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Korenstein-Ilan, A., Barbul, A., Hasin, P., Eliran, A., Gov-
er, A. and Korenstein, R. Terahertz Radiation Increases Ge-
nomic Instability in Human Lymphocytes. Radiat. Res. 170,
224–234 (2008).

Terahertz radiation is increasingly being applied in new
and evolving technologies applied in areas such as homeland
security and medical imaging. Thus a timely assessment of the
potential hazards and health effects of occupational and gen-
eral population exposure to THz radiation is required. We
applied continuous-wave (CW) 0.1 THz radiation (0.031 mW/
cm2) to dividing lymphocytes for 1, 2 and 24 h and examined
the changes in chromosome number of chromosomes 1, 10, 11
and 17 and changes in the replication timing of their centro-
meres using interphase fluorescence in situ hybridization
(FISH). Chromosomes 11 and 17 were most vulnerable (about
30% increase in aneuploidy after 2 and 24 h of exposure),
while chromosomes 1 and 10 were not affected. We observed
changes in the asynchronous mode of replication of centro-
meres 11, 17 and 1 (by 40%) after 2 h of exposure and of all
four centromeres after 24 h of exposure (by 50%). It is spec-
ulated that these effects are caused by radiation-induced low-
frequency collective vibrational modes of proteins and DNA.
Our results demonstrate that exposure of lymphocytes in vitro
to a low power density of 0.1 THz radiation induces genomic
instability. These findings, if verified, may suggest that such
exposure may result in an increased risk of cancer. � 2008 by

Radiation Research Society

INTRODUCTION

Terahertz radiation lies at the interface between the in-
frared and the microwave regions of electromagnetic spec-
trum, typically defined as the frequency range 100 GHz–
10 THz (or 30 �m–3 mm in wavelength). The THz region
was a previously underused range of the electromagnetic
spectrum, because of a lack of suitable sources and detec-
tors. Progress over the last 10 years in laser and semicon-
ductor technology has enabled the use of this spectral re-
gion with an emphasis in applications in sensing (1, 2) and

1 Address for correspondence: Department of Physiology and Phar-
macology, Faculty of Medicine, Tel-Aviv University, 69978 Tel-Aviv,
Israel; e-mail: korens@post.tau.ac.il.

communications (3) with unique applications in screening
for weapons, explosives and biohazards as well as in med-
ical imaging.

This non-ionizing radiation is of particular interest be-
cause it has been suggested to excite low-frequency bond
vibrations, crystalline phonon vibrations, hydrogen-bond-
ing stretches, and torsion vibrations in important biological
molecules such as DNA (4–6). Very little is known of the
effects of THz radiation on biological systems and about
potential damages that could be induced after the absorp-
tion of this radiation by living cells (7–9). Despite the fact
that the public is not yet widely exposed to THz radiation,
due to the present state of the technology, a timely assess-
ment of potential hazards and health effects after occupa-
tional and general population exposure to THz radiation is
needed.

In recent years the public has been increasingly exposed
to non-ionizing radiation of the microwave region (mobile
phone communication), and much apprehension has been
expressed about potential health effects, with cancer being
the main concern (10). The etiology of cancer has not been
fully elucidated, but it is accepted that both genetic (11)
and epigenetic (12) mechanisms are involved. We and oth-
ers have demonstrated that two basic characteristics of the
cell, DNA replication and chromosomal segregation, are
disrupted at the onset of carcinogenesis, reflecting increased
genomic instability [(13–17) references therein]. As a re-
sult, there is loss of the normal pattern of replication of the
centromeres, the chromosome’s moving component (18),
and the integrity of the diploid human chromosomal com-
plement is compromised, leading to aneuploidy.

We explored the genetic and epigenetic consequences of
exposing human peripheral lymphocytes to low-intensity
CW 0.1 THz radiation by using FISH to analyze the num-
ber of chromosomes present [by counting the centromeric
signals; (18) and references therein] and by applying the
FISH replication assay (19, 20).

METHODS

Cultures

Lymphocytes were isolated by UNI-SEPmaxi (NovaMed Ltd., Jerusalem,
Israel. Catalog no. U-10) from 20 ml of whole blood obtained by vacu-
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FIG. 1. Schematic block diagram of the exposure setup for 0.1 THz
CW radiation. 16.6 GHz radiation produced by a CW generator is mul-
tiplied sixfold by a frequency multiplier unit, fed into a special mode
exciter, and transmitted into a cylindrical corrugated waveguide. The 0.1
THz radiation emerging from the waveguide has a waist spot diameter
of 2w0, propagates a distance of zs reaching the bottom of the tissue
culture flask, where the bean waist expands twofold to a size of 2ws. The
power density flux of 0.031 mW/cm2 hits the very thin layer of lympho-
cytes (�0.003 cm) at the bottom of a 0.2-cm-deep layer of culture fluid
covering an area of 23 cm2. The incident 0.1 THz radiation is attenuated
to its 1/e intensity at a water thickness of 0.013 cm.

puncture into heparin-containing vacutainers from nine male volunteers
ages 24 to 59 (average 34 � 13). The protocols were approved by the
institutional review board (Helsinki committee) of Tel-Aviv University.
Lymphocytes were counted and seeded at 0.5 � 106 cells/ml in growth
medium. Five milliliters of the cell suspension was placed in each of
seven 25-cm2 flasks (catalog no. TP-9025, TPP, Switzerland) placed hor-
izontally in an incubator at 37�C and a humidified atmosphere of 95%
air/5% CO2 for 1–6 h before exposure. The growth medium consisted of
RPMI-1640 medium (catalog no. 01-100-1A), 20% inactivated FCS (cat-
alog no. 04-121-1A), 1% antibiotics (catalog no. 03-032-1C), 3%
PHA-M (catalog no. 12-006-1H), all from Biological Industries, Israel,
and 0.2% heparin (5000 U/ml, Evans-Promedico, Israel).

Exposure Setup

Figure 1 shows a schematic block diagram of the exposure setup. It
consists of an exposure cell, an RF generator, and means to measure the
RF power and the culture temperature. The culture flask (width � 4.1
cm, length � 5.6 cm) was placed at a distance zs � 28 cm from the end
of a cylindrical waveguide that was designed for bottom illumination.

The millimeter-wave source of radiation consisted of a CW generator
(HP8620C) and a sixfold frequency multiplier (AMC-10-00000, Milli-
tech) yielding a 100 GHz CW radiation. The cylindrical waveguide was
a special low-loss over-moded corrugated waveguide that was fed from
the frequency multiplier unit a special mode exciter (tapered feed; Gy-
com, Russia). The waveguide was a corrugated aluminum cylinder with

an inner diameter 2Rw of 3.8 cm and a length of 33.4 cm. This type of
waveguide supports a linearly polarized fundamental hybrid mode (EH11)
that can excite the fundamental free-space diffraction Gaussian mode with
close to 100% efficiency (21). The power density distribution of this
mode is (22)

2 2 1/2w(z) � w (1 � z /z )0 R

2 2 2	2[x �y /w (z)]I (x, y, z) � I (0, 0, z)e , (1)00 00

where z is the vertical distance from the waveguide exit, (x, y) are the
transverse coordinates relative to the optical (waveguide) axis; zR is the
Rayleigh length (zR � 
 /�) of the radiation beam of wavelength �2w0

with beam waist spot diameter 2w0. The beam waist is located at the
waveguide exit, and its half width is w0 � 0.63Rw (21).

The exposure setup was installed within an incubator to keep it at a
constant temperature. The inner walls, ceiling and floor of the incubator
were covered with pyramidal radiation-absorbing material (APM9, Hy-
fral, France) to avoid uncontrolled illumination of the sample due to
reflections. The bottom illumination design was chosen to ensure that the
lymphocytes that sank to the bottom of the flask would be within the
area of absorption of the radiation by the liquid and thus would all be
exposed to radiation. The decay of the radiation intensity inside the liquid
due to absorption is

� 	�(z	z )sI(z) � I(z )e ,s (2)

where zs is the distance of the sample from the waveguide exit and �zs

refers to the inner side (sample side) of the bottom wall of the flask; i.e.,
I( ) is the intensity transmitted into the sample flask at any transverse�zs

position (x, y). Its transverse variation is given by Eq. (1).
The lymphocytes were exposed uniformly to the same field and power

density [I( )] assuming they all sank to the bottom of the tissue culture�zs

flask in a layer (�30–40 �m) much thinner than the absorption length
1/�. The transmitted radiant (power) intensity is calculated from the in-
cident intensity using the Fresnel relation I( ) � TI( ), where T is the� 	z zs s

power transmission coefficient from air to the liquid (neglecting the thin
polystyrene wall of the flask):

2n 	 nwater airT � 1 	 R � 1 	 , (3)� �n � nwater air

where R is the power reflection coefficient.
With these assumptions, integrating over the intensity transverse vari-

ation (Eq. 1), lymphocytes residing within the absorption depth 1/� and
within the beam spot radius w(zs) are illuminated with an average SAR
given by

� 	SAR � �I(z )/ � �TI(z )/ � �T(� P /ab)/, (4)s s diff 0

where  is the specific mass of the liquid, P0 is the total power emitted
from the exit of the waveguide, and � �diffP0/ab is the averageI(z )s
power density incident on the sample (of dimensions a � b), where

I (x, y) dx dy�� inc

a bsample� � � erf erf . (5)diff � � � � ��2w �2ws sI (x, y) dx dy� � inc

	�

Numerical Dosimetry

2w0, the beam waist diameter at the waveguide end, is 2.4 cm. 2ws,
the beam spot diameter at the sample (bottom of flask), is 5 cm (Eq. 1).
Substituting all numbers, we find �diff � 87% (Eq. 5). The generator was
set at its maximum output power level of 13 dBm. Taking into account
the measured 24% attenuation of the mode exciter, the total illumination
power incident on the sample was determined to be Pinc � �diffP0 � 1
mW and the average power density incident at the bottom of the flask is

� 1 mW/23cm2 � 0.043 mW/cm2.	I(z )s

To calculate the power actually reaching the cells inside the culture
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flask, Fresnel refraction from the sample was calculated for the following
configuration: nair � 1; npolystyrene � 1.6; nwater � 3.3. Due to the low
diffraction coefficient of polystyrene, which has an optical thickness
much lower than �, it can be neglected. Refraction and transmission co-
efficients were found to be (Eq. 3) R � 29% and T � 71%, respectively.
The average power density into the sample was Is � � T �� 	I(z ) I(z )s s

� 0.031 mW/cm2. Since the cell suspension is comprised mostly of water,
the attenuation of the radiation upon penetrating the cell suspension can
be attributed to water alone. The attenuation factor of water at 100 GHz
is 1/� � 0.013 cm (23), and the specific weight is  � 1 g/cm3. Thus
the calculated SAR value using Eq. (4) is � Is / � 1/0.013 � 0.031/1 �
2.4 mW/g.

The power density I(r) was verified to follow a Gaussian distribution
(Eq. 1). Thus the power density across the sample stays in the range 0.5Ic

� I(r) � Ic in a circle 3 cm in diameter around the center of the sample.

Thermal Effects

To ascertain that the effects induced by exposing the cells to 0.1 THz
CW radiation were not thermal, we monitored the rise in temperature
during exposure. Two fiber-optic temperature sensors (FISO Technolo-
gies, Quebec, Canada) were located in the vicinity of the flask bottom,
where the cells are concentrated, with one inserted into an irradiated flask
and the other inserted into a sham-exposed flask placed in the same in-
cubator but not irradiated (see the next section). The data were recorded
every 2.2 s, averaging 1 s per point. The flasks were filled with growth
medium and temperature-equilibrated before exposure was initiated. The
differences between the two sensors did not exceed 0.3�C throughout the
experiment (1–24 h).

Experimental Design

Two flasks, one to be exposed and one to be wrapped in aluminum
foil and placed in the exposure setup on a bottom shelf for sham expo-
sure, were set up for each exposure time (1, 2 and 24 h). In addition, one
culture was left undisturbed in the regular incubator. It should be noted
that the exposure setup is placed in an incubator that does not have a 5%
CO2 atmosphere. Thus, while control samples were undisturbed for the
duration of the culturing, the sham-exposed and exposed samples were
subject to transfers from one incubator to another and to periods of be-
tween 1.5 and 24.5 h of no CO2 atmosphere. Exposure started after the
flasks had been in the exposure system for 30 min to ensure that all
lymphocytes sank to the bottom of the flask and were equilibrated to the
incubator’s temperature. Immediately after the exposure, flasks were re-
turned to the regular CO2 incubator and grown for a total of 69–72 h at
37�C (all flasks for an experiment were harvested at the same time).

Harvest

Cells were harvested according to standard cytogenetic protocols (24).
Briefly, after 1 h of colchicine treatment (final concentration 0.2 �g/ml;
Biological Industries, Israel; catalog no. 12-003-1C) hypotonic treatment
was performed (0.06 M KCl at 37�C for 12 min) followed by four washes
with fresh cold (	20�C) 3:1 methanol:acetic acid solution (fixative). Nu-
clear suspensions were stored at 	80�C until used for FISH.

FISH

We performed two-color FISH using two probe combinations. We used
Vysis Inc. probes recognizing the centromeres of either chromosomes 11
and 17 (catalog nos. 32-130011 and 32-132017, respectively) or chro-
mosomes 1 and 10 (catalog nos. 32-130001 and 32-132010, respectively)
with the spectrum orange and spectrum green fluorophores, respectively.
We analyzed all nine samples for the levels of aneuploidy, replication
timing and asynchrony using the centromeres of chromosomes 11 and
17. Five of these, randomly chosen, were also used for analyzing the
centromeres of chromosomes 1 and 10. Nuclear suspensions that had been
diluted until they were slightly cloudy were dropped onto two-well slides

obtained from Insitus Biotechnologies that were used without any pre-
treatment. We followed a standard protocol recommended by Insitus Bio-
technologies: The probes were diluted 700-fold using DenHyb D001 (In-
situs Biotechnologies). Then 5 �l of the probe solution was placed on
the marked spot on the slide and covered with 12-mm round silianized
cover slips (Insitus Biotechnologies). Co-denaturation of nuclei and probe
was performed in a slide moat (model 240000; Boekel Scientific) at 90�C
for 6 min, and slides were then transferred to a covered humidified alu-
minum tray and placed in a 37�C incubator. Slides were post washed
between 4 and 8 h later at 78�C for 4 min in each of the post-washing
solutions: 0.4� SSC (1� SSC � 150 mM NaCl, 15 mM sodium citrate)
with 0.3% NP40 and 2� SSC and 0.1% NP40. After the excess liquid
was drained off, slides were treated with 15 �l of an antifade solution
containing 3 �g/ml of 4,6-diamino-2-phenylindole (DAPI) as a counter-
stain (Vectashield, Vector Labs), covered with glass cover slips, and
stored in the dark at 	20�C until microscopic analysis.

Analysis

Images were acquired using the Metacyte system (MetaSystems, Alt-
lussheim, Germany), which is a fluorescence object finding and relocation
system based on a fully motorized Axioplan2 microscope (Zeiss, Ger-
many), a motorized eight-slide scanning stage (Marzhauser, Germany), a
high-resolution CCD camera with chip integration, and a PC equipped
with appropriate modules for accurate stage movement and fast image
analysis. Metafer 4 is an image analysis software package designed to
automatically perform spot counting based on an algorithm (classifier)
prepared and optimized by the user. This algorithm takes into account the
shape and size of the nuclei as well as the shape, size and relative inten-
sity of the spots counted. To help avoid scoring cells that were unaffected
by the mitogenic stimulus of PHA, we restricted our analysis to nuclei
with an area greater than 50 �m2 (the proportion of these cells did not
differ significantly between exposed and sham-exposed samples). We also
excluded from analysis any nuclei that were nullisomic for either of the
two chromosomes studied. Slides were scanned and scored automatically,
and the galleries obtained were then corrected manually.

For the analysis of aneuploidy, about 1400 interphase cells (mean 1360
� 253) were scored for the number of signals representing the number
of chromosomes in those cells. The level of aneuploidy is given as the
proportion of cells with less than the expected two signals (monosomy)
or more than the expected two (multisomy). In Fig. 2, cells from a Me-
tafer gallery are shown that represent a cell with two signals in each of
the color channels (panel a) and a cell (panel b) with only one red signal
(monosomy) and four green signals (multisomy).

For the analysis of replication timing and asynchrony, about 700 in-
terphase cells (mean 681 � 73) with two hybridization signals for both
centromeres were examined. The shape of the signal was noted and re-
corded as described previously (14, 19, 20). Briefly, signals were cate-
gorized as representing unreplicated sequences (single spots, S) or rep-
licated sequences (double dots, D). Each cell was scored as either early
replicating (having two already replicated sequences, DD, Fig. 2e), late
replicating (having two unreplicated sequences, SS, Fig. 2c), or asyn-
chronous (having one replicated and one as yet unreplicated sequence,
SD, Fig. 2d). Most sequences replicate synchronously at distinct time
domains during S phase (14, 19), with active genes replicating early and
silenced or untranscribed loci (such as the centromeres) replicating late.
In the cancerous genome, the normal mode of coordinated replication is
disrupted and an increased fraction of the cells replicate asynchronously
[(14) and references within].

We used the Metafer 4 aneuploidy galleries to prepare a file containing
the images of the subset of cells to be analyzed. These were analyzed
manually based on their replication status by one of us (AKI) according
to the signal shapes and the proportion of cells in each category was
noted.
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FIG. 2. Representative interphase FISH images of nuclei with genomically stable (panels a, c and e) and gen-
omically unstable cells (panels b and d). The centromeres of chromosomes 11 and 17 are identified using FISH. The
nucleus in panel a exhibits two signals for each of the loci tested (red, centromere 11; green, centromere 17), while
the one in panel b displays monosomy of centromere 11 (one red signal) and multisomy of centromere 17 (four
green signals). The nuclei in panels c–e show the various replication patterns observed. In panels c and e, the two
centromeres of chromosome 11 are in the same coordinated replicative state (synchronous replication): panel c: as
yet unreplicated sequences, late replication; panel e: both sequences have already replicated, early replication. In
panel d one of the centromeres has already been replicated and the other has not yet reached asynchronous replication.

Statistics

Multivariate analysis of variance (MANOVA, SPSS 15.0.1) was used
for the statistical analyses. The multivariate general linear model with
two fixed factors, THz radiation and blood source (donor ID), was em-
ployed. The main effects of the factors on total aneuploidy, multisomy,
and late (SS) and asynchronous (SD) cell replication were studied. THz
radiation was examined at three times (1, 2 and 24 h) for centromeres 11
and 17 and at two times (2 and 24 h) for centromeres 1 and 10. A large
variability between donors was revealed because the blood source was
found to be a significant variable (P � 0.05) for all chromosomes and
effects studied. The exposure was found to be a significant factor for the
model in only some of the cases. The reliance of the dependent variables
on exposure duration was checked using post hoc Tukey’s honestly sig-
nificant difference (Tukey’s HSD) test by comparison of data obtained
for 1, 2 and 24 h THz radiation exposure with the respective data from
sham-exposed samples.

RESULTS

Human lymphocytes isolated from peripheral blood cells
were exposed in vitro to 0.1 THz CW radiation, at a low
average power density of 0.031 mW/cm2 in a specially de-
signed exposure setup (Fig. 1). The samples were exposed
for 1 (0.11 J/cm2), 2 (0.22 J/cm2) or 24 (2.68 J/cm2) and
were harvested together after a total of 69–72 h for cyto-
genetic analysis. The effect of exposure on the level of
aneuploidy of chromosomes 1, 10, 11 and 17 as well as the
replication timing and synchrony of the respective centro-

meres was examined. These chromosomes were selected
because they host genes important in tumorigenesis and
also implicated in cell cycle control and/or damage re-
sponse (HPC1, PTEN, ATM and p53, respectively). The
results are summarized in the tables, which give the num-
bers of nuclei scored and the numbers and percentages of
aberrant nuclei (containing more or less than the expected
two signals) or multisomic nuclei (gains) or the number of
nuclei with asynchronous or late replication in that popu-
lation for each of the chromosomes analyzed. In Table 1,
the data for the control samples are provided; Tables 2 (cen-
tromeres 11 and 17) and 3 (centromeres 1 and 10) sum-
marize the data for chromosomal losses and gains. Tables
4 (centromeres 11 and 17) and 5 (centromeres 1 and 10)
summarize the data for the replication timing and asyn-
chrony.

There were no statistically significant differences be-
tween sham-exposed and control samples in almost all of
the experiments performed (data not shown). Since the
sham-exposed samples had undergone the same treatment
and handling as the exposed samples, we always compared
our exposed and sham-exposed samples. There was no sig-
nificant difference (P � 0.2; n � 7) in the proportion of
metaphase cells in the exposed and sham-exposed samples,
suggesting that exposure did not induce an effect on cell
cycling.
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TABLE 1
Levels of Aneuploidy (Multisomy and Total) and Replication (Asynchronous and Late) in Control Samples for

each Donor

Donor ns

Centromere 11

Multisomy

nm Percent

Total

nt Percent

Centromere 17

Multisomy

nm Percent

Total

nt Percent ns

Centromere 11

Asynchronous
replication

na Percent

Late
replication

nl Percent

Centromere 17

Asynchronous
replication

na Percent

Late
replication

nl Percent

1 860 18 2.1 67 7.8 15 1.7 82 9.5 606 90 14.9 496 81.8 67 11.1 522 86.1
2 1167 15 1.3 114 9.8 24 2.1 140 12.0 770 86 11.2 657 85.3 72 9.4 679 88.2
3 932 24 2.6 112 12.0 25 2.7 87 9.3 629 76 12.1 540 85.9 84 13.4 519 82.5
4 890 22 2.5 110 12.4 38 4.3 152 17.1 741 101 13.6 625 84.3 109 14.7 605 81.6
5 1273 20 1.6 120 9.4 31 2.4 155 12.2 739 65 8.8 659 89.2 67 9.1 640 86.6
6 1147 25 2.2 103 9.0 21 1.8 123 10.7 707 96 13.6 600 84.9 88 12.4 600 84.9
7 1384 11 0.8 146 10.5 23 1.7 198 14.3 667 94 14.1 553 82.9 105 15.7 538 80.7
8 1515 16 1.1 85 5.6 28 1.8 156 10.3 650 95 14.6 533 82.0 105 16.2 516 79.4
9 1527 20 1.3 99 6.5 21 1.4 152 10.0 644 50 7.8 583 90.5 58 9.0 577 89.6

Donor ns

Centromere 1

Multisomy

nm Percent

Total

nt Percent

Centromere 10

Multisomy

nm Percent

Total

nt Percent ns

Centromere 1

Asynchronous
replication

na Percent

Late
replication

nl Percent

Centromere 10

Asynchronous
replication

na Percent

Late
replication

nl Percent

1 1540 32 2.1 174 11.3 36 2.3 177 11.5 690 126 18.3 522 75.7 117 17.0 557 80.7
3 1126 59 5.2 152 13.5 33 2.9 158 14.0 766 186 24.3 515 67.2 100 13.1 652 85.1
5 1525 65 4.3 225 14.8 51 3.3 203 13.3 661 173 26.2 392 59.3 62 9.4 594 89.9
6 1487 113 7.6 223 15.0 96 6.5 169 11.4 640 134 20.9 435 68.0 124 19.4 487 76.1
9 1572 65 4.1 147 9.4 43 2.7 113 7.2 654 131 20.0 460 70.3 140 21.4 463 70.8

Notes. The numbers of nuclei scored (ns) are given for chromosomes 11 and 17 together and for chromosomes 1 and 10 together since double
hybridization was performed. nt and nm are the number of total aneuploid and multisomic nuclei, respectively; na and nl are the number of asynchronous
and late replication nuclei, respectively.

Changes in Aneuploidy Levels

For centromeres 11 and 17, the exposure of cells to THz
radiation was found to be a statistically significant source
of variance in aneuploidy, P � 0.001 and P � 0.003, and
in multisomy, P � 0.005 and P � 0.001, respectively. THz
radiation was found to induce significant changes in the
total aneuploidy level of chromosome 1 (P � 0.014) but
not in the multisomy (P � 0.357). For centromere 10, no
significant changes were found after exposure for either an-
euploidy (P � 0.884) or multisomy (P � 0.468). Pairwise
comparisons showed no statistically significant changes in
the levels of aneuploidy after exposure of the samples to
0.1 THz radiation for 1 h for either chromosome 11 or 17
(Fig. 3). However, increasing the exposure time to 2 h
caused an increase in the level of aneuploidy of chromo-
somes 11 and 17 by 1.35 � 0.37-fold (P � 0.015) and 1.22
� 0.25-fold (P � 0.135), respectively. This increase was
mainly due to an elevation in chromosomal gains by 1.71
� 0.43-fold (P � 0.009) and 2.13 � 0.59-fold (P � 0.003)
for chromosomes 11 and 17, respectively (Fig. 4). After 24
h exposure, there was a significant increase in the level of
total aneuploidy of chromosome 11 (by 1.30 � 0.27-fold,
P � 0.031) and chromosome 17 (by 1.32 � 0.23-fold, P
� 0.010). This increase was not reflected in increased gains
of chromosome 11 (P � 0.4; Fig. 4) as opposed to chro-
mosome 17 (P � 0.050; Fig. 4). The aneuploidy level of
chromosome 1 after exposure of cells to radiation for 2 and

24 h, increased by 1.19 � 0.14-fold (P � 0.038) and 1.12
� 0.11-fold (P � 0.159), respectively. No statistical sig-
nificance was observed for any of the exposures for chro-
mosome 10.

Changes in the Level of Replication Timing and
Coordination

For centromeres 11 and 17, the exposure of cells to THz
radiation was found to be a statistically significant source
of variance in late replication (P � 0.021 and P � 0.0005,
respectively) as well as in asynchronous replication (P �
0.001 and P � 0.0005, respectively). Exposure to THz ra-
diation also led to increased asynchronous replication of
centromeres 1 and 10 (P � 0.0005 and P � 0.019, respec-
tively). However, the exposure of the cells to THz radiation
led to statistically significant changes in late replication for
centromere 1 (P � 0.014) but not for centromere 10 (P �
0.103).

Similar to the changes in the level of aneuploidy, there
were no significant changes for chromosome 11 or 17 in
the level of either replication timing or synchrony after 1
h of exposure. Statistically significant increases in the level
of asynchronous replication of centromeres 1, 11 and 17
were observed after 2 h of radiation exposure (Fig. 5). The
level of asynchronous replication increased by 1.35 � 0.31-
fold for centromere 11 (P � 0.035), by 1.46 � 0.37-fold
for centromere 17 (P � 0.003), and by 1.52 � 0.18-fold
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TABLE 2
Aneuploidy and Multisomy for Chromosomes 11 and 17 after Exposure to 0.1 THz Radiation for Different

Times for each Donor

Donor ns

Centromere 11

Multisomy

nm

Per-
cent

Total

nt

Per-
cent

Centromere 17

Multisomy

nm

Per-
cent

Total

nt

Per-
cent ns

Centromere 11

Multisomy

nm

Per-
cent

Total

nt

Per-
cent

Centromere 17

Multisomy

nm

Per-
cent

Total

nt

Per-
cent

1 Sham 1 h 899 21 2.3 69 7.7 16 1.8 78 8.7 Exposed 1 h 966 26 2.7 116 12.0 20 2.1 156 16.1
2 1039 23 2.2 95 9.1 42 4.0 147 14.1 948 26 2.7 96 10.1 26 2.7 121 12.8
3 1299 31 2.4 112 8.6 47 3.6 175 13.5 1189 39 3.3 115 9.7 13 1.1 92 7.7
4 1472 46 3.1 203 13.8 81 5.5 259 17.6 883 40 4.5 123 13.9 74 8.4 186 21.1
5 1356 26 1.9 137 10.1 25 1.8 181 13.3 1278 22 1.7 95 7.4 30 2.3 134 10.5
6 1641 19 1.2 145 8.8 29 1.8 195 11.9 1538 14 0.9 139 9.0 29 1.9 180 11.7
7 1279 13 1.0 107 8.4 17 1.3 149 11.6 1536 32 2.1 201 13.1 30 2.0 235 15.3
8 1217 30 2.5 112 9.2 49 4.0 178 14.6 1553 23 1.5 133 8.6 44 2.8 245 15.8
9 1550 17 1.1 115 7.4 23 1.5 181 11.7 1549 25 1.6 123 7.9 23 1.5 167 10.8
1 Sham 2 h 1217 22 1.8 125 10.3 20 1.6 144 11.8 Exposed 2 h 1403 34 2.4 163 11.6 39 2.8 168 12.0
2 1071 17 1.6 79 7.4 18 1.7 107 10.0 1110 40 3.6 168 15.1 49 4.4 151 13.6
3 1375 39 2.8 115 8.4 27 2.0 163 11.9 1531 52 3.4 166 10.8 76 5.0 240 15.7
4 1770 68 3.8 212 12.0 95 5.4 229 12.9 1037 82 7.9 182 17.6 84 8.1 221 21.3
5 1248 18 1.4 133 10.7 19 1.5 188 15.1 1544 33 2.1 135 8.7 37 2.4 187 12.1
6 785 9 1.1 58 7.4 7 0.9 74 9.4 1305 23 1.8 121 9.3 37 2.8 176 13.5
7 1401 18 1.3 159 11.3 17 1.2 164 11.7 1521 24 1.6 164 10.8 28 1.8 216 14.2
8 1236 17 1.4 79 6.4 19 1.5 167 13.5 2036 57 2.8 201 9.9 73 3.6 308 15.1
9 1495 13 0.9 82 5.5 14 0.9 164 11.0 1518 29 1.9 134 8.8 31 2.0 180 11.9
1 Sham 24 h 1276 37 2.9 103 8.1 37 2.9 136 10.7 Exposed 24 h 1407 33 2.3 197 14.0 37 2.6 206 14.6
2 988 14 1.4 90 9.1 20 2.0 121 12.2 1903 70 3.7 271 14.2 84 4.4 381 20.0
3 1406 25 1.8 102 7.3 30 2.1 138 9.8 1413 47 3.3 143 10.1 81 5.7 212 15.0
4 1060 29 2.7 149 14.1 41 3.9 189 17.8 1198 44 3.7 136 11.4 61 5.1 184 15.4
5 1552 25 1.6 131 8.4 22 1.4 193 12.4 1009 16 1.6 114 11.3 32 3.2 155 15.4
6 1314 11 0.8 129 9.8 19 1.4 148 11.3 938 11 1.2 105 11.2 34 3.6 153 16.3
7 1571 21 1.3 149 9.5 33 2.1 237 15.1 1539 38 2.5 199 12.9 39 2.5 257 16.7
8 1126 21 1.9 75 6.7 28 2.5 136 12.1 1170 20 1.7 102 8.7 24 2.1 180 15.4
9 1492 25 1.7 107 7.2 32 2.1 144 9.7 1576 34 2.2 123 7.8 50 3.2 214 13.6

Note. The numbers of nuclei scored (ns) are given for chromosomes 11 and 17 together since double hybridization was performed. nt and nm are the
number of total aneuploid and multisomic nuclei, respectively.

TABLE 3
Aneuploidy and Multisomy for Chromosomes 1 and 10 after Exposure to 0.1 THz Radiation for Different

Times for each Donor

Donor ns

Centromere 1

Multisomy

nm

Per-
cent

Total

nt

Per-
cent

Centromere 10

Multisomy

nm

Per-
cent

Total

nt

Per-
cent ns

Centromere 1

Multisomy

nm

Per-
cent

Total

nt

Per-
cent

Centromere 10

Multisomy

nm

Per-
cent

Total

nt

Per-
cent

1 Sham 2 h 1547 25 1.6 171 11.1 23 1.5 184 11.9 Exposed 2 h 1554 73 4.7 210 13.5 43 2.8 132 8.5
3 1659 56 3.4 199 12.0 38 2.3 313 18.9 1566 55 3.5 193 12.3 31 2.0 270 17.2
5 1556 35 2.2 161 10.3 27 1.7 103 6.6 1537 39 2.5 222 14.4 38 2.5 274 17.8
6 1072 69 6.4 137 12.8 38 3.5 106 9.9 1513 82 5.4 219 14.5 60 4.0 156 10.3
9 1522 35 2.3 158 10.4 22 1.4 98 6.4 1389 63 4.5 166 12.0 36 2.6 106 7.6
1 Sham 24 h 1716 22 1.3 199 11.6 17 1.0 180 10.5 Exposed 24 h 1549 54 3.5 208 13.4 44 2.8 185 11.9
3 1556 35 2.2 176 11.3 23 1.5 265 17.0 1579 39 2.5 184 11.7 18 1.1 133 8.4
5 1028 35 3.4 136 13.2 38 3.7 114 11.1 1283 59 4.6 209 16.3 50 3.9 202 15.7
6 1527 67 4.4 218 14.3 59 3.9 202 13.2 1529 72 4.7 218 14.3 39 2.6 127 8.3
9 1525 61 4.0 151 9.9 44 2.9 117 7.7 1237 50 4.0 149 12.0 39 3.2 123 9.9

Note. The numbers of nuclei scored (ns) are given for chromosomes 1 and 10 together since double hybridization was performed. nt and nm are the
number of total aneuploid and multisomic nuclei, respectively.
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TABLE 4
Asynchronous and Late Replication for Chromosomes 11 and 17 after Exposure to 0.1 THz Radiation for

Different Times for each Donor

Donor ns

Centromere 11

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent

Centromere 17

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent ns

Centromere 11

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent

Centromere 17

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent

1 Sham 1 h 619 124 20.0 480 77.5 89 14.4 510 82.4 Exposed 1 h 653 105 16.1 526 80.6 106 16.2 527 80.7
2 705 72 10.2 619 87.8 37 5.2 662 93.9 622 105 16.9 483 77.7 53 8.5 560 90.0
3 668 115 17.2 517 77.4 71 10.6 579 86.7 619 118 19.1 487 78.7 113 18.3 490 79.2
4 626 84 13.4 506 80.8 111 17.7 459 73.3 597 150 25.1 428 71.7 145 24.3 410 68.7
5 616 77 12.5 520 84.4 69 11.2 529 85.9 921 92 10.0 821 89.1 86 9.3 828 89.9
6 666 75 11.3 576 86.5 86 12.9 550 82.6 654 119 18.2 526 80.4 129 19.7 501 76.6
7 660 66 10.0 577 87.4 86 13.0 555 84.1 632 80 12.7 537 85.0 91 14.4 529 83.7
8 617 84 13.6 522 84.6 89 14.4 499 80.9 600 134 22.3 435 72.5 115 19.2 460 76.7
9 664 104 15.7 535 80.6 116 17.5 528 79.5 643 89 13.8 535 83.2 111 17.3 510 79.3
1 Sham 2 h 603 82 13.6 507 84.1 94 15.6 491 81.4 Exposed 2 h 672 143 21.3 515 76.6 88 13.1 577 85.9
2 697 103 14.8 555 79.6 66 9.5 615 88.2 752 150 19.9 583 77.5 116 15.4 627 83.4
3 650 119 18.3 479 73.7 70 10.8 568 87.4 865 254 29.4 572 66.1 177 20.5 660 76.3
4 709 121 17.1 555 78.3 106 15.0 560 79.0 606 177 29.2 408 67.3 153 25.2 423 69.8
5 658 74 11.2 580 88.1 58 8.8 596 90.6 676 97 14.3 569 84.2 102 15.1 566 83.7
6 682 94 13.8 573 84.0 97 14.2 540 79.2 699 108 15.5 583 83.4 148 21.2 518 74.1
7 674 96 14.2 570 84.6 105 15.6 552 81.9 651 108 16.6 525 80.6 127 19.5 511 78.5
8 647 109 16.8 521 80.5 103 15.9 518 80.1 958 119 12.4 825 86.1 141 14.7 802 83.7
9 656 65 9.9 583 88.9 69 10.5 576 87.8 659 108 16.4 534 81.0 117 17.8 515 78.1
1 Sham 24 h 606 94 15.5 494 81.5 94 15.5 495 81.7 Exposed 24 h 919 180 19.6 719 78.2 170 18.5 720 78.3
2 607 108 17.8 482 79.4 84 13.8 507 83.5 812 168 20.7 614 75.6 139 17.1 643 79.2
3 677 94 13.9 548 80.9 98 14.5 550 81.2 678 159 23.5 500 73.7 145 21.4 520 76.7
4 789 147 18.6 553 70.1 142 18.0 519 65.8 672 197 29.3 442 65.8 174 25.9 470 69.9
5 695 42 6.0 649 93.4 44 6.3 647 93.1 675 108 16.0 555 82.2 124 18.4 529 78.4
6 953 171 17.9 749 78.6 168 17.6 730 76.6 625 137 21.9 472 75.5 126 20.2 465 74.4
7 658 60 9.1 578 87.8 76 11.6 567 86.2 616 90 14.6 518 84.1 117 19.0 474 76.9
8 662 114 17.2 505 76.3 117 17.7 500 75.5 650 141 21.7 481 74.0 146 22.5 464 71.4
9 669 49 7.3 615 91.9 70 10.5 590 88.2 671 70 10.4 594 88.5 98 14.6 559 83.3

Note. The numbers of nuclei studied (ns) are given for chromosomes 11 and 17 together since double hybridization was performed. na and nl are
the number of asynchronous and late replication nuclei, respectively.

TABLE 5
Asynchronous and Late Replication for Chromosomes 1 and 10 after Exposure to 0.1 THz Radiation for

Different Times for each Donor

Donor ns

Centromere 1

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent

Centromere 10

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent ns

Centromere 1

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent

Centromere 10

Asynchro-
nous

replication

na

Per-
cent

Late
replication

nl

Per-
cent

1 Sham 2 h 659 146 22.2 489 74.2 82 12.4 573 86.9 Exposed 2 h 701 202 28.8 448 63.9 92 13.1 601 85.7
3 661 98 14.8 539 81.5 81 12.3 567 85.8 675 188 27.9 452 67.0 102 15.1 561 83.1
5 636 132 20.8 459 72.2 86 13.5 537 84.4 645 166 25.7 448 69.5 64 9.9 576 89.3
6 747 185 24.8 430 57.6 194 26.0 478 64.0 705 228 32.3 429 60.9 141 20.0 542 76.9
9 652 84 12.9 560 85.9 85 13.0 549 84.2 661 109 16.5 539 81.5 133 20.1 512 77.5
1 Sham 24 h 684 142 20.8 542 79.2 75 11.0 596 87.1 Exposed 24 h 669 196 29.3 435 65.0 122 18.2 528 78.9
3 658 229 34.8 429 65.2 74 11.2 584 88.8 674 125 18.5 538 79.8 96 14.2 571 84.7
5 645 120 18.6 471 73.0 61 9.5 575 89.1 660 188 28.5 410 62.1 96 14.5 551 83.5
6 652 143 21.9 436 66.9 136 20.9 477 73.2 667 214 32.1 363 54.4 174 26.1 435 65.2
9 687 94 13.7 523 76.1 99 14.4 558 81.2 683 128 18.7 523 76.6 133 19.5 536 78.5

Note. The numbers of nuclei studied (ns) are given for chromosomes 1 and 10 together since double hybridization was performed. na and nl are the
number of asynchronous and late replication nuclei, respectively.
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FIG. 3. Dependence of aneuploidy levels of chromosomes 11, 17, 1
and 10 on exposure duration. n � 9 for chromosome 11 and 17 and n
� 5 for chromosomes 1 and 10. Error bars denote SEM. Statistical sig-
nificance was determined using Tukey’s HSD comparisons test. *Statis-
tically significant at 0.03 � P � 0.05; **statistically significant at 0.01
� P � 0.03.

FIG. 4. Dependence of gains of chromosomes 11, 17, 1 and 10 on
exposure duration. n � 9 for chromosomes 11 and 17 and n � 5 for
chromosomes 1 and 10. Error bars denote SEM. Statistical significance
was determined using Tukey’s HSD comparisons test. *Statistically sig-
nificant at 0.03 � P � 0.05; **statistically significant at 0.01 � P �
0.03; ***statistically significant at P � 0.01.

FIG. 5. Dependence of changes in asynchronous replication of the
centromeres of chromosomes 11, 17, 1 and 10 on exposure duration. n
� 9 for chromosomes 11 and 17 and n � 5 chromosomes 1 and 10.
Error bars denote SEM. Statistical significance was determined using Tu-
key’s HSD comparisons test. *Statistically significant at 0.03 � P � 0.05;
**statistically significant at 0.01 � P � 0.03; ***statistically significant
at P � 0.01.

for centromere 1 (P � 0.003). All of the chromosomes
studied (1, 10, 11 and 17) displayed statistically significant
increases in the level of asynchronous replication compared
with their respective sham-exposed samples after 24 h of
exposure (Fig. 5). The levels in the exposed samples in-
creased by 1.54 � 0.46-fold for centromere 11 (P � 0.007),
by 1.52 � 0.54-fold for centromere 17 (P � 0.001), by
1.52 � 0.18-fold for centromere 1 (P � 0.0005), and by
1.46 � 0.16-fold for centromere 10 (P � 0.011). Only cen-
tromere 1 showed a statistically significant change in late
synchronous replication at 24 h exposure (P � 0.05; data
not shown).

DISCUSSION

The present study suggests the existence of genetic in-
stability, reflected by increased levels of aneuploidy and
increased levels of asynchronous replication of centro-
meres, in lymphocytes due to in vitro exposure to 0.1 THz
CW radiation.

Genetic instability is a hallmark of cancer, manifested as
either chromosomal instability leading to abnormal chro-
mosome number (aneuploidy) or an increased mutation rate
at the nucleotide level with consequent microsatellite insta-
bility (25). Though aneuploidy is manifested in most hu-
man cancers, it remains a subject of debate whether it is a
cause or a consequence of cellular transformation (26). Re-
cent reports indicate that aneuploidy can be induced in mice
either by overexpression of the MAD2 gene, an essential
component of the spindle checkpoint (27), or by reducing
the levels of centromere-link motor protein CENP-E (28),
leading to the expression of different cancer subtypes. In
addition to the genetic structural alterations that underlie
the development of cancer, epigenetic mechanisms (e.g.
gene silencing by DNA methylation) were also shown to
be involved in the development of neoplasia (29). Further-

more, it was demonstrated that increased levels of aneu-
ploidy and asynchronous replication in PBL are typical of
both hematological malignancies and various solid tumors
[(14) and references therein]. Therefore, induced genomic
instability suggests the possibility of an increased risk for
the development of radiation-induced cancer.

Our findings differ from previous studies where expo-
sures were limited to 30 min or less. Scarfi et al. (7) re-
ported no effect on the levels of micronuclei in binucleated
cells after lymphocytes were exposed to 0.12 THz radiation
for 20 min. In that experiment, picosecond THz pulses il-
luminated the target at an average power level of 1 mW
and an integrated energy incidence (dose) of 0.45 J/cm2.
This dose parameter is comparable to our experiment car-
ried out with a lower-power CW source and a longer ex-
posure time of 2 h. However, that study used resting lym-
phocytes that were not induced to proliferate and used an
end point that is indicative of damage incurred directly by
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the DNA (7). It should be stressed that numerical aberra-
tions are visible only in proliferating cells. Another study
found no effect of THz radiation on the activity or differ-
entiation of primary human keratinocytes (8). In that ex-
periment, pulsed THz radiation illuminated the target at an
average power level of approximately 1 mW, and cells were
exposed for periods of 12, 20 or 30 min, yielding total
exposures of 0.15, 0.3 or 0.45 mJ/cm2 (8). It should be
noted that the intensity and the radiation source employed
in that study are characteristic of an apparatus used in med-
ical imaging of human skin (8).

When taking the increased level of aneuploidy into ac-
count, it was observed that not all chromosomes are equally
affected by the radiation exposure. Chromosome 11 dis-
played the highest vulnerability to the THz radiation fol-
lowed by chromosomes 17 and 1, with chromosome 10
displaying the least susceptibility. This is in agreement with
data indicating that there is chromosome-specific aneuploi-
dy during embryonal development (30) as well as in the
cellular response to either chemical [metabolites (31)] or
physical [radiation (32)] genotoxic insults. This specific
susceptibility is also manifested after exposure to 0.8 GHz
radiation (33).

We observed an increased level of aneuploidy after 2 h
of irradiation, which was started 2 h after PHA was added.
This suggests that the THz radiation induces alterations in
lymphocytes that indicate a low level of cycling cells, be-
cause PHA-induced transformation of resting cells into cy-
cling cells occurs much later (34). These alterations even-
tually lead to the observed increased level of aneuploidy.
It should be noted that the exposure of the PHA-stimulated
lymphocytes to radiation for 24 h occurs when a larger
proportion of the cells are already cycling, leading to a
comparable elevation of aneuploidy. The relationship be-
tween the exposure period and the cell cycle status of ir-
radiated cells requires further elucidation.

It has been demonstrated previously that the induction of
aneuploidy is irreversible (14, 35). In contrast, the epige-
netic changes represented by replication timing and asyn-
chrony that accompanied the genetic changes were reversed
over time (14, 35). Indeed, the genetic changes reported
here were accompanied by epigenetic alterations, the mech-
anism for interpreting the genetic information, as manifest-
ed by changes in the replication pattern of the centromeric
loci, in terms both of coordinated replication and replication
timing. These epigenetic modifications are even more pro-
nounced than the changes in the aneuploidy levels after
exposure to 0.1 THz radiation. All exposures led to increas-
es in the level of asynchronous replication, which was
mainly due to earlier replication, in all four centromeric loci
tested, although for the shortest exposure of 1 h no statis-
tically significant changes were observed.

As in the case of aneuploidy, we observed a difference
in the effects of the exposure on the replication patterns of
the different centromeres, with centromere 10 being the
least ‘‘responsive’’ and showing increased SD only after 24

h while the other three centromeres were already affected
after 2 h of exposure. It appears that the effects of the
radiation are first observed in changes in the replication
pattern, which precede changes in the level of aneuploidy.
This is in agreement with findings that chromosomes whose
replication is delayed display chromosomal instability (31).

Loss or gain of whole chromosomes leads to an imbal-
ance in the gene dose and thus affects the expression and
function not only of the genes located on the affected chro-
mosome but also of the genes that are regulated by these
genes, leading to changes in gene expression and activity
(14).

Whatever the cause of the first aneuploid clone, it in-
volves the unequal segregation of chromosomes during mi-
tosis to the daughter cells (36). In this process the centro-
meric sequences play a central role [proper sister chromatid
separation, metaphase mobilization and anaphase segrega-
tion (36)] and need to be carefully coordinated with the
replicative machinery (36) to ensure that each DNA seg-
ment is replicated only once during each cell cycle (36).
Thus the replication process is central to maintaining ge-
nomic stability. Indeed, our results demonstrate a positive
correlation between increased levels of aneuploidy and
asynchronous replication.

The major enigma regarding the mechanisms underlying
biological effects of RF electromagnetic fields is whether
the RF-field-induced biological response is due to thermal
or non-thermal effects. The possibility of affecting cellular
processes through non-thermal effects has been at the cen-
ter of a major dispute for several years when considering
exposure hazards to electromagnetic radiation in the spec-
tral range of radiofrequency. It should be pointed out that
the international guidelines are based on preventing short-
term, immediate health effects such as stimulation of pe-
ripheral nerves and muscles or elevation of tissue temper-
atures by more than 1�C as a result of absorption of energy
during exposure (37, 38). Therefore, we have examined
whether significant temperature elevation can occur after
exposure to the power density used in our experiment.

The power density in our cell samples, which consisted
of a very thin layer of lymphocytes (�0.003 cm) at the
bottom of a 0.2-cm-deep layer of high culture medium, has
been calculated to be 0.031 mW/cm2. This value is 160-
fold lower than the limit of 5 mW/cm2 set for occupational
exposure and 30-fold lower than the limit of 1 mW/cm2 set
for the general population (37, 38). Moreover, no macro-
scopic steady-state temperature elevation within the 0.1-cm
layer at the bottom of the culture flask could be detected
by optics-based temperature sensors within an experimental
accuracy of �0.2�C. We previously showed that the levels
of both asynchronous replication and aneuploidy of chro-
mosome 17 were not altered by temperature changes in the
range of 34.5–39.5�C (39). Therefore, even if a microscopic
transient elevation of temperature does take place, it cannot
be responsible for the observed increase in genomic insta-
bility.
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The nature of the primary mechanism(s) underlying the
0.1 THz radiation-induced increase in genomic instability
is unknown at this stage. It may be speculated, based on
THz spectroscopy of proteins and DNA in the range of 0.1–
10 THz, that this radiation is able to excite low-frequency
collective vibrational modes of biomolecules (6). In the
case of DNA molecules, these low vibrational modes con-
sist of molecular internal vibrations such as twisting, bend-
ing and stretching of the double helix, sugar pseudorota-
tional vibrations and fluctuations of the weakest bonds or
non-bonded interactions [van der Waals forces, dispersion
forces, and hydrogen bonding (40–43)]. The internal mo-
tions, which depend on the weak hydrogen bonds of the
double-helix base pairs (44), are extremely sensitive to
DNA composition and topology and thus may have a neg-
ative impact on the reliability of replication process.

From our results, we can surmise that the 0.1 THz ra-
diation constitutes an insult to the replication machinery of
the lymphocytes in vitro, which leads to increased levels
of aneuploidy. Thus, while ICNIRP concluded that the
available data are insufficient to provide a basis for setting
exposure restrictions (37) in the case of potential long-term
effects of exposure such as an increased risk of cancer,
based on our results, it may be proposed that relatively long
exposure to the low power density of 0.1 THz radiation
may lead to an increased risk for the development of cancer.
Further work is needed to elucidate the relationship be-
tween the induced genomic instability in vitro and the risk
for malignant transformation in vivo.
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