and weak association (RR: 1.21; 95% CI: 1.13, 1.28) between
exposure to ELF-MF and AD risk.

3.6. Publication bias

Publication bias was assessed using both funnel plot (Fig. 5) and
Egger's test (31 risk estimates, case-control and cohort studies).
According to the funnel plot, considerable asymmetry indication
publication bias for studies on the risk of AD and ELF-MF exposure.

Egger's test showed indications of publication bias (Inter-
cept = 1.18; 95% CI: 0.60, 1.75; p < 0.001). Nevertheless, after
applying the fill-and-trim method, the adjusted pooled estimate of
Fig. 5. Funnel plot for all individual studies. Each point represents a separate study.
Egger’s test showed indications of publication bias (Intercept = 1.18; 95% CI: 0.60,
1.75; p < 0.001). Nevertheless, after applying the fill-and-trim method, the adjusted
pooled estimate of the risk of AD was similar (RR = 1.63; 95% CI: 1.35, 1.96) to the
unadjusted pooled estimate, as shown in Fig. 2.
the risk of AD was similar (RR = 1.63; 95% CI: 1.35, 1.96) to the
unadjusted pooled estimate, as shown in Fig. 2.

4. Discussion

We conducted a systematic review and meta-analysis of
twenty-two epidemiological studies (20 articles) on the associa-
tion between occupational exposure to ELF-MF and the risk of AD.
The results revealed a significant 1.63 fold increase in the risk of AD
among ELF-MF-related occupations with some levels of heteroge-
neity across gender, country, exposure level, and source of outcome
data, but not with respect to the job title. In addition, there was an
indication for publication bias; however, by adjusting for publica-
tion bias, no change was observed in the pooled estimate.

Some studies have explored this relationship (García et al.,
2008; Vergara et al., 2013). Similar risk estimates have been
reported by meta-analyses of García et al., (2008) and Huss and
Vermeulen, (2014) (García et al., 2008; Huss and Vermeulen,
2014). However, the Huss et al. study is just a part of a book and
they have no report on subgroups. But Vergara et al. found a small
association (RR: 1.27; 95% CI: 1.15, 1.40) between ELF-MF exposure
and AD risk (Vergara et al., 2013) and it looks underestimate the
risk. Based on these comparisons, it seems they have chosen wrong
studies or effect sizes. For example, they have excluded study of
Harmanci et al., a well-done study with no risk of bias, and have
included two studies (Salib and Hillier, 1996; Stampfer, 2009) with
no propose to assess ELF-MF exposure and AD risk in the final
analysis.

This is true that incidence of AD is more in women (75–94 years
old, 24.25%) compared to men (75–95 years old, 17.9%) (Vina and
Lloret, 2010) and fact can explain why, in the current findings, the
pooled estimate for women is more than men.

Although death certificate is considered to be a valuable source
for epidemiological studies, dementia is underreported as primary
and contributory causes of death (Garcia-Ptacek et al., 2016). The
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current systematic review showed that five (Feychting et al., 2003;
Håkansson et al., 2003; Koeman et al., 2015; Roosli et al., 2007;
Savitz et al.,1998b) out of eight cohort studies (62%) considered the
cause of death as the assessment method for AD. In addition, there
are diagnostic difficulties in accurately identifying and distinguish-
ing AD and vascular dementia (T O'Brien and Thomas, 2015).
Likewise, no code was specifically defined for AD in the ICD-8, and
there were two (Håkansson et al., 2003; Pedersen et al., 2017)
studies that used this classification. Therefore, underestimation
and misclassification of AD are to be expected in death certificate-
based studies where cases are no longer available for detection or
re-assessment. Such misclassification is unlikely to be related to
ELF-MF exposure, and is thus expected to result in a bias to unity if
there is a real association. In contrast, 57% of the case-control
studies used medical records, a more reliable data source
(Johansson et al., 2009), mostly clinical examinations and
NINCDS-ADRDA, a widely accepted criteria (Blacker et al., 1994),
to diagnose AD (Davanipour et al., 2007; Feychting et al., 1998;
Graves et al., 1999; Sobel et al., 1995, 1996). Nevertheless, while
clinical diagnoses of AD may be preferable to death certificates, the
gold standard diagnosis is the examination of the brain upon
autopsy. Thus, in principle one would expect less bias from these
studies in comparison with death certificates-based studies.
However, in the Davanipiour et al. (Davanipour et al., 2014) and
Pedersen et al.s’ (Pedersen et al., 2017) studies, some cases were
considered as AD cases, while they may have suffered from other
types of dementia. In addition, in most case-control studies,
possible and probable AD cases had participated in the research,
and this might also be a source of bias. Again, most likely this is
non-differential misclassification. For case-control studies, how-
ever, there was a potential for selection bias in the control selection
(i.e. the controls occupationally/residentially/environmentally
have been exposed to ELF-MF), in particular in those studies
selecting controls from hospitals or next of kin. Actually, different
control selection strategies employed in different studies may be a
source of variation. In addition, selection of cases from hospital
records may be a source of bias, because these subjects may not be
representative of the cases in the source population. Hospital
records just reflect those subjects who were brought to hospitals or
medical centers by their next of kin (usually his/her family
members). If they were in denial, just in moderate-to-severe
Table 2
Subgroup meta-analysis to assess the effect of some risk factors on AD.

Characteristics Factors Samplea RR (9

Gender Male 15 1.50 

Female 9 2.39 

Both 7 1.50 

Country USA 12 1.77 

Nordic countriesd 14 1.63 

Othere 5 1.48 

Exposure level >0.2 mT 17 2.00 

>0.3 mT 5 1.44 

>0.5 mT 7 1.38 

Frequency of electricityf 50 Hz 17 1.47 

60 Hz 13 1.84 

Source of outcome data Death certificates 13 1.25 

Medical records 13 2.23 

Otherg 5 2.05 

Type of study Cohort 12 1.42 

Case-control 19 1.80 

a (See supplementary Table S3).
b P-value for subgroup meta-analysis.
c P-value for meta-regression.
d Include Denmark, Sweden, and Finland.
e Including Turkey, German, the Netherlands, Switzerland, and the UK.
f 50 Hz is frequency of electricity in the Europe and 60 Hz is the frequency of electri
g Including hospital records, population studies, and register-based database.
dementia the patients received medical attention (Borenstein and
Mortimer, 2016). So that, these conditions may explain moderate
to high level of heterogeneity in the case-control studies (Table 2,
I2:68.4%) rather than cohort studies (Table 2, I2:34.6%). Conse-
quently, no definite statement is possible whether cohort or case-
control studies are less biased.

The most useful and reliable methods for occupational
exposure assessment are direct measurements including spot
measurement and personal exposure measurements. Personal
measurements during the whole work are particularly useful for
exposure assessment. In this method, a portable device (e.g.
Standard EMDEX II) is attached to the worker and records the ELF-
MF in a whole workday. For long-term exposure assessment, a full
history of each occupation and all possible exposure situations
should be considered (Röösli and Vienneau, 2014). Only six reports
used measurement methods (four spot measurements and two
personal measurements) to assess some jobs exposure (Qiu et al.,
2004; Roosli et al., 2007; Savitz et al., 1998b; Seidler et al., 2007;
Sobel et al., 1995, 1996). Direct methods are not feasible and cost-
effective for all studies; hence, alternative methods including IH
assessment, JEM, and job title assessment had been used. The
advantage of a JEM is the systematic approach, which does not
introduce differential exposure misclassification. On the other
hand, IH is more likely to be subjective. For instance, it seems that
IH assessment of Seidler et al. for category of occupations had led to
a higher exposure of classification categories containing low
exposure jobs. In this study, based on an expert rating, the
maximum exposure of a white-collar worker to ELF-MF has been
estimated 5.5 mT, but they considered 0.15 mT for the maximum
exposure of a dressmaker. In this misclassification, they catego-
rized and analyzed the white-collar workers as a high-exposed job,
but the dressmakers were categorized in moderate to low exposure
category for analysis (Seidler et al., 2007a,b).

Covariates are one of the most important factors in estimating
the relationship between occupational exposure to ELF-MF and the
risk of AD. Previous studies suggested occupational risk factors
including exposure to pesticides, welding fumes, metals such as
aluminum, and polychlorinated biphenyls (PCBs) on AD. In
addition, personal characteristics and family history are other
risk factors (Richardson et al., 2014). Therefore, controlling a wide
range of confounders is hard and perhaps impossible, and they can
5% CI) I-Square (%) Pbheterogeneity Pcmeta-regression

(1.22, 1.85) 30.0 < 0.001 0.43
(1.29, 4.40) 75.8
(0.94, 2.41) 52.6
(1.33, 2.38) 72.7 <0.001 0.67
(1.21, 2.20) 50.5
(0.74, 2.93) 52.2
(1.43, 2.80) 66.1 <0.001 0.35
(0.73, 2.83) 40.7
(1.08, 1.77) 51.2
(1.12, 1.93) 45.9 <0.001 0.65
(1.37, 2.46) 72.3
(1.05, 1.49) 50.3 <0.001 0.42
(1.50, 3.33) 43.2
(1.20, 3.47) 32.4
(1.08, 1.87) 34.6 <0.001 0.85
(1.40, 2.32) 68.4

city in the USA and Asia.
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be a source of error in these studies. For example, occupational
exposure to PCBs was reported amongst utility workers (Charles
et al., 2003). Likewise, occupational exposure to welding fumes
was suggested as a risk factor for neurodegenerative diseases in
welders (Stampfer, 2009). Overall, just one study had considered
chemical exposure, and it suggested a positive relationship
between exposure to ELF-MF and the increasing risk of AD (Savitz
et al., 1998b).

In summary, bias from confounding, outcome and exposure
misclassification is a concern given the high heterogeneity
between the studies.

Biological plausibility of in vitro and in vivo studies suggests
neuroinflammatory processes as the mechanism to explain ELF-
EMF potential actions on AD (Grammas, 2011). The main
theoretical premise behind this hypothesis is that exposure to
ELF-MF can promote inflammation processes and thus influence
the progression of neurodegenerative diseases including AD
(Galasko and Montine, 2010; Grammas, 2011). However, a recent
report suggests that long-term exposure (18 months) to ELF-MF
(50 Hz, 1 mT) has no effect on the cellular processes involved in the
pathogenesis of AD (Liebl et al., 2015). Only a few in vivo studies are
available to support this theory; most recent studies such as Liebl
et al. (2015) (Liebl et al., 2015) (the first comprehensive study on
the association of ELF-MF with AD in mouse models) or Maes et al.
(2016) (Maes et al., 2016) suggested that further investigations are
needed. In general, experimental findings are based on short-term
exposure to very high ELF-MF (typically �1 mT) and these studies
do not represent realistic occupational exposure scenarios (long-
term at lower levels). In conclusion, heterogeneity regarding the
ELF-MF intensity, the cell type, biological endpoint, and the time
point of investigation are seen in these experimental studies
(Mattsson and Simko, 2012).

Overall, the current study was limited to English- language,
original articles, and this might have led to bias in this study.
Studies with negative reports are more likely to be rejected, and
eventually they are published in the form of non-English or gray
articles. Moreover, like other meta-analysis papers, decision about
variables made by authors may introduce some bias.

5. Conclusion

This systematic review and meta-analysis suggests that
occupational exposure to ELF-MF may increase the risk of AD.
However, this suggestion should be interpreted with caution given
the moderate to high heterogeneity, and indication for publication
bias. Finally, more studies are essential to gain a better
understanding on the effects of ELF-MF with the risk of AD.
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