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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci We investigated the effects of extremely-low frequency electromagnetic fields (ELF-EMFs; 50 Hz) on the secretion
of cortisol in 14 men (mean age = 38.0 £+ 0.9 years) working in extra-high voltage (EHV) substations. The
workers dwelt in houses that were close to substations and high-voltage lines. Thus, they had long histories
(1-20 years) of long-yerm exposure to ELF-EMFs. Magnetic field strength was recorded using Emdex dosimeters
worn by the volunteers day and night for seven days; the one-week geometric mean ranged from 0.1 to 2.6 pT.
Blood samples were taken hourly from 20:00 to 08:00 the next morning. Cortisol concentrations and patterns
were compared to age-matched, unexposed control subjects whose exposure level was ten times lower. The
comparison of the control group (n = 15) and the groups exposed to fields of 0.1-0.3 pT (n = 5) and > 0.3 uT (n
= 9), respectively, revealed a significant effect of field intensity on the cortisol secretory pattern. This study
strongly suggests that chronic exposure to ELF-EMFs alters the peak-time serum cortisol levels. Studies are
required on the effect of this disruption in high-risk populations such as children, elderly people, and patients
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1. Introduction

Any living matter is exposed to extremely low frequency electro-
magnetic fields (ELF-EMFs) that are produced around electrical con-
ductors, electrical networks, high-voltage lines, or household
appliances. The human environment has thus been transformed in
recent decades by the increasing use of electrical energy. The amplitude
of the electrical component is a function of voltage; consequently, the
strongest electric fields are found around high-voltage lines. The mag-
netic field, the amplitude of which depends on the intensity of the cur-
rent, is strongest in the immediate vicinity of electrical devices.

In humans, epidemiological surveys have highlighted possible health
risks associated with exposure to ELF-EMFs of 50 Hz (Europe) and 60 Hz
(USA). The first study linking childhood cancer to ELF-EMF exposure
reported that the risk for developing childhood leukemia is higher for
residences with higher levels of exposure to ELF-EMFs (Wertheimer and
Leeper, 1979, 1982). Subsequently, many epidemiological studies have
confirmed this association and also highlighted the association of ELF-
EMF exposure with brain cancer (Kheifets et al., 2017; Huss et al.,
2018; Carles et al., 2020; Khan et al., 2021) and neurodegenerative
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diseases (Vergara et al., 2013; Gunnarsson and Bodin, 2019). However,
no firm conclusions can be drawn, given the contradictory data in the
available literature. Notwithstanding, in 2002 the International Agency
for Research on Cancer (IARC) placed ELF-EMFs in group 2B of agents
that are possibly carcinogenic to humans, indicating that a positive as-
sociation was established between the occurrence of cancer and expo-
sure to ELF-EMFs, but the contributing role of chance, bias, or
confounding factors cannot be excluded with sufficient certainty. The
group 2B contains several agents (n = 322 as of January 2022) that may
be carcinogenic to humans (IARC, 2019).

Thus far, a number of in vitro and in vivo animal studies have
highlighted some biological effects of ELF-EMF exposure, although the
underlying mechanisms remain unclear. Some authors reported reduced
pineal synthesis of melatonin in laboratory animals as the most consis-
tent biological effect (Brendel et al., 2000; Selmaoui and Touitou, 1995,
1997, 1999; Touitou et al., 2010), which resulted in a “melatonin hy-
pothesis” (Stevens and Davis, 1996). Contrarily, we found that long-
term exposure to magnetic fields did not affect melatonin secretion in
humans (Touitou et al., 2003) which rebutted the melatonin hypothesis.
Another potential mechanism that was observed in studies on rodents is
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the stress response induced by ELF-EMF, resulting in an increase in
corticosterone secretion and depression and/or anxiety-like behavior
(Szemerszky et al., 2010; Kitaoka et al., 2013, 2016; de Kleijn et al.,
2016; Klimek and Rogalska, 2021; Raus Balind et al., 2016). Taking into
account the latter data on on the adrenal gland together with the rela-
tionship between the hypothalamic-pituitaryadrenal axis and ELF-EMF
exposure, recently highlighted in a Cochrane review (Rensen et al.,
2017), we found worth to document, in healthy human subjects, the
effects of magnetic fields on the secretion of cortisol, the major gluco-
corticoid hormone. This paper is, to our knowledge, the first dealing
with the effects of long-term exposure to ELF-EMFs that ranged from 1 to
20 years and took place both during daytime at work and during
nighttime at home, since the subjects lived near EHV substations.

2. Experimental protocol

The previously described protocol (Touitou et al., 2013) was
approved by the hospital ethics committee and conducted in accordance
with the Declaration of Helsinki (Portaluppi et al., 2010; Touitou et al.,
2006). The main elements of the protocol are described below.

2.1. Subjects

Twenty-nine men participated in the study and had the following
characteristics: aged between 30 and 48 years, non-smokers (<5 ciga-
rettes per day), non-alcoholics (GGT < 50), coffee consumption < 4 cups
per day, no medications, no sleep disturbances, no transmeridian flight
in the three weeks preceding the study, and no on-call duty in the 48 h
prior to the assessment. The exposed group comprised 15 of these sub-
jects who were chronically exposed to magnetic fields. Their residences
in the Paris metropolitan region were near the substations and had
overhead high-voltage lines. A group of 15 matched subjects with
similar characteristics served as a control group. All the subjects were
volunteers, had the same circadian synchronization (work and rest
schedules), and were similar in age, size, and level of physical activity.
All underwent a clinical examination of their medical and surgical his-
tory, and a biological examination to verify compliance with endocrine
reference standards and current blood parameters. The study, carried
out at the clinical investigation center (CIC) of the Pitié-Salpétriere
Hospital Group (Paris, France), involved 12-h monitoring periods, from
20:00 to 08:00 the next morning; blood samples were taken hourly, i.e.,
13 samples per subject for each 12-h monitoring period. The volunteers
left the CIC at 08:00 after the thirteenth sample was drawn. The subjects
wore a dosimeter approximately the size of a cellphone (Emdex; Ener-
tech Consultants, Campbell, CA, USA) day and night for one week,
allowing the continuous recording of the magnetic field exposure for
seven weeks, both at work and at home, according to a previously
described protocol (Touitou et al., 2013).

2.2. Hormone assays

Blood samples were collected in tubes without anticoagulants and
then centrifuged to obtain the serum which was stored at —20 °C until
assayed. To prevent assay variation, the samples were tested in a single
series using a fully automated analyzer running a commercial enzyme-
linked immunosorbent assay (ELISA; Boehringer Mannheim, Meylan
France). The intra-assay coefficient of variation was 6.1% for a serum
cortisol level of 290 nmol/L.

2.3. Statistical analysis

Statistical analysis of the experimental data was carried out using
EMCALC software (Enertech Consultants) provided with the dosimeters.
The arithmetic and geometric means with standard deviations and me-
dians were calculated for the seven days of exposure, as well as the
lowest and highest values. Repeated measures analysis of variance
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(ANOVA) was performed to evaluate the statistical differences (p <
0.05) between the exposed subjects and controls, using the raw, un-
transformed values. Three factors were investigated: time, field effect,
and time x field interaction. The F and p values are shown in Table 1.
Post-test Bonferroni correction was applied. The significance level was
set at p < 0.05. The repeated measures factor corresponds to the time
pattern of the studied hormone. As our working hypothesis was to find
an effect of magnetic fields on concentrations and the temporal profile of
cortisol, we looked at both the “field” effect and “time” factor (secretory
pattern).

3. Results

The weekly geometric mean intensity of individual exposures in the
exposed group ranged from 0.1 to 2.6 uT; the arithmetic mean of the
exposure values (n = 14) was 0.72 pT. The arithmetic means of the
residential and daytime exposures of the exposed subjects were 0.82 pT
and 0.64 uT, respectively.

The weekly geometric mean of individual exposures in the control
group ranged from 0.004 to 0.092 pT; the arithmetic mean of the
exposure values (n = 15) was 0.04 pT. Using a statistical t-test to
compare the means, a significant statistical difference (p < 0.05) was
observed between the arithmetic and geometric means.

The cortisol secretory pattern of the control group showed the typical
progressive decline in serum concentration until 00:00, followed by a
progressive reascent to the peak at 06:00-08:00. The comparison be-
tween groups showed a statistically significant difference in the cortisol
concentrations between the exposed and the control groups (time factor;
Table 1). In the exposed group (n = 14), the cortisol secretory pattern
was roughly the same until 06:00, followed by an abrupt decline in the
serum cortisol levels at the last two time points. The effect of field in-
tensity is shown in the comparison between the control group (n = 15),
the group exposed to magnetic fields in the intensity range of 0.1-0.3 pT
(n =5), and the group exposed to the highest intensity level > 0.3 uT (n
=9) (Table 1 and Fig. 1 and 2). Regardless of the condition and group, a
statistical validation was carried out for the field x hour interaction.
Consequently, it is suggested that there was circadian desynchronization
of this candidate marker, cortisol, as a result of long-term exposure to
ELF-EMFs (Table 1) (see Fig. 2).

4. Discussion

For the general population, the levels of exposure to electric and
magnetic fields vary from 5 to 50 V/m and 0.01-0.2 pT, respectively.
The potential health risk posed by exposure to EMFs has become a public

Table 1

Repeated Measures Analysis Of Variance. Comparison between chronically
exposed men and age-matched controls. Statistical analysis examined the
following three factors: the hour factor, the field effect factor, and the hour-field
interaction.

CONTROLS /EXPOSED (15/14)

Variables/factors F P
Cortisol
Field 0.52 0.48
Hour 55.78 < 0.0001
Field x hour interaction 3.09 0.0004
CONTROLS/0.1 - 0.3 pT (15/5)
Cortisol
Field 0.78 0.39
Hour 21.61 < 0.0001
Field x hour interaction 2.01 0.027
CONTROLS/> 0.3 uT (15/9)
Cortisol
Field 0.29 0.60
Hour 47.68 < 0.0001
Field x hour interaction 2.34 0.0076
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Fig. 1. Cortisol secretory patterns in 14 healthy male electricity workers
working in extra high voltage station with a history of long-term exposure
(1-20 years) to extremely low frequency electromagnetic fields (ELF-EMFs).
They were compared to 15 age-matched controls. Blood samples were taken
hourly (from 20 :00 h to 08 :00 h) the next morning, resulting in 13 samples per
subject for each 12-h monitoring span of time. The weekly geometric mean of
individual exposures ranged from 0.1 to 2.6 pT. Each point is the mean value of
cortisol levels.

concern, prompting numerous scientific studies on the subject. Consid-
ering the great increase in environmental exposure to magnetic fields,
their potentially deleterious effects on human health is a cause for
serious concern, and has resulted in several epidemiological studies
suggesting an association between exposure to low-frequency
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electromagnetic fields (50 Hz and 60 Hz) and increased risk of cancer
and Alzheimer’s disease, although there are contradictory epidemio-
logical studies that did not report these effects (Carles et al., 2020;
Kheifets et al., 2017; Huss et al., 2018; Khan et al., 2021). In search of
potential mechanisms, research has been carried out in animal models
and humans, mostly involving short-term exposure, with a particular
focus on its effects in the endocrine and immune systems.

Most short-term exposure studies on the biological effects of ELF-
EMFs and the underlying mechanisms have made use of laboratory an-
imals (mainly rats and mice). Unfortunately, the data are contradictory,
as some authors reported biological effects while others did not (Sel-
maoui et al., 1996a,b, 2011; Touitou et al., 2010, 2012; Lundberg et al.,
2019). One of the commonly reported biological effects of magnetic field
exposure in laboratory animals relates to the metabolism of indolamines
and the reduced synthesis of melatonin in the pineal gland, depending
on the duration and intensity of exposure (Selmaoui and Touitou, 1995,
1999), but other biological effects have also been reported (Selmaoui
et al., 2011; Touitou et al., 2010, 2020; Touitou and Point, 2020).
Epidemiological studies have suggested that altered melatonin secretion
is a major mechanism involved in the biological effects of magnetic field
exposure (Stevens and Davis 1996), although proving this is difficult.
However, this proposed mechanism was rebutted in a long-term human
study (Touitou et al., 2003). In another study using rats exposed nightly
to different magnetic field strengths (1, 10, and 100 pT) for 12 h, we
showed that the lowest intensities (1 pT and 10 pT) had no effects on
melatonin concentration and immunological variables; however,
chronic exposure for one month to the same intensities showed that even
the lower intensities affected melatonin secretion and the activity of
pineal N-acetyltransferase (NAT), the key enzyme in the synthesis of
melatonin (Selmaoui and Touitou, 1995). This clearly shows that the
effects of exposure to EMFs cannot be assumed from short-term studies,
as additional effects due to long-term exposure cannot be ruled out.

Increased corticosterone secretion in rodents, associated with
anxious behavior of the animals, supported the hypothesis of a stress-
response mechanism induced by magnetic fields (Szemerszky et al.,
2010; Kitaoka et al., 2013, 2016; de Kleijn et al., 2016; Raus Balind

Fig. 2. Cortisol secretory patterns in 14 healthy
male electricity workers, working in extra high -
voltage station with a history of long-term expo-
sure (1-20 years) to extremely low frequency
electromagnetic fields (ELF-EMFs). They were
compared to 15 age-matched controls. Blood
samples were taken hourly (from 20 :00 h to 08
:00 h) the next morningv resulting in 13 sam-
ples per subject for each 12-h monitoring span of
time. The weekly geometric mean of individual
exposures ranged from 0.1 to 2.6 pT. Each point
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etal., 2016; Rensen et al., 2017; Klimek and Rogalska, 2021). In contrast
to animal studies, human studies on the effects of ELF-EMF on cortisol
secretion are scarce and focused mainly on the effects of short-term
exposure; moreover, most reported no biological effects (Touitou and
Selmaoui, 2012). The stress-response hypothesis motivated our study on
the pattern of cortisol secretion in humans exposed to 50-Hz magnetic
fields over a long time span (1-20 years). We previously reported that
short-term nighttime exposure (10 pT for 9 h) in healthy young adult
volunteers had no effect on serum cortisol levels and secretory patterns,
among other biochemical variables (Selmaoui et al., 1996b; Touitou
et al., 2010; Touitou and Selmaoui, 2012).

Cortisol is a good candidate marker of the circadian system because it
exhibits a strong circadian rhythm that is highly reproducible and
resistant to slight and momentary environmental changes (Selmaoui and
Touitou, 2003). We documented serum cortisol levels at different times
of the day in workers chronically exposed to EMFs, in the context of their
work but also in their homes. We found that this chronic exposure to
ELF-EMFs resulted in a significant alteration to the cortisol secretory
pattern with a statistically significant decline in the peak-time
(06:00-08:00) serum cortisol levels even at the lowest intensity of
exposure. Our data cannot be compared to other results since this paper,
to our knowledge, is the first dealing with the effects of long-term
exposure to ELF-EMFs that ranged from 1 to 20 years and took place
both during daytime at work and during nighttime at home, since the
subjects lived near EHV substations. We found no previous studies that
involved such an extended period of chronic exposure. We showed that
cortisol secretion was slightly decreased by long-term exposure to 50 Hz
EMFs; therefore, the levels of this hormonal marker should be monitored
in the follow-up of subjects exposed to EMF, at least in the case of long-
term, continuous exposure. Because our monitoring period ran for 12 h
and not 24 h, we cannot draw definitive conclusions regarding circadian
desynchronization; however, our sampling program allowed us to study
nighttime hormone secretory profiles with the minimum value at 00:00
and daytime schedules with the maximum values observed between
06:00 and 08:00 (peak-time), which strongly suggests that the workers
in this study had the typical cortisol secretory profile. These data com-
plement the results we recently obtained on the suppressive effects of
magnetic fields on another marker of stress and endocrine cancer,
chromogranin A (Touitou et al., 2020), which indicates an inhibitory
effect on the activity of the sympathetic nervous system.

In conclusion, the characteristics of the magnetic field (e.g., linear or
circular polarization) and the species of the test subject are important
elements to consider when studying the biological effects of ELF-EMF
exposure, but differences in the results could also be linked to the
duration, timing, and intensity of exposure as well as the age of the
subject, all of which may affect the biological response. This study
revealed that ELF-EMF exposure decreased the peak-time serum cortisol
levels, although the general secretory pattern of cortisol was unaffected.
The data presented here on cortisol levels complement and match pre-
vious data on chromogranin A, a marker of stress and neuroendocrine
tumors (Touitou et al., 2020).

It may be necessary to monitor the levels of residential exposure in
high-risk populations such as children, elderly people, and patients with
cancer, particularly because the latter group is known to have altered
circadian patterns of cortisol secretion (Touitou et al., 1996). Further
research on the intensity, duration of exposure, age of exposed subjects,
among other parameters, will enable a better understanding of the
magnitude, site and nature of the effects of ELF-EMF on human
organism.
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