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The sourc~s fo r the effects of electromagnetic field s (EMFs) have been traced to time-varying as well as stead y electric 
and magnetic fi elds, both at low and high to ultra high frequencies. O f these, the effects o f low- frequency (50/60 HZ) mag
neti c fi elds, direc tly related to time-varyi ng currents, are of particular interes t as exposure to some lields may be com monl y 
experi enced. In the present study, investigations have been carried out at low-level (mT) and low- frequency (50 Hz) e lec
tro magnetic fi eld s in healthy human volunteers. Their peripheral blood samples were exposed to 5 doses of e lec tromagnetic 
fie lds (2,3 ,5,7 and I OmT at 50 Hz) and analysed by comet assay. The results were compared to those obtained from unex
posed samples from the same subjects. 50 cell s per treatment per indi vidual were scored for comet-tai l length which is all 
estimate o f DNA damage. Data from observat ions among males were pooled for each flu x density fo r analysi s. At each flu x 
density, with one exception , there was a signifi cant increase in the DNA damage from the contro l va lue . When compared 
with a simil ar stud y on females carried out by li S earlier., the DNA damage level was signilical1lly hi gher in the females as 
compared to the males for each flux density. 

Introduction 
Wertheimer and Leeper' , reported an aSSOCIatI on 

between power lines and cancer in children whic h 
created an awareness of the possibility of e lectropo l

lution due to electromagnetic fields (EMFs) (ref. 2). 
At present, the evidence, available from epidemiol

ogical surveys as well as from in vivo and in vitro 
laboratory studies on the potential adverse effects of 
e lectromagnetic fi e lds on human health , is controver
sial and inconclusive. Several reviews debating the 
health risks have appeared 1-HI. F vidence suggests that 

ce ll processes can be influenced even by weak EMFs 
(ref. 11-16), although the effects may be subtle '7. 

Most studies have focused on res idential exposure 
to EMFs for obvious reasons. In general, occupational 
exposure may be due to a combination of both mag
netic and electric fields ; however, most epidemiologi
cal studies have limited the exposure assess ment to 
the time-varying and steady state magnetic field s 
alone6

. From the studies published so far, there are 
several hints of an association between EMFs and 
childhood leukemia and brain tumor' 8. ' 9. 

The occurrence of cancer is associated with geno
mic instability, and different techniques have been 
used to study it. In the present study, a highly sensi
tive newly described assay, the comet assay, was used 

* Author to whom correspondence may be made. 

to estimate the DNA damage which is one of the ex
press ions of genomi c instab ility. DNA damage was 
assayed in human peripheral bl ood leucocytes which 
were exposed in vitro to diffe re nt doses of magnetic 

fields of low intensity and of power frequency. 

Methodology 
(aJ Experimental set-up 

The ex perimenta l set-up compri sed the fo ll ow ing 
components : ( I ) A source of variabl e a lte rnating cur
rent (AC) supply; (2), an ammeter [0 measure the 

source/excitation current , and (3), a set o f 6 identi ca l 
air cored coils kept in a spec ial box to provide mag
ne tic fi e lds of 50 Hz frequency (F ig. I ). 

From the expe rimenta l set-u p, the exc itati on cu r
rent vs flux densiti es at co il centre were as in Table I . 

The maximum dens ity fo r short-term occupational 
whole body exposure (2-hr workday) pe rmi ss ibl e by 
the International Non-ionizing Radia tion Committee 
of the Inte rnational Radiation Protectio n Assoc iati on 
(INIRC/IRPA) is 5mT20. We, therefore, p lanned our 
experimental exposures at and around 5mT, i.e., two 
flux dens ities below !2 and 3mT) and two above (7 
and IOmT) thi s dose. Although 5mT fo r 2-hour pe r 
workday is permiss ible, we used only one hour treat
ment for each magnetic fi e ld dose . 

In o.rder to rule out the confounding effect of heat 
and temperature ri se at the centre of the co ils , one 
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Fig. I-Circuit diagram of the experimental setup 

Table I-The exci tat ion current vs flux densi ties at coil centre 

Current(A)* 0.10 0. 15 0.25 0.35 0.50 

Flux density (mT)* 2 3 5 7 10 

* rms (root mean squ are) values 

coi l was monitored for one hour at each of the mag
netic flux densities used in the experimental set-up . 
The temperature in the "test area" did not increase 
beyond the ambient room temperature of 28-29°C. 

(b) Cornet assay 
For measuring DNA damage (s ingle-strand breaks 
and alkali labile sites) the method developed by Singh 
et al. 21 was followed . The method is rapid , visual and 
sensitive and can be used for analysing DNA damage 
in any eukaryotic system which can be transformed 
into a single cell suspension. The protocol used, in 
brief, was as follows: 

Six healthy, non-smoking, non-alcoholic adult 
males in the age group of 20-25 years were included 
in the study. About 100 III of peripheral blood was 
drawn in a heparinized capillary tube, after a fingertip 
prick from each subject, for evaluating the effects of 
each magnetic field . All batches of blood samples 
were processed immediate ly after withdrawal. Each 
blood sample was suspended in an equal volume of a 
mixture of RPMl 1640 media containing 20% fetal 
calf serum and divided into two aliquots. One of the 
aliquots from each sample was exposed to the requi
site magnetic field whereas the second aliquot was 
processed as control. After centrifugations, the blood 
cells were embedded in agarose on a fully frosted mi
croscope slide. Cell and nuclear membranes and bulk 
of proteins were lysed at high salt concentration . Thi s 
was followed by denaturation of DNA by alkali 
treatment. On electrophoresis, DNA fragments pro
duced by single strand breaks or alkali labile sites, 
moved towards anode, to form characteristic comets 

a .. . 
Fig. 2-Comet assay in blood cell s of male subjects (,1) : Cell 
without a tail ; (b) : Cell showing COlllet tail 

(Fig. 2) . Hence thi s method is known as s ingle ce ll 
ge l e lectrophoresis assay or comet assay. Comets, 
stained with a fluorescent DNA binding dye (eg. 
ethidium bromide) were visualized using a fluores
cent microscope. DNA damage was quantitated as 
length of the comet tail with the he lp of an ocular mi
crometer. 

(c) Statistical analysis 
Fifty cells per treatment for eac h subj ect were 

scored for comet-tail-Iength. The data from 6 su bj ects 
before (control)/after treatment wi th each magnetic 
field were pooled for calcul at ion of mean and S .D. 
difference between the two means (control vs treated) 
for each flux density and was eva luated at 5% level of 
significance using Students " t" tes t. 

Results 
The effect of low magnetic fie lds in the range of 2-

10 mT was evaluated in vitro for DNA damage in 
peripheral bl ood leucocytes of the male subj ec ts us
ing comet assay. The data from these subjects were 
pooled for each magnetic fie ld intensity to obtain the 
averages as given in Table 2 . 

Discussion 
Using comet assay at each of the magneti c field 

intensities (2,3,5 ,7 and 10 mT) tested ill vitro , there 
was a significant increase in the DNA damage (s ingle 
strand . breaks and alkali labile sites) as compared to 
the control (Table 2). In a similar study on s ix fe
males carried out by usn , a significant increase in 
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Table 2-Comet tail length (in micron) in peri pheral blood leu co-
cytes of male suhjects before and after treatment with different 

magnetic field densiti e for one hou r 

Magnet ic fi eld Mean +SD Di ffe rence at SINS 
densi ty , mT p values 

Before 1.8 1+0.54 p<0.025 S 
After 2 mT 3.21 +0.88 

Before 1.26+0.26 p<0.005 S 
After 3 mT 2.62+0.57 

Before 2.68+0.63 p<0.005 S 
After 5 mT 4.2 +0.36 

Before 1.56+0.67 p<O.OOI S 
After 7 !TIT 5.02+0.45 

Before 1.54+0.32 p<O.OO I S 
After 10 !TIT 6.63+0.46 

(S: Significant; NS: Not significant) 

DNA damage in the same field intensity range was 
also observed. However, female subjects showed high 
DNA damage at each of the magnetic fields as com
pared to male subjects. The reason for such increase 
in females is not known . 

Using comet assay Lai and Singh23,24 also observed 
a significant increase in DNA damage (single strand 
as well as double strand breaks) in the brain cells of 
mice when these were exposed to even smaller mag
netic intensity(O.SmT, 60Hz) than in the present 
study. On the contrary, using comet assay, Fairbairn 
and 0'Nei1l25 did not observe direct effect on DNA 
damage when they exposed the Raji cells, He La cells 
and human peripheral white blood cells, already em
bedded in agarose on microscopic slides, to SmT" SO 
Hz magnetic field . The results obtained by Fairbairn 
and O'Neill may be due to the use of a variable pro
tocol, e.g., exposure of cell embedded in agarose (an 
artificial environment) to magnetic field rather than 
exposing them when they are suspended in their natu
ral environment, i.e., blood (in vivo), or relatively 
natural environment, i.e., blood mixed with media 
and serum (in vitro). 

With similar magnetic doses as used in this study, 
positive as well as negative results have been ob-

. 26.27,13 · t tained in chromosomal aberratIon tests , SIS er 
16-29· I t t30 chromatid exchange test- , mlcronuc eus es , 

11 . 32 II dominant lethal test" ,oncogene expressIOn test ,ce 
proliferation test26.27,29,30.31 and tumor promotion 
test'4-38.The ambiguous results reported in the litera-

ture may be due to various reasons like differences in 
organisms, age of the subj ects, dosages used, duration 
of exposure and the protocols followed. Since the 
health effects due to EMFs are ex pected to be sub
tle l7

, even a small variation in the design of ex per i
ment may show opposite results. 

The mechani sms whereby EMFs stimulate changes 
in biosynthesis in cell and/or DNA damage are poorly 
understood. However, various hypotheses have been 
proposed in an effort to understand the phenomenon. 
Some of these are: (i) There is a general consensus 
that non-ionizing radiations have energies that are too 
low to break even the weakest chemical bond . It is 
therefore unlikely that such EMFs cause cancer di
rectly or are mutagenic . Nonethe less, non-ionizing 

4 radiations may be cancer promoters or co-promoters . 
(ii) Henshaw et al.19 have suggested that the presence 
of EMFs might increase the radiation dose received 
by individuals from environmental radon in homes 
and near high-power transmiss ion lines thereby in
creasing the cellular/nuclear modifications and in turn 
increasing the risk of childhood leukemia. (iii) Ac
cording to Singh et a1. 40

, EMFs can affect post
tmnslational modification of proteins such as poly
ADP-ribcsylation by epigenetic mechani sm and the 
effects of EMFs are highly specific regarding both the 
cell type and the magnitude and frequency of the ap
plied magnetic field. (iv) A reduction in melatonin (a 
pineal gland secretion) has been implicated in breast 
cancer. Keeping this in mind, Stevens and Davis41 
raised a question: could electric power be implicated 
in the high rates of breast cancer in industriali sed na
tions? The reason to consider thi s question is a possi
ble reduction in melatonin by light at ni ght and/or due 
to EMF. (v) Lai and Singh24 demonstrated that mela
tonin treatment in rats blocked the magnetic field 
(O.SmT, 60Hz) - induced DNA single strand and 
double strand breaks in brain cells as assayed by sin
gle cell gel electrophoresis. Since melatonin is an ef
ficient free radical scavenger, these data suggest that 
free radicals pl,ay a role in magnetic f ield-induced 
DNA damage. (vi) Blank and Goodman42 have pro
posed that large electron flows are poss ible within the 
stacked base pairs of the double helix. Therefore, 
gene activation by magnetic fields cou ld be due to 
direct interaction with the moving e lec trons within 
the DNA. It is thus possible that electri c as well as 
macrnetic fields could interact with DNA d irect ly. b 

Biological systems are highly complex and it is 
unlikely that a single mechan ism cou ld explain the 
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effects of EMFs on them. It is reasonable to expect 
that more than one interaction mechan ism is respon
sible for their biologica l effec ts. According to Lib
bofi3

, the question of magnetic fields and cancer is 
merely the tip of the proverbia l iceberg, with more 
implications below the surface. Perhaps the under
stand ing of the interac tion mechanisms between 
EmFs and the biological system could reso lve the 
cOIl troversial issue of the biologica l e ffects of EMFs. 

Scarfi et 0 1.·+4 reported a signifi cant increase in mi
cronucleus (MN) frequency in lymphocyte cultures 
from Turner sy ndrome patients after 72 hr exposure 
to pu lsed magnet ic field (2 .SmT, SOHz) with respect 
to unexposed cultures from bl ood of the same su b
jects. Such an increase in MN frequency after expo
sure to pu lse magnetic fie ld s of same intensity was 
not observed in the contro l group of healthy subjects. 
It is interes ting to note that although Turner syndrome 
is chromosomally unbalanced (monoso my X/Y) and 
has defic iency of melato n i n ~5, it is not characteri sed 
by an elevated inc idence of breast cancer. However, it 
has shown susceptibility to EMFs in terms of chro
mosomal damage. It appears that the chromosomal 
damage caused by low EMFs. possi bly through the 
generati on of free rad ica ls, could not be repaired be
cause of defic iency of melatonin whi ch is a free radi
cal scavenger. Such an increase in MN frequency due 
to low magnet ic fields is a poss ible indicator of can
cer init iat ion. In a similar experi ment, Cossarizza el 

01,:\.1,46 showed that when lymphol'ytes from aged 
subjects and subj ects affected by Down syndrome 
(trisomy 2 1) were used , 50Hz PMF C2.S mT) was abl e 
to significant ly increase tritium labelled thymid ine 
incorporati on (an indicator of cell proliferati on index, 
or CPI) in PHA- stimulated human PBL. Both Down 
synd rome and ag ing are genetica ll y unstable condi
ti ons and are associated with an elevated incidence of 
leukemia/cancer. Such an increas in CPI due to low 
magnetic fields is an indicati on of cancer promotion. 
In addition to the examples mentioned above, human 
popu lations in general are expected to be highl y het
erogeneous with respect to genomic stability, just like 
any other trait. Since genomic stability is assoc iated 
with the occurrence of diseases like cancer, it is the 
individuals at the lower end of it s spectrum who, be
c<luse of DNA repair defic iency, would be susceptIble 
to these di seases. It is these individuals whose 0 A 
is likely to be eas ily offended by environmental pol
lution, inc luding the electrv pollut ion. Hel~ce, it is 
desirable that further research is continued to in vest i-

gate the effects of EMFs on chromosoma ll y abnormal 
as we ll as genetically unstable human conditi () ns . 
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