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CEREBRAL ENERGY EXCHANGE IN EMPLOYEES OF HAZARDOUS NUCLEAR FACILITIES AND
PRODUCTIONS WITH THE LOW DEGREE OF PSYCHOPHYSIOLOGICAL ADAPTATION
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Psychophysiological assessment of employees of 10 Russian nuclear power plants revealed a low degree of psychophysiological adaptation (PPA) in 30% of
subjects. Studying the fuctional activity (FA) of the brain by EEG revealed the decline in FA in individuals with the low degree of PPA. The impaired cerebral energy
exchange could be one of the factors contributing to the decline in the brain functional state. The study was aimed to assess the features of the cerebral energy
exchange in the employees of the hazardous nuclear facilities and productions with the low degree of PPA. A total of 159 EEG recordings acquired from individuals
with the low degree of PPA (50.8 + 4.6), and 152 EEG recordings acquired from individuals with the high degree of PPA (48.8 + 1.5) were studied. Energy exchange
was assessed in individuals with the low FA of both brain as a whole and the following conditionally distinguished structural and functional units (SFUs) of the CNS:
mainly cerebral cortex (SFU-1), cortical-subcortical interactions (SFU-2), central control of the cardiovascular system (SFU-3). EEG was recorded by standard
method using the electroencephalography unit. The magnitude of the hemispheric differences (HD) in the power of biopotentials (BP) between the homologous EEG
leads was used to assess the cerebral energy exchange. There is evidence of the cerebral energy exchange increase in the anterior cortical areas of individuals with
the low degree of PPA. The increased cerebral energy exchange has been also revealed in SFU-1 and SFU-2 responsible for the mental and psychophysiological
functions of the CNS. However, cerebral energy exchange remains unchanged in the SFU-3 reflecting the central control of the CVS.
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LIEPEBPAJIbHbIV QHEPITOOBMEH Y PABOTHUKOB AA0EPHO OMACHbIX MPELNPUATUN
M MPOU3BOACTB C HU3KUM YPOBHEM NMCUXO®U3NONTIOMMYECKOWN AOAMTALIA

3. ®. 3Bepesa' = @. C. Topybapos', H. I. BaH4akosa?, E. A. deHncosa’

T ®epeparnbHbli MeULMHCKIA Brodunandeckuii LeHTp umenn A. V. BypHassHa, Mocksa, Poccus
2 MNep.bit CaHKT-MNeTepbypreknii rocyAapCTBEHHDbIN MeaVLMHCKNIA yHBepcuTeT UMeHn V. . Tanosa, CaHkT-MNeTepbypr, Poccus

B pesynsrate ncuxodusmonornyeckoro obcnenosanmns pabotHrkos 10-1 ASC Poccun y 30% obcnenoBaHHbIX BbISBNEH HU3KNIA YPOBEHL NMCUXOMIU3VONOrMHECKO
apantaunm (MOA). VsyveHre dyHKUMOHaNBHOM akTMBHOCTH (PA) rofnoBHOMO MO3ra ¢ MoMOLLbo O30T yCTaHOBWIIO €€ CHIDKEHWE Y UL, C HU3KMM YPOBHEM
M®OA. OgHUM 13 (HaKTOPOB CHYKEHWNST (DYHKLIMOHANBHOIO COCTOSIHUSI FOMIOBHOMO MO3ra MOXET ObITb HapylLleHve LepebpanbHoro aHeproobmeHa. Liensto
pPaboTbl ObINIO N3YHUTb OCOBEHHOCTY LiepebpanbHOro aHeproodMeHa y paboTHUKOB SAEPHO OMacHbIX MPEANPUATUAIA U MPOU3BOACTB C HU3KUM ypoBHEM DA,
Wceneposann 159 336 nnw, ¢ HM3kmnm yposHem MPA (50,8 + 4,6), 152 33T nny, ¢ Bbicokum yposHeM [NPA (48,8 + 1,5). SHeproobmeH 13ydani npu H1uakon GA
Kak Mo3ra B LiefIoM, Tak 1 OTAeNbHbIX YCNOBHO BblAENEHHbIX HaMy CTPYKTYPHO-(YHKUMOHabHLIX 06padoBanmii (CPO) LIHC: npenmyuiectBeHHO kopbl (CPO-1),
KOPKOBO-MNOAKOPKOBOro B3ammonencTams (CPO-2), LeHTpanbHoM perynsaumm cepaeqHo-cocyamnctor cuctemsl (CPO-3). D3I perncTpupoBanv 0BLLENPUHATLIM
CMOCcOBOM Ha aneKTposHLiedanorpade. s oLeHKN LepebpasibHOro SHEProobMeHa NCNoNbL30BASN MOKa3aTeNb BEMMHUHBI MEXMONYLLAPHBIX padnnynin (BMIP)
MOLLHOCTW 61onoTeHumanos (BIM) 931" roMonornyHbIX oTBeAeHWIA. [onyyeHbl AaHHble 06 yeuneHn Npu H13KoM ypoBHe MNPA LepebpanbHoro aHeproobmeHa B
nepefHVX oTaenax Kopbl rofoBHOMO Mo3ra. YcuneHue LepebpansHoro aHeproobmeHa BbisiBneHo Takke B CPO-1 1 CPO-2, 0TBETCTBEHHbIX 32 NCUXMYECKUE U
ncmxomamonorudeckme dyHkummn LIHC. Mpn atom B CPO-3, oTpakatoLeMm LieHTpanbHyto perynaumio CCC, LepebpabHbii 3HEProooMeH He MEHASCS.
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The work of operating personnel of the hazardous nuclear
facilities and productions is associated with severe emotional
strain and high responsibility. The employees' top priorities are as
follows: timely and accurate perception of complex information,
evaluation of information, decision making and adequate
response. All the tasks are implemented by the central nervous

system (CNS). The impaired functional state (FS) of the CNS
resulting in the low degree of psychophysiological adaptation
(PPA) affects the professional activities reliability and can lead to
the increased risk of accidents being the fault of the staff [1].
Psychophysiological assessment (PA) of employees of
the hazardous nuclear facilities and productions performed
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within the framework of the mandatory annual medical
check-ups makes it possible to assess the CNS FS and the
degree of PPA [2, 3]. The experience of PA has proven the
feasibility of using a comprehensive approach to assess the
degree of PPA by methods taking into account human mental,
psychophysiological and physiological spheres [1, 3, 4].

Our conceptual model of PA, developed for the personnel
of the hazardous nuclear facilities and productions, makes it
possible to assess the functional activity (FA) of the allocated
conditional structural and functional units (SFUs) of the CNS,
the functional state of the entire CNS, and the degree of PPA
[6]. The following SFUs of the CNS are considered: primarily
cerebral cortex (SFU-1); cortical-subcortical interactions (SFU-2);
central control of the cardiovascular system (SFU-3).

The functional activity of the CNS structural and functional
units is assessed in the following way:

— SFU-1 is assessed by psychological techniques that
reflect the mental sphere: personal characteristics, individual's
mental state, character traits, intelligence level, the degree
of internality-externality (individual's preparedness to take
responsibility for what happens to him/her and around), which
are mostly ensured by cerebral cortex [6];

— SFU-2 is assessed by psychophysiological techniques
that reflect the dynamics of neural processes, switching
between the processes, the level of eye-hand coordination,
overall efficiency and activity of the CNS, which are ensured
mostly by the cortical-subcortical interactions [7];

— SFU-3 is assessed by physiological technique for
determining the heart rate variability (HRV) that reflects the
central control of the cardiovascular system (CVS), which is
ensured by subcortical structures, the diencephalic region of
the brainstem [8].

The FA levels of the CNS SFUs are determined as high,
medium or low. This makes it possible to define the degree
of PPA as a an integrated indicator, which could also be
high, medium or low [2, 3, 4]. PA is performed with the PFS-
CONTROL software-hardware complex (SHC) [2, 4].

The previously conducted PA of the operating personnel
of 10 Russian nuclear power plants showed that 30% of
employees had a low degree of PPA [9, 10]. When assessing
the CNS FS in these employees by EEG given the low degree
of PPA, abnormal parameters were detected significantly
more often than in case of high degree of PPA [11, 12]. This
suggested the decline in the CNS FS. The greatest number of
abnormalities was revealed in individuals with the low degree of
PPA in the SFU reflecting the central control of the CVS [9-12].

In matters of human adaptation to living conditions, including
tense and responsible professional activity, studying brain
energy metabolism [13] underlying the functional plasticity of
the brain [14] is considered important. In the studies unvolving
the use of neuroergometry for evaluation of the cerebral energy
exchange by recording the brain direct current (DC) potentials
[15], alterations in the CNS associated with the harsh living
conditions and the development of adaptive response were
defined. It was shown that the altered adaptive response in the
form of the increased cerebral energy exchange was observed
in migrants and individuals permanently residing in the harsh
climate of the Arctic Zone of the Russian Federation (RF) [16].
The close correlation between the light pattern, cerebral energy
exchange and anxiety was found in the residents of the Arctic
Zone of the RF. The seasonal variation of the cerebral energy
exchange in the form of the increase during the lighter periods
of the year in people with high levels of anxiety is associated with
the more prominent increase in energy exchange compared
to people with low levels of anxiety [17]. When studying
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the relationship between the brain activity and the energy
metabolism, it was shown that heavier mental workloads were
associated with the more prominent increase in the cerebral
energy exchange compared to the less heavy workloads [13].
The differences in the cerebral energy exchange increase
between various cortical areas under mental workloads of
different types were also revealed [18].

Despite their importance, the issues of human brain
energy metabolism associated with adaptive response in the
employees of the hazardous nuclear facilities and productions
are poorly understood. Cerebral energy exchange in the
nuclear industry workers with the low degree of PPA has not
yet been explored.

For electroencephalography, widely used in studying
the mechanisms underlying the normal and abnormal
rearrangements in the CNS FS, an indicator, the magnitude of
the hemispheric differences (HD) in the power of biopotentials
(BP) between the homologous EEG leads, was developed to be
used during the study [19]. Matching this indicator with the DC
potentials used in neuroergometry has revealed their similarity
when assessing alterations in the CNS FS [20] and justified the
use of the magnitude of the HD in the power of BP between
the homologous EEG leads for analysis of the cerebral energy
exchange in individuals with the low degree of PPA.

The study was aimed to assess the features of the cerebral
energy exchange in the employees of the hazardous nuclear
facilities and productions with the low degree of PPA.

METHODS

Archive EEG recordings obtained from the employees of the
hazardous nuclear facilities and productions during the PA
performed within the framework of medical check-up were
studied. Inclusion criteria: EEG recordings of individuals with
no contraindications to further work based on the results of
medical check-up and PA. A total of 311 EEG were extracted,
of those 159 EEG recordings of individuals with the low degree
of PPA (50.8 + 4.6 years; 146 males, 13 females), and 152 EEG
recordings of individuals with the high degree of PPA (48.8 + 1.5
years; 140 males, 12 females). Due to the low number of female
subjects, the groups were recognized as homogenous.

PA was performed using the PFS-CONTROL SHC [2-4].
The following psychological techniques were used:

— multiphasic personality test (MPT, adapted version of
MMPI [2, 3, 21, 22]);

— Raymond Cattell's 16 Personality Factors Questionnaire
(16PF, form A) [2, 3, 23];

— John Raven's Progressive Matrices Test [2, 3, 24];

— questionnaire of the level of subjective control (USC) [2, 3, 25];
SFU-1 was distinguished based on the methods.

Psychophysiological methods:

— simple visual-motor reaction (SVMR), complex visual-
motor reaction (CVMR), reaction to a moving object (RMO);
SFU-2 was distinguished based on the methods.

Physiological method: HRV; SFU-3 was distinguished
based on the method.

Two groups were formed based on the degree of PPA in
order to access the cerebral energy exchange:

— group 1 with the low degree of PPA (n = 159);

— group 2 with the high degree of PPA (comparison group;
n=152).

Two subgroups were also formed based on the FA of the
CNS SFUs:

— subgroup 1 with the low FA: SFU-1 (n = 48), SFU-2 (n = 53),
SFU-3 (n = 110);



ORIGINAL RESEARCH | HEPATOLOGY

Table 1. HD in the power of BP between the homologous EEG leads acquired from the anterior and posterior cortical areas associated with the high and low degree

of PPA
HD in the power of BP between the homologous EEG leads (AU)
Degree of PPA Cortical areas Test/p
anterior posterior
Low - . t/0,0089°
n-159 18,1 + 0,09 15,9 + 0,04 £/0.0034"
High 17,3 £ 0,05 15,7+ 0,02° t/0,0056*
n=152

Note: * — significant differences between the anterior and posterior cortical areas; * — significant differences between the high and low degree of PPA.

— subgroup 2 with the high FA: SFU-1 (n = 117), SFU-2
(n=71), SFU-3 (n = 87).

EEG recording was acquired with the EEGA-21/26
Encephalan-131-083 unit (Medicom MTD; Russia) using the
standard 10-20% system with the subject in a state of passive
wakefulness. Electrodes were placed over the following cortical
zones: Fp1, Fp2, F3, F4, F7, F8, T3, T4, T5, T6, C3, C4, P3,
P4, O1,02. Monopolar montage was used with the reference
electrodes placed on the earlobes. The signal digitization rate
was 1024, and the reading speed was 30 mm/s. The following
ranges were recorded: 0-3.5 Hz — §; 4.0-7.0 Hz — #6;
8.0-13.0 Hz — «a; 14-24 Hz — B1; 25-35 Hz — B2.

To calculate the cerebral energy exchange value:

— the artifact free sections of the recording (1.5-2 min)
were processed with the EEGA-21/26 Encephalan-131-03
sotware to obtain the numerical values for 10 fragments of the
EEG BP power spectrum in each of the leads placed over the
hemispheres;

— to calculate the difference between two values (%), the
values of the HD in the power of BP between the homologous
EEG leads were calculated using the formula (A-B)/(A+B) —
100%, where A was the power of BP in the EEG lead set up
over the left hemisphere, and B was the power of BP in the
EEG lead set up over the right hemisphere, based on the
conditional mean;

— the absolute values of the HD in the power of BP between
the homologous EEG leads were averaged over all the ranges
(o, 8, B, B1, B2) for each electrode pair; the resulting values
were considered the indicators of the cerebral energy exchange
measured in arbitrary units (AU);

— the average cerebral energy exchange values were
calculated for the anterior (Fp1, Fp2, F3, F4, F7, F8, T3,

T4, T5, T6) and posterior cortical areas (C3, C4, P3, P4, Of,
02) [19].

Statistical data processing was performed with the
STATISTICA 6 for Windows (StatSoft Inc.; USA) and Biostat
(AnalystSoft; USA) software. The data set processing with the
STATISTICA 6 software involved calculating the mean values
(M) and errors (m). Student's t-test was used to assess the
significance of differences between the mean values. The
differences in the comparison groups were considered
significant at p < 0.05. The data set processing with the Biostat
software involved applying the x? test, the significance level was
set at 0.05 (p < 0.05).

RESULTS

Table 1 presents the values of the HD in the power of BP
between the homologous EEG leads acquired from the anterior
and posterior cortical areas in individuals with the high and low
degree of PPA.

The values acquired from the anterior cortical areas
were higher than those acquired from the posterior areas in
individuals with both high and low degree of PPA. The cerebral
energy exchange was higher in anterior than in posterior areas.
These ratios are similar to normal ratios of healthy people [19].

In individuals with the low degree of PPA, HD in the power
of BP between the homologous EEG leads increased in the
anterior cortical areas (in relation to the high degree). There
were no differences between the values of the HD in the
power of BP between the homologous EEG leads obtained in
individuals with the low and high degree of PPA.

From the above, it is clear that in individuals with the low
degree of PPA, cerebral energy exchange increased in the

Table 2. HD in the power of BP between the homologous EEG leads acquired from the anterior and posterior cortical areas associated with the high and low degree of PPA

HD in the power of BP between the homologous
EEG leads (AU)
SFU of CNS FA Cortical areas Test/p
anterior posterior
low - . t/0,0062°
n- 48 18,8 + 0,07 16,1 + 0,08 £/0.0030"
SFU-1
high o . .
17,2 £ 0,02 15,5 + 0,05 t/0,0050
n=117
low " . t/0,0058°
n=53 18,2 + 0,06 15,9 + 0,04 /0,046
SFU-2
high o . .
n=T71 17,0 £ 0,02 15,7 + 0,05 t/0,0062
low 17,9 + 0,04° 15,9 = 0,06° £/0,0052°
n=110
SFU-3
high 17,2 + 0,03° 15,7 + 0,09° t/0,016°
n=287

Note: * — significant differences between the anterior and posterior cortical areas; * — significant differences between the high and low FA of the SFUs.
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anterior cortical areas and remained unchanged in the posterior
areas.

Table 2 presents the values of the HD in the power of BP
between the homologous EEG leads acquired from the anterior
and posterior cortical areas associated with the high and low
FA of the SFUs.

In the SFU-1 of individuals with the low FA, the values of the
HD in the power of BP between the homologous EEG leads
increased (in relation to the high FA) in the anterior cortical areas
and remained unchanged in the posterior areas.

Similarly, in the SFU-2 of individuals with the low FA, the
values of the HD in the power of BP between the homologous
EEG leads increased (in relation to the high FA) in the anterior
cortical areas and did not change in the posterior areas.

From the above, it is clear that in the SFU-1 and SFU-2 of
individuals with the high FA, cerebral energy exchange increased
in the anterior cortical areas and remained unchanged in the
posterior areas.

In the SFU-2 of individuals with the low FA, the values of the
HD in the power of BP between the homologous EEG leads
acquired from the anterior and posterior cortical areas were
similar to those acquired from individuals with the high FA. The
cerebral energy exchange remained unchanged both in the
anterior and posterior cortical areas.

Thus, in individuals with the low degree of PPA and low FA
of the SFU-1 and SFU-2, cerebral energy exchange increased
in the anterior cortical areas and never changed in the posterior
areas. In individuals with the low FA of the SFU-3, cerebral
energy exchange remained unchanged both in the anterior and
posterior cortical areas.

DISCUSSION

The findings showed that the cerebral energy exchange
increased in individuals with the low degree of PPA. In the past
electroencephalographic studies of the nuclear power plant
personnel it was found that the signs of the CNS FS decline in
the form of the increase in indicators recognized as anomalous
were found in EEG recordings of individuals with the low
degree of PPA [9-12]. According to literature, the types of
activity significantly different from normal and showing the CNS
FS decline are revealed in EEG recordings of individuals with
the low degree of adaptation almost in 80% of observations
[9-12]. Based on the data provided it can be assumed that the
increased cerebral energy exchange in the employees of the
hazardous nuclear facilities and productions with the low level
of PPA is the evidence of the CNS FS decline.

PPA is the body's systemic response to the impact of the
external and internal factors aimed at adaptation [1, 4, 21, 26].
Stress is considered the main underlying mechanism [27, 28].
[t was shown that stress developing as a non-specific
body's response to the significant impact of the external and
internal factors [27, 28] results naturally in the low degree
of adaptation, CNS FS decline, and the increased cerebral
energy metabolism [15]. These data have been confirmed by
studying the cerebral energy exchange in individuals living in
the harsh climate of the Arctic Zone of the RF [16], as well
as in the Arctic Zone residents with the high anxiety levels
[17]. It can be assumed that the increased cerebral energy
exchange in individuals with the low degree of PPA revealed
during our study results from stress developing in the nuclear
industry workers in response to the significant impact of the
external and internal factors during their tense and responsible
professional activities.
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The increased cerebral energy exchange indicates
the probable switching to additional psychophysiological
mechanisms allowing individuals with the low degree of PPA to
cope with stress. However, this compensatory mechanism is not
optimal, it results in fatigue and requires further recovery. That
is why the emergence of such alterations should be considered
the critical factor for the employees of the hazardous nuclear
facilities and productions.

Based on the study results, the cerebral energy exchange
increased in individuals with the low FA of the SFU-1 and SFU-2,
reflecting human mental and psychophysiological spheres,
and remained unchanged in individuals with the low FA of the
SFU-3, reflecting human physiology.

In accordance with the conceptual model of PPA, SFU-1 is
considered as mainly cortical, SFU-2 as the cortical-subcortical
interactions, SFU-3 as the central control of the cardiovascular
system [5]. Cerebral cortex is the main area responsible for
the functions involving SFU-1 [6]. The cortical-subcortical
interactions play a dominant role in the implementation of
functions involving SFU-2 [7]. Subcortical structures, the
diencephalic region of the brainstem, are the main areas
responsible for functions involving SFU-3 [8]. Currently, PPA
is believed to be a systemic process based on information
processing [29]. Based on the above it can be assumed that
the cerebral energy exchange processes are to the greatest
extent involved in information processing associated with
implementation of functions involving mainly cerebral
cortex (SFU-1). The same for functions implemented with
the dominant role of the cortical-subcortical interactions (SFU-2).
The cerebral energy exchange processes are less involved in
information processing associated with implementation
of functions involving mostly subcortical structures, the
diencephalic region of the brainstem (SFU-3).

It can be also assumed that the increase in the cerebral
energy exchange is a compensatory neurochemical process
aimed at increasing the FA of the most important SFUs of the
brain.

The increased cerebral energy exchange in the anterior
cortical areas associated both with low PPA and low FA of
the CNS SFUs, involved in mental and psychophysiological
functions, is related to the more dynamic nature of these
functions in the context of the increased stress compared
to physiological functions. SFUs related to regulation of the
cardiovascular system are autonomous, and FA of these SFUs
seems to involve different mechanisms.

CONCLUSIONS

In the employees of the hazardous nuclear facilities and
productions with the low degree of psychophysiological
adaptation, cerebral energy exchange increases in the anterior
cortical areas and remains unchanged in the posterior areas. In
individuals with the low functional activity of the structural and
functional units reflecting both mental and psychophysiological
spheres, cerebral energy exchange increases in the anterior
cortical areas and does not change in the posterior areas. In
individuals with the low functional activity of the structural and
functional unit reflecting the central control of the cardiovascular
system, cerebral energy exchange remains unchanged in
both anterior and posterior cortical areas. Advanced research
is required to define the cause of no changes in the cerebral
energy exchange in this SFU. The findings are important not
only for neuroscience but for practical application in medicine.
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