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Abstract

Aims: Exposure to extremely low frequency magnetic fields (ELF-MF) occurs from natural and artificial
sources. Although ELF-MF has been classified as a suspected humans carcinogen agent by the International
Agency for Research on Cancer, little is known of the effects of ELF-MF at lower exposure levels of the
recommended range. In the present study, DNA damage in the peripheral blood cells of power line workers
was investigated.

Materials and Methods: Occupational exposure to ELF-MF in a power plant was measured using the
National Institute for Occupational Safety and Health (NIOSH) manual. Single-strand breaks (SSBs) in DNA
were evaluated in 29 male utility workers as the exposed population and 28 male support personnel as the
control subjects using the comet assay. Effects of ELF-MF on subjects were evaluated using DNA percent in
tails, tail length, olive length, and tail moment.

Results: Occupational exposure levels to ELF-MF in the utility workers were less than the threshold limit
values (TLV) recommended by the American Conference of Government Industrial Hygienist (ACGIH). The
median value of the magnetic field at the working sites was 0.85 mT. Induction of DNA damage was observed
for the exposed workers compared with the controls. Olive length, tail moment, and tail DNA percent
increased significantly (p < 0.05) in the utility workers.

Conclusions: Exposure to ELF-MF at levels less than the ACGIH exposure limit can produce DNA strand
breaks.
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Introduction

Exposure to extremely low frequency magnetic fields

(ELF-MF) could occur from both natural and man-

made sources. Electrical devices and high-voltage

electricity lines produce ELF-MF within the fre-

quency range of 50 to 60 Hz (Ansari et al., 2016).

In this regard, ELF-MF exposure has become a public

concern because of the extreme use of nonionizing

radiation (Touitou et al., 2013). The body of the lit-

erature dealing with the effects of electromagnetic

field exposure in humans, especially in a real working

environment, is limited (Albert et al., 2009;
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Gourzoulidis et al., 2016; Jalilian et al., 2018; Touitou

et al., 2012). Nevertheless, there are some reports

indicating the epidemiological evidence with regard

to the carcinogenic effects of ELF-MF exposure such

as leukemia or neoplasm on the central nervous sys-

tem (Huss et al., 2018; Tofani et al., 1995). Altera-

tions in blood chemistry (Touitou et al., 2012),

impairment of body homeostasis (Zhang et al.,

2017), and oxidative damages (Ansari et al., 2016)

were reported as the adverse effects of ELF-MF.

Furthermore, ELF-MF exposure might cause neuro-

degenerative diseases, cardiovascular diseases, brain

cancer, breast cancer, and other types of cancer

(Dominici et al., 2011; Liburdy et al., 1993). In con-

trast, there are reports in the literature claiming that

ELF-MF exposure cannot alter the immune system’s

mechanism (Touitou et al., 2013) or cause chromo-

somal damages (Tofani et al., 1995) in humans.

The American Conference of Governmental Indus-

trial Hygienists (ACGIH) has provided a threshold

limit value–ceiling (TLV-C) of 1.2 and 1 mT

(ACGIH, 2015) for ELF-MF within the frequencies

of 50 and 60 Hz, respectively. There is limited epide-

miological evidence confirming the risk of carcino-

genesis among the people who are exposed to a low

intensity of ELF-MF. International Agency for

Research on Cancer (IARC) has classified ELF-MF

in group 2B as “possibly carcinogenic to humans.”

Some reports demonstrated that exposure to ELF-

MF at the levels higher than occupational exposure

limit can produce genotoxicity (IARC, 2002). Domin-

ici et al. established micronuclei and sister chromatid

exchange in welding exposure and confirmed that

metal exposure in welder groups could lead to geno-

toxicity (Dominici et al., 2011). However, one of the

most important concerns related to ELF-MF exposure

is the genetic damage to human populations (Vijaya-

laxmi and Prihoda, 2009). One of the most sensitive

methods for measuring DNA damage is comet assay.

The modified comet assay, which was first introduced

by Singh et al., is an electrophoresis gel-based method

which can measure DNA breaks via the application of

fluorescent microscopy (Singh et al., 1988).

In the present study, the impact of ELF-MF expo-

sure to intensities less than the occupational exposure

limit on DNA damage was investigated. Genotoxicity

in peripheral blood mononuclear cells (PBMC) was

evaluated using the comet assay among the employ-

ees of a power plant.

Material and methods

Study population

In this cross-sectional study, 29 male utility workers

from a power plant (Iran, Tehran) were selected as the

exposed participants. The means of age and work expe-

rience (related to the power lines) of the exposed

groups were 36.03 + 3.15 and 9.86 + 2.99 years,

respectively. Accordingly, 28 male support personnel

with no background of occupational exposure to

ELF-MF were selected as the control group. The

exposed group was matched with nonexposed workers

in terms of sex, age, work experiences, and smoking

level (Table 1). The procedures of this study were

approved by the Committee on Research Ethics at Sha-

hid Beheshti University of Medical Sciences, SBMU-

IRB (IR.SBMU.PHNS.REC.1397.037 approved on

2018), and a written informed consent was obtained

from each individual and employer in advance.

Magnetic field measurement

Protocol #401 of the NIOSH manual (Bowman et al.,

1998) was used to assess the ELF-MF in a power plant

during a working shift. In this regard, TES-1393 (TEC

Electrical Electronic Corp. Taipei, Taiwan) was set for

magnetic field exposure measurements. The measure-

ments were made with a hand-held magnetic field sur-

vey meter and were done on long walks through the

Table 1. General characteristics of the studied utility workers and support personnel.

Groups N Age (year) Work experience (year) Smokersd

Utility workersa 29 36.03 + 3.15c 9.86 + 2.99 7
Support personnel 28 34.46 + 3.89 7.64 + 3.36 8
p Valueb 0.668 0.786 0.067

aUtility workers and support personnel considered as exposed and control groups, respectively.
bProved that there is no significance difference between groups (p > 0.05).
cMean + SD.
dSmoking habit more than 1 year.

Zendehdel et al. 425



plant area stopping at each workstation. Next, the mag-

netic field was measured at a triple axis, and the ranges

were adjusted to the frequency of 3–3000 Hz and the

intensity of 0.1 to 200 mG. ELF-MF was measured in

the working site using the dimension of 64 � 240 m2.

ELF-MF was characterized by the walkway of the plant,

while the center of 78 stations was evaluated using the

distance of 16 m. The assessed stations included local

utility workers stopping to fill forms and checklists. In

each station, four repeats of ELF-MF intensity were

recorded, and the means were calculated.

Chemical and reagents

Low-gelling-temperature (LGT) agarose (Sigma;

Type VII), agarose, Na2EDTA, NaOH, and dimethyl

sulfoxide (DMSO) were purchased in analytical grade

from Merck, Sigma, and Fluka and were used without

further purification. FluoroVue™ Nucleic Acid Gel

Stain (10,000�) was purchased from Smobio com-

pany (Hsinchu, Taiwan) and was used as a safe DNA

gel stain.

Comet assay procedure

The comet assay was performed according to the

method presented by Olive and Banáth (Olive and

Banáth, 2006). The alkaline procedure was used to

determine DNA strand breaks in peripheral blood

mononuclear cells (PBMC). Samples of 1 mL hepar-

inized blood were taken from the studied population.

Accordingly, slides were prepared adding 40 mL of

whole blood and 120 mL of LGT agarose in a clean

microtube that was followed by pipetting 120 mL of

cell suspension quickly onto the agarose-covered sur-

face of a pre-coated slide. Lysis and electrophoresis

were performed under alkaline conditions (pH > 13).

The slides were submerged in the fresh lysis buffer

(A1 solution containing 1.2M NaCl, 100mM

Na2EDTA, 0.1% sodium lauryl sarcosinate, 0.26M

NaOH, and 2% DMSO) for 2 h in a dark and cold

place (4�C). Then, the slides were removed and

washed by electrophoresis buffer (A2 solution con-

taining 0.03M NaOH, 2mM Na2EDTA in pH approx-

imately 12.3) twice. Thereafter, the slides were

submerged in a fresh A2 solution using an electro-

phoresis chamber. Subsequently, power supply vol-

tage was set to 0.6 V/cm, and electrophoresis was

done for 25 min. Finally, the slides were removed and

stained using fluorescent DNA dye.

DNA damage was investigated using a fluorescence

microscope (ECLIPS 80 with WG filter, Nikon, Tokyo,

Japan). Images of slides were analyzed via Image J

1.50i-Open Comet software (Rashand, 2017). A mini-

mum of 50 randomly selected cells from each sample

were measured for their tail length (TL), % DNA in tail,

tail moment (TM), and olive moment (OM). OM is

defined as the amount of DNA and the mean distance

of migration in the tail (OM ¼ (Tail�mean � Head-

mean)� Tail% DNA/100). In this regard, mean values

were calculated in the statistical analysis (Mozaffarieh

et al., 2008; Zendehdel et al., 2017).

The percent DNA in the tail is the most informative

parameter for judging comet assay results (Collins,

2014). TM is derived from TL, which is sensitive to the

background or threshold setting of the image analysis

program, as the end of the tail is defined by a certain

excess of fluorescence over background (Gyori et al.,

2014). Moreover, % DNA in the tail is linearly related to

DNA break frequency, is relatively unaffected by

threshold settings, and allows discrimination of damage

over the widest possible range (Collins, 2004).

Statistical analysis

Statistical analysis was performed using SPSS V.16

software. The variation between the exposed and the

control group was evaluated using an independent t-test

and Mann–Whitney U test for normal and non-normal

distributions, respectively. The Spearman correlation

coefficient test was applied to investigate the correlation

between DNA damage parameters (TL, TDNA%, TM,

and OM) of PBMC and ELF exposure considering a

significance level of 0.05. Data normality was deter-

mined using the Shapiro–Wilk test.

Results

There were no statistically significant differences in

term of age, work experience, and smoking level

among utility workers and support personnel (Table 1).

According to the normality test, TL and OM data

had a normal distribution, while TDNA% and TM

data were non-normally distributed. In this regard, the

Independent sample t-test and Mann Whitney U test

were used for testing normal and non-normal distribu-

tions, respectively.

ELF-MF measurements were carried out based on

the sampling strategy suggested by NIOSH (Bowman

et al., 1998). Stations were selected in work sites by at

least the distance of 5 m from the sources of elevated

magnetic fields such as turbines of power generator,

where utility workers spend at least one-third of their

working time. ELF-MF exposure was measured
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around six generators. The results showed that

ELF-MF exposure around the third generator was

greater than others.

Exposure levels in the measured stations were

between 4 and 50 mT with a median of 0.85 mT.

ELF-MF was recorded during normal work shifts

(Table 2). ELF-MF exposure of support personnel

was reported as the background, which was between

0.4 to 25.5 mT (Table 3). ELF-MF data in eight sta-

tions of work sites were greater than the upper level of

support exposure personnel. The recorded exposure of

utility workers was significantly (p < 0.001) greater

than that of the unexposed population.

TL in the exposed group was significantly (p <

0.001) greater than the one in the control group (Fig-

ure 1). The mean + SD values of utility workers and

controls were 25.87 + 12.76 and 12.71 + 12.38,

respectively. OM of exposed subjects (mean + SD:

25.87 + 12.76) was also significantly (p < 0.001)

greater than that of the control group (Table 4).

The results showed that utility workers con-

tained % DNA in tail (p ¼ 0.017) and TM (p ¼
0.006) compared to those of the support personnel

(Table 5).

The two-tailed Pearson correlation coefficient

showed a significant and positive relationship

between work experience and both TL (r ¼ 0.446,

p ¼ 0.001) and OM (r ¼ 0.434, p ¼ 0.001). There

was no significant relationship between age and

DNA parameter damages.

Table 2. The ELF-MF measurement in the stations along with the generators in the studied power plant (mT).

Station

Generators

1 2 3 4 5 6

1 4 5.1 35 5 10 12
2 4.1 5 32 8.7 10 11
3 7 15 29 14 17 8.5
4 11 11.8 50 13 13 9
5 12.7 4.9 39 6.1 13.5 5
Median (min–max) 7 (4–12.7) 5.1 (4.9–15) 35 (29–50) 8.7 (5–14) 13 (10–17) 9 (5–12)

ELF-MF: extremely low frequency magnetic field.

Figure 1. The microscopic images (magnitude of �200) of blood sample prepared according to the comet protocol of
this study: (a) exposed and (b) unexposed sample.

Table 3. ELF-MF exposure in the workstation of the
studied utility workers and support personnel.

ELF-MF in groups (mT)

Groups Utility workersa Support personnel
Median (min–max) 11 (4–50) 0.85 (0.4–25.5)

ELF-MF: extremely low frequency magnetic field.
aUtility workers and support personnel considered as exposed
and control groups, respectively.
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Discussion

Since IARC classified ELF-MF as a possible carcino-

genic agent (2B) in humans, there are numerous

evidences that show the genetic damages caused by

ELF-MF exposure to cells, animals, and humans

(Dominici et al., 2011; Havas, 2017; Tofani et al.,

1995; Verschaeve et al., 2016; Vijayalaxmi and

Prihoda, 2009; Zhang et al., 2017). Dominici reported

genotoxic damage of ELF-MF during a complete day

exposure in welders (Dominici et al., 2011). The aim

of the present study was to determine DNA damage

caused by ELF-MF discontinuous exposure to low

intensity among workers in power plant industries.

In this regard, blood samples of the selected sub-

jects, including high voltage technicians and control

group, were taken, and DNA damages were evaluated

using the comet assay. Comet assay is one of the

versatile, quantitative, and sensitive methods (Collins

and Azqueta, 2012) to detect DNA strand breaks and

could determine single-strand breaks (SSBs), double-

strand breaks, alkali-labile sites, and DNA crosslinks

(Gyori et al., 2014). Four of the comet parameters

including TL, TM, OM, and % DNA in tail were

reported as indicators of the DNA damage among

workers (Zendehdel et al., 2017). The statistical anal-

ysis of the TL parameter showed a significant

decrease in the control compared to the exposed

group. In order to better assess, another parameter,

namely % DNA in tail, was used in this experiment

(Collins, 2004). The % DNA in tail was also signifi-

cantly greater than the control. This parameter was

recommended by Hellman et al. to be applied in DNA

damage measurements (Hellman et al., 1995). The

main benefit of using TM is that it represents both

damaged DNA and migration in one value. The

results of the present study showed a statistically

significant difference between the exposed and con-

trol groups (p ¼ 0.006). Finally, OM showed a sig-

nificant difference between exposed and control

groups (p < 0.001).

The recommended TLV-C by ACGIH for ELF-MF

50 Hz is 1 mT (ACGIH, 2015). The limit value of

0.5 mT has been accepted by the European Union for

occupational exposure. However, results of the pres-

ent study showed that the exposure level in all stations

was lower than ACGIH and EU standards (Collins,

2014; Havas, 2017; IARC, 2002).

Since all comet parameters represented greater

DNA damage in the exposed group, it was concluded

that the ELF-MF exposure induced those damages.

Investigations show that occupational discontinuous

exposure to low levels of ELF-MF has a potential to

cause DNA damages. Ruiz-Gomez reviewed 29 stud-

ies on DNA strand breaks induced by ELF-MF (Ruiz-

Gómez and Martı́nez-Morillo, 2009). They reported

that 50% of the studies confirmed DNA damages.

However, it is generally accepted that ELF-MFs are

unable to transfer a sufficient amount of energy to

cells in order to damage DNA directly. Perhaps, there

is DNA damages of ELF-MF through co-exposure to

other pollutions (Moretti et al., 2005). Our study con-

firmed DNA damage of ELF-MF exposure. Although

we matched the exposed subjects and control popula-

tion, we could not control urban air pollution and food

consumption of people. Air and food contamination

could increase the effects of ELF-MF in utility work-

ers with higher exposure than unexposed people. Fur-

ther studies are needed in this respect in order to

provide more conclusive results.

Tofani et al. reported that exposure to ELF in the

presence of static magnetic field caused chromosomal

aberrations (Tofani et al., 1995). Touitou et al. studied

the chronic exposure to the ELF for 7 to 20 years

during which the participants were exposed to more

than 0.3 mT. Their results showed that the chemistry

of blood (such as glucose, sodium, chloride, and phos-

phorus concentration) changed among healthy men

Table 5. Tail DNA percent and TM values in the utility
workers and support personnel.

Groups
% DNA in tail

Median (min–max)
Tail moment

Median (min–max)

Utility workersa 54.82 (26.19–76.20) 14.79 (3.60–49.80)
Support

personnel
18.82 (0.45–80.20) 3.13 (0.01–30.30)

p Value 0.017 0.006

TM: tail moment.
aUtility workers and support personnel considered as exposed
and control groups, respectively.

Table 4. TL and OM values in the utility workers and
support personnel.

Groups TL (mean + SD) OM (mean + SD)

Utility workersa 25.87 + 12.76 12.25 + 6.16
Support personnel 12.71 + 12.38 5.97 + 6.47
p Value <0.001 <0.001

TL: tail length; OM: olive moment.
aUtility workers and support personnel considered as exposed
and control groups, respectively.

428 Toxicology and Industrial Health 35(6)



who were employed as high voltage technicians

(Touitou et al., 2012). Nevertheless, hematological

parameters and immune system changes were not

observed (Touitou et al., 2013). In another study

(Svedenstål et al., 1999), degradation of DNA was

reported by Svedenstål in brain cells of CBA mice.

In their studies, 50-Hz, 0.5-mT magnetic fields were

used for exposing mice groups for 2 h, 5 days, and

14 days. Fourteen days exposure to the magnetic field

has the potential to cause DNA damage, which was

not found in 2-h and 5-day exposures (Havas, 2017).

According to the epidemiological studies, there is

some evidence suggesting a link between occupa-

tional exposure to ELF-MF and the development of

breast cancer among males and females, leukemia,

and brain cancer (Demers et al., 1991; Havas, 2000;

Lai, 2014; Tynes et al., 1992). In line with our study,

Havas highly recommends that IARC reclassify the

ELF-MF, considering new carcinogenic evidence in

her recently published “Letter to the Editor” in 2017

(Havas, 2017). The lack of collaboration on the part of

the power plant was a challenge for this study. How-

ever, the main limitation of this study was the small

sample size.

Conclusion

Indirect effects of magnetic field could cause injury in

exposed workers due to a discontinuous exposure at a

low level. It can be concluded that the occupational

exposure to ELF-MF (50/60HZ) below the standards

induced DNA damages among workers. It is highly

recommended that exposure to ELF-MF be reduced

in workplaces.
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