
1 3

Arch Toxicol (2016) 90:2337–2348
DOI 10.1007/s00204-016-1769-9

REVIEW ARTICLE

Genetic damage in humans exposed to extremely low‑frequency 
electromagnetic fields

A. Maes1 · L. Verschaeve1,2 

Received: 26 May 2016 / Accepted: 15 June 2016 / Published online: 23 June 2016 
© Springer-Verlag Berlin Heidelberg 2016

Introduction

Extremely low-frequency magnetic fields (ELF-MF) have 
been classified by the International Agency for Research on 
Cancer (IARC) as ‘possible carcinogenic to humans’ (group 
2B). This was essentially because of the observed asso-
ciation with childhood leukaemia (IARC 2002). Although 
some scientists are in favour of a re-evaluation based on 
new analyses and recent less convincing study results 
(e.g. Leitgeb 2015a, b), this association is at present still 
accepted (SCENIHR 2015). However, a causal relation-
ship between magnetic field exposures and childhood leu-
kaemia was never established and laboratory investigations 
also did not provide convincing supportive evidence (EHC 
2007; Schmiedel and Blettner 2010; SCENIHR 2015). For 
example, results from studies on ELF-MF-induced genetic 
effects are controversial and most scientists do not consider 
that the available data clearly point towards such effects. 
Because of the low energy levels in molecular interactions, 
it is physically highly implausible that ELF fields cause 
direct genetic damage. However, it has been theorised that 
ELF may enhance such damage from other sources (e.g. 
endogenous radicals) or that epigenetic (non-genotoxic) 
interference in signal transduction may enhance cancer 
formation. Yet, studies on the effects of ELF magnetic 
field exposure of cells did generally not show genotoxic 
effects at magnetic flux densities well above those found 
in daily life situations. There is, however, some evidence 
that ELF magnetic fields may interact with DNA-damaging 
agents and be co-genotoxic (Vijayalaxmi and Obe 2005; 
Bergqvist et al. 2003; EHC 2007; Udroiu et al. 2010; Mark-
kanen 2009). It also should be stressed that, as pointed out 
by Udroiu et al. (2010), possible aneugenic effects of elec-
tromagnetic fields did not get much attention so far despite 
the growing interest for the link between aneuploidy and 

Abstract The classification of extremely low-frequency 
magnetic fields by the International Agency for Research 
on Cancer in the group of ‘possible human carcinogens’ 
(group 2B) is essentially based on epidemiologic evidence 
showing an association between MF exposures and child-
hood leukaemia. Despite many in vitro and in vivo inves-
tigations, there is no established causal relationship yet. 
However, human cytogenetic biomonitoring studies that 
were conducted in the past show predominantly positive 
results, i.e. increased cytogenetic damage in peripheral 
blood lymphocytes or buccal cells of ELF-MF-exposed 
subjects. This is important given the established link 
between observed cytogenetic damage in cells of people 
and an increased cancer risk. We here conducted an evalua-
tion of the published investigations and found that many of 
the studies clearly have shortcomings, which often prevent 
any firm conclusion. As a matter of fact, there are reasons 
to believe that effects are not that impressive. However, the 
totality of the studies cannot simply be disregarded war-
ranting further caution and the application, to a certain 
extent, of the precautionary principle.

Keywords Magnetic fields · ELF · Cytogenetic damage · 
Lymphocytes · Buccal cells · Workers

 * L. Verschaeve 
 luc.verschaeve@wiv-isp.be

1 Scientific Institute of Public Health, O.D. Food, Medicines 
and Consumers Safety, J. Wytsmanstreet 14, 1050 Brussels, 
Belgium

2 Department of Biomedical Sciences, University of Antwerp, 
Antwerp, Belgium

http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-016-1769-9&domain=pdf


2338 Arch Toxicol (2016) 90:2337–2348

1 3

carcinogenesis. Some evidence of ELF-MF-induced aneu-
ploidy was already published yet (Udroiu et al. 2006; Maes 
et al. 2016).

As genetic damage is very often a prerequisite for cancer, 
not only in vitro and in vivo animal studies were conducted 
but also several cytogenetic biomonitoring studies in people 
who were occupationally exposed to electric and magnetic 
fields. Most of these studies showed an increased frequency 
of genetic damage in the white blood or exfoliated buccal 
cells of the workers (Table 1). Despite above-mentioned 
uncertainties and lack of convincing evidence in in vitro 
and in vivo investigations, these human studies are often 
seen as alarming and supportive for an ELF-MF-induced 
cancer risk. However, a careful and critical investigation of 
these studies is needed to identify possible methodological 
shortcomings and hence better appreciate the validity of the 
studies. A previous critical evaluation was, for example, per-
formed with respect to cytogenetic biomonitoring studies 
of subjects being exposed to radiofrequency fields, and this 
revealed the presence of many shortcomings preventing any 
clear conclusion, even when the majority of studies showed 
genetic damage in the blood and buccal cells of the exposed 
subjects (Verschaeve 2009). The same might be true when 
ELF (electro)magnetic fields are considered. We here pre-
sent an evaluation of cytogenetic biomonitoring studies on 
ELF-(electro)magnetic field (ELF-EMF)-exposed subjects 
as published in the scientific literature.

Cytogenetic investigations of human subjects 
occupationally exposed to ELF‑EM fields

Several but yet relatively few studies were published on 
the cytogenetic damage in cells from ELF-EMF-exposed 
persons. Most investigations were on peripheral blood lym-
phocytes. In some of the studies also buccal epithelial cells 
were investigated. A short overview of these studies and 
their conclusions is given here (Table 1).

Bauchinger et al. (1981) investigated structural chromo-
some aberrations and sister chromatid exchanges (SCE) in 
blood cells of subjects following long-term exposure to elec-
tric and magnetic fields. The chromosome analysis was car-
ried out in the lymphocytes of 32 workers who were occupa-
tionally exposed for more than 20 years to 50 Hz alternating 
electric and magnetic fields from 380 kV switchyards. As 
a control group, 22 workers of a similar age were included. 
Their occupation was also similar but did not coincide with 
ELF-EM exposure. There was no difference in the frequencies 
of chromosome aberrations and SCE between both groups.

Skyberg et al. (1993) investigated 13 laboratory employ-
ees exposed to electromagnetic fields. From them, seven 
were high-voltage (up to 200 kV) laboratory cable splic-
ers and six engineers exposed to static, alternating or pulsed 

electric and magnetic fields. Matched controls consisted of 
20 subjects with a similar job description (but no exposure), 
age and smoking behaviour. The alternating 50 Hz mag-
netic fields were usually 5–10 µT but may occasionally have 
reached much higher values (±500 µT whole-body exposure; 
±10,000 µT at the level of the hands). Chromosome aberra-
tions, SCEs and aneuploidy (numerical chromosome aber-
rations) were studied in the subject’s peripheral white blood 
cells. In this study, an increased frequency in structural chro-
mosome aberrations was found but not in SCEs or aneuploidy.

Valjus et al. (1993) examined lymphocytes from power 
line inspectors and maintenance personnel who had a more 
than 10-year exposure to electromagnetic fields. They 
found a twofold increase in the incidence of chromatid 
breaks compared with unexposed controls, but no differ-
ence with respect to SCEs and micronuclei.

Nordenson et al. (1984, 1988, 2001) performed several 
cytogenetic biomonitoring studies on occupationally exposed 
subjects. A study of chromosome aberrations in peripheral 
blood lymphocytes of 20 switchyard workers at 400 kV 
substations revealed increased frequencies of such aberra-
tions compared with the controls (Nordenson et al. 1984). 
In a follow-up study, 38 employees of electric power com-
panies were studied; amongst them, 19 of the subjects were 
involved in the repair and maintenance of circuit breakers and 
disconnectors in 400 kV substations. The other 19 individu-
als served as controls and were only exposed to normal envi-
ronmental electromagnetic fields. The frequency of cells with 
chromosomal aberrations and micronuclei was significantly 
increased compared with the frequencies in the control cells. 
SCEs were not increased (Nordenson et al. 1988). Another 
study of Nordenson et al. (2001) was conducted on train 
engine drivers, train dispatchers, office workers and police-
men. The drivers were exposed to magnetic fields ranging 
from a few µT to more than 100 µT. Chromosome aberrations 
were again investigated in peripheral lymphocytes. A pilot 
study of 18 engine drivers revealed a significant four times 
higher frequency of cells with chromosome aberrations com-
pared with a control group of 16 office workers. A follow-up 
study of another 30 engine drivers and 30 policemen (used a 
controls) again showed a significant increase in the frequency 
of cells with chromosome-type aberrations.

A study by Othman et al. (2001) was specifically devoted 
to aneuploidy and involved 18 male traffic controllers and 
engineers exposed to electromagnetic fields. They had a sta-
tistically increased frequency of monosomy of chromosome 
7 and 17 and loss of the Y chromosome compared with a 
matched control population of five male individuals. The 
numerical chromosome aberrations were investigated with 
fluorescence in situ hybridisation (FISH) techniques.

Another investigation of Skyberg et al. (2001) was again 
on high-voltage laboratory workers exposed to electromag-
netic fields and mineral oil. The study population consisted 
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of 24 individuals who were compared to 24 matched con-
trols. The exposed group included employees from the 
high-voltage laboratory and generator soldering depart-
ment. Due to their activities, they were exposed to both 
electric and magnetic fields as well as oil mist and vapour. 
The authors did not find excessive cytogenetic damage in 
the exposed subjects compared with the unexposed con-
trols but found indications that the electromagnetic fields in 
combination with mineral oil exposure may produce chro-
mosomal aberrations.

Higino Estécio and Silva (2002) found a significant 
higher frequency of aberrant metaphases and anomalies per 
cell in individuals exposed to radiation from video display 
monitors. Ten occupationally exposed individuals were 
studied, and the results were compared to these obtained 
in ten control subjects. The frequency of chromatid breaks 
was higher in the blood cells from EMF-exposed subjects 
compared with the controls.

Gobba et al. (2003) performed an investigation on 
peripheral blood lymphocytes from 70 workers exposed to 
various levels of ELF-EMF covering different occupations 
without the (known) involvement of exposure to mutagens 
and carcinogens. SCE frequencies, high-frequency cells 
(HFC) and the number of SCEs in HFC were investigated. 
No genotoxic effects were found at exposure levels of 
approximately 2 µT (the exposure levels currently found in 
most workplaces).

Goud et al. (2004) performed a micronucleus test in 
blood cells from subjects who regularly used photocopying 
machines and who were therefore exposed to toxic com-
ponents of toners, toxic gazes as ozone, volatile organic 
components (VOCs) and extremely low-frequency elec-
tromagnetic fields. A total of 98 workers were included 
in this study as well as 90 age- and sex-matched controls. 
The workers had an increased frequency of both chromo-
some aberrations and micronuclei in their white blood 
cells. Increased micronucleus frequencies were also found 
in their buccal epithelial cells. Due to exposure to chemical 
agents as well and smoking as a confounding factor, it is 
very difficult to ascribe the results to the electromagnetic 
fields only.

Carbonari et al. (2005) found increased micronucleus 
frequencies as a result of exposure to electromagnetic 
fields from computer cathode ray tube video display moni-
tors. Exposure was for at least 5 years and thus involved 
extremely low and very low electromagnetic fields. In this 
study, ten male and ten female occupational users of micro-
computers were involved. The control population consisted 
of 20 unexposed subjects matched for age and gender. 
They were selected from the general population living in 
the same city. The frequency of micronuclei was studied in 
exfoliated buccal cells. Cells from EMF-exposed individu-
als had a higher frequency of micronuclei compared with 

the frequency in control cells. The effect was also signifi-
cantly more pronounced in female individuals.

Another study was on occupational exposure to electric 
and magnetic fields involving 55 workers in transformer and 
distribution line stations in the Bursa province of Turkey 
(Celikler et al. 2009). The experimental group consisted of 
32 technicians working inside the transformers and 23 office 
workers (outside the transformers). There were 17 control 
subjects who were working in different workplaces or were 
retired, housewives and students. Chromosome aberrations 
and micronucleus frequencies in peripheral lymphocytes 
were higher in the exposed ‘electrical’ workers. The fre-
quency of chromosome aberrations furthermore increased 
with the years of exposure.

A cytogenetic investigation on railway engine drivers 
who were exposed to ELF-EMF was conducted by Gadhia 
et al. (2010). In this study, sister chromatid exchanges and 
structural chromosome aberrations were investigated. It 
was assumed that the engine drivers were exposed to rela-
tively high magnetic field densities whereas their exposure 
to other (chemical) agents was assumed low and usually 
negligible. This study did not show any increased cytoge-
netic damage in the ELF-EMF-exposed subject and hence 
did not support the hypothesis that ELF-EMFs are geno-
toxic. This study involved a total of 15 railway engine driv-
ers as the exposed population and 15 train guards as unex-
posed controls. Both groups matched with respect to age, 
habits and socio-economic conditions.

Welders are exposed to ELF magnetic field intensi-
ties that are 2–200 times higher than the exposure in most 
‘electrical occupations’ and in households. The subjects 
who participated in the study of Dominici et al. (2011) 
were exposed to 0.03 µT up to a few hundred µT from elec-
tric arc welding apparatus. Exposure was, however, always 
lower than the 2004 European unit action value of 500 µT. 
In this study, cytogenetic effects were examined by means 
of the micronucleus and SCE test in the lymphocytes of 21 
welders who were enrolled in two different welding com-
panies in central Italy. The control population consisted of 
21 non-exposed blood donors matched for age, residence 
and smoking habit. The exposed group showed ‘dose-
dependent’ and significantly higher frequencies of micro-
nuclei compared with the control group. On the other hand, 
there was a significant decrease in the frequency of SCEs.

Results of the alkaline comet assay in peripheral blood 
lymphocytes of the same welders and controls were pub-
lished separately (Villarini et al. 2015). Data were pre-
sented for comet tail length, tail intensity and tail moment. 
According to the authors, there was significant less DNA 
damage (tail intensity and tail moment) in the blood cells of 
exposed welders compared with the unexposed probands.

Balamuralikrishnan et al. (2012) studied 70 Indian 
subjects from whom 50 were occupationally exposed to 
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low-frequency electromagnetic fields and 20 were unex-
posed controls. The 50 exposed subjects were subdivided 
into a group of 28 power line and transformer workers 
(direct exposure) and 22 electrical board office workers 
(indirect exposures). Lymphocytes from exposed subjects 
had higher frequencies of structural chromosome aberra-
tions and micronuclei compared with the frequencies in 
cells from the control subjects. Chromosome aberrations 
and micronuclei frequencies increased with age in both 
exposed and non-exposed subjects, but this was statistically 
significant only in the EMF-exposed subjects. According to 
the authors, chronic occupational exposure to EMFs may 
lead to an increased risk of genetic damage among the elec-
trical workers.

Tiwari et al. (2015) used the alkaline comet assay to 
investigate DNA damage in cells from workers at 132 kV 
substations who were exposed to ELF-EMFs for more 
than 2 years. Blood sample of 142 exposed subjects and 
151 non-exposed individuals was analysed. A ‘tendency’ 
towards increased DNA damage was found in the exposed 
subjects compared with non-exposed controls, but statisti-
cal significance was not stated.

Khalil et al. (1993) investigated workers from a 132–
230 kV supply station and found increased frequencies 
of chromosomal aberrations but not of sister chromatid 
exchanges.

Scaringi et al. (2007) briefly described the results of a 
cytogenetic investigation on ELF-MF exposed subjects 
(no precision). They found no difference between workers 
with low (<0.2 µT) and higher exposure levels (>0.2 µT and 
>1 µT). It was not clear how many cells were investigated 
per individual (especially for SCE and MN).

Other than professional exposures to ELF‑MFs

All above studies were on occupationally exposed subjects. 
To our knowledge, there were only two investigations on 
other ELF-EMF-exposed persons. Albert et al. (2009) 
found no cytogenetic effects in human volunteers exposed 
for 4 h to magnetic flux densities of 200 µT, whereas Maes 
(1998) studied chromosomal aberrations in VDU workers 
and residentially (power line) exposed individuals. Here 
also, no cytogenetic effects could be attributed to the expo-
sure. However, this was only a limited pilot experiment 
lacking any data on exposure levels or possible confound-
ing factors.

Discussion

We now know that a high frequency of structural chro-
mosomal aberrations in lymphocytes is predictive of an 

increased cancer risk, irrespective of the cause of the aber-
rations (Bonassi et al. 1995, 2000, 2007, 2008; Hagmar 
et al. 1998, 2004). The chromosome aberration test is there-
fore predictive for cancer at least at the level of a popu-
lation. It is not predictive at the individual level as many 
factors may be responsible for an increased chromosome 
aberration frequency (recent illness or viral infection, etc.). 
Recent studies also provided evidence that an increased 
micronucleus frequency in peripheral lymphocytes is asso-
ciated with an increased risk of cancer and other age-related 
degenerative diseases (Bonassi et al. 2007, 2011; Murgia 
et al. 2008; Migliore et al. 2011; Andreassi et al. 2011). 
Previous studies (e.g. Hagmar et al. 1998) did not find such 
an association, but the size of the cohort was too small and 
the material too heterogeneous to provide reliable findings. 
Moreover, most of the data were not obtained by using the 
more sensitive ex vivo/in vitro cytokinesis-block method-
ology (Mateuca et al. 2006). A high(er) micronucleus fre-
quency in blood cells of a given population thus indicates 
that this population has a higher cancer risk. As for struc-
tural chromosome aberrations, this holds true at the level of 
the population but not at the individual level.

Sister chromatid exchanges and ‘DNA comets’ can be 
used as indicator tests for DNA damage and biomarkers of 
exposure rather than as biomarkers of effect as they do not 
necessarily correspond to an increased mutation risk. SCEs 
actually detect symmetrical or asymmetrical exchanges 
between sister chromatids of a single chromosome which 
are probably related to recombinational repair. The alka-
line comet assay on the other hand detects single and dou-
ble DNA breaks and alkali labile site that may or may not 
result in mutagenesis. Although both tests are well-known 
genotoxicity tests and hence related to carcinogenesis, the 
link with carcinogenesis in humans is no established yet. 
The tests, however, remain important.

Because of the association between genetic effects and 
cancer (at least in many instances), several studies were 
carried out on possible (cyto)genetic effects in subjects who 
were occupationally exposed to extremely low-frequency 
electromagnetic fields. Most of these studies showed 
increased genetic damage and hence overall the conclusion 
might be rather alarming. However, these studies need to be 
carefully examined. According to Gobba et al. (2003), no 
firm conclusions could be drawn yet with respect to pos-
sible ELF-induced genotoxicity in occupational exposed 
persons. This conclusion was amongst others based on 
the controversial data and lack of replication studies. We 
also noted the increased chromosomal aberrations in cable 
splicers (Skyberg et al. 1993), but when all the 13 employ-
ees of the study were compared with job-matched refer-
ents, no statistically significant differences were found. 
From the seven cable splicers, actually only three subjects 
were recently exposed and the other four had been on sick 
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leave and were transferred to other departments within the 
company. Statistically significant increases in chromosome 
breaks were found only in the three subjects which is a far 
too low study population to base any conclusion on, espe-
cially as smoking was also identified as a confounder. The 
more recent study of Skyberg et al. (2001) in welders was 
furthermore not able to find any increased cytogenetic dam-
age. From the 24 exposed subjects, 12 were working in the 
high-voltage laboratory and 12 were employed in the gen-
erator soldering department where exposure was also to oil 
mist and vapours. Differences in response with regard to 
different genetic endpoints (e.g. increased levels of struc-
tural chromosome aberrations but not of micronuclei and 
sister chromatid exchanges; Valjus et al. 1993) may con-
tribute to the confusion although this may, at least partly, 
be ascribed to other measured endpoints and hence other 
mechanisms of action. It is, for example, well known that 
ionising radiations produce structural chromosome aberra-
tions but much less SCEs (Evans 1977). The same was seen 
with radiofrequency fields (Verschaeve et al. 2010), and 
this was apparently also confirmed in the investigations on 
ELF-MFs.

Other studies were performed since but final conclusions 
yet remain difficult to draw, for example as a result of other 
contradictory findings as shown by the study by Gadhia 
et al. (2010) in train engine drivers whose results were in 
contradiction with the findings of Nordenson et al. (2001). 
As a matter of fact, we identified a number of shortcoming 
or discussion points that may hinder a proper evaluation of 
ELF-EMF-induced genotoxicity in humans and explain the 
present lack of any clear answer with respect to genotoxic 
effects of ELF-EMF in humans:

•	 To start with, most studies were not accompanied by 
robust dosimetric evaluations (see Table 1). Often only 
a very superficial job description was given as the only 
estimate of a ‘higher’ exposure level compared with the 
control population (e.g. Bauchinger et al. 1981; Valjus 
et al. 1993; Nordenson et al. 1984, 1988; Higino Esté-
cio and Silva 2002; Gadhia et al. 2010). When meas-
urements of electric and/or magnetic fields were done, 
the overall exposure of involved subjects yet remain 
uncertain due to job variations (e.g. variable exposure 
durations, engine drivers switching from one engine to 
another, no information on ‘other’ potential exposures 
as for example from computer screens in subject sup-
posed to be exposed to other ELF-EMF sources as the 
main exposure, etc.).

•	 Most of the studies mention the use of ‘matched’ 
control populations, but often it is not clear what this 
means. For example, they may be matched with respect 
to age, gender and life style, but other factors may be 
important as well but were largely ignored. Bauch-

inger et al. (1981) mentioned that control subjects had 
a similar occupation than the 380 kV switchyard work-
ers, but it is not clear what this actually means. Car-
bonari et al. (2005) indicated that they used a protocol 
published by the International Commission for Pro-
tection against Environmental Mutagens and Carcino-
gens (Carrano 1988) to obtain necessary information 
on ‘life styles and personal factors’, but little is done 
with that information. In their study, exposure of video 
display workers was quantified as the number of work-
ing years (14.45 on the average) but apparently also the 
controls that they have designated as ‘unexposed’ had 
an average working time with video display monitors 
of 11.7 years. It is difficult then to understand in what 
both exposed and unexposed populations actually dif-
fered.

•	 Othman et al. (2001) supposedly investigated ELF-
EMF-exposed subjects, but exposure was to EMF-fields 
from radar screens, antennae, satellite installations and 
closed circuit televisions. Exposure was therefore also, 
and essentially, to other forms of ‘non-ionising radia-
tions’ (radiofrequencies). It is not clear from the paper 
what exposure was prevailing. As a matter of fact, all 
studies dating from later than the early 1990s should 
preferentially also consider exposure to radiofrequency 
electromagnetic fields as from mobile phones and other 
wireless communication devices, but no study actually 
did. This might be important as IARC also classified 
radiofrequency (RF) electromagnetic fields (as from 
mobile phones) into class 2B (possible carcinogenic to 
humans; IARC 2013), and the RF exposure might, at 
least in some of the studies, be more important than the 
ELF-MF exposures that were supposedly investigated. 
The study of Skyberg et al. (2001) also involved expo-
sures to other agents than electromagnetic fields (min-
eral oil). The same holds true for the investigations on 
welders (Dominici et al. 2011; Villarini et al. 2015) and 
frequent users of photocopying machines (Goud et al. 
2004). In welders, welding fumes were possible impor-
tant confounders. Dominici et al. (2011) and Villarini 
et al. (2015) reported higher frequencies of micronucle-
ated cells but lower frequencies of SCEs and DNA dam-
age according to the comet assay. They highlighted the 
fact that reduced SCE frequencies were already reported 
as a result of exposure to chromium and/or nickel pre-
sent in the welding fumes and may be explained by a 
reduced DNA repair capacity. The results in the comet 
assay were explained by different chromium and/or 
nickel (or other metals) exposure levels, which lead to 
DNA–protein cross-links at lower concentrations. Goud 
et al. (2004) showed increased micronucleus levels in 
white blood cells and buccal cells of frequent users of 
photocopying machines, but exposure was also to toxic 
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VOCs and other compounds. Smoking could also be an 
important confounder.

•	 The study of Celikler et al. (2009) and Balamura-
likrishnan et al. (2012) involved power line and trans-
former workers. Although both studies reported higher 
frequencies of chromosomal aberrations and micronu-
clei, there are reasons for concern. For example, espe-
cially the Indian study reported very low micronucleus 
frequencies compared with historical values in most if 
not all of the laboratories worldwide. Frequencies of 
1.32 ± 1.12 and 1.18 ± 0.73 per 1000 cells were found 
in exposed subjects compared with 0.45 ± 0.60 per 
1000 cells in the controls. Even the frequencies in the 
exposed population were much lower than what is nor-
mally reported in unexposed control cells. Bonassi et al. 
(2001), for example, reported an overall median micro-
nucleus frequency in non-exposed (i.e. normal) subjects 
of 6.5 per thousand and an interquartile range between 
3 and 12 per thousand. These values were based on a 
database of nearly 7000 subjects. Another example is 
provided by Rastkhah et al. (2016) who reported from 
6 to 21 micronuclei per 1000 binucleated cells as the 
average baseline frequency. There are numerous other 
examples in the scientific literature.

•	 The study of Tiwari et al. (2015) only reported a ten-
dency to higher DNA damage levels in substation work-
ers reflecting over interpretation of the data rather than 
a real effect.

•	 The value of cytogenetic biomonitoring studies is, 
amongst others, largely dependent on two important 
parameters, i.e. the number of investigated cells per 
person and the number of individuals that were inves-
tigated in as well the test population as their controls. 
The requested number of cells can be calculated with 
statistical tools. Statistical methods have demonstrated 
that, in order to detect a doubled chromosome aberra-
tion frequency in a human biomonitoring study, one 
should investigate at least 200 metaphase figures per 
person and at least 20 persons per group (Whorton et al. 
1979; Whorton 1985). This holds true only if confound-
ers can be maximally excluded (no smokers or drug 
users, no medication or chronic diseases, same age dis-
tribution between the groups, no expected exposure to 
other potential mutagens, etc.). If confounders cannot 
be sufficiently excluded, it is necessary to increase the 
sample size (cell number and/or number of individuals). 
Calculations of the number of cells and individuals that 
are needed in a cytogenetic study are, however, seldom 
done, and often a compromise is adopted between what 
is considered feasible in terms of time and work load 
and what is yet supposed to be enough. It is nevertheless 
assumed that one should at least investigate 200–500 
metaphase figures per sample. That also the number of 

involved persons is important is obvious. Not all per-
sons react in the same way, and a representative sample 
of the population is needed (Verschaeve 2015). Scien-
tists do not completely agree on the number of cells and 
subjects that should be investigated in order to conduct 
a well-designed and statistically robust cytogenetic bio-
monitoring study, but generally speaking the numbers of 
200 cells for chromosome aberrations, 50 for SCEs, 100 
for analysis of ‘DNA comets’ and 2000 for analysis of 
micronuclei are considered to be minimal requirements, 
together with 20–50 subjects in both the test popula-
tion and control group. It is clear that in the above-men-
tioned studies (Table 1) these numbers were not always 
achieved. Many studies therefore provided results that 
were statistically not sufficiently robust.

•	 Many of the above reported studies which showed 
cytogenetic damage in the peripheral blood lympho-
cytes or buccal cells of exposed subjects concern expo-
sure levels which may be assumed higher than those of 
the ‘non-professionally exposed controls’, but exposure 
levels were yet usually not very high. Exposure lev-
els were in many cases probably much lower than the 
exposure levels that were applied in in vitro and in vivo 
investigations. These experimental studies nevertheless 
largely produced negative findings. The same holds true 
for the study of Albert et al. (2009) where an exposure 
to 200 µT magnetic flux densities also did not induce 
genetic effects. Here one may argue yet that the expo-
sure was limited in time (4 h only). According to a 
WHO report (EHC 2007), studies of the effects of ELF 
magnetic fields on cells have generally shown no induc-
tion of genotoxicity at fields below 50 mT, although 
some more recent data show effects at 35 µT. According 
to SCENIHR (2015), positive effects may be expected 
above approximately 100 µT. Whatever the real value is, 
these exposure levels are still considerably higher than 
the alleged exposure levels in most of the professionally 
exposed subject investigated in the above-mentioned 
cytogenetic biomonitoring studies. It is therefore diffi-
cult to believe that all reported cytogenetic effects are 
really due to the ELF-MF, rather than to other factors, 
as for example, exposure to other (genotoxic) agents, 
methodological shortcomings resulting in for example 
poor statistical power, over interpretation of data or, 
sometimes even bad science.

Above considerations show that there are many short-
comings and reasons to minimise the scope of the findings. 
However, there yet is the fact that only five out of 22 studies 
(23 %) did not show cytogenetic damage in the investigated 
ELF-EMF-exposed subjects, and hence, this still is reason 
for concern. The evaluation of the investigations does not 
mean that exposures to extremely low-frequency magnetic 
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fields are cleared from any suspicion and that no protective 
measures need to be taken by authorities in order to reason-
ably apply the precautionary principle. Indeed, no consistent 
evidence of harm does not equal evidence of no harm, and 
we may not expect totally consistent results from scientific 
research when such a complex matter is concerned.

Conclusion

According to above investigations presenting a number of 
shortcomings and contradictions between the study results, 
no firm conclusion can be drawn with respect to alleged 
ELF-EMF induced genetic effects in exposed subjects. We 
still should be alert as some indications of induced genetic 
effects and carcinogenesis cannot be simply disregarded. 
Cytogenetic biomonitoring studies that were conducted so 
far did have important shortcomings. For this reason, we 
believe that more thorough and better controlled investiga-
tions using the right genetic endpoints on adequate num-
bers of cells and individuals still should be envisaged.
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