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a b s t r a c t

Due to increased usage of microwave radiation, there are concerns of its adverse effect in today’s society.
Keeping this in view, study was aimed at workers occupationally exposed to pulsed microwave radia-
tion, originating from marine radars. Electromagnetic field strength was measured at assigned marine
radar frequencies (3 GHz, 5.5 GHz and 9.4 GHz) and corresponding specific absorption rate values were
determined. Parameters of the comet assay and micronucleus test were studied both in the exposed
workers and in corresponding unexposed subjects. Differences between mean tail intensity (0.67 vs.
1.22) and moment (0.08 vs. 0.16) as comet assay parameters and micronucleus test parameters (micronu-
clei, nucleoplasmic bridges and nuclear buds) were statistically significant between the two examined
NA damage
xidative stress

groups, suggesting that cytogenetic alterations occurred after microwave exposure. Concentrations of
glutathione and malondialdehyde were measured spectrophotometrically and using high performance
liquid chromatography. The glutathione concentration in exposed group was significantly lower than
in controls (1.24 vs. 0.53) whereas the concentration of malondialdehyde was significantly higher (1.74
vs. 3.17), indicating oxidative stress. Results suggests that pulsed microwaves from working environ-
ment can be the cause of genetic and cell alterations and that oxidative stress can be one of the possible

cell d
mechanisms of DNA and

ntroduction

Microwave radiation (MW) is considered as a type of non-
onizing electromagnetic (EM) field present in the environment
nd may pose a potential threat to human health. Because of that,
here has been a growing public concern regarding the potential
ealth hazard of exposure to microwave frequencies (Ahlbom et
l., 2008; Jauchem, 2008; Verschaeve, 2009). In recent years, MW
as attracted a great deal of attention due to its increased usage in
ccupational environment, which lead to a large number of publica-
ions regarding health hazards of MW (Garaj-Vrhovac et al., 1990;
Please cite this article in press as: Garaj-Vrhovac, V., et al., Assessment of c
exposed to the pulsed microwave radiation of marine radar equipment. In

erschaeve, 2005; Chou, 2007).
Despite large number of researches regarding biological effects

f MW there is still a great need for elucidating real target
nd mechanisms of action of pulsed microwaves. Cells and DNA

∗ Corresponding author. Tel.: +385 1 4673 188; fax: +385 1 4673 303.
E-mail address: vgaraj@imi.hr (V. Garaj-Vrhovac).

438-4639/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
oi:10.1016/j.ijheh.2010.08.003
amage.
© 2010 Elsevier GmbH. All rights reserved.

molecule could be the primal target of this type of radiation. In past
few years several cytogenetic techniques served as a helpful tools
in assessing different kinds of alterations that can be produced by
physical and chemical agents and the most sensitive among those
are comet assay and micronucleus test (Collins et al., 2008; Fenech
et al., 2003; Gajski et al., 2008; Moretti et al., 1996).

It is already known that aging, several diseases and the expo-
sure to various toxic substances and radiation increase production
of reactive oxygen species (ROS). The increase of ROS production
with the consequent disturbance of the oxidative balance in the cell,
called oxidative stress, disturbs the metabolism of macromolecules.
The oxidative stress causes the damage to membrane lipids which
manifests as the increase of the malondialdehyde (MDA) concen-
tration. MDA is one of the better-known secondary products of
ytogenetic damage and oxidative stress in personnel occupationally
t. J. Hyg. Environ. Health (2010), doi:10.1016/j.ijheh.2010.08.003

lipid peroxidation. Products of lipid peroxidation are released into
plasma as result of membrane damage, and MDA can be used as
an indicator of cell membrane injury. Although its low chemical
reactivity at physiological pH, the MDA molecule is able to interact
with nucleic acid bases to form several different adducts (Marnett,

dx.doi.org/10.1016/j.ijheh.2010.08.003
dx.doi.org/10.1016/j.ijheh.2010.08.003
http://www.sciencedirect.com/science/journal/14384639
http://www.elsevier.de/ijheh
mailto:vgaraj@imi.hr
dx.doi.org/10.1016/j.ijheh.2010.08.003
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002). The main antioxidant in the organism is glutathione (GSH)
hat plays central role in defence against different diseases and cell
nsults and its concentration may serve as an indicator of disease
isk in humans (Richie et al., 1996). Thus, the decrease of GSH con-
entration depends on the exposure to oxidative stress (Perricone
t al., 2009).

The aim of the present study was the assessment of cytogenetic
amage and oxidative stress induced in workers occupationally
xposed to pulsed MW while working in the vicinity of marine radar
quipment. Marine radars work at one of three predefined frequen-
ies, 3 GHz, 5.5 GHz and 9.4 GHz (with non-significant deviations).
he placement of radar antennas with regards to the workplace
ocations usually prevents exposure to high energy levels that

ould induce thermal effects. Thus the specific absorption rate
SAR) levels were well below the thermal-effect based exposure
imit of 4 W/kg whole-body average. For the assessment of cyto-
enetic damage, we combined several cytogenetic techniques on
eripheral blood lymphocytes (PBL). We used, alkaline version of
he comet assay for the detection of DNA damage, in addition to

icronucleus test that allows us to measure not only micronuclei
MN) frequency but also the frequency of nucleoplasmic bridges
NPB) and nuclear buds (NB) as well. In addition, GSH and MDA lev-
ls were evaluated to see whether microwaves can induce oxidative
amage.

Such biomonitoring will provide a useful contribution to the
haracterization of microwave exposure that is still not well
efined and could give information on the exposure of a given cat-
gory of workers in relation to their everyday jobs. The evaluation
f early biological effects such as genotoxic, cytotoxic and oxida-
ive damage could contribute to clarify the mechanisms of action
f MW of marine radar equipment and to identify biomarkers of
arly cell disturbances and DNA damage useful in terms of health
isk assessment.

ubjects and methods

opulation characteristics and blood sampling

Peripheral blood samples intended for the study were taken
rom healthy volunteers from the general Croatian population.
lood samples were taken simultaneously during the winter period
o minimize different factors during the summer (e.g. solar radia-
ion, air temperature, air ozone level, etc.). Volunteer blood donors
rom both groups were of the similar age and life-styles. All of
hem were healthy at the moment of blood sampling and inter-
iews. They were not occupationally exposed to genotoxic agents.
one of them reported alcohol consumption, medicine intake, the
resence of known inherited genetic disorders or chronic diseases.
or the six months period prior to the blood sampling subjects had
ot been subjected to ionizing or non-ionizing radiation for diag-
ostic or therapeutic purposes. The study population of exposed
orkers consisted of 29 blood donors (1 female and 28 male; aver-

ge age 41.07 ± 1.36 years, age range 26–57 years, exposure period
0.00 ± 0.76 years, exposure period range 2–16 years and 37.93% of
hem are smokers) and the group of equal number of corresponding
ontrol subjects (1 female and 28 male; average age 38.76 ± 1.28
ears, age range 22–59 years and 50.00% of them are smokers).
uman studies were carried out according to the guidelines force

n Republic Croatia. The study has been approved by the Ethical
ommittee of the Institute of Medical Research and Occupational
Please cite this article in press as: Garaj-Vrhovac, V., et al., Assessment of c
exposed to the pulsed microwave radiation of marine radar equipment. In

ealth and Ministry of Science, Education and Sports. During study,
igh standards of ethics were followed. Each subject was informed
n the study design and they signed permissions for their blood
amples to be used for scientific purposes. Blood samples were
oded after collection. No private details on subjects involved in
 PRESS
e and Environmental Health xxx (2010) xxx–xxx

study are or will be highlighted in public. Peripheral blood samples,
taken from workers exposed to MW were collected in heparinised
tubes (BD vacutainer, Becton-Dickinson, Franklin Lakes, NJ) under
aseptic conditions by venipuncture. After collection, all blood sam-
ples were handled in the same manner; they were randomly coded,
cooled to +4 ◦C in the dark, and transferred to the laboratory on ice
(one hour after collection at the latest). Scoring of all the samples
was performed blind to the exposure status of the sample.

Exposure conditions

Occupational exposure analyzed took place at 8 remote geo-
graphical locations, all with similar marine radar installations and
exposure conditions. Two types of radars were employed, radiat-
ing three types of emissions: GEM SC-2050SX transmitting either
at 3 GHz or 9.4 GHz, peak power 50 kW, pulse modulated, maxi-
mum average power 30 W, and Enhanced Peregrine transmitting at
5.5 GHz, peak power 60 kW, pulse modulated, maximum average
power 828 W. The characteristics of pulse modulation are similar
for all pulse modulated radars: radiation is concentrated in short
pulses (bursts) having duration period in the order of microsec-
onds, occurring one after another with the repetition period in
the order of milliseconds. The peak power of the radar refers to
the power radiated during the microsecond pulse – this corre-
sponds to the peak exposure. The average power refers to the power
averaged over the repetition period (milliseconds). This average
power is two-to-three orders of magnitude lower than the peak
power (depending on the radar and its operating mode) and is radi-
ated continuously while the radar is transmitting. However, radar
antenna is not a stationary antenna. It rotates in the horizontal
plane with the period in the order of seconds, scanning the azimuth
with its narrow radiation beam. Therefore, a human is exposed only
while irradiated by the radiation beam, which gives an additional
two orders of magnitude decrease in average exposure.

Radars were not used simultaneously, i.e. there was only one
emission present at a time. It should be noted that there were
occasional irregular periods, occurring 2–3 times per day, when
all radars were turned off for an hour or two. Besides radars, other
EM sources were present at the locations, occasionally transmit-
ting with very low transmitting powers. The working tours at the
site are composed of 7 + 7 days, meaning 7 days at the location fol-
lowed by 7 days off. While working and living at the radar site for 7
days, workers are exposed daily. Daily shifts are composed of two
4-hour shifts of working with radar equipment. This refers to the
workplace at the observation tower, near the radar console in the
room beneath the roof-mounted radar antennas. Each working shift
is followed by 8 hours of resting time. This forms the daily routine
of 8 working hours and 16 hours of rest. However, the exposure is
not limited to the working hours. During the rest of the day, work-
ers are constrained by space at the site, thus being continuously
exposed during day and night. The long-term periods of their occu-
pational exposure approximate 10 years, depending on individual
working years at the location.

Electromagnetic field measurement and SAR determination
method

Exposure was determined in terms of SAR, derived from EM field
measurement results. As the measured sources were high-power
pulse-modulated sources, all preliminary considerations and mea-
surements were done according to IEEE (2002). This especially
ytogenetic damage and oxidative stress in personnel occupationally
t. J. Hyg. Environ. Health (2010), doi:10.1016/j.ijheh.2010.08.003

applied to gathering all the characteristics of the sources, such as:
carrier frequencies, pulse width, pulse-repetition frequency, mod-
ulation characteristics, waveform, intermittency, scanning beams,
operational duty factors. Measurements at each location (site)
started by a broadband survey of the whole site. As broadband

dx.doi.org/10.1016/j.ijheh.2010.08.003
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eld probes do not respond accurately to the pulsed fields, the
urveys were followed by detailed narrowband selective measure-
ents at chosen microlocations within the site. The site survey
as done using electric field probe (HI4455, Holaday Industries,
SA), with the aim to establish the list of interesting microloca-

ions for more detailed analysis. Such microlocations included the
reas most exposed to the radar radiation. In addition to this crite-
ion, certain microlocations were measured at each site regardless
f the survey results. These included: radar operator workplace in
he observation tower, sleeping quarters and day resting areas (liv-
ng rooms, dining rooms, yards, other areas commonly occupied
uring leisure time). Narrowband measurements were done using
alibrated antenna (SBA 9112, Schwarzbeck Mess - Elektronik, Ger-
any) connected to the spectrum analyzer (MS2724B, Anritsu,

apan). Peak electric field was measured and the peak power density
as derived. The average power density can be derived by measur-

ng the peak power density and multiplying it by the averaging
actors explained earlier in exposure conditions. The exact aver-
ging factors applied to the calculation were: 3.3 × 10−6 for GEM
C-2050SX and 7.7 × 10−5 for Enhanced Peregrine and these com-
ined the averaging over the pulse repetition period and antenna
otation period. The whole-body SAR was derived by the frequency
ependent extrapolation of plane-wave exposure to whole-body-
veraged SAR of a standing average man given by Durney et al.
1986). This method is also mentioned in IEEE (2002).

he alkaline comet assay

To measure the potential DNA damaging effect of pulsed MW
n PBL, the comet assay was carried out under alkaline condi-
ions, basically as described by Singh et al. (1988). Fully frosted
lides were covered with 1% normal melting point (NMP) agarose
Sigma–Aldrich, St. Louis, MO, USA). After solidification, the gel
as scraped off the slide. The slides were then coated with 0.6%
MP agarose. When this layer solidified, a second layer containing

he whole blood sample mixed with 0.5% low melting point (LMP)
garose (Sigma) was placed on the slides. After 10 min of solidifi-
ation on ice, the slides were covered with 0.5% LMP agarose. The
lides were then immersed for 1 h in ice-cold freshly prepared lysis
olution [2.5 M NaCl, 100 mM disodium EDTA (ethylenediaminete-
raacetic acid), 10 mM Tris–HCl, 1% sodium sarcosinate (Sigma),
H 10] with 1% Triton X-100 (Sigma) and 10% dimethyl sulfoxide
Kemika, Zagreb, Croatia) added fresh to lyse cells and allow DNA
nfolding. The slides were then placed on a horizontal gel elec-
rophoresis tank, facing the anode. The unit was filled with fresh
lectrophoresis buffer (300 mM NaOH, 1 mM disodium EDTA, pH
3.0), and the slides were placed in this alkaline buffer for 20 min to
llow DNA unwinding and expression of alkali-labile sites. Denat-
ration and electrophoresis were performed at 4 ◦C under dim

ight. Electrophoresis was carried out for 20 min at 25 V (300 mA).
fter electrophoresis, the slides were rinsed gently three times
ith the neutralization buffer (0.4 M Tris–HCl, pH 7.5) to remove

xcess alkali and detergents. Each slide was stained with ethidium
romide (20 �g/mL) and covered with a coverslip. One hundred
andomly-captured comets from each slide were examined using
n epifluorescence microscope (Zeiss, Oberkochen, Germany) con-
ected through a camera to an image analysis system (Comet Assay

I; Perceptive Instruments Ltd., Haverhill, Suffolk, UK). To quantify
NA damage, the following comet parameters were evaluated: tail

ntensity (TI), tail moment (TM) and tail length (TL). Besides, cells
Please cite this article in press as: Garaj-Vrhovac, V., et al., Assessment of c
exposed to the pulsed microwave radiation of marine radar equipment. In

ere classified as either “undamaged” or “damaged” by consider-
ng threshold levels indicating the long-tailed nuclei (LTN) comets,
.e., comets with the length over the 95th percentile of the distribu-
ion of the tail lengths for occupationally exposed group compared
o corresponding control group (Betti et al., 1994).
 PRESS
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Cytokinesis blocked micronucleus (CBMN) test

To evaluate aneugenic and clastogenic cell disturbances after
pulsed microwave exposure, the micronucleus test was performed
in agreement with guidelines described by Fenech and Morley
(1985). Cells were incubated in a Euroclone medium (Chromosome
kit P, Euroclone, Milano, Italy) at 37 ◦C in an atmosphere of 5% CO2
in air. Cytochalasin-B (Sigma) was added at a final concentration of
3 �g/mL 44 h after the culture was started. After having completed
the division cycle the cells were blocked with Cytochalasin-B in
the cytodieresis phase, preventing progression to cytokines. The
cultures were harvested at 72 h. The lymphocytes were fixed in
methanol–acetic acid solution (3:1, v/v), air-dried and stained with
5% Giemsa solution (Sigma). One thousand binuclear lymphocytes
were analyzed. We followed the criteria for the selection of bin-
ucleated cells and identification according to the HUMN project.
Every subject was analyzed for the total number of MN, NBP and
NB per 1000 binucleated cells according to the criteria by Fenech
et al. (2003).

Protein assay

The measurement of amounts of protein was based on the
method described by Bradford (1976). Briefly, to 40 �L of sample,
40 �L conc. formic acid (Kemika) and 2 mL Serva-Blue G (Serva,
Heidelberg, Germany) were added and incubated for 10 minutes.
Absorbance was measured spectrophotometrically (Cecil 9000,
Cambridge, UK) on 595 nm. Plasma protein concentration was
quantified using calibration curve for standards.

Glutathione (GSH) assay

The concentration of GSH (standards was purchased from
Sigma) in blood was measured using spectrophotometric Ellman’s
method (1958). The concentration of GSH was calculated using cal-
ibration curve which was linear (r2 = 0.9993). GSH stock solution
(concentration 1000 �g/mL) was prepared by adding 25 mL phos-
phate buffer (Na2HPO4 × 12H2O and NaH2PO4 × 2H2O (Kemika))
to 25 mg GSH. Standards were daily prepared from stock solu-
tion. Blood samples (800 �L) were hydrolyzed with 3.1 mL distilled
water and vortexed on the shaker. 3.5 mL of 1% metaphosphoric
acid (MPA; Sigma) were added to 3.5 mL of hydrolyzed sample and
centrifuged 10 minutes at 3500 × g. Supernatant was used for GSH
and MDA analysis. 300 �L phosphate buffer and 50 �L 5,5′-ditiobis-
2-nitrobenzoat (DTNB; Sigma) were added to 500 �L of samples.
Absorbance was measured spectrophotometrically (Cecil 9000) on
412 nm, and expressed as �g/mL of blood.

Malondialdehyde (MDA) analysis

The measurement of MDA in blood was based on the method by
Drury et al. (1997). To 200 �L sample (hydrolyzed supernatant) or
standard (2.5 �M 1,1,3,3-tetraethoxy propane; Sigma) was added
20 �L butilated hydroxytoluene (BHT, 0.2%, w/v; Sigma), 750 �L
H3PO4 (1%, v/v; Kemika) and 400 �L thiobarbituric acid (TBA, 0.6%,
w/v; Sigma). Samples were mixed and incubated in boiling water
bath for 20 minutes. Samples were cold and analyzed by HPLC with
UV detector. Water and methanol used for HPLC mobile phase were
HPLC grade and all other chemicals were pro analysis grade. The
HPLC apparatus consisted of degasser, isocratic pump and the col-
umn oven and UV detector (Shimadzu Corporation, Kyoto, Japan).
ytogenetic damage and oxidative stress in personnel occupationally
t. J. Hyg. Environ. Health (2010), doi:10.1016/j.ijheh.2010.08.003

Guard column and analytical column were C-18 reverse-phase
(LiChrospher, Merck) with 5 �m particles (4.0 mm × 4.0 mm and
4.0 mm × 125.0 mm, respectively). The mobile phase consisting of
50 mM KH2PO4 (Merck) and methanol (60:40, v/v, pH 6.8; Kemika)
was degassed before use in an ultrasonic bath for 15 minutes. The

dx.doi.org/10.1016/j.ijheh.2010.08.003
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ow-rate was 1 mL/min. UV detector was set at 532 nm. The injec-
ion volume was 20 �m and the temperature in column oven was
et at 32 ◦C. Under these conditions, the retention time of MDA was
bout 2.5 minutes.

tatistical analysis

Measured parameters were evaluated using Statistica 5.0 pack-
ge (StaSoft, Tulsa, OK). Multiple comparisons between groups
ere done by means of ANOVA. Analysis of differences was done

y non-parametric Mann–Whitney U-test. Statistical significance
as defined as P < 0.05 in all analyses.

esults

With a radar device turned on, workers were exposed to the
ower densities given in Table 1. According to the SAR determi-
ation method, measured power densities result with whole-body
AR values given in Table 2. In both Tables 1 and 2, three most
nteresting types of microlocations are given. For each type of

icrolocation, exposure span is presented from minimum to max-
mum value regarding all 8 different radar sites. Due to the pulsed
ature of the radiation, the results are given twofold: as the peak
alues and as the time-averaged values. The “Peak” values refer to
he values occurring during the pulse (microsecond burst), and the
Time Averaged” values refer to the values averaged in time over
he entire repetition period (milliseconds) and antenna rotation
eriod (seconds).

This paper illustrates the results of the comet assay and
icronucleus test on PBL obtained from workers exposed to pulsed
W of marine radar equipment. Basic statistic for the parameters

f the comet assay of exposed and control group are presented in
ig. 1. Mean values ± SE for the percentage of DNA in tail were
.67 ± 0.08 for the control group and 1.22 ± 0.05 for the exposed
roup. Mean values for tail moment were 0.08 ± 0.01 in the control
nd 0.16 ± 0.01 in the exposed group. Mean values of comet lengths
ere 14.09 ± 0.19 �m for the control group and 14.11 ± 0.14 �m

or the exposed group whereas, mean values of the percentage of
he LTN was 3.79 ± 0.86 in the control group and 3.86 ± 0.83 in the
roup occupationally exposed to the pulsed MW. When comparing
ean values between the exposed and control group, comet param-

ters of % of DNA in tail and tail moment significantly increased after
icrowaves exposure (P < 0.05).
Using scoring criteria by Fenech et al. (2003) we evaluated

arameters for measuring cytogenetic damage. With the CBMN test
he incidence of MN, NPB and NB was evaluated. The results of the
otal number of micronuclei and their distribution are summarized
n Table 3. Mean micronucleus frequency observed in binucleated
BL of the exposed group was significantly higher than that found
n the control group. The number of NPB and NB was also signifi-
antly higher in the exposed than that in the corresponding control
roup (P < 0.05).

The concentrations of GSH and MDA were also measured (Fig. 1).
oncentration of GSH was 1.24 ± 0.10 �g/mL proteins (range from
.69 �g/mL proteins to 1.55 �g/mL proteins) in the control and
.53 ± 0.03 �g/mL proteins (range form 0.22 �g/mL proteins to
.97 �g/mL proteins) in the exposed group which was signifi-
ant (P < 0.05) whereas, mean value of MDA in the control group
as 1.74 ± 0.10 pmol/mg proteins (range from 1.30 pmol/mg pro-

eins to 1.79 pmol/mg proteins) in compare to the mean value
f 3.17 ± 0.36 pmol/mg proteins (range from 1.34 pmol/mg pro-
Please cite this article in press as: Garaj-Vrhovac, V., et al., Assessment of c
exposed to the pulsed microwave radiation of marine radar equipment. In

eins to 10.24 pmol/mg proteins) of the microwaves exposed group
hich was statistically significant (P < 0.05). Overall, exposure to
icrowaves of marine radar equipment statistically altered all the

arameters of the exposed group values compared to the corre-
ponding control group.
 PRESS
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Discussion

Many of the studies regarding health hazards of MW disagree
and yield contradictory results about actual effects of MW on
human health and especially on the genetic material of the cell
and the cell itself (Juutilainen, 2008; Verschaeve, 2005, 2009).

Marine radars work at one of three predefined frequencies:
3 GHz, 5.5 GHz and 9 GHz (with non-significant deviations). The
placement of radar antennas with regards to the workplace loca-
tions usually prevents exposure to high energy levels that would
induce thermal effects (Šarolić and Modlic, 2007). Thus, the SAR
levels were well below the thermal-effect based exposure limit
of 4 W/kg whole-body average. However, this limit is not con-
nected to the DNA damage according to the available guidelines
(ICNIRP, 1998). All the measured and derived values are much
lower (by several orders of magnitude) than the limits from ICNIRP
guidelines: 0.4 W/kg average SAR, 50 W/m2 average power density,
50,000 W/m2 peak power density (ICNIRP, 1998). Since these lim-
its are based on thermal effects of EM radiation, such effects can be
completely neglected during this exposure.

Radar radiation is generally non-continuous, roughly char-
acterized by intermittent very short (microsecond) peak values
repeating once in every millisecond. In the analyzed situations, this
resulted with low average exposure (as seen in Tables 1 and 2).
As such, the average exposure was comparable to the non-
occupational exposure of general population, e.g. living in the
neighbourhood of mobile phone base stations. However, due to
specific pulsed nature of the radar radiation, these exposure condi-
tions are typical only to occupational exposure to radar equipment.
No other equipment in use generates such high and short peaks.
Thus, it is worth noting that although the observed values of
average exposure are comparable to those in non-occupational
situations, peak exposure is not comparable to any exposure con-
ditions other than being in the vicinity of radar equipment.

The comet assay was used as the sensitive method in detection
of DNA damage after exposure to MW. Based on the results, it is to
presume that MW had an impact on DNA damage in PBL of workers
to what was shown in significant increase of percentage of DNA in
tail and tail moments. Extent of DNA damage measured in those
parameters were significantly changed what is pointing to dam-
aging effect of microwaves to the cells DNA structure. The average
number of LTN per subject as indicator of highly damaged DNA was
not statistically significant.

In addition, the results obtained by micronucleus test, measur-
ing the frequency of MN, NPB and NB in binuclear lymphocytes are
also provided. They revealed different types of cytogenotoxicity
of long-term exposure to pulsed microwaves. As such, micronu-
cleus test show statistically significant increase in the number of all
the parameters. Besides scoring MN this method can also be used
to measure NPB which are considered as biomarker of dicentric
chromosomes resulting from telomere end-fusions or DNA mis-
repair. The method is also capable of measuring NB that are being
considered as a biomarker able to detect gene amplification and
altered gene dosage events by virtue of providing a measure for the
extent of chromosome rearrangement (Fenech et al., 2003). Based
on the gained results, it is clear that micronucleus test can give us
an insight in different types of cytogenotoxic alteration that were
induced by MW. Increase of those parameters which was noticed
in our study can also be related to oxidative stress (Umegaki and
Fenech, 2000).

There are studies in accordance with our results gained after
ytogenetic damage and oxidative stress in personnel occupationally
t. J. Hyg. Environ. Health (2010), doi:10.1016/j.ijheh.2010.08.003

measuring DNA alterations and cell damage caused by MW (Garaj-
Vrhovac, 1999; Moustafa et al., 2001; Yadav and Sharma, 2008).
In one of the previous work done by Garaj-Vrhovac (1999) results
showed an increase in frequency of MN as well as disturbances
in the distribution of cells over the first, second and third mitotic

dx.doi.org/10.1016/j.ijheh.2010.08.003
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Table 1
Measured power density values of marine radar equipment.

Microlocations Peak power density, Speak [W/m2] Time avgd. power density,a Savg [W/m2]

Min.b Max.b Min.b Max.b

Radar operator workplace (2 × 4 hours per day) 2.95E−01 3.70E+01 9.83E−07 1.90E−04
Day resting areas (8 hours per day) 1.39E−01 1.09E+03 1.07E−05 3.63E−03
Sleeping quarters (8 hours per day) 1.56E−01 1.09E+03 5.19E−07 3.63E−03

a Averaged over pulse repetition period and radar antenna rotation period.
b Variation among different radar sites.

Table 2
Derived whole-body specific absorption rate (SAR) values of personnel occupationally exposed to the pulsed microwave radiation of marine radar equipment.

Microlocations Peak SAR [W/kg] Time avgd. SAR [W/kg]a

Min.b Max.b Min.b Max.b

Radar operator workplace (2 × 4 hours per day) 6.79E−04 8.50E−02 2.26E−09 4.37E−07
Day resting areas (8 hours per day) 3.20E−04 2.51E+00 2.46E−08 8.35E−06
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Sleeping quarters (8 hours per day) 3.58E−04

a Averaged over pulse repetition period and radar antenna rotation period.
b Variation among different radar sites.

ivision in exposed subjects. In two of our most recent stud-
es, we also detected cytogenetic alterations induced by MW on
oth animal and human models (Gajski and Garaj-Vrhovac, 2009;
araj-Vrhovac and Oreščanin, 2009). These results in conjunc-

ion with the results obtained in the present work suggest that
ome cytogenetic alteration can be induced after exposure to
his type of radiation and that they could be related to the ROS
roduction.

Several other studies are in accordance with our results regard-
ng increment of micronucleus parameters. Zotti-Martelli et al.
2005) used the micronucleus test to investigate the genotoxic
ffect of MW in PBL in vitro exposed to MW. These results also
howed that microwaves are able to induce MN even in short-time
xposures to medium power density fields. In addition, Yadav and
harma (2008) found increased frequency of micronucleated exfo-
iated cells among humans exposed in vivo to mobile telephone
adiations.

The numerous studies on laboratory animals aimed to prove
he effect of MW on the parameters of oxidative stress provided
ontroversial results and the mechanism of the biological effects
s not elucidated. Thus, Irmak et al. (2002) found that radiation
f 900 MHz did not increase the MDA concentration in serum and
rain of rabbits. In a similar study, the MW failed to increase the
DA concentration in rats brain (Ferreira et al., 2006). In contrast,

n studies on rats exposed to 900 MHz, the increased brain con-
entration of MDA and decreased concentrations of glutathione
eroxidase (GSH-Px) were observed (Ilhan et al., 2004). Similarly,
eral et al. (2007) in the brain of guinea pigs exposed to the same
Please cite this article in press as: Garaj-Vrhovac, V., et al., Assessment of c
exposed to the pulsed microwave radiation of marine radar equipment. In

W found the increased MDA concentration. Moustafa et al. (2001)
tudied the effect of radiation produced by mobile phones on oxida-
ive stress in humans. The activities of lipid peroxides and the
ecrease of superoxide dismutase (SOD) and GSH-Px activities were
oticed, while the activity of catalase was unchanged.

able 3
arameters of the cytokinesis block micronucleus test (micronuclei, nucleoplasmic brid
icrowave radiation of marine radar equipment and healthy human volunteers (N = 29)

000 binucleated cells.

Group Total number of MN/1000 Distribution of cells with MN

1 MN/1000 2 MN/1000 3 M

Control 4.07 ± 0.44 3.52 ± 0.38 0.28 ± 0.10 0.00
Exposed 18.03 ± 1.49* 15.24 ± 1.35* 1.21 ± 0.25* 0.10

N: micronuclei; NPB: nucleoplasmic bridges; NB: nuclear buds.
* Statistically significant increase compared to unexposed population (P < 0.05).
2.51E+00 1.19E−09 8.35E−06

The studies on the GSH concentration in animals exposed to MW
are even less frequent. In the previously mentioned study of Meral
et al. (2007) the concentration of GSH was decreased in the brain
of guinea pigs. In our study, the concentration of GSH in blood of
workers was also significantly lower and MDA concentration signif-
icantly higher indicating that such exposure may increase oxidative
stress and in that manner induces oxidative DNA damage giving
an inside to the possible mechanism standing beyond microwave
exposure.

There are additional reports in the literature that assess poten-
tial health risk of MW due to oxidative stress that are corroborating
our results. Stopczyk et al. (2005) showed that the MW affects the
activity of SOD and the level of MDA in human blood platelets.
The authors concluded that oxidative stress after exposure to
microwaves may be the reason for many adverse changes. Köylü
et al. (2006) stated that microwaves may affect biological systems
by increasing free radicals, which may enhance lipid peroxidation
levels thus leading to oxidative damage. Yurekli et al. (2006) inves-
tigated MW radiation and effects on oxidative stress in rats. When
MW, well below current exposure limits, was applied, MDA level
was found to increase and GSH concentration was found to decrease
significantly. Additionally, there was a less significant increase in
SOD activity demonstrating induction of oxidative stress. Yao et al.
(2008) investigated DNA damage and intracellular ROS increase in
cultured human lens epithelial cells induced by acute exposure to
MW. Cells exhibited significant intracellular ROS increase in addi-
tion to the significant DNA damage examined by the comet assay.
Authors concluded that DNA damage induced may be associated
ytogenetic damage and oxidative stress in personnel occupationally
t. J. Hyg. Environ. Health (2010), doi:10.1016/j.ijheh.2010.08.003

with the increased ROS production.
Another study examined possible adverse effect on oxidative

stress in rats. Endometrial levels of nitric oxide (NO), that serves
as an oxidant product and MDA, an index of lipid peroxidation,
increased in the exposed rats. Likewise, endometrial SOD, catalase

ges and nuclear buds) in personnel occupationally exposed (N = 29) to the pulsed
. The incidence of cytokinesis block micronucleus test parameters was counted on

Distribution of cells with NPB Distribution of cells with NB

N/1000 1 NPB/1000 2 NPB/1000 1 NB/1000 2 NB/1000

± 0.00 0.10 ± 0.08 0.00 ± 0.00 0.03 ± 0.03 0.00 ± 0.00
± 0.06 10.38 ± 1.22* 0.10 ± 0.06 11.21 ± 1.15* 0.41 ± 0.14*

dx.doi.org/10.1016/j.ijheh.2010.08.003
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ig. 1. Mean group values for the parameters of the alkaline comet assay (tail inte
oncentrations in peripheral blood lymphocytes of personnel occupationally expo
uman volunteers (N = 29). *Statistically significant increase compared to unexpose

CAT) and GSH-Px activities decreased. It was concluded that oxida-
ive damage plays an important role at biochemical levels (Guney
t al., 2007). This was also the case in study done by Sokolovic et
l. (2008) evaluating the intensity of oxidative stress in the brain
f Wistar rats chronically exposed to MW. A significant increase
n MDA and carbonyl group concentration was registered during
Please cite this article in press as: Garaj-Vrhovac, V., et al., Assessment of c
exposed to the pulsed microwave radiation of marine radar equipment. In

xposure. Decreased activity of CAT and increased activity of xan-
hine oxidase (XO) remained after exposure. Authors demonstrated
hat MW caused oxidative damage by increasing the levels of MDA,
arbonyl groups, XO activity and decreasing CAT activity, respec-
ively. Dasdag et al. (2008) aimed to investigate the effect of MW
tail moment, tail length and long-tailed nuclei), glutathione and malondialdehyde
= 29) to the pulsed microwave radiation of marine radar equipment and healthy

ulation (P < 0.05).

and its possible oxidative damage on Wistar rats. The levels of MDA
and total oxidant status were determined to demonstrate the role of
oxidative mechanisms. Since it was shown that radiation exhibited
an increase of MDA and total oxidative status, the overall conclu-
sion was that MW may play a role in induction of oxidative damage
by increasing lipid peroxidation and oxidative stress.
ytogenetic damage and oxidative stress in personnel occupationally
t. J. Hyg. Environ. Health (2010), doi:10.1016/j.ijheh.2010.08.003

Taken together, the increase of MDA concentration and the
decrease of GSH concentration in blood of personnel exposed to
MW indicate that it may increase ROS production and oxida-
tive stress. Those factors could also contribute to the measured
DNA damage and cytogenetic effects in PBL after exposure to

dx.doi.org/10.1016/j.ijheh.2010.08.003
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icrowaves. In conclusion, all of the above mentioned results sug-
est that pulsed microwaves from working environment can be the
ause of genetic and cell alterations and that oxidative stress can be
ne of the possible mechanisms of DNA and cell damage indicating
hat some biological effects are likely to occur even at low-level EM
elds.
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