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KOI'HITUBHI BUK/IMKAHI IIOTEHIIITAJIN P300 ITICJIA
OITPOMIHEHHA

MeToto focnigxeHHs 6yno OUiHUTM 0COBGAMBOCTI iHPOPMALiAHNX NPOLECIB FTONOBHOTO MO3KY i KOTHITUBHOTO (YHK-
LioOHYBaHHSA y BifaaneHuit nepiof nicns onpomiHeHHs BHacnigok aBapii Ha YAEC 3a 4onOMOrot KOrHiTUBHUX BUKIIK-
KaHux noteHuianis P300.
Marepianu i metoau. [lo focnigkeHHs BkntoyeHo 128 oci6b: 112 yyacHukiB nikeigauii Hacnigkis aBapii (YJIHA) Ha
YAEC 1986-1987 pokiB 4010Bi40i cTaTi 3 HasABHICTIO 3anuciB Npo pagiauinHi go3u B KniHiko-enigemionoriyHomy
peecTpi [lepxaBHoi ycTaHOBU «HaLioHanbHUIA HAyKOBUIA LEHTP pafiauinHoi meanumnHn HauioHanbHOT akagemii me-
AWNYHUX HayK YKkpaiHu» (OCHOBHa rpyna) Ta 16 HeeKcnoHOBaHMX BHACAiIAOK YopHOobMIbCbKOT KaTacTpodu ocib (rpyna
nopiBHAHHA). Ha MoMeHT ob6cTexeHHs cepepHiit Bik Y/THA (M + SD) cknagas (57,3 +5,9) poky, Aiana3oH 44—65 pokis,
a HeekcnoHoBaHux — (57,3 + 6,5) poky, fiana3oH 44—65 pokis. [lo3n onpoMiHeHHs 3Haxopunucs y gianasoHi 0,0002—
1,23 Ip npu cepepHiit apudmetnyHiin gosi (M + SD) (0,2 + 0,2) Ip Ta cepenHiit reomeTpuyHin go3si 0,1 p.
Pe3ynbtatu. BuseneHo pagiouepebpanbHuit edekT y npoekuii 3aAHbOro Bigainy nNiBoi BEpXHbOT CKPOHEBOT 3BUBUHY
(30Ha BepHike) nponopuinHo go pagiauiiHoi fo3u 3 MoxnuBuM noporom 0,05 Ip 3aranbHOro ONpoOMiHEHHA: 3i 3poc-
TaHHAM J03M ONPOMiHEHHS 3MeHLIYETbCA amnniTyaa Ta 3pocTae nateHTHuit nepiog (J1M) KOrHITUBHOIO KOMMOHEHTY
P300, ocobnueo, npu go3ax > 0,3-0,5 Ip. Mpu go3ax > 0,5 [p BuABNEHO DYHKLIOHANbHWIA 3B'A30K 36inbleHHs JIM P300
y npoekuii 30Hu BepHike (r=0,9; p = 0,027) 3 paaiauiiiHolo fo3010.
BucHoBKuU. BusBneHi HeiipothizionoriyHi 0co6AMBOCTI LiNKOM Y3roAXylTbCa 3 rinoTe3amu Woao pagiodyTinBocTi
LLeHTpaNbHOT HEPBOBOT CUCTEMM JIIOANHM TA MPUCKOPEHOTO CTAPiHHA MO3KY MiJ BMIMBOM Manux 403 i0Hi3y4oi pagi-
auii, a TaKoX CTaBNATb Nif, CYMHiB fOLiNbHICTb JOBrOTPUBANMX NONLOTIB NOLUHM Y KOCMOC (30Kpema, Ha Mapc) o mMo-
MEHTY po3poOKM afleKBaTHOrO paaialiiiHo-ririeHiYHOro HOpMyBaHHA ANs KOCMiYHUX eKinaxiB Ta po3pobKu 3acobis
NPOTUPAAiaLiiHOTO 3aXMCTy KOCMiYHUX NOMbOTIB. HeobXiaHMI NoAanbWmnii fUHAMIYHMIA KNiHIYHKIA Ta Heilpodisiono-
FYHUN MOHITOPUHT 0OCi6, AKi 3a3HaNM BMIMBY iOHiI3yl0YOro BUNPOMiHIOBAHHA. [N BUABNEHHA HeilpodisionoriyHux
6ioNoriyHnx MapKepiB i0Hi3yYOro BMNPOMiHIOBAHHA MOTPiOHI noganbli MiXHapoaHi AOCNIMKEHHS 3 afeKBaTHUM
LAO3UMETPUYHUM CYNPOBOJOM.
KniouoBi cnoBa: noteHuiasn, Wo noB'a3aHunii 3 NOAIEN, KOTHITUBHI BUKNMKaHi noTeHuianu, P300, odd-ball napagurma,
rONIOBHMIA MO30K, HENPOKOTHITUBHUI fediuunT, ncuxodisionoris, YopHobunbcbka katactpoda, Mani fo3u ioHi3youoi
papaiauii.
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Cognitive evoked potentials P300 after radiation exposure

Objective. The study was aimed at evaluating features of brain information processes and cognitive functioning in
the remote period after irradiation due to the Chornobyl accident by using cognitive evoked potentials P300.
Materials and Methods. The study included 128 people, 112 male Chornobyl clean-up workers in 1986-1987 with
the records of radiation doses available in Clinical and Epidemiological Registry (CER) of State Institution
«National Research Center for Radiation Medicine of the National Academy of Medical Sciences of Ukraine»
(NRCRM) (study group) and 16 unexposed persons due to the Chornobyl disaster (control group). At the time of
the survey the average age of clean-up workers (M + SD) was (57.3 + 5.9) years, range 44-65 years, and of unex-
posed persons was (57.3 + 6.5) years, range 44-65 years. Radiation doses were within the range 0.0002-1.23 Gy,
with the arithmetic mean dose (M + SD) of (0.2 + 0.2) Gy and the geometric mean dose of 0.1 Gy.
Results. The radiocerebral effect in the projection of the left posterior superior temporal gyrus (Wernicke’s area)
proportionally to the radiation dose with the possible threshold of 0.05 Gy of total irradiation was revealed, with
increasing radiation dose cognitive component P300 amplitude reduces and its latency period (LP) increases, espe-
cially at doses > 0.3-0.5 Gy. At doses > 0.5 Gy the functional relationship with the radiation dose for LP P300
increase in the projection of Wernicke’s area (r=0.9; p = 0.027) has been found.
Conclusions. The neurophysiological features detected are fully consistent with hypotheses both on radiosensitiv-
ity of human central nervous system and accelerated aging of the brain under the influence of small doses of ioniz-
ing radiation, and have questioned the feasibility of long-term manned space flights (including Mars) until the
development of adequate radiation hygiene standardization for space crews and invention of means for radiation
protection of space flights. Further dynamic clinical and neurophysiological monitoring of individuals exposed to
ionizing radiation is necessary. To identify the neurophysiological biological markers of ionizing radiation further
international researches with adequate dosimetry support are needed.
Key words: event-related potential (ERP), cognitive evoked potentials, P300, odd-ball paradigm, brain, neurocogni-
tive deficit, psychophysiology, Chornobyl accident, low doses of ionizing radiation.
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BCTYII

Aediniuii

IToTeHuian, 1o noB’sg3aHuil 3 noaieto [aHmi. — Event-
Related Potential, ERP] € BuMipsiHOIO peakIli€ro ToJIOB-
HOT'0 MO3KY, sIKa € TIPSIMUM pe3yJIbTaTOM creluiaHol
CEHCOPHOI, KOTHITUBHOI 200 MOTOpHOI moxii (puc. 1).

INTRODUCTION

Definitions

The potential related to the event (ERP) is the
measured response of the brain being the direct
result of specific sensory, motor or cognitive
events (Figure 1). ERP is any stereotyped cere-
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PucyHoK 1. MoreHuian, wo nos’a3aHuin 3

nopieio (Event-Related Potential, ERP)

XBUna curHany mae kKinbka komnoHeHTiB ERP, Bkitoyalto-
4n N100 (N17) i P300 (P3). TpaamuijiiHo, ERP Binobpa-
KYETbCH 3 HErATMBHUMM KOMNOHEHTaMM Bropy, a no3u-
TUBHUMU — AOHN3Y [aganToBaHo 3 1, 2].

Figure 1. Event-Related Potential (ERP)

The wave signal has several ERP components including
N100 (N1) and P300 (P3). Traditionally, ERP is plotted
with negative components upward and positive ones
downward [adapted from 1, 2].
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ERP — 1ie Oynb-sika cTepeoTUIHA LiepedpaibHa eleKT-
podizionoriuHa peakiiig Ha cTUMYJI. BuUBUYEeHHSI TakKuMm
LIJISIXOM TOJIOBHOTO MO3KY 3a0e3leuye HeiHBa3UBHY
OLIIHKY Ioro ¢yHkuionyBaHHs. ERP Bumiproerncsa 3a
noriomororo enektpoeHiedanorpadii (EED) [1, 2].
ERPs BUKOPUCTOBYIOThCSI MPOTSrOM OaraTbOX Iecsi-
TUJIITh AJIS1 BUBYEHHSI COPUMHSATTS, Mi3HAHHSI, €MOLIilA,
HEBPOJIOTIYHUX i MCUXIYHUX PO3JIaJliB, a TAKOX PO3BUT-
Ky TOJIOBHOTO MO3KY MpoTsaroM Xutts. ERPs ckmana-
IOThCS 3 AEKiIbKOX KOMIIOHEHTIB i BimoOpaxkaloTh CIie-
mudigHi HelpoKOTrHiTUBHI npouecH |1, 2]. ExBiBaneHT-
HuUM 3actocyBaHHSIM 1o ERP marnitoenuedanorpadii
(MET) € mone, o no’s3aHe 3 nofi€eto [aHmi. — Event-
Related Field, ERF]. IToreHwianu, 1110 1MOB’s13aHi 3 MO -

€10, € BUKIMKAHMMM TToTeHIiagamMu [aHrin. — Evoked
Potentials, EP].
PospisHstors Taki EP: 3o0poBi [aHrmi. — Visual EP,

VEP]; ciyxoBi [anri. — Auditory EP, AEP], Bkitouarouu
CTOBOYpOBi aynuTopHi [aHTi. — Brainstem Auditory EP,
BAEP]; comaroceHcopHi [aHr1. — Somatosensory EP,
SSEP], Bkiouatoun nasepHi [aHri. — Laser SSEP,
LSSEP]; nov’a3ani 3 momiero (ERP), Bkioyawouu
korHiTuMBHI [aHTI. — Cognitive EP, CEP]; motopni
[anrn. — Motor EP, MEP]; BectuOynspHi [aHrn. —
Vestibular EP, VestEP]; mikipHi cumnatuuni EP [anrn. —
Skin Sympathetic Response, SSR] Ta iH. Takum 4nMHOM,
BUHUKAIOTh II€BHI TEPMIHOJIOTIYHI MpOTUpiuusl. Y cy-
yacHiii nitepatypi ERP posrasgaiors gk cuHoHiM EP Ha
CEHCOpPHi, KOTHITUBHIi i MOTOpPHi CTUMYJIMU, TOOTO
00’eanyioth EP mig Tepminom «ERP» [1, 2]. BonHouac,
ERP i BBaxaioTh okpeMum BugoM EP Ha eHgoreHHi
(KoTHiTUBHI) TmoOaii, MOB’s3aHi 3 OYiKyBaHHSIM,
pOo3Mi3HaBaHHSIM, MIPUAHSATTAM pillleHHS Ta iHillialliero
pyxoBoi Binnosiai. To6To, BimokpeMaooTs ceHcopHi EP
ta korHitusHi EP a6o ERP [3—6].

Xsunga P300 (P3) € xkomnonentom ERP, Buknuka-
HUM B Tipolieci npuiiHATTA pimeHHs. P300 BBaxkaeThb-
Csl €HIOTeHHUM MOTEHIIIaJI0M, OCKIiJIbKM 10T0 BUHUK-
HEeHHS He TToB’s13aHe 3 (Gi3MUHUMHI XapaKTepPUCTUKAMU
CTUMYITY, a € peakli€lo JIoauHu Ha Hboro. P300 Bigo6-
paxye TpoIlecH, TMOB’S3aHi 3 OLIHKOIO CTUMYJY abo
KaTeropu3salii. K npaBuio, el KOMIIOHEHT BUKJIM-
Ka€eTHCS 3a JOMIOMOTOI0 MapaiurMy BUMAAKOBO BUHM-
Karouoi nofii [aHria. s oddball paradigm], B gkiii ma-
JIOUMOBIpHI IJIbOBi €JIEMEHTHU 3MIlllyIOThCS 3 BUCO-
KOMMOBIpHUMHU HEUUILOBUMHU (200 «CTaHAAPTHUMMU»)
enemenTamu. P300 mpu EEI-3amucy peectpyerbes IK
MO3UTUBHE BIAXWJIEHHS HaNpyru 3 JIATEHTHUM
nepiogom (JIIT) (3aTprMKa MixX CTUMYJIOM i pEaKIIi€l0)
250-500 mc [7, 8].
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bral electrophysiological reaction to a stimulus.
Studying the brain in this manner provides
non-invasive assessment of its functioning.
ERP is measured using electroencephalogra-
phy (EEG) [1, 2].

ERPs have been used for decades to study
perception, cognition, emotion, neurological
and mental disorders and the brain develop-
ment during lifetime. ERPs consist of several
components and reflect the specific neurocog-
nitive processes [1, 2]. Equivalent application
of magnetoencephalography (MEG) to ERPs is
a field that is related to an event (Event-
Related Field, ERF). The potentials associated
with the event are evoked potentials [Evoked
Potentials, EP].

The following EPs are distinguished: visual
(Visual EP, VEP); auditory (Auditory EP, AEP),
including brainstem auditory (Brainstem Auditory
EP, BAEP); somatosensory (Somatosensory EP,
SSEP), including laser (Laser SSEP, LSSEP);
event-related (ERP), including cognitive
(Cognitive EP, CEP); Motor (Motor EP, MEP);
vestibular (Vestibular EP, VestEP); skin sympathet-
ic EP (Skin Sympathetic Response, SSR) and oth-
ers. Thus, some terminology contradictions come
into being. In modern literature ERP is considered
as a synonym for EP to sensory, cognitive and
motor stimuli that is combine EP into the term
«ERP» [1, 2]. At the same time ERP is regarded as
a synonym of EP to endogenous (cognitive) events
relating to expectations, recognition, decision
making and initiating motor response. Thereby, a
distinction is made between sensory EP and cogni-
tive EP or ERP [3-6].

P300 (P3) wave is a component of ERP caused
by the process of decision making. P300 is
assumed to be an endogenous potential because its
appearance is not associated with the physical
characteristics of the stimulus, but with a human
response to it. P300 reflects the processes related
to the stimulus assessment or categorization.
Generally, this component is induced by the ran-
domly occurring event paradigm (oddball para-
digm) wherein unlikely target elements mixed with
highly probable non-target (or «standard») ele-
ments. P300 during EEG recording is recorded as
a positive voltage deflection with the latency peri-
od (LP) (delay between stimulus and response) of
250—500 ms [7, 8].
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BuknukaHi noTeHuiann roflIoBHOro MO3Ky

Ta ioHi3yloua papiauisa

LlepeOpaibHa eeKTpUUYHA aKTUBHICTh HAA3BUYAHO UyT-
JIMBA A0 Jii ioHi3yro4voi pamiatii [13, 14]. HaykoBuii iHTe-
pec no paniauiiiHux 3mMiH EP cyrTeBo 3pic micias YopHo-
OUIbCbKOI KaTacTpodu. byao nokazaHo, 1110 HaBiTh OAU-
HMYHI IMOYJIbCU PEHTreHiBChKOI0 BUMIPOMIiHIOBAHHS
(ToTy:KHiCTb 1031 B iMmyibci — 1,7-10°Ip - ¢!, mormuHyTa
no3a 3a ofHy excriodutiito — 0,1 MIp) BUKIMKAIOTh iCTOTHI
3MiHM 0i0eJIEKTPUUYHOI aKTUBHOCTI TOJIOBHOTO MO3KY [9,
10]. ®akTryHO, OyJIO BIEPIIe 3apeECTPOBAHO paTialliiiHi
EP ronosHoro mo3ky [11].

Ilepiui gociigXeHHST CIMIOHTAHHOI i BUKJIMKAHOI aK-
TUBHOCTi TOJIOBHOTO MO3KY MiCJas OIPOMiHEHHS
BHacaigok aBapii Ha YopHoounbewkiiit AEC O0ynm 3po0-
JleHi y BcecotozHoMy HayKoBOMY LEHTpi pamialliiiHoi
meauHu AMH CPCP (3apa3 — JlepkaBHa YcTaHOBa
«HauioHanbHUI HAyKOBUIA LIEHTP paaialliiHOl MEeIUILIM -
an HAMH VYkpaian») ta IHcturyri 6iodizmkn MO3
CPCP (3apa3 — HepxaBHuit HayKoBuit 1eHTp Pocilick-
koi Pexepailii denepaibHa aepkaBHa OO KeTHa ycTa-
HoBa «®enmepalbHUII MeIWYHUI OiO(QI3MYHUI ILIEHTP
imeHi A.l. bypHa3zgHa»).

VY Binpmanenuii nepiox I'TIX Hamn gociaimkeHHS BUsI-
BUJM CTiliKi Ta BHMpaxeHi M0303aJeXHi MOPYIICHHS
BUKJIMKAHOI liepeOpanibHOI aKTMBHOCTI 3a JaHUMMU
SSEP, VEP, AEP ta BAEP, sxi xapaktepu3yBajncs acu-
METPUYHICTIO, nedopMalli€lo KOMIIOHEHTIB Ta TMOpY-
ILIEHHSIM aMIUTiTyaHO-4yacoBuX mnapametpiB. Tak, JIII
SSEP y npoekiliiiHiii i acoliaTUBHUX JAUISTHKAX TOJIOB-
HOTr0O MO3KY OyJM 30ibllIeHi, a aMILIITYAd — 3MEHIIEeH],
npuyomy JIIT xommonenta P300 306inblryBaBcs, a
aMILIITyAa — 3MEeHILyBajacs MpOIopUiiiHO 10 103U OIl-
poMiHeHHs1. Takox 3apeecTpoBaHe 30ibIIEHHS aMILTi-
Tynu KomroHeHTa N145. bynm BusgBieHi crieumgidfi
MposIBU TMOpPYLIeHb COMAaTO-CEHCOPHOI adepeHTalii
MicJIsl ONMPOMiHEHHS: MaKCUMaJIbHi 3HAYEHHS aMILTiTy-
au Ta MiHiManbHi — JIIT Oyau He B mpoeKkuUiiHini mi-
JISIHILII, a B acouiaTuBHUX. Y BinmaneHuii nepiog I'TTX
OyJIM 3ape€ecTpOBaHi MaTOJIOTiIUHI 3MiHM Yy TIEpeIHIX Bill-
Jijlax JiBOi, JTOMiHAHTHOI, MiBKyJi, MPpUYOMY aKTUB-
HICTb crieuM@pivHOro Bilaily coMaTo-CEHCOPHOI adepe-
HTHOI CCTeMH (JIEeMHiCKOBa ccTeMa) OyJia 3HIMKeHa, a
HecreundiyHoro (ekcrpajeMHiCKOBa cUcTeMa) — Tia-
TOJIOTIYHO MiJBUIIEHA, 110 CBITYUTh MPO AUCGHYHKIIIIO
KOPTUKO-JTIiIMOMKO-PETUKYJISIPHOTO KOMILJIEKCY 3 ITOPY-
LLIEHHSIM LiepeOpalbHUX «CEHCOPHUX BOpiT». BcTaHOB-
JIEHO 30iMblLIeHHS aMIUTITyau Ta ckopoueHHs JITT koM-
noHeHTiB VEP Ha obepTaHHs 11axoBoro natepHy P100
ta N145 Tta 36inpwenHs JIIT P300, mo BinOuBae ipu-
Tallifo aCOIIaTUBHUX Ta CIIeUN(IYHNX TaTaMidHUX Saep

Brain evoked potentials

and ionizing radiation

Cerebral electrical activity is extremely sensi-
tive to ionizing radiation [13, 14]. The scientif-
ic interest in the EP radiation alterations signif-
icantly increased after the Chornobyl disaster.
It was shown that even a single X-ray pulses
(pulse dose — 1.7- 10° Gy - 8!, absorbed dose
per one exposure — 0.1 mGy) cause significant
changes in brain bioelectrical activity [9, 10]. In
fact, it was the first recorded radiation EP of
brain [11].

The first researches of spontaneous and induced
brain activity after exposure due to the Chornobyl
Nuclear Power Plant (ChNPP) accident were per-
formed at the All-Union Scientific Center for
Radiation Medicine of the AMS of USSR (now State
Institution «National Research Center for Radiation
Medicine of the National Academy of Medical
Science of Ukraine») and the Institute for Biophysics
ofthe MH of USSR (now State scientific center of the
RF Federal State budget institution «Federal medical
biophysical center named after Al Burnazyan»).

In the remote period of acute radiation syndrome
(ARS) our study found persistent and pronounced
dose-dependent disruption of induced cerebral activ-
ity according to the SSEP, VEP, AEP and BAEP
data, which were characterized by asymmetry, defor-
mation of components and violation of their ampli-
tude-time parameters. Thus, SSEP LP in the brain
projection and associative areas were increased and
the amplitudes were reduced, with the LP of P300
component increased and its amplitude reduced in
proportion to the exposure dose. An increase in the
N145 component amplitude was registered as well.
Specific manifestations of somato-sensory afferenti-
ation violations after exposure were detected, maxi-
mum amplitude and minimum LP values were not in
the projection area, but in associative ones. In the
remote period of ARS pathological changes in the
anterior parts of left, dominant hemisphere were dis-
covered, during which the activity in a specific part of
somato-sensory afferent system (lemniscus system)
was reduced and in a nonspecific one (extralemnis-
cus system) was abnormally increased indicating a
dysfunction of the cortex-limbic-reticular complex
along with the disturbance of cerebral «sensory
gates». The amplitude increase and the LP reduction
of P100 and N145 components as well as increased
LP of P300 component of VEP on rotation chess
pattern were determined that are representative of
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i mucyHKILo cTpiapHuX saep. Lle cBiguuTh Mpo mopy-
ILIEHHS LEHTPAJIbHMUX MEXaHi3MiB 30pOBOi apepeHTHOIL
CUCTEMH 1 KipKOBO-IIiIKipKOBUX IIPOLIECiB 00pOOKHU 30-
poBoi iH(opmallii, a TakoxX MpO MaTOJOril0 JieHIIe-
(hanbHO-JTIMOIYHUX CTPYKTYp. BH3HaueHO 3HMXEHHS
aMmIutiTy ycix komnoHeHTiB BAEP, 36inbmenns JITT ta
NOJOBXEHHsT MixmikoBux iHTepBaniB I—III, I-V Tta
III1-V. YcraHoBneHuii npsIMuil 3B’ 430K MiX aMILIiTy-
JI010 Mi3HiX KoMIoHeHTiB BAEP Ta mornmHyTow 103010
ornpoMminenHs 1 VI (tanamiunoro) (r=0,47) i VII (ta-
JlaMmo-KopTuKajabHoro) (r=0,82) komroHeHTiB [12—26].

VY BigganaeHuit riepio micis oNpoMiHEeHHS Yy Aiarma3oHi
MaJIuX 103 HamMu OyJI0 BUSBIEHO M0303aJIeXKHE IOpY-
IIeHHs iHpOopMaliiiHUX MPOLIECiB TOJOBHOIO MO3KY B
VJIHA na YAEC, Bxmouamoun TmiepcoHan YopHo-
OMIbCHKOI 30HM Bimuy>kKeHHsI, Ha MminctaBi aHajizy SSEP,
VEP, BAEP i AEP. SSEP BiapizHsunics TororpadiyHu-
MU aHOMadisIMM y JIiBiii CKPOHEBO-TIM’ SIHil HiAsSHLI
30i7blIeHHSIM KoHTpaaTtepaibHux JIIT i 3MeHIIeHHSIM
KOHTpJIaTepaJbHUX aMILIITYl TaJlaMOKOPTUKAJIbHOTO
koMnoHeHTy N20 i kopTukanbHOro P25 3anexHo Bif 10-
34 onpoMiHeHHs. TooTo, i 3MiHu SSEP BinoO6paxyioTh
panialiiHO-iHAYKOBaHY AUCHYHKIIH0O KOPTUKO-JIiM-
OIYHUX CTPYKTYD JIiBOI, JOMiHAHTHOI, MiBKYyJIi. BcTaHOB-
JneHo ckopoueHHs JITT komnoneHtiB P100 i N145 VEP
Ta 30uUIbIeHHS s P200 mpu 30UIbLIEHHI aMILIITyau
N145. Leit natepa VEP B YJIHA na YAEC cBiguuB mpo
ipuTalito JIMOIYHUX CTPYKTYp 3 TOPYILIEHHSIM LIEHT-
pajJbHUX MeXaHi3MiB 30pOBOI ahepeHTHOI CUCTEeMU i
KipKOBO-ITiIKipKOBUX MpPOLECiB 00pOoOKM 30pOBOI iH-
dopmarii. B YJIHA BugBieHi 3HMKeHHS aMIUTITYIH,
30iIbIIEHHST aCUMETpii Ta BiACYTHICTh a00 nedopmarlis
ocHOBHMX KoMnoHeHTiB BAEP, 36inbienns JIIT i mo-
MOBXEHHS MixXmikoBux iHTepBaiiB [-V Ta II1-V, 1o
CBIIUMIJIO MPO MOPYLIEHHS IPOLEeCiB 00poOKU CeHCOp-
Hoi iH(opMallii Ha cToBOypoBOMY piBHi [12—17, 20—23,
24—35]. ¥ nepcoHairy YopHOOUIBCHKOI 30HU BiTUyKEH-
Hs i YJIHA na YAEC 6yno BusBieHo 30iabieHHs JIIT i
3MeHIIeHHs amrutityau SSR [36].

B VJIHA na YAEC takox Oyau BUSIBJIEHI TTOPYIIEH-
Hs EP y BUmIsiai 3MeHIIEHHST aMIUTITYIU Ta 30i71bIIeH-
Hs JITT BAEP, SSEP, VEP ni3Hix KOpTUKaJIbHUX KOM-
noHeHTiB N200, P300, N400, 1o 1moB’s13aj1u He JIULLIE 3
OMPOMiHEHHSIM, ajie i1 3 O0araTo(akKTOPHUM ypakeH-
HSIM TOJIJOBHOT'O MO3KY, MepeayciM, LepedpoBacKyIsip-
HuM [37].

[Ticng onpominenHs y 50,4 % BuUITagKiB 3a JaHUMU
AEP Bussnena nucgyHKIlisI CEHCOPHO-iHTEIrPaTUBHUX
CHUCTEM CTOBOYpa roJloBHoro Mo3Ky. [IpeBaotoTs mopy-
LLIEHHS Ha TTOHTOMe3eHLe(albHOMY i Me3eHUehaTbHO-
MYy PIiBHSX, O € MOP(POPYHKIIOHATHEHOIO ITiICTaBOIO

associative and specific thalamic nuclei irritation
together with striatum nuclei dysfunction. This fact
testifies a disruption of the central mechanisms of
afferent visual system and cortico-subcortical pro-
cessing of visual information as well as the pathology
of diencephalic-limbic structures. Amplitude decrea-
se of all BAEP components, LP increase and extend
the intervals between peak I-III, I-V and III-V
were defined. A direct relationship between BAEP
late components amplitude and absorbed dose was
established for VI (thalamic) (r=0,47) and VII (thal-
amo-cortical) (r = 0,82) components [12—26].

In the remote period after radiation exposure in a
low doses range we found a dose-dependent impair-
ment of the brain information processes in the clean-
up workers including the Chornobyl exclusion zone
staff based on the SSEP, VEP, BAEP and AEP data
analysis. SSEP were characterized by topographic
abnormalities in the left temporo-parietal area,
increase of contralateral LP as well as reduced ampli-
tudes of contralateral thalamo-cortical N20 and cor-
tical P25 components depending on the exposure
dose. By this means the SSEP changes reflect radia-
tion-induced dysfunction of the cortico-limbic
structures of the left dominant hemisphere.
Reduction of LP P100 and N145 VEP components
as well as P200 component with increasing amplitude
of N 145 had been established. This VEP pattern in
the clean-up workers pointed to the limbic structures
irritation along with the impairment of the afferent
visual system central mechanisms as well as cortico-
subcortical visual information processing. Amplitude
reduction, asymmetry increasing, absence or defor-
mation of the major BAEP components, LP increas-
ing and interpeak intervals I—V and 11—V lengthen-
ing were revealed in liquidators indicating distur-
bance of sensory information processing on stem
level [12—17, 20—335]. In the Chornobyl exclusion
zone staff and clean-up workers LP increase and
amplitude decrease of SSR were found [36].

In the clean-up workers EP abnormalities in
terms of the amplitude decrease and LP increase
of the later cortical components N200, P300,
N400 of BAEP, SSEP, VEP were also found which
was associated not only with exposure, but with
multifactorial brain damage, primarily cerebrovas-
cular, as well [37].

After exposure in 50.4 % of cases the dysfunction of
the brain stem sensory-integrative systems has been
detected on evidence derived from AEP. Disturbances
at pontomesencephalic and mesencephalic levels pre-
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JIJIsI MOPYLLIeHb BereTaTuBHOI perysiii [38]. 3a nonmoMo-
roio VEP y 65 % omnpomiHeHUX BHacigoK aBapil Ha
YAEC BusBieHi TaToJIOTiYHI 3MiHU 3 TIepeBaroio mopy-
IIeHb Ha piBHI HepBoBOro amapatry oka (54,5 % Bu-
nankiB) [39]. 3anuinaroTbcs 3MiHEHUMU aMILTITYIHO-
yacoBi mapametpu SSEP y BimmaneHuii mepiog miciist
BIUIMBY MajUX A03 iOHi3yI0UOTO BUIIPOMiHIOBAHHS
BHacaigok aBapii Ha HAEC [40].

B pe3ynbTaTi KOMMIEKCHOIO HEHPONCUXOIOTiYHOrO
JOCIHiIXEHHS 1 peecTpallili KOTHITUBHUX CJYXOBUX
ERP 3 BuKopucTtaHHSIM TPLOXCTUMYJIBbHOI «oddball»
napagurmu B YJIHA nHa YAEC BusiBieHO mopylIeHHS
BUILMX MCUXIYHUX (DYHKII (aCTTOHTAHHICTh, CTOMJIIO-
BaHiCTh, 3HUXKEHHS CJIYXOBO-BepOaJbHOI i BidyaJlbHOIL
maM’siTi, BUIIUX pyxoBux ¢yHKUii) i 3minu ERP. B
VIJIHA BcTaHOBJIeHO 3MEHILIEHHS aMILTITYA1 BCiX KOM-
noHeHTiB ERP (N1, N2 i P3); ckopouenns JIIT kom-
noHeHTiB N1 i N2 i momoBxeHHs P3. Haii6inbui
BigMiHHOCTI JIIT Oynu BUsiBJIeHiI B 1000BUX 00JaCTsIX
ans N1 i P3 B niBiit miBkymi Ta st N2 — B mpasiit. JITI
komrnoHeHTy N1 B YJIHA MawoThb MakcUMajbHi Bil-
MIiHHOCTiI B JIOOHilf HinsHLI JiBOi MiBKyJi. BusBieHo
3MeHIIeHHs aMmIutitynu P300 y Bcix o0macTsax rojios-
Horo Mo3Kky. Hait6inburi BigxuneHHsa y JITI kommoHeH-
Ty P300 B YJIHA 3apeectpoBaHi TeX B JOOHIN TUTSHIIL
JIiBO1 MiBKYyJi. BCTaHOBJIEHO YIIOBiIbHEHHS COPUIAHST-
TS, 0OpOOKM i aHami3y iHpopMalii B TTOETHAHHI 3 OC-
JIaGJeHUM TaJbMyBaHHS i «HEEKOHOMIUHUM» TUIIOM
pPEaKTUBHOCTI, sIKa MpuU3Beja 10 MOPYIIEHHS BUIIMX
ncuxiyHux ¢yHkuin B YJIHA, xapaktepHux ajs ocio
OLIbILI TTOXMJIOTO BiKy, 11O MiATPUMYE TiMOTE3y LI0J0
MPUCKOPEHOI'0 CTapiHHSI TOJIOBHOTO MO3KY BHACIII0K
Ji1 Manux 103 ioHi3yrouoi paaiauii [41—43]. BogHouac,
i TOCTiMKXEHHS He MaJIi JO3UMETPUIHOTO CYIIPOBOLY.

ToOTo0, LiJIKOM CIYLIHOIO € Hallla TinoTe3a 11010 padia-
LiAHO-iHAYKOBAHOTO MOPYIIEHHS KOPTUKATbHO-TiMOiu-
HOro HeiporeHesy SIK LiepeOpabHOro 0a3rcy MixXITiB-
KYJIbHOI aCUMETpii TOJIOBHOTO MO3KY i HEMPOKOTHITUB-
HOTO AeiunTy ITicas ormpoMiHeHH [44].

TakuM YMHOM, JOCHIIKEHHS pamiolepedpanbHUX
e(eKTiB 3a NOIMOMOTOI BUKJIMKAHUX TOTEHLialiB i
MOoJiB € aKTyaJlbHUM y Cy4aCHHUX paniobioJjiorii, pamia-
LiliHiA MEOULIMHI 1 HelipoHayKax.

META

OuiHUTH O0COOJMBOCTI iH(OpPMALIIHUX TPOLECIB ro-
JIOBHOTO MO3KY i KOTHITMBHOTO (PYHKIIIOHYBaHHSI Yy
BigmalleHUi mepion Ticiasi ONMpoOMiHEHHS BHACHiIOK
aBapii Ha YAEC 3a 101oMoroo KOTHITUBHUX BUKJIMKA-
Hux noreHuianis P300.

vailed which is the morphofunctional basis for auto-
nomic regulation disorders [38]. In 65 % of persons
exposed due to the Chornobyl accident abnormalities
characterized by predominance dirorders at the level
of the nervous apparatus system of the eye (54.5% of
cases) were revealed using VEP [39]. SSEP ampli-
tude-time parameters in the remote period after
exposure to low doses of ionizing radiation due to the
Chornobyl accident remain altered [40].

Higher mental functions impairment (aspontaneity,
fatigue, auditory-verbal and visual memory as well as
higher motor functions deterioration) and ERP
changes were shown in the Chornobyl clean-up
workers as the result of the integrated neuropsycho-
logical research and auditory ERP registration using
three-stimulus «oddball» paradigm. Amplitude decay
ofall ERP components (N1, N2 and P3); LP compo-
nents N1 and N2 decrement and P3 prolongation
were ascertained in the liquidators. The most LP dif-
ferences were found in the frontal areas for N1 and P3
in the left hemisphere and for N2 in the right one. In
the liquidators LP of N1 component has maximum
deviations in the frontal area of the left hemisphere.
Lowering P300 amplitude was found in all areas of the
brain. In the clean up workers the maximum devia-
tion of the P300 component LP was also registered in
the frontal area of the left hemisphere. Retardation of
perception, information processing and analysis
combined with poor inhibition and «uneconomical»
type of reactivity were established which led to a high-
er mental functions impairment in the clean-up wor-
kers specific to those more elderly supporting the hy-
pothesis on accelerated brain aging as a result of low
doses of ionizing radiation effect [41—43]. However,
these studies did not have dosimetry support.

That is, our hypothesis concerning radiation-
induced impairment of the cortical-limbic cere-
bral neurogenesis as a basis of interhemispheric
asymmetry of the brain and neurocognitive deficit
after irradiation is most likely reasonable [44].

Thus, the radiocerebral effects study using
evoked potentials and fields are important in mod-
ern radiobiology, radiation medicine and neuro-
science.

OBJECTIVE

To evaluate features of brain information process-
es and cognitive functioning in the remote period
after radiation exposure due to the Chornobyl

accident by means of cognitive evoked potentials
P300.
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MATEPIAJIM I METOIN

ITonepeune kiaiHiuHe pochimkeHHs1 YIIHA na YAEC 3
BHyTpilIHIM (ormpomiHeHi 7o 50 mIp) i 30BHIIIHIM He-
€KCIIOHOBAaHUM KOHTPOJSIMU. 10 MOCTIIKEHHS BKIIIO-
yeHo 128 oci6: 112 YJIHA na YAEC 1986—1987 pokis
YOJIOBIUOI CTaTi 3 HASIBHICTIO 3aMMCIB PO padialliiiHi 10-
3 y Kuiniko-emigemionoriunomy peectpi (KEP) Iep-
>KaBHOI YcraHoBU <«HallioHalbHUIT HAyKOBMIA LIEHTP
panianiitHoi menuumHu HalioHanbHO1 akanemii Meauy-
HUX HayK YKpaiHu» (OCHOBHA rpyma) Ta 16 HeeKCIIOHO-
BaHUX BHacHigok YopHOOMILCHKOI KaTacTpodu ocid
(rpyra mopiBHSIHHS).

KputepisiMmu BKJIIOUEHHSI 1O OCHOBHOI TIpymnu OY/u:
yuacth B JIHA Ha YAEC y 1986—1987 pokax; yojioBiua
CTaTh, MIPABOPYKICTh, BiK 10 65 POKiB; HAsIBHICTb 3aIlMCiB
npo paniaiiiiii go3u. KpurepissMu BUKITIOYEHHST B OCHOB-
Hill Tpynu OyJW: BUpakeHa COMAaTOHEBPOJIOTiYHA i TICHU-
XiuHa TAaToJIOorisl y cTafdil JeKOMIIeHc callil; YepermHO-MO3-
KOBi TpaBMU; HEeMpOiH(EKIIIHI i JeMi€TiHi3yI0ui 3aXBO-
PIOBaHHS; 3JI0BXUBAaHHS IICUXOAKTYBHUMU PEYOBUHAMMU.

KpurepisiMmu BKITIOUeHHS A0 TPYIU MOPiBHSIHHS OyJIu:
YOJIOBiYa CTaTh;, IPaBOPYKicTh, Bik 40—65 pokiB Ta
BIICYTHICTh JOMATKOBOI IO MPUPOTHOTO (DOHY pamioak-
TUBHOCTIi, OIMPOMiHEHHS 32 BUHSITKOM MEIMYHUX Adiar-
HOCTUYHMX PEHTIEHOJOrIYHUX MpOoLEeAyp Ta aBiare-
penboTiB. Kputepili BUKIIOUEHHS B TpyMi HOPiBHSHHS
MICTWJIM, KPiM TaKMX, SIK Y OCHOBHIil rpymi, CTaTyC MOCT-
paxnaynoro BHacJinok aBapii Ha YAEC Ta HasIBHIiCTb 10-
JaTKOBOI'O OMPOMiHEHHSI.

Hocnimxkenns nposeaeHi y 2014—2016 pokax y Bimaini
pamialiiiHO1 MCUXOHEBPOJIOTil IHCTUTYTY KJIiHIYHOI pa-
npiojorii HHIIPM. [ocmimkeHHs TpOBOAMIOCH 3a iH-
(bopMOBaHOIO 3r0010 OOCTEXXKYBAHUX Y BiIMOBIAHOCTI 3
eTUYHUMM HopMamu [enbciHKebKO1 Jlexnapaltiii.

Ha MomeHT obcTexxeHHS cepenHiii Bik YIHA (M *
SD) cknanas (57,3 + 5,9) poky, nianazox 44—65 pokiB, a
HeekcroHoBaHMX s (57,3 + 6,5) poky, mianma3zoH 44—65
POKIiB.

Jo3m ompomMiHeHHs 3Haxoauaucs y miama3oni 0,0002—
1,23 Ip nipu cepenniii apudpmeTnuHin go3i (M = SD)
(0,2 £ 0,2) Ip Ta cepenHiit reomeTpuuHiit 103i 0,1 Ip.
Po3snonin no3 HaBeneHoO Ha puc. 2.

B ycix ob6cTexxeHux Oyna XpoHiyHa 1LepedpoBacKyasip-
Ha MAaTOoJIOTisl IErKOTO Ta MOMipHOTO CTyTeHs (IMCLIUp-
KyJagTopHa eHuedanonatis [—II crymeHst) y Bumismi
XPOHIYHOI imemii rojosHoro Mo3ky (MKX-10: 167.8),
uepe6pajabHoro arepockieposy (MKX-10: 167.2) ta
rineproHiuHoi eHuedanonatii (MKX-10: 167.4). Kpim
TOro, y TMAali€eHTIB BUSBJSIMCS O3HAKM LiepedbpacTe-
HIYHOTO CUHAPOMY (OpraHi4YHOro eMoLiHO-/1a0i1bHOTO
[acTeniuHoro| posnany, MKX-10: F06.6).

MATERIALS AND METHODS

Cross-sectional clinical study of the Chornobyl
clean-up workers with internal (exposed up to 50
mGy) and external unexposed control groups. The
study included 128 persons: 112 Chornobyl male
clean-up workers in 1986—1987 with the presence
of records regarding radiation doses in clinical and
epidemiological registry (KER) of State Institu-
tion «National Research Center for Radiation Me-
dicine of the National Academy of Medical Sci-
ences of Ukraine (NRCRM) (main group) and 16
unexposed persons (control group).

The inclusion criteria in the main group were:
participation in the Chornobyl clean-up works in
1986—1987; males; right-handing; age up to 65
years; availability of radiation doses. The exclusion
criteria in the main group were: manifested soma-
toneurological and psychiatric pathology in the
decompensated stage; head injuries; neuroinfec-
tious and demyelinating diseases; substance abuse.

The inclusion criteria in the comparison group
were: males; right-handing; age 40—65 years and
absence of additional radioactivity impact over the
natural background except for medical diagnostic
radiological procedures and air flights. Exclusion
criteria in the comparison group, besides those in
the main group, were the status of the victim due
to the Chornobyl accident and the presence of
additional exposure.

The research was performed in 2014—2016 in the
Department of Radiation psychoneurology of Institute
of Clinical Radiology of NRCRM. The study was con-
ducted by subjects informed consent in accordance
with the ethical standards of the Helsinki Declaration.

At the time of the survey the average age of
clean-up workers (M £ SD) was (57.3 £ 5.9) years,
range 44—65 years, and of unexposed persons was
(57.3 £ 6.5) years, range 44—65 years.

The radiation doses were within the range 0.0002—
1.23 Gy, with the arithmetic mean dose (M = SD) of
(0.2 £ 0.2) Gy and the geometric mean dose of 0.1
Gy. Dose distribution shown in Figure 2.

All the patients had chronic cerebrovascular
pathology from mild to moderate severity degree
(dyscirculation encephalopathy of I—II degree) as
a chronic cerebral ischemia (ICD-10: 167.8), cere-
bral artherosclerosis (ICD-10: 167.2) and hyper-
tensive encephalopathy ( ICD-10: 167.4). In addi-
tion, patients manifested symptoms of cerebral
asthenic syndrome (Organic emotionally labile
[asthenic] disorder, ICD-10: F06.6).
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Figure 2. Distribution of doses

CouianbHo-aeMorpadiuyHa XapaKTepUCTUKa 00CTeKe-
HUX Talli€EHTIB HaBeJeHa y TaOa. 1, 3 IKO1 BUTIKae, 110
3a MiclieM MpoXXMBaHHS (MicTa/cena), piBHEM OCBITH Ta
colliaJIbHUM CTaTyCOM OOCTEXXEHi OCHOBHOI TpyInu i
TPYNU MOPIiBHSIHHS CTATUCTUYHO 3HAUYILE HE Bigpi3HsI-
JIUCS.

Peectpalito korHiTuBHux ciiyxosux ERP BukoHyBaniu
3a JOITOMOT0I0 KOMIT IOTEPHOTO 24-KaHAJIbHOTO eJIeKT-

statistically significant.

Ta6nuusa 1
CouianbHo-gemorpaciyHa xapaKTepuCTUKa 06CTeKEeHMX 0Cib

Table 1
Socio-demographic characteristics of the patients studied

Socio-demographic characteristics
patients studied presented in Table 1 from which it
follows that the residence (urban / rural), educa-
tion level and social status examined in the main
group and in the comparison group did not differ

of the

Cognitive auditory ERP registration was per-
formed by computer 24-channel electroencephalo-

OcHoBHa rpyna 2 / TOYHMiIA KpUTEPiii

Ipyna nopiBHSIHHS

Xapakrepuctuka ™ ) oi T )

Characteristic e main group _ ilepa p e comparison group
(n=112) Fisher’s exact test* (n=16)

Micbki MeLLKaHLi 87 (77,7 %) 0,62 =0,40 11 (68,7 %)

Urban residents

CinbCbKi MeLLKaHLL 25 (22,3 %) =0,31 5(31,3 %)

Rural residents

Buuia ocsita 51 (45,5 %) 0,65 =0,42 9 (46,8 %)

Higher education

CepenHsi cnellianbHa ocBiTa 43 (38,4 %) =0,22 4 (25,0 %)

Secondary specialized education

CepenHs ocsita 18 (16,1 %) =0,51 3 (18,8 %)

Secondary education

Bucokuii coLiianbHO-NoBYTOBMIA Ta eKOHOMIYHMIA CTATYC 13 (11,6 %) =0,32 3 (18,8 %)

High social and economic status

3aM0BINbHUIA CoLanbHO-NOOYTOBUIA T2 EKOHOMIYHMIA CTATYC 50 (44,6 %) 0,76 =0,38 9 (56,2 %)

Adequate social and economic status

He3aa0BinbHUIA CoLjanbHO-MoBYTOBUIA Ta EKOHOMIYHWIA CTATYC 49 (43,8 %) =0,12 4(25,0 %)

Inadequate social and economic status

MpumiTka. * — NPy KinbKOCTi criocTepexeHb 5 i MeHLLe 3aCTOCOBYBaNM OAHOCTOPOHHIi TOuHMIA kpuTepiii diepa.
Note. * — when the number of observations was 5 and less one-sided Fisher exact test used.
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poeHuedanorpada «BRAINTEST» BUpoOHUIITBA Hay-
KOBO-BUPOOHUYOro MianpueMcTBa «DX-cucteMu» (M.
XapkiB, Ykpaina). Buznauanm K aOCOJIIOTHI MOKa3HM-
ku amiutitynu ta JIIT xommonenTa P300 y 16 BinBeneH-
Hsax EEI, Tak i KoedillieHTH JaTepadbHOCTI (MiXIIiB-
KYJIbHOI acUMETpil) BiAMOBiIZHUX MNCUXO(}i3i0JOTiYHUX
NoKa3HUKiB [26] 3a popmyoro (1):

K/zam = (L'R)/(L+R) ° 100, (1)

ne Ky — KoediuieHT narepanbHOCTi; R — mapamertp
P300 cumeTpnaHOi TiITHKY TIPaBOI ITiBKYJIi TOJJOBHOTO
MO3KY, L — niBoi.

3HakK «+» B OTpMMaHOMY 3HAUeHHIi BKa3yBaB Ha JlaTepa-
JIi3allito 30iIbLIeHHS TTOKa3HMKa /10 JIiBO1 MiBKYJI, «-» —
BiTIOBiTHO, 30LIbILIEHHSI JO IIPaBOi.

B nocnigkeHHI BUKOPMCTOBYBaJM JIBOCTUMYJbHY
napagurMy BHUITaAKOBO BHMHHMKarouoi moaii (oddball
paradigm), sika nepeabayvana mpea’sIBJACHHS y BUMA-
KOBill MOCHiZOBHOCTI cepii ABOX CTUMYJiB, OAUH 3
SIKUX € «He3HAYyIIMM» (YacTUii), a iHIIUK — «3Hauy-
muii» (pigkuit). IligpaxoByBasiM KiJbKiCTh MOMMIOK
OpU MiIpaxyHKy 3HaAYyLIMX CTUMYJIiB. BUKOpUCTOBY-
BaJId CJIYXOBi CTUMYJIM Yy BUTJISAAI KJIallaHb 3 YaCTOTOO
npen’siBieHHsS ¢@oHoBoro ctumyay 1000 T Ta
BiporigHicTio 70 %, 3Hauymoro ctumyiay 2000 Iix Ta
BiporigHicTio 30 %. [Tepen 06CTEXEHHSIM TOCITIIKYBa-
HOMY AEMOHCTPYBAJIM 3HAYYIINUH i GOHOBUI CTUMYIIN
Ta HaJaBajJud iHCTPYKILilO MOAYMKHU paxyBaTHU «3Ha-
YylIlli» CTUMYJIHU i He pearyBaTy Ha (hoHOBi. OOCTEXEH-
HS MPOBOAMIN B IEPIIiiA MOJOBUHI 100U Y CTaHi aKk-
TUBHOTO HECIaHHS 3a YMOBU BiICYTHOCTI mpuitomy
Jnikapcbkux 3aco0iB. KommoneHT P300 KOrHiTUBHHOTO
cayxoBoro ERP Bu3Havaau 3a MaKCHMaJbHOIO
aMILTiTYyA010 BiA i3ouiHii B giamazoHi JIIT 250—400 mc.
ITapametrpu Ta ymoBm peectpauii P300 HaBemeHi B
TabJI. 2.

Enextponni Tabauui Excel (MS Windows) Oynu Bu-
KOPUCTaHi SIK CTPYKTypa 0a3 JaHWX IS HAKOITMYyBaH-
He, 30epiraHHg Ta aHamuidy iHdopmamii. CTaTucTuy-
HUI aHalli3 TmpoBedeHO y Tporpami Statistica 10.0
(StatSoft) 3a momomoromw mnapaMeTpU4YHUX i Hemapa-
METPUUYHUX KPUTEPIiB.

PE3VIJIBTATU

B ocHOBHill rpyni y MOpiBHSHHI 3 HEEKCITOHOBAaHUMU
BUSIBJIEHA TTPOCTOPOBA 3MiHA aMILTITy THO-4aCOBMX Mapa-
MeTpiB KommmoHeHTY P300 ciayxoBux korHiTuBHUX ERP.
Taxk, mpu 3aranbHili TEHOEHILIi1 10 3MEHILIEHHS aMIUTITYIn
P300 B excrioHOBaHil TpyIIi, CIOCTEPIraeThCs 1 TEHIEH-
Lis1 10 GinaTepaabHOro 30iIbIIEHHS aMILTITyAU B Mepe/-
HiX JJOOHUX Ta IpaBiil CKPOHEBIH OiIsIHKAX. Y mepeaHix

graph system «BRAINTEST» manufactured by the
Research and Production Company «DX-systems»
(Kharkiv, Ukraine). Both absolute amplitude and
latency indicators of P300 component in 16 EEG
electrode sites were measured whereas laterality fac-
tors (interhemispheric asymmetry) of psychophysio-
logical parameters [26] were defined by the formula:

LF=(L-R) / (R+L) - 100 %, (1)

where LF — laterality factor; R — P300 parameter
in the symmetric part of the right hemisphere of
the brain, L — in the left one.

Sign «+» in the resulting value points to the shift
of index parameters increasing to the left hemi-
sphere, «-» — shift to the right one, respectively.

In the present study two-stimulus accidentally aris-
en event paradigm (oddball paradigm) was applied
which included the random presentation of series
consisting of two stimuli, one of which was «insignif-
icant» (frequent or background) and the other one
was «significant» (rare). The number of errors in
counting significant stimuli was taken into account.
Auditory stimuli in the form of clicks with a back-
ground stimulus frequency of 1000 Hz and a proba-
bility of 70 %, along with a significant stimuli fre-
quency of 2000 Hz and a probability of 30 % were
used. Before the test both significant and background
stimuli was shown to an examinee and he was given
an instruction to count inwardly «significant» stimuli
and not respond to the background ones. An exami-
nation was conducted before the afternoon in a state
of active wakefulness provided that taking no drugs.
P300 component of auditory ERP was determined
by the maximum amplitude from the baseline in the
latency range of 250—400 ms LP. P300 parameters
and registration conditions shown in Table 2.

Spreadsheets Excel (MS Windows) were used as
the database structure for the data accumulation,
storage and analysis. Statistical analysis was per-
formed in the analytics software package Statistica
10.0 (StatSoft) using parametric and non-parametric
criteria.

RESULTS

In the main group as compared with the unexposed
amplitude-time spatial change of parameters of P300
component auditory cognitive ERP has been detect-
ed. Thus, with the general tendency to the P300
amplitude reduction there is a trend to bilateral amp-
litude decrease in the frontal anterior and right tem-
poral areas in the exposed group. In the frontopolar
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Taoauuya 2

MapameTpu/xapakTepucTuku T1a yMoBu peectpauii P300

Table 2

P300 parameters/characteristics and registration conditions

MapameTpu/xapakTepucTukmn
Parameters/characteristics

Ymosu / conditions

Crumyn / stimulus:

> MOJAIbHICTb > CNnyxoBa
modality auditory

> CTUMYNSLLF > GiHapyasbHa y CuTyaLlii BUNafIKoBO BUHMKaI0uOI noAii (aBocTuMynbHa oddball paradigm)
stimulation binaural in the situation of the oddball event (two-stimulus oddball paradigm)

> 4aCcToTa TOHY
tone frequency

> 2000 Iy (3Hauywwwmii), 1000 Iy, (poHoBwMiA)
2000 Hz (significant), 1000 Hz (background)

» BIpOriAHICTb NosiBY
probability

> 30 % (3Hauywwmii), 70 % (doHosuit)
30 % (significant), 70 % (background)

> KiNbKiCTb 3HAYyLLMX CTUMYNIB > 25
number of significant stimuli

> TpUBANICTb CTUMYNY > 47 mc
stimulus duration 47 ms

» IHTEHCUBHICTb > 80 nb
intensity 80 dB

> Mepiof MiX CTUMynamm >1c
interstimulus period 1s

lMpouenypa AocnigkenHs T1a iHcTpykuyii' / the examination procedure and instructions:

> MONOXEHHS AOCHI[XYBaHOTO
examinee position

> CWASYM B Kpicni B po3cnabieHomy CTaHi
sitting in the arm-chair being relaxed

» 0vYi > 3arnoLLeHi
eyes position closed

> iHCTPYKLi > M0JYMKM paxyBaTVi 3HAYYLLMIA CTUMY, irHOPYHO4M GOHOBII; MOBIZOMMUTY EKCMIEPUMEHTATOPY KiNbKICTb HAPaxOBaHKX CTUMYNIB
instructions to count inwardly significant stimuli ignoring background ones; tell the experimenter the amount of the counted stimuli

Mapametpu peectpayii Ta ycepeaHeHHs / registration and averaging parameters:

» MOHTaxX > MOHOMNoNSpHo, cuctema "10-20"
montage monopolar, international 10-20 system
> eNeKkTpoan > Fp1, Fp2, F3, F4, F7, F8, C3, C4, T3, T4, P3, P4, 01,02
electrode sites > 00’eHaHuii A1/A2
> pedepeHTHIN enekTPoL, joint A1/A2
reference electrode
> 333eMJIeHHS > Fpz
grounding
» 4acTOTHa CMyra >0,01-30 Iy,
frequency band 0.01-30 Hz
> eroxa aHanisy > 750 mMc
analysis epoch 750 ms
> pexekLis aptedakTis >+ 100 mxB
artifact rejection + 100 wv
» 4MCNO ycepeaHeHb > 25

averaging number

(ponTansHux BinBeneHHsx (Fpl i Fp2) koediuieHT na-
TepaJIbHOCTI aMILTITyU CKJIaJaB B OCHOBHIN rpymi [M
SD] (2.2 + 25.7) mxB, a B rpymi nopiBHsSHHSI — (17.4 £
30.6) MxB (t =2.5; p=0.01; ANOVA F=6.5; P=0.01).
Bussneno nudysne 36inbiuenss JIIT micast onpoMiHeH-
H$I, OJHAK Y 3aJITHOMY MPaBOMY CKPOHEBOMY BiJIBEJICHHI
(T6) criocTepiraay TeHAEHLIIO A0 CKOPOYEHHS JIATEHT-

leads (Fpl and Fp2) amplitude laterality factor was
[M £ SD] (2.2 £ 25.7) uV in the main group, and in
the comparison group — (17.4 £ 30.6) uV, respective-
ly(t=2.5;p=0.01; ANOVAF=6.5;p=0.01). The
diffuse LP increase after exposure has been revealed,
however, in the back right temporal lead (T6) there
has been a tendency to the P300 latency reduction in
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HocTi P300 B eKCIOHOBaHill TpyIli MOPIBHSIHO 3 HEOII-
pominenumu [M£SD]: (328,8 £ 35,6) Ta (332,6 + 38.,4)
Mc, BimmoBigHO t = -0.4; p = 0,71).

ITicnst eKcriepTHOro KOHTPOJIO SIKOCTi 3apeecTpoBa-
HUX KOTHITUBHUX MoTeH1ianiB P300 6yn1u oTpuMaHi Taxi
po30ixkHocTi MixX YJIHA, onpoMiHeHnMHM B 1o3ax < 0,05
Ip (BHYTpIlIIHII KOHTPOJB), i EKCITOHOBAHUMM Y J03aX >
0,05 Ip (tabn. 3). Ilpu 3aranbpHill 10303aJeKHill TeH-
JEeHIIil 10 3MEHIIeHHs aMIunTynu i 36iabmeHHs JITT
CIOCTEPIiraeTbCs TEHASHLIIS 10 MiABUINEHHS aMILTITy a1
P300 y mipasiit remicdepi B YJIHA, onmpomMiHeHNX y 10-
3ax > 0,05 Ip. 3miHu iHpoOpMaALIHHUX i KOTHITUBHUX
MPOLECiB y JiBilt POHTO-TeMITOPaNbHil AiMSHIII MalOTh
JI0303aJIEXKHUI XapaKTep: 1X BUPAXKEHICTh OiJiblIe ITic/Ist
orpoMiHeHHs > 0,05 I'p, Hixx < 0,05 Ip (r=1,1-2,3;p=
0,08—0,03). IIpuyomy npu nmozax > 0,05 Ip KiabKicTh
MOMWJIOK Y ITApaxyHKy 3HA4YyIIUX CTUMYJIB 3pOCTaE,
1110 CBiTYUTb PO AeGillUT yBaru.

ITicasa excrnepTHOro KOHTPOJIIO SIKOCTI 3apeecTpoBa-
HUX KOTHITUBHUX TToTeHLianiB P300 Oyiu oTprumaHi 10-
303aJI€XXHI JlaTepaslizoBaHi (MiXITiBKYJIbHOI aCUMETPil)
ocobauBocTi amrutityau i JITT B niBiit remicdepi, ocood-
JINBO, y JIiBill (PPOHTO-TEMITOPANTLHIN TiJISTHIN, IK HaBe-
JIeHO Ha puc. 3 Ta 4. 3a 10303aJI€XKHUM 301IbIIIEHHSIM
nateHtHocTi P300 y niBiii 10OHO-CKpOHEBilt AiMSHLI,
MPOCTEXKEHO 3pOCTAaHHS aMIUTTYIM IIbOIO KOMIIOHEHTA
y IlepedHix Bigdizax MO3KY 3 JlaTepallizalli€io LbOro
3pocTaHHsI 10 MpaBoi remicepu. ToOTO, MpocTexkeHi
J0303aJIeXKHI OCOOMMBOCTI iH(OpMalLiiHUX MPOLECiB
TOJIOBHOTO MO3KY JIFOAWUHU, OCOOJMBO Yy JIiBiii JTOOHO-
CKPOHEBIll OUIIHII BxXe Ipu mo3ax > 0,05 Ip y Bimmane-
HU TIepio Micyisl ONMpOMiHEeHHS.

AK HaBeneHO Ha puc. 5, 31 3pOCTaHHSIM 103U OMNpPO-
MiHEHHS 30i1bLIYETHCS KiIbKiCTh TOMUJIOK Y TigpaxyH-
KY «3HauylLIMX» CJIYXOBUX CUTHaJiB, OCOOJUBO, IIPU J0-
3ax > 0,5 Ip.

OTprMaHO 3HAYyILy 3aJIeXKHICTh 3MEHILIEHHST aMILTITy-
I KOrHiTUBHOTO KoMmoHeHTa P300 y npoexilii 3aAHbO-
TO BiJTily BepXHbOI CKpOHEBOI 3BUBMHM (30Ha BepHike)
MPOMOPLIHO J0 pamialliiiHOI 1031 MPU ONPOMiHEHHi B
no3ax 6inbiie 0,05 Ip, K HaBeaeHO Ha puc. 6.

OTpuMaHO 3Hauyylly 3ajexHicTb 30inbieHHs JIIT
KorHiTMBHOTO KoMmrtoHeHTa P300 y mpoekilii 3amHBOTO
Bifminy BepXHbOi CKpOHEBOI 3BMBMHM (30Ha BepHike)
MPOMOPLIAHO 10 pafialliiiHOI JO3U MTPU ONTPOMiHEHHI Y
no3ax oinbiie 0,5 Ip, sk HaBeAeHO Ha puc. 7.

ToOTO, 3i 3pocTaHHSIM HO3M OIPOMIHEHHS iH(MOP-
MallifiHi MPOLIECH i KOTHITUBHI (PYHKIIii MOTipIIyIOTHC.
ITpuyoMy 1i 3MiHU TTepeBaXXHO JTOKATi3yIOThCS Y JiBild
JIOOHO-CKPOHEBIill OISIHII TOJJOBHOIO MO3KY Ta, 0CO0-
JIMBO, y 30Hi BepHike.

the exposed group as compared with the non-irradi-
ated [M + SD] (328.8 + 35.6) and (332.6 * 38.4) ms,
respectively, t = -0.4; p=0.71).

After the expert control of the registered cognitive
potentials P300 quality the following differences
between the clean up workers exposed at doses < 0.05
Gy (internal control) and exposed at doses > 0.05 Gy
have been obtained (Table 3). With a general dose-
dependent trends to the amplitude decrease and LP
increase there is a tendency to the P300 amplitude
increase in the right hemisphere in the clean up
workers irradiated at doses > 0.05 Gy. Information
and cognitive processes changes in the left fronto-
temporal area are dose-dependent, their severity is
greater after exposure at > 0.05 Gy than at < 0.05 Gy
(t=1.1-2.3; p=0.08-0.03). At that at doses > 0.05
Gy the number of errors while the significant stimuli
calculating increases indicating a deficit of attention.

After the expert control of the registered cognitive
potentials P300 quality dose-dependent lateralized
(interhemispheric asymmetric) features of amplitude
and LP in the left hemisphere, particularly in the left
fronto-temporal area, have been acquired as shown
in Figures 3 and 4. With the dose-dependent P300
latency increase in the left fronto-temporal area the
amplitude increase of this component was traced in
the anterior parts of brain along with the lateraliza-
tion of that growth to the right hemisphere. That is
the dose-dependent features of the human brain
information processes, especially in the left fronto-
temporal area, have been observed even at doses
> 0.05 Gy in the remote period after irradiation.

As shown in Figure 5, with the radiation dose
increase the number of errors while calculating
«significant» auditory signals is growing, espe-
cially at doses > 0.5 Gy.

The significant relationship of the cognitive com-
ponent P300 amplitude reduction in the projection
of the posterior superior temporal gyrus (Wernicke’s
area) proportionally to the irradiation dose at doses
> 0.05 Gy has been obtained, as shown in Figure 6.

The significant relation of the P300 cognitive
component LP increase in the projection of the
posterior superior temporal gyrus (Wernicke’s area)
proportionally to the irradiation dose has been
obtained at doses > 0.5 Gy, as shown in Figure 7.

That is, with the irradiation dose increasing the
information processes and cognitive functions
deteriorate. Moreover, these changes are mainly
localized in the left fronto-temporal area of the
brain, especially in the Wernicke’s area.
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Ta6nuua 3
AMNAITYAHO-4YaCOBi XapaKTepUCTUKM Ta MIXKMIBKY/IbHA acumeTpia KomnoHeHTa P300 cnyxoBMX KOTHITUBHUX
ERP B V/IHA, onpomiHeHux y po3ax < 0,05 p (BHyTpiwHii koHTponb) Ta y Ao3sax > 0,05 Mp

Table 3

Amplitude-time characteristics and interhemispheric asymmetry of auditory cognitive ERP P300 component
in the clean-up workers exposed at doses < 0.05 Gy (internal control) and at doses > 0.05 Gy

EET BinBepeHHs YJIHA, < 0,05 Tp YIIHA, > 0,05 Tp
EEG lead Clean-up workers, < 0,05 Gy t p Clean-up workers, > 0,05 Gy
(M = SD) (M = SD)
Amnnitypa, mkB / Amplitude, pV
Fp1 48+3,0 0,4 =0,70 45+3,0
Fp2 45+27 0,4 =0,67 42+26
F3 48+23 1,2 =0,21 41+21
F4 44+272 0,4 =0,67 41+21
F7 45+272 0,4 =0,65 42+21
F8 43+21 0,01 =0,99 43+22
C3 46+22 0,8 =0,42 41+22
C4 43+19 0,5 =0,64 40+22
T3 46+20 0,6 =0,24 40+22
T4 43+22 0,2 =0,81 42+23
15 46+18 0,9 =0,37 41+22
T6 45+17 0,8 =0,43 41+23
P3 43+17 0,2 =0,87 42+23
P4 41+16 -0,1 =0,9% 42+24
01 42+18 0,1 =0,9 42+24
02 41+18 -0,2 =0,81 43+25
Jlarepanbricte amnnitygu, % / Amplitude laterality factor, %
Fp1-Fp2 51+27,0 0,6 =0,54 1,1+£252
F3-F4 90+214 2,3 =0,02 -3,9+221
F7-F8 -3,2+225 -0,4 =0,68 -1,0+ 19,7
C3-C4 1,7+11,8 0,4 =0,68 -04+218
T3-T4 52+239 0,7 =0,48 1,4+20,2
T5-T6 1,2+ 18,2 0,2 =0,82 24+215
P3-P4 22+10,9 0,5 =0,58 -0,1+179
01-02 0,2+155 0,2 =0,83 -0,7+17,1
Jil, mc /LP, ms
Fp1 325,1 £425 -0,1 =0,93 325,8 28,3
Fp2 328,7+41,9 0,6 =0,54 3239+254
F3 326,7 + 45,1 -0,3 =0,78 329,2 + 32,8
F4 323,2 + 43,6 0,2 =0,85 3249 +30,7
F7 321,2+ 34,1 -1,1 =0,29 330,3 33,2
F8 320,0 + 32,6 -0,6 =0,53 325,1 £32,5
C3 316,2 + 31,0 -1,8 = 0,067 331,9+ 33,7
C4 3254 + 43,8 -0,6 =0,57 330,9 £ 36,0
T3 321,8 £35,0 -1,5 =0,13 335,5 + 35,5
T4 316,1 + 34,2 -13 =0,19 327,8 £ 35,2
T5 324,3 35,9 -1,4 =0,16 337,7+33,6
T6 320,8 + 34,3 -1,3 =0,20 332,7 £ 36,3
P3 321,3+32,7 1,7 =0,09 336,2 + 34,7
P4 318,0 + 33,4 2,0 =0,05 334,7 £ 33,0
01 321,9+405 -1,8 =0,07 339,7 £ 36,9
02 319,2 £ 41,1 -2,2 =0,03 340,7 £ 37,7
Jlarepansnicts JI1, % / LP laterality factor, %
Fp1-Fp2 -0,6 £3,2 -1,3 =0,19 03+22
F3-F4 05+1,6 0,2 =0,81 0,6=+25
F7-F8 02+28 -1,0 =0,32 0,8+22
C3-C4 -12+43 -2,0 =0,06 02+20
T3-T4 09+27 -0,4 =0,72 1,1+£3,0
T5-T6 05+3,2 -0,2 =0,85 06+23
P3-P4 -06+23 0,6 =0,93 0,2+2,0
01-02 04+29 1,2 =0,23 -0,1+1,3
Momunku nigpaxyBaHHA 3HAUYLLMX 08+1,0 -0,9 =0,38 1,2+23

CTUMYNIB, KiNbKICTb
Significant stimuli calculating errors, number
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Figure 3. Asymmetrical P300 cognitive component amplitude reduction depending on the irradiation dose
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Figure 3 (cont.). Asymmetrical P300 cognitive component amplitude reduction depending on the irradia-

tion dose
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PucyHOK 4. AcumeTtpuuHe 36inblweHHA naTteHTHOro nepiogy KorHitTuBHoro komnoHeHta P300 y niBiif remi-
chepi 3anexHo Bif 03U ONPOMiHEHHA

Figure 4. Asymmetrical P300 cognitive component latency increase in the left hemisphere depending on the
irradiation dose
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Figure 4 (cont.). Asymmetrical P300 cognitive component latency increase in the left hemisphere depend-

ing on the irradiation dose
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PUCYHOK 5. Momunku B nigpaxyHKy
KiNIbKOCTi «3HauylWux» CTUMYNiB 3a-
JIEXKHO Bif 4031 ONpoOMiHEHHA

Figure 5. Errors in calculating the
number of «significant» stimuli
depending on the irradiation dose

PucyHoK 6. JliviitHa perpeciiiHa 3a-
NeXHiCTb 3MEHLWeHHA aMMTITYAN KOTHi-
TUBHOro KomnoHeHTa P300 y 30Hi Bep-
HiKe — npoeKuii 3agHboro Bigainy Bepx-
HbOi CKPOHeBOi 3BUBMHMU (KpuTepianbHa
3miHHa) nponopuiiHo Ao papiauinHoi
Ao3u (NpeAuKTOpP) Npu ONpoMiHeHHi y
posax > 0,05 Ip

Figure 6. Linear regression relation-
ship of the P300 cognitive component
amplitude reduction in the Wernicke's
area, the projection of the posterior
superior temporal gyrus (the criterion
variable) proportionally to the irradia-
tion dose (predictor) when irradiated at
doses > 0.05 Gy

PucyHoK 7. JlininHa perpeciitHa 3a-
nexHictb 36inbweHHaA JIN KorHiTMBHOroO
KomnoHeHTa P300 y 30Hi BepHike -
npoekuii 3agHbOro BiAAiny BepxHbOI
CKPOHeBOi 3BMBUHM (KpuTepianbHa
3miHHa) nmponopuinHo Ao papiauinHoi
Ao3u (NpeAuMKTOp) NpU ONpoOMiHEHHi B
posax > 0,5p

Figure 7. Linear regression relationship
of the cognitive component P300 LP
increase in the Wernicke’s area, the pro-
jection of the posterior superior tempo-
ral gyrus (the criterion variable) propor-
tionally to the irradiation dose (predic-
tor) when irradiated at doses > 0.5 Gy
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JUNCKYCIA, BUCHOBKUA

TA IIEPCIIEKTUBUA

MoXIUBAM TIOPOTOM pamioliepeOpasbHOr0 eheKTy y
nepebpanbHiii gingHui Bepnike € 0,05 Ip 3araabHOTO
OMNpPOMIiHEHHS: 31 3pPOCTAaHHSIM J03U OIPOMiHEHHS
3MEHINYETHCS aMIuIiTyaa Ta 3poctae JIIT KorHiTuBHOTO
kommnoHeHTa P300, ocobmuso, ipu no3ax > 0,3—0,5 Ip.
IIpu nmozax > 0,5 Ip BusgBiaeHo GYHKIIOHATBHUMI
3B’s130K (r = 0,9; p = 0,027) 3 pagiauiiiHoo 103010. 30-
Ha BepHike — 1e 3aaHill Bimail BepXHbOI CKPOHEBOIL
3BUBWHU JOMIHAHTHOI [JIiBOI y IpaBOpyKnx| reMicepn
(puc. 7), 10 BimmoBiga€e 3a MEpBUHHY palliOHAJbHY
iHTerpallito ayTuTUBHUX iMITYJIbCIB, i B Hill BinOyBalOTh-
Csl MPOoLIeCU PO3YMiHHS Mo4yToi MOBM. IIprnyomy, BBa-
KaloTh, 110 30HU BepHike i bpoka cyMicHO Bignosiga-
IOTh SIK 32 PO3YMiHH iH(opMallii, Tak i 32 BiATBOPEHHS
MoBHU (puc. 8).

Binomo, 1110 momkoaxkeHHs 30HM bpoka Bene 10 1mo-
PYIIEHHSI CIIPUMHSTTS MOBH, a ITOIIKOIXEHHSI 30HU
BepHike cipuunHSI€E TOTipIIEHHS CIIPUAHSITTS Ta PO-
3yMiHHSI MOBU [45]. IcToTHUM € TO¥ (haKT, 11O BTO-
PUHHI BinaiayM cKpoHeBOi Kopu (i Mmepll 3a BCe KOpH
JIOMiHAHTHOI, JIiBO1 I1iBKYJIi) € amapaTamMu, crieliaJbHO
MNPUCTOCOBAHMMU [JIA aHaji3dy i CHUHTEe3y MOBHUX
3BYKiB, iHaKlle Kaxydu, armapaTaMd MOBHOIO CIyXy
[46]. LeHTpaibHUM MeXaHi3MOM, 1110 JIEXUTH B OCHOBI
naHoro AedeKkTy € MopylieHHsI QOHEMaTUYHOIO CIyXY
[47]. Tomy mpu JOKaJbHUX YpaKeHHSIX BTOPUHHUX
BiIJiJIIB CKPOHEBOI YacTKM JIOAMHA BTpPaAvya€ MOX-
JIMBICTb YiTKO PO3Pi3HSATU 3BYKM MOBH i y Hel Bil3HA-
YaroThCs SIBUINA, 110 TTO3HAYAIOThCS TEPMiHOM MOBHA
aKyCTMUHa arHo3iss abo OiJIbII IIMPOKO BiZOMUM
TepMiHOM ceHcopHa ada3sis [46]. Y KJiHiUHIl KapTUHI

DISCUSSION, CONCLUSIONS

AND PROSPECTS

Possible radiocerebral effect threshold in the cerebral
Wernicke’s area is 0.05 Gy of total irradiation; with the
growth of irradiation dose the P300 cognitive compo-
nent amplitude decreases whereas the LP of P300
increases, especially at doses > 0.3—0.5 Gy. At doses >
0.5 Gy a functional relationship with irradiation dose (r
=0,9; p = 0,027) has been revealed. The Wernicke’s
zone is the posterior superior temporal gyrus of the
dominant [left in the right-handed persons] hemisphere
(Figure 7) which is responsible for primary rational inte-
gration of auditory impulses as well as the processes of
the heard language understanding occur therein. At that
it is considered that the Wernicke’s and Broca’s zones
together are responsible both for information under-
standing and speech reproduction (Figure 8).

It is known that Broca’s area damage leads to dis-
ruption of speech perception and the Wernicke’s zone
damage causes deterioration in the language percep-
tion and understanding [45]. The essential fact is that
the secondary parts of temporal cortex (and especial-
ly the cortex of the dominant left hemisphere) are
structures specially adapted for the analysis and syn-
thesis of speech sounds, in other words, devices for
verbal hearing [46]. The central mechanism underly-
ing this defect is a disturbance of phonemic hearing
[47]. Therefore, in case of local lesions of secondary
parts of the temporal lobe patients lose an opportuni-
ty to distinguish speech sounds clearly and they are
observed phenomena designated by the term «linguis-
tic acoustic agnosia» or the more commonly known
term «sensory aphasia» [46]. This defect is clinically

Broca Wernicke

PucyHoK 8. 3oHa BepHike (ceHcopHa MOBHa 30Ha) — 30Ha KOPY FOJIOBHOI0 MO3KY, Lo 6epe yyacTb B 06po6ui
iHdopmallii, noB3A3aHoi 3 MOBOIO (MaJIlOHKM 3 BiAKPMTOro iHTepHeTHOro poctyny). [linAHKa Kopu ronoBHOrO
MO3Ky, Aie 3HaWAeHi A0303anexHi 3MiHu npu po3ax 6inbwe nuwe 3a 0,05 Mp.

Figure 8. Wernicke’s zone (sensory speech area) is the area of the cerebral cortex involved in processing
information related to language (pictures on Open Access Web address). The area of the cerebral cortex where
the dose-dependent changes have been found only at doses greater than 0.05 Gy.
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el nedekT MposBISETbCI B «(heHOMEHI BiTUy>KeHHS
CEHCY CJiB», a camMe B ITOPYIIEHHi PO3yMiHHS CIIiB,
IHCTPYKIiii, 3BepHeHOI MoBU Toulo. s xBOopux i3
ceHCcopHolo adasziero xapakTepHa Je30praHizoBaHa
MOBa, 110 CKJIATAETHCS 3 HAOOPY HEIMOB’ I3aHUX Pi3HUX
eJIeMEeHTiB MOBHU abo0 iX YaCTWH, 3 KOHTaMiHallii, JliTe-
panbHUX 1 BepOanbHUX MMapadasiit, mpyu 4oMy MoBa Ta-
KOX 0e33MiCTOBHA i 3a rpaMaTUYHUM O(GOPMIICHHSIM.
[47]. TlpuGAu3HO B TOJIOBMHI BUMAAKiB CITOC-
TepPiraeTbCs JIOropes — HAAJIMIIOK MOBHOI MPOAYKIILii,
MOBHe HeTpuMaHHS [48]. ¥V cuHApOM CceHCOpHOI
adazii BXOOSITh MOpYLIEHHS: 1) yCHOI €KCIIpeCcUuBHOI
MOBHU, BCiX il BUAiIB; 2) YMTaHHS; 3) nucbMa; 4) yCHOro
paxyHKy (3i ciyxy) yepe3 gedekTu aHali3dy 3BYKiB, a
TaKOX TMOPYLIeHHSI OUIHKM 1 BiATBOPEHHS PUTMY
(pUTMIYHUX MOCTYKyBaHb), TMOPYIIEHHS €MOLiiiHO1
chepu — XBOpi TPUBOXHI, €MOLIMHI peaklii y HUX
HecTiiki [47].

TakxuM YHOM, TTOPYIIEHHS (POHEMATUIHOTO CIIyXy Ta
HE3MaTHICTh JIOAMHU PO3YMITH IOYYTYy MOBY (MOBHa
aKyCTHMUYHA arHo3is) € OCHOBHUMU O3HAKaMU ypaxKeHHSs
BTOPMHHMX BilJiJIiB CKPOHEBOI YaCTKH JIiBOi JOMiHAHT-
HOi miBKyni. Bci mcuxiuHi mpormecu, He TOB’s3aHi 3
aKyCTUUYHUM THO3MCOM (BCi BUIM TIpaKCHUCY, 30pOBe
CIIPUMHSTTS Ta OPIEHTYBAHHS Y IIPOCTOPi, ITMChbMOBUIA
pPaxXyHOK i paxyHKOBi omepallii) 3a/IMIIal0ThCs 30epeKe-
HumH [47].

OpTomoKcalbHO KOHCEPBAaTMBHUM IIOPOTOM pafia-
LilfHO IHAYKOBAaHUX HeipoaHATOMIYHMX IOPYIICHb BBa-
KaloTbh 2—4 3B 3arajibHOro OMPOMiHEHHS, TOAi SIK Tep-
BUHHOTO papmiauiitHoro ypaxenusg LIHC — 50—100 Ip
[49, 50]. IIpoTe Ha chorogHi BctaHoBIeHO, 1o LIHC €
paziovyyTJIMBOIO CUCTEMOIO, a CTYMiHb 1l AMCHYHKIIIT MO-
Ke OyTu KBaHTU(iKOBaHaA eJeKTpodi3ioaoriyHUMU,
OioxiMiyHMMHU i/a00 IOBEOiHKOBMMM IIapaMeTpaMu
[51]. KornitTuBHmii aeiuuT y BiggaaeHUR mepion micist
pazialiiiHOro OMpoOMiHEHHS MOXe OyTU BUSIBIEHU MTPU
HU3bKUX J103aX, SIKi HE BUKJIUKAIOTh HEKPO3 01101 pedo-
BWHU TOJIOBHOTO MO3KY [52]. 3okpema, B YJIHA na YA-
EC, ompominenux y nmosax 6inbmie 0,3 Ip, croctepi-
Ta€ThCsl XapakKTEePHUU MocTpamialliiHUA KOTHITUBHUM
nediuuT, KOTpUM B LiJIOMY BilMOBinae 3aralbHUM KpHU-
TepisiM Jierkoro KorHitusHoro nopyueHHs (F06.7) [53],
IO CYTTEBO BiPi3HSIETHCS Bill KIIACUYHUX YSIBJIEHb 1IO0-
JI0 TMOPOroBOi A03M palioiHAYKOBAaHUX LiepeOpaTbHUX
edekTiB. bepyuu mo yBarm apamMaTMyHO 3pPOCTAlOUy
KUJIBKICTh JOKa3iB Ha IMiATPUMKY TilOTe3M 110J0 pajio-
yytnuBocti HHC [51], BUsiBIeHHS HOBOTO panioliepe0-
pabHOTO €(EeKTY 3 MOXKJIMBUM IMOPOTOM 03U OMPOMi-
HeHHs 0,05 Ip, gkuii NPOSIBASIETHCS Yy MOPYLIEHHI iH-
dopmaliitHuX mpolieciB y 30Hi BepHike J1iBoi JOMiHAHT-

manifested in the «phenomenon of the words mean-
ing detachment», namely, in violation of the under-
standing of words, instructions, addressed language
etc. Patients with sensory aphasia are characterized by
disorganized speech consisting of a set of unrelated
different language elements or parts thereof, contam-
ination, literal and verbal paraphasia, what is more the
language is also meaningless grammatically [47]. In
approximately half the cases logorrhoea manifesting
as an excess of speech production as well as verbal
incontinence is observed [48]. The sensory aphasia
syndrome includes disorders of the following func-
tions: 1) all kinds of oral expressive language; 2) read-
ing; 3) writing; 4) oral counting (aurally) due to the
defects of sounds analysis as well as disturbance of
rhythm assessment and reproduction (rhythmical
taping), impaired emotional sphere. Patients are anx-
ious and their emotional responses are unstable [47].

Thus, the impairment of phonemic hearing and
patient failure to understand the heard language
(verbal acoustic agnosia) are the main signs of the
lesion of the secondary parts of the temporal lobe
of the left dominant hemisphere. All mental
processes not associated with acoustic gnosis (all
kinds of praxis, visual perception and space orien-
tation, writing counting and counting operations)
remain stable [47].

Orthodoxically, the conservative threshold for
radiation-induced neuroanatomical lesions was
assumed to be 2—4 Sv for whole body irradiation
while that for the primary CNS radiation damage
was assumed to be 50—100 Gy [49, 50]. At present,
however, it is found that CNS is radiosensitive and
the degree of its dysfunction can be quantified by
electrophysiological, biochemical and/or behav-
ioral parameters [51]. Cognitive deficit in the
remote period after radiation exposure can be
detected at low doses that do not cause necrosis of
the brain white matter [52]. In particular, the
Chornobyl clean-up workers irradiated at doses
over 0.3 Gy show the distinctive cognitive deficit
basically meeting the general criteria for mild cog-
nitive impairment (F06.7) [53] which is signifi-
cantly different from the classical ideas about the
threshold dose of radiation-induced cerebral
effects. Taking into account the dramatically
increasing number of evidence to support the
hypothesis on the CNS radiosensitivity [51], the
discovery of the new radiocerebral effect with the
possible threshold dose of 0.05 Gy which manifests
itself in violation of information processes in the
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HOI TiBKYJIi, CTAHOBUTb 3HAYHUI iHTepeC 3 TOYKU 30pYy
pagiauiiHol MeAUUMHM, paniodiosorii, mpukIagHOL
Helipodizionorii Ta HelipornicuxoJorii. Jlanuii ¢pakT o0y-
MOBJTIOE TTOTPeOy MOJABIIOr0 IMHAMIYHOTO KJIiHIYHOTO
Ta Helpodi3ioJoriyHOro MOHITOPUHTY OCi0, SIKi 3a3Ha-
JIM BIUIMBY iOHi3ylIOUOTO BUIIPOMiHIOBAaHHS, 3 METOIO
BCTAHOBJICHHSI HEWpOICUXiaTpUYHUX HACHigKiB Ta
MPOTrHO3Y BKA3aHOI'O PadioiHIyKOBaHOTO e(eKTy, a Ta-
KOX CBOEYACHOI'O 3aCTOCYBaHHSI HEOOXiTHUX JIiKyBaJlb-
HO-TIPO(UTAKTUYHHUX 3aXO/iB.

HeoOxigHicTh MOAAIbIIOrO JOCHIIXKEHHS pagiouepeo-
palbHUX e(eKTiB, 30KpeMa 3 BUKOPUCTAHHSAM JeIIeBOL
Ta HEiHBa3WBHOI METOAMKU MOCIIIKEHHS CIYXOBUX
KOTHITMBHUX BUKJIMKaHUX noteHuianiB P300, o0ymoB-
JIeHa BUKJIUKaMM CHLOTOJIEHHS, 110 TTOB’sI3aHi 3 OypXJn-
BUM PO3BUTKOM SIIEPHUX TEXHOJIOTIH i sIIepHOI eHepre-
TUKU, MEAWYHOI paioJiorii, a TaKOX i3 3arpo3010 saep-
HOI'0 TepOpM3MYy Ta aBapiii Ha 00’€KTax aTOMHOI MPO-
MUCJIOBOCTI.

TakyuM 4MHOM, BCTAHOBJIEHHS 3MiH iHMOpMAaLiHUX
MPOILIECIB TOJTOBHOTO MO3KY IMPU J03aX OMPOMiHEHHS,
SIKi CYTTEBO BiAPi3HSIOTHCS Bill KTACUYHUX YSIBJIEHD 1110-
IO TIOPOTOBUX 103 pagioepedpaIbHNX e(PEeKTiB, 3yMOB-
JIIOE aKTYaJbHICTh IIOJAJIbIIOTO BUBYEHHSI HEMpo-
(yskuionanbHuXx ocobauBocTeit [IHC 3 MeTor0 BUSIB-
JIeHHsI J030BUX MOPOTiB paniolepedpaibHUX e(eKTiB
Majiux 403 Ta BUPOOJIEHHS aAeKBaTHUX 3axoOiB pajia-
LilfHOI 0e3MeKM i KpUTepiiB pamiallifHOro HOpMyBaHHS.
Hns BusiBIEeHHS HeWpodi3ioaoriyHMx 0ioI0TiYHUX Map-
KepiB iOHI3yl0UOro BUIIPOMIiHIOBAHHS HEOOXiAHi I10-
Jlayiblili MiXKHApOAHi JOCTIIKEHHS 3 aAeKBaTHUM J103U-
METPUYHUM CYIIPOBOJIOM.

PE3IOME

AKTyaJIbHICTbh TIpo0JIeMU BUBUYEHHS pajioliepedpaibHUX
e(eKTiB 00YMOBIIOIOTh OCOOJIMBOCTI HAYKOBO-TEXHIYHO-
TO TIpOrpecy, 110 MepeadavyaroTh YaCTU KOHTAKT JIIOI1-
HU 3 JIxXepeJlaMy 10Hi3yl0uOro BUNPOMiHIOBAHHSI ILITY4Y-
HOTo Ta IIPUPOAHOIO TOXOIKEHHs, a TaKOX 3arposa
SIIEPHOI BiliHM i SIIEPHOTO TEPOPU3MY, TJIaHYBAHHS TOB-
TOTPUBAIMX KOCMIYHMX ITOHOpPOKeN Tolo. Pesynbratu
YUCJIEHHUX, 30KpeMa BJIACHUX, HelpodizioJoriyHux
JOCHiIXKEHb CBigYaTh Mpo O0araToMojajibHe MOPYLLIEHHS
(byHKI11ili CEHCOPHUX CHUCTEM T'OJJOBHOTO MO3KY JIIOAUHU
i1 BIUIMBOM iOHi3yI0UOTO BUITPOMiHIOBaHHSI.

IIpu 3acTocyBaHHI METOOUKM CIIYXOBMX KOTHITUBHMX
BUKJIMKaHNX moteHmianiB P300 Oynmu BusgBieHi crie-
nndivHi 10303aexXHi 3MiHU iH(GOpMaLifHUX TIPOLIECiB
TOJIOBHOT'O MO3KY JIIOJUHU.

Bnepiue Oyna BusiBieHa JliHiiiHa perpeciiiHa 3a71eXXHiCTb
3MEHIIIEHHST aMIUTITyI KOTHITUBHOTO KoMmItoHeHTy P300

Wernicke’s area dominant left hemisphere is of
considerable interest in terms of radiation medi-
cine, radiobiology, applied neurophysiology and
neuropsychology. This fact determines the need for
further dynamic clinical and neurophysiological
monitoring of individuals exposed to ionizing radi-
ation in order to establish the possible neuropsychi-
atric consequences and prognosis of mentioned-
above radiation-induced effect as well as to apply
appropriate preventive and therapeutical measures.

The need for further investigation of radiocere-
bral effects, particularly applying the cheap and
non-invasive research method of cognitive audito-
ry evoked potentials P300, is determined by the
current challenges associated with the rapid devel-
opment of nuclear technology and nuclear energy,
medical radiology as well as the threat of nuclear
terrorism and accidents at nuclear industry
plants.

Thus, the changes of brain information process-
es at doses that are significantly different from the
classical ideas on threshold doses of radiocerebral
effects conditions the relevance of further study of
CNS neurofunctional features in order to detect
the genuine radiation thresholds of cerebral effects
due to low doses of ionizing radiation and the
development of adequate countermeasures for
radiation safety and criteria for radiation standard-
ization. To identify neurophysiological biological
markers of ionizing radiation further international
studies with adequate dosimetry support are
required.

RESUME

The relevance of the radiocerebral effects study is
determined by the features of scientific and tech-
nological progress which include frequent human
contact with the sources of ionizing radiation of
both artificial and natural origin as well as the
threat of nuclear war and nuclear terrorism, long-
term space travel planning, etc. The numerous
neurophysiological studies, including our own,
suggest the multimodal dysfunction of the human
brain sensory systems under the impact of ionizing
radiation.

When applying methods of cognitive auditory
evoked potentials P300 the specific dose-depend-
ent changes of the human brain information
processes were found.

The linear regression relationship for cognitive
component P300 amplitude decrease in the
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y 30Hi BepHike — mpoexiii 3aIHbOrO BiIAilly BEpXHBHOI
CKPOHEBOI 3BUBUHU (KpUTepiaabHa 3MiHHA) MPONOPLIiii-
HO JI0 pamiamiitHoi 1031 (IIpeInKTOop) TIPU ONPOMiHEHHI Y
npo3ax > 0,05 Ip, a Takoxk 3poctanHs JIIT KorHiTMBHOTO
komnioHeHTy P300, ocobnuso, npu go3ax > 0,3—0,5 Ip.
Takym 4yMHOM, MOXJIMBUM MOPOroM paiolepedpaib-
Horo edeKTy y nepedbpanbHiit ginsgHni Beprike € 0,05 Ip.
IIpu nozax > 0,5 Ip Oyno BUSBIEHO (PYHKIIIOHATBLHUMI
3B’S130K 3 pajialiifHoo mo3oro. OpepxxaHi pe3yabraTh
JMO3BOJISIIOTh  3pOOUTH  BUCHOBOK IIPO HASIBHICTh
pamioiHAYKOBAaHUX TTOPYIIEHDb HepeOpaTbHNX (PYHKIIIN,
110 BUHUKAIOTh MpU 1il Manaux 03. Januit ¢akt o0y-
MOBJTIOE HEOOXiAHICTh MOAATIBIIMX JOCTIIKEHb 3 METOIO
BCTAHOBJIEHHSI J030BUX TMOPOTiB paiolepeOparbHUX
eeKTiB, a TAaKOX MOJAITBIIOT0 JUHAMIYHOTO KITiHIIHO-
ro Ta Helipodi3ioJOriYHOr0 MOHITOPUHTY OCi0, SIKi 3a3-
HaJIM BIUTMBY iOHI3YIOUOI'O BUIIPOMIHIOBaHHS, 3 METOIO
BCTAHOBJIEHHSI HEMpONCUXiaTpUYHUX HACIAKIB i Mpor-
HO3Yy BKa3aHOTO pamioiHIyKOBAaHOTO e€(EKTy, a TaKOX
CBOEYACHOTO 3aCTOCYBaHHSI HEOOXiIHMX JIiKyBaJbHO-
NpoGhiTaKTUYHUX 3aXOIiB.

Bussneni HelipodiziojioriyHi 0COOJIMBOCTI LIIKOM y3-
TFOIKYIOThCS 3 TINOTe3aMU 111010 PaaioYyTJIMBOCTI LIEHT-
paJibHOI HEPBOBOI CUCTEMU JIIOIUHU Ta MPUCKOPEHOTO
CTapiHHS MO3KY il BIUIMBOM MaJluX A03 iOHi3yH04Oi
papialii, a TaKOX CTaBJSATh MiJl CYMHiB TOLiJbHICTh JOB-
TOTPUBAJINX IIOJBOTIB JIOOMHM Y KOCMOC (30KpemMa, Ha
Mapc) 10 MOMEHTY PO3pOOKHU afeKBaTHOTO pajlialliiHO-
TiriEHIYHOTO HOPMYBAHHS IS KOCMIYHMX €KilaxiB Ta
pO3pOOKHU 3aCO0iB MPOTUPAAIaALIiiHOTO 3aXUCTY KOCMiu-
HUX ITOJIbOTIB.

lonizyioue BUIIPOMiHIOBAHHSI € OJHUM 3 HANOIIBLINX
PU3BMKIB TS JIIOAEH, sIKi BAKOHYIOTbh TOCTIAHUIIBKI MicCii
3a M€XaMU HU3bKOI HaBKoyio3eMHOi opbitu (low Earth
orbit, LEO) [54]. ExciepyMenTanbpHa mporpamMa The
Anomalous Long Term Effects of Astronauts (ALTEA),
po3pobieHa ITamiiicbkuM KocMidyHUM areHTCTBOM (ASI)
3 METOI0 BUBYEHHSI JOBrOTPUBAIMX €(EKTIiB KOCMiUHOL
pamianii Ha HHC mogunm, miependavyae BUMiproBaHHS
nmapaMeTpiB KOCMiUHOI pafiallii, 110 MPOXOAUTh 4epe3
TOJIOBHM WIEHIB €Killaxy, a TaKOX BUBYEHHS OCOOJIMBOC-
Teil 0ioeIeKTPUYHOT aKTUBHOCTI TOJIOBHOTO MO3KY i 30-
poBoro cnpuiHATTA [55]. BpaxoByrouu, 1110 OCHOBHOIO
MillIEHHIO 10Hi3yI0YOro BUITPOMIHIOBAHHS € KOPTUKO-
JiMOiuHa cucTeMa TIepeBaxkHO JIiBOI, JOMiHAaHTHOI
MiBKYyJi, 30Kpema, TimoKamIl, CyTTEBUI iHTepec CTaHO-
BUTH TTOJAJIbIIIE BUBYECHHS pamiolepeOpaibHUX e(PeKTiB
KOCMiUuHOI pafiallii, MOB’SI3aHUX HE JUIIe 3 AUC-
(byHKIIi€I0 30pOBOI CEHCOPHOI CUCTEMU, ajie W 3 Topy-
LIEHHIMU (DYHKILIM iHIIMX CEHCOPHUX CUCTEM (30Kpe-
Ma, CJIyXoBoi) Ta rimokamiry. OcobnmBa yBara Ma€ OyTn

Wernicke’s area, the projection of the left poste-
rior superior temporal gyrus (by criteria variable)
proportianally to the radiation dose (predictor)
when irradiated at doses > 0.05 Gy as well as
cognitive component P300 LP increase, espe-
cially at doses > 0.3—0.5 Gy, was first detected.
Thus, a possible radiocerebral effect threshold in
Wernicke’s area is 0.05 Gy. At doses > 0.5 Gy the
functional relationship with radiation dose was
found. The results obtained suggest the presence
of radiation-induced disorders of cerebral func-
tions arising from the low radiation doses expo-
sure. This fact necessitates the further researches
in order to establish dose thresholds for radio-
cerebral effects as well as further dynamic clini-
cal and neurophysiological monitoring of indi-
viduals exposed to ionizing radiation to deter-
mine the neuropsychiatric consequences and
prognosis of mentioned radiation-induced effect
and timely application of appropriate health care
measures.

The neurophysiological features revealed are
fully consistent with hypotheses on both human
CNS radiosensitivity and accelerated brain aging
due to the low doses of ionizing radiation impact.
The effects mentioned are calling into question the
feasibility of long-term human flights into space
(including Mars) until the development of ade-
quate radiation-hygienic regulation for space
crews and invention of means for radiation protec-
tion of space flights.

Ionizing radiation is considered to be a major
risk for people who perform research missions
beyond low Earth orbit (low Earth orbit, LEO)
[54]. Experimental program The Anomalous
Long Term Effects of Astronauts (ALTEA) devel-
oped by the Italian Space Agency (ASI) in order
to examine the long-term effects of space radia-
tion on the human CNS involves measuring the
parameters of cosmic radiation that passes over
the heads of crew members and learning features
of brain bioelectric activity and visual perception
[55]. Given that the main target of ionizing radia-
tion is the cortico-limbic system of primarily left
dominant hemisphere, particularly the hip-
pocampus, the further study of the radiocerebral
effects of space radiation associated not only with
dysfunction of the visual sensory system, but also
with other sensory systems (including auditory)
impaired functions and hippocampus, is of great
interest. Special attention should be paid to the
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30cepeKeHa Ha BUBYEHHI MOPYIIEHb TaAKUX KOTHITUB-
HUX QYHKIIA K HaBYaHHS, yBara, nam’satb (0COOJUBO
KOpPOTKOTpUBaJIa), BUKOHaBYi (PyHKILii, MOBa (OCOOJIMBO
iMITpecuBHa) Ta iX HelpodizionoriyHux KopensTi. st
BUSIBJIEHHS HeHpodi3ioloriyHUX OioJOTiYHUX MapKepiB
iOHI3ylI0UOTrO0 BUIIPOMIiHIOBAaHHSI HEOOXiAHI IOJaabIii
MIXXHApPOAHI AOCIIIXKEHHS 3 aJeKBaTHUM JTO3UMETPUY-
HUM CYIIPOBOJIOM.

Mopsika

ABTOpU BUCIOBJIOIOTH LIUPY IOASIKY BUKOHYIOUii
000B’3KM TIPOBITHOTO HAYKOBOTO CITiBPOOITHMKA BiIi-
NIy panpiauiitHoi ncuxonesposiorii IKP HHIIPM kaHn.
men. HayK T.K. JloraHOBCBKil 3a KpeaTUBHY TOMOMOTY,
eKkcnepTusy Icuxo@i3ioloriYyHUX IOKa3HUKIB Ta Be-
pugikariiito 6a3u JaHUX.
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study of disorders of such cognitive functions as
learning, attention, memory (especially short-
term), executive functions, language (especially
impressive) and their neurophysiological corre-
lates. To identify neurophysiological biological
markers of ionizing radiation further internation-
al researches with adequate dosimetry support are
necessary.
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