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IOHI3YIOYA PAJIALIIA: BILIUB HA TOJJOBHUUN MO30K
TA HEMPOIICUXIATPUYHI ITPOSABU

OcTaHHiM yacom Bce GiNblumii iHTepec CNPAMOBYETLCS Ha AOCNIMKEHHS edheKTiB BNIMBY 10HI3y0YOro BUNPOMiHIOBAH-
HA (IB) Ha ronoBHMI1 MO30K, ypaXeHHA AKOTo Ta KNiHiYHi NposBM 3anexars Bif pagiauiiiHoi gosu. Ui edektn BUHM-
KaloTb BHACNiOK NOEAHAHHSA aTePOCKIEpO3y, CEpPLEBO-CYANHHNX i LepebpOBaCKyNAPHNX NOPYLIEHb Ta HellpogereHe-
patusHux npouecis. Kpim Toro, TpMBaloTb AUCKYCIT WOAO MOXKIMBOIO YpPaXKeHHsS rofIOBHOTO MO3KY Micis MeAUYHOro
ONPOMiHEHHS PEHTTEHIBCbKMM Ta iHWWMKU BUMNPOMIHIOBAHHAMW NMpU npoLefypax, WO 3aCTOCOBYIOTbCA B iHTep-
BEHUiliHil pagionorii Ta AAepHiN MefUUMHI, - K Yy NALIEHTIB, TaK i MEAUYHUMX NpaLiBHUKIB. MeTolo Liei poboTy € y3a-
rafbHeHHs NiTepaTypHUX [aHWUX CTOCOBHO LepebpanbHux edeKTiB i0Hi3yl04Y0ro BUNPOMiHIOBAHHS 3 0COBMBUM aK-
LEHTOM Ha JOCNiMXEHHAX Hacniakie YopHoOMAbCbKOT KaTacTpodu i po3rmsafoM MOXIMBUX NaTodi3ionoriyHux me-
XaHi3MiB AeAKMX HEPBOBO-NCUXIYHUX PO3NAAIB.
KniouoBi cnoBa: ioHi3yloue BUNPOMiHIOBAHHSA, FONOBHUIA MO30K, YOpHOOMIbCbKA KaTacTpoda, NCUXOHEBPONOTiyHi
po3nagu, HeiporeHes, rinokamn, Hepo3ananeHHs, aTepoCKNepo3.
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Ionizing radiation: brain effects and related neuropsychiatric manifestations

Recently, an increasing interest has been directed towards the investigation of brain effects of ionizing radiation
(IR), as it is now evident that, depending on the doses, the damages character and severity, as well as clinical man-
ifestations are different. They are generally considered to be the result of a blending of atherosclerotic, cardiovas-
cular, cerebrovascular and neurodegenerative processes. Further, an ongoing debate has been opened on the pos-
sible brain abnormalities following medical radiation from X-ray in interventional radiology and nuclear medicine
procedures that would involve both patients and medical workers. The aim of the present paper is to summarize
literature data on brain effects of IR exposure, with a special focus on those gathered by some of the authors after
the Chornobyl nuclear plant disaster, and how they can be related to the pathophysiology of different neuropsy-
chiatric disorders.
Key words: ionizing radiation, brain, Chornobyl disaster, neuropsychiatric disorders, neurogenesis, hippocampus,
neuroinflammation, atherosclerosis.
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REVIEWS

BCTYII

Tonizytoue BunpomiHtoBaHHs (IB) mocriiiHO NpUCYTHE B
HaBKOJIMIIIHBOMY CepedOBMILI — IMOBITpi, BOMAi, XapyOBUX
MpPOAyKTaxX, TPYHTI Ta BCiX XXMBUX OpraHi3Max. 3HadyHa
YacTUHA CEPETHBOI PIYHOI 103U ONMPOMiHEHHS, SIKY OTpH-
MYIOTb JIIOIU, (POPMYETBCS came 3aBASIKM TPUPOTHUM
Jmxepesiam I1B. KoxkHa JitfoarHa y CBiTi 3a3Ha€ paialliiiHO-
To BIUIMBY B cepeaHiii 1o3i 2,4 M3B-piK™' Bil IPUPOIHOTO
¢oHy pagioakTuBHOCTI. OgHAK B IESIKMX paifloHax pi3HUX
KpaiH CBITY IPUPOJHA J03a OIPOMIHEHHS MOXe OYTU Bif
5 mo 10 pasiB Bumia. [HIIIAM mKepesioM OIPOMIHEHHS €
MeINYHE OMPOMiHEHHS Bill peHTTeHiBCHKUX MPOMEHIB B
iHTepBEHLIiiHIl pamiosiorii i Mpoueayp siAepHOI MeIUL-
HuU. Lle BBaXXa€eTbCcsl HAUOUIBIIMM IUITYYHUM JKEpPEIOM
OMNPOMiHEHHS, BIUIUB SIKOTO OLIHIOETHCSI Y CepeaHiid
edekTnBHil 103i 3,0 M3B Ha JTIOAUHY B PiK, 1110 BilMOBiTae
panionoriyHoMy pusuky 150 peHTreHorpacdiii rpymaHoi
kiituHu [1, 2]. bionoriuHi edekTn pamiauily MeaduHii
paniosorii MOXXHa PO3NOAUIMTH 32 TAKMMM KJIaCTepaMM:
edexktn manux 103 (< 100 M3B), sKi 3a3BUYail MOXJTUBI
MPH TOCTPUX MEANYHMX TIarHOCTUYHUX BIIMBAX;, ePEKTH
nomipaux 103 (100—1000 M3B), 1110 MOXKJIMBI ipK OaraTo-
pa3oBoMy a00 KyMYJSITUBHOMY TpodeciiiHoMy (paKxili-
OHOBAHOMY ONPOMiHEHHI, HAIIPUKJIAM, Y iHTepBEHLIMHNX
paionoriB (KapaioyioriB, peHTTeHOHEUPOXipypriB Ta iH.);
edekTu Benukux 103 (> 1 3B ado 1 Ip) onpomiHeHHS, sIKi
OpeACcTaBJIsSIIOTh OCOOIMBUIM IHTEpEC y TIPOMEHEBIM Teparil
[3]. IIpote, KpiM MalliEHTIB, MiABUILIEHOI YBaru MoTpedye
0s13bK0 30 MiTBIIOHIB MEIMYHMX MPalliBHUKIB, SIKi 3a3Ha-
10Tb podeciitHoro onpoMiHeHHs [1].

SAxi10 npoTsiroMm 6aratbox poKiB OCHOBHUI iHTepec 0yJ10
30cepemKeHO HaBKOJIO e(eKTiB 103 MPOMEHEBOI Tepalrii i
OLTBLIICTh HAYKOBO-MPAKTUYHUX JAaHWX CTOCYBAJIMCS CaMe
LIbOTO, TEIep OYEBUIHO, 110 HAaM HEOOXiZHO MIMOOKE 10-
CITIKEHHST BIUIMBY Manux Ta ToMipaux 103 IB [4]. IcHye
OpTOAOKCAIbHE YSIBJICHHS B MEIMUHIl pamiosiorii, 1110 pa-
JialifiHe ypaxkeHHS IIeHTpaJbHOI HEPBOBOI CUCTEMU
(IHC) MoxnuBe TiIbKM 3a Ail 103, SIKi MNepeBUILYIOTh
10—50 Ip, a HEKpOTUYHE pafialliiiHe ypaskeHHSI TOJIOBHOTO
MO3KY CITOCTEPIraeThCsl MPU JIOKATLHOMY OIPOMiHEHHi B
no3ax noHap 70 Ip. TosepaHTHa 1032 HA TOJIOBHMI MO30K
BBaXKae€Thest MiX 55 1 65 Ip, Toai gk ¢pakiiiiiHa TonepaHT-
Ha no3a gopiBHIoe 2 Ip. [lepBuHHe pagiaiiiiHe ypaxkeHHS
IIHC npu onmpomiHeHHi BCHOTo Tijla JiarHOCTYBaJIu IPU
orpoMiHeHHi y go3ax 6iabie 100 Ip, Kkonu BUHMKAB CTaH,
Ha3BaHUI «LepedpaabHO (HOPMOIO TOCTPOI MPOMEHEBOI
xBopoou (I'TIX)», B TOIf 9ac SK BTOpUHHE pajialiiiiHe ypa-
xkeHHs LIHC miarHocTyBanu mpu orpoMiHeHHi BChOTO Tijia
y no3ax 50—100 Ip («rokcemiuHa popma I'TIX»). To3y omn-
pPOMiHEHHS BChoro Tijla 2—4 Ip BBaxkajau MOpPOrom pamia-
iITHO-1HAYKOBAaHUX HEWpOaHATOMIYHUX ypakeHb. 3 iH-

INTRODUCTION

Tonizing radiation (IR) is permanently present
throughout the environment, in the air, water,
food, soil and in all living organisms. A large pro-
portion of the average annual radiation dose
received by people results from natural environ-
mental sources. Each member of the world popu-
lation is exposed, on average, to 2.4 mSv-y"' of IR
from natural sources, however, in some areas of
different countries of the world, the natural radia-
tion dose may be 5 to 10-times higher. Another
source of IR is the medical radiation from X-rays
in interventional radiology and nuclear medicine
procedures. This is considered the largest man-
made source of radiation exposure accounting for
a mean effective dose of 3.0 mSv per capita per
year, similar to the radiological risk of 150 chest X-
rays [1, 2]. The biological radiation effects in med-
ical radiology can be clustered in low dose effects
(<100 mSv), generally reached with acute medical
diagnostic exposures; moderate dose effects (100—
1000 mSv) effects, reached with chronic repetitive
or cumulative professional fractionated exposures,
for instance in interventional radiologists(cardiol-
ogists, roentgenneurosurgeons, etc.); and high
dose (>1 Sv or 1 Gy) exposures, of particular inter-
est in radiotherapy [3]. However, besides patients,
a similar warning would involve about 30 million
medical workers that are professionally exposed to
radiation [1].

If for years, the main interest was around the
radiotherapy dose range and most of the avail-
able data were on this topic, it is now evident that
we need a deep investigation of the effects of
moderate/low IR doses [4].There is an embed-
ded opinion in medical radiology that IR damage
of the Central Nervous System (CNYS) is possible
only after doses exceeding 10—50 Gy, as brain
radiation necrosis was observed upon the local
irradiation in doses over 70 Gy. Brain tolerant
dose is considered to be between 55 and 65 Gy,
while the fractional tolerant dose around 2 Gy.
Primary CNS damage under the whole-body
radiation exposure is generally diagnosed only if
the doses exceed 100 Gy, a condition called
«cerebral acute radiation sickness (ARS)», while
secondary radiation damage of CNS is diagnosed
with 50—100 Gy (toxemic ARS form). The total-
body dose of 2—4 Gy is considered as the thresh-
old for radiation-induced neuroanatomical
abnormalities. On the other hand, since the first
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1Ioro OOKy, 1Ie Yy TepIliii MOJOBUHI MUHYJIOTO CTOJITTS
MOpdoJIOTiyHi HEMPOHHI MOPYLIEHHST OyJIM BUSIBJIEHI BXKe
TIiCITT OTIPOMiHEHHS BChOTO Tijia B mo3ax 0,25—1 Ip, a Takoxx
3HaueHHs no3u 0,5 Ip Oy/no Ha3BaHO «UEPBOHOIO PUCOIO»
paniawiitHoro ypaxenHs LIHC 3 nepBUHHUMU HEHipOHaIb-
HUMM TIOopylueHHsIMM. CTabilbHI TMOPYIIEHHST MO3KOBOL
eIeKTPUIHOI aKTUBHOCTI crioctepirammcs 3 0,3—1 Ip i 3poc-
Taayd TPOMOPILIAHO OO0 MOMIMHYTOI A03U. AunchyHKIIis
IIHC moxmBa HaBiTh il TTpyM BILTMBI MeHIIMX 103 1B, Hix
THUX, SIKi IPU3BOASTh O HU3KU LIepeOpaTbHMX i MOBEIiHKO-
BUX edekTiB micis 1—6 Ip 3araibHOro ornpoMiHeHHs Tija. B
nonoBigi HKJIAP OOH (1982) 3a3Havaiocs, 1110 mporpe-
cyloya JiereHepalliss KOpu TOJIOBHOTO MO3KY BilOYBAa€ThCS
MiCJIs1 3araIbHOTO OMPOMiHEHHS B mo3ax 1—6 Ip [3, 6].

OcTaHHIM YacOM BBaXa€ThCsI, 110 YSIBJICHHSI PO UyT-
quBicte HHC no 1B B 3HauHiil Mipi Oyau 3aHMKEHi, Ta
HaKOMUYYEThCS  3pocTaroya  KiJbKiCThb  J0Ka3iB
panianiiHo-acouiioBanoi nucdynkuii IIHC 3a pomno-
MOTOIO €1eKTpodi3ionoriyHnx, 0ioXiMiuHMX Ta/abo I10-
BediHKoBuUX mnapameTpiB [7]. CraloTh NOCTYMHUMU
0e3JTiv iIHTPUTYIOUMX HeUpOopamio0iooriYHUX JaHUX PO
MOJICKYJISIpHO-010/IOTYHI LIJISIXM pajaialliiHOro IolI-
KOJIXKEHHSI TOJIOBHOTO MO3KY. TakuM 4MHOM, HaBiTb Ti
BYEHi, SIKi OyJIM HaJIaIITOBAaHi CKENTUYHO 0 pafioypas-
susocti HHC, O6ynu 3Myl11IeHi eperissHyTA CBOIO TyMKY
Ha KOPUCTb OCOOJMBOI PadioOUYyTJMBOCTI TOJOBHOIO
MO3KY [8].

HosiTHinaroreHeTHYHi KOHUETil BiIKPWUJINU HeC-
MoJiBaHi clieHapil pamioliepedpadbHUX e(heKTiB 3aexXK-
HO BiA papmiauiiitHol go3u. KpaHiajqbHe OIPOMiHEHHS
JIIOJVMHU 3YMOBIJIIOE BU3HAHUI MMiABUILIEHUI PU3UK PO3-
BUTKY KaTapakTd KpuIlTajiudkKa oOKa, LepeOpaibHOro
aTepocKepo3y i paky rojoBHoro Mosky [3]. Bruius
paniauii Ha KOTHITUBHI (DYHKIIil, 0COOIMBO B diala3oHi
MaJiux Ta MOMIpHUX 03, HabaraTo MeHIl 3pO3yMLIMA.
Lle BaxkimBa BiIMiHHICTb, OCKIiJIBbKM 03U TIPOMEHEBOI
teparii (>2 Ip), 1110 BiAMOBiAAIOTH paiallitHOMy pU3H-
Ky ekBiBajieHTHOMY 100 000 peHtreHorpadiii rpymHoi
KJIITUHU, 3yMOBIIIOIOThH «TOPiHHSI» TKAHUHU XO4a OIliK
0e3 Ooutto i 06e3 HarpiBaHHs. [Ipu miarHocTMyHOMY ab0
npodeciiHOMY OMPOMiIHEHHI KYMYJISITUBHI O3U MO-
JKyTh BapiloBaTH B IIMPOKUX MeXKax, ajie 3a3BUYail 3aji-
mrarotbest Huskde 500 m3B abo 0,5 Ip, mo Bigmosigae 25
000 peHtreHorpadiit rpyaIHoi KIiTUHU, TOOTO € H103aMU
«TIOTETUTiHHST», SIKi HE MalOTh B3araji HisIKUX TOCTPUX
3HAUyIIMX e(eKTiB, ajlle BOHU MOXYTh CIIPOBOKYBaTH
JIOBFOCTPOKOBi Hacaigku. KOrHITUBHI, NCUXOJIOTIYHI Ta
TcuxiaTpuuHi epekTH Oyau 1o0pe orucaHi pu pagiore-
paneBTUYHUX J103aX, ajie He IS cepelHix Ta Maaux [9].

MerToio 11i€i poOOTH OYJI0 PO3IJISIHYTA OCHOBHY Cyvac-
Hy JiTepaTypy 3 pamionepedopanbHUX e@eKTiB Ta ix

half of the last century, neuronal morphology
abnormalities were found just after exposure to
0.25—1 Gy of total-body irradiation, and dose
value of 0.5 Gy has been called «the red line» of
CNS radiation damage with primary neuronal
injuries. Stable disorders of cerebral electrical
activity were observed with 0.3—1 Gy doses and
with an increment proportionally to the absorbed
dose. CNS dysfunctions are possible even with
the exposure to lower IR doses that may lead to
multiple cerebral and behavioral effects follow-
ing 1—6 Gy total-body irradiation. It is stated in
the UNSCEAR 1982 report that progressing cor-
tex degeneration occurs after exposure to 1—6
Gy of IR [5, 6].

Currently, it is believed now that CNS sensitivity
to IR has been largely underestimated, and
increasing data are accumulating on its radiation-
associated dysfunctions by means of electrophysi-
ological, biochemical and/or behavioral parame-
ters [7]. A lot of intriguing neuroradiobiological
data on molecular-biological pathways of radia-
tion brain damage has recently become available.
Thus, even those scientists who were skeptical on
CNS vulnerability to IR were forced to reconsider
their opinion in favor of peculiar brain radiosensi-
tivity [8].

Obviously, these novels concepts open unexpect-
ed scenarios of radiocerebral effects, as it is now
evident that the different effects are dose-depend-
ent. Cranial irradiation in humans implies a recog-
nized increased risk for eye lens cataract, neu-
rovascular atherosclerosis, and brain cancer [3].
The effects of radiation on cognitive functions,
especially in the low-to-intermediate dose range,
are much less clear. This an important distinction,
since the radiotherapy doses are in excess of 2 Gy,
corresponding to a dose risk equivalent of 100,000
chest X-rays, produce tissue «burning» although a
burn with no pain and no heat. With diagnostic or
occupational exposures, cumulative doses may
vary widely but usually remain below 500 mSv or
0.5 Gy, which correspond to 25,000 chest X-rays,
a «warming» dose which has generally no acute
detectable effects, but may provoke long-lasting
consequences. Cognitive, psychological and psy-
chiatric effects have been well described with
radiotherapy doses, but not to intermediate/low
ones [9].

The aim of the present paper was to review the
maincurrent literature on brain effects of IR and their
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B3a€EMO3B’SI3KY 3 HEPBOBO-TICUXIYHMMHU po3jialamMu, a
TaKOX iHTErpyBaTH iX 3 JaHUMU TOCIiIHUKIB Ticas Yop-
HOOMIIBCBEKOI KaTacTpodu. OOroBOpPIOIOTHLCS OCOOIUBI
MOTpeOu B 11iil rajay3i 3 TOUKU 30py MOKIIUBOI ITpodiak-
TuKu. KputepisiMu BKIIOUEHHS JTEpaTypu OO OLJISAY
OyJ10 ii peLieH3yBaHHsI.

HEVIPOIICUXIATPUYHI EOEKTHI

KPAHIAJIbHOI TIPOMEHEBOI TEPAITII
BukopucranHs X-1poMeHiB (PEHTIeHiBCbKHX MTPOMEHIB)
Y MEIWYHMX LISIX € HAWOLIbLI TMOLIMPEHOK ITPUUYMHOK
OIPOMiIHEHHSI TOJIOBHOTO MO3KY/TIOAMHU. /1o Toro K, sIK-
1110 AiarHOCTUYHI IPUCTPOi 0OPOOKU 300pakeHb (HapUK-
Jla, KOMIT' I0TepHa peHTreHiBcbka ToMorpadist (KT)), on-
POMIHIOIOTH TOJIOBHUI MO30K Yy MaJIMX [103aX, TO y IIPOMeE-
HEeBili Tepartii, sKa IUPOKO BUKOPUCTOBYEThCIIIS JIiKy-
BaHHI 200 NajiaTUBHOI Kypallil IIMPOKOro pO3MaiTTs nep-
BUHHMX i METACTAaTUYHUX ITyXJIMH TOJIOBHOTO MO3KY, 3acC-
TOCOBYIOTb OINPOMIHEHHSI y 3HA4YHO OilbLIMX J03aXx.
OCKiIbKY BUXKMBAHHS MOKPALIUIIOCS, OiJIbIIIE yBarv CTaJIu
MPUIUIATA 3aXBOPIOBAHOCTI Yy BilAaJlEHUI Tiepioa Ticis
pamioteparii. 3 1930 poky, Koju BroepiieOyB OIMCAHUA
panianiiHO-iHAYKOBaHUWI 1iepeOpanbHUit Hekpo3 [10],
edexTn pamiorepariii OyJv B 3HaYHii Mipi JOCTiIKeHi He
TUTBKY JIWILIE HA caMy ITyXJIMHY, ajie i 1i BIUIMB Ha IJ100aib-
Hy Heipo@dizioforito, a TakoX KOTHITUBHY i €MOLIMHY
cepu [11—13]. Xoua i1 BigOyBasocs ITOCTYITOBE 3HMKEH-
HSI IpU3HAYeHOI pafialliifHOl 103K, 110 MPU3BEJIO 10 3HU-
JKeHHSI YaCTOTH pajialiiifHOro HeKpo3y roJIOBHOTO MO3KY
npu pagioTepartii, pu3uK JeikoeHledanonarii i Heipo-
KOTHITUBHOTO JIe(MIlINTy MPOAOBXKYE 3aJTUIIATUCS CePiio3-
Hoto mpobiemoro [13]. IcHye KoHceHcyc, IO HaCHiaKu
panioTepartii HaliOUTbII BUpaXKeHi y AiTel, B IKUX pO3BHBa-
IOThCS TIOPYLIEHHS Mi3HaBaJIbHOI 30ATHOCTI 3 CEpHO3HUM
3HIDKEHHSIM KoedilieHnTa iHtenekryambHocTi (Intellectual
Quotient, 1Q). IIpote, 11e, 3Ma€THC, MOB’s13aHE 3 0A30BUM
IQ i BikOM, B TOMy ceHci, 10 yuM Hrkde 1Q i BiK Ha
BUXiIHOMY piBHi, TUM Oijblle 3HWXeHHs 1Q micias pa-
JioTepartii. 3 HEMPOIICUXOIOTIYHOI TOUKH 30pY, 3HMKEHHS
1Q Oyno 3ymMOBJIEHO MOTipIIEHHSIM OMEePaTUBHOI MaM’sITi
YpaioTepareBTUIHO MPOJTIKOBAaHUX AiTel y Billi 9 poKiB i
cTapllie, a He BIUIMBOM Ha KOTHITUBHI npotiecu [14].

Y ngopocaux BUHUKHEHHSI KIIHIYHMX Ta HEBPO-
JIOTIYHUX CHUMIITOMIB Bapilo€ Bif OEKiTbKOX XBUJIUH
micnst onpoMmiHeHHsT 10 30 pOKiB Mics 3aBepUICHHS
JIikyBaHHs. TocTpi mo6iuHi edekTH, sKi BinOyBarOThCs
MPOTSIrOM JBOX TUKHIB 3 MOYATKYy paaioTepariii, BKJIO-
YyaloTh TOJIOBHUI Oinb, HYOOTY i COHIUBICTh. PaHHIi
edeKTu pagioTepallii criocTepiraim MixX 2-M THXKHEM i
3—4-M MicsIISIMH, SIKi OLIIHWIN SIK JIETKi i KOPOTKOYaCHi
[15]. byno BUCIOBAEHO NOPUIYILIEHHS, 11O paHHS

relationship with neuropsychiatric disorders, and to
integrate them with data gathered by some of the
authors after the Chornobyl nuclear power plant dis-
aster. Again, the special needs in this field in terms of
possible prevention will be discussed. Peer reviewed
publications were the inclusion criteria in this review.

NEUROPSYCHIATRIC EFFECTS OF
CRANIAL RADIOTHERAPY

The use for medical purpose of X-ray represents
the most frequent way of exposure to IR for the
human brain. Besides to diagnostic imaging
devices (i.e., computed tomography (CT) scans),
which expose the brain to low doses of IR, the
radiotherapy or radiation therapy (RT), common-
ly used as curative and/or palliative therapeutic
tool in the treatment of a wide variety of primary
and metastatic brain tumors, is associated with the
most relevant IR doses. As survival has improved,
more attention has been directed towards long-
term treatment-related morbidity. Since 1930
when, for the first time, it was described radiation-
induced cerebral necrosis [10], RT has been large-
ly investigated not only for its effects on tumor
outcome, but also for its effects on the global neu-
rophysiology, as well as on cognition and emotions
[11—13]. Although the administered doses have
been reduced progressively, while leading to a
lower incidence of radiation necrosis, the risk of
leukoencephalopathy and neurocognitive deficit
continues to be a major concern [13]. It is com-
monly agreed that the effects of RT are most pro-
nounced in children with an impairment of their
cognitive ability with a severe decline of the intel-
lectual quotient (IQ). However, this seems to be
related to the baseline 1Q and age, in the sense that
the lower IQ and age at baseline, the greater the 1Q
decline. From a neuropsychological point of view,
the decline of the 1Q was linked to the impairment
of the working memory in RT-treated children at
age 9 and older, with no effect on cognitive
processes [14].

In adults, the occurrence of clinical and neuro-
logical symptoms varies from a few minutes after
irradiation up to 30 years after treatment comple-
tion. Acute side effects, which occur within two
weeks from the beginning of RT, include
headache, nausea and drowsiness. The early-
delayed phase of RT occurring between the 2"
week and the 3“—4" month is considered to be
mild and temporary [15]. It has been proposed that
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BiIcTpoyeHa HeBpoJioriyHa (haza MiCTUTh MUHYIIE IO-
pYLIEHHSIMEPEKi CEMaHTUKO-aCOLliaTUBHOI maM’sTi [13,
16]. 3a 1BOMa OLliHKaMU CEMaHTUYHOI I1aM’sITi OyJu BU-
SIBJIEHIMOPYILIEHHSI BUTSTY TONATBIIOTO KOIYBaHHS 3
JOBrOTPMBAJIOl MaM’sITi CHIiB, SIKi OyJaM mpesa’siBleHiay-
TUTOPHO, Ta BU3HAHHS BEJIMKOTO HAOOPY MTOIMEHOBAHUX
KapTUHOK. PagioTeparneBTUUYHO 3yMOBJIEHI MOPYLIEHHS
I1iaJIbHOTO MiTO3Y, OCOOIMBO OJIIrOAEHIPOLIUTIB, TTPU3-
BOJSTH A0 TUMYACOBOI AeMi€iHi3allil i BXe 3ragyBaHOTO
HellpokorHiTuBHoro aediumuty [17—19]. Kpim Toro,
BiTHOCHO e(eKTiB paHHBOTO TIePiOIy ITiCIS pagioTepartii
JIesIKi aBTOpU MOBIZOMUJIM MPO 3MiHU MaM’ATi Ha HOBi
KOHGirypadbHi BiZIHOCMHM Y BiIpUBi Big iHIINUX
KOTHITMBHUX MOPYILIEHb, i i 3MiHM OyJMd MOB’s3aHi 3
MOMKOKeHHSIM rirmokammy [18—20]. Ilpore y 21 xBo-
pOro 3 HU3bKOAM(EPEHIIIHOBAHUMMU ITyXJIUHAMU TOJIOB-
HOTO MO3KY 3a BM3HAYEHHSM CEPiHHUX KOeillieHTiB
MepeHOCY HaMarHideHOCTi HisIKMX iCTOTHMX paHHiX
edeKTiB pamioTeparii Ha TirmokamMn He BUSIBUIA [ 13].
BigmaneHi Hacnigku pagioTepartii, siKi BAHUKAIOTh Yepe3
ILIiCTh MiCSI1IiB Ta OLIbILIE TTiC/IST ONPOMIHEHHS, XapaKTepHy-
3YI0ThCS MOCIA0ACHHSIM KOTHITUBHUX (DYHKIIIH i peHTre-
HOJIOTIYHO-BUIMMMMM HEBPOIATOJOTTYHMMMI 3MiHaMu, i
116 BBAXKAEThCSI HE3BOPOTHIM i MporpecuBHUM. KOrHiTHB-
HMIA criaf crioctepirae€tbhes mpubnusHo y 50 % xBopux 3
MyXJIMHAMU TOJIOBHOTO MO3KY, IIOYMHAIOUN 3 IIIeCTH MiCsI-
LiB mmicys mikyBaHHS [21, 22]. PeTpocrieKTHBHI HOCITiKeH-
Hs1 200 OTMUCH KITiIHIYHUX BUITAIKIB CBiTYaTh PO HASIBHICTh
HEBPOJIOTIYHMX CUMMTOMIB, TakKuX $SIK aTakcisl, BTpara
nam’sTi, i HaBiTb HEIOYMCTBO BHACJIIAOK paaioTepartii ro-
JIOBHOTO MO3KY [21—23]. B mimomy, rimokamItaibHO-
MOB’s13aHi (DyHKIIii HaBYaHHSI, aM’sITi i 0OPOOKM IIPOCTO-
poBoi iH(opMallii BUDJISIIAI0Th HAROUIBII MOPYILIEHUMU Y
BimgaseHuii niepion micas pamioTteparii [24—25]. Tum He
MEHII, Y JeIKUX MPOCHEKTUBHUX JOCTIIKEHHSIX BiaMiue-
HO TIOJITIIEHHs a00, MPUHANMHI, He 3HAMIECHO XKOTHOTO
CYTTEBOT'O TMOPYLIEHHSI KOTHITUBHUX TPOLIECIB BIPOIOBXK
JIBOX—YOTHPLOX POKIB Iicis pamioteparii [13, 26, 27].
HaBnaku, Gi1bl1 pejieBaHTHI KOTHITMBHI MOPYLIEHHSI Oy/1r
OIMCaHi y TIepiof Bif I’ ITH 0 CEMU POKIB TTiC/sT TiKyBaH-
Hs [25, 28]. Y BuOipii 3 27 mauieHTiB 3 HU3bKO Aude-
PCHIIIMOBaHMMHU MyXJIMHAMU, He OyJI0 BUSIBJICHO 3HAUHMIX
HEMPOTICUXOJIOTIYHNX TOPYIISHBb TIPOTATOM ITSITU POKiB
ITicJIT ONTPOMiHEHHSI, KOJIM OYyJI0 BUSIBIEHO 3HAUHE TOTip-
ILIEHHS Y BUBYEHHI HOBUX Bi3yaJIbHUX KOHCTPYKLiii. ITpo-
TSITOM MEPIIUX TPHOX POKIB ITiC/sT ONMPOMiHEHHS 3a JaHU-
MM MarHiTHO-pe3oHaHcHOI Tomorpadii (MPT) Bugsmm
JIeKy TillepiHTEeHCUBHICTh 0iJlol peyoBUHU Ta aTpodiio,
1110 3HUKJTA Ha IIIOCTUI PiK Ticis pagioTepartii [25]. B ma-
TOJIOTOAHATOMIYHOMY JOCIIiIKEHHI 25 MalliEHTIB 3 T1ioMa-
MU 3HAMIILIM BiAMOBIAHI YIIKOIXKEHHS TOJIOBHOTO MO3KY,

the early-delayed neurological phase consists in
transient damage of the semantic associative
memory network [13, 16]. The two measures of
semantic memory found to be impaired were the
postencoding retrieval from long-term memory of
words auditorily presented and recognition of a
large set of nameable pictures. A RT-related dis-
ruption of glial mitosis, especially of oligodendro-
cytes, would result in a temporary demyelination
and would account for the already-mentioned
neurocognitive deficits [17—19]. Further, during
the early-delayed RT period, some authors report-
ed alterations of the memory for new configural
relationships dissociated from other cognitive
changes, and related to hippocampal damage
[18—20]. However, in 21 patients with low-grade
brain tumors, no significant early-delayed RT
effects on the hippocampus were detected by using
serial magnetization transfer ratios [13].

The late-delayed RT damage, which typical-
ly begins six months and later on after RT, is
characterized by debilitating cognitive impair-
ment and radiographically-visible neuropatho-
logical changes, and it is considered to be irre-
versible and progressive. A cognitive decline
occurs in about 50% of brain tumor patients
starting six months after treatment [21, 22].
Retrospective studies or case reports described
neurological symptoms, such as ataxia, memo-
ry loss, and even dementia following brain RT
[21—23]. Overall, the hippocampal-related
functions of learning, memory, and spatial
information processing seem to be those more
affected during the late-delayed, RT-related
phase [24—25]. However, some subsequent
prospective studies reported improvement or,
at least, no significant impairment of cognitive
processes two—four years after treatment [13,
26, 27]. On the contrary, a more relevant cog-
nitive impairment was described between five
and seven years post-treatment [25, 28]. In a
sample of 27 patients with a low-grade tumor,
no significant decline in neuropsychological
measures was detected up to the fifth year
post-treatment control, when a significant
impairment in learning of novel visual designs
was revealed. During the first three post-treat-
ment years, MRI showed some white matter
hyperintensities and atrophy that leveled off up
to the sixth year end-point [25]. In a post-
mortem study including 25 patients affected by
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MOYMHAIOUM Bifl TMi3HBOTO BiICTPOUYEHOrO paialliifHOro
HEKPO3y 10 AeMi€iHi3allil i TOIIKOIKEHHSI MO3KOBOI TKa-
HUHU B Oe31ocepeaHiil OIM3bKOCTI Bif IyXJIMHU. B iHIIO-
MY JOCITiIKEeHHI, MpoBeAeHOMY y 33 JOpOCIMX MAalli€HTIB 3
ITyXJIMHAMU TOJIOBHOTO MO3KY, IIPOTSITOM Bifl 6 10 25 poKiB
micys pagioTepartii y OiIbIIOCTI MALIEHTIB Oy/IM BUSIBICHI
PI3HOIO CTYIIeHsI BUPAXKEHOCTI 03HAKMU I1i3HbOI HEUPOTOK-
CUYHOCTI i HEHPOEHIOKPUHHUX MOPYIIeHb, B TOMY YUCTi
3MiHMA OiI0I PeYOBUHMU, aTpodisl i JaKyHapHi ypaxkKeHHs
[22]. KpiMm Toro, B ABOX JOCJiI>KEHHSIX i3 BUKOPHUCTAHHSIM
no3uTpoHHo-eMiciitHoi Tomorpadii (ITET), 3nHaiimeno
3HIDKEHUI MeTaboJ1i3M aMiHOKMCIIOT Y Cipili peyoBUHI Ha
BiagaJleHUX Bif MyXJIMHU JIISTHKaX TOJIOBHOI'O MO3KY Yepe3
KiJIbKa MicCsLIiB micis pagiorepartii [29].

BIIIMB BEJIMKUX 103 IB

HA IICUXIYHE 310POB'A 1
HEWPOIICUXIATPUYHI ITIPOSIBU

VY peTpocrnieKTUBHOMY AOCJiIKEeHHI HaceleHHsT Pouec-
Tepa HisIKOTO 3B’SI3Ky He Oy/J0 BUSIBJIEHO MiX pamioTe-
pamiero i xBopoooro Anbireitmepa [30]. B amepukaHch-
KOMY JIOCJiI>)KeHHi Malli€HTIiB, SIKi 3a3HalU KpaHiaJbHOL
pamioTepariii, yacToTa AeMeHLil 3Haxodguaacs y Jiara-
30Hi Big 1,9 no 5,1 %, 1110 He Binpi3HsIOCs Bil 3arajbHOT
nomyJsuii [23].

YV HebaraTboX NPOBEACHUX JOCTIIKEHHSIX, 1€ BUBYAIU
MOXJIMBE BUHUKHEHHS JAerpecii Mmicas KpaHiaJabHOI1
pamioreparii, He OyJ0 BUSIBIEHO 3B’sI3Ky AeIpecii 3 oIl-
poMiHeHHSM [24, 25]. Ha paHHiii ¢ha3zi micyis onpoMiHeH-
Hs1 padialiifHO-acolliiioBaHi KOTHiITMBHI MOPYLIEHHS He
CynpoBOIKyBanucs nenpecieto [13, 25]. Ilpote, nempecis
3 IBJISIETHCS Ha 4-i1 1 6-11 piK Imiciis JIiKyBaHHs, 1110, MOX-
JIMBO, TIOB’S13aHO 3 BTOMOIO i KOTHITUBHUMM MOPYILIEHHSI-
Mu [25]. ¥V Oynb-sKOMy BHUIIAIKY, Y3rOJXKyBaJIbHi HaHi
JOCIII)KeHb Ha TBapMHax IOKa3aliu, 110 OIMPOMiHEHHS
TOJIOBU MOX€ BUKJIMKATH BilMOBIIHE YIIKOMKEHHS TUX
TISTHOK TilTOKaMITy, SIKi MalOThb BMpilllaJIbHE 3HAYEHHS
JUIsT HEeMpOHAJbHOI IUIACTMYHOCTI i BIUIMBAIOTh Ha
mam’sITb, HABUYaHHS, eMOlIii Ta peakiii Ha cTpec [31].

B octanHe pecaTupiuus okpecieHa HM3Ka MCUXiYHUX
po3iadiB, BKIOUYAKOUU JAeIpecito, OiMoasipHi po3naau i
IM30(peHito Ta iX JiKyBaHHS, SKi IOB’S3aHi 3 IMOpY-
LLIEHHSIMU HelporeHe3y, 0cCOOJMBO Ha PiBHI rimokamiy
[31, 32]. ToMy, LHiTKOM iMOBipHO, 1110 3HUKEHHS HEMPO-
reHe3y MoXe BUSIBUTHCS TPUTEPHUM YMHHUKOM Y Bpa3-
JIMBUX OCi0 IJTS1 BAHUKHEHHS TAaKUX MCUXiYHUX pO3JadiB
1 HEraTMBHO BIUIMHYTU Ha 1X KJIIHIYHMIA mepedir i pe-
3yabTaTu JiKyBaHHs. Lle Moxe OyTH 0cOOJIMBO aKTyaslb-
HUM [J1d MU30(peHii, siKa B JaHUI 4yac BBaXKa€eThCs Oa-
ratoakTOpHUM HelpoaereHepaTUBHUM 3aXBOPIOBAH-
HSIM, JIe HelipoOiooriyHa reHeTUYHa CXUJIbHICTh MOXKe

gliomas, relevant brain damages were reported
ranging from late delayed radiation necrosis to
demyelination and injury of brain tissue in the
proximity of the tumor. In another study per-
formed in 33 adult brain tumor patients
between 6 and 25 years following RT, varying
degrees of late neurotoxicity and neuroen-
docrine disturbances were detected in most
patients, including white matter changes,
atrophy and lacunar lesions [22]. Further, in
two PET studies, a decreased amino acid
metabolism in the gray matter remote from
the tumor was demonstrated several months
after RT [29].

IMPACT OF HIGH DOSES OF IR

ON MENTAL HEALTH AND
NEUROPSYCHIATRIC MANIFESTATIONS

In a retrospective research involving the general
population of Rochester, no association was found
between RT and Alzheimer’s disease (AD) [30].
Another US study carried out in subjects exposed
to whole brain RT reported an incidence of
dementia ranging between 1.9 and 5.1 %, not dif-
ferent from that of the general population [23].

In the few studies exploring the possible occur-
rence of depression after cranial irradiation, no
relationship was detected [24, 25]. In the early-
delayed phase, the cranial irradiation-related cog-
nitive changes were not accompanied by depres-
sion [13, 25]. However, depression seemed to
occur between the 4™ and 6™ year after the treat-
ment, possibly related to fatigue and cognitive
impairment [25]. In any case, convergent data
from animal studies showed that cranial irradiation
can provoke relevant damage of the hippocampal
areas which are crucial for neuronal plasticity and,
as such, for memory, learning, emotions and stress
response [31].

Interestingly, in the last decade, different psychi-
atric disorders, including depression, bipolar disor-
der and schizophrenia, and their treatment have
been related to neurogenesis disturbances, especial-
ly at hippocampal level [31, 32]. Therefore, it is
plausible that the reduction of neurogenesis could
predispose vulnerable individuals to the onset of
psychiatric disorders and negatively influence the
course of their symptoms and treatment outcome.
This could be especially true for schizophrenia that
is now considered a multifactorial neurodegenera-
tive illness, where neurobiological genetic predispo-
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OYyTH SIK CITPOBOKOBaHa €KOJIOTIYHMMM CTPeCopaMu, TaK
i 6e3nocepeIHbO BUKIMKAHA OCTaHHIMU. ICHYIOTh JOKa-
34 MiJBUILEHOI 3aXBOPIOBAHOCTI Ha PO3Jagud CIIEKTPY
mM30(@peHii micjs BIUIMBY aTOMHOTO OoMOapayBaHHS
a00 HaBKOJIMIITHBOTO CEPENOBMIIA 3 BUCOKUM TTPUPOI-
HUM piBHEM paaioakTUBHOCTI [33]. byio moBigoMiieHO
PO 3HAYHO ITiABUIIEHY IOIIMPEHICTh MMN30(PpeHii B
THX, XT0 BYKUBY Haracaki [34]. [TommpeHicTh mu3od-
peHii craHoBUIa OJMU3BKO 6 %, 110 3HAYHO BUIIE, HiX
BUSIBJICHO B 3arajibHiii momyssiiii, e 3a oliHKaMu, BOHA
cTaHOBUTH 0/1M3bKO 1 % [35]. Ha Xaib, 1ie JOCTiIKeHHS
Mae psig METOAOJOTIYHUX OOMEXXEHb B 3B’SI3KY 3 TUM, 1110
y «JlocaimkenHi nmpotsrom xutts» (Life Span Study,
LSS) HocnimHuubkoro ¢oHay pamiauifiHuX egeKTiB
(Radiation Effects Research Foundation,RERF) B
AnoHii He BKJIIOUEHI JaHi MPo TSKKi IMCUXiYHI po3Jaau.
Kpim Toro, 1i pe3yasratv OyJM OTpUMaHi IIJISIXOM
o0’emHaHHS perictpy wwu3opeHil Biaainy Helpo-
ncuxiaTpii, MeguuHoi 1IKOIU YHiBepcuTeTy Haracaxi, 3
perictpom LSS. IIpote, perictp mm3odpeHii 0ya0 cTBO-
peHo suiiey 1960 poiti, i TOMy HEMOXJIMBO po3paxyBaTh
IIOPIYHI TEMIIM 3aXBOPIOBAHOCTI 3 MOMEHTY aTOMHOTO
BuOyxy B 1945 poui. Y Toli Xe 4ac, OIIPOMiHEHHS B O-
pocliomy Billi OyJIO 3alIpONIOHOBAHO B SIKOCTi HOBOI MO-
neni musodpeHii [36].

BIIJIMB MAJIUX TA IIOMIPHUX /103
HA IICUXIYHE 310POB'S1
I HEMPOIICUXIATPUYHI ITPOSABU
BusiBuau 3HauHe 30iIbLICHHS 3aXBOPIOBAHOCTI HA ILIM-
30(peHito B YopHOOMILCHKIl 30Hi BiZdy>KeHHS, TOUYMHA-
1oun 3 1990 poky: 5,4 Buraaky Ha 10 000 nepconary Yop-
HOOWJIbCHKO1 30HU BiMUy>keHHS B MOpiBHSAHHI 3 1,1 Ha 10
000 B Ykpaiui y 1990 poui. byso 3anpornoHoBaHoO, 110 PO3-
BUTOK PO3JIAIiB IN30(MDPEHIYHOTO CIIEKTPY B YYaCHHKIB
nikBigauii HacaigkiB aBapii (YJIHA) Ha YopHoOMILCHKI
AEC (HAEC) € HaciakoM pafiallifHO-iHAyKOBaHO1 JIiBOi
JIOOHO-CKPOHEBOI KOPTUKO-TiMOiUHO1 archyHKii [37].
HeiiponcuxiatpuyHi po3naaau miciisg aBapii Ha YA-
EC € etionoriyHo retreporeHHUMU 4yepe3 00’ €qHaAH-
Ha edexTtiB IB i3 couiaapHuMuU 3MiHaMu i Tpa-
IULIAHUMA YMHHUKAMMW PU3MKY, TaKMMH, SIK BIK.
Icaye mo3o0-3anexHuit ekcroec 3axpopioBanb LITHC i
OpraHiB 4yTTs, BereTto-cyauHHoi muctoHii (BCJ),
apTepiaJibHOI TinmepTeH3il Ta LepedpoOBaCKYISIPHUX
3axBoploBaHb B YJIHA 1986—1987 poxkiB. HaiiGinbi
3HAUYYLIOI IAaTOJIOTIEI € lLiepeOpoBaCKYJISIpHI 3ax-
BOpPIOBaHHS (0COOJIMBO, aTePOCKIEPO3 CYAUH T'OJIOB-
HOTO MO3KY) i KOTHITUBHUU nediuut [38]. Lle y3roa-
XKYEThCS 3 TaHUMHU PO BMKMBIIMX ITiCJISI aTOMHUX
6ombapayBaHb [39].

sition can be provoked by environmental stressor,
while resulting in the occurrence of the disorder.
There is evidence of an increased incidence of
schizophrenia spectrum disorders following expo-
sure to atomic bombing radiation, or environment
with high natural IR level [33]. In fact, a significant
enhanced prevalence of schizophrenia has been
reported in the survivors in Nagasaki [34]. The
prevalence of schizophrenia was about 6%, signifi-
cantly higher than that found in the general popula-
tion where it is estimated to be about 1% [35].
Unfortunately, this study has several methodologi-
cal limitations due to the fact that the Life Span
Study (LSS), started by the Radiation Effects
Research Foundation (RERF) in Japan did not
include data on severe mental disorders. In addi-
tion, the findings were obtained combining the
schizophrenia register of the Department of
Neuropsychiatry, University School of Medicine of
Nagasaki, with the LSS register. However, the
schizophrenia register had been operative only since
1960 and it was not possible to calculate annual
inception rates back to the A-bombing in 1945. At
the same time, irradiation in adulthood was pro-
posed as a new model of schizophrenia [36].

IMPACT OF LOW-TO-MODERATE DOSES
ON MENTAL HEALTH AND
NEUROPSYCHIATRIC MANIFESTATIONS
There was a significant increase in the incidence of
schizophrenia in the Chornobyl exclusion zone
area starting from the 1990: 5.4 per 10,000 in the
Chornobyl exclusion zone personnel versus 1.1 per
10,000 in Ukraine in 1990. It was, thus, proposed
that the development of schizophrenia spectrum
disorders in Chornobyl clean-up workers was the
consequence of a radiation-induced left fronto-
temporal cortical-limbic dysfunction [37].

In any case, neuropsychiatric disorders following
the Chornobyl disaster with no doubt are etiological-
ly heterogeneous due to the combining effects of the
IR coupled with social changes and traditional risk
factors, such as age. According to available data, a
significant dose-related increase of the CNS and sen-
sorial organs disturbances, vegetative-vascular dysto-
nia, arterial hypertension and cerebrovascular dis-
eases, was observed in clean-up workers of 1986—
1987 working period. The most relevant pathologies
are cerebrovascular pathology (especially, cerebral
atherosclerosis) and cognitive deficit [38]. This is
consistent with data on atomic bomb survivors [39].

@ 70



ISSN 2304-8336. lpobnemn paniauiiivoi Meauunkn Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

REVIEWS

IcHye myxXe 1iKaBWil Ta IHTPUTYIOUMI KJIacTep €KCIIe-
PUMEHTAJIbHUX AOCHIIXKEHb, B SKOMY IOKa3aHO, IO
BILIMB Maiux 103 IB y npeHaTanbHUii nepioa Moxe OyTu
eTiosoriyHUM pakTopoMm 1mm3odpeHii [40—44]. Kpim To-
ro, cepea 1867 onpomiHeHUX OCi0 in utero B pe3yJbTaTi
atroMHoro 6omb6apayBaHHg B Haracaki, y 18 mauieHTiB
(0,96 %) posBuHyacs mm3odpeHis. [i mommpeHicTs 6y-
Jla 3HaYHO BMIIIOIO Y JIIOIEH, sIKi 3a3Haau padialliiiHOro
BIUIUBY B IPYyTOMY TPUMECTpi BariTHOCTI, HiX Yy OcCi0, sIKi
3a3HaJIM OMIPOMiHEHHS B TPETbOMY TPUMECTPI BariTHOCTI.
YuM Oamxkye BOHU OyJIM 10 eMileHTpy, TUM BUllle OyJia
MOIIUPEHICTh INU30(PEHil, ajle CTATUCTUYHO 3HAYYILOI0
JIiHIMHOI 3aJie;KHOCTi He crocTepiraiocs. IIporte, naHe
JTOCJiIKEHHS He 3MOIJIO JaTH BiAIOBiAI HA MUTAHHS, YU
€ BIUIMB aTOMHOro OomOapayBaHHSI Yy IIpeHaTaJlbHUIA
rnepion YNHHUKOM PU3UKY PO3BUTKY IIM30dpeHii [45].

BucioBneHo npunyiieHHs, 110 BHYTPilIHbOYTPOO-
HO omnpomiHeHi B pesyiabTati aBapii Ha YAEC mno-
TEHLiAHO MalTh MiABUILIEHUI PU3UK PO3BUTKY M-
3o(dpenii [33, 46]. BuspieHo, 1o yacToTa MIKU30(-
peHii BUIIE Yy JIIoJel, siKi )KUBYTh B perioHi Cemurnana-
TUHCBKOTO aTOMHOTrO ToJiirony B KazaxcrtaHi. bansb-
Ko 29 % mauieHTiB i3 NCUXiYHMMHM po3jIafaMM, SIKi
MPOXNBAIOTh B LIbOMY paioHi, XBOPiIM Ha IIMU30(-
peHito [33]. IIpoTe, y HemaBHbOMY JOCHiAXKEHHI Oifab-
me 10 000 oci0b, sKi 3a3HaAM ONPOMiIHEHHS T'OJIOBU B
JUTSYOMY Billi AJIs1 IIKyBaHHSI CTPUTY4YOTO JIMILIAI0, B
SIKOMY OLIiHIOBAJM MOXJIMBUI 3B’SI30K MiX BILJIMBOM
IB i mu3odpeHiero, He OyJ10 BUSIBICHO €KClecy Jac-
TOTH 3aXBOPIOBAaHHS B MOPIBHSHHI 3 IBOMa I'pPylaMHu,
gaKi He 3a3Hanm mii IB [47].

Pesynwratu gociimkeHsb npodeciiiHoro ado aBapiitHO-
ro BILUTUBY IB MaroTh BeTMKUi MOTeHLIMHUI iHTepec, ajie
i pe3yabTaTu oOMexXeHi i cynepewiuBi. JlocTynHi maHi
1oa0 aToMHMX OoMOapayBaHb Xipocimu i Haracaxi,
panianilinux aBapiit y Tpu Maiin Aiinenai, YopHoOwi,
®ykyciMmi Ta iH., IAepPHUX MPALiBHUKIB Ta MPALliBHUKIB B
rajy3sx MeAUKO-0i0JOriYHMX AUCHUILIIH (6iojoru,
pamiosoriyHi JTabopaHTH, pamioiorn Ta (axiBili Bi3y-
ajizalii, BeTepyuHapu Ta iH.). € nBi pi3Hi MOJeJli BIUTUBY:
BiIHOCHO BeJvKi 103U (10 4 Ip) mpoTaroM BiTHOCHO KO-
POTKOTIO MepioAy 4yacy, a TAKOX BiTHOCHO MaJli 103U (Bif
5 mIp mo < 0,5 Ip) mpoTsAroM OGiNTBIIT TPUBAJIOTO TIEPIOMY.
Heski aBropu [48] MOBiIOMUIN TIPO BiICYTHICTh 3B SI3KY
MixX pamiauiitHum BIuMBoM (< 4 Ip) i cmaboymMcTBOM ce-
pen 2286 0cib MOXWIIOrO i CTApevyoro BiKYy, SKi MepexKuIn
aToMHe OoMOapayBaHHSI, 3a BiICYTHICTIO Pi3HUIII YaCTO-
T JEMEHIIii MiX TpyraMu oci0, sIKi 3a3Ha I ONMPOMiHEH-
Hs y no3ax <5 mIp, 5—499 mIp ta >500 mIp. [Tpodeciiine
OINPOMIHEHHs TOB’sI3aHE 3i CMepTIO IpU CIaOOYMCTBI
TUIBKU Y SIIEPHUX MpaliBHUKIB, aje HE y palioJioriB i

There is a very interesting and intriguing cluster
of experimental studies testifying that exposure to
low doses of IR in the prenatal period could be an
etiological factor of schizophrenia [40—44].
Moreover, among 1867 prenatally exposed individ-
uals as a result of A-bombing in Nagasaki, 18 sub-
jects (0.96%) had developed schizophrenia later in
life. The prevalence was significantly higher in peo-
ple exposed in the second trimester of pregnancy
than in those exposed in the third trimester. The
closer they had been to the hypocentre, the higher
was the prevalence, but no statistically significant
linear relationship was seen. However, this investi-
gation could not clarify the nature of exposure to
A-bomb radiation as a risk factor for schizophrenia
in the prenatal period [45].

Further, prenatally irradiated persons after the
Chornobyl accident were considered to be at possible
increased risk for schizophrenia [33, 46]. In addition,
the incidence of schizophrenia was found to be high-
er in people living in the region of the Semipalatinsk
nuclear weapon testing area in Kazakhstan. In fact,
about 29% of patients with mental disorders living in
the area were affected by schizophrenia [33].
However, in a recent study evaluating the possible
association between exposure to IR and schizophre-
nia, a group of more than 10,000 subjects exposed to
head irradiation during childhood for treatment of
tinea capitis did not show a higher incidence of the
disorder, in comparison with two matched groups
that had not been exposed to IR [47].

The studies on occupational or accidental expo-
sures to IR are of great potential interest, but the
evidence is limited and conflicting. The available
data come from Hiroshima and Nagasaki atomic
bombing, Three-Miles Island, Chornobyl, Fuku-
shima, and other radiation accidents, nuclear
workers and personnel in medical and biological
fields (biologists, radiology technicians, radiolo-
gists and imaging practitioners, veterinarians,
etc.). There are two different models of exposure:
relatively high doses (up to 4 Gy) over a relatively
brief period of time, and relatively low doses (from
5 mGy up to <0.5 Gy) over a much longer period
of time; Some authors [48] reported no relation-
ship between radiation exposure (<4 Gy) and
dementia in 2286 ageing atomic bomb survivors,
with no difference in incidence between the <5
mGy, 5—499 mGy, and >500 mGy groups.
Occupational exposure to radiation was associated
with death from dementia only in nuclear weapons
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TexHiKiB [49]. AHani3z pe3yabTaTiB AOCHiIXeHb B 15
KpaiHax MepcoHaly SAEPHOI MPOMUCIOBOCTI (CepeaHs
KymyngtuBHa no3a 20,7 M3B) HO3BOJMB PO3paxyBaTH
HagMinKoBuit BimHocHui pu3uk (Excess Relative Risk,
ERR) cmepTHOCTI Ha 1 3B Bi ycix HEOHKOJIOTIYHX 3aXBO-
ploBaHb, IKMi1 cTaHOBUTH 0,24 (95 % noBipunii iHTepBaj
(1I) -0,23; 0,78) i ceprieBo-CyIMHHNX 3aXBOPIOBAHb, STK
0,09 (-0,43; 0,70). LlixaBo, 1110 HAWBUIII PUMKA MaJI
OinbIn Mostoni patiBHUKK|[50], Mpo 1110 BxKe MOBIIOMIIS -
Jocs ctocoBHO YJIHA Ha YHAEC [5]. BctaHoBeHa CUJb-
Ha acouialis TaKOX MiX CMEPTHICTIO Bif XBOpPoO CUCTe-
MU KpOBOOOIry i Maaumu Ta cepeaHimu go3amu IB. Byno
BUCJIOBJIEHO TYMKY MpO Te, 1110 pamdialliifHo-acolliiioBaHa
CMEPTHICTb MOXe OyTM Maiixke BABiYi OifblIOI0, HiX B
JAaHWH Jac OLIHIOETHCSI Ha OCHOBI CMEpTi Bif paky (sIKa
3HAXOIUThLCA y Aiamas3oHi Bim 4,2 1o 5,6 % Ha 1 3B mia
i€l mormyJisii) [51].

V nocnimxkeHHi XiHOK-poOiTHULL 3 12 aMepUKaHCh-
KMX 3aBO/IiB 10 BUPOOHULTBY $s1IepHO1 30poi OYJI0 BUSIB-
JIEHO HecnofiBaHe 30iJbIIEHHS CMEPTHOCTI TIpHU
MCUXiYHUX po3nanax [52]. Haitoinbm mommpeHum aiar-
HO30M OyJla AeMeHIIisl, Ha 4acTKy sKoi mpunagaia 91
CMEpTh 3y LiJIoMy 166 BUITagKiB CMepTi IIPU MCUXIYHUX
posnagax. Y rHi3moBOMY JOCIiIKEHHi «BUMagOK—KOHT-
poJib» B 00’emHaHiil KoropTi 67 976 XiHOK — SIIepHMUX
pOOITHULL J03M ONpPOMiHEHHs (3a3Buyaii MeHini 100
M3B i yacto nopsiuky 10 m3B) Oynu 1moB’s13aHi 3 BiZHO-
meHHaM maHciB (Odds Ratio, OR) cMmepTi npu nemeH-
mii. I MakcumanbHe piyHe BigHolleHHs IIaHciB (OR =
2,11,95 % O1=0,98; 4,40), i cymapHi 1031 ONPOMiHEH-
Hs nipotsiroM xkuttg (OR = 2,09, 95% A1 = 1,02; 4,29)
Oy TIOB’s13aHi 3i CMepTIO MpHU JeMeHIIil. 3HauHi TeH-
JeH1ii 1o3a-edeKT mprucyTHi B 000X Bunaakax [53]. LLi
pe3yaIbTaTH Y3TOIXYIOTHCS 3 TOBIZOMJICHHSIMU IIPO
KOTHITMBHI MOPYILIEHHS ITic/s BIUIMBY paniauii B YJIHA
Ha YAEC [5-8, 37, 38, 54-59].

Kpim Toro, 0yno BUSIBIEHO 30iTbIIEHHS 3aXBOPIOBa-
HOCTi Ha po3cisHuii ckiepo3 B 2005—2010 pokax y
[liBHiuHO-3aximHOMY peTioHi YKpaiHu, SKi B HalOiIb-
IIOMY CTYIMEHi MoCTpaxKaadud Bil pamgioaKTUBHUX BU-
naaiHb B pe3yabrati aBapii Ha YHAEC. HaliBuiiuii piBeHb
3aXBOPIOBAHOCTI Ha PO3CISIHUI CKJIepO3 OyB BUSIBIICHUIA
y 3axigaux (71,8 #a 100 000 Hacenenus) ta LleHTpanb-
Hux (59,0 Ha 100 000) oGnacTsax YkpaiHu y MOpiBHSIHHI 3
18,0—44,0 na 100 000 y ITiBaeHHO-CximHUX OOJACTSIX.
TakuM 4YmHOM, MOXHA TIPUITYCTUTH, IO BIUIMB
PamioOHYKIIIIB € TIOCHIIOIYNM (PAKTOPOM PUBUKY
PO3CiSTHOTO CKJIepO3y, TOMY 1110 3aXBOPIOBAHICTh HA HbO-
ro 3pocja B IUX 00acTsxX micas katactpodu [60].

IToToyHa olliHKa cTaHy MCUXiYHOTO 3A0POB’S i Heli-
poTICUXiaTpUIHUX HACHIIKIiB Katactpod Ha YopHo-

workers, but not in radiology technicians [49].
Data analysis from studies in 15 countries among
the nuclear industry personnel (average cumula-
tive dose 20.7 mSv) revealed the excess relative
risk (ERR)per 1 Sv of radiation for all non-cancer
mortality as 0.24 (95% confidence interval(CI)
-0.23; 0.78) and for cardiovascular disease as 0.09
(-0.43; 0.70). Interestingly, the highest risks were
found in younger workers [50], as already reported
in Chornobyl clean-up workers [5]. A strong asso-
ciation was also reported between circulatory dis-
ease mortality and low and moderate IR doses. It
was suggested that overall radiation-related mor-
tality is about twice that currently estimated based
on estimates for cancer end points alone (which
range from 4.2% to 5.6% per Sv for these popula-
tions) [51].

In a study of female workers from 12 US nuclear
weapon plants, an unexpected increased mortality
from mental disorders was detected [52]. The most
common diagnosis was dementia, which account-
ed for 91, out of the total of 166 deaths from men-
tal disorders. In a nested case—control study within
a pooled cohort of 67,976 female nuclear workers,
the radiation doses (consistently less than 100 mSy,
and often in the 10 mSv range) were associated
with an odds ratio (OR) for death from dementia.
Both maximum annual odds ratio (OR = 2.11,
95% CI = 0.98, 4.40) and total lifetime radiation
doses (OR =2.09, 95% CI =1.02, 4.29) were asso-
ciated with death from dementia. Significant dose-
response trends were present for both exposures
[53]. These results are consistent with the reports
of cognitive impairments following exposure to
radiation in clean-up workers of the Chornobyl
accident [5—8, 37, 38, 54—59].

Moreover, an increased incidence of multiple
sclerosis in 2005—2010 was revealed in the North-
West regions of Ukraine, mainly affected by the
Chornobyl accident fallouts. Indeed, the highest
level was revealed in Western (71.8 per 100,000)
and Central (59.0 per 100,000) areas of Ukraine in
comparison with 18.0—44.0 per 100,000 in South-
East areas. Therefore, it is conceivable that expo-
sure to radionuclides is an amplifying risk factor of
multiple sclerosis because of its incidence is
increasing in these areas after the disaster [60].

The current state of art concerning mental
health and neuropsychiatric impact of the
Chornobyl and Fukushima disasters is compre-
hensively outlined in the commissioned by
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omnbebKiit AEC i @ykycima [laiivi BcebiuHO BUKIIafcHa B
nyoOikauii 3a miarpumku Ipinmic (2016) «Meoduuni
Hacaioku Yoprobunio ma Pykycimu: 30 i 5 pokie nomomy»
[61]. JoBrocTpokoBi HETaTMBHI HACHiIKWA Ha TCHUXiYHE
3n0poB’s Bu3HaHi YopHoounbebkuM opymom OOH Ta
HiATBEPIXKEHI MOAATbIIMMU TOKA30BUMU MiKHAPOIHU-
MU IOCIIIXEHHSIMM SIK OOUH 3 OCHOBHUX MEIUKO-
couiaabHuX TarapiB YopHOOUIBCHKOI KaTtacTpodu.
Ilepmr 3a Bce, 1i HACHIAKW BKJIIOYAIOTh: MOB’s3aHi 3i
CTPECOM PO3JIaAN; BIUIMB HAa MO30K, III0 PO3BUBAETHCS,
opraHiuHi ncuxigHi posnagu B YJIHA na HAEC ta camo-
ryocTsa [62—68]. YopHoouiabcbkuit popym OOH Takozxk
BU3HAB €KCIIEC CMEPTHOCTI BHACJIIOK CEepLIEBO-CYINH-
HHUX 3aXBOPIOBaHb (B TOMY YMCJIi LIepeOpOBACKYISIPHUX)
B YJIHA na YAEC. Y T0ii Xe 4ac, BIUIUB MaJluX 03
pagiallii Ha MO30K € OJHMM i3 MIPIOPUTETHUX HATIPSIMKIiB
Cy4aCHMX JOCTiIXKEeHb IJIsI BABUEHHST HEpaKOBUX e(eKTiB
pagiallii, MpOTe BOHU 3JIMILIAIOTHCS JUCKYCIHHUMMU.
INcuxomoriuni Hacminkm aBapii Ha YAEC Ha cporomni
BBaXKAIOTLCS HaNOIIBIIOI CIIPUYMHEHOIOKATACTPO(DOIO
npo06eMOI0 OXOPOHU 310poB’s. Briepiie Oyio cucrema-
TUYHO OLliHeHO TcuxiuHe 310poB’s B YJIHA Ha HAEC, ski
3a3HaJId HalOLIbILIOr0 MPOMEHEBOIO HABAHTAXKEHHSI i 3ar-
pO3U IS XKUTTS. Y TIepIIOMYy CTaHIAPTU30BAHOMY TICHXi-
aTPUYHOMY MOCITIIKeHHI OYyJM OINMCaHi JOBrOCTPOKOBI
MCUXOJIOTIUHI Hacaiaku YopHOOMILCHKOI KaTacTpodu Ha
Bubipui YJIHA na YAEC B Ykpaini. Koroptu ckiianm 295
VJIHA na YAEC 4JosoBiuoi cTari, SKi Opajiu yJacTh B aBa-
piliHnx po6otax y 1986-1990 pokax i KOTpUX iHTepB’OBAN
18 pokiB micis aBapii (71 % piBeHb Biaryky), ta 397 reor-
padigHO BiIIMOBITHMX KOHTPOILHUX OCI0, KX OYJI0 OITH-
TaHO B paMKaX YKpaiHCBKOI yuacTi y BcecBiTHOMY JOCITiA-
>KeHHI IICUXiYHOTO 3I0POB’sT BIPOIOBX 16 POKIB ITiCJIsT aBa-
pii. Bukopuctanu KomruiekcHe MixkHapoaHe JiarHOCTUYHE
inTepB’10 (Composite International Diagnostic Interview,
CIDI) BcecsitHboi Opranizauii Oxoponu 3a0pos’st (BO-
03). B VJIHA na YAEC y nopiBHSIHHiI 3 KOHTPOJIGHOIO
IPYIIOIOBUSIBUIN Gilbiny dacToTy merpecii (18,0 % mpotu
13,1 %) i cyiumnanbsHoi ineauii (9,2 % npotu 4,1 %) micia
aBapii. [Iporarom poky, 110 mepeayBaB iHTepB’t0, Oysa
30iblIeHa yacToTa Aenpecii (14,9 % npotu 7,1 %), moct-
TpaBMaTU4HOro cTpecoBoro posiany (ITTCP) (4,1 % mpo-
™ 1,0 %) i ronoBHOro600 (69,2 % npotn 12,4 %). XBopi
VJIHA nHa YAEC BTpatuiu Oijblie JHIB TTpale3nIaTHOCTI,
HiXX XBOpPi KOHTPOJIbHOI Tpymnu. PiBeHb eKcrosuilii OyB
MOB’SI3aHUIA 3 TTOTOYHOIO TSDKKICTIO COMATHMYHMX CHMII-
toMiB i [ITCP. Taknum YHOM, BUSIBUJIN JOBIOCTPOKOBI TTO-
pylieHHs ncuxiyHoro 310poB’st B YJIHA na YAEC [69].
CrnpuiiHATTS  pPU3MKIB  paliallilHUX  aBapii,
pamioJIOriYHMX TePOPUCTUIHUX AKTIiB, a TAKOX SIIEPHUX
KOHQTIKTIB i SiAepHOl BilfHM iCTOTHO Bifpi3HSIETHCS Bif

Greenpeace publication (2016) «Health Effects of
Chernobyl and Fukushima: 30 and 5 years down the
line» [61]. The long-term mental health conse-
quences have been recognized by the UN
Chernobyl Forum and supported by further evi-
dence-based International studies as one of the
main medical and social problem of the Chornobyl
catastrophe aftermath. First of all, they are the
stress-related disorders, effects on the developing
brain, organic mental disorders in clean-up work-
ers, and suicides [62—68]. The UN Chernobyl
Forum also suggested the excesses of mortality, due
to cardiovascular disease (including cerebrovascu-
lar), in the clean-up workers of the Chornobyl
NPP accident. At the same time, the effect of low
doses of radiation on the brain are among the
research priorities for exploring of non-cancer
effects of radiation, however, they are still at issue.

The psychological aftermath of the Chornobyl
accident is regarded as the largest public health
problem unleashed by the accident to date. For
the first time the mental health of the clean-up
workers, who faced the greatest radiation expo-
sure and threat to life, has been systematically
evaluated. In the first standardized psychiatric
study the long-term psychological effects of
Chornobyl in a sample of clean-up workers in
Ukraine were described. The cohorts were 295
male clean-up workers sent to Chornobyl between
1986 and 1990 interviewed 18 years after the acci-
dent (71% participation rate) and 397 geographi-
cally matched controls interviewed as part of the
Ukraine World Mental Health Survey 16 years
after the accident. The World Health Organi-
zation (WHO) Composite International Diagnos-
tic Interview (CIDI) was administered. Relatively
more clean-up workers than controls experienced
depression (18.0% v. 13.1%) and suicide ideation
(9.2% v. 4.1%) after the accident. In the year pre-
ceding interview, the rates of depression (14.9% v.
7.1%), post-traumatic stress disorder (PTSD)
(4.1% v. 1.0%) and headaches (69.2% v. 12.4%)
were elevated. Affected workers lost more work
days than affected controls. Exposure level was
associated with current somatic and PTSD symp-
tom severity. Thus, long-term mental health con-
sequences of Chornobyl were observed in clean-
up workers [69].

Risk perception of radiation accidents, radiolog-
ical terrorist attacks, as well as nuclear conflicts
and nuclear war are substantially different from
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CIIPUIAHSTTS CTUXIMHMX JUX i BOEH 0€3 3aCTOCYBaHHS
30poi MacoBoro 3HuIleHHs. KJiHiuHi ocoOiuBoOCTi
BiAMOBIAHUX TICUXIYHUX PO3JIa/liB BKJIIOUAIOTh B cede oc-
HoBHi Kputepii IITCP — «3aHypeHHsI» B JOCBiJl, «YHUK-
HEHHSI», «30YIJIMBICTb», i «Ie(MillUT COLialbHOrO (hyHK-
uionyBaHHs» [70]. «Pamianirinuit» ITTCP BkIIouae B ce-
0e penomeH «piemidopBapa» i aHTUCUTIATOPHUI (TTe-
pendavatounii) cTpec (TpoeKIlis cTpaxy i HeOe3neKu 10
MaiOyTHBOr0); coMaTOOPMHI po3anu (aenpecis, cu-
TyaliifHa Ta 0OCOOMCTiCHA TPMBOTa); HEUPOKOTHITUBHOTO
nediunT (IopylLIeHHs ITaM’sITi i yBaru, 0COOJIMBO aymio-
BepOaIbHOI MmaM’sITi i HaBYaHHS, TPOAKTUBHOI Ta PETPO-
aKTHBHOI iHTepdepeHI1lii, MO30YKOBI i CTOBOYPOBi CUMII-
TOMHM, iHTenekTyanabHi 3MiHKM). B YJIHA na YAEC no-
TOBIIEHUU KOMIIOHEHT iHTUMa-MeJia, 301bIlIeHa 4acTO-
Ta CTEHO3Y 3arajJilbHMX COHHUX apTepiii, a TaKOX 3arajb-
HUX Ta JIiBOI BHYTPillIHbO1 COHHOI apTepii. Y mocrpaxma-
Jux BHacainok YopHoOunbebkoi Katactpopu 3 ITTCP
BUSIBJIEHI 3MiHM Oi0€JIeKTPUYHOI aKTUBHOCTI MO3KY, 1110
BKJIIOYAIOTh SIK 3MEHILEeHHS OeTa- i TeTa-MOTY:KHOCTI,
TaKk i 30inblIeHHs aibda-moryxHocTi. [ITCP micias
panialiiiHoi aBapiiiHOI CHMTYyallil XapaKTepU3YyETbCSI KO-
MOpPOIOHICTIO MCUXOMATOJIOTii, HEUPOKOTrHITUBHOIO
JediunTy i HepedpoBacKyJIIpHOI MaTOJIONl 3 MigBUILE-
HUM PU3UKOM PO3BUTKY LIEPEOPATIBHOIO aTePOCKIEPO3Y
Ta iHcynwTy. LlepeOpanbHoo ocHoBow Likoro IITCP
MOXXHA BBaXKaTH TTOPYIIEHI 3B’SI3KW MiX ITipaMigaJbHU-
MU KJIiTUHAMU1 KOPH TOJIOBHOI'O MO3KY i TilOKaMITy, a Ta-
KOX TJTMOOKMX CTPYKTYP FOJJOBHOTO MO3KY [71].

Hernpecist € onHUM 3 HAWOLIbII 3HAYHUX i JOBrOCTPO-
KOBUX HACJiJKiB aTOMHUX OoMOapayBaHb, SIASPHUX
BUMNPOOYBaHb Ta iHIIMX padialliiHUX HAA3BUYAHUX CU-
tyauiii. YJIHA Ha YAEC MmawoTh 30iJbllIeHi IOIIN-
peHicthb aenpecii (18,0 % i 13,1 % B KOHTPOIbHIli IpyIIi)
i piBeHb camoryocTB [69]. lemnpecisi B OCHOBHOMY CITOC-
TEepira€TbCsl B CTPYKTYpPi OpPraHiYHUX TCUXiYHUX PO3-
JIaJliB Ha TJ1i LIepeOPOBACKYISIPHUX 3aXBOPIOBaHb. Y Kili-
HiYHili KapTUHI epeBaXaloTb ACTEHOAAMHAMIUHi i acTe-
HoamnaTuyHi genpecii. JlernpecuBHi po3naau Mpu pajia-
LHiiHUX aBapilHUX cuTyallisix OaraTodakTOpHi BHa-
CJiOK BIUJIMBY KOMIUIEKCY TMCHXOT€HHUX i paiofio-
rivHux (akTopiB aBapii, a TaKOX Aii TpaAULIAHUX YUH-
HUKIB PU3UKY, COMATUYHUX i HEBPOJOTIUHUX 3aXBOPIO-
BaHb, I'€HETUYHOI CXMJIBHOCTI TOlIO. ¥ TO# Xe yac,
BIUIMB iOHi3y104Oi pajialiii € (akTopoM y reHesi Aer-
pecii. Lleii BB Moxe 0yTu 1K npsaMuM (aisg Ha [ITHC),
TakK i OMocepeaKOBaHUM 4Yepe3 COMaTUYHiI Ta HEBpO-
JIOTiYHi BigxuieHHS (MyJbTUOpraHHa IMCGYHKIiS), a
TaKOX B Pe3yabTaTi pi3HUX MaTOTeHETUYHUX MEXaHi3MiB
BIUIMBY iOHi3YyI04O01 pafiallii Ha TOJJOBHUIA MO30K, sIKi Oy-
JIV BUSIBJICHI OCTaHHIM yacoM [72].

perception of natural disasters and wars without
use of weapons of mass destruction. Clinical fea-
tures here include the major criteria of PTSD —
«immersion» in the experience, «avoidance»,
«hyperexcitability», and «social functioning
deficit» [70]. «Radiation» PTSD includes «flash-
forward» phenomena and anticipating stress (pro-
jection of fear and danger to the future); somato-
form disorders (depression, trait and state anxi-
ety); and neurocognitive deficit (impaired memo-
ry and attention, auditory-verbal memory and
learning, proactive and retroactive interference,
cerebellar and stem symptoms, intellectual
changes). The intima-media component thick-
ness, common carotid arteries, and common and
left internal carotid arteries stenosis rates are
increased in the clean-up workers. Changes of bio-
electrical brain activity as a decrease of beta- and
theta-power, together with an increase of alpha-
power, were found in the Chornobyl accident sur-
vivors with PTSD. PTSD following radiation
emergency is characterized by comorbidity of psy-
chopathology, neurocognitive deficit, and cere-
brovascular pathology with increased risk of cere-
bral atherosclerosis and stroke. The cerebral basis
of this PTSD is proposed to be an abnormal com-
munication between the pyramidal cells of the
neocortex and the hippocampus, and deep brain
structures [71].

Depression is one of the most significant and
long-term effect of the atomic bombings, nuclear
testing and radiation emergencies. The participants
of the accident at the Chornobyl nuclear power
plant increased prevalence of depression (18.0%
and 13.1% in controls) and suicide rates [69].
Depression is mainly observed in the structure of
organic mental disorders against cerebrovascular
disease. The clinical pattern is dominated by
asthenoadynamic and asthenoapathetic depression.
Depressive disorders in radiation emergencies are
multifactorial, that is the result of exposure to the
complex psychogenic and radiological accident’s
factors, impact of traditional risk factors, somatic
and neurological diseases, genetic predisposition,
etc. At the same time, exposure to ionizing radia-
tion is a factor in the genesis of depression. This
impact can be direct (to the CNS), and indirectly
through the somatic and neurological abnormalities
(multiorgan dysfunction) as well as by a variety of
pathogenic mechanisms of ionizing radiation on the
brain that have been discovered recently [72].
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V npalliBHUKIB, SIKi IEPETBOPIOIOTh 00’ €KT «YKPUTTSI»
YAEC Ha exkoJioriyHo 0e3IeYyHy CUCTeMyY, Oyau
JOCHiAXKeH MOTeHLiiHI eeKTU MauX i Ay>Ke MaauX 103
IB. Bugsneni mopyiieHHs 0ioeJIeKTPUYHOI aKTUBHOCTI
TOJIOBHOT'O MO3KY i KOTHITUBHA AUCPYHKIIisI. OpraHizo-
BaHi TUITM eJIeKTpoeH1edalorpaM CTaloTh 1e30praHizo-
BaHUMHU. 30iAbIIYIOTECS CHEKTpaJibHA JeJIbTa-T10-
TY>KHICTb Y JIiBilf TOOHO-CKPOHEBiil IiJISIHIII, TeTa- i ajlb-
(ha-TIOTY>KHICTB Y JIiBili CKPOHEBIN TiMsHIL, 3 Iepepo3-
noaiJioM ajbda-aKTUBHOCTI 10 (PPOHTATBbHOI NUISTHKHU 3i
3HMXKEHHSIM JOMiHYIOYOI 4acTOTHM B JIiBili CKpOHEBiii
ninsHui. KpiM Toro, HeiipoOKOTrHITUBHI TeCTU MOKa3aiu
HasIBHICTb TOMipHMX KOTHITMBHMX posfnafdiB. llikaBo,
110 MpaliBHUKM, SIKi paHillle 3a3HaJIM BILUIMBY pajiallii
0e3 OyIb-sIKMX HACJiIKiB, OyJIM OUIbLI CTIMKUMU A0 LIUX
OIMMCAHUX TMaTOJIOTIYHUX 3MiH. JlaHi TopylIeHHS OyJ10
3alpPOIIOHOBAHO PO3IJISIAATH SIK KOTHITUBHI CUMITOMU
CUHIpOMY XpoHiuHOi BToMu (CXB) BHaAcCIiIOK BILUIMBY
Manux no3 IB Ta inmmx ¢gaxropiB pusnky [73].

LlinkoM 04eBUIHO, 1110 FOJIOBHUI MO30K, IKMii PO3BU-
BAa€ThCS, € HAA3BUYAHO pagiouyTiuBuM. [1pobiema mmo-
LIKOJKEHHST MO3KY B yTpoOi MaTepi B pe3yJibTaTi KaTacT-
podu Ha YopHoounbewKilt AEC € BelTbMU TUCKYCIiTHOIO.
Excrpanonsauiss gocBimy atomMHMX OomOapayBaHb B
AroHii i 3araJpbHOl MEIUYHOI PamioSOTiYHOI MPaKTUKU
Ha pagiauiiiHi aBapii Ha YopHoOmabCchKiit AEC i, MoX-
qnBo, Ha ®Dykycima [aiiui AEC HekopekTHa yepe3 Ha-
SIBHICTb BHYTPIIlTHbOI'O ITPEeHATaJIbHOIO BIUIMBY paaioak-
TMBHOTIO MOIy MpH aBapisx Ha SIASPHUX peakTopax.

BOO3 B 1992—1995 pokax peaiizyBajia MiJIOTHUI IPO-
eKT «BHYTpilIHbOYTPOOHE YpaXkeHHSI TOJIOBHOT'O MO3KY»
B paMKax «MixXHapOmHOI IporpaMu 3 MeIUYHUX HACTiI-
KiB aBapii Ha YopHoOwmibebKiit AEC» (IPHECA). Anati3z
pesynbratiB B binopyci, Pociiicekiit @eneparii i Ykpaini
TMoKa3ajan HacTyMmHi ¢akTu: 1) MOIMMpPEeHiCTh JIETKOI po-
3YMOBOI BiICTaJIOCTI y AiTeil, OPOMiHEHMX BHYTPIllTHbO-
YTpPOOHO, BHUIIE, HiXK B KOHTPOJBbHUX TpyIax; 2) TeH-
JeHIIi10 10 30iIbIIEeHHS YMCla BUMAAKIB eMOLIIHHYX i MO-
BEIiHKOBUX PO3JIa/iB y AiTei, ONpOMiHEHUX MpeHaTalb-
HO; 3) 30iJbIIEHHST MOIIUPEHOCTI MEXOBUX HEPBOBO-
TMICUXiYHUX PO3JIadiB y OaTbKiB AiT€i, OMPOMiHEHUX in
utero [74]. OmHak 1i pe3yabTaTd He OyJIM OJHO3HAYHO
BU3HaHI HAa MiXXHapOTHOMY piBHi. MOXIUBUI 3B’SI30K
TICUXOHEBPOJIOTIYHUX e(EKTiB i 703 TIpeHaTaJTbHOIO OIl-
POMiHEHHSI 3aJUIIMBCS HEAOCHiAXKEHMM, a OlliHKa
MCUXIYHOTO 30POB’Sl ONMPOMiIiHEHMX BHYTPIillIHBOYTPOO-
HO JiTelt i BU3BHAUEHHSI €TiOJIOril BUSIBIEHUX Y HUX HEP-
BOBO-TICUXIYHMX PO3JIaIiB cynepednsi [5, 6, 61—68].

IIpoBeneHo Garato 1OCHiIKEHb TOCTPaXKAATNX, SKi 3HA-
XOAWIUCS Y MOJIOAILIOMY Billi a00 in utero Ha MOMeHT Hop-
HOOMJIBCHKOI KaTtacTpodu, i MPOXKMUBAIKN SIK TOPYd 3

The potential effects of low and very low doses of
IR were studies in workers on transformation of the
«Shelter» object of the ChNPP into an ecological-
ly-safe system which show qEEG abnormalities and
cognitive dysfunctions. The organized type of
qEEG shifted towards the disorganized one. An
increase of spectral delta-power in the left fron-
totemporal area, of theta- and alpha-power in the
left temporal area, with redistribution of alpha-
activity to the front and reduction of dominant fre-
quency in the left temporal area, were registered.
Further, neurocognitive tests revealed the presence
of mild cognitive disorders. Interestingly, those sub-
jects previously exposed to radiation with no conse-
quences, were more resistant to these detrimental
effects. Taken together, the disturbances observed
may be considered as cognitive symptoms of a
chronic fatigue syndrome (CFS) resulting from the
exposure to low doses IR and other risk factors [73].

It is axiomatic that the developing brain is
extremely radiosensitive. The problem of brain
damage in utero as a result of the Chornobyl catas-
trophe is highly discussible. An extrapolation of
the Japanese atomic bombing experience and the
general medical radiological experience on radio-
logical accidents at the Chornobyl NPP and prob-
ably at Fukushima Daiichi NPP also is incorrect
because of presence of internal prenatal exposure
to radioiodine in these nuclear accidents.

The WHO in 1992—1995 implemented a pilot
project «Brain Damage in Utero» within «Inter-
national Program on the Health Effects of the
Chernobyl Accident» (IPHECA). Analysis of the
results in Belarus, the RF and Ukraine showed the
following facts: 1) prevalence of mild mental retar-
dation in children exposed in utero is higher than
the same in the control groups; 2) increasing trend
in the incidence of emotional and behavioural dis-
orders in children exposed in utero; 3) increased
prevalence of borderline neuropsychiatric disor-
ders in parents of prenatally exposed [74]. How-
ever, these results have not been definitely recog-
nized internationally. Possible relation of neu-
ropsychiatric effects and doses of prenatal expo-
sure remained unstudied, whereas the assessment
of mental health of children exposed in utero and
aetiology of neuropsychiatric disorders revealed in
them is still contradictory [5, 6, 61—68].

Very young children and those been in utero who
lived near the plant when it exploded or in severe-
ly contaminated areas, have been the subjects of
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YAEC, Tax i Ha iHIIMX palioaKTUBHO 3a0pYTHEHUX TepU-
Topisix. OgHAK pe3yabraTv Lux pobiT cynepewinBi. He-
JIaBHi JOCJIiI)KeHHSI TpeHaTaJIbHO OIPOMiHEHUX OCi0, Ipo-
BeneHi B Kuesi, Hopgerii Ta DinngHzii, mokasanm crie-
MdivHI HEUPOTICUXOJOTIYHI i TICUXOJIOTIYHI MOPYIIIEHHS,
MOB’sI3aHi 3 pajialiiHMM BIUIMBOM, TOMi $IK B iHILMX
JIOCJTIXKEHHSIX HE BUSIBUJIU OYIb-SIKUX ICTOTHUX KOTHITUB-
HUX MOPYILIEeHb i 3MiH TICUXiYHOTO 3A0POB’S y 1IUX 0ci0. Y
NONYISALIMHUX AOCiIKEHHSX TOBiZOMJIEHO MpO IMiaBU-
1LIeHi TTOKa3HMKU MOTraHoi CaMOOLIIHKY 310POB’sl, a TAKOX
KJIiHIYHOI Ta cyOkmiHigHOi menpecii, TpuBoru i IITCP.
IMocTpazkmani MaTepi 3aIMILAI0THCS TPYIIOI0 BUCOKOTO PH-
3UKY LIMX PO3JIajiB, B MEpIIy Yepry yepe3 MmoOOoIoBaHHS
HECIPUSTIMBOIO BIUIMBY Ha 300pOB’4 X ciMeid. Takum un-
HOM, IOBIOCTPOKOBI HACJIiIKY MOPYLIEHb ICUXiYHOTO 3/10-
POB’SI IPOIOBXKYIOTh 3aIMILIATUCS TTpoOIeMolo |63, 64].

Ocobu, ompoMiHEHi BHYTPiIHbOYTPOOHO i B JIH-
TMHCTBi, € OCOOJMBOIO LiJbOBOIO TPYIOI0 3 BUCOKUM
PU3UKOM pafialliifHnX e(eKTiB i HelipomereHepaTUBHUX
3aXBOPIOBAHb: BIJIUB HAa HE3piJMii TOJOBHUIT MO30K He
BUKJIIOYAE MOXJIMBOCTI PO3BUTKY padiallifHO-iHIyKO-
BaHUX edeKTiB yepe3 TpuBaiuii yac. YopHOOUIBCHKI
JlaHi cBigyaThb, IO OIPOMIHEHI HiTU MOXYTb MaTu
MiABUILIEHU PU3MK e(MEeKTiB Ha TOJOBHUI MO30K, IO
PO3BUBAETHCS (KOTHITUBHI MOPYIIEHHS, €MOLiifHO-TTO-
BEAiHKOBI po3Jiaaiu, CHHAPOM Ae(illMTy yBaru i rinepak-
tuBHocTi (CAYTI),Ta iuH. [5, 6, 61—68].

Ilornsanm Ha TOXOMXEHHSI HEHpOICUXiaTpUYHUX
HaciakiB YopHOOMIbCHKOI KaTacTpodu BKpail CITipHi.
IlepedpanbHi edpexkTu Manux go3 1B, ocobiuBo Leped-
POBACKYJISIpPHI XBOPOOU Ta KOTHITUBHI MOPYILUEHHSI, 3Ha-
XOISIThbCS ¥ (DOKYCi HAyKOBUX iHTEpPECiB y BCbOMY CBITi.
30iMbIIEHHS MYy JaHUX IATPUMYE TOYKY 30py MPO
paniouytauBicte ITHC. IcHye Hu3Ka MexaHi3MiB
pamionepeOpanbHIX e(DEeKTiB, a came: MOPYIIECHHS Heli-
poreHe3y B TiMOKaMITi, 3MiHU y Mpo@ii eKcrpecii TeHiB,
3anajbHi peakuii, 3MiHM HeWpOCUTHATIOBAHHS, aroIl-
TUYHA 3arubeib KJIiTUH, KJIiTUHHA 3aribelib i ypaXkeHHs
3a paXyHOK OITOCEPeIKOBaHO BTOPMHHOTO IOIIKOIKEH -
H$I, «CyIMHHO-TJIiIaIbHUI cot03» Ta iH. [2, 5—8, 37, 38,
61-68, 71-73, 75—83]. Y Toii Xe 4ac, KOPTUKO-
JiMOiYyHa cucTeMa € MilleHHIO ISl padialiifHoro ypa-
JKEHHSI TOJIOBHOTO MO3KY, JIe TUC(PYHKIIiST HeiiporeHe3y y
rimokamri Ma€ BupilllaJibHe 3HAYeHHS [8§].

IToBigomneHo npo acouialiii Mixk mpodeci€ero i Helipoae-
TreHepaTUBHUMU 3aXBOPIOBaHHAMU. HaliBulle BimHOIICH-
H$I LLIAHCIB CMEPTHOCTI BU3HAYEHO JJIs1 IPECEHIIbHOI Ae-
MEHIIii y cTomaTosioriB, st xBopoou IlapkiHcoHa — y
OioJ1oriB, a TAKOX JIJIs1 3aXBOPIOBAHb PYXOBOTO HEpoHa —
y BeTepMHapii, TOOTO yKaTeropiii, siki 3a3HalOThb BILIMBY
pPi3HMX €KOJIOTIUHMX TOKCHUKaHTIB, B Tomy uuciai IB.

considerable research, but the findings are incon-
sistent. Recent studies of prenatally exposed chil-
dren conducted in Kyiv, Norway and Finland
point to the specific neuropsychological and psy-
chological impairments associated with radiation
exposure, whereas other studies found no signifi-
cant cognitive or mental health effects in exposed
children grown up. General population studies
report the increased rates of poor self-rated health
as well as clinical and subclinical depression, anx-
iety, and PTSD. Mothers of young children
exposed to the disaster remain a high-risk group
for these conditions, primarily due to the lingering
worries about the adverse health effects on their
families. Thus the long-term mental health conse-
quences continue to be a concern [63, 64].

Taking together, those prenatally and in childhood
exposed are a particular target group with a high sen-
sitivity for the correlation of radiation and neurode-
generative diseases: they have still an immature brain
and a long-life expectancy allowing radiation-
induced effects with a prolonged latency to develop.
Chernobyl data would suggest that children might be
at higher risk for detrimental effects on the develop-
ing brain (cognitive impairment, emotional-behav-
ioral disorders, attention deficit and hyperactivity
disorder (ADHD), and others [5, 6, 61—68].

The opinions on the point of genesis of the
Chornobyl neuropsychiatric aftermath are extremely
controversial. At the same time, the cerebral effects of
low doses of ionizing radiation, especially the cere-
brovascular disease and cognitive impairment are in
the focus of research interest worldwide. An increas-
ing pool of data supports the radiosensitivity of the
CNS. There are several mechanisms of radiocerebral
effects, namely the disrupted neurogenesis in the hip-
pocampus, changes in the gene expression profile,
neuroinflammatory response, neurosignaling alter-
ations, apoptotic cell death, cell death and injury
mediated by secondary damage, «glial-vascular
union», etc. [2, 58, 37, 38, 6168, 71-73, 75—83].
At the same time, the cortical-limbic system is a tar-
get for the radiation brain damage where hippocam-
pal neurogenesis dysfunction is crucial [8].

Associations between occupation and neurode-
generative diseases were also reported, with the
highest mortality odds ratio for presenile dementia
in dentists, for Parkinson’s disease in biological
scientists, and for motor neuron diseases in veteri-
narians — all categories exposed to various envi-
ronmental toxicants, including IR. No significant
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Hisgkux icToTHMX 30ilbLIEHUX PU3MKIB He OyJo 3a-
PEECTPOBAHO /151 1iarHOCTUYHUX MEIUYHUX MTPaLliBHUKIB,
a 'y pajioJIoriyHuX TeXHIKiB PU3UKH 3HWXKEHI [49].

HepnaBHi mocnigkeHHs TIpalliBHUKIB B KaTeTepu3alliii-
Hilf ceplieBiii 1abopaTopii y MOPiBHSIHHI 3 iIHIIMMU MEIH-
KaMM TIoKa3ajJu 3HayHi 3MiHW AESIKMX KOTHITUBHMX
(¢ yHKIII, 30KpeMa, BiICTPOUYCHOTO 3ariaM’ SITOBYBaHHS,
Bi3yaJIbHOI KOPOTKOYACHOI TaM’sITi, CEeMaHTUUYHUX JIEK-
CUYHUX 3Ai0OHOCTEN, 3HUXKEHHSI IMaM’$ITi i IIBUIKOCTI MO-
BU. Lli mopylleHHsI MOXYTh CBiTUMTU MPO 3MiHU ACTKUX
CTPYKTYP JIiBOI MiBKY/i, IKi HAlAOLIbIIOI MipOIO OIIPOMi-
HIOIOThCS Y TIepCOHAaTy iHTepBeHLiHOI Kapaioorii [81].

OcTtaHHIM YacoM omyOJiKOBaHUM aHasi3 CMEPTHOCTI
cepen 11 311 aMepuKaHCbKUX KOJUILIHIX CTIOApAeC, sIKi
3a3HaBaJlu BILUIMBY KOCMIiUHOI pafgialii, B Tomy uucii IB
go 10 m3B Ha pik. KocmiuHe BUNpOMiHIOBaHHS
Bifpi3HsIETHCA Bin 3eMHOro 1B i ck1agaeTbesi B OCHOBHO-
My i3 3apsIKeHUX YaCTUHOK i HEUTPOHiIB, MpUUYOMY
HeliTpoHU hopmytoTh 40—60 % eKBiBaJleHTHOI 103U IIPU
cepenHiii BUCOTi MoJboTy. OTprMaHi pe3yabTaTh MOKa-
3aJI1 MiABUIEHY CMEPTHICTh Bifl JIKOTOJIi3MY, YTOTUIEH-
HsI Ta CAMOITOIIKOIXKEHb cepe/l XKiHOK i 301JIbIIEHHST, XO-
Yya il He3HaYHe, CMEPTHOCTI IPU po3jiafax NCUXiKU i Mo-
BeliHKU (CTaHIAPTU30BaHUI IMOKAa3HUK CMEPTHOCTI =
1,39; 95 % AI: 0,88—2,08). Cepen XiHOK CTIOapaec Ta-
KOX CIIOCTEPIra€ThCsl HEAOCTOBIPHE 30UIbILIEHHST CMEPT-
HocTi Bix camory6cts (19 %). Puszuku pagiauiiiHOTO yII-
KOIXXKEHHSI TOJJOBHOIO MO3KY OYyJIM HeIllOJaBHO OKpec-
JIEHI TpOTpaMoOl0 OCBOEHHS JIOAWHOK KOCMi4HOTO
npocropy. Toctpi pusuku misg IHHC BKiIOYaTUMYTb:
3MiHeHiI KOTHITUBHI (PyHKIIii, 3HMKEHI pyXoBi (PyHKIIi1, a
TaKoX MOPYUIEHHS B IMOBEAiHIli; BilJaleHi PU3UKU
MICTATh AEMEHIIiI0 i MepeayacHe CTapiHHS; BCi BOHM
MOB’s13aHi 3 MOPYLIEHHSIM TillOKaMMOalbHOIO Heipore-
He3y [84, 85].

byno 3anpomnoHoBaHo, 1110 LIepeOpOBACKYISIPHI 3aXBO-
pIOBaHHS i JesKi iHIITI HEPBOBO-TICUXiYHi PO3Jaay MOX-
Ha pO3TISIAAaTH SIK CTOXAaCTUYHiI edeKTUMaauX 03
pagiaitii, ToOTO e(eKTH, SIKi BiZOyBaIOTHCSI BUIIAJKOBO i
SKi MOXYTh BUHMKHYTU 0€3 TOPOrOBOro PiBHS IO3M,
WUMOBIpHICTh SKMX TMpOTOplifiHA pamialiiiHiil, a ix
TSDKKICTB He 3aJ71€XXUTh Bin go3u |5, 61].

IMATO®I3IOJIOITA

PanianiitHe ypaxkeHHSsI TOJJOBHOTO MO3KY HE BilOYBA€EThLCS Y
BUIJISIII MOOAMHOKOI HeraitHoi rosii. BoHO € nuHaMiyHUM
i 6araTroga3HUM MPOLIECOM, IO TPUBAE TTPOTITOM JIOBTOTO
yacy, XapaKTepu3yeThCs TaTOJIOTIYHUMU 3MiHAMM CYIWH i
Mi€JliHy, B Pe3yJIbTaTi MOIIKOMKEHHS CYIWH, YpaxKeHHS
61101 peYOBMHM i KOATYJISLIITHOro HeKpo3y [86—89]. 3 Tou-
KW 30py TMaro@i3ionorii, pe3ynsTaT ITOCTIIKEHb in Vitro

increased risks were reported for health diagnostic
practitioners, and decreased for radiological tech-
nicians [49].

Recent studies on workers in a cardiac catheteri-
zation laboratory showed significant alterations of
some cognitive functions, in particular the delayed
recall, visual short-term memory, and semantic lex-
ical access ability, lower memory and verbal fluency
performances, as compared with other kind of med-
ical workers. These reduced skills suggest alterations
of some left hemisphere structures that are more
exposed to IR in interventional cardiology staff [81].

Recently, a mortality analysis was published gath-
ered from amongst 11,311 former US flight atten-
dants, exposed to cosmic radiation, including IR,
up to 10 mSv per year. Cosmic radiation is quanti-
tatively different from terrestrial IR and consists
primarily of charged particles and neutrons, with
neutrons contributing 40—60% of the dose equiva-
lent at average flight altitude. The findings showed
an elevated mortality for alcoholism, drowning and
interventional self-harm among women and an
increased, albeit non significantly, mortality for
mental psychoneurotic and personality disorders
(Standardized mortality ratio=1.39; 95% CI: 0.88—
2.08). Amongst female flight attendants, a non-sig-
nificant increase in mortality from suicide (19%)
was also observed. The risk of brain damage follow-
ing radiation exposure has been recently stressed by
the program of human exploration of space. The
acute CNS risks would include: altered cognitive
function, reduced motor function, and behavioral
changes, with late risks encompassing dementia
and premature aging, all related to impaired hip-
pocampal neurogenesis [84, 85].

It wasproposed that the cerebrovascular diseases
and some other neuropsychiatric disorders could be
considered as the stochastic effects of a low-dose
radiation, i.e. effects that occur by chance and
which may occur without a threshold level of dose,
whose probability is proportional to the dose and
whose severity is independent from the dose [5, 61].

PATHOPHYSIOLOGY

The IR-related brain injury does not occur as a
single, immediate event. It is considered a dynam-
ic and multiphasic process occurring over time,
characterized by pathological changes of vessels
and myelin, resulting in vascular damage, white
matter injury and coagulation necrosis [§6—89]. In
terms of pathophysiology, in vitro findings showed
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nokasanu, 1o 1B npuzBoauthk 10 3aruoeti HeitpoHis [90].
Kpim Toro, pesyasratv DOCHiIKEeHb in vivo, MPOBEIeHI Ha
TBapMHAX, CBiMYaTh IIPO 3HAYHE ITOIITKOMLKEHHS TOJIOBHOTO
MO3KY TIicist ornpomiHeHHs. [icTonoriuni 3miHM i
KOTHITMBHI (byHKIIii OyJI1 AOCTITKEHi B TOJJTOBHOMY MO3KY
20 uxypiB JiHii Fischer 344 y Billi 11ecTy MiCsILIiB ITiCJIs1 OI-
POMiHEHHSI TOJIOBHOTO MO3KY. [1apajenbHo 3 mopylIeHHs-
MU KOTHITUBHUX (DyHKIIiH, 5IKi OyJIM BUSIBJICHI y 3aBIaHHI Y
BOJHOMY JIaOipMHTI i 3aBIaHHiI MACUBHOIO YHUKHEHHS,
MOBITOMJISIETHCS MPO BiAMOBiAHE MOIIKOIKEHHS TOJIOBHO-
ro MO3KY, 30KpeMa, AeMi€JliHi3allilo, 1110 B IeSIKUX BUIIal-
Kax CyIIPOBOIKYETHCS HEKPO30OM MO30JIMCTOIO Tijia i Oi1ol
pPEUYOBMHM TiM’SIHOI IiISIHKW MOpyd i3 corpus callosum.
HinssHK1 MO3KY 0e3 HeKpo3y, MPoTe, XapaKTepU3yBAIMUCS
3HUXKEHHSIM BMICTY OCHOBHOTIO OijiKa Mi€JiHY, MOpYLLIeH-
HSIMU HelpodilaMeHTIB i TMiABUILIEHHSIM pPiBHSI KUCIUX
(iObpusipHUX TTiaTbHUX OLIKIB 3 T1io3oM. Lli ricroorivHi
3MiHM CTPYKTYP TOJI0OBHOTO MO3KY ITiCJIs1 ONPOMiHEHHSI OYy-
JI aHAJIOTIYHi TUM, 110 3HAMIEH] Ipyu HelpoaereHepaTrB-
HUX 3aXBOPIOBAHHSX, TAKUX K XBOpoOU AJblreiimepa i
BiHcBaHrepa Ta po3scistHuii ckiepo3s [91-93].
HeiipozananeHHs 0yi10 po3liHeHe SIK BaXJIMBUIL KOM-
MOHEHT peakilii rojjoHoro Mo3Ky Ha IB [31, 88]. Hacr-
paBni, 30iJAblIeHHSI aKTUBOBAHOI (HANpUKJIAd, IO
excrpecye CD68) MikporIii Tmiciast onmpoMiHEeHHS, 103-
BOJIMJIO BUCJIOBUTHU IIPUITYIIEHHS, IO 1€ MOXE CIIPUSITH
NOPYLICHHSIM HellporeHesy i MOIIKOIXKEHHIO TiloKaM-
my, KOoTpi Oyiu 6araTo pasiB orucaHi B MOIEJISIX Ha TBa-
puHax. Ilpu panmioTeparii map rpaHyJIsIpHUX KJIiTUH
rinokammy, 3JaTHUI OO0 pereHepairlii, MOLIKOIXYBaBCs
MEHIIMMU [03aMM pajialiii, HiX Ti, 110 BUKJIMKAIOTb
pazialiiiHe ypaxkeHHs IIiaJIbHUX KJIITMH a00 HEHpPOHiB
[31]. ¥V naHuit yac iCHyIOTb MEepPEeKOHIMBI JOKa3U TOTO,
IO Y JOPOC/IMX TaJIbMyBaHHSI HEporeHe3y B 3yOUacTiil
3BMBUHI TilTOKaMINy BIUIMBA€ HAa HaBYaHHS i IMaM STb.
3okpeMa, KOpOoTKOYacHa IaM’saITh AyXe 4YyTJIuBa A0
3MEHIIeHHS HeliporeHesy [94]. V nesakux n1oCaiaKeHHSIX
MOKa3aHo, 1110 HEraTUBHMIA BILJIMB padioTeparii Ha rirno-
KaMnaJibHU# HeilporeHe3 OyB HE3BOPOTHIM, TOMi SIK Y
IHIIMX CIIOCTepiraju BiZHOBJIEHHS, MOXINBO, TOB’s3a-
He 3 perlikalieo HelpoHaIbHUX MoMNepeaHuKiB [95]. ¥V
FOJOBHOMY MO3KY IIypiB, OyiuM Bu3HaHi OiMomasbHi
e(eKTH OINMPOMiHEHHS: ypaXkKeHHS MPU OMPOMiHEHHi Y
MaJTuX 103ax OyJIo acollifioBaHe 3 MiABUILIEHOIO KOMIIeH-
CaTOPHOIO TIpoJlipepallieto KIiTMH-TOINEPEeIHUKIB, B
TOM 4ac K 3a Jii BeJIMKMUX 103 1€l KOMIEHCcalliiopaKy-
Bajio. B iHIIOMY JOCHiI)KeHHI HA TBapuHaXx, yepes3 ABa-
HaAUSITh MicALiB (hpaKiLiOHOBAaHE OMTPOMiHEHHS TOJI0B-
HOTO MO3KY He TIPU3BEJIO 10 BTPaTU HEHPOHiB 200 3MEH-
LIeHHs obcary rimokammy [96]. Kpim 3arubGemi Heii-
POHIB, BUSBISIOTLCS (DYHKIIOHAJIBHI 3MiHM ITiCJIST OIT-

that IR lead to neuronal death [90]. Moreover, in
vivo studies, carried out in animals, reported sig-
nificant brain damage following IR. Histological
changes, as well as cognitive functions, were inves-
tigated in the brain of 20 Fischer 344 rats aged six
months treated with whole brain irradiation. In
parallel to cognitive functions impairment, as
revealed by the water maze task and the passive
avoidance task, a relevant brain damage was
reported, in particular demyelination, in some
cases accompanied by necrosis in the corpus callo-
sum and the parietal white matter close to the cor-
pus callosum. The brain areas without necrosis
were, however, characterized by decreased myelin
basic proteins, alterations of neurofilaments and
increased glial fibrillary acidic proteins with glio-
sis. These histological alterations of the brain
structures after IR were similar to those found in
neurodegenerative conditions such as Alzheimer’s
disease, Binswanger’s disease and multiple sclero-
sis [91—93].

The occurrence of neuroinflammation was found
to be a significant component of the brain response
to IR [31, 88]. In fact, an increased number of acti-
vated (e.g. CD68-expressing) microglia has been
reported after IR, so that it has been hypothesized
that this might contribute to the alteration of the
neurogenesis and to the hippocampal damage often
described in animal models. The hippocampal gran-
ule cell layer, which are those capable to regenerate,
has been found to be injured by RT, even at lower
doses than those believed to damage glial cells or
neurons [31]. There is now convincing evidence that
inhibition of adult neurogenesis in the dentate gyrus
of the hippocampus affects learning and memory. In
particular, the memory linking past events to the
context seems to be very sensitive to a reduction of
the neurogenesis [94]. In some studies, the negative
effect of RT on hippocampal neurogenesis was irre-
versible, while in others a recovery was observed,
possibly related to the replication of the neural pre-
cursors [95]. In the rat brain, the effects of irradia-
tion were found to be bimodal: the damage from a
low-dose of IR was associated with enhanced com-
pensatory proliferation of precursors, while that
from a high dose of IR lacked this compensation. In
another animal study, after twelve months, fraction-
ated whole brain IR was not associated with a loss of
neurons or a reduction in the hippocampal volume
[96]. Besides neuronal death, functional alterations
have been demonstrated following massive IR expo-
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poMiHeHHs. 30Kpema, CyOOIMHMUIII TTyTaMaTHUX peLiel-
topiB N-MeTun-D-acnapratry (NMDA) rinokaminy mo-
pylIytoThed Miciig BruuBy 1B [96].

3HauHe 30ibIIeHHS 3aXBOPIOBAHOCTI Ha 1IepeOpOBaCKy-
JIIPHi 3aXBOPIOBaHHSI BUSIBJIEHE B KOIOPTi SIACPHUX
OpaliBHUKIB, BUpOOHUYOro 00’eqHaHHs «Mask» (Pociii-
ceka Denepallist) 3 MOMMHEHUME J103aMU 30BHIITHHLOTO
ramMmMa-BuIipomiHioBaHHs Oinbine 0,1 Ip B mopiBHSIHHI 3
MEHIIMMHU J103aMU; TaKOX 3aXBOPIOBAHICTh Ha Liepedpo-
BACKYJISIPHI 3aXBOPIOBAHHS 3HAYHO BUIIA CEpel MpalliB-
HUKIB i3 3arajibHOI IOINIMHYTOK 030K BHYTPILLIHHOTO
anbda-orpoMiHeHHS MEeYiHKU Bifl iHKOPITIOPOBAHOTO TLTY-
ToHito Oibiie, Hix 0,01 Ip B MOpiBHSAHHI 3 OTPOMiHEHUMM
y MeHmumx go3ax [97]. Le mociimkeHHsSI Hajgae A0Ka3u
LIKiJIJTMBOrO BIUIMBY XPOHIYHOIO OMPOMIHEHHS Y MaJlUuX
J03aX Ha BUHMKHEHHS LepeOpOBaCKY/ISIPHOI MaTOJIOTil,
ajie He 6e3mocepenHbO Ha KOTHITUBHI (hyHKIii. ICHye Ta-
KOX Bce Oisbllie J0Ka3iB TOro, 10 LiepeOpOBACKYJISIPHI
IUChYHKIIIT MOXKYTh OyTH BiITIOBIIHMM MaTOreHHUM (pak-
TOPOM IIpU XBopoOi AJtblireiimepa [98], oCcKiJIbKH 11e MOXkKe
CIPOBOKYBATU HelipoiereHepauio 3 0OeTa-aMiJoiTHUMU
OJIsIIIKaMM B TOJIOBHOMY MO3KY i CTiHKaX CyAMH, IO Xa-
pakTepHO [UIA XBopoou AspLireiiMepa [99].

Inmi HelipomereHepaliii, K xBopoba IlapkiHcoHa
(XIT), MOXyTb OyTM HACJIiIKOM TiCTOJOTIYHMX 3MiH
BHACJIiJOK XPOHIYHOTO JIOKAJIbHOTO 3amajeHHs ITicJIs
onpomineHHs [100, 101]. OxkucmoBaabHUI CTpeC MOXe
oytu 3amydeHuii B nporpecii XII, 60 minBuieHi piBHi
akTuBHUX (opM KUCcHIO (ADPK) MONKoKyOTh HiJIbOBi
HEWUpPOHU.

Ilicaa nokanbHOro OMPOMIHEHHSI BCHOIO T'OJIOBHOTO
MO3KY (5 Ip peHTreHiBCbKOro ONMpPOMiHEHHS) MMUILEH
BUSIBJIEHAa aKTUMBalligd Mikporiii. BHaclmimok I1boro
MIiKpOIJIisl MOXe 3YMOBMTHU BUKUJI BEJIMKOI KiJIbKOCTI
10HIB CYyIIepOKCUIY B HABKOJIMIIIHE OTOYEHHS, 1110 CIIpU-
g€ 30inpieHHIo piBHg ADK. Ha momoaux muinax, B
SIKUX OIPOMIHUJIMA TOJIOBHMI MO30K, ITOKa3aHO, IO
MaJi 1o3u IB iHaAyKy1oTh Helipo3anajaeHHs B TilTOKaMIIi,
IO BUKJINKAE 3HWKEHHSI KOTHITUBHUX (PYHKIIIN B pe-
3yJbTaTi MPUTHIYEHOTO HelporeHe3y y Tirmokammi. AK-
TUBALLiSI MiKPOTJIii i 3MEHIIEHHS TilMoKaMITaJIbHOTO Hei-
poreHe3y MpsMo MPONOPLiiiHi 1031 OMPOMiHEHHSI.

JodaminepriyHi HEWpOHM HAWOIABII ypas3IuBi IO
OKUCTIOBAJIbHOTO CTPECY MOPIiBHSIHO 3 iIHIIUMU CTPYKTY-
pamu Mo3Ky. Lle MoB’s3aHO 3 HU3bKUM BHYTPIilTHBOKJTi-
TUHHMM PiBHEM aHTUOKCHUJIAHTIB i MiABUILEHUM CIIOXM-
BaHHSIM KHMCHIO Ta METa00JIi3MOM KaJbllilo, 1110 BeIe 10
oinbn Bucokux piBHiB ADK. IMpumnyckaiors, 110 1opy-
IIEHHST MeTaboJ1i3My TodaMiHy i MiTOXOHIpiaabHa AUC-
¢dyHKUig caMmi Mo cobi € NpUYMHHUMU (pakKTopamMu
migpuieHux piBHiB ADK mpu XIT [102].

sure. In particular, the subunits of the hippocampal
N-methyl-D-aspartate (NMDA) glutamate recep-
tors resulted to be altered after RT [96].

A significant increase in the incidence of cere-
brovascular disease (CVD) have been demonstrat-
ed in a cohort of nuclear workers employed at the
Mayak Production Association (Russian
Federation)with total absorbed external gamma-
ray doses greater than 0.1 Gy compared to those
exposed to lower doses and that CVD incidence
was also significantly higher among workers with
total absorbed internal alpha-particle doses to the
liver from incorporated plutonium greater than
0.01 Gy compared to those exposed to lower doses
[97]. This study provides evidence for the harmful
effects of chronic low dose on cerebrovascular sys-
tem and not directly on cognition. There is also
increasing evidence that cerebrovascular dysfunc-
tions may be a relevant pathogenic factor in
Alzheimer’s disease [98], as it may provoke neu-
rodegeneration with amyloid-b plaque formation
in the brain and the vessel wall, respectively, which
are characteristics of Alzheimer’s [99].

Neurodegeneration in other conditions as
Parkinson’s disease (PD) may be a consequence of
histological alterations due to chronic local
inflammation after IR [100, 101]. Oxidative stress
may be involved in PD progression, as increased
levels of reactive oxygen species (ROS) have been
shown to damage the target neuronal cells.

Microglia activation has been shown after local
whole brain irradiation (5 Gy-X-rays) of mice. As a
result microglias can produce and release large num-
bers of superoxide ions into the surroundings, con-
tributing to increased levels of ROS. Young mice ex-
posed to whole brain irradiation showed that low
doses of ionizing radiation induced neuroinflamma-
tion in the hippocampus that was associated with a
decline in cognitive functions via reduced hippocam-
pal neurogenesis. Studies demonstrated that micro-
glia activation and decreased hippocampal neuroge-
nesis were directly proportional to the radiation dose.

The dopaminergic neurons are more vulnerable
to oxidative stress compared with other brain
structures. This is attributed to their low intracel-
lular levels of antioxidants and elevated rate of
oxygen consumption and calcium metabolism
leading to higher ROS levels. It is postulated that
dopamine metabolism and dysfunctions of mito-
chondria are themselves the causal factors for the
elevated ROS levels seen in PD [102].
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MMoBipHO, 1110 MOpYIIEHHSI B METaboi3Mi HelfpoHiB
JIJIsI KOMITeHcallil BTpaTy 1odaMiHy i, TUM CaMUM ITiIBU-
meHHd piBHI modaminy [103], MoxXe CIpUSATH MiTO-
XOHApiaJIbHUM JedekTaM i 30inbimenHio ADK min gyac
nporpecyBaHHs XII.

Bizmomo, o mani no3u IB MoXyTb MPU3BOIAUTH 10 HE-
raifHOro i MOCTiAHOro MOTipILIeHHSI CTaHy KapAiaJlbHUX
miToxoHapii, komrekciB I i III, gki € ocHOBHUMM
mimensamu [104]. MexaHi3M pamialliiiHO-iHAYKOBaHOI
MITOXOHApPiaabHOI AUCGYHKIIIT SIK B ceplli, TaK i TOJOB-
HOMY MO3KY He 10 KiHug 3po3yminuii. IB moxe 6e3mno-
cepeIHbO B3aEMOiATU 3 MiToxoHapianbHoo JHK
(MIAHK), innykyroun MyTallii i mesertii, abo omocepen-
KOBaHO 4Yepe3 YTBOPEHHS aKTUBHUX TiAPOKCUILHUX pa-
nukaiiB [104].

Crin 3a3Ha4uTH, 110 HEYLIKOMKEHAa MiTOXOHApiaJibHa
JuHaMika (MOomi, 3JIUTTS, Mirpalis) Mae BaxKJvBe 3Ha-
YeHHS JIJ1s1 HeApOoTpaHCMicii, CMHANTUYHOTO (DyHKIIIOHY-
BaHHS 1 BUXKMBaHHSI HelpoHiB. TTopylleHHsT MiTOXOH/I-
piaJTbHOI aKTMBHOCTI MOXe MPU3BECTU J0 HelpoaereHe-
paii mpu XI1. IToripimeHHsT MiTOXOHIpiaIbHOI AMHAMIKU
BimOyBa€eTbCs Ha paHHIX cTamisx po3BuTky XIT [105].

V3aranabpHIOIOUM, MOXHa CKa3aTu, 110 MITOXOHApil
BiIirpaloTh K/IIOYOBY pOJIb HE TiAbKM B XBOpPOOi
ITapkiHcoHa, ane i mpu xBopobi AnbureiimMepa. Ile Ha-
rojoimye Ha 6aratodakTOpHill poJli MITOXOHApiA y
Pi3HUX KINITUHHUX (PYHKIIISIX B TOJJOBHOMY MO3KY. [eHe-
paJlizoBaHe MPUTHIYEHHSI MiTOXOHIPiaJlbHOTO JIAHIIIOTa
€JIEKTPOHHOTO TPAHCITOPTY CIIOCTEPIra€ThCs y MaLli€HTIB
3 XBOp0o0o10 AsblireitMepa. 30iblIeHHS OKCUAAHTHOTO
cTpecy Ipu Lik XBopoOi MOXe BUHUKATU B pe3yjbTaTi
MopylIeHb OKMCHOTO (pochOpUIIOBAHHS; € JOKA3U TO-
ro, 1o AediuuT KomIiekcy | Bimirpae BaxkiauBy pojib Yy
naTtodiziosorii xBopoou AnbLreiimepa [106].

Mogenb mepenbavae, IO MITOXOHAPil BigirparThb
LIEHTpaJbHY pOJib B peakllil Ha OMPOMiHEHHS 3 TToJajb-
MM Helpo3anaieHHSIM i OKCUIATUBHUM CTPECOM.
ITocninoBHiI KJTITUHHI e()eKTH JiexKaTb B OCHOBI penyKIIil
HellporeHe3y i LepeOpoBaCKYJSIPHUX IOPYIIEHHSIXTa
oAbl HefipoaereHeparlii.

IHEPCIIEKTUBU

Ham norpibHO Oinbllie JaHUX CTOCOBHO papioleped-
panbHUX e(heKTiB, 0OCOOJMBO 32 MexKaMU MOJEi pamio-
Teparii, B Aiara3oHi Maaux A0 nmomMipHux 103. Lle ocob-
JIMBO aKTyaJIbHO $IK JIJI1 HAYKOBOI CITiJILHOTH, TaK i BCh-
Oro CoOLiyMy uepe3 BeJIMKY KiJbKiCTh MNalli€HTiB i
¢axiB1iiB, 3aydeHux 10 BBy IB, 6epyun no yBaru ta-
KOX Te, 110 iCHYE BiHOCHA BiICYTHICTh OO0i3HAHOCTI
JIiKapiB i Mali€HTIB IIOA0 padialiifHUX 103 Ta iX e(heKTiB
[107]. 3okpeMa, cydacHa CKjagHa MOJEIb ITpeIcTaBIeHa

It seems more plausible that the shift in the
metabolism of surviving neurons to compensate
dopamine loss and, thereby increase dopamine
level [103] may contribute to mitochondrial
defects and ROS increase during PD progression.

It is known that low doses of IR may cause
immediate and persistent impairment of cardiac
mitochondria, Complexes I and I1I being the main
targets [104]. The mechanism of radiation-
induced mitochondrial dysfunction both in the
heart and brain is not completely understood.
Ionizing radiation may directly interact with mito-
chondrial DNA (mtDNA) inducing mutations
and deletions or indirectly through the formation
of reactive hydroxyl radicals [104].

It is noteworthy that intact mitochondrial
dynamics (fission, fusion, migration) are essential
for neurotransmission, synaptic maintenance and
neuronal survival. Disturbances of mitochondrial
activity may lead to neurodegeneration in PD.
Impairment of mitochondrial dynamics happens
early in the development of PD [105].

Taken together, mitochondria may not only
play a key role in PD, but also in AD. This
stresses the multifactorial role of mitochondria
in the different cellular actions within the
brain.A generalised depression of the mito-
chondrial electron transport chain activity has
been observed in AD patients. Increased oxida-
tive stress found in the AD may result from
oxidative phosphorylation defects; there is evi-
dence that Complex I defects in particular may
play an important role in the AD physiology
[106].

The model suggests that mitochondria play a
central role in the radiation response followed by
neuroinflammation and oxidative  stress.
Subsequent cellular effects lie in the reduction in
neurogenesis and cerebrovasculature followed by
neurodegeneration.

OUTLOOK

The crucial point is that, with no doubt, we need
more data on radiocerebral effects, especially outside
the RT model, as well as in the low-to-moderate dose
range. This is particularly relevant for both the scien-
tific and social side due to the high number of
patients and professionals involved, taking into
account also that the downside of IR is magnified by
the relative lack of awareness by doctors and patients
of doses and effects of diagnostic IR [107]. In partic-
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IHTEpBEHILIIMHUMM paliojloraMu, sKi 3a3HalOTb MpPO-
deciitHOro onmpoMiHeHHsI BChOTO Tijla MPOTITOM Kap’e-
pu Big 100 mo 200 M3B i orpoMiHEHHS TOJIOBU Y Jiaria-
30Hi Big 1 1o 3 Ip, pu IKMX MOKJIMBI HEHPOIICUXO-
JIOTiUHI i HelporncuxiaTpudHi edektu. [Ipu BUBYEHHI
nomyjsuii ¢axiBLiB KaTeTepu3aliiiHuUX JabopaTopiid,
MU TaKOX MOBUHHI BpaXOBYBaTU iCTOTHI OOMEXEHHS
eIiIeMiOJIOTiYHOIO IMiAXOMY, SIKMIA BUMara€e 3aJay4eHHsI
BEJIMKUX T'PYIl HACeJeHHS JJIsI MOHITOPUHTY IPOTITOM
JecsATUupid, 100 BUSIBUTU KJiHIYHO 3HAUYIi PU3UKH,
JKi MOXYThb OyTM HaBiThb TomipHoro piBHA [77, 108].
Ckopilre 3a Bce, gK 1e 0yno 3anpornoHoBaHo HK/IAP,
MU MOBUHHI 30CepeIuTUCSd Ha CYOKJiHIYHMX KiHIIEBUX
TOYKax i 6iomMapkepax, TOMy 110 came 1 iHpopMallis €
Haibinbm kKopucHow [1]. Ypoku asapii Ha YopHo-
ounbchkiit AEC Ta HasgBHI JaHi 1100 pamdiofaoTiyHMUX
MeAWYHUX (paxiBLiB CBigUYaTh, 110 MaJli padialiiiHi 4031
MOXYTh BUKJIMKATU MPOrpecyrouy LepeOpoBaCKyISIpHY
NaToJIOTil0 i KOTHITMBHI MOPYIIEHHS, 110, MOXJIUBO,
MOB’S13aHO 3 OCOOJIMBOIO PAMiOYYTIMBICTIO TiMOKaMIIy i
KOPTUKO-JTiIMOIYHOICUCTEMH.

VY iHTepBeHLiMHMX KapaioJoriB KpaHiaJdbHE OII-
POMiHEHHSI OyXXe HEeOAHOpiJHE i 3aJeXUTh Big Ipo-
eKlil: J03M Ha JiBUI i MpaBUil TilMOKaMI MOXYTb
BifpizHgaTHCA 10 2,5 pas3a; 3a MEBHUX YMOB J03a OIl-
POMiHEHHS JIiBOTO TilMOKaMIly Moxe OyTW B JBa pasu
BUINOIO 33 €(PeKTUBHY 03y, OLiHEHY 3a JIOIIOMOTIOI0
3BMYAHOIO aJrOpUTMY MOABiMHOI go3umeTpii. IIpo-
(beciiiHi 1031 ONMPOMiIHEHHS TilOKaMITy MOXYTb ITOJ0-
JIaTH MOPIir NOTeHLiMHMUX KOTHITUBHUXi eMOLIMHO-T10-
BeIiHKOBUX MOpylleHb. TakMM 4YMHOM, BKpail He-
OOXiTHMMHU € TOMIMOJeHI HoCHimkeHHs e(eKTiB om-
POMiHEHHSI TOJOBHOTO MO3KY II€pCOHaly iHTepBEH-
witHoi paaiosorii [109].

CyuacHi ygBIIeHHS TIpO pamialliiiHe ypaskKeHHs TOJIOB-
HOT'0 MO3KY OiJIbllle He 30CcepeIKeHi TiTbKM Ha TOEaHA-
HUX TTOLIKOMXKEHHSIX €HIOTENiI0 LIepedpaibHUX CYIMH i
Helpornii. B gaHuil yac odyeBMAHO, 1O pafialliiiHO-
IHAYKOBaHE YIIKOJXXEHHSI TOJJOBHOIO MO3KY € OiJIbliI
CKJIaTHUM i BKJIIOUa€ B ceOe HelpOHaIbHi MTOPYILIEeHHS,
iHTiOilliT0 HeWlpoTeHe3Y, 3MiHU TeJIoMep, HEMpOHATbHUI
afoIITo3, ITaTOJIOTiYHe HeWpOCHUTHAIOBAaHHS, 3MiHY
eKcIipecil reHiB, MOIIKOMXKEHHSI MIiTOXOHApialbHOI
JAHK i PHK, 3miHn MemMOpaH HeiipoHiB Ta iOHHUX Ka-
HaJliB, Heipo3anajeHHs, MOoJiOpraHHy AUCHYHKILIO,
ayTOIMYHHi MeXaHi3MU, MOPYLIEHHsI OOMiHYy PEYOBHH i,
MOXKJIMBO, OESIKIi 1HIII.

MaiiOyTHi JOCTiIKEeHHS MOBUHHI CIIPUSITA OTPUMAaH-
HIO B HAWOIVMKUi pOKW IOKA30BOi 0a3u JUIS BiIMOBiAi Ha
HeBUpillleHe MUTaHHS PO HEUpPOICUXiaTpUUHI HACTIAKI
BIUIMBY MaJlX i MOMipHUX padialiiHUX 103 Ta ix 6iojo-

ular, a challenging model is represented by contem-
porary interventional radiologists, who may receive a
whole body exposure after a professional lifetime
around 100 to 200 mSv and a head dose in the range
of 1 to 3 Gy, falling well within the range of possible
neuropsychological and neuropsychiatric effects. In
studying this population of catheterization laborato-
ry professionals, we also need to be aware of the sub-
stantial limitations of the epidemiological approach,
which requires very large populations followed-up for
decades to detect clinically overt risks that can be even
of moderate entity [77, 108]. Rather, as suggested by
UNSCEAR, we should focus on subclinical end-
points, as well as biomarkers, since this information is
more likely to lead to insight [1]. The lesson derived
from the Chornobyl disaster and the existing data on
radiological medical professionals, would indicate
that low IR low doses may trigger progressive cere-
brovascular pathology and cognitive impairments,
perhaps related to a peculiar radiosensitivity of the
hippocampus and of the cortical-limbic system.

In interventional cardiologists cranial irradiation
is very heterogeneous and depended on the projec-
tion: doses of the left and right hippocampi may be
different up to a factor of 2.5; under certain condi-
tions, the dose of the left hippocampus may be twice
the effective dose, estimated by conventional double
dosimetry algorithm.The professional span doses of
the irradiated hippocampus may overcome the
threshold able to provoke possible cognitive and
emotional behavioral impairment. Therefore, in
depth studies of the effects of brain irradiation in
occupationally exposed interventional medical per-
sonnel appear urgently needed and crucial[109].

Contemporary opinions about the mechanisms
of IR brain damage are no longer focused only on
the combining damage of cerebral vascular
endothelium and of neuroglia. Nowadays, it is evi-
dent that the IR-induced brain damage is more
complex and involves both neuronal pathways,
neurogenesis inhibition, telomere changes, neu-
ronal apoptosis, abnormal neurosignaling, modifi-
cation of gene expression, damage of mitochondr-
ial DNA and RNA, alterations of neuronal mem-
branes and ion channels, neuroinflammation,
multiorgan dysfunction, autoimmune pathways,
metabolic disorders and probably several others.

Future studies should promote in the forthcom-
ing years the necessary evidence-base required to
answer the unresolved issue of the neuropsychi-
atric effects of low-to-moderate IR exposure and
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TYHMUX MeXaHi3MiB, MOPSA 3 MiABUILIEHHSIM YCBiTOMJIEH-
HSI PU3MKY i HEOOXiTHOCTI onTHMi3allii paaioJoriyHOro
3aXMUCTy BCiX TAIEHTIB i (paxiBIIiB, 3aJy4eHUX IO IIO-
TEHLiITHO HeOe3MeYHNX pamialliiHUX CUTYaILlild.

3assa npo konduiikT inTepecis
ABTOpU 3asIBJISIIOTh, 1110 KOH(JIIKTY iHTEpeCiB HE iCHYE.

CMUCOK BUKOPUCTAHOI NITEPATYPHU

1. United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), Sources and effects of ionizing radiation, United Nations, New
York, 2010[Electronic resource]. - Available at: http://www.unscear.
org/docs/reports/2008/09-86753 Report 2008 Annex_B.pdf.

2. Picano E. Sustainability of medical imaging/E. Picano // BMJ. - 2004. -
Vol. 328(7439). - P. 578-580.

3. International Commission on Radiological protection, 2012 Annual Report
[Electrobic resource]. - Available at: http://www.icrp.org/docs/ICRP%
20Annual%20Report%202012.pdf.

4. Tofilon P.J. The radioresponse of the central nervous system: a dynamic
process/P. J. Tofilon,J. R. Fike // Radiat. Res. - 2000. - Vol. 133, no. 4. -
P. 357-370.

5. Nervous system and psychosocial aspects /K.Loganovsky, A. Kovalen-
ko,N.Chuprovskaja,Ye. Antipchuk,M. Bomko,A. Napreyenko [et al.] // Health
Effects of the Chornobyl Accident: a Quarter of Century Aftermath / Eds.A. Ser-
diuk, V. Bebeshko, D. Bazyka, S. Yamashita. - Kyiv: DIA, 2011. - P. 461-490.
6. Nervous system / A. 1. Nyagu, K. N. Loganovsky, N. Yu. Chuprovskaya,V.
G. Kostychenko, E. A. Vaschenko,K. L. Yuryev [et al.] // Health Effects of
the Chornobyl Accident/ Eds. A. Vozianov, V. Bebeshko, D. Bazyka. - Kyiv:
DIA, 2003. - P. 143-176.

7. lonizing radiation accelerating aging and neurodegeneration/ D. A.
Bazyka, S. V. Volovik, K. G. Manton, K. N. Loganovsky, A. N. Kovalenko //
Int. J. Psychophysiol. - 2004. - Vol. 54, no. 1-2. - P. 118-119.

8. Loganovsky K. Cortical-limbic neurogenesis asymmetry as possible cere-
bral basis of brain laterality following exposure to ionizing radiation
/K.Loganovsky, T. Loganovskaja // Clinical Neuropsychiatry Journal of
Treatment Evaluation. - 2013. - Vol. 10, no. 3-4. - P. 174,

9. Occupational health hazards in the interventional laboratory: time for a
safer environment/ L. W.Klein, D. L.Miller, S.Balter, W.Laskey, D.Haines,
A.Norbash [et al.] // J. Vasc. Interv. Radiol. - 2009. - Vol. 20, Suppl. 7. - P.
S278-5283. doi: 10.1016/j.jvir.2009.04.027.

10. Fischer A. W. Lokales amyloid im Gehirn / A. W. Fischer, H.Holfelder //Z.
Chir. [Langenbeck’s Archives of Surgery]. - 1930. - Vol. 227, no. 1. - P.
475-483.

11. Crossen J. R. Neurobehavioral sequelae of cranial irradiation in adults:
a review of radiation-induced encephalopathy / J. R. Crossen, D. Garwood,
E. Glatstein, E. A. Neuwelt // J. Clin. Oncol. - 1994. - Vol. 12, no. 3. - P.
627-642.

12. Laack N. N. Cognitive sequelae of brain radiation in adults / N. N.
Laack, P. D. Brown //Semin. Oncol.- 2004. - Vol. 31, no. 5. - P. 702-713.
13. A critical review of the clinical effects of therapeutic irradiation damage
to the brain: the roots of controversy/ C. LArmstrong, K.Gyato, A.

of the underlying biological mechanisms, together
with an increased awareness of the risk and protec-
tion of all individuals and professionals involved in
hazardous contexts.

Conflict of Interest Statement
The authors declare no conflict of interest.

REFERENCES

1. United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR). Sources and effects of ionizing radiation
[Internet]. New York:United Nations; 2010. Available at:
http://www.unscear.org/docs/reports/2008/09-86753 Report_
2008_Annex_B.pdf

2. Picano E. Sustainability of medical
2004;328(7439):578-80.

3. International Commission on Radiological protection, 2012
Annual Report [Internet]. Available at: http://www.icrp.org/docs/
ICRP%20Annual%20Report%202012.pdf

4. Tofilon PJ, Fike JR. The radioresponse of the central nervous
system: a dynamic process, Radiat. Res. 2000;153(4):357-70.

5. Loganovsky K, Kovalenko A, Chuprovskaja N, Antipchuk Ye,
Bomko M, Napreyenko A, et al. Nervous system and psychosocial
aspects. In: Serdiuk A, Bebeshko V, Bazyka D, Yamashita S, edi-
tors. Health Effects of the Chornobyl Accident: a Quarter of Century
Attermath. Kyiv: DIA; 2011. p. 461-90.

6. Nyagu Al, Loganovsky KN, Chuprovskaya NYu, Kostychenko VG,
Vaschenko EA, Yuryev KL, et al. Nervous system. In: Vozianov A,
Bebeshko V, Bazyka D, editors. Health Effects of the Chornobyl
Accident. Kyiv: DIA; 2003. p. 143-76.

7. Bazyka DA, Volovik SV, Manton KG, Loganovsky KN, Kovalenko
AN. lonizing radiation accelerating aging and neurodegeneration.
Int J Psychophysiol. 2004;54(1-2):118-9.

8. Loganovsky K, Loganovskaja T. Cortical-limbic neurogenesis
asymmetry as possible cerebral basis of brain laterality following
exposure to ionizing radiation. Clinical Neuropsychiatry Journal of
Treatment Evaluation. 2013;10(3-4):174.

9. Klein LW, Miller DL, Balter S, Laskey W, Haines D, Norbash A, et
al. Occupational health hazards in the interventional laboratory:
time for a safer environment. J Vasc Interv Radiol. 2009 Jul;20(7
Suppl):S278-83. doi: 10.1016/j.jvir.2009.04.027.

10. Fischer AW, Holfelder H. Lokales amyloid im Gehirn. Z Chir.
[Langenbeck’s Archives of Surgery]. 1930 Jan;227(1):475-83.
German.

11. Crossen JR, Garwood D, Glatstein E, Neuwelt EA. Neurobeha-
vioral sequelae of cranial irradiation in adults: a review of radiation-
induced encephalopathy. J Clin Oncol. 1994 Mar; 12(3): 627-42.
12. Laack NN, Brown PD. Cognitive sequelae of brain radiation in
adults. Semin Oncol. 2004 Oct; 31(5): 702-13.

13. Armstrong CL, Gyato K, Awadalla AW, Lustig R, Tochner ZA. A
critical review of the clinical effects of therapeutic irradiation dam-

imaging. BMJ.

@) 82



ISSN 2304-8336. lpobnemn paniauiiivoi Meauunkn Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

REVIEWS

W.Awadalla, R.Lustig, Z. A.Tochner // Neuropsychol. Rev. - 2004. - Vol. 14,
no. 1. - P. 65-86.

14. Processing speed, working memory, and 1Q: A developmental model of
cognitive deficits following cranial radiation therapy / J.Schatz, J. H. Kramer,A.
Ablin, K. K. Matthay // Neuropsychology.- 2000. - Vol. 14, no. 2. - P. 189-200.
15. Sheline G. E. Therapeutic irradiation and brain injury / G. E.Sheline, W.
M.Wara, V.Smith//Int. J. Radiat. Oncol. Biol. Phys.- 1980. - Vol. 6, no. 9. -
P. 1215-1228.

16. Radiotherapeutic effects on brain function: double dissociation of mem-
ory systems // C. LArmstrong, B. W.Corn, J. E.Ruffer, A. A.Pruitt, J.
E.Moliman, P. C.Phillips //Neuropsychiatry Neuropsychol. Behav. Neurol.-
2000. - Vol. 13, no. 2. - P. 101-111.

17. Stereotactic radiotherapy for pediatric and adult brain tumors: prelimi-
nary report/ S. F. Dunbar, N. J. Tarbell, H. M. Kooy, E. Alexander3rd, P. M.
Black, P. D. Barnes [et al.] // Int. J. Radiat. Oncol. Biol. Phys. - 1994. - Vol.
30, no. 3. - P. 531-539.

18. Armstrong C. L. Memory performance used to detect radiation effects
on cognitive functioning / C. L.Armstrong, C. H.Stern, B. W.Corn //Appl.
Neuropsychol.- 2001. -Vol. 8, no. 3. - P. 129-139.

19. The impact of frontal and non-frontal brain tumor lesions on Wisconsin
Card Sorting Test performance/B. Goldstein,J. E. Obrzut,C. John,G. Le-
dakis,C. L. Armstrong // Brain Cogn. - 2004. - Vol. 54, no. 2. - P. 110-116.
20. Hampton R. R. Selective hippocampal damage in rhesus monkey
impairs spatial memory in an open-field test / R. R. Hampton,B. M.
Hampstead,E. A. Murray // Hippocampus. - 2004. - Vol. 14. - P. 808-818.
21. Imperato J. P. Effects of treatment on longterm survivors with malignant
astrocytomas / J. P. Imperato, N. A. Paleologos,N. A. Vick // Ann. Neurol. -
1990. - Vol. 28. - P. 818-822.

22. Radiological and clinical assessment of long-term brain tumor survivors
after radiotherapy / T. B. Johannesen, H. H.Lien,K. H.HoleK.Lote
//Radiother. Oncol.- 2003. - Vol. 69, no. 2. - P. 169-176.

23. DeAngelis L. M. Radiation-induced dementia in patients cured of brain
metastases / L. M. DeAngelis, J. Y. Delattre,J. B. Posner // Neurology. -
1989. - Vol. 39, no. 6. - P. 789-796.

24. Roman D. D. Neuropsychological effects of cranial radiation: current
knowledge and future directions / D. D. Roman,P. W. Sperduto // Int. J.
Radiat. Oncol. Biol. Phys. - 1995. - Vol. 31. - P. 983-898.

25. Late cognitive and radiographic changes related to radiotherapy: initial
prospective findings / C. L. Armstrong, J. V.Hunter, G. E.Ledakis, B.Cohen,
E. M.Tallent,B. H.Goldstein[et al.] //Neurology.- 2002. - Vol. 59, no. 1. - P.
40-48.

26. The neurocognitive effects of radiation in adult low-grade glioma
patients / P. D. Brown, J. C. Buckner, J. H. Uhm,E. G. Shaw // Neuro.
Oncaol. - 2003. - Vol. 5, no. 3. - P. 161-167.

27. A longitudinal neuropsychological study of partial brain radiation in
adults with brain tumors / 1. J. Torres, A. J. Mundt, P. J. Sweeney, S.
Llanes-Macy, L. Dunaway, M.Castillo,R. L.Macdonald // Neurology.- 2003.
-Vol. 60, no. 7. - P. 1113-1118.

28. Olson J. D. Long-term outcome of low-grade oligodendroglioma and
mixed glioma / J. D. Olson, E. Riedel, L. M. DeAngelis // Neurology. - 2000.
-Vol. 54, no. 7. - P. 1442-1448.

age to the brain: the roots of controversy. Neuropsychol Rev. 2004
Mar;14(1):65-86.

14. Schatz J, Kramer JH, Ablin A, Matthay KK. Processing speed,
working memory, and 1Q: A developmental model of cognitive
deficits following cranial radiation therapy. Neuropsychology. 2000
Apr;14(2):189-200.

15. Sheline GE, Wara WM, Smith V. Therapeutic irradiation and
brain injury. Int J Radiat Oncol Biol Phys. 1980 Sep;6(9):1215-28.
16. Armstrong CL, Corn BW, Ruffer JE, Pruitt AA, Mollman JE,
Phillips PC. Radiotherapeutic effects on brain function: double dis-
sociation of memory systems. Neuropsychiatry Neuropsychol
Behav Neurol. 2000 Apr;13(2):101-11.

17. Dunbar SF, Tarbell NJ, Kooy HM, Alexander E 3rd, Black PM,
Barnes PD et al. Stereotactic radiotherapy for pediatric and adult
brain tumors: preliminary report. Int J Radiat Oncol Biol Phys. 1994
Oct 15;30(3):531-9.

18. Armstrong CL, Stern CH, Corn BW. Memory performance used
to detect radiation effects on cognitive functioning. Appl
Neuropsychol. 2001;8(3):129-39.

19. Goldstein B, Obrzut JE, John C, Ledakis G, Armstrong CL. The
impact of frontal and non-frontal brain tumor lesions on Wisconsin
Card Sorting Test performance. Brain Cogn. 2004 Mar;54(2):110-6.
20. Hampton RR, Hampstead BM, Murray EA. Selective hippocam-
pal damage in rhesus monkey impairs spatial memory in an open-
field test. Hippocampus. 2004;14:808-18.

21. Imperato JP, Paleologos NA, Vick NA. Effects of treatment on
longterm survivors with malignant astrocytomas. Ann Neurol.
1990;28:818-22.

22. Johannesen TB, Lien HH, Hole KH, Lote K. Radiological and
clinical assessment of long-term brain tumor survivors after radio-
therapy. Radiother Oncol. 2003 Nov;69(2):169-76.

23. DeAngelis LM, Delattre JY, Posner JB. Radiation-induced
dementia in patients cured of brain metastases. Neurology.
1989;39(6):789-96.

24. Roman DD, Sperduto PW. Neuropsychological effects of cranial
radiation: current knowledge and future directions. Int J Radiat
Oncol Biol Phys. 1995;31:983-98.

25. Armstrong CL, Hunter JV, Ledakis GE, Cohen B, Tallent EM,
Goldstein BH et al. Late cognitive and radiographic changes relat-
ed to radiotherapy: initial prospective findings. Neurology. 2002 Jul
9;59(1):40-8.

26. Brown PD, Buckner JC, Uhm JH, Shaw EG. The neurocognitive
effects of radiation in adult low-grade glioma patients Neuro Oncol.
2003 Jul;5(3):161-7.

27. Torres IJ, Mundt AJ, Sweeney PJ, Llanes-Macy S, Dunaway L,
Castillo M, Macdonald RL. A longitudinal neuropsychological study
of partial brain radiation in adults with brain tumors Neurology.
2003 Apr 8;60(7):1113-8.

28. Olson JD, Riedel E, DeAngelis LM. Long-term outcome of low-
grade oligodendroglioma and mixed glioma. Neurology.
2000;54(7):1442-8.

83 @



ornsaaosi CTATTI

ISSN 2304-8336. pobnemu pagiauiiinoi Meouunkm Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

29. Value of 11C-methionine and PET in the diagnosis of low grade gliomas
/ F. Shishido, K. Uemura, A. Inugami, N. Tomura,S. Higano, H. Fujita [et al.]
// Kaku lgaku. - 1990. - Vol. 27, no. 4. - P. 293-302. (in Japanese).

30. Neurobehavioral toxicity of total body irradiation: a follow-up in long-
term survivors / M. Peper, S. Steinvorth, P. Schraube, S. Fruehauf, R.
Haas, B. N. Kimmig[et al.] //Int. J. Radiat. Oncol. Biol. Phys.- 2000. - Vol.
46, no. 2. - P. 303-311.

31. Irradiation induces neural precursor-cell dysfunction / M. L. Monje,
S.Mizumatsu,J. R.Fike, T. D.Palmer //Nat. Med.- 2002. - Vol. 8, no. 9. - P.
955-962.

32. The underlying neurobiology of bipolar disorder / H. K. Maniji, J. A.
Quiroz, J. L. Payne, J. Singh, B. P. Lopes,J. S. Viegas,C. A. Zarate // World
Psychiatry. - 2003. - Vol. 2, no. 3. - P. 136-146.

33. Whether ionizing radiation is a risk factor for schizophrenia spectrum
disorders? / K. N. Loganovsky, S. V. Volovik, K. G. Manton, D. A. Bazyka,P.
Flor-Henry // World J. Biol. Psychiatry. - 2005. - Vol. 6, no. 4. - P. 212-230.
34. Nakane Y. An example from the Japanese Register: Some long-term
consequences of the A-bomb for its survivors in Nagasaki /Y. Nakane, Y.
Ohta // Psychiatric case registers in public health / ed. by R. Giel, W. H.
Gulbinat, J. H. Henderson. - Amsterdam: Elsevier Science Publishers B.V.,
1986. - P. 26-27.

35. Shore J. H. Psychiatric reactions to disaster: the Mount St. Helens
experience / J. H. Shore, E. L. Tatum, W. M. Vollmer // Am. J. Psychiatry.
- 1986. - Vol. 143, no. 5. - P. 590-595.

36. Irradiation in adulthood as a new model of schizophrenia /Y. Iwata, K.
Suzuki, T. Wakuda, N. Seki, I. Thanseem, H. Matsuzaki[et al.] //PLoS One.-
2008. - Vol. 3, no. 5. - P. €2283. - doi: 10.1371/journal.pone.0002283.
37. Loganovsky K. N. Schizophrenia spectrum disorders in persons
exposed to ionizing radiation as a result of the Chernobyl accident / K. N.
Loganovsky,T. K. Loganovskaja // Schizophr. Bull. - 2000. - Vol. 2, no. 4. -
P. 751-773.

38. Gene expression, telomere and cognitive deficit analysis as a function
of Chornobyl radiation dose and age: from in utero to adulthood / D. A.
Bazyka, K. M.Loganovsky, I. M.llyenko, S. A.Chumak, M. O.Bomko//Probl.
Radiac. Med. Radiobiol.- 2015. - Vol. 20. - P. 283-310.

39. Radiation exposure and circulatory disease risk: Hiroshima and
Nagasaki atomic bomb survivor data, 1950-2003 / Y. Shimizu, K. Kodama,
N. Nishi, F. Kasagi, A. Suyama,M. Soda [et al.]// BMJ. - 2010. - Vol. 340.
- P.b5349. - doi: 10.1136/bm;j.b5349.

40. Neuron loss during early adulthood following prenatal low-dose X-irra-
diation in the mouse brain / H.Korr, H. Thorsten Rohde, J. Benders, M.
Dafotakis, N. Grolms, C. Schmitz // Int. J. Radiat. Biol. - 2001. - Vol. 77,
no. 5. - P. 567-580.

41. Direct and indirect effects of fetal irradiation on cortical gray and white
matter volume in the macaque / L. D.Selemon, L. Wang, M. B. Nebel, J. G.
Csernansky, P. S. Goldman-Rakic,P. Rakic // Biol. Psychiatry. - 2005. - Vol.
57, no. 1. - P. 83-90.

42. Selemon L. D.Selective reduction of neuron number and volume of the
mediodorsal nucleus of the thalamus in macaques following irradiation at
early gestational ages / L. D.Selemon, A. Begovi?,P. Rakic // J. Comp.
Neurol. - 2009. - Vol. 515, no. 4. - P. 454-464. - doi: 10.1002/cne.22078.

29. Shishido F, Uemura K, Inugami A, Tomura N, Higano S, Fujita
H et al. Value of 11C-methionine and PET in the diagnosis of low
grade gliomas. Kaku Igaku. 1990;27(4):293-302 (in Japanese).
30. Peper M, Steinvorth S, Schraube P, Fruehauf S, Haas R,
Kimmig BN et al. Neurobehavioral toxicity of total body irradiation:
a follow-up in long-term survivors. Int J Radiat Oncol Biol Phys.
2000 Jan 15;46(2):303-11.

31. Monje ML, Mizumatsu S, Fike JR, Palmer TD. lIrradiation
induces neural precursor-cell dysfunction. Nat Med. 2002
Sep;8(9):955-62.

32. Maniji HK, Quiroz JA, Payne JL, Singh J, Lopes BP, Viegas JS,
Zarate CA. The underlying neurobiology of bipolar disorder. World
Psychiatry. 2003 Oct;2(3):136-46.

33. Loganovsky KN, Volovik SV, Manton KG, Bazyka DA, Flor-Henry
P. Whether ionizing radiation is a risk factor for schizophrenia spec-
trum disorders? World J Biol Psychiatry. 2005;6(4):212-30.

34. Nakane Y, Ohta Y. An example from the Japanese Register:
Some long-term consequences of the A-bomb for its survivors in
Nagasaki. In: Giel R, Gulbinat WH, Henderson JH, editors.
Psychiatric case registers in public health. Amsterdam: Elsevier
Science Publishers B.V., 1986. p. 26-7.

35. Shore JH, Tatum EL, Vollmer WM. Psychiatric reactions to dis-
aster: the Mount St. Helens experience. Am J Psychiatry.
1986;143(5):590-5.

36. Iwata Y, Suzuki K, Wakuda T, Seki N, Thanseem |, Matsuzaki H
et al. Irradiation in adulthood as a new model of schizophrenia.
PLoS One. 2008 May 28;3(5):e2283. doi: 10.1371/journal.
pone.0002283.

37. Loganovsky KN, Loganovskaja TK. Schizophrenia spectrum dis-
orders in persons exposed to ionizing radiation as a result of the
Chernobyl accident. Schizophr Bull. 2000;2(4):751-73.

38. Bazyka DA, Loganovsky KM, llyenko IM, Chumak SA, Bomko
MO. Gene expression, telomere and cognitive deficit analysis as a
function of Chornobyl radiation dose and age: from in utero to
adulthood. Probl Radiac Med Radiobiol. 2015 Dec;20:283-310.
39. Shimizu Y, Kodama K, Nishi N, Kasagi F, Suyama A, Soda M et
al. Radiation exposure and circulatory disease risk: Hiroshima and
Nagasaki atomic bomb survivor data, 1950-2003. BMJ. 2010 Jan
14;340:b5349. doi: 10.1136/bm;j.n5349.

40. Korr H, Thorsten Rohde H, Benders J, Dafotakis M, Grolms N,
Schmitz C. Neuron loss during early adulthood following prenatal
low-dose X-irradiation in the mouse brain. Int J Radiat Biol. 2001
May;77(5):567-80.

41. Selemon LD, Wang L, Nebel MB, Csernansky JG, Goldman-
Rakic PS, Rakic P. Direct and indirect effects of fetal irradiation on
cortical gray and white matter volume in the macaque. Biol
Psychiatry. 2005 Jan 1;57(1):83-90.

42. Selemon LD, Begovi? A, Rakic P. Selective reduction of neuron
number and volume of the mediodorsal nucleus of the thalamus in
macaques following irradiation at early gestational ages. J Comp
Neurol. 2009 Aug 1;515(4):454-64. doi: 10.1002/cne.22078.

b 84



ISSN 2304-8336. lpobnemn paniauiiivoi Meauunkn Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

REVIEWS

43. Distinct abnormalities of the primate prefrontal cortex caused by ioniz-
ing radiation in early or midgestation / L. D.Selemon, C. Ceritoglu, J. T.
Ratnanather, L. Wang, M. P. Harms, K. Aldridge [et al.] // J. Comp. Neurol.
- 2013. - Vol. 521, no. 5. - P. 1040-1053. - doi: 10.1002/cne.23217.

44, Selemon L. D.Motor stereotypies and cognitive perseveration in non-
human primates exposed to early gestational irradiation / L. D.Selemon,H.
R. Friedman // Neuroscience. - 2013. - Vol. 248. - P. 213-224. - doi:
10.1016/j.neuroscience.2013.06.006. Epub 2013 Jun 13.

45, Lifetime prevalence of schizophrenia among individuals prenatally
exposed to atomic bomb radiation in Nagasaki City / Y.Imamura, Y. Nakane,
Y. Ohta, H. Kondo // Acta Psychiatr. Scand. - 1999. - Vol. 100, no. 5. - P.
344-349.

46. Disrupted development of the dominant hemisphere following prenatal
irradiation / K. N. Loganovsky, T. K. Loganovskaja, S. Y. Nechayev, Y. Y.
Antipchuk, M. A. Bomko // J. Neuropsychiatry Clin. Neurosci. - 2008. - Vol.
20, no. 3. - P. 274-291. - doi: 10.1176/appi.neuropsych.20.3.274.

47. Childhood exposure to ionizing radiation to the head and risk of schiz-
ophrenia /S. Sadetzki, A.Chetrit, L.Mandelzweig, D.Nahon, L.Freedman,
E.Susser,R.Gross //Radiat. Res.- 2011. - Vol. 176, no. 5. - P. 670-677.
48. Prevalence and risks of dementia in the Japanese population: RERF’s
adult health study Hiroshima subjects. Radiation Effects Research
Foundation / M. Yamada, H.Sasaki, Y.Mimori, F. Kasagi, S. Sudoh, J. lkeda
[etal.] // J. Am. Geriatr. Soc.- 1999. - Vol. 47, no. 2. - P. 189-195.

49. Potential occupational risks for neurodegenerative diseases / R. M.
Park, P. A. Schulte, J. D. Bowman, J. T. Walker, S. C. Bondy, M. G. Yost
[et al.]// Am. J. Ind. Med. - 2005. - Vol. 48, no. 1. - P. 63-77.

50. Mortality from diseases other than cancer following low doses of ioniz-
ing radiation: results from the 15-Country Study of nuclear industry work-
ers / M. Vrijheid, E. Cardis, P. Ashmore, A. Auvinen, J. M. Bae, H. Engels
[et al.]// Int. J. Epidemiol. - 2007. - Vol. 36, no. 5. - P. 1126-1135.

51. Systematic review and meta-analysis of circulatory disease from expo-
sure to low-level ionizing radiation and estimates of potential population
mortality risks / M. P.Little, T. V. Azizova, D. Bazyka, S. D. Bouffler, E.
Cardis, S. Chekin [et al.] // Environ. Health Perspect. - 2012. - Vol. 120,
no. 11. - P. 1503-1511. - doi: 10.1289/ehp.1204982.

52. Study of mortality among female nuclear weapons workers : Final report
(Health-Related Energy Research Branch. Grant Numbers: 1R01
OHO3274, R01/CCR214546, R01/CCR61 2934-01.) [Electronic resiurce] /
G. S. Wilkinson, N. Trieff, R. Graham,R. L. Priore ; National Institute for
Occupational Safety and Health, Division of Surveillance, Hazard
Evaluations and Field Studies ;sponsor: National Institute for Occupational
Safety and Health, Centers for Disease Control and Prevention.- Access at:
http://www.cdc.gov/niosh/oerp/pdfs/2001-133g17.pdf.

53. Nested case-control study of external ionizing radiation dose and mor-
tality from dementia within a pooled cohort of female nuclear weapons
workers / R. F. Sibley, B. S.Moscato, G. S.Wilkinson, N.Natarajan //Am. J.
Ind. Med.- 2003. - Vol. 44, no. 4. - P. 351-358.

54. The accelerated occurrence of age-related changes of organism in
Chernobyl workers: a radiation-induced progeroid syndrome? / A. M.
Polyukhov, I. V.Kobsar,V. 1.Grebelnik,V. P.Voitenko // Exp. Gerontol.- 2000.
-Vol. 35, no. 1. - P. 105-115.

43. Selemon LD, Ceritoglu C, Ratnanather JT, Wang L, Harms MP,
Aldridge K et al. Distinct abnormalities of the primate prefrontal cor-
tex caused by ionizing radiation in early or midgestation. J Comp
Neurol. 2013 Apr 1;521(5):1040-53. doi: 10.1002/cne.23217.

44, Selemon LD, Friedman HR. Motor stereotypies and cognitive
perseveration in non-human primates exposed to early gestational
irradiation. Neuroscience. 2013 Sep 17;248:213-24. doi:
10.1016/j.neuroscience.2013.06.006.

45. Imamura Y, Nakane Y, Ohta Y, Kondo H. Lifetime prevalence of
schizophrenia among individuals prenatally exposed to atomic
bomb radiation in Nagasaki City. Acta Psychiatr Scand. 1999
Nov;100(5):344-9.

46. Loganovsky KN, Loganovskaja TK, Nechayev SY, Antipchuk YY,
Bomko MA. Disrupted development of the dominant hemisphere
following prenatal irradiation. J Neuropsychiatry Clin Neurosci.
2008  Summer;20(3):274-91.  doi:  10.1176/appi.neu-
ropsych.20.3.274.

47. Sadetzki S, Chetrit A, Mandelzweig L, Nahon D, Freedman L,
Susser E, Gross R. Childhood exposure to ionizing radiation to the
head and risk of schizophrenia. Radiat Res. 2011 Nov;176(5):670-7.
48. Yamada M, Sasaki H, Mimori Y, Kasagi F, Sudoh S, lkeda J et
al. Prevalence and risks of dementia in the Japanese population:
RERF’s adult health study Hiroshima subjects. Radiation Effects
Research Foundation. J Am Geriatr Soc. 1999 Feb;47(2):189-95.
49. Park RM, Schulte PA, Bowman JD, Walker JT, Bondy SC, Yost
MG et al. Potential occupational risks for neurodegenerative dis-
eases. Am J Ind Med. 2005 Jul;48(1):63-77.

50. Vrijheid M, Cardis E, Ashmore P, Auvinen A, Bae JM, Engels H
et al. Mortality from diseases other than cancer following low doses
of ionizing radiation: results from the 15-Country Study of nuclear
industry workers. Int J Epidemiol. 2007 Oct;36(5):1126-35.

51. Little MP, Azizova TV, Bazyka D, Bouffler SD, Cardis E, Chekin
S et al. Systematic review and meta-analysis of circulatory disease
from exposure to low-level ionizing radiation and estimates of
potential population mortality risks. Environ Health Perspect. 2012
Nov;120(11):1503-11. doi: 10.1289/ehp.1204982.

52. Wilkinson GS, Trieff N, Graham R., Priore RL. Study of mortal-
ity among female nuclear weapons workers. Final report. National
Institute for Occupational Safety and Health, Division of
Surveillance, Hazard Evaluations and Field Studies. Health-Related
Energy Research Branch. Grant Numbers: 1R01 OHO3274,
R01/CCR214546, R01/CCR61 2934-01. Sponsor: National
Institute for Occupational Safety and Health, Centers for Disease
Control and Prevention. Access at: http://www.cdc.gov/niosh/
oerp/pdfs/2001-133g17.pdf.

53. Sibley RF, Moscato BS, Wilkinson GS, Natarajan N. Nested
case-control study of external ionizing radiation dose and mortality
from dementia within a pooled cohort of female nuclear weapons
workers. Am J Ind Med. 2003 Oct;44(4):351-8.

54. Polyukhov AM, Kobsar IV, Grebelnik VI, Voitenko VP. The accel-
erated occurrence of age-related changes of organism in

85 @



ornsaaosi CTATTI

ISSN 2304-8336. pobnemu pagiauiiinoi Meouunkm Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

55. Longitudinal neurocognitive assessments of Ukrainians exposed to ion-
izing radiation after the Chernobyl nuclear accident / G. L.Gamache, D. M.
Levinson, D. L. Reeves,P. |. Bidyuk, K. K.Brantley // Arch Clin
Neuropsychol. - 2005. - Vol. 20, no. 1. - P. 81-93.

56. OcOBEHHOCTM CNyXOBbIX KOTHUTWBHBIX BbI3BAHHBIX MOTEHLMANOB Y
YY4aCTHUKOB  INKBMAALMM  MOCNEACTBUNA  4YepHOObIIbCKOM — aBapuu.
coobweHe . AHanua paHHero ni1 komnoHeHta /J1.A. )KaBOpOHKOBA,
A.M.Benoctoukmit, M.A. Kynukos, JI.6. Oknuna, H.B.Xonoposa,C.B.
Kynuosa// ®uamnonorus yenoseka. - 2010. - T. 36, Ne 2. - C. 32-43.

57. OCOBEHHOCTU CNYXOBbIX KOTHUTUBHBIX BbI3BAHHbIX MOTEHLWANOB Y
Y4aCTHMKOB JINKBMAALMM NOCNEACTBMIA 4epHOOBINLCKON aBapuiu.
coobuleHne ii. aHanu3 no3gHero kommoHenTa P300 / JI. A
XaBopoHkoga, A. I1. benoctoukuit, M. A. Kynukos, C. B. Kynuosa,H. b.
Xonoposa, JI. . OkHuHa // ®uanonorus yenoeeka. - 2010. - T. 36, Ne
4 - C. 22-33.

58. HapyweHus BbICLIMX NCUXMYECKUX DYHKLMIA N KOTHUTUBHBIX CITYXOBbIX
BbI3BaHHbIX MOTEHLMANOB Y JMKBUAATOPOB YepHOOLINLCKON aBapun /
XasoponkoBa JI.A., benoctoukuii A.M., Xonogoea H.b., Kynuoea C.B.,
Cnerupesa W.1., Kynukos M.A., OkHuna J1.6. // XypHan HeBponorun u
ncuxuatpum um. C.C. Kopcakosa. 2012; 112, no. 5. - P. 62-9.

59. Krasnow, Kryukow/, SamedovaE, Emelianoval, Ryzhoval. Earlyaging in
Chernobyl clean-up workers: long-term study. Biomed Res Int. 2015; 2015:
948473. doi: 10.1155/2015/948473.

60. Kolosynska OO. Estimation of the multiple sclerosis risk in population
living on contaminated territories after the Chornobyl catastrophe. Probl
Radiac Med Radiobiol. 2013; 18: 82-8.

61. Omelianets N, Bazyka D, Igumnov S, Loganovsky K, Prysyazhnyuk A,
Stepanova E, Afanasiev D. Health Effects of Chernobyl and Fukushima: 30
and 5 years down the line. Commissioned by Greenpeace, Brusels, March
2016. - 98 p. (Available at: http://www.greenpeace.org/international/en/
publications/Campaign-reports/Nuclear-reports/Nuclear-Scars/ ~ and
http://nrcrm.gov.ua/en/publications/reports/)

62. Health effects of the Chernobyl accident and special health care pro-
grammes. Report of the UN Chernobyl Forum Expert Group «Health» (EGH)
/ Ed. by B. Bennet, M. Repacholi, Zh. Carr. - Geneva: WHO, 2006. - 160
p. Access at: http://www.who.int/ionizing_radiation/chernobyl/who_cher-
nobyl_report_2006.pdf

63. Bromet E. J.A 25 year retrospective review of the psychological conse-
quences of the Chernobyl accident/ E. J.Bromet, J. M.Havenaar, L. T.Guey
// Clin. Oncol. (R. Coll. Radiol.). - 2011. - Vol. 23, no. 4. - P. 297-305. -
doi: 10.1016/j.clon.2011.01.501..

64. Havenaar J. M.The 30-year mental health legacy of the Chernobyl dis-
aster / J. M. Havenaar, E. J. Bromet, S.Gluzman // World Psychiatry. -
2016. - Vol. 15, no. 2. - P. 181-182.

65. Loganovsky K. Overview of mental health and neuropsychiatric disor-
ders in Ukrainian Chernobyl survivors / K. Loganovsky // Cooperation on
Chernobyl Health Research (CO-CHER), Mental Health and Risk
Communication Expert meeting, 23-24 June 2015, IARC WHO, Lyon,
France. - Lyon: IARC WHO, 2015.

66. Bromet E. J. Mental health research after Chernobyl: lessons learned
and suggestions for future directions / E. J. Bromet // Cooperation on

Chernobyl workers: a radiation-induced progeroid syndrome? Exp
Gerontol. 2000 Feb;35(1):105-15.

55. Gamache GL, Levinson DM, Reeves DL, Bidyuk PI, Brantley KK.
Longitudinal neurocognitive assessments of Ukrainians exposed to
ionizing radiation after the Chernobyl nuclear accident. Arch Clin
Neuropsychol. 2005 Jan;20(1):81-93.

56. Zhavoronkova LA, Belostotski? AP, Kulikov MA, Oknina LB,
Kholodova NB, Kuptsova SV.[Specificity of auditory evoked poten-
tials changes in participants of Chernobyl accident consequences:
I. Analysis of early N1 component]. Fiziol Cheloveka. 2010 Mar-
Apr;36(2):32-43. Russian.

57. Zhavoronkova LA, Belostotski? AP, Kulikov MA, Kuptsova SV,
Kholodova HB, Oknina LB. [Features of cognitive audiory evoked
potentials changes at participants of liquidation of Chernobyl acci-
dent consequences the message Il. The analysis of late component
P300].Human Physiology. 2010 Jul-Aug;36(4):22-33. Russian.

58. Zhavoronkova LA, Belostotski? AP, Kholodova NB, Kuptsova SV,
Snegireva IP, Kulikov MA, Oknina LB. [Higher mental functions and
cognitive auditory event-related potentials impairment in liquidators
of Chernobyl accident]. Zh Nevrol Psikhiatr Im S S Korsakova.
2012;112(5):62-9. Russian.

59. Krasnov V, Kryukov V, Samedova E, Emelianova I, Ryzhova I.
Early aging in Chernobyl clean-up workers: long-term study.
Biomed Res Int. 2015;2015:948473. doi: 10.1155/2015/948473.
60. Kolosynska OO. Estimation of the multiple sclerosis risk in pop-
ulation living on contaminated territories after the Chornobyl catas-
trophe. Probl Radiac Med Radiobiol. 2013;18:82-8.

61. Omelianets N, Bazyka D, Igumnov S, Loganovsky K,
Prysyazhnyuk A, Stepanova E, Afanasiev D. Health Effects of
Chernobyl and Fukushima: 30 and 5 years down the line [Internet].
Brusels:Commissioned by Greenpeace; March 2016. 98 p.
Available at: http://www.greenpeace.org/international/en/publica-
tions/Campaign-reports/Nuclear-reports/Nuclear-Scars/  and
http://nrcrm.gov.ua/en/publications/reports/

62. BennetB, RepacholiM, Carrzh, editors. Health effects of the
Chernobyl accident and special health care programmes. Report of
the UN Chernobyl Forum Expert Group «Health» (EGH) [Internet].
Geneva: WHO; 2006. 160 p. Access at: http://www.who.int/ioniz-
ing_radiation/chernobyl/who_chernobyl_report_2006.pdf

63. Bromet EJ, Havenaar JM, Guey LT. A 25 year retrospective
review of the psychological consequences of the Chernobyl acci-
dent. Clin Oncol (R Coll Radiol). 2011 May;23(4):297-305. doi:
10.1016/j.clon.2011.01.501.

64. Havenaar JM, Bromet EJ, Gluzman S. The 30-year mental
health legacy of the Chernobyl disaster. World Psychiatry. 2016;15
(2):181-2.

65. Loganovsky K. Overview of mental health and neuropsychiatric
disorders in Ukrainian Chernobyl survivors. In: Cooperation on
Chernobyl Health Research (CO-CHER), Mental Health and Risk
Communication Expert meeting; 2015Jun23-24;Lyon, France.
Lyon: IARC, WHO;2015.

) 86



ISSN 2304-8336. lpobnemn paniauiiivoi Meauunkn Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

REVIEWS

Chernobyl Health Research (CO-CHER), Mental Health and Risk
Communication Expert meeting, 23-24 June 2015, IARC WHO, Lyon,
France. - Lyon: IARC WHO, 2015.

67. Havenaar J. Psychological consequences of the Chernobyl Disaster,
outcomes, mechanisms and interventions / J.Havenaar // Cooperation on
Chernobyl Health Research (CO-CHER), Mental Health and Risk
Communication Expert meeting, 23-24 June 2015, IARC WHO, Lyon,
France. - Lyon:IARC WHO, 2015.

68. Igumnov S. Overview on the mental health research among Chernobyl
cleanup workers/»liquidators» in Belarus / S.lgumnov // Cooperation on
Chernobyl Health Research (CO-CHER), Mental Health and Risk
Communication Expert meeting, 23-24 June 2015, IARC WHO, Lyon,
France. - Lyon:IARC WHO, 2015.

69. Loganovsky K.The mental health of clean-up workers 18 years after the
Chernobyl accident / K. Loganovsky, J. M. Havenaar, N. L. Tintle, L. T.
Guey, R. Kotov, E. J. Bromet // Psychol. Med. - 2008. - Vol. 38, no. 4. - P.
431-488.

70. Rumyantseva G. M. Post-traumatic stress disorder in different types of
stress (clinical features and treatment) / G. M.Rumyantseva , A. L.Stepanov
//Neurosci. Behav. Physiol.- 2008. - Vol. 38, no. 1. - P. 55-61.

71. Loganovsky K. N.Cerebral basis of posttraumatic stress disorder follow-
ing the Chernobyl disaster / K. N. Loganovsky, N. A. Zdanevich // CNS
Spectr. - 2013. - Vol. 18, no. 2. - P. 95-102. - doi:
10.1017/5109285291200096X.

72. Loganovsky K. N.Depression and ionizing radiation / K. N. Loganovsky,
Z. LVasilenko // Probl. Radiac. Med. Radiobiol. - 2013. - Vol. 18. - P. 200-
219.

73. Loganovsky K. Workers on transformation of the shelter object of the
Chernobyl nuclear power plant into an ecologically-safe system show qEEG
abnormalities and cognitive dysfunctions: A follow-up study / K.
Loganovsky, I. Perchuk, D. Marazziti // World J. Biol. Psychiatry. - 2015. -
Vol. 23. - P. 1-8.

74. World Health Organization. Health consequences of the Chernobyl acci-
dent. Results of the IPHECA pilot projects and related national programmes
/ed. by G. N. Soushkevitch, A. F. Tsyb. - Geneva: World Health
Organization, 1996. - 520 p.

75. Loganovsky K. Do low doses of ionizing radiation affect the human
brain? / K. Loganovsky // Data Science Journal. - 2009. - Vol. 8. - P. BR13-
BR35. - Access at: https://www.jstage.jst.go.jp/article/dsj/8/0/8_BR-
04/ article

76. Picano E, Vano E, Domenici L, Bottai M, Thierry-Chef I. Cancer and
non-cancer brain and eye effects of chronic low-dose ionizing radiation
exposure / E. Picano, E. Vano, L. Domenici, M. Bottai, I. Thierry-Chef
//BMC Cancer. - 2012. - Vol. 12. - P. 157. - doi: 10.1186/1471-2407-12-
157.

77. Cognitive, psychological and psychiatric effects of ionizing radiation
exposure/ D. Marazziti, S. Baroni, M. Catena-Dell'Osso, E. Schiavi, D.
Ceresoli, C. Conversano [et al.]// Curr. Med. Chem. - 2012. - Vol. 19, no.
12. - P. 1864-1869.

78. Cellular immunity and telomere length correlate with cognitive dysfunc-
tion in clean-up workers of the Chernobyl accident / D. A. Bazyka, K. N.

66. Bromet EJ. Mental health research after Chernobyl: lessons
learned and suggestions for future directions. In: Cooperation on
Chernobyl Health Research (CO-CHER), Mental Health and Risk
Communication Expert meeting; 2015 Jun23-24; Lyon, France.
Lyon: IARC, WHO; 2015.

67. Havenaar J. Psychological consequences of the Chernobyl
Disaster, outcomes, mechanisms and interventions. In:
Cooperation on Chernobyl Health Research (CO-CHER), Mental
Health and Risk Communication Expert meeting; 2015 Jun23-24;
Lyon, France. Lyon: IARC, WHO; 2015.

68. Igumnov S. Overview on the mental health research among
Chernobyl cleanup workers/»liquidators» in  Belarus. In:
Cooperation on Chernobyl Health Research (CO-CHER), Mental
Health and Risk Communication Expert meeting; 2015 Jun23-24;
Lyon, France. Lyon: IARC, WHO; 2015.

69. Loganovsky K, Havenaar JM, Tintle NL, Guey LT, Kotov R,
Bromet EJ. The mental health of clean-up workers 18 years after
the Chernobyl accident. Psychol Med. 2008 Apr;38(4):481-8.

70. Rumyantseva GM, Stepanov AL. Post-traumatic stress disorder
in different types of stress (clinical features and treatment).
Neurosci Behav Physiol. 2008 Jan;38(1):55-61.

71. Loganovsky KN, Zdanevich NA. Cerebral basis of posttraumat-
ic stress disorder following the Chernobyl disaster. CNS Spectr.
2013 Apr;18(2):95-102. doi: 10.1017/S109285291200096X.

72. Loganovsky KN, Vasilenko ZL. Depression and ionizing radia-
tion. Probl Radiac Med Radiobiol. 2013;(18):200-19.

73. Loganovsky K, Perchuk I, Marazziti D. Workers on transformation
of the shelter object of the Chernobyl nuclear power plant into an eco-
logically-safe system show qEEG abnormalities and cognitive dysfunc-
tions: A follow-up study. World J Biol Psychiatry. 2015 May;23:1-8.
74. World Health Organization. Health consequences of the
Chernobyl accident. In: Soushkevitch GN, Tsyb AF, editors. Results
of the IPHECA pilot projects and related national programmes.
Geneva: World Health Organization; 1996. 520 p.

75. Loganovsky K. Do low doses of ionizing radiation affect the
human brain?[Internet]. Data Science Journal. 2009;8:BR13-
BR35. Access at: https://www.jstage.jst.go.jp/article/dsj/8/0/8_BR-
04/ article

76. Picano E, Vano E, Domenici L, Bottai M, Thierry-Chef |. Cancer
and non-cancer brain and eye effects of chronic low-dose ionizing
radiation exposure.BMC Cancer. 2012 Apr 27;12:157. doi:
10.1186/1471-2407-12-157.

77. Marazziti D, Baroni S, Catena-Dell’Osso M, Schiavi E, Ceresoli
D, Conversano C et al, Cognitive, psychological and psychiatric
effects of ionizing radiation exposure. Curr Med Chem.
2012;19(12):1864-9.

78. Bazyka DA, Loganovsky KN, llyenko IN,Chumak SA, Marazziti
D, Maznichenko OL, Kubashko AV. Cellular immunity and telomere
length correlate with cognitive dysfunction in clean-up workers of
the Chernobyl accident. Clinical Neuropsychiatry. Journal of
Treatment Evaluation. 2013;10 (6):280-281.

87 @



ornsaaosi CTATTI

ISSN 2304-8336. pobnemu pagiauiiinoi Meouunkm Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

Loganovsky, I. N. llyenko,S. A. Chumak, D. Marazziti, O. L. Maznichenko,
A. V. Kubashko // Clinical Neuropsychiatry. Journal of Treatment Evaluation.
- 2013. - Vol. 10, no. 6. - P. 280-281.

79. TERF1 and TERF2 downregulate telomere length in cognitive deficit at
the late period after low-dose exposure /D. A.Bazyka, I. N. llyenko, K. N.
Loganovsky, S. A. Chumak // Probl. Radiac. Med. Radiobiol. - 2014. - Vol.
19. - P. 170-185.

80. Epidemiology and molecular studies in cerebrovascular disease at the
late period after radiation exposure in Chernobyl [Electronic resource]/ D.
Bazyka, V. Buzunov, I. llyenko, K.Loganovsky // Biological responses, mon-
itoring and protection from radiation exposure/ ed. by K. P. Mishra. - New
York: Nova Science Publishers Inc, 2015. - P. 69-84. - Access at:
https://www.novapublishers.com/catalog/product_info.php?products_id=5
3310%70b5%7d1080sCsid

81. Neuropsychological testing in interventional cardiology staff after long-
term exposure to ionizing radiation / D. Marazziti, F. Tomaiuolo, L.
Dell’'Osso, V. Demi, S. Campana, E. Piccaluga [et al.] // J. Int.
Neuropsychol.Soc. - 2015. - Vol. 21, no. 9. - P. 670-676. - doi:
10.1017/5135561771500082X.

82. Subclinical carotid atherosclerosis and early vascular aging from long-
term low-dose ionizing radiation exposure: a genetic, telomere, and vascu-
lar ultrasound study in cardiac catheterization laboratory staff / M. G.
Andreassi, E. Piccaluga, L. Gargani, L. Sabatino, A. Borghini, F. Faita [et al.]
// JACC Cardiovasc Interv. - 2015. - Vol. 8, no. 4. - P. 616-627. - doi:
10.1016/j.jcin.2014.12.233.

83. Occupational health risks in cardiac catheterization laboratory workers /
M. G. Andreassi, E.Piccaluga, G. Guagliumi, M. Del Greco, F. Gaita, E.
Picano // Circ. Cardiovasc. Interv. - 2016. - Vol. 9, no. 4. - P. e003273. -
doi: 10.1161/CIRCINTERVENTIONS.115.003273.

84. Selective brain responses to acute and chronic low-dose X-ray irradia-
tion in males and females /G. Silasi,R.Diaz-Heijtz,J.Besplug,R.Rodriguez-
Juarez,V.Titov,B.Kolb, O.Kovalchuk //Biochem. Biophys. Res. Commun.-
2004. - Vol. 325, no. 4. - P. 1223-1235.

85. Human Research Program Space Radiation Program Element. Risk of
acute and late central nervous system effects from radiation exposure
[Electronic resource]. - Houston, Texas : National aeronautics and space
administration, 2016. - Available at: https://humanresearchroadmap.
nasa.gov/evidence/reports/cns.pdf

86. Time- and dose-related changes in the white matter of the rat brain after
single doses of X rays /W. Calvo,J. W.Hopewell, H. S.Reinhold,T. K.Yeung
//Br. J. Radiol.- 1988. - Vol. 61(731. - P. 1043-1052.

87. Repair capacity of adult rat glial progenitor cells determined by an in
vitro clonogenic assay after in vitro or in vivo fractionated irradiation / R. W.
van der Maazen, B. J.Kleiboer, 1.Verhagen,A. J. van der Kogel // Int. J.
Radiat. Biol.- 1993. - Vol. 63, no. 5. - P. 661-666.

88. Tofilon P. J. The radioresponse of the central nervous system: a dynam-
ic process /P. J. Tofilon,J. R. Fike // Radiat. Res. - 2000. - Vol. 153. - P.
357-370.

89. Radiation induced CNS toxicity -molecular and cellular mechanisms /C.
Belka,W.Budach, R. D.Kortmann, M. Bamberg //Br. J. Cancer.- 2001. -
Vol. 85, no. 9. - P. 1233-1239.

79. Bazyka DA, liyenko IN, Loganovsky KN, Chumak SA. TERF1 and
TERF2 downregulate telomere length in cognitive deficit at the late
period after low-dose exposure. Probl Radiac Med Radiobiol.
2014;19:170-85.

80. Bazyka D, Buzunov V, llyenko I, Loganovsky K. Epidemiology
and molecular studies in cerebrovascular disease at the late period
after radiation exposure in Chernobyl. In: Mishra KP, editor.
Biological responses, monitoring and protection from radiation
exposure. New York: Nova Science Publishers Inc, 2015. pp. 69-
84. Access at: https://www.novapublishers.com/catalog/product_
info.php?products_id=53310%70b5%7d10&0sCsid

81. Marazziti D, Tomaiuolo F, Dell'Osso L, Demi V, Campana S,
Piccaluga E et al. Neuropsychological testing in interventional car-
diology staff after long-term exposure to ionizing radiation. J Int
Neuropsychol Soc. 2015 Oct;21(9):670-6. doi: 10.1017/
5135561771500082X.

82. Andreassi MG, Piccaluga E, Gargani L, Sabatino L, Borghini A,
Faita F et al. Subclinical carotid atherosclerosis and early vascular
aging from long-term low-dose ionizing radiation exposure: a
genetic, telomere, and vascular ultrasound study in cardiac
catheterization laboratory staff. JACC Cardiovasc Interv. 2015 Apr
20;8(4):616-27. doi: 10.1016/j.jcin.2014.12.233.

83. Andreassi MG, Piccaluga E, Guagliumi G, Del Greco M, Gaita F,
Picano E. Occupational health risks in cardiac catheterization labo-
ratory workers. Circ Cardiovasc Interv. 2016 Apr;9(4):e003273. doi:
10.1161/CIRCINTERVENTIONS. 115.003273.

84. Silasi G, Diaz-Heijtz R, Besplug J, Rodriguez-Juarez R, Titov V,
Kolb B, Kovalchuk O. Selective brain responses to acute and chron-
ic low-dose X-ray irradiation in males and females.Biochem Biophys
Res Commun. 2004 Dec 24;325(4):1223-35.

85. Human Research Program Space Radiation Program Element.
Risk of acute and late central nervous system effects from radiation
exposure [Internet]. Houston, Texas:National aeronautics and
space administration; 2016. Available at: https://humanre-
searchroadmap.nasa.gov/evidence/reports/cns.pdf

86. Calvo W, Hopewell JW, Reinhold HS, Yeung TK. Time- and
dose-related changes in the white matter of the rat brain after sin-
gle doses of X rays.Br J Radiol. 1988 Nov;61(731):1043-52.

87. van der Maazen RW, Kleiboer BJ, Verhagen I, van der Kogel
AJ.Repair capacity of adult rat glial progenitor cells determined by
an in vitro clonogenic assay after in vitro or in vivo fractionated irra-
diation.Int J Radiat Biol. 1993 May;63(5):661-6.

88. Tofilon PJ, Fike JR. The radioresponse of the central nervous
system: a dynamic process. Radiat Res. 2000;153:357-70.

89. Belka C1, Budach W, Kortmann RD, Bamberg M. Radiation
induced CNS toxicity -molecular and cellular mechanisms. Br J
Cancer. 2001 Nov 2;85(9):1233-9.

90. Brown WR, Blair RM, Moody DM, Thore CR, Ahmed S, Robbins
ME, Wheeler KT. Capillary loss precedes the cognitive impairment
induced by fractionated whole-brain irradiation: a potential rat model
of vascular dementia. J Neurol Sci. 2007 Jun 15;257(1-2):67-71.

) 88



ISSN 2304-8336. lpobnemn paniauiiivoi Meauunkn Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

REVIEWS

90. Capillary loss precedes the cognitive impairment induced by fractionat-
ed whole-brain irradiation: a potential rat model of vascular dementia / W.
R. Brown, R. M. Blair, D. M. Moody,C. R. Thore, S. Ahmed, M. E. Rob-
bins,K. T. Wheeler // J. Neurol. Sci. - 2007. - Vol. 257, no. 1-2. - P. 67-71.
91. Involvement of p53 in DNA strand break-induced apoptosis in postmi-
totic CNS neurons /Y. Enokido, T. Araki, K. Tanaka, S. Aizawa, H. Hatanaka
// Eur. J. Neurosci. - 1996. - Vol. 8, no. 9. - P. 1812-1821.

92. Response of postmitotic neurons to X-irradiation: implications for the
role of DNA damage in neuronal apoptosis / G. T. Gobbel, M.Bellinzona, A.
R.Vogt, N.Gupta, J. R.Fike, P. H.Chan //J. Neurosci.- 1998. - Vol. 18, no.
1. - P. 147-155.

93. Cognitive dysfunction and histological findings in adult rats one year
after whole brain irradiation / K. Akiyama, R.Tanaka, M.Sato,N.
Takeda//Neurol. Med. Chir. (Tokyo).- 2001. - Vol. 41, no. 12. - P. 590-598.
94. Inhibition of neurogenesis interferes with hippocampus-dependent
memory function / G.Winocur, J. M.Wojtowicz,M.Sekeres, J. S.Snyder, S.
Wang// Hippocampus.- 2006. - Vol. 16, no. 3. - P. 296-304.

95. Monje M. L.Inflammatory blockade restores adult hippocampal neuro-
genesis /M. L. Monje , H.Toda,T. D.Palmer //Science.- 2003. - Vol. 302
(9651). - P. 1760-1765.

96. Hippocampal neuron number is unchanged one year after fractionated
whole brain irradiation at middle age / L.Shi, D. P.Molina, M. E.Robbins, K.
T.Wheeler,J. K.Brunso-Bechtold // Int. J. Radiat. Oncol. Biol. Phys.- 2008.
-Vol. 71, no. 2. - P. 526-532. - doi: 10.1016/}.ijrobp.2008.02.015.

97. Cerebrovascular diseases incidence and mortality in an extended Mayak
Worker Cohort 1948-1982 / T. V. Azizova, R. G.Haylock, M. B.Moseeva,M.
V.Bannikova,E. S.Grigoryeva // Radiat. Res.- 2014. - Vol. 182, no. 5. - P.
529-544. - doi: 10.1667/RR13680.1.

98. Progressive neurovascular disturbances in the cerebral cortex of
Alzheimer’s disease-model mice: protection by atorvastatin and pitavastatin
/ T.Kurata, K. Miyazaki, M. Kozuki, N.Morimoto, Y.Ohta, Y.lkeda,
K.Abe//Neuroscience.- 2011. - Vol. 197. - P. 358-368. - doi:
10.1016/j.neuroscience.2011.09.030.

99. Zlokovic B. V. The blood-brain barrier in health and chronic neurode-
generative disorders / B. V.Zlokovic // Neuron.- 2008. - Vol. 57, no. 2. - P.
178-201. - doi: 10.1016/j.neuron.2008.01.003.

100. Knott C. Inflammatory regulators in Parkinson’s disease: iNOS,
lipocortin-1, and cyclooxygenases-1 and -2 / C. Knott, G.Stern,G. P.Wilkin
// Mol. Cell Neurosci.- 2000. - Vol. 16, no. 6. - P. 724-739.

101. Mrak R. E.Common inflammatory mechanisms in Lewy body disease
and Alzheimer disease / R. E. Mrak,W. S.Griffin // J. Neuropathol. Exp.
Neurol.- 2007. - Vol. 66, no. 8. - P. 683-686.

102. Proteomics in human Parkinson’s disease research / V. Licker, E.
K?vari, D. F. Hochstrasser, P. R.Burkhard // J. Proteomics. - 2009. - Vol.
73, no. 1. - P. 10-29. - doi: 10.1016/j.jprot.2009.07.007.

103. Elsworth J. D. Dopamine synthesis, uptake, metabolism, and recep-
tors: relevance to gene therapy of Parkinson’s disease / J. D. Elsworth,R.
H. Roth// Exp. Neurol. - 1997. - Vol. 144. - P. 4-9.

104. Radiation-induced signaling results in mitochondrial impairment in
mouse heart at 4 weeks after exposure to X-rays/ Z. Barjaktarovic, D.
Schmaltz, A. Shyla, O. Azimzadeh, S. Schulz, J. Haagen [et al.] // PLoS

91. Enokido Y, Araki T, Tanaka K, Aizawa S, Hatanaka H.
Involvement of p53 in DNA strand break-induced apoptosis in
postmitotic CNS neurons. Eur J Neurosci. 1996 Sep;8(9):1812-
21.

92. Gobbel GT, Bellinzona M, Vogt AR, Gupta N, Fike JR, Chan PH.
Response of postmitotic neurons to X-irradiation: implications for
the role of DNA damage in neuronal apoptosis.J Neurosci. 1998
Jan 1;18(1):147-55.

93. Akiyama K, Tanaka R, Sato M, Takeda N. Cognitive dysfunction
and histological findings in adult rats one year after whole brain irra-
diation.Neurol Med Chir (Tokyo). 2001 Dec;41(12):590-8.

94. Winocur G, Wojtowicz JM, Sekeres M, Snyder JS, Wang S.
Inhibition of neurogenesis interferes with hippocampus-dependent
memory function.Hippocampus. 2006;16 (3):296-304.

95. Monje ML, Toda H, Palmer TD. Inflammatory blockade restores
adult hippocampal neurogenesis.Science. 2003 Dec 5;302
(5651):1760-5.

96. Shi L, Molina DP, Robbins ME, Wheeler KT, Brunso-Bechtold
JK. Hippocampal neuron number is unchanged one year after frac-
tionated whole brain irradiation at middle age.Int J Radiat Oncol Biol
Phys. 2008 Jun 1;71(2):526-32. doi: 10.1016/j.ijrobp.2008.
02.015.

97. Azizova TV, Haylock RG, Moseeva MB, Bannikova MV,
Grigoryeva ES. Cerebrovascular diseases incidence and mortality in
an extended Mayak Worker Cohort 1948-1982. Radiat Res. 2014
Nov;182(5):529-44. doi: 10.1667/RR13680.1.

98. Kurata T, Miyazaki K, Kozuki M, Morimoto N, Ohta Y, lkeda Y,
Abe K. Progressive neurovascular disturbances in the cerebral cor-
tex of Alzheimer’s disease-model mice: protection by atorvastatin
and pitavastatin.Neuroscience. 2011 Dec 1;197:358-68. doi:
10.1016/j.neuroscience.2011.09.030.

99. Zlokovic BV. The blood-brain barrier in health and chronic neu-
rodegenerative disorders.Neuron. 2008 Jan 24;57(2):178-201. doi:
10.1016/j.neuron.2008.01.003.

100. Knott C, Stern G, Wilkin GP. Inflammatory regulators in
Parkinson’s disease: iINOS, lipocortin-1, and cyclooxygenases-1
and -2. Mol Cell Neurosci. 2000 Dec;16(6):724-39.

101. Mrak RE, Griffin WS. Common inflammatory mechanisms in
Lewy body disease and Alzheimer disease.J Neuropathol Exp
Neurol. 2007 Aug;66(8):683-6.

102. Licker V, Kovari E, Hochstrasser DF, Burkhard PR. Proteomics
in human Parkinson’s disease research. J Proteomics. 2009 Nov
2;73(1):10-29. doi: 10.1016/].jprot.2009.07.007.

103. Elsworth JD, RothRH. Dopamine synthesis, uptake, metabo-
lism, and receptors: relevance to gene therapy of Parkinson’s dis-
ease. Exp Neurol. 1997;144:4-9.

104. Barjaktarovic Z, Schmaliz D, Shyla A, Azimzadeh O, Schulz S,
Haagen J. et al. Radiation-induced signaling results in mitochondr-
ial impairment in mouse heart at 4 weeks after exposure to X-rays.
PLoS One. 2011;6(12):27811. doi: 10.1371/journal.pone.
0027811.

89 @



ornsaaosi CTATTI

ISSN 2304-8336. pobnemu pagiauiiinoi Meouunkm Ta pagiobionorii = Problems of radiation medicine and radiobiology. 2016. Bun. 21.

One. - 2011. - Vol. 6, no. 12. - P. €27811. - doi: 10.1371/journal.
pone.0027811.

105. Bueler H. Impaired mitochondrial dynamics and function in the patho-
genesis of Parkinson’s disease /H.Bueler // Exp. Neurol. - 2009. - Vol. 218.
- P. 235-246. - doi: 10.1016/j.expneurol.2009.03.006

106. Roles of amyloid beta-peptide-associated oxidative stress and brain
protein modifications in the pathogenesis of Alzheimer’s disease and mild
cognitive impairment / D. A. Butterfield, T.Reed, S. F.Newman,R.Sultana
//Free Radic. Biol. Med.- 2007. - Vol. 43, no. 5. - P. 658-677.

107. Justification of diagnostic medical exposures, some practical issues:
report of an International Atomic Energy Agency Consultation / J. Malone,C.
Guleria,C. Craven,P. Horton, H. J?rvinen,J. Mayo [et al.] // Br. J. Radiol. -
2012. - Vol. 85 (1013). - P. 523-538. - doi: 10.1259/bjr/42893576.

108. Land C. E. Estimating cancer risks from low doses of ionizing radiation
/C. E.Land // Science. - 1980. - Vol. 209 (4462). - P.1197-1203.

109. Problems following hippocampal irradiation in interventional radiolo-
gists -doses and potential effects: a Monte Carlo simulation / V.Chumak, A.
Morgun, E. Bakhanova, K. Loganovsky, T. Loganovska,D. Marazziti //Probl.
Radiac. Med. Radiobiol. - 2015. - Vol.20. - P.241-256.

105. Bueler H. Impaired mitochondrial dynamics and function in the
pathogenesis of Parkinson’s disease. Exp Neurol. 2009;218:235-
246. doi: 10.1016/j.expneurol.2009.03.006

106. Butterfield DA, Reed T, Newman SF, Sultana R. Roles of amy-
loid beta-peptide-associated oxidative stress and brain protein mo-
difications in the pathogenesis of Alzheimer’s disease and mild cog-
nitive impairment.Free Radic Biol Med. 2007 Sep 1;43(5):658-77.
107. Malone J, Guleria R, Craven C, Horton P, J?rvinen H, Mayo J
et al. Justification of diagnostic medical exposures, some practical
issues: report of an International Atomic Energy Agency
Consultation. Br J Radiol. 2012 May;85(1013):523-38. doi:
10.1259/bjr/42893576.

108. Land CE. Estimating cancer risks from low doses of ionizing
radiation. Science. 1980 Sep 12;209 (4462):1197-203.

109. Chumak V, Morgun A, Bakhanova E, Loganovsky K,
Loganovska T, Marazziti D.Problems following hippocampal irradia-
tion in interventional radiologists - doses and potential effects: a
Monte Carlo simulation.Probl Radiac Med Radiobiol. 2015
Dec;20:241-56.

Cmamms Hadiiiwna do pedaxuii 18.06.2016

Received: 18.06.2016

) 90



