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An electroencephalograph (EEG) study was carried out from 1990 to 2006, using power spectra, averaged
coherence, and integral EEG coherence asymmetry coefficients to compare 189 clean-up workers of the Chernobyl
accident with 63 age-matched healthy controls. Most of the Chernobyl workers showed three abnormal EEG
patterns, as indicated by EEG power mapping. The higher power, most prominent in slow alpha and theta bands,
or in fast alpha frequencies, were observed in persons 3-5 years after the clean-up works (the early stage). The
lower EEG power in alpha band was found in Chernobyl workers 10 or more years after the accident (the late
stage). EEG coherence analysis revealed the existence of two stages in EEG alterations following the Chernobyl
clean-up. In the early stage, an increase of EEG coherence in the central brain areas was observed, whereas at
the later stage, a decrease of EEG coherence, most prominent in the frontal brain areas, and reduced brain
asymmetry prevailed. These results allow us to propose that the described EEG signs may be a reflection of
radiation-induced brain dysfunction at the late period after the Chernobyl clean-up and were similar to the EEG
markers of brain ageing. The results, in comparison to data of the literature, provide additional support to the
premature brain ageing hypothesis in Chernobyl survivors as a result of the radiation brain damage after-effect.
Keywords: EEG power and coherence, interhemispheric asymmetry, Chernobyl accident, radiation, brain ageing

Se llevó a cabo un estudio electroencefalográfico (EEG) desde 1990 a 2006, empleando los espectros de energía,
la coherencia promediada y los coeficientes integrales de asimetría de coherencia de EEG para comparar 189
trabajadores que participaron en la limpieza después del accidente de Chernobyl con un grupo control de 63
individuos sanos de la misma edad. La mayoría de los trabajadores de Chernobyl mostraron tres patrones
anormales de EEG, como indica el mapeo de energía del EEG. La energía más alta, más prominente en las
bandas lentas alfa y theta (1) o en frecuencias rápidas alfa (2), se observó en personas estudiadas 3 a 5 años
después de los trabajos de limpieza (la fase temprana). La energía en el EEG más baja, en la banda alfa (3),
se encontró en los trabajadores de Chernobyl 10 años o más después del accidente (la fase tardía). El análisis
de coherencia del EEG reveló la existencia de dos fases en las alteraciones del EEG después de la limpieza
de Chernobyl. En la fase temprana, se observó un incremento de la coherencia del EEG en las áreas centrales
del cerebro, mientras que en la fase tardía, se observó una reducción de la coherencia del EEG, más prominente
en las áreas frontales del cerebro, y prevaleció la reducción de la asimetría del cerebro. Estos resultados nos
permiten proponer que los signos EEG descritos pueden ser un reflejo de disfunción cerebral inducida por
radiación en la fase tardía después de la limpieza de Chernobyl y que son similares a los marcadores EEG del
envejecimiento del cerebro. Los resultados, en comparación con los datos de la literatura, proporcionan apoyo
adicional a la hipótesis del envejecimiento cerebral prematuro del cerebro en los supervivientes de Chernobyl
como resultado del efecto secundario de lesiones cerebrales por radiación.
Palabras clave: energía y coherencia de EEG, asimetría inter-hemisférica, accidente de Chernobyl, radiación,
envejecimiento cerebral
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Twenty years after the Chernobyl accident, the issue
of health disorders, brain malfunctions, and cognitive
impairments among the Chernobyl clean-up workers is
still a point of much controversy. However, some decades
ago, in experimental and clinical studies, it was shown
that exposure to ionizing radiation, even low doses, is the
most dangerous environmental hazard for humans and can
produce multiple after-effects (e.g., Klimendof & Hant,
1969; Livanov, 1961; Mickley, 1987). Numerous studies
revealed that ionizing radiation affects the central nervous
system (CNS) functions both directly and indirectly
through CNS response to the damage of other systems,
for instance, the vascular system of the brain (Davidov,
Ushakov, & Fedorov, 1991; Yaar, Ron, & Modan, 1982).
After the Chernobyl accident, the number of publications
concerning the clinical after-effects of ionizing radiation
has increased dramatically (Loganovsky & Yuryev, 2001,
2004; Nyagu, Noschenko, & Loganovsky, 1999; Zubovsky
& Kholodova, 1993).
During the early period after the Chernobyl accident,
much attention focused on acute radiation sickness induced
by a high dose of radiation, whereas the consequences of a
low dose of radiation with the first indications of disease
appeared only 3-4 years after the Chernobyl accident
(Meshkov, Rychov, Kuznetsova, Shlyk, Zhavoronkova, &
Kholodova,, 1993; Nyagu et al. 1997, 1999). Multiple
disorders, including physical well-being, the immune, cardiovascular, endocrine, and neural systems were found to be
typical of the Chernobyl clean-up workers. After the
Chernobyl accident, an increase of cases of oncological
pathology, including leukemia and thyroid cancer, was
described in the Chernobyl clean-up workers and in the
general population of the radiated territories (e.g., Gluzman
et al., 2006; Loganovsky & Loganovskaya, 2000;
Loganovsky & Yuryev, 2001, 2004; Mironov, Tretyakevich,
& Zhuravkov, 2006). Previous data from longitudinal
investigations of the consequences of the Chernobyl accident
show that the clinical and mental disorders of the Chernobyl
clean-up workers have gotten worse rather than declining
with time (e.g., Loganovsky & Yuriev, 2001, 2004;
Zhavoronkova, Gogitidze, & Kholodova, 1999).
Taking into account the wide spectrum of functional
impairment in Chernobyl clean-up workers, the choice of
adequate methods for diagnosis and investigation in the first
years after the Chernobyl accident, especially of persons
who were not diagnosed with acute radiation sickness, was
important and difficult. Complex investigations were carried
out by the Ukraine investigators of the Scientific Center for
Radiation Medicine and included epidemiological,
radiological,
clinical,
psychopathological,
and
electrophysiological studies to determine the radiation aftereffect in persons who took part cleaning up Chernobyl in
1986-1987—the “liquidators” (Loganovsky & Loganovskaya,
2000; Nyagu et al., 1999). An attempt to elucidate the
radiation after-effect and to estimate effect of different doses

of radiation was performed. In these studies, several groups
of individuals were compared: liquidators with acute
radiation sickness, liquidators without acute radiation
sickness, Afghanistan war veterans with stress disorders and
closed head trauma, similar persons without head trauma,
and age-matched healthy controls. It was shown that, in the
early stage after the Chernobyl accident, health disorders in
Chernobyl clean-up workers was conditioned by some
factors, including radiation and stressors. Clinical and
neurophysiological changes in Chernobyl liquidators radiated
with small doses were probably a result of psychogenetic
trauma including a stressor factor. In the later stage, the
electrophysiological and psychopathological signs of left
fronto-temporal (possibly of limbico-reticular complex)
dysfunctions were observed in all liquidators and they
correlated with the dose of radiation (Loganovasky &
Loganovskaya, 2000).
The electroencephalograph (EEG) power method is
widely used as an electrophysiological approach to the
experimental study of the basic mechanisms of brain
functions, for clinical diagnosis including postradiation
pathology. The high sensitivity of the EEG coherence
method for reflecting the functional connectivity between
different brain areas, with regard to the evaluation of brain
activity in healthy subjects, was supported by a number
of papers (Boldyreva, 2000; Boldyreva, Zhavoronkova,
Sharova, & Dobronravova, 2007; French & Beaumont,
1984; Petsche, 1996; Rappelsberger & Petsche, 1988;
Rusinov, Grindel, Bodyreva, & Vakar, 1987; Tucker, Roth,
& Bait, 1986). The EEG coherence-related parameters
were tested in a number of clinical investigations, for
example, in neurosurgical patients (Boldyreva, 2000;
Boldyreva et al., 2007; Michelogianis, Paritsis, & Trikas,
1991; Nagase, Okubo, Matsura, Kojima, & Toru, 1992;
Sharova, 1999), patients with developmental
psychopathology (Knyazeva & Innocenti, 2001; Marosi et
al., 1992, Thatcher, 1994), AIDS-patients (Newton, Leuchter,
& Miller, 1994), industrial workers exposed to a carbon
disulfide (Rudolf, Jakisch, & Volket, 1996), and patients
with various types of dementia—associated with multiple
sclerosis, Alzheimer’s disease, and others (Comi &
Leocani, 1999; Dunkin, Leuchter, Newton, & Cook, 1994;
Locatelli, Cursi, Liberati, Franceschi, & Comi, 1998). Our
previously published data have also demonstrated the high
sensitivity of EEG coherence analysis to determine the
functional brain state in Chernobyl liquidators, including
a longitudinal study to determine the delayed consequences
of the Chernobyl accident (Zhavoronkova, Kholodova,
Zubovsky, Gogitidze, et al., 1995; Zhavoronkova,
Kholodova, Zhubovsky, Smirnov, et al., 1995;
Zhavoronkova et al., 2006). In the present study, we used
both EEG power and coherence analysis, which provides
important information about the functional state of the
human brain and cortical-cortical and cortical-subcortical
connectivity, whereas the literature as a rule offers data
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about EEG power analysis in Chernobyl clean-up workers
(Loganovsky & Yuryiev, 2001, 2004; Nyagu et al., 1992;
Nyagu, Loganovsky, & Chuprovskaja, 1997; Nyagu,
Loganovsky, & Yuryev, 1999).
During last few years, the hypothesis of premature
ageing in Chernobyl clean-up workers was proposed by
several authors who suggested that radiation was a key
factor influencing the speed of human biological ageing.
In a study of Russian investigators, vegetative and somatic
measures in various groups of people including Chernobyl
liquidators were compared to groups of people including
healthy age-matched controls. It was found that the
biological age of the Chernobyl liquidators was 60-65
years, while their real age was below 50 (Alishev et al.,
2006). Moreover, an unbalance and disturbances in the
antioxidant system, which are characteristic of ageing
organisms, produced by a low dose of radiation, was found
in Chernobyl liquidators (Burlakova, 2006). Psychological
studies based on the evaluation of the higher mental
functions, intellectual activity, and personality scores in
the Minnesota Multiphasic Personality Inventory (MMPI)
revealed personality disorders in the Chernobyl survivors
at the late stage after the clean-up, which were similar to
those of old people: hypochondria, hysterical tendencies,
egocentrism, and senile mentality (Kholodova, Ryzhov,
& Zhavoronkova, 2005; Kholodova, Zhavoronkova,
Ryzhov, & Kuznetsova, 2007). Clinical profiles (cerebral
atherosclerosis, arterial hypertension, dyscirculatory
encephalopathy, broncho-pulmonary, and others) and some
neuropsychological parameters (disorders of countinglogical skill) of the Chernobyl survivors measured at the
late stage after the clean-up were also similar to those of
old people (Kholodova et al., 2007). EEG signs of
premature brain ageing in Chernobyl clean-up workers
were described in our previous studies but they were
insufficient (Zhavoronkova et al., 2006).
The aim of the present study was to determine the EEG
power and coherence parameters in Chernobyl survivors
without radiation sickness at the diverse stages after the
Chernobyl clean-up works and to compare them with agematched healthy controls in order to test the brain ageing
hypothesis.

Method
Participants
The Rentgenoradiological Center of the Ministry of
Health of the Russian Federation is the main referral center
of the survivors of the Chernobyl accident of the Russian
Federation. For 17 years (from 1990 to 2006), 189 persons
(males, right-handers, aged from 22 to 49 years, mean age
30.7±4.3 at the time of the Chernobyl accident) were
examined by the Expert Committee in the

365

Rentgenoradiological Center and in the Institute of Higher
Nervous Activity and Neurophysiology of the Russian
Academy of Sciences. The clinical status of the Chernobyl
survivors was examined in order to evaluate their capacity
to engage in professional activity. Out of these 189 persons,
178 from various locations of the Russian Federation were
included in the cross-sectional study because they had been
examined in the Rentgenoradiological Center at different
times. Out of these 178 Chernobyl survivors, 43 persons
(mean age 34.7±5.4) were examined in 1990-1992; 46
persons (mean age 38. 5±4.7) in 1993-1997; 40 persons
(mean age 43.5±3.5) in 1998-2002; and 49 persons (mean
age 48.7±5.3) in 2003-2006. Those who lived in Moscow
(11 persons) participated in the longitudinal study. Before
the Chernobyl clean-up work, all these people had been
diagnosed as healthy, and this information was recorded in
their medical records. The individual dose of radiation for
the Chernobyl survivors was not evaluated, and only the
collective dose was reconstructed. None of the Chernobyl
workers examined had been diagnosed with acute radiation
sickness after the Chernobyl clean-up work. As a control
group, 63 healthy volunteers (males, right-handers, 25-60
years of age) were selected (1990-2006). They were divided
into subgroups that were age-matched with the Chernobyl
survivor subgroups. All participants gave their written
consent to participate in the investigations. The personal
data of each patient such as sex, handedness, age, education,
collective dose of radiation, and the duration of the cleanup work in the Chernobyl area were entered in the database
for comparison with the data of the healthy participants,
matched in age and education. The guidelines of the
Helsinki protocol were applied.

Measures
EEG recording and analysis. The EEG was recorded on
OTE Biomedical (Italy) or Nihon Cohden (Japan) equipment,
using a time of constant of 0.3 s and the high frequency
cut-off was 30 Hz. The 19 chlorine-silver electrodes were
placed according to the International 10-20 system at Fp1,
Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T5, T6, T3,
T4,Cz, Pz and the additional channel was used to record
the electro-oculogram (for vertical eye movements). All
electrode impedances were kept under 50 kΩ and all
channels were digitized at the rate of 128 Hz. Linked
earlobes served as the reference electrode. The use of linked
earlobes reference has proven to be adequate for coherence
analysis and asymmetry studies of EEG parameters (Nunez,
1981; Rappelsberger & Petsche, 1988). We processed signals
from several montage schemes, including standard
monopolar and bipolar montage, although the focus of this
study was a monopolar montage.
Each recording lasted from 60 to 100 s in the state of
rest with closed eyes, open eyes, and during standard
functional tasks. In the present study, only resting EEGs

366

ZHAVORONKOVA, KHOLODOVA, BELOSTOCKY, AND KOULIKOV

with closed eyes were used for the analysis. The EEGs
were stored for off-line processing. Artifacts (blinks,
muscle artifacts, and others) were eliminated from further
computation based on visual inspection. Artifact-free 2.56s epochs (at least 10) were chosen for future analysis.
Each epoch was Fourier-transformed to calculate averaged
power- and cross-power spectra, and averaged crossspectra. Data reduction of the spectra was performed by
averaging adjacent spectral lines to obtain broad band
parameters for six frequency bands: delta (0.5-4 Hz), theta
1 (4-6 Hz), theta 2 (6-8 Hz), alpha (8-13 Hz), beta 1 (1320 Hz), and beta 2 (20-30 Hz). The mean frequency of
the alpha band in occipital, parietal and central areas was
calculated as a sum of the frequency for leads O1, O2,
P3, P4, C3, and C4 and afterwards was divided into 6.
EEG coherences were calculated for 26 of intrahemispheric
and 8 interhemispheric pairs. Averaged coherence for all
spectral bands was also used in the analysis (Rusinov et
al., 1987). Finally, integral EEG coherence (Ca) for all
averaged intrahemispheric coherence in the resting state
was calculated for patients and healthy subjects by the
formula:

[

]

Coh∑l – Coh∑r
1 Coh∑l1 – Coh∑r1
n
n
Ca = — ———————————— +...+ ———————————— ,
n Coh∑l + Coh∑r
Coh∑l + Coh∑r
1
1
n
n
where Coh l and Coh r are the averaged coherence for
symmetrical intrahemispheric pairs of the left and right
hemisphere; 1, 2,... are the ordinal numbers of the pairs,
and n is the number of pairs. This approach was used in
our previous studies for estimating the level of the brain
functional state during wakefulness and sleep in healthy
subjects. Healthy right-handed subjects had positive values
of integral Ca in the state of rest, and their values
decreased during sleep and were restored to positive
values after awakening. In neurosurgical patients with
the organic brain damage, values of the Ca did not change
without special treatment and had specific values in cases
with left or right hemisphere damage (Zhavoronkova,
2006; Zhavoronkova, Kholodova, Zubovsky, Gogitidze,
et al., 1995).

Statistical Analyses
Statistical analysis included the calculation of the means,
standard deviation, and standard error of age and EEG
parameters in all examined groups. The significance of the
differences of EEG parameters was estimated between the
subgroups of age-matched controls and Chernobyl survivors
at different stages after the Chernobyl accident using paired
Student’s t-test for independent samples from the statistical
program Statistica 6.0. ANOVAs (one-way and two-way
dispersion analysis) were also computed for comparison of
the Chernobyl and control group data.

Results
Visual inspection and quantitative EEG power mapping
was carried out, and analysis of mean frequency and
averaged EEG power of alpha band in occipital, parietal,
and central areas was performed. This analysis revealed that,
in healthy aged-matched controls, the corresponding values
of the alpha band frequency were 10.01±0.3 Hz, and the
averaged power was 75±17 mv2, and this did not change
significantly in healthy subjects aged 30 to 50. Most of the
Chernobyl clean-up workers showed, while in resting state
(eyes closed), three abnormal EEG patterns, as indicated by
the calculation of the mean frequency and averaged power
of alpha band. The first EEG abnormal pattern was
characterized by decreased frequency (mean values 8.3±0.3
Hz) and increased power in alpha- and theta-bands, and was
named slow hypersynchronous (Figure 1, 1st column). In
Chernobyl survivors with this EEG pattern, the power of
the alpha band ranged from 100 to 415 mv2 with a forward
shift to the central and frontal areas. The averaged values
of power in Chernobyl survivors with a slow
hypersynchronous pattern were 195±47 mv2 (p < .01
compared to healthy age-matched individuals). This EEG
pattern was observed in Chernobyl workers 3-5 years after
the clean-up. The second EEG pattern was characterized by
similar topographic abnormalities for fast alpha waves (mean
values of frequency 11.5±0.5 Hz, averaged values of power
132±35 mv2, p < .05), and was named fast hypersynchronous
and also was observed 3-5 years after the clean-up (Figure
1, 2nd column). The third EEG pattern revealed an overall
lower power in alpha band (mean values of frequency
9.3±0.4 Hz, averaged values of power 22±7 mv2, p < .01).
This pattern was observed in Chernobyl workers over ten
years after the clean-up and was named flat (Figure 1, third
column).
The results of the estimation of the Chernobyl clean-upworkers’ number of different EEG patterns in the periods
from 1990 to 2006 are presented in Figure 2 and Table 1.
One-way ANOVA (Pearson’s χ2) showed that the relative
frequency of occurrence of the different EEG patterns has
changed over the last 20 years (χ2(6) = 17.25, p = .008).
The relative frequency of occurrence of the slow
hypersynchronous EEG type did not change over the last
years. The data from the one-way ANOVA support these
results for frequency of occurrence of events with high
probability, F(3, 170) = 0.13, p = .94. During the 1990-2006
period, the frequency of occurrence of the fast
hypersynchronous EEG type decreased, while the frequency
of occurrence of the flat EEG pattern increased. These data
were supported by the one-way ANOVA for the frequency
of occurrence of the second EEG type in comparison to the
third, F(3, 94) = 6.82, p < .001, as well by as the values of
Spearman’s range coefficients for cross-classification tables
(2 types of EEG _ 4 time points), ρ = –0.39, p < .001). The
values of χ2 for this table, χ2(3)=17.52, p < .001, also
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Figure 1. Examples of abnormal EEG patterns in Chernobyl clean-up workers.
A = Slow hypersynchronous EEG of Chernobyl survivor M (29 years old); b = fast hyprsynchronous EEG of Chernobyl survivor G (38
years old); c = flat EEG of Chernobyl survivor S (45 years old).

Table 1
Table of Cross-classification for two Types of EEG and for four Time Points
Slow hypersynchronous
EEG (Type 1)
1990-1992
Row %
1993-1997
Row %
1998-2002
Row %
2003-2006
Row %
Total

Fast hypersynchronous
EEG (Type 2)

Flat EEG
(Type 3)

20
52.63%
20
43.47%
17
42.50%
21
42.85%

12
31.57%
9
19.56%
8
20.00%
3
6.12%

6
15.79%
17
36.96%
15
37.50%
25
51.02%

78

32

63

Total
38
46
40
49
173
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Table 2
Two-way ANOVA for Mean Values of Ca of EEG Coherence in Chernobyl Survivors and Control Groups at Different Time Points

Intercept
Group
Series
Group*Series
Error

df

F

p

1
1
3
3
257

409.6817
694.6544
20.6556
0.6922

.000000
.000000
.000000
.557531

Figure 2. Number of Chernobyl clean-up workers with different
abnormal of EEG patterns (in %) recorded from 1990 to 2006.

Figure 3. Mean values of integral asymmetry coefficients (Ca) of
EEG coherence in Chernobyl clean-up workers (n = 178) and agematched healthy subjects (n = 63) in diverse stages after clean-up
work in Chernobyl.

revealed significant differences in the frequency of occurrence
of the second and the third EEG patterns at different time
points of studies. Post-hoc Duncan’s test yielded significant
differences (p < .05) for the frequency of occurrence of the
second EEG pattern in comparison to the third one. Thus,
statistical analysis showed that the number of Chernobyl
survivors with fast hypersynchronous EEG decreased
significantly at the late stage after the clean-up, whereas the
number of Chernobyl survivors with flat EEG increased.
Moreover, in the 1990-1992 period, the normal EEG pattern
was observed in 13% of the Chernobyl survivors examined
whereas, in the later stages, only pathological EEG patterns
were observed in all Chernobyl survivors.
EEG coherence analysis showed that, in healthy
individuals, EEG coherence values were higher in the left
hemisphere and, consequently, the integral Ca calculated from
all the intrahemispheric pairs in the left and right hemispheres
had positive values (Figure 3). In Chernobyl survivors, the
values of intrahemispheric EEG coherence were notably
reduced in the left hemisphere, and the values of Ca were
lower or close to zero 3-5 years after the clean-up. Two-way
ANOVA showed that both factors (groups of persons and
time points) had a significant effect on the mean values of
Ca of EEG coherence, whereas the interaction between these
factors was nonsignificant (Figure 3 and Table 2).
Analysis of differences between Ca mean values using
Newman-Keuls test (p < .05) showed that Ca values were
lower at all time points in the Chernobyl survivors compared
to the control groups, whereas the systematic decrease of
Ca values was observed both in Chernobyl survivors and
older controls groups.
Healthy controls compared to Chernobyl survivors at
different time points after the clean-up works displayed
higher values of interhemispheric EEG coherence in the
frontal-frontal pairs (Figure 4 and Table 3). Figure 4 shows
that, in the Chernobyl survivors, the frontal interhemispheric
EEG coherences were markedly reduced. The strongest
reduction was observed in the Chernobyl survivors 10 or
more years after the accident. In contrast, interhemisperic
EEG coherence in central areas showed diverse changes in
the Chernobyl survivors measured at early and late time
points. Three to five years after the clean-up, mainly
increased average coherence values were obtained, whereas
reduced EEG coherence measures were generally reduced
more markedly 10 or more years after the clean-up.
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Table 3
Dispersion Analysis (one-way ANOVA) for Values of Interhemispheric EEG Coherence for Different Electrode Pairs for
Chernobyl Survivors and Control Groups

Fp1-Fp2
F3-F4
C3-C4
P3-P4
O1-O2
F7-F8
T3-T4
T5-T6

df 1

df 2

F(df 1, df 2)

p

4
4
4
4
4
4
4
4

218
218
218
218
218
218
218
218

86.1034
79.5244
215.0889
153.3070
75.6311
248.8751
15.7960
98.3370

.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000

Figure 4. Interhemispheric EEG coherence in Chernobyl clean-up workers (n = 178) and in age-matched healthy subjects (n = 63) at
different time points after clean-up work in Chernobyl.
The bars show averaged EEG coherence of healthy persons and Chernobyl survivors for different cortical areas.
* Significant differences (*different range p < .05. ** different range p < .01).

One-way ANOVAs for each of electrode pairs showed
that, for all electrodes, there were significant differences
between the compared groups (healthy controls and
Chernobyl survivors) in the average EEG coherence values.
ANOVA of interhemispheric EEG coherence changes
for electrode pairs at different time points was performed,
comparing Chernobyl survivors and the normal groups. The
1990-1992 values of EEG coherence in the Chernobyl
survivors can be divided into three groups. In the first group,
EEG coherence in the Chernobyl survivors (Newman-Keuls
procedure with a probability of error of p < .05) exceeded
the norm and then actually decreased year by year (C3-C4,
P3-P4, and O1-O2). In the second group (Fp1-Fp2, F7-F8),
even in 1990-1992, EEG coherence in the Chernobyl

survivors was already either significantly or as a trend (F3F4) below norm, and then it decreased significantly from
term to term (except for pair F7-F8). In the third group (T3T4 and T5-T6), EEG coherence was initially significantly
below norm; then, for 10 years, their values increased, and
at the later period, their values even exceeded the norm.
Statistical analysis of the longitudinal EEG study results
was not carried out because the groups of Chernobyl survivors
included in this section of the study were small. However,
EEG changes in this section showed the main trend described
in the cross-sectional study. The individual samples of EEG
study are presented in Figure 5 and show the transformation
of the fast hypersynchronous EEG pattern into the flat one
at the later stage after the clean-up of Chernobyl.
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Figure 5. Examples of EEG pattern in Chernobyl survivor K(a) in 1991 (34 years old) and in 1999 (b).
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Discussion
In the present study, we found in Chernobyl clean-up
workers who were around 30 years old at the time of
accident and below 50 (at the end of this study) presented
low values of EEG power in alpha band ten years after the
Chernobyl clean-up. These results are accordance with
previous data of Ukrainian researchers (Loganovsky &
Yuryev, 2001, 2004). Similar EEG power signs were
obtained by other authors in individuals over 60 years of
age (Duffy & Albert, 1984; Klass & Brenner, 1995;
Klimesch, 1999; Marciani et al., 1994; Pierce et al., 2000).
Moreover, very similar EEG abnormalities have been also
obtained in people with dementia of diverse origin
(Ponomareva, Selesneva, & Jarikov, 2003; Szeilies, Mielke,
Herholz, & Heiss, 1994). Thus, EEG abnormalities in the
Chernobyl clean-up workers can be regarded as an indicator
not only of premature brain ageing but also of a pre-clinical
stage of dementia.
EEG coherence abnormalities, that is, maximal reduction
of interhemispheric EEG coherence in the frontal areas and
a cortical projection of the frontal lobes, have been observed
in Chernobyl survivors at late time points after the Chernobyl
clean-up. The same EEG abnormalities are characteristic of
old people’s brains (Klass & Brenner, 1995; Marciani et al.,
1994; Ponomareva, Mitrofanova, Androsova, & Pavlova,
2007). On the other hand, similar changes in EEG have been
described in brain lesions (traumatic and vascular) and in
diverse forms of dementia (Comi & Leocani, 1999; Locatelli
et al., 1998) because the frontal lobes are particularly sensitive
to the damaging effect of various factors (Sachdev, 2004).
In healthy humans, brain asymmetry increases with age,
reaching optimal values in adulthood, and it decreases in
old age (Bragina & Dobrokhotova, 1988; Crow, 2005). In
the present study, we observed reduced brain asymmetry
(as a result of a marked decrease of EEG coherence in the
left hemisphere) in survivors below 50 years of age at the
late stage after the Chernobyl clean-up. The data presented
in this study correlate with the concept of HAROLD
(hemispheric asymmetry reduction in older adults). This
model proposes that brain asymmetry tends to be less
lateralized in older subjects than in young persons (Cabeza,
2002).
An important fact that appeared at the present study was
the presence of two stages in the development of EEG
abnormalities that were found in the Chernobyl clean-up
workers. In the early stage after the Chernobyl clean-up, a
prominent increase of EEG coherence in central areas,
especially in theta band, was observed in the present and
in previous studies (Zhavoronkova, Kholodova, Zubovsky,
Gogitidze, et al., 1995). These data agree with the viewpoint
of some authors, indicating that EEG coherence, especially
between hemispheres for theta bands, might be interpreted
as a cortical differentiation from subcortical structures,
including limbic structures (Boldyreva et al., 2007; Comi

& Leocani, 1999; Newton et al., 1994). These EEG signs
may be a reflection of both radiation and stressor factors
and can be used to understand the post-radiation after-effect
mechanisms. The data presented allowed us to propose that,
at the initial stage after exposure to radiation, hyperactivity
of subcortical structures (possibly the limbic and diencephalic
complex) is predominant, reflecting compensatory brain
activation. In contrast to the early stage, at the later time
point after the clean-up, EEG coherence measures in
Chernobyl survivors were reduced, especially in the frontal
areas in alpha and beta bands (Zhavoronkova, Kholodova,
Zubovsky, Gogitidze, et al., 1995; Zhavoronkova et al.,
1999; 2006). These EEG signs and data about sources of
spectral EEG bands (Lopez da Silva, 1991) allowed us to
propose that the predominant cerebral cortical dysfunction
and may be a sign of brain maladaptation in the late stage
after the Chernobyl clean-up. The dynamics of brain ageing
described in the Chernobyl clean-up workers differs from
those of healthy people and assumes “abnormal” or “pseudo”
ageing as a result of radiation after-effect.
Thus, the results of the present EEG study revealed two
stages of after-effects in the brains of the Chernobyl cleanup workers, forming low levels of EEG alpha power at the
late stage, a decrease of EEG coherence most prominent in
the frontal brain areas, and reduced brain asymmetry in
comparison to age-matched healthy persons. Previous clinical,
psychophysiological, and immunological studies of the
markers of the consequences of the Chernobyl accident
allowed us to propose the hypothesis of premature ageing
of the whole organism in individuals who took part in the
clean-up work of Chernobyl. Our EEG data may provide
additional support to this hypothesis of premature brain ageing
in Chernobyl survivors as result of radiation after-effect.
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