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I'ynzenko H.A. AHamITHYHI €M11eMI0JIOTT4HI TOCIIIKEHHS CTOXaCTUYHUX
eeKTiB OMPOMIHEHHS B YYaCHMKIB JiKBigaIii HacuiakiB aBapii Ha YAEC B
VYkpaini. KBamidikamiitHa HaykoBa mpaiis Ha IIpaBax HayKOBOi JIOTIOBIi/II 3a

CYKYITHICTIO TTyOJTiKaIii

Hucepraitist Ha 3700yTTsI HAYKOBOTO CTYIIEHS JOKTOpa MEIUYHUX HAYK 32
cnemianpHicTio 03.00.01 — panio6ionoris. HammionansHU HAyKOBUI LIEHTP
pamiamiinoi meauiHu HarioHaibHOI akaeMii MeIMYHUX HayK YKpainu, Kuis,
2021.

Hucepramiss npucBiY€HAa po3poOLl  METOAWYHUX  MIAXOAIB 10
MPOBEJICHHS AaHATITUYHUX eMiJIEMIOJIOTIYHUX JOCHIDKeHh B YKpaiHi A
JIOCTOBIPHOT OI[IHKM peali30BaHUX 1 MOTEHIIMHUX PHU3UKIB BUHUKHEHHS
CTOXAaCTHYHUX €(EKTIB OMPOMIHECHHS cepe]l YYaCHHKIB JIKBIJaIlli HacIiIKiB

YopHoOUIBCHKOI KaTacTpohu

Cepen BignaneHux e(EKTIB ONPOMIHEHHS BHACHIJOK aBapli Ha
YopuoOwibebkii  atoMHuiii  enexktpoctanilii (HAEC) HaWOUIbIII HEraTUBHI
OUiKyBaHHS OyiaM TOB’S3aHI 3 MOXJIMBUM HAJJIUIIKOM  OHKOJOTTYHHMX
3aXBOpPIOBaHb. [lepii MoBITOMIIEHHS PO HACTIAKUA PalialliifHOr0 ONMPOMIHEHHS
Oynu omyOdikoBaHI IIOAO0 OCIO, SKI TOTEPIUIM BHACHIJIOK AaTOMHOTO
O6oMOyBaHHs MBUIBHUX MicT Xipocimu Ta Haracaki B 1945 p.. Cepen meprmx
MEIWYHUX HACHIAKIB OyJi0o 3a(iKCOBAHO CYTTEBE J0303JIC)KHE 3POCTAHHS
pu3uKy BCix popm neitkemii, okpiM xpoHiuHoi JiMdoruraproi (XJLJI). [Tizuime
Oy70 3adikcOBaHO 3pOCTaHHSA PU3UKIB OKpeMHX (OPM COJIJIHUX IMyXJIUH, MEPII
3a BCE, paKy IIUTOMOAIOHOT Ta MOJIOYHOI 3aj03, JIEreHl Ta ACSKUX 1HIIUX.
HaiiGinpira yacTka HaAMIPHUX BHUIIQJIKIB CMEPTI BiJl JIeHKeMii cepen ocid, siki
nepexxusii aToMHe O0MOyBaHHs, OyJia 3apeecTpoBaHa B mepuil 15 pokiB micis

OTPOMIHEHHS, X04a PaIiallifHO acOIIMOBAHWA HAJIUINTKOBHA PHU3UK JIEUKEMIl,



0co0sMBO 11 rocTpoi MienoinHoi (opMHU, peecTpyBaBCs BIPOJIOBXK Maibke 60-
piuHOrO mepioay crnocrepexkeHHs. [1i3Hille Ha IMIIIOK BUHUKHEHHS JIeHKeMii Ta
COJIAHUX MyXJIMH OYB 3a(iKCOBAaHUI B IHIIUX ONPOMIHEHUX MOITYJISIIISX.

[IpencrapiieHi OIIHKKA OyJau OTpUMaH1 Jjis OCiO, IO 3a3HAIM BIUIMBY
ONPOMIHEHHS Y BUCOKHX J103aX MPOTATOM AYXE€ KOPOTKOro vacy. JlocmikeHHs
BIUTMBY TPUBAJIOT0 200 (paKIiifHOTO ONPOMIHEHHS y MAJUX YU BEJIMKHUX J103aX
Ha 3MiHY BEJIMYMHU PU3UKY JIEHKeMIl Ta 1HIIMX 3JI0KICHUX HOBOYTBOpeHb (3H),
PE3YNBTATH SIKUX BUHOCSTHCS HA 3aXUCT, HE BTPAYAIOTh aKTyaJIbHOCTI.

3arasioM, BCl BIiJJOMI OLIHKA PU3UKIB BUHHUKHEHHS OHKOJOTTYHHX
HACJIIKIB 1 TEHETUYHUX YIIKOJKEHb y OC10, sIKI MiANaId M 10 10HI3yI0UOTo
BUIIPOMIHIOBaHHS, 0a3ylOTbCAd HAa JaHUX aHAJITUYHHUX €I1JIEMIOJIOTIYHUX
JOCIIJIKEHb B ONPOMIHEHUX TMOMYJAIISAX: B KOTOPTI CBIJIKIB aTOMHOTO
oomOyBanusa B SAmonii (Life Span Study cohort), xoroprax mnpaiiBHUKIB
BUpOOHMIITBA «Masik» 1 MENIKaHIIB HAaCEJIEHUX MYHKTIB B3IOBXK pIuku Teua
(Techa river cohort), a Tako) KOropTi HpaliBHUKIB aTOMHHUX €JIEKTPOCTAHIIIN
kpain [liBHIY0i Amepuku Ta €Bponu 1 cepes 0cid, ONPOMIHEHHUX 32 MEIUYHUX
notped. Takum YMHOM, pO3poOKa 1 3aMpOBAKEHHS METOJIB aJIeKBAaTHOTO
IJIAaHYBaHHS Ta peaiizamii aHaJITHYHUX eMiAEeMIOJIOTIYHUX JOCIHIKeHb B
VYkpaiHi 103BOJUTH JOCTOBIPHO OLIHUTH PU3UKU, CIPUYMHEH] OMPOMIHEHHAM
BHacinok aBapii Ha UAEC.

VYyachuku nikBiganii Hacaiaki aBapii (JIHA) na HAEC sBasttots 06010
YUCEIbHY MOMYJALINHY Tpyny MEpeBa)KHO 0CiO YOJIOBIYOi cTaTi BUPOOHHUYO 1
COIIAJIbHO aKTHBHOTO BIKY, 5IKi, OyJIM OMPOMIHEHI B IIMPOKOMY Jiama3oHi J03.
Cepen mocTpakJaaJIuX caMe€ B I TPyl MOXJIMBO JOCTIIUTH 030 3aJCKHUN
€KCLIEC PU3UKY 3JI0SIKICHUX HOBOYTBOPEHD, SIKILIO BIH B3arajii iCHye€ y 3B'SI3Ky 13
YopHOOMIBCHKOIO KaTacTpodoro.

B po6oTi akmeHTyeThCs yBara Ha OCHOBHHMX METOJUYHUX MPHUHITUIIAX
MJIaHYBAHHS aHAJIITUYHOTO €MiEeMIOJIOTIYHOIO JOCIIKEHHS 1 Ha TOCB1/Il 1XHBOT
NPaKTUYHOT peaii3amii JJid OI[IHKKM DPHU3UKIB JIeHKeMii, paKy UIUTONOAI0HOT

3aio3n (PII[3) Ta MOXIMBUX CHAJKOBUX T'€HETUYHUX VYIIKOJKEHb CEPeN



YYacHHKIB JikBimamii HachigkiB YopHoOmIbChKOT KaTacTpodhu B YKpaiHi.
JletikeMii K eQeKT BIUIMBY 10HI3YIOUOTO BHUIIPOMIHIOBAHHS Ha OpraHi3M
JIOAVHH XapaKTepU3yIOThCs HaWOUIBIIO Yy TJIMBICTIO 10 IILOTO (PAKTOPY 3 YCIX
BIJIOMUX CTOXaCTUYHMX €(EKTiB, HAWNMEHIIMM JIATEHTHUM TMEpIiOJOM Ta
HaWOUTBIIO aMIUTITYJ0I0 BUIXWJICHHS PU3UKIB BiJ TOMYJISIIAHOTO pPIBHS.
Hagmumok PIHI3 moke manidecTyBaTH CIIIOM 3a JIGUKEMI€I0, TMEPEBaXKHO
cepesl OMPOMIHEHUX B MOJIOIIOMY Billl. B To# ke dac, icHyBajga WMOBIPHICTb
HA/JTMIIKOBOI 3aXBOPIOBAHOCTI Cepe/l yYacHUKIB JIKBiJaIlli HACHiIKIB aBapii,
gka Oyna J0BeJcHAa B OMHCOBUX (JIECKPUNTHUBHUX) pobOoTax 1 moTpedyBaia
MIATBEP/KEHHST B aHATITHYHOMY jgociipkeHHl pusukiB PII3, ske Oymo
peai3oBaHO 3a METOIUKOI0 BUTIAOK-KOHTPOJIb.

Meroto pobotu Oysno po3poOMTH Ta TMPAKTHYHO 3aCTOCYBATH
KOMITJIEKCHY METOJIOJIOTII0 aHAJITUYHOIO  €M1JIEMIOJIOTIYHOTO  JTOCHIIKEHHS
CTOXaCTUYHUX MEIUKO-010JIOTTYHUX €(PEKTIB 10HI3yI0UOr0 BUIIPOMIHIOBAHHS B
VkpaiHi Ta BU3HAUUTU PUBUKA BUHUKHEHHS BIJJAJICHUX OHKOJOTIYHHUX 1
T€HETUYHUX YIIKOJKEHb BHACIIJIOK OMPOMIHEHHS Mij Yac JIKBiAalii HACTIIAKIB
YopHOOUIBCHKOT KaTacTpodu.

Iepmmii po3aisi po6oTn OyI0 MPUCBIYEHO aHANIZY CTaHY MPOOJIEMU
BUBUYEHHS CTOXacTUYHUX e(eKTIB omnpomiHeHHs micig aBapii Ha YAEC B
VYkpaiHni, pe3yiapTaTaM JECKPUIITUBHOTO aHAJI3y MPOOJIEeMU Ta OOTPYHTYBAHHIO
aHAJITUYHUX EMiJeMIOJIOTIYHUX JOCHIKeHb cepen ydacHukiB JIHA. 3a
HaBEJCHUMHU JaHUMM OIMCOBUX JOCTIHKeHb (miapo3ain 1.1) KoHcTaToBaHO
HAsSBHICTh 3pOCTaHHsA 3axBoptoBaHocTi Ha PII3 B xoxHIi 13 Tpyn
MOCTPaXAINX 13 HAUOUIBIII CYTTEBUMHU 3HAYEHHSIMU JIJIsl YYaCHUKIB JIIKB1IAIli1
HACJTI/IKIB YopHOOUITBCHKOT Karactpodu, PIBEHb 3aXBOPIOBAHICTI
(cranmapTu3oBaHe criBBigHOIIeHHs piBHIB, SIR) cepen skux OyB B 5,9 pasa
BUILMI 32 HalllOHAJbHI MOKa3HUKHU B 1994-2006 pp. 13 noaiOHUMH BETUYMHAMU
3a nepioa croctepeskerds 1994-2012 pp.

B inmomMy ommcoBomy pociipkeHH1 (miaposnut 1.2) mopiBHIOBaiIach

3axBoproBaHicTh Ha PII[3 HaceneHHs Teputopiid, 3a0pyTHEHUX PAIOHYKIIITAMH.



3HaueHHS CePeqHBOI KyMYJSITUBHOI 103U OMPOMIHEHHS IIUTOMOIIOHOI 325103,
BUIII 1 HKUKY1 32 35 MI'p, MOCTYKUJIM TPAHUYHUM 3HAYEHHSIM PO3MOPALTY MIXK
TEPUTOISIMU  «3 HU3BKOIO EKCIIO3UIIEI0» 1 3 «BHCOKOI EKCIO3ULIEI» 3
NOJAJIBIIUM TIOPIBHSHHSIM 3aXxBopioBaHOCTi HaceneHHss Ha PII3 Ha nux
TepUTOPisAX. byno BU3HaueHO HAHOIIBITY YYTJIMBICTh JI0 PaaialliiHOTO BILUIMBY,
mono BunukHeHHsa PII3, oci0, Hapomxenux y 1982—-1986 poxax, ToOTO y Bil
0—4 pokiB Ha MomeHT aBapii Ha YopuoOwinbcbkii AEC Ha TepuTopisx 3
«BHCOKOIO €KCIIO3HUIIIEION.

Takoxx B mepmomy po3aial auceprauii (migpo3ain 1.3) mpenctaBieHO
OCHOBHI BHCHOBKH Tpymnu «Healthy YopHoOmibchkoro dopymy (cremiaabHo
c(hOpMOBaHOI MI>KHAPOIHOI €KCIEPTHOI Ipynu M eriaoro 8 incturyuidi OOH, B
CKJIaJ sSKOi BXOJWJAa 1 aBTOp JUCepTaliiHol poboTtu). Byno koHcTaToBaHO
BIJICYTHICTh BHOpOJoBXK 20 miciasaBapiiHUX POKIB MIATBEP/KEHUX JOKa3iB
edexTiB onmpomiHeHHs BHachigok apapii Ha UAEC momo nebikemii, P13 Ta
1HIMX (HOpM paky B rpyrax OMPOMIHEHHX 0cCi0, B TOMY YHCII cepe/i yUaCHUKIB
JTIKBlAALll HACHIAKIB aBapii. €IMHUM JOBEICHHM MEIUYHUM e(eKToOM aBapii
oyno BuzHaHo PII[3 cepen onmpoMiHEHMX MENIKAHIIIB HAWOUIbII 3a0pyIHEHUX
PaJIOHYKIIIITaMUA TEPUTOPINA HAWMOJIOIIOI BIKOBOT TPYIIH.

Pazom 3 TuM, 1 OTpuMaHHS OOrpYHTOBAaHMX BHCHOBKIB Oyia
BU3HAUCHA HEOOXIAHICTh TPOBEJACHHS AHANITHYHHUX  EIiJIeMIOJIOTTIYHUX
JOCIIIJKEHb 1 MIATPUMKH JISJIBHOCTI MOMYJSUIAHUX PEECTPIB, MEpUI 3a BCE
HaIllOHAJIBHUX KaHIIEP-PEECTPIB.

Jlpyruii po3aisi mpucBsueHUN po3poOIll Au3aiiHy Ta OOTPYHTYBaHHIO
CKJIQIOBUX JOKA30BOI'0 aHAIITUYHOTO JOCIIHKEHHS

Bbyno Bu3HayeHO 1 neTanmi3oBaHO HAWMBAXIIMBIII CKJIAJIOBI SIKICHOTO
AHAJIITUYHOTO €ITAeMIOIOTTYHOT0 JOCIIHKEHHS I 3a0€e3leUueHHsT JOKa30BOCTI
OTPUMAaHUX PE3yJIbTaTIB.

Bonu nosAranu ynactynHomy:



1) ajmexBaTHIM MOTYXKHOCTI TOCTI/DKEHHS 3 ypaxyBaHHSIM BiIIOBIIHUX
XapaKTEepPUCTUK OOpaHOi JOCHIIKYBAaHOI KOTOPTH, AM3alHy JOCIIIKCHHS,
MIEPEITiKY 3aXBOPIOBAHbB JJISI BABYCHHS, TIEPIOy CITIOCTEPEIKCHHS,

2) igeHtudikaiii BUIAAKIB 3aXBOPIOBAHHS Yy IOBHOMY O0Cs31 1 3
rapaHTOBaHOIO BepHQIKaIlI€O T1arHO31B;

3) BUOOpi aIeKBAaTHOTO METOAY JO3UMETPii, SIKMI BiAMOBiTa€ XapaKkTepy
OTPOMIHEHHS, Ta BU3HAUYCHUM KPHUTEPISIM SKOCTI

[TpuitHATHUN PiBEHb CTATUCTUYHOI MOTY>KHOCTI JIOCIIKCHHSI JIEHKeMil,
He MeHmmi 3a 80 %, OyB 3a0e3medeHnit po3mipom obpanoi koroptu (110 645
oci0 YoJoBIYOi cTari), mepioloM crnoctepexkeHHss (15 pokiB 1 Ourblie), Ta
MOXJIMBUM PIBHEM BIJTHOCHOI Ol10JIOT1YHOI €(EKTHUBHOCTI ONPOMIHEHHS
BHacniok YopuHoOunbebkoi katactpodu Big 0,25 mo 1,0, mopiBHSHO 13
KOTOPTOIO ONMPOMIHEHHUX YHACIIIJIOK siAepHOro 6oMOyBaHHs B AmoHIi.

[Ti3Hime A AOCHIKEHHS paKky IIUTOMNOJIOHOI 3a703U KOTOPTY OyJio
30upmieHo g0 150 813 oci® 31 30epekeHHAM HEOOXITHOI TOTYXKHOCTI
JOCITIIKEHHS.

Tpetiit po3aii poOOTH NPUCBIYEHU METOAMYHUM MIAXOAAM 10
nomryky, imeHtadikamii Ta Bepudikaimii JIarHOCTUYHUX  JaHUX  IIPO
3aXBOPIOBAHHS B MOBHOMY 00cs3i. B mepiomy migpo3/iiai OMUCAHO MPOLECC
imeHTudIKaIii BUMAAKIB paKy IMUTONOMIOHOT 3amo3u st mpoBeaeHHs SIR
aHamizy 3axBoproBaHocti Ha PIII3.

Bunanaku PIII3 A 171eHTH()IKOBAHO 32 TPOIEAYpPOIO
JNETEPMIHICTUYHOTO 3 €JIeMEHTaMU WMOBIPHICHOTO JIHKIIDKY JaHUX (hailry
KOropTH 13 6a3or0 aanux HarioHansHOTO KaHIEp-peecTpy. Takum 4uHOM OYJ10
imeHTudikoBaHo 196 BUMAgKiB paKy HIUTOMOMIOHOI 3a703H, SIKI CIYTyBaJH
OCHOBOIO I aHami3y 3axBoproBaHocTi Ha PII3 B mocmimkyBaHiil KOTOPTI.
Po3paxoBanuii cTanaapTU30BaHUH 32 BIKOM IMOKa3HUK 3axBoproBaHocTi Ha P13
B mocaimkyBaniin koropti (SIR) Bmpomosxk 1986-2010 ckmaB 3,50 (95%
noBipuuii inTepsain (1): 3,04-4,03).



Hlono Bepuikaiii AilarHO31B BHUIAIKIB paKy IIMTOMOAIOHOI 3ao3W,
BpPaxOBYBaBCSl PiBEHb TICTOJIOTIYHOTO MiATBEPUKEHHS IUX 3axBopioBaHb (97,5
%), 3asBJICHAIA B OQiIiiHO OImyOTiKkoBaHUX OroseTeHsx HarionansHOTO KaHIep-
peectpy Ykpainu (HKPY).

Jpyruii miapo3ail IPUCBSIYEHO MPOLEaypl 1 pe3ysbTaraM He3aJexKHO1
MDKHApPOJHOT TICTOJIOTIYHOI BepHdikallii AiarHo3iB JIEWKeMil 1 CHOPIAHEHHUX
3aXBOpIOBaHb. Pe3ynbTatv eKCrnepTH3W BHU3HAYWIMA 3a/0BUIbHY SKICTh Ta
JOCTYMHICTh JIIAaTHOCTUYHUX MaTepiajiB B JOCTIKYBaHUX perioHax Ykpainu. B
uuioMy Oyno miarBepakeHo pgiarHosu B 49 (79%) 13 62 BUMAKIB,
MPEICTaBICHUX Ha meperiisia. B Tomy uucii, Oyno miarBepmkeHo 34 (89 %) 13
38 BumaakiB JielikeMii. 4 OCHOBHI CECli €KCIIEPTU3H B MOAAIBIIOMY MPOXOAMIIN
32 METOJIOJIOTIE€I0 Y TOYHIN BIATIOBITHOCTI 13 MOMEPEIHBO MPOTECTOBAHOIO.

B 4erBepTOMy po3aiji HagaHO XapAKTEPUCTHKY OOpaHUM METOJaM
JO3UMETPUYHOTO  CYMPOBOAY AHAIITUYHOTO JOCHIKEHHS CTOXAaCTUYHHMX
edeKTiB pajiaiiitHoro BIUIMBY B pe3yibTaTi Bukonanus JIHA na YAEC.

RADRUE 6yno o0paHo 13 mepesiky NpOTECTOBAHMX METOJIB JJIs
BIJIHOBJICHHS 1031 30BHIIIHBOTO OMPOMIHEHHS Ha LIJIbOBUWA OpraH abo TKaHUHY
(Ha 4YEepBOHMI KICTKOBMM MO30K JJIsi CyO’€KTIB JOCHIKEHHS JIeHKeMii, Ha
TKaHUHY I[IUTOMOMIOHOT 3ajl03U y BIANOBIAHOMY MpPOEKTI, ad0 Ha TOHAAU B
JOCIIJPKEHH] TEHETUYHUX YIIKOMKEeHb, SKI MOTJHM TepeJaTUCh HACTYITHOMY
MOKOJIIHHIO B1Jl OPOMIHEHUX ydacHUKIB JIHA) .

3a pesyibTaTaMH MPOBEJACHOTO JOCIKEHHS, OYJI0 JOBEICHO 3asBJICHI
YYTJIMBICTh 1 YHIBEPCAJIbHICTh METOJY, 34 JIOMIOMOTOIO SIKOTO OYJI0 BiJTHOBJIEHO
no3u juisi 112 momepnux 1 jyisi 888 KUBUX CYyO’€KTIB JIOCTIIKEHHS PHU3HUKIB
neiikemii, xoua 13 162 ineHTH(IKOBAaHUX BUIAJIKIB JICUKEMIi 103y OMPOMIHCHHS
BJIAJIOCHh PEKOHCTpYyIOBaTH Tinbku i 137 (84,6%).

[leHTpasibHi OIIIHKK J03M HAa YCPBOHHMU KICTKOBHI MO30K (mimpo3mia
4.1) BapiroBamu Bix 3,7 107 g0 3 260 MI'p, cepenns apudMeTHYHA SIKHX CKiana

92 mI'p., B Tomy umncni 132,3 mI'p nns Bunaakie 1 81,8 mI'p n71st KOHTpOIB.



B nmpyromy mimpo3gim  mpeacTaBiIeHO — IO3WMETPUYHI  ITIXOJH,
BUKOPHUCTaHI B IOCIPKEHHI paKy HIUTONOAI0HOT 3a103H.

3Bakalouu Ha Te, IO B IHAYKINI paKy HIUTONMOAIOHOI 3a703U , OKpIM
30BHIIIHBOTO, CYTTEBY POJIb MOKE BIJIrpaBaTU BHYTPILIHE OMPOMIHEHHS 1IbOTO
oprady 3a paxyHOK iHramsmii 1 i KOpoTKomByumx isoromis I i Te, mis
BIIHOBJICHHS IIbOTO KOMIIOHEHTY JI03W OyJIO pPO3POOJICHO CIIeIialibHi
MaTeMaTU4YHl MOJeJl JUIS aHali3y AaHUX JOAATKOBHX PO3JAUTB aHKETH, SKi
3alOBHIOBAJIUCH M1/ Yac IHTEPB’I0 13 Cy0’ €KTaMU TOCIHIIKECHHS.

Cepennst apudMeTHUHA J03U OMPOMIHEHHS IIMTOMOJIOHOI 3al03u 3
ypaxyBaHHSAM BCIX NUISAX1B ekcro3ulii ckiana 199 mI'p (mianaszon Big 0,15 mI'p
10 9,0 I'p)

Il’aTuii  po3ain  TPUCBAYEHO OLIHKAM  J0303aJKHUX  PHU3HKIB
BUHUKHEHHSI JIOCHI/DKEHUX OHKOJOTIYHUX €(EeKTIB OMNPOMIHEHHS BHACIIIO0K
aBapii Ha HAEC.

B mepmomMy 1 npyromy migpo3aiiax MpeCTaBieH! BU3HAYEHI OIIHKH
PHU3HKY JICHKEeMIi BIPOJOBK ABOX €TMHaiB JOCTIIKEHHS

CrartuctuuHuil aHami3 OyJo MPOBEIEHO 3aCTOCOBYIOUM MOJIE€Nb YMOBHOI
norictuynoi perpecii (conditional logistic regression model). Byno Bu3HadeHo
JIHIAHY JOCTOBIPHY MO3UTUBHY acoliamilo MDK KyMYJSATHBHOIO 0300
OMPOMIHEHHS Ha YEPBOHUMN KICTKOBUN MO30K 3 YpaxyBaHHSIM 2—XpI4HOTO Jiar-
nepioAy 3 HaJJIMIIKOM BiJHOCHOTO PU3MKY BUHUKHEHH JiekikeMii Ha 1 ['peit
onpominenns (ERR/GY), skuit 8 19862000 pp cknap 3,44; 95% JII: 0,47-9,78,
p<0.01, a Brpomopxk1986-2006 pp. — 2,38 3 95 % I Big 0,49 no 5,87 Ta
p=0,004. 3anexHicts «Jlo3a-epext» Oyna mMOAIOHOW 1 Majla TO3UTHUBHI
snauenHs sk i st XJIJI (ERR/Gy=2.58, 95% JI: 0,02-8,43, p=0,047), Tak i
st He-XJUJI rpymm netikemiit (ERR/Gy=2,21, 95% J1: 0,05-7,61, p=0,039).

[MonynsauiiiHuil aTpuOyTUBHUN pU3UK BHUHMKHEHHs Jeikemii (PAR)
ckiaB 16,4 % (95 % [I: 3,9-32,6).

Tpetiii  miapo3ail  MPUCBIYEHO  pe3ysibTaTaM  OIIHKKA  BIUIMBY

Mo (DiKyr0UnX (HaKTOPiB HEepaIialiitHOT MPUPOIH.



€1uHNM (aKTOpOM, BILTUB SKOTO OYJI0 OLIIHEHO SIK JOCUTh CYTTEBUM IS
BUHUKHECHHS JICHKeMii, OyJI0 BH3HAYEHO MPOQECIHHUN KOHTAKT 13 OCH3MHOM.
[Tpu 11bOMY BCTaHOBIICHO, 110 HAJJIUIIOK PU3HUKY CIIOCTEPITAETHCS 32 PaXyHOK
XPOHIYHHUX MIEJIOITHUX (HOPM JehKemii

B uyerBeprOoMy miApo3nalli BUCBITJICHO TIEpIIl Pe3yJbTaTH OI[IHKU
pusukiB BUHUKHEHHS PII3 siki KOHCTaTyl0Th, 110 y KOropti ydacHukiB JIHA
(150 813) BusHaveHO, X04a 13 TPAHUYHOIO 3HAYHUMICTIO, HAJJIUIIIOK BIJIHOCHOTO
pU3MKY BUHUKHEHHS OO 3aXBOPIOBAHHS BHOpoAoBxk 1986-2012 pp.
(ERR/Gy]=0,40; 95% AI: -0.05, 1,48; p=0,12). OctaTo4Hi po3paxyHKH PU3UKIB
PILI3 BHeceH1 B pyKOomUC MaHYCKPHUNTY, AKUW MPUHHATO 10 ApyKy B European
Journal of Epidemiology i Oye omy0i1ikoBaHO HAWOIMIKIMM YaCOM.

IlocTuid po3aii TPHUCBIYEHO JOCTIHPKCHHIO TE€HETUYHUX €(EeKTIiB
onpomineHHs cepen HamaakiB ydacHukiB JIHA na YUAEC Ta eBakyiioBaHUX
ociO.

MeTo10 CHiJIBHOTO aMepUKaHO-YKPAaiHCHKOTO JOCIIIKEHHSI TeHETUYHUX
edekTtiB onpomineHHs cepe ydyacHHkiB JIHA na YAEC B VYkpaiHi Ta ixHiX
Hamaakie (TPIO) Gyno mocaiAuTH T€HOMHI YHIKOJKEHHSI B KJIIITUHAX KPOBI Ta
EMITENII0 POTOBOT MOPOKHUHMU Y 3BSI3KY 13 /103010 OMPOMIHEHHS, OTPUMAaHOI
O0aThbKaMu JJO MOMEHTY KOHIIETIIII1, @ TAaKOX 3a 3 Mics1l 10 KoHuemniii. Jlo3a Oyna
OIlIHEHA 3 BUKOPUCTAHHSM BIAMOBIIHUX METOJIB JIO3UMETpPIii, OCHOBAaHUX Ha
aHami3l aaHux nepcoHaisbHoro anketyBaHHs (RADRUE, #oro monudikaris
ROCKVILLE, marematuune moaentoBanHs). OIHIOBAIUCh MOXKIMBI MapKepH
TCHETHYHUX YIIKO/DKCHb, SKI MOTJM TEpPeJaTUCh HallaJKaM OMPOMIHEHUX
0aThKiB, Hacammepes JAe-HOBO MyTalllif, BUBHAYCHUX IIUISIXOM CEKBEHYBaHHS
I[IJIOTO TEHOMY y OMpPOMIHEHUX OaThKiB 1 TXHIX HAIaJKIB, 1 OMIHKUA HAJJIUIIKY
iXHBOI YAaCTOTH B 3aJIKHOCTI BiJ JO3M Ha TOHaAW OaThKiB. 3a pe3yibTaTaMu
MPOBEJICHOTO JIOCIIIKEHHSI OYyJI0 BCTAHOBJIEHO, IO €IUHUM (haKTOPOM, SIKUI
CYTTEBO BIUIMBA€ HA PIBEHb BU3HAYCHHUX JI€¢ HOBO MyTalliil, OyB Bik OaTbka Ha
yac MPOBEACHHS JOCHiKeHHS. Ha moroyHuit MOMEHT He OyJio BU3HAYEHO

3aJIeKHOCTI 4YaCTOTH € HOBO MyTalliii B ydacHuKiB JIHA Ta iXHIX HalaakiB Bif



7031 ONMPOMIHEHHs, OTpuMaHoi Oarbkamu. I[lomameii JOCHIKEHHS 13
BKJIFOUEHHSIM O1IBIIOT KIJTBKOCTI Cy0’€KTIB MOXKYTh JIWTH YTOUHEHUX BUCHOBKIB

CbomMuii po3iji NPUCBIYEHHUI pPE3ysIbTaTaM CYNYTHHUX IOTVIMOJIEHUX
JTOCIIKeHb, 1HIIIHOBAHUX B JOCIII)KYBaHUX KOTOpTax 3 METOK BU3HAYCHHS
MO>KJIMBUX OCOOJIMBOCTEH mepediry ado reHEeTHYHHMX YIIKOJKEHb Yy BUIAJKax
XJUJI, HaaJIMIIOK PU3HKY BUHUKHEHHS AKUX OyJio MoIepeaHbo BcTaHoBieHO. Li
OCOOJIMBOCTI MOTJIM CHOPHUATH BUHUKHEHHIO a00 YCKJIaJHEHOMY Iiepeoiry
3aXBOPIOBaHb.

Cepen XBopHUX JIIKBIIATOPIB HE OyJIO0 BCTAHOBJICHO 301JIBIICHOIO YKCIa
mytartliit B XJIJI-acoiiiioBaHiX reHax MmopiBHSHO 13 HEONPOMIHEHUMHU 0COOAMH.
JlocniKeHHs MOKa3a10 30UIbIIEHHS JOBXKHHH TEJIOMEP B MYXJIMHHUX KIIITUHAX
1 MyTaIlii B reHax miaTpUMaHHs TeJIOMep, SIK1 MOXKYTh BiJIIrpaBaTH MEBHY POJb B
reHe3uci pajialiiHo—acoliifoBanoro 3axpoproBanHHsi Ha XJIJI, skxe motpelye
IMOJAJBIIIOr0 BUBYEHHS. AHAI3 JaHUX MIOA0 KIHIYHUX ocoOmmBocter XJIJI B
yuyacuukiB JIHA moxasaB, 1m0 JaTeHTHUH mepion OyB CYTTEBO KOPOTIIUM Y
0ci0, OMPOMIHEHUX Yy OLIbII JITHHOMY Billl, y 0C10, SIKI MaJATh, a TAKOXK OyiH
CTaplill 3a BIKOM IpH BCTaHOBJIEHHI AiarHo3dy (p <0,05). JlocTOBIpHO BUILIHMM
OyB pU3UK CMEPTIi Y 0Ci0, OPOMIHEHUX Yy /1031, BUIIi# 3a 22 mGy, MOPIBHSHO 13
ONMPOMIHEHMMHU B /1031, HUXK4ii 3a 1el piBeHb. BukuBaHICTh Oyia KOpPOTIIOKO
cepen BunaakiB XJIJI, ompoMiHEHUX B O1IbII MOJIOAOMY BiIll 1 3 BUIIIUM PiBHEM
JiMQOLUTO3Y.

Y BocbMOMY PpoO3aiji y3arajJbHEHO pe3yJbTaTH eIMiJAeMIONIOTIYHUX
nocrmimxens cepen ydacHukiB JIHA na YAEC B VYkpaini 1 BU3HAUCHO iXHIi
NEPCHEKTHUHI HAIIPSIMHU.

KirouoBi cnoBa: aBapist Ha YopHoOmnbebkiin AEC, yuacHUKY JTiKBigarii
HACIAKIB aBapli, CTOXacCTWYHI €(eKTH, HAIJIUIIOK BIAHOCHOTO  PHU3HKY,

JefiKeMisi, paK MUTONO11I0HOT 371031, TEHETUYH1 YIIIKOKEHHS.
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ABSTRACT

Gudzenko N.A. Analytical epidemiological studies of stochastic radiation
exposure effects in Chornobyl clean-up workers in Ukraine. Scientific

report. Collection of scientific manuscripts.

Thesis for a scientific degree of Doctor of Science in Medicine, speciality
03.00.01 — Radiobiology. National Research Centre For Radiation Medicine of
National Academy of Medical Sciences of Ukraine, Kyiv, 2021.

The aim of the work was to develop and practically apply a
comprehensive methodology of analytical epidemiological study in Ukraine to
determine the potential and realised risks of stochastic effects due to radiation
exposure in Chornobyl clean-up workers

The first section was devoted to the analysis of the state of the problem
of stochastic effects of radiation after the Chernobyl accident in Ukraine, the
results of descriptive study approaches in LNA participants and the
substantiation of analytical epidemiological studies.

The second section is devoted to the development of design and
substantiation of the components of evidence-based analytical research.

The most important components of a qualitative analytical
epidemiological study are defined in the second section including ensuring
acceptable study power, completeness and quality of case identification and
adequacy of the selected dosymetry methods.

The section 3 is devoted to the cases dentification procedure with the
diagnoses verification in detailes. Alternative sources of personalized
information on the cases of the studied diseases were used namely: databases of
the state Chernobyl registry, National cancer Registry, leukemia register, created

according to the data of regional and national medical institutions (subsection

11



3.1). Databases were linked to the studied cohort file by a specially developed
software through deterministic (with elements of probabilistic) data linkage.
Subsection 3.2 is devoted to the diagnoses verification. The main stage of
leukemia and related diseases verification is a two-stage (local and independent
international) diagnostic expertise, which was first proposed and used. Quality
of the thyroid cancer diagnoses was ensured by the officially published National
cancer registry data on the rate of hystological verification.

Selection of adequate dosimetry methods are described in the section 4 .
RADRUE was selected from a list of tested methods to restore the dose of
external radiation to the red bone marrow for subjects of leukemia, thyroid
tissue or gonadas in the relevant projects. Central dose estimates for red bone
marrow ranged from 3,7 10 to 3 260 mGy, with an arithmetic mean of 92
mGy, including 132,3 mGy for cases and 81,8 mGy for controls. For the internal
portrion of the thyroid dose the special software programs were developed. The
arithmetic mean radiation dose of the thyroid gland, taking into account all
routes of exposure was 199 mGy (range from 0,15 mGy to 9,0 Gy).

Using the proposed methodology, the studies were completed and the
risks of various forms of leukemia were analyzed, taking into account the
influence of possible modifying factors. The results of the dose-dependent risks
assessment are presented in the fifth section

Leukemia excess relative risk per 1 Gy of exposure in 1986-2000 was
estimated to be 3,44; 95% CI. 0,47-9,78, p<0,01, including for cchronic
lymphocytic leukemia (CLL) — (ERR/Gy = 4,09; 95% CI: not estimated-14,41)
and for non—CLL leukemias (ERR/Gy = 2,73; 95% CI: not estimated—13,50). At
the same time the ERR/Gy of leukemia for the period 1986-2006 accounting for
two years LAG-period was assessed to be 2,38; 95 % CI: 0,49-5,87, p=0,004.
Dose-response was similar for CLL cases (ERR/Gy=2.58; 95% CI. 0.02-8,43,
p=0.047) and for non-CLL cases (ERR/Gy=2.21; 95% CI 0.05-7.61, p=0.039).

Altogether, 16% of leukemia cases (18% of CLL, 15% of non-CLL) were
attributed to radiation exposure.

12



After adjusting for radiation, we found no clear association of leukemia
risk with smoking or alcohol consumption but identified a two-fold elevated risk
for non-CLL leukemia with occupational exposure to petroleum (OR=2,28; 95%
Cl: 1,13; 6,79). Risks were particularly high for myeloid leukemias. No
associations with risk factors other than radiation were found for chronic

lymphocytic leukemia.

The first conclusions about the excessive risk of thyroid cancer were
obtained. It was idefined that in the clean-up workers cohort (150 813) there was
an excessive Thyroid cancer risk in 1986-2012 at the following level:
(ERR/GyY)=0.40; 95% CI: -0.05; 1.48; p=0.12, although with borderline
significance. An article with final calculation of the of thyroid cancer risk is
already submitted to the European Journal for Epidemiology, but on the date of

the dissertation defense have not been published yet.

The sixth section is devoted to the study of the genetic effects of radiation
among the descendants of persons exposed to radiation as a result of the
Chernobyl accident as clean-up workers or evacuees. The methods used and the
results of study are presented. The aim of a joint US-Ukrainian study of the
genetic effects of radiation among participants in the Chernobyl disaster in
Ukraine and their descendants (TRIO) was to investigate genomic damage in
blood cells and buccal epithelium in each family member in relation to the
radiation dose received by parents (participants in the liquidation of the accident
or evacuated from the 30-km zone around the Chernobyl NPP) before the
concept, as well as 3 months before the concept. The dose was estimated using
appropriate dosimetry methods based on the analysis of personal questionnaire
data (RADRUE, its modification ROCKVILLE, mathematical modeling).
Possible markers of genetic damage that could be passed on to offspring of
irradiated parents, primarily de-novo mutations determined by sequencing the
entire genome in irradiated parents and their offspring in relation to the dose on

the gonads of the parents were evaluated.
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It was established that at the current moment there were no excess
mutations associated with the radiation dose in the involved clean-up workers or

evacuees families groups (parents and children / child).

The seventh section is devoted to the results of related in-depth research

initiated in the studied cohorts

The first subsection presents the result of the study of possible dose-
dependent genetic features of CLL that identified increases in telomere length in
tumor cells and mutations in telomere maintenance genes that may play a role in

the genesis of radiation-associated CLL disease.

The second subsection presents the results of a study of the clinical
features of chronic lymphocytic leukemia in liquidators of the Chernobyl
disaster. Analysis of the data showed that the latency period was significantly
shorter in older people, smokers, and older people at diagnosis (p<0.05). The
risk of death was significantly higher in individuals irradiated at a dose higher
than 22 mGy compared to those irradiated at a dose lower than this level.
Survival was shorter among cases of CLL irradiated at a younger age, with

higher levels of lymphocytosis

The eighth section summarizes the results of epidemiological studies
among the participants in the liquidation of the consequences of the Chernobyl

accident in Ukraine and identifies their prospects.

Key words: Chornobyl accident, clean-up workers, stochastic effects, excess

relative risk, leukemia, thyroid cancer, genetic damage
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BCTVYII

Cepen BimmaneHux e(ekTiB ompoMiHEeHHs BHacmimok amapii Ha YAEC
HaWOLIbII HETaTUBHI OYIKYBaHHS OyJIM TOB’sA3aHI 3 MOXJIMBUM HAJJIUIIKOM
OHKOJIOTIYHMX 3axBOpIOBaHb. llepmmMu 3 HHX peani3yloThCs JIeHKeMii,
HA/UIMIIOK BUHUKHEHHS SKUX CHUTHAJI3Y€ TMpPO TMOTEHI[IHHE 3pOCTaHHs
3aXBOPIOBAHOCTI Ha 1HII (popmu 350siKICHUX HOBOyTBOpeHb (3H), B ToMy umci
Ha pak murononioHoi 3amo3m (PLL3). Kpim Toro, odikyBaiuch MOKIHBI
VIIKOJPKEHHS TEHETUYHOTO0 MaTepially, sIKi MOTJIM Tepe/laBaTUCh HACTYITHUM
MOKOJIIHHSM B1J OIIPOMIHEHHUX 0CI0.

Taki ouikyBaHHsS OyiM 3yMOBJIEHI NONEPEIHIM JTOCBIIOM MEIMYHOIO
CIIOCTEpEXEHHS 3a oco0amMu, sKI TiAOadd Mij  JiI0  10HI3yI04YOro
BUIIPOMIHIOBaHHS BHACIIOK TpariyHux mnoAiil B Xipocimi 1 Haracaki B 1945 p.,
JIarHOCTUYHUX a00 TEpanmeBTUUYHMX MEJAMYHHX MOTped, MpodeciiHHOoro
ONMpOMIHEHHs, a00 BHACHIIJIOK aBapiiiHuX cuTyarii. [lepmii moBiIOMIIEHHS PO
HACIIJKM pajialiifHOro OnpoMiHEHHS Oyiau OmyOJiKOBaHI IOJO0 CBIJAKIB
aToMHOTO O0MOYBaHHs IMBUILHKX MicT XipociMu Ta Haracaki B 1945 p. [1-3].
Cepen niepiiux HacaiaAKiB Oyi0 3aiKCOBAaHO CYTTEBE /1030 3aJICKHE 3POCTAHHS
pU3MKYy BCiX Qopm JielikeMii, okpiM XpoHiuHOl mimdoruTapHoi (XJIJI) [1].
[Ti3Himme O6yso 3adikcoBaHO CTATUCTUYHO 3HAUYIIE 3POCTAHHS PU3UKY COJITHUX
NyXJUH B IijoMy [2, 3] i3 BU3HAYEHWM HAJJIMIIKOM BiTHOCHOTO PH3UKY Ha |
3iBept omnpominenHss (ERR/Sv) wa piBui 0,63 Ta HammMImKoM aOCOIIOTHOTO
pusuxy (EAR) 29.7 Bumamkis wa 10* moamxo-pokie 3isepr (EAR 10°Sv).
HajpnumkoBi pu3uku OynM TakoX BU3HAUEHI IJsi OKpeMUX (OpM COJIIHUX
nyxaud  (3) (paky mmiynky (0,32), nereni (0,72), xumkiBauka (0,95),
mmronoaioHoi (1,15) Ta monounoi (1,59) 3ano3, neuinku (0,49), sseunuka (0,99),
mkipu (He memnanoma) (1,0) ta ceuoBoro mixypa (1,02)). Pak HepBoBoOi cuctemu
(3a BUKIIFOUEHHSIM paKy MO3KY) cepell onpoMiHeHuX y Biill 10 20 pokiB, Ta pak
CJIMHHOI 3271031 OYJIM TaKOX BiIMIY€HI B Mepentiky GopM paKy 13 HaAAJTUIIKOBUM
pPU3UKOM BUHHUKHEHHS. J[0IaTKOBO MPOBOJMBCS aHall3 PHU3UKIB 3JIOSKICHUX

HOBOYTBOPCHb HC TUIBKH 3a JaHUMH BaXBOpIOBaHOCTi, ame 1 3a JaHUMHU
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cmeptHOCTI [4—6]. Haanumiok BiTHOCHOTO PHU3MKY, BU3HAUYEHUN 3a JaHUMHU
3axBoptoBaHocTi, Ha 40 % BuUIIMNA 3a TakWii, 110 BU3HAYEHUHA 3a JAHUMHU
CMepTHOCTI. B Toif ke "ac HaAIUIIOK aOCOTIOTHOTO PU3MKY B 2,7 pa3a BHUILUN
3a JJaHUMH 3aXBOPIOBAHOCTI, HK 3a JaHUMHU cMepTHocTi [S5]. Tum He meH,
PEKOMEHIOBAaHO BUKOPUCTOBYBATH OOHWBA IUISAXU OI[IHKA PU3HKIB, aJ[)K€ BOHU
HAJaI0Th KOMILIEMEHTapHY 1H(POPpMAITIfO.

ERR/Sv cepen oci0, siki mepexxuiii atoMHe O0MOyBaHHs (Xi0akyIii), y
cepenHpoMy, ckimaB 9,1 3,3 1 6.2 mus roctpoi dimdoodaacTHoi neikemii (I'J1JI),
roctpoi mienoonactHoi jerkemii (TMJI) 1 XpoHIYHOT Mi€I00JIacTHOT JeiKeMii
(XMJI) BiamosiaHo. B Toit e yac, B cepenaboMy, EAR mis nux dopm neikemii
cknaB 0,6, 1,1 1 0,9 BumaakiB Ha 10* PY Sv BiANOBiAHO. DYHKINSA H03a-
BinoBib s ['MJI Oyna He JiHIHHOIO, Yy MPOTHBAry /0 BCIX 1HIIUX (opM
nerkemii [2].

Byno BU3HaueHO NesIKWi HAJJIMIIIOK 3aXBOPIOBAHOCTI Ha JiMdomy cepen
yOJIOBIKiB i3 BusHauenuMm EAR=0.6 umankis ma 10* PY Sv, 06e3 moaioHOro
3pocTaHHs cepen kKiHOK. He Oynio 3apeecTpoBaHO 3MiH y 3aXBOPIOBAHOCTI Ha
MHOXXWHHY Mie€JloMy [2], Xoda mi3HilIe OYyJ0 BCTAaHOBJICHO HE3HAYHUM
CTATUCTUYHO 3HAYYIIUN €KCIIEC CMEPTHOCTI 3 IIi€l MPUYMHHU cepel KIHOK 13
3aikcoBannm ERR/GY Ha pisni 0,86 (95% J1: 0,02, 2,5, p=0,04) [6].

HaiiGinpmia yacTka HagMIpHUX BUMAJKIB CMEPTI BiJ Jielkemii cepen
oci0, sKI mepexuiu aToMHe OoMOyBaHHs, Oyrna 3apeecTpoBaHa B mepuii 15
pOKiB micis ompomiHeHHs [4]. B Toil ke wac, ICHYIOTh JOKa3W TOTO, MIO
pagialiifHO acolioBaHWK HAJIMINIKOBUH PHU3HMK Jeikemii, ocobmuBo ['MJI,
nicnst  gjuepHoro OoMOyBaHHSA, 30epiraBcsi BIPOJIOBXK YChOTO S5—pIYHOrO
nepioy croctepexeHHs [7]

PesynbraTti mocmimkeHHs JeiikeMii CBI9aTh MPO HASBHICTh HENIHIMHOI
BiAMOBiAl Ha 1103y (okpiM XJIJI Tta T—kimiTUHHOI JelikeMli AOpPOCIHX), sKa
MOMITHO KOJIMBAJIaCh, 3aJIE’KHO B1Jl BIKy HA MOMEHT €KCIIO3UIIIi Ta 301rJI0T0 Yacy
nmicns Hei. HagmumkoBuil pu3uk Jedikemii, sSK TMpaBWIO, 3HMKYBaBCS 3

JIOCSITHEHHSIM O1TBII MOXUJIOTO BIKY UM 3 YaCOM TIiCIIsl OnpoMiHeHHs [7].
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Pusuku xponiunoi XJIJI He aHamizyBaquch, OCKUJIBKM Taka MATOJIOTISA
HaJ3BUYAWHO piAKiCHa B momyJisaiii SAmoHii, 1 BoHa Maike HE peeCTpyBaliach
cepel  paaialiiHO—3YMOBJICHHX 3aXBOpIOBaHb. Xoua B myOmikamii [7]
HABOJSTHCS MEPIIl BUCHOBKHU II0JI0 WMOBIPHOTO €TIOJIOTTYHOTO 3BA3KY PU3HKY
BUHUKHEHHs1 XJIJI 13 ompoMiHEHHsM, K1 0a3yBajHCh JIMINE Ha 7 BHUIIaJKaX
XJUJI, inentudikoBaHUX B KOTOPTI Xi0aKy1Ii.

Hannuimok BUHUKHEHHS CONIJHUX NYyXJIUH OyJI0 BHU3HAYEHO B
KaTeropisiX MOKUTTEBOTO 7030 3ayekHoro pusuky [3]. OmiHkM BU3HAYAINCH
s cnenu@diuHOi  cTaTti 1 BIKY Ha MOMEHT OmNpoMiHeHHs. Hamgmumox
MOXKUTTEBOTO pU3HKy Ha 1 3iBepT ompoMiHeHHs Y Biii 30 pOKIB JUIsl COMITHUX
nyxJauH Oyino ouiHeHo Ha piBHi 0,10 1 0,14 11 4ONOBIKIB 1 )KIHOK BIAMOBIIHO.
s onmpominenux y Bimi 50 pokiB — BeIMYMHA PU3MKY Oyla Ha TPETUHY
MEHIIIO0 BiJl BHIIIE Ha3BaHUX. [IporHo3 juist onpomineHux y Bimi 10 pokiB MeHII
BU3HAUCHUH, aje Woro 3HAYeHHS MPHUIyCKaeTbcs Ha piBHI npubmmsao 1,0-1,8
Takoro, o BuHaueHui s Biky 30 pokiB. [loxuTtTeBuil pusuk neiikemii Ha 1
3iBepT onmpoMiHEHHs Jig 0c10, ompoMiHeHuX Y Billl 10 a6o 30 pokiB OIIHIOETHCS
B npubau3ao 0,015 i 0,008 mys 4omoBiKiB 1 KIHOK BiAmoBimAHO. [ THX, XTO
ornpomiHeHui y Bili S50 poKiB, OIIHKAa PHU3WUKY CTAHOBUTH MPHUOJIU3HO B
TPETUHH BiJI IIUX PiBHIB [2].

OTtpumaHni o1iHKK OyJI0 YTOUHEHO Ha OCTAHHBOMY €Tarll aHalli3y JaHUX
nociipkeHHs BrapomoBxk kUTTS (LSS) 3a mepiog 1958-2009 pp. [8]
HagnumkoBuil puzuk OyJio OLIHEHO 13 po3paxyHKy BiKy 30 pOKiB Ha MOMEHT
excrio3uiii 1 70 pokiB JOCATHYTOTO BiKy. AHami3 0a3yBaBcst Ha 22 538 HOBuUX
BUIAJIKaX 3JI0AKICHUX HOBOYTBOPEHb, 3 uucia SKUX 992 Oyno BU3HAYEHO SIK
pamiariiino 3ymoBieHi, Ta 3079 484 monuHO—poOKax crocTepekeHHs. Jlms
KIHOK OyJIO BH3HA4YEHO, IO J03a-BiAMOBiAs Oyna miHiiHOI 3 ERR Ha piBHI
0,64/Gy (95% 1. 0,52 no 0,77). ns 40JIOBIKIB CIOCTEPITrajJoCh CTATUCTUYHO
3HAUyIIe BUKPHUBJICHHS BrOpYy SK 3a BeCh Jlama3oH 103, TaK 1 B OKPEMHUX
JI030BUX 1HTEpBaiax. Y 3BA3KY 3 I[UM, HAUIUILIOK PU3HKIB OYJI0 pO3paxoBaHo 3a

JTHIAHO—KBaIpaTU4YHO0 Moaemno Ha piBHi ERR=0,20 (95% JI: 0,12-0,28) na
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1 I'p 1 ERR=0,010 (95% [I: -0,0003-0,021) na 0,1 Gy onpominenns. Kpusa
J103a—BIJIMOBIAb Y *KIHOK CYTTEBO BiJpi3HsIACh BiJ Takoi y "onoBikiB (p=0,02) ).
Haiiavkgi 3HaueHHs 1103, U1 SIKUX OYyJI0 BHU3HAYEHO CYTTEBUH DPIBEHB J03a—
BI/IMOBIZIb 3 BUKOPUCTAHHSIM YCEpeaHEHOi Nig o0ox crated miHiMHOT ERR—
Mozeni, 6yB mianazon 0—100 mI'p (p = 0.038).

Lli ominku, OTpuMaHi AJs OCiO, OMPOMIHEHHX, MEPEBAXKHO, Mailke
OJIHOMOMEHTHO Y BHCOKHX [103aX 30BHIIIHBOIO ONMPOMIHEHHS, B MOJAIBIIOMY,
JATIIA B OCHOBY IIPOTHO3HUX OITIHOK OHKOJIOTIYHMX HACHIAKIB B 1HIIUX
ONMPOMIHEHUX TOmysAUiAx. JlocaiKeHHs BIUIMBY TPUBAJIOro ado (pakuiiHOIro
OMPOMIHEHHS Y MAJIUX YH BEJIMKUX J103aX HE BTPAYAIOTh aKTYaJIbHOCTI 1 10CI.

OnpoMiHEHHS IIHMPOKUX BEPCTB HACEJNIEHHA B PI3HUX Jlana3oHax 03
CIIOCTEPITAETHCS AK BiJI MPUPOJIHIX JHKepen (KOCMIYHA €HEprisi, eKCIO3UIIIsS 710
HATypaJbHUX PATIOHYKIIIIB Yy TMOBITPI, BOAI 1 TPYHTI, Tak 1 13 IITY4YHO
TE€HEPOBAHMX JKepesl (BUPOOHUILTBO aTOMHOI €JIEKTPUYHOI €HEprii, BUAOOYTOK
pagiamiiHo MICTKOT pyAu JUJIsl IPOMHUCIOBUX MOTPEO, BUKOPUCTAHHS TEXHIYHUX
3ac00iB 1 MEAWYHMX NpenapariB JJisi PEHTIEHIBCbKOI Ta pPaaiOHYKJIIHOI
JIarHOCTUKM 1 JIIKYBaHHS, TECTyBaHHS 030poeHHA) [9, 10]. ITigBuieH! pu3nku
OHKOJIOTIYHHUX 3aXBOPIOBAaHb CIIOCTEPITAINCH cepel  O0cCi0, 3allydeHHX Y
BUKOPUCTAaHHS IMX JDKEpen SK y IITaTHOMY pPEeXHMI, Tak 1 B aBapiiHUX
CUTYaITIsX.

HagnmumkoBuit  pu3WK  BUHUKHEHHS  3JIOSKICHMX  HOBOYTBOPCHB
BHACJIJIOK aBapiiiHOro onpomiHeHHs Bu3HaueHo y 21 500 mpamiBHukiB (25 % 3
HUX — OKIHOYOI CTari) SAEPHOTO BHUPOOHMYOTO KOMIUIEKCY «Masiky,
po3zramoBaHoro B Pociiicekiit Denepariii, siki MPOJIOHTOBAHO OTPUMAIM 3HAYHY
7103y 30BHINMIHBOTO ornpomiHeHHs (y cepenubomy 0,8 I'p) B mepiox mix 1948 i
1972 poxamu [11, 12]. Ctan 310pOB’S KOKHOTO TMpalliBHUKA MPOCTEKYBABCS 3
NOYaTKy Woro poOOTH Ha MIANPUEMCTBAX KOMILIEKCY 10 1997 p., B cepeiHbOMY,
40 pokiB. byo BCTaHOBIEHO CTATUCTUYHO 3HAUYIIMM 1030 3AJICKHHUM EKCIIeC
CMEpPTHOCTI Bij JielikeMii. Byna Bu3HaueHa AOCTOBIpHA 3aJIe)KHICTh BEJTUYUHU

HaJMIDHOTO PH3UKYy JIeMKeMili Bij Tmiepiogy oTpuMaHHs 103u. Jliua nos,
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OTPUMAaHMX 3a Mepioj Bi 3 10 5 pPOKIB 10 CMEPTI, €KCUEC BIJHOCHOTO PU3BHKY
ckiaB npubau3Ho 7 Ha 1 I'p ompominenHs (p < 0,001), ane Takuii MOKa3HUK
cranoBuB Jutie 0,45 Ha 1 I'p (p = 0,02) nnst 103, oTpuMaHuX 3a 4ac Bix 5 1o 45
POKIB JI0 CMEPTI 3a paxyHOK 30BHIIIHBOTO TamMMa-BunpoMiHioBaHHs [11]. s
COJIIHMX PaKiB B ILUJIOMY HAJJIMIIOK BIAHOCHOTO PHU3HUKY ISl 30BHIITHBOTO
OIPOMIHEHHS i3 YpaxyBaHHSAM ONPOMIHEHHS BiZ > Pu 3a JiHIHHOIO MOJCIUTIO
no3a—BiamoBias ckiaaB 0,15 (90 % CI: 0,09, 0,20). JlogaBaHHS B MOCIb
KBA(PATUIHOTO KOMIIOHEHTY 30ibIIyBana OLiHKy BABidi 10 pisus ERR* Gy ' =
0,30 (90% CI: 0,18, 0,43). OmiHkM pPU3HKIB JUIA TPAIiBHUKIB BHPOOHHYOTO
KOMIJIEKCY JISIIO HIDKYI Bl TAKUX, OTPUMAaHUX sl Koroptu LSS, ane Oyab-ski
NOPIBHSHHS MalOTh BpPAaxXOBYBaTH CYTTEBI HEBH3HAYEHOCTI J03 AJIA KOTOPTH
BUpOOHHUIITBA «Masik» [12]. HaBiTh miciis BpaxyBaHHS €KCITO3HIIIT 10 IIYTOHIO,
OILIIHKY PU3UKIB JUIsl 30BHIIIHHOTO TaMMa OMPOMIHEHHS pa3oM IS paKy JIeTeHi,
MEYIHKKM Ta KOCTI MEPEBUIIYIOTh OIIIHKM 1Ji1 BCiX 1HIMX (opm paky. Lle
MOB’SI3aHO 13 TEXHIYHUMHU CKJIQJIHOCTSIMU BpaxyBaHHS 03U BIiJl ILTyTOHIIO.
Jliniiina orinka ERR*Gy™, i3 ypaxyBaHHAM BIUTHBY BiX IUIyTOHis, Oyma 30
(90% CI: 0,18, 0,46) Gy * must nerewi, nedinku ta xocti, i 0,08 (90% CI: 0,03,
0,14) Gy * 15t iHIIEX COMITHUK PaKiB.

BruBy pamiamii y 3B’S3Ky 13 (DYHKI[IOHYBaHHSIM BHPOOHHYOIO
KOMITJIEKCY, KpIM TPAI[iBHUKIB, 3a3HAJIM MEIIKAHI[l MPUIIETIIUX TEPUTOPIi.
[IpoBeHeHO aHami3 3aXBOPIOBAHOCTI Ha 3JIOSIKICHI HOBOYTBOPEHHSI B KOTOPTI
oci0, skl Memkanu Ha TepuTopli CxXiqHO—Y panibChKOrO PaiioaKTUBHOTO CIIAY
(21 394 ocoOu), sxuii yTBOpUBCA Iiciasi BHOYXy pe3epByapy Y CXOBHIII
pagloaKTUBHUX B1Ixo1B y 1957 p. Ta onaziB pajioakKTUBHOT XMapy Ha MPUIIETIi
tepputopii [13]. HagmumikoBuii BITHOCHUIN PU3MK 3aXBOPIOBAHOCTI HA COJIIJIHI
nyxauHu B 1 koropTi ckimaB ERR=0,049/100mIp (90% J1:0,003; 0,10;
p=0,077), a 3 BIUIy4eHHsIM 13 aHali3y 55 BumnaakiB 3H TOBCTOTO KUIIKIBHUKA 1 3
Bunaakie 3H xkictok (y 3BS3Ky 13 CYTTEBOIO BIJAMIHHICTIO OLIIHOK 03
OMpOMiHEHHs Ha Il opranu Bia iHmmX opra”iB) ERR/100 mI'p ckmaB 0,054

(90% 0,007; 0,107; p=0,06). Lli pe3yapTaTd MOAIOHI 10 TAaKUX IJIsi KOTOPTU
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piuku Teua, B sIKy MpoTATroM 0aratboX poKiB MOTPAIUISLIIN BIAXOIM BUPOOHUIITBA
«Masxk» (ERR/100 mIp=0,08; 95% /J1:0,01;0,15) [11, 14]. Ocranni
JOCITIJKEHHS TIOKAa3aji, [0 BEJMYMHA PU3NKA BUHUKHECHHS COJIIIHUX ITYXJIMH
Ha OJIMHUINI0 JIO3M IPU XPOHIYHOMY ONPOMIHEHHI B Jialma3oHl Majiux ado
CepeaHIX /103, MOXKe OyTH BIJIIMOBIAHOIO A0 TaKO1 MPH BUCOKHX J103aX.

Haii6iap111050  TEXHOTEHHOIO paJlialliifHOI0 aBapi€l0 CYy4acHOCTI CTalia
aBapist Ha Yopuobuscekiii AEC B 1986 p. Bamssko 200 000 km? tepuropii B
€Bpomi Oynu 3abpymHeHi pamioHykTimamu mineHicTIo monax 37 kBq/m® 3a
B7Cs. « Mpubmmsno 14x10™ Bq pagioaktuBHOCTI 6Y7I0 BUKHHYTO B aTMOchepy
nepesaxxHo 3a paxyHok -1 and *¥'Cs. 115 000 meurkanuis 6y710 eBakyioBaHO B
1986 p. 1 me mouan 220 000 memkaniiB Ykpainu, bimopyci, Pocii Oyio
nepeceneno mizHime [10, 15]. HaiOGmmwx4yuM dacoMm Ticis aBapii MPUMIILIO
PO3YMIHHSI TOrO, IO TOTCHIIIMHI CIPUYMHEHI HEI MEIWYHI 1 E€KOJIOT14HI
npo0emMu, BUXOATh 3a paMKH JIOKalbHuX [15, 16, 17].

[ToTeHmiiini 3arpo3d CHOHYKald MDKHAPOJHI 1HCTUTYII BeCTU
NOCTIMHUN MOHITOPUHI CHUTyallll Ha MNPWIErJIUX [0 CTaHLli TEepUTOpISIX, B
rpynax HacelIeHHs, €BaKyHOBaHOrO 13 30H BIUIMBY 1 3a/isTHOTO B aBapiiiHI Ta
mikBigamiitHi  po6otu. I[lapanenbHO B TphOX TOCTpaXAalux KpaiHax (B
MUHYJIOMY — paJsSHCBbKUX peciyOsiikax) 3a (IHAHCOBOI Ta METOJOJIOTTYHOI
miaTpuMkd - MikHaponuux iHctutymin  (BOO3, HKJIAP, MKP3 OOH)
BUKOHYBAJIUCh ~ 0OaraTopiyHl  mporpaMmd 3  T'YMaHITapHOI  JOMOMOTH
yCTaTKyBaHHSAM, 3acO0aMM 1 METOJMKAMU JO3UMETPUYHOTO, J1Ta0OpaTOPHOTO 1
KJIIHIYHOTO, MOHITOPUHTY TIOTOYHOTO CTaHy MOCTPAKIAINX, a TaKOoX
JTOCHIDKCHHST MEIWYHUX HACTIJAKIB aBapli B Tpynax 3aJisTHOTO HaCEJICHHS
(IPHECA, SASAKAWA Tta in.) [18, 19].

Pesynbratt mpOEKTIB, peai3oBaHMX BIPOJMOBXK Ticis aBapiHux 10
POKiB, 32 y4acTi MI>KHApPOJIHUX OpTaHi3ailiii, 0yj0 NpeacTaBiIeHO eKCIIepTaMH Ha
niacyMKoBid  KoHbepeHIi «J/lecsate pokiB micnss YopHOOWIIO: MiACYMKH

HACJIIJIKIB aBapii», ska BijgOynace y Binni 8—12 kBiTHs 1996D.
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[IpencraBneni eTanHi BUCHOBKM MIKHAPOJHUX €KCIEPTIB KOHCTATyBaJIU
MPUYUHHO—HACTIIKOBUHN 3B'A30K MK OIMPOMIHEHHSIM B MOJIOJIIOMY JUTSYOMY
Bii 1 HagmumkoM BumanakiB PHI3. Takum omiHKam COpUAId BU3HAYCHI
TEPUTOPIATLHO—YACOBl XapaKTEPUCTUKA BUHUKHEHHS BUIAJIKIB. Y BHCHOBKax
eKCTepTiB OyJ0 TaKoX IMiJIKPECICHO, IO OIMYyOJIIKOBaHI Ha TOW dYac JaHi
OMKCOBUX EMIJEMIONOTIYHUX AOCHIIKeHb B YKpaiHi, binopyci Ta Pocii, siki
CBIIUMJIM TMPO CYTTEBE 3POCTAHHS 3aXBOPIOBAHOCTI Ha 1HIN 3JIOSKICHI
HOBOYTBOPEHHSI B KOTOpPTax MOCTPaXIAJIOTO HAceleHHS (MEIIKaHIIIB
PaJl0aKTUBHO 3a0pyAHEHUX TEPUTOPIN 1 YUIaCHUKIB JIKBiAIli HACIAKIB aBapii),
He € goctaTHbo oOrpyHroBanumu [20]. Kpim Toro, Meromu imeHTHdikarii
BUIAJIKIB HE BHUKJIMKAIM JOBIPHM, TOMY HAaroJiOIIyBaJOCh Ha HEOOX1JHOCTI
MPOBEJICHHS AHATITUYHUX EMiJEMIOJIOTIYHUX JIOCHDKEHb B IMX Tpymnax
MOCTPAXKIAIHX, SIKI CTAHYTh JPKEPEJIOM IPYHTOBHUX BHCHOBKIB.

3rifHo 3 ekcnepTHUMHU ouiHKamu [20], 18 y4YacHMKIB JIKBIZAIlil
HaciAkiB aBapii B 1986—1987 pp mporHo3Ha oifiHKa aTpuOyTHUBHOI (pakiiii
KUJIBKOCT1 BHUIAJIKIB CMEPTI BiJl COJIIHUX MyXJUH BOPOJOBXK KHUTTA (10 BIKY 95
POKIB BKJIFOUHO), OB’ SI3aHUX 13 OMPOMIHEHHSM IICJISI aBapii, Ckiana mpuoJIU3HO
5%. B To#t ke wac, jis JeiikeMii 1€l piBeHb OIiHIOBaBca Ha piBHI 20 % 13
MaKCUMaJbHOWO peamizanieto B nepmi 10 pokiB. B Toii ke yac, ineHTudikamis
30UIBIIICHOTO YMCJIa BUIAJIKIB 3aXBOPIOBaHb, 3THO 3 €KCIIEPTHUMHU OIlIHKAMH,
MOXe OyTH CIHPUYMHEHOIO OCOOJMBHUM PIBHEM MEIUYHOrO OOCITYyrOBYBaHHS
OMPOMIHEHUX KOHTUHI'€HTIB HACEJICHHS.

[Toxibni 3a cyTrTI0O Oynu BHCHOBKM 3a pe3yjbTaTaMU JOCIHIKEHb
BIpoaoBXK 20 poOKiB, Kl CIUIMJIM TIcas KaTacTpodu, 1 MPOTATOM SKHUX
MIPOJIOBKYBAIMCH HAIIOHAJIBHI MPOTPAMH MOHITOPUHTY BHMAJKIB 3JIOSKICHUX
HOBOYTBOPEHBb B Irpymax mnoctpaxiamux ocio. B 2006 p. Oyno omybiikoBaHO
HAyKOBUU 3BIT TMiJ €riiol0 BOCBMU MDKHAPOJHMX I1HCTUTYIIH, 3aJIIHUX Y
JOCIIKEHHST 1 BUpiieHHsT YOpHOOMIBCHKUX TPOOJIEM BIPOJOBXK BCIX POKIB
nicns aBapii (€Bpomeiiceka komicisi, MAI'ATE, BOO3, HKIAP, Ilporpama

po3Butky OOH Ta 1H111), noB’sa3aHux 13 YopHOOMIBCHKOIO aBapiero [21, 22], B
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SKOMY MPOAaHAJI30BaHO HAsBHI HAa TOM 4yac BIIOMOCTI MPO peajizoBaHl PU3MKH,
BU3HAYECHO HEOOX1THICTh IPOBEICHHS JOKa30BUX aHATITUIHUX
eHiEMIOJIOTIYHAX JTOCTIDKeHb. Y 3BITI MAKPECICHO, IO TOMYJISAIiHHOIO
IPYIOI0, B SIKIM MOJJIMBO JOCIIIMTH pajiallifiHO 3yMOBJIEHUM HAJJIUIIOK
3aXBOPIOBAHOCTI Ha 3JIOSKICHI HOBOYTBOPEHHS, SKIIO BIH B3araji ICHYeE Yy
3B’s3Ky 13 ompomiHeHHaM micis aBapii Ha YAEC, € ywacuuxu JIHA. Lle
3YMOBJICHO TIOPIBHSHO BHCOKHM CEpEIHIM pPIBHEM OIPOMIHEHHS 1, 3BIJICH,
HAQ/UTUIIKOBOIO KUTBKICTIO 3aXBOPIOBaHb, SIKy MOXJIMBO BHUIUIMTH 13 4HKCIA
CIOHTAHHMX BHUIIAJKIB, XapaKTEPHUX JJI NOMYJSUIAHOL TPy TaKUX PO3MIpY 1
CTaTeBO—BIKOBO1 CTpyKTypH. [{o3u yuacHukiB JIHA 3 Ykpainu oriHioBaiuch, B
cepenHboMy 151 M3B 1Sl 30BHIIHBOTO OIPOMIHEHHS], B TOMY YKCIIl MPUOIU3HO
186 M3B mis ywgacHukiB 1986 p., 127 m3B — 1987 p., 57 m3B — 1988 p., Ta
npu6sm3Ho 50 M3 — 1989-1990 pp. [10].

AnbrepratuBauii  3BiT (TORCH), y BignoBime Ha odimiiHO
OITyOJIIKOBAaHUM 3BIT MIKHAPOJHUX 1HCTUTYIINA 1100 €KOJIOTIYHUX 1 METUYHUX
HachiakiB aBapii Ha HAEC Bopogosx 20 pokiB, 10 31MILIM micis aBapii, 0yJo
HiIIMloBaHO opraHizaiieo European greens (€Bpomnelicbki 3enieHi). B Hbomy
OyJ0 KOHCTAaTOBAaHO Ha TOPSJOK BHUII PIBHI 3a0pyJHEHHS JIOBKLLIA
PaIIOHYKJIIJTaMHU 1, SIK HACIIJOK, MPOTHO30BAHO Ha MOPSAIOK OUIBINY KUIBKICTh
BUIAJIKIB paKy, 1HIYKOBAaHUX B pe3yJbTaTl HAJIUIIKOBOTO OMpOMiHEHHS. Taki
OL[IHKK Oynu 3poOJieHl SIK JJs  MOCTPAASIHCHKUX pecHyOiK, Tak 1 s
€BPOIEUCHKUX KPaiH B L1IJIOMY.

B ToOif ke dYac, MOHITOPUHT BUTAJKIB 3JOSKICHUX HOBOYTBOPCHb,
JIarHOCTOBAHUX B Ipynax OMPOMIHEHHMX OCI0, HE MPUIHMHIBCA B HAYKOBHX 1
MEIUYHUX YCTAaHOBaX TPHhOX TMOCTPAASHCHKUX PECHyOliK, SKi HaWOLIbIIe
noctpakganu Big aBapii Ha YAEC [23-28]. 3a maHmMu mmx gOCIIIKEHb, B
VYkpaini Oyn0 BU3HAYEHO, 1110 MOKA3HUKK 3aXBOPIOBAHOCTI HA BCl (hopmMu paky
MEePEBUIIYIOTh HalllOHAJIBHUHN piBeHb TUTHKU B Tpymni YJIHA 1986-1987 pp. B
TPhOX OCHOBHMX TpyHax [MOCTPXKIAIMX BHUSABICHO ICTOTHHHA  PICT

3aXBOPIOBAHOCTI Ha pak HIMTOMOMIOHOI 3ajl03M, IO MOXKE OYTH 3yMOBJICHO
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OMPOMIHEHHSAM I[bOTO OpraHy 3a pPaxyHOK BHIMAJIHb PaTi0OaKTUBHOTO HOIY.
3pocTaHHS YacTOTH IIi€] MATOJOTIi IMiJi BIUIMBOM PaJiallifHOTO OMPOMIHEHHS
BCTAHOBJICHO HE TIIBKK y JITEH, a TaKOX Yy MITKIB 1 JAOpociux. AHai3
3aXBOPIOBAHOCTI HA paK IIUTOMOMAIOHOI 3aJI03U PI3HUX TPYN MOCTPAKIAIOTO
HACeJICHHS IMOKa3aB HaWOUIbIl 3HAYHE IMEPEBUIIEHHS HAI[IOHAJILHOTO PIBHS B
YIJIHA 1986-1987 pp. — B 4,8 pasa, eBakyiioBannx — B 4,1 paza, >KUTEIiB
HaWOUIbII 3a0pyJHEHUX paJioHyKIigamMu Teputopii — B 1,3 paza [25, 27].
Takox BUKIMKAIO 3aHETIOKOEHHS 3POCTaHHS 3aXBOPIOBAHOCTI HA paKk MOJIOYHOI
3QJI03M Cepell yYacHUIlb JIKBIJAIlli HACHIJKIB aBapii Ta cepell HaceJIeHHS
KOHTPOJIbOBAaHUX TEPUTOpIA >kiHOuoi crati [24, 25, 29]. Oxpemumu
JOCHIDKEHHSIMU OyJI0 BHU3HAYEHO IIIJIBUIICHY 3aXBOPIOBAHICTh Ha JICHKEMIIO
cepes TITeH, sIKi MEIIKa M Ha 3a0pyTHCHUX palioHyKIIi1aMu TepuTopisx [28].

JlOCITi IPKeHHST 3aranbHOI MOMyIISILl, 110 3a3HaIa BILIHBY 1 rmicist aBapii
Ha YAEC, noka3zano 3Haunuii excuec PII3 micis onmpoMiHEHHS B JAUTSIYOMY
Billl, KM OyB 3HAYHO BWINKM, HIK OYiKyBaBcs [26]. JlaHi mpo Tux, XTO OyB
€KCIIOHOBAaHUM y TOPOCIOMY Billl, € OUIBII CyNEePEeUTUBUMHU.

PesynbraTaM, oTpuMaHuM B YKpaiHi, BIAMOBIAAIOTH J@Hi JOCIIIKEHb
cepen pociiiceknx YJIHA. Anamiz SIR B KOropTi pociiicbKHUX JKBIAATOPIB
BposoBXK 1992-2009 pp.. mnokazaB CTAaTUCTUYHO 3HAYYIIE 301TbIICHHS
3aXBOPIOBAHOCTI HAa paK y JOCIIIKYBaHIM KOTOPTI, MOPIBHSHO 31 CIOHTAHHUM
pPIBHEM 3aXBOPIOBAHOCTI Ha I[I0 MATOJIOTIIO0 cepel 4oJioBikiB Pocii. IlokazHuku
3axBoproBaHocTi Ha comigHi 3H 3a mepiog 1992-2012 pp. cepen pociiicbKux
VJIHA nemio 3HM3WINCH 1, B cepeqHboMy, Ha 11 % mnepeBuIryBaiu BiAMOBIIHI
MOKa3HUKHK yosoBivoro HaceneHHsa Pocii. SIR cnocrepiranock na pisui 1,11 (95
% AI: 1,09-1,14) [30].

3a pe3ynbTaTaMy HaI[lOHATHHUX OMUCOBUX 1 €KOJIOTIYHUX JOCHTIKEHb B
koroprax YJIHA BupoOmsuiuch TiNOTE3W ISl IJIaHYBaHHS 1 MPOBEICHHS
AHAIITUYHUX eT1JIEMIOJIOTIYHUX AOCHIIKEHb, pealli30BaHUX MI3HIIIE 32 Y4acTi

MDKHApOJHUX HAYKOBHUX 1IHCTUTYIIIH.
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VY HuU3LI TEXHOTEHHUX aBapiii CY4acHOCTI 13 HAJAMIPHUM paaialiifHUM
OMPOMIHEHHSIM COTE€Hb THCAY LMBLIBHUX OCI0, Topsia 13 YopHOOHILCHKOIO
aBapi€l0, pPO3TSAAIOTHCS HACHIAKKA aBapii Ha aTOMHIA EJIEeKTPOCTAHIIi
®dykycima—/laiui (FDNPS), saxa tpamunace 11 Oepesnss 2011 p. micnsa
JIeB’ATHOALHOTO 3eMJIeTpycy 1 BuKIWKaHoi HuM IyHami [31]. 3arampHa
KUIBKICTh ~ paJlOaKTUBHMX MaTepiaiiB, fKa TMOTpammwia B arMmocdepy,
nopieaioBana 9-37 pBq 3a **'Cs, a npsimi Bukuan B okean cknamu 3—6 pBg,
YHICIIO €BaKyHOBaHMUX 1 mepeMilieHnx ocid B mpedektypi Pykycima B 2012 p.
ckaano 160 000 oci0. 25 000 ocid6 Opanmu ydacTb B aBapiiHUX Ta poOOTax 3
JikBijgamii HachiakiB aBapii. bimpmicts mmx ocid (99.3 %) orpumana mo3u
onpomiHeHHs MeHI 3a 100 M3B, B cepeanbomy 01u3bko a0 10 M3B, 1 TIIBKH
173 mpaiiBHUKA, 3TiAHO 3 OI[IHKaMH, OTpUMad €(heKTUBHI 1031, Ok 3a 100
M3B (B cepennboMy, 01u3bko 140 M3B), mepeBa)KHO 32 PaxXyHOK 30BHIIIHHOTO
onpoMiHeHHsA. OIIIHKM PHU3UKY [Js MPaliBHUKIB BIANOBIIAIOTH MPUOIH3HO
JIBOM—TPbOM BHUIIQJIKaM paKy TOJATKOBO 10 MPHUOJIU3HO CIMIECCSATH BUMAIKIB
paKy, Kl MOXYTb BHUHUKHYTH CIOHTAHHO. Take NiABUUIEHHS MOXe OyTH
CKJIAQJHO BHUBHUTH 1 TMOB’A3aTH 13 ONPOMIHEHHSIM BHACHIJIOK BIJCYTHOCTI
cnenuiyHUX MapKepiB, a TaKoX 3a IMIJABUIICHOTO PIBHA MEIUYHOIO
00CTeXEHHS ITUX KOHTHHTCHTIB.

[Topsim 13 BuUmMagkamMu TO3AMITATHOTO OINPOMIHEHHS B aBapiliHUX
CUTYallisIX, COTHI THUCAY MPAaLIBHUKIB 3a3HAIOTh OMPOMIHEHHS B PI3HUX J03aX,
3YMOBJICHOTO XapakTepoM IpodeciitHoi aisuibHOCTI. [lepi 3a Bce, ifge MoBa mpo
MpaIiBHUKIB ~ aTOMHUX  €JICKTPUYHUX  CTaHIH, MEAWYHUX  PaJioJjoriB,
NpaIiBHUKIB MIANPUEMCTB 13 BHUAOOYBaHHS Ta OOpOOKM pyaH 13 BMICTOM
pamioakTuBHUX crnoidyk. CrtaH 310poB’sS 0ci0, 3adydeHuUX y Taki poOoTH,
KOHTPOJIIOETHCS 1 TOCTIKYETHCS ISl pO3POOKH HOBUX CTaHIAPTIB MPHU POOOTI
13 JDKepeaaMu 10H13yI0UOTO BUITPOMIHIOBAHHS

VYei momepenHi JOCHIIKEHHS, OKpemi Ta o00’€qHaHi, BHUSBISIOTH
MO3UTUBHUM 3B 30K MDK CMEPTHICTIO Bija Jeilkemii, Bukitodarouun XJIJI, Ta

npodeCifHIM BIUIMBOM 10HI3yHOYOTO BUMPOMiHIOBaHHS. OIIHKY HAJTUIIIKOBOTO
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BITHOCHOTO pu3MKy Jeikemii (6e3 XJIJI) B koroprax mpauiBaukiB 3 ®dpaniii
[32], BemukoOputanii [33] ta CIIIA [34] cknamatoth: 3,96 (90% JII: <0,0,
16,82), 1,71 (90% Al: 0,06, 4,29) ta 1,7 (95% Al: -0,22, 4,7) Bignosigxo. Y
nocinimxenHi npaniBaukiiB AEC 15 kpain ominka pusuky cranoBuia 1,93 (95%
JI: <0,00, 8,47) [35].

Hocmimkxenus INWORKS, BxiarounBIM 3HAUHY KUTBKICTH JOJATKOBHX
POKIB CITOCTEPEKEHHS, MTOPIBHIHO 3 MONEpPEAHIMUA 00’ € THAHUMU MI>KHAPOTHUMHU
JOCTIPKEHHSAMU, 3HAYHO 30UTBIIMIO CTaTHUCTUYHY NOTYXXHICTh 1, 3BIJICH,
TOYHICTh OLIHOK HACIIJIKIB HU3bKOPIBHEBOTO XPOHIYHOTO BIUIMBY 10HI3YIOUOTO
BunpoMidioBanHsa. Jlo gocmimpkenHs INWORKS B o0’exHanHiii  Koroprti
npaiiBHUKiB aTomHux ctaHiii CIIIA, ®@panmii 1 BenukoOpuranii ysiitnum 308
297 oci6 [36]. Ha BimMiHY BiJl TUIIOBUX KOTOPTHUX MPOGECIHHUX AOCTIIHKECHb,
yci mpamiBHukH, BkIodeHl g0 INWORKS, maroTe 3amucu, ski HagamTh
1HJIMBIIyalibHI KUIBKICHI OIIHKHU 103U OnpoMiHeHHs. [IpalliBHUKY, BKIIOYEHI J0
INWORKS, B ocHOBHOMY, 3a3HaBaJM BIUIMBY 30BHIIIHBOTO TaMma-
BUIIPOMIHIOBaHHS, @ JI03M PETyJSPHO BUMIPIOBAIM 3a JOMOMOIOK OCOOMCTHUX
no3uMeTpiB. i BCIX KOTOPT-yYacHUKIB OOJIK OKPEMHUX 3apEECTPOBAHMX /03
BEJIETHCA 3 CAMOT0 MOYaTKy MpoMHUcIoBocTi B 1940-x pokax.

Ha croromnimHIiA naeHb, ocHOBHI BHCHOBKM INWORKS BkiIrouaroTh
aHaji3 acomiarmii MDK pajgiamiero Ta jehkemiero 1 JiMdomoro. HammumkoBuii
BIJIHOCHUHM piBE€Hb CMEPTHOCTI Bix Jjeiikemii (0e3 XJIJI) ckmas 2,96 (90% Al:
1,17, 5,21) na 1 I'p onpomiHEHHS Y4EPBOHOT'O KICTKOBOTO MO3KY [37].

SAx 1 B Oymp-akiii oO'egHaniit koropti, B INWORKS icuye psn
oOMexxeHb. [l BCIX UJIEHIB KOTOPTH HEMOXKJIMBO OTPUMATH JOJATKOBY
iHbopMarliro o0 NOTEHIIHHNUX 3Mimyounx (akropis (confounding factors ),
BKJIFOYAIOYU KYpiHHS a00 1HINI BIUIMBH, SIKI MOXKYTh MOJAM(IKYBAaTH OLIHKH, a
TaKOXX HE BUKIIFOUEHUM € €(DEKT 3I0pOBOTO TpalliBHUKa [38].

Omuinky o0 epeKTiB paialiiiHoro BIUIMBY OYyJHM TakoK OTpHUMaHI 3a
pe3yJbTaTaMu JIOCTIKEHb B Ipymax oci0, ski Oyiau OmpoOMiHEHI 3a MEIUKO-

JTIarHOCTHYHUMHU a00 TepameBTHUHUMH moTpedamu  [39-42]. Tlommupene
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BUKOPUCTAHHS HOBITHROTO PEHTICHOJOTIYHOTO Ta IHIIOTO TPOMEHEBOTO
YCTaTKyBaHHA B MEIUIIMHI TIOB’S3aHO 13 HAJIWIIKOBUM BHHUKHEHHSAM
37I0SIKICHUX HOBOYTBOPEHb, SK€ Ma€ HMOBIPHICHUN XapakTep, 3aJeKUTh BiJ
OTPUMAHO1 103U, XapaKTepy OMPOMIHEHHS 1 IHJIUBIIYaJIbHOTO CIPUHHATTS
ONMPOMIHEHHS OpraHi3MoM. ToMy B Halll Yac TMOCTIHHO BHUKOHYIOTHCS
JOCTIPKEHHSI PIBHIB 1 OB’ A3aHUX 3 HUMH €(EKTiB ONMPOMIHEHHS 3 MEAUYHOIO
METOI0, 1100, AK 1 B IHIIMX BUMAJIKaX, OLIHUTH MOXKJIHMBICTH, HEOOXITHICTH 1
HOPMATHBY BUKOPUCTAHHS 3 ypaxXyBaHHSM BIJIHOCHOI IIKaJIN KOPUCTH-TIIKO/IA.

Y  3B’43ky 13  NONIMPEHMM  BHKOPHUCTAHHSIM  10HI3yHOYOIO
BUINIPOMIHIOBaHHS y BHUPOOHUYUX 1 MEIUYHHUX MIUIAX, 3POCTa€ MMOBIPHICTH
aBapiiHUX CHUTyallid, #AKI MOXYTh MPU3BECTH JO HECAHKI[IOHOBAHOIO
ONMPOMIHEHHS O0Ci0, 3aaisiHUX y TakoMy TpodeciiHOMY MK, a TaKOX
MEIWYHUX TMPAIIBHUKIB 1 TAIll€eHTIB. TOMYy OIIIHKA PHU3UKIB CTOXACTHYHHX
e(eKTIB OMPOMIHEHHS B PE3YyJbTaTi PETEIbHO CIUIAHOBAHUX 1 pealli30BaHMX
aHATITUYHUX JIOCII/DKEHb MalOTh CYTTEBE HE TIIBKM TEOpETUYHE, aje 1
MpaKTUYHE 3HAYCHHsI i1 OOMEXKEHHS HEraTUBHOIO BIUIMBY 1 MiHIMI3aIli
MO>KJIMBUX HACIIIJIKIB HECAHKI[IOHOBAHOTO OMPOMIHEHHS B IIMPOKOMY Jl1alla30Hi1
703.

[lincymoByrour HaBelneHl nyOjikaiii, CiiJg BKazaTd Ha Te, UIO
HAKOIWYeHa Ha CbOTOJIHI 1H(POPMAIIisl CBITYUTH PO CYTTEBY POJIb PalialliifHOTO
dakTopy y dhopMyBaHHI HAJJIMIIKY BUHUKHEHHS 3JIOSIKICHUX HOBOYTBOPEHBH B
LIJIOMY Ta iXHIX OKPEMHUX HO30JOTIYHUX (DOPM B OMPOMIHEHUX MOIMYJISIIISAX.
JlocBin MpOBEACHHS AaHANITUYHHUX JOCHIKEHb Oyllo MpoaHali30BaHO 1
BUKOPHUCTAHO [IJIi PO3POOKH METOJO0JIOTIi MPOBEACHHS TaKUX JOCIIKEHb B
VYkpaini 3 METOI IPYHTOBHOI OIIHKKM MenuuHuX HachiakiB aBapii Ha YAEC B
VYkpaini. Taki mani TakoX TOTMOMOXYTh y PO3POOIN KpHUTEpiiB 1 HOPMATHBIB
BUKOPUCTAHHSA  JOKEpENl  10HI3yIOUOro  BUIPOMIHIOBAHHS 13 COLIANBHO
MPUIHHATHUMU PIBHAMH PU3HKIB, TTOB’I3aHUX 13 IIUM

AKTYyaJbHICTh  JOCJTIIJKeHHsI, TaKUM  4YUHOM,  OOYMOBIJICHA

HEOOX1IHICTIO JIOCTOBIPHOI Ta HAYKOBO OOTPYHTOBAHO1 KUIBKICHOI OIIIHKU
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CTOXaCTUYHHUX BiJANIEHUX O10JI0TTYHUX €(EKTIB MPOJOHIOBAHOTO OMIPOMIHEHHS
JIOJIMHU MaJIMMU Ta CEPeHIMHU J03aMH 10HI3yI0UOTO BUIIPOMIHIOBAHHS

3B’130K po00TH 3 HAYKOBUMH MPOrpaMaMu, MJIAHAMM, TEMAMH.

HucepratiiiftHa po0oTa BHKOHaHa B IHCTUTYTI pamialliiHOI TITl€HU 1
enigemiosiorii HHIIPM HAMH Vkpainu 1 BiAnoBigae OCHOBHHUM HampsiMKam
HayKoBO1 mismbHOCTI [HCTHTYTY. ['ym3enko H.A. Oyma BigmoBigaJbHUM
BUKOHABIIEM HAyKOBO—IOCJIITHUX POOIT, SIKi:

- BUKOHYBaJUCh 3a HaykoBuM I1ianoM HAMH B mabopartopii
CHOJIyYHHX Ta KOMOIHOBaHUX e(eKTIB pajiamii, Mi3HIIIE — B
nabopaTopii emniJieMioNorii paKky, a came:

«IIpoBectn Bepu(ikalilo BUMAIKIB JIEUKEMIA B YYaCHHUKIB JIIKBIJALIi

HacaiakiB aBapii Ha YAEC B JlepskaBHOMY Ta CHeIliali30BaHUX PEeeCTpax.»,

(Ne nepsxpeectpartii 0102U005687), 2002—2004 pp.»;

«JlocnmimxeHHss JedkeMmid Ta CIOPIJHEHUX 3aXBOPIOBaHb CeEpel
YY4aCHUKIB JIiKBiJalii HaciakiB aBapii Ha YopHoOmiabchkiii AECH

Ne nepxkpeectparii 0304U001727, 2005-2009 pp.;

«IIpoananizyBatu 4KiCTh 1H(QOpPMALIWHOI CHUCTEMHU MEJIUYHOTO
MOHITOpUHTY B “/lepkaBHOMY peecTpi YKpaiHM 0ci0, SKi TMOCTPaKIaIu
BHACJI1I0K YHOpHOOUITbCHKOT KaTacTpOQPu»

(Ne mepxkpeectpartii 0104U003637), 20042006 pp.»;

«Bu3zHauutu  3aKOHOMIPHOCTI  (DOpMYyBaHHS  3aXBOPIOBAHOCTI  Ha
3JIOSIKICHI HOBOYTBOPCHHSI OCHOBHUX TPYIl HACEJEHHS, SKE IOCTPaKIaIo
BHacniok aBapii Ha UAEC, Ha JOBrocTpOKOBOMY e€Talll eIiJIeMiOJIOTI4HOTO
MOHITOPUHTY»

(Ne mepxpeectpartii 0107U000909), 2007-2009 pp.

«Bu3zHaunTH 3aKOHOMIPHOCTI (DOpMYyBaHHS pajialliiHO acOIIHOBAHUX
OHKOJIOTIYHUX PHU3MKIB Yy HACEJICHHS, SKE TMOCTPAXKIAJ0  BHACIIIOK
YopHoOuibebkoi kKaTacTpodu, y BiAICHU MICIIs aBapiiHUAN TTePio1»

Ne nepxpeectparnii 01070000909, 2010-2012 pp;
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«locniaguTy €BOIONII0 3aXBOPIOBAHOCTI HA 3JI0AKICHI HOBOYTBOPEHHS Y
MOCTPaXKIAIUX BHACTIIOK YOpHOOMIBCHKOI KaTtacTpou 3a pe3ylibTaramu 25-
PIYHOTO €MiIeMI0JIOTTYHOTO MOHITOPUHTYY,

Ne nepxpeectparii 01130002319, 2013-2015 pp.,

«JlocnmimkeHHss BHECKY pamiariidiHoro ¢aktopy y ¢dopMyBaHHS
3aXBOPIOBAHOCTI Ha 3JIOSKICHI HOBOYTBOPEHHS OKPEMHUX TPYI IMOCTPaKIaauX
BHacniok amapii Ha YopuoOunschkii AEC 3a pesynbraramu 30—pigHOro
MIePioTy CIIOCTEPEKEHHS

Ne nepxpeectpartii 01160002478, 2016-2018 pp.

«Eninemionoriune AOCHKEHHS (OpMyBaHHS PHU3UKIB 3JOSKICHUX
HOBOYTBOPEHB y Tpynax moctpaxaainx BHacainok aBapii Ha YAEC (1990-2019
pp-)»

Ne nepxpeectparrii 01190100525, 2019-2021 pp.;

- 32 MDKTJIy3€BOI0 KOMIUICKCHOIO MPOTPamMoi0 «310pOB’s HaIlii»
”Po3po0UTH CHUCTEMY B3a€EMOJIIi CIENiai30BaHUX MOMYJSLIMHUX PEECTPIB
Ykpainu pizHOro mnpodiaro g YJOCKOHAJICHHS MOHITOPUHTY 3JIOSIKICHUX
HOBOYTBOpeHB’, Ne nepxkpeectparii 0107U000929), 2007-2009 pp..

byna cniBBuKOHaBIEM TpekTy 3a HiMmenpko-DpaHily3pK010 1HIIIATHBOIO
"YoproOunp" (1999-2001 pp.); Oyna KEepiBHUKOM €MiJEMIOJNOTIYHOI IPyNH B
nmpoekTax, mo (inancyBanuchk HamnionansauMm iHcTuTyTOM paky CIIA, a came:
«CrnuibHE  aMepUKaHO-YKpalHChKE  JOCHIIDKCHHS  JieMKkemii Ta  1HIIMX
reMaToJIOTIYHUX 3aXBOPIOBAaHb CEpe/l YYaCHUKIB JIIKBIJIaIll HACTIAKIB aBapii Ha
YAEC B VYkpaini»y, (1998-2009); «ChoigpHe amepuKaHO-YKpaiHChKE
JTOCIIKEHHS paKy IUTOIMOAI0OHOT 3aJI031 Ccepe/l YYaCHUKIB JIIKBIAAIlli HACTIIKIB
aBapii Ha YHAEC B VYkpaini» (2010-2015); «CrinpHe aMepuKaHO-yKpaiHCHKE
JOCITIJIKEHHSI TEeHeTUYHUX €(EKTIB ONMPOMIHEHHS cepej] YYaCHHKIB JIKBiAaIii
HacuiakiB aBapii Ha YAEC B Ykpaini Ta ixHix Hamankis (TPIO)" (2015-2021).

Metow pobotu Oyio pPO3POOUTH Ta MPAKTUYHO 3aCTOCYBATH
KOMIUIEKCHY METOJOJIOTII0 aHAMITUYHOTO €MiJeMIOJOTIYHOTO TOCIIIKEHHS

CTOXaCTUYHUX MEIUKO-010JIOTTYHUX €(EeKTIB 10HI3yI0UOTO BUIIPOMIHIOBAHHS B
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Vkpaini Ta BHU3HAUATH HA 1i OCHOBI PU3UKH BUHUKHEHHS BiJJaICHUX

OHKOJIOTIYHHUX 1 T€HEeTUYHUX VYIIKOHKEHb BHACTIAOK OMPOMIHEHHS T Yac

JikBigarmii HacHiaKiB YopHOOUIBCHKOT KaTacTpodu.

Jlist mocsirHeHHsT MeTH Oy cpopMyJsibOBaHI Ta PO3B’sI3aHi HACTYIHI

HAYKOBI 3a/1a4i:

1.

OO6rpyHTyBatTH HEOOX1THICTh aHATI THIHUX €M1 IEM10JIOTTYHIX
JOCIIKEHb NI OIIHKH PHU3UKIB CTOXAaCTUYHUX €(EKTIB OMPOMIHEHHS
BHACJIIJIOK y4acTi B JIIKBIJAIlil HACTAKIB aBapii.

Busznaunti CcknajoBl peamizaiii  aHaJITUYHOIO  €MiJIEMIOJIOTIYHOTO
JOCITIJIKEHHS, SIK1 3a0€3IeYyI0Th JJ0Ka30BICTh HOTO BUCHOBKIB.

OuiHuTy 1HHOPMATUBHICTH Ta MOKJIMBICTh BUKOPUCTAHHS HAlllOHATBHUX
NOMYJISIMHUX peecTpiB YKpaiHu s (GOpMyBaHHS 1 MPOCTEKEHHS
KOTOPTM Y4YacHUKIB JikBijamii HacmiakiB aBapli Ha YAEC Ta
11eHTU(iKalii BUMaaKiB TOCTIHKYBAaHUX 3aXBOPIOBAHb.

Po3pobutn TEXHOJIOTIIO BU3HAYECHHA BHUMAAKIBAOCIIKYBaHUX
3aXBOPIOBAaHb 1 BEpHU(iKaLlil 11arHO31B..

Po3po6uTy TeXHOJIOT110 MOIIYKY CY0’€KTIB AOCIIIKEHHSI, BCTAHOBJICHHS 3
HUMHU KOHTAaKTy Ta MPOBEJCHHS aHKETYBAaHHS 3 YpaXyBaHHSM MPUHIIUIIIB
MEINYHOI €THKH.

OOrpyHTYBaTH €IiJIEMIOJIOTIYHI KpUTEpii BHUOOPY METOMIB JTO3UMETPIi
JUIi BUKOPUCTaHHS B AHAIITUYHOMY €MiJIEMIOJIOTYHOMY JTOCIIKEHH1
CTOXaCTUYHUX €(PEKTIB OPOMIHHEHHS.

ChopmyBatu iHGOpMariitHy 0a3y s TPOBEICHHS aHaNI3y PHU3HKIB
Jgeiikemii B JOCIHIKYBaHIA KOrOpTI Ta MPOBECTH  PETPOCHEKTHUBHE
enigeMioioriuae pociimkenns eikemii Ta P13 cepen YJIHA.

OmiHuTy peanizoBaHl PU3MKH JICWKEMIi 1 paKy IIUTOMOAIOHOT 3a103U B
JOCIIIIKYBaHI KOTOPTI 3 ypaxXyBaHHSM BIUIMBY padlallifiHOrO Ta IHIIUX
YUHHHKIB.

JlocmiauTu MOXJIMBI J1030-3aJI€KHI OCOOJMBOCTI peaizailii BHUIIaJIKIB

XPOHIYHOI JTIMQOIUTAPHOT JIEHKEMIT,
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10. BusHaunTl HAsBHICTh JO303JICKHUX TEHETUYHUX VIIKOKEHb Y
YYaCHUKIB JIIKBIJAlli HACTIAKIB aBapli, SKI MOIVIM TEPEIaTUCh IXHIM
HaIlagKaM.

O0’exT I0CaiIKEHHsI: BiJIJIaJieH] CTOXaCTUYHI €()eKTH ONMPOMIHEHHS cepej

yuacHukiB JIHA nHa YAEC B YkpaiHi Ta iXHIX HaIaKiB.

IIpeamer nocJriazKeHH:

METOAM 3OIMCHEHHS aHAMITUYHUX EOIIEMIOJIOTIYHUX JOCIIKEHD
peainizaiii CTOXaCTHYHUX €(EKTIB OMPOMIHEHHs, CIHPUYMHEHOTO YYacTiO Yy
nikBiganii HaciakiB aBapii Ha YAEC;

PU3BMKM BHUHUKHEHHS CTOXaCTUYHUX e€(QeKkTiB  (JielKkeMmii, paky
IIUTOBUJIHOT 3aJI03M, MyTaliii de novo B HamaJKiB OMNPOMIHEHUX OaTbKIB)
BHACJIIJIOK /i1 10HI3yIOUOTO BUIIPOMIHIOBaHHS Ha JIFOAUHY MiJ yac ydacti B JIHA
YAEC;

BIUTMB MOJU(IKYIOUHX (DAKTOPIB HA PE3yNbTaTH pU3UK—aHATI3Y.

MeToau aociaeHHsi: COLIOJIOTIYHI (MOIIYK Ta OMUTYBaHHS CyO’ €KTIB
JOCHIKEHHS), CTaTUCTUYHI (PO3pPaXxyHOK CTAaTHUCTUYHOI MOTY>KHOCTI, OIIHKA
JIOCTOBIPHOCTI ~ pE3yJbTaTiB),  €MIAEMIOJIOTIYHI  (BU3HAYEHHS  JU3aiiHy
JTOCITIKCHHS, METO[IB KOHTPOJIIO SIKOCTI JJAHUX, OIIHKA KOS(IIIEHTIB PU3HUKY).

AKTYaJbHICTh AOCJIIKeHHSI 00yMOBJIEHA HEOOXITHICTIO JOCTOBIPHOI
Ta HAYKOBO OOTPYHTOBAaHOI KIUJIBbKICHOI OIIHKM CTOXaCTHYHHMX BIIJAJICHUX
OilosioriyHUX e(EKTIB MPOJIOHTOBAHOIO OMNPOMIHEHHS JIIOJAWHUA MaJlUMHU Ta
CepeAHIMHU J103aMH 10HI3YIOUOT'0 BUIIPOMIHIOBAHHSI.

HaykoBa HOBHM3HA oJlep:KAHUX Pe3yJIbTATIB MOJISATSIE B TOMY, II0:

° Brnepiie Oyno BM3HAUYE€HO, METOJIMYHO OIPAIlbOBAHO 1 BIIPOBAHKCHO HA
MpaKTUI[l OCHOBHI  CKJIQJIOBI  aHAJITUYHOIO  €MiJeMiOJOTIYHOTO
JIOCHKEHHST B YKpaiHi, fKi 3a0e3MeuyloTh SKICTh OI[IHOK PHU3HKIB
CTOXaCTUYHUX €(PEKTIB OMPOMIHEHHS, 30KpeMa..

o HAyKOBO OOTPYHTOBAaHO BHOIp AM3aliHy eIMiJeMiOJIOTIYHOTO
JOCTIPKEHHSI CTOXaCTHMYHUX e(EeKTIB ONpOMiHEHHS B YKpaiHi,

kputepii ¢GOpMyBaHHS KOTOPTH 13 HEOOXIIHUM  00CsSTOM
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IHIUBITyAIPHUX JAaHUX 1 BU3HAYCHUM TMEPIOJOM CIIOCTEPEIKCHHSI
1Tt 3a0e3MmeueHHs MPUHHATHOL MMOTYXHOCTI JOCTiIKEHHS;
pO3pO0ICHO KOMIUIGKCHY METOAWKY BH3HAUYCHHS BUITAJKIB
JTOCIIDKYBaHUX  3aXBOPIOBaHR B IIOBHOMY  00cs31 13
3a0e3neueHHsIM  Bepudikailli  JiarHo31B IS IOJAJIBIIOTO
BKJIFOUEHHS /10 aHaJlI3y PU3HKIB;

OOTpYHTOBAHO  €MIJIEMIOJIOTIYHI  KpuUTepii BHOOPY METOMdIB
PEKOHCTPYKIIT 1HAUBIAyadbHUX /103 OMPOMIHEHHS 1 BHU3HAYCHO

crnocoOu 3a0e3neueHHs HeOOX1THUMU JaHUMHU.

Ha ocnoBIi pO3pO6J'I€HI/IX MCTOOAMYHHX 3aCald BIICPIIC 6YJIO BHM3HA4YCHO

PU3BMKM BHHHMKHEHHS CTOXaCTMYHHMX €(EKTIB ONpPOMIHEHHS cepea

JKBIAATOPIB B YKpaiHi, a came:

O

BIIEpIIIE cepell yJacHUKIB JKBigamii HachiakiB aBapii Ha HAEC B
Vkpaini Oyno BH3HAY€HO JOCTOBIPHY JIIHIMHY TO3UTUBHY
acolliario MK KyMYJISITUBHOIO JI0300 OITPOMIHEHHS Ha YePBOHUMN
KICTKOBUH MO30K 3 HQJJIUIIKOM BIJITHOCHOTO PU3UKY BUHUKHEHHSI
neiikemii Ha 1 DI'peir onpominenns (ERR/Gy), skuii mpotsirom
1986 — 2000 pp ckmnas 3.44 (95 % nosipuuii intepBai: 0.47-9.78,
p<0,01), a BripoaoB:x1986-2006 pp. — 2,38 3 95 % JII Bix 0,49 no
5,87 ta p=0,004;

BIiepiie OyJ0 BU3HAYEHO MO3UTUBHY J030 3aJIEKHY acOIlaIliio
PU3HMKIB BUHUKHEHHS XPOHIYHOI JIMQOLMUTAPHOI JIeHKeMmil
BrpoaoBxk 1986-2006 pp. cepen mikBimaTopiB B YKpaiHi
(ERR/Gy=2,58, 95% nosipumii inTepBan 0,02—8,43 i p=0,047);
Briepuie OyJI0 BU3HAYEHO CYTTEBUW BIUIUB HIpodeciitHoro
KOHTaKTy 13 OEH3MHOM Ha HaAMIPHUN pPHU3UK BUHUKHCHHS
MI€JIOIIHOT JIeMiKeMii, MepeBaKHO, 3a PAXYHOK 1 XPOHIYHOL
dopmu. CmiBBimHomends manciB (OR) ckmano 3,48, 95%

noBipunii inTepBain: 1,09-11,12.
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o mepir BHUCHOBKH AHANITAYHOTO JIOCHIDKEHHS CBIT4aTh MPO
30utbmenHs: pusuky paky I3 cepen YJIHA na YAEC, xoua 13
CTAaTUCTUYHO TPAHWYHOIO 3HAYYIIICTIO (HAIJIUIIOK BITHOCHOTO
pusuky (ERR/Gy)=0.40; 95% nosipumii intepsan. -0.05, 1.48;
p=0.12);

o BIIEPIIIE, 32 PE3YJIbTaTaMH T€HETUYHOTO JOCIIHKCHHS YYaCHUKIB
mikBiganii HacaiakiB aBapii Ha YAEC 1 ixHixX HamaakiB B YKpaiHi,
Oy710 MOBEACHO BIJCYTHICTh HO TIOTOYHHN MOMEHT J0303aJICKHUX
CHAJKOBUX TEHETHUYHUX YIIKOKEHb y MITEH, HAPOIKCHUX BiJl
0aTbKiB, ompoMiHeHHX BHacHiok ydacti B JIHA na YAEC ab6o B

Ipolieci eBaKyari.

IIpakTuyHa 3HAYYIHICTH OJ€P:KAHMX Pe3yJbTATIB IOJSITaE B TOMY,
0 OLIHKM paJlaliiHUX PU3MKIB B HAI[IOHAJIBHIN NOMyNSAUli Y4YaCHUKIB
mikBigamii HachijakiB aBapli Ha YopHoOuibscekiiit AEC € penpe3eHTaTUBHUMHU
JIUIS. HACEJICHHsI BUPOOHMYO 1 COLIAJIbHO aKTUBHOTO BIKYy, 30araTsTh CBITOBY
HAyKy HOBHMH 3HAaHHSIMH TIPO PHU3WKH BHHHUKHEHHS PaiOiHAYKOBaHUX
BIITAJICHUX €(EKTIB Ta MOXYTh OyTH BHKOPUCTaHI B PO3pOOIN KpUTEPIiB
Oe3MeKH Ta JOIMYCTUMUX PIBHIB MpodeciiiHoro onpomineHHs. [lo3ask mennune
onpoMiHeHHs HaOyBae Bce OLIBIIMX MaciTadiB B YKpaiHl 1 y CBITI B IJIOMY,
BU3HAYECHHS  KOE(IUIEHTIB PHU3UKIB TAKOXK  CHPUSITUME  IOKPAILIEHHIO
paiaiitHOTO 3aXUCTY MEIMYHOTO IMEPCOHAITY Ta MaIlI€HTIB.

Ha ocHoBi pesynpTaTiB poOOTH, y CHiBHOpali 13 CHIBPOOITHUKAMHU
naboparopii emigemiosnorii paky HHIIPM, Bigminy remartosnorii HHIIPM,
HarionanpHoro kanmep—peectpy VYkpainum Oyjo po3poO0JICHO METOAUYHI
peKoOMeHaIli 3 MPOBEICHHS KOHTPOJIIO SKOCTI iH(opMallii Ha Pi3HUX PIBHIX
dbyukmionyBanus JIPY, Kwuis, 2007; 3 texHosorii iH(opMaliitHOT B3aeMoii
JIPY ta HKPVY, Kuis, 2010; cTOCOBHO alropuTMy aJbTepPHATUBHUX PO3PAXYHKIB
pPO3MIpY MOCIIKYBAaHOI KOTOPTU B JAWHAMILI CIIOCTEPEKEHHS, Ha MPHUKIIAIl

nanux JIPY, KuiB, 2011. Kpim Toro, Oyna BuaaHa BioM4Ya I1HCTPYKIIIS
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«Anroput™m  BepHdikalii 3TOSIKICHUX 3aXBOPIOBaHb KpPOBOTBOPHOI  Ta
aiMQoinHOi cucTeM y ydacHUKIB JikBifaiii HachiakiB aBapii Ha HAECy, Kuis,
2006.

Marepianu aucepraniiHoi po6oTu Oyia0 BHKOPHUCTAHO IPH MiATOTOBIII
HamionanpHux momnosigedt Ykpainu: 25 pokiB YopHOOMIBCHKOI KaTtacTpodu.
besneka maitbOytaroro : HamionansHa momoBigs Ykpainu, 2011, (pozmin 3.2.1),
«Tpunusate pokiB YopHOOMIBCHKOI KaTacTpodu: pajioioriyHi Ta MEIUYHI
Haciakm» Hamionamesna pomoBine Ykpaiau , 2016 p. (po3mumm 2.7 1 2.8) i
“Tpuaudarh naTh pokiB YoOpHOOMIIBCHKOI KaTacTpodu: paIioioriyHil Ta MEIUYHI

HACJIIJIKM, CTpaTerii 3aXucTy Ta BiapomkeHHs», 2021 (po3minu 2.2; 2.3.; 2.4,

3.5);

Oco0ucTuii BHECOK 3100yBava

HaykoBi crarTi, B SKUX TMpPEACTABICHI OCHOBHI PE3YJbTATH
JTucepTaliitHoi poOOTH, HaAMUCaHl y CHIBaBTOPCTBI. Bci OCHOBHI pe3yibTaTu
OJIeprKaHi aBTOPOM 0COOMCTO abo 3a ioro O6e3nocepeIHbOI y4acTi B CHiBIpalli 13
Kojeramu 13 HailloHanbHOTro HayKoBOro HEeHTpy paaiaiiiinoi meauiman HAMH
Vkpainn, Hamionanenoro inctutyty paky CHIA  (beresma, CIIA),
Konymbiticekoro yuisepcutery (Hpro Mopk, CIIIA). JlucepraHT HpuiiMaB
aKTUBHY y4acTh y BUOOpI Ta OOIPYHTYBaHHI HaNpPsIMiB JIOCHII>)KE€Hb, ITOCTAHOBIII
KOHKPETHUX 3aBJlaHb, Yy BHU3HAUYEHHI KpUTEpliB (OpMyBaHHA KOTOPTH 1
JTOCIIKYBaHUX TPYI B KOTOPTI, JuKEpesa 1 crnocoOiB imeHTUdIKallli BUNAIKIB,
iH(opmariiiHoMy 3a0e3leueHHl MIDKHAPOJHOI J1arHOCTHUYHOI E€KCIIEPTHU3H, B
aHATITUYHOMY €Tari JOCHIIKEeHb ((popMyBaHHS aHATITUYHOI 0a3U JaHUX, aHAJI3
pusnkiB). oMy HageXuTh TPOBifHA PONb y TPOBEICHHI aHANI3y BIUIHBY
MOTCHIIINHUX MOIM(DIKYIOUYMX UYMHHHUKIB HAa OIIHKU J0303aJICKHUX PHU3HKIB
BUHUKHEHHS Jelikemiil. J[ucepTanT OpaB akTMBHY ydacTb B iHTEpHpeTalii BCiX
OTPUMaHMX pE3yJbTaTiB, y IUIaHyBaHHI, MIATOTOBLI 1 HAMUCaHHI BCIX
omyOJIIKOBaHUX CTaTed, Te3 Ta JAomoBifed KoHpepeHiii. Takum YUHOM,

O0COOMCTHI BHECOK JIUCEPTaHTa B JaH1 poOOTI € BU3HAYALHUM.
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Anpofania pe3yabTariB aucepramii. Pe3yiapTaTM Ta BUCHOBKH
JIYcepTaliiHoi poOboTH TomoBiIannuch Ta obrooproBaiauck Ha: |l MexmyHap.
CUMMO3UyMi  «XpOHMYECKOE  paJHallMOHHOE  BO3JCHCTBHE:  MEIUKO-
ouonorudeckue 3hdexter» Yensounck, 24 — 26 oktsaops 2005; I'emarosoris i
TpaHcysionoria: (QyHIaMeHTadbHI Ta TPHUKIAIHI TUTAHHSA: HAyK.—IIPaKT.
koH}., Kwuis, 13-14 xoBtHa 2005 p; the 21st International CODATA
Conference, Kyiv, Oct. 5-8, 2008; MixkHapoaHa HayK.—pakT. KOH(}). 3 ITUTaHb
COLIIaJILHOTO 3aXUCTY TPOMAJISH, SIKI MOCTPaXKIail BHACTIAOK YOPHOOMIBCHKOT
karactpodpu. 24-25 xBiTHa 2008 poky; VI cbe3m OHKOJIOTOB M PaarOJIOTOB
ctpan CHI', HymanGe, 1—4 okrt. 2010; XIII xourpec cBiToBoi (eneparrii
YKpaiHCbKMX  JIIKapchbkux ToBapuctB ,JIpBiB, 01-03 xoBT. 2010 p.;
Panio6ionoriyni Ta pajioekoyioriydi acnekTd YopHOOMIbChKOI KaTacTpodu:
MbKHaponHa kKoHpepenmis, CnaBytuu, 11-15 kBitHa 2011; 14th International
Congress of Radiation Research, The Chernobyl impact on health and
environment: Satellite Symposium, Kyiv, 2-3 September 2011; [pyruii
BceykpaiHCchKuii KOHTPEC 3 MEAUYHOTO TTpaBa, 010€TUKH 1 COLIAIbHOT MOIITHKH,
Kuis, 14—15 xBiTHs 2011; XII 3’131 onkosioriB Ykpainu, Cynak, 20—22 BepecHs
2011 p; MHdBamusare m’saTh pokiB YopHOOMIBCHKOI KatacTpodu. besmneka
MaiOyTHhOr0: Mi>kHapoaHa HaykK.-mipakT. KoH(. Kuis, 20-22 kBitHa 2011; XV
3’131 ririenictiB Ykpainu 20-21 Bepecus JIbBiB, 2012; ASA Conference on
Radiation and Health, June, 10-13, 2012 .Kennebunkport, ME, «Panioekonoris-
2014», M. KwuiB, 23-26 kBitHs, 2014, «AKTyalbHI NHUTaHHS TITIEHU Ta
exosoriyHoi 6e3neku Ykpainn», Kui 9-10 xosTtHs 2014; MikHaponHa HayK.
KoH(]. «Pasionoriyni Ta MmeauyHi Hacaiaku YopHoOuiabchkoi karactpodu — 30
pokiB o Tomy», KuiB 18—19 kBitast 2016 p.; Hay4. —ipakT. KOH}. T’ ATHAAIATI
(17-18 xoBtHsa 2019 p), mictaaasaTi (12—13 muctonama 2020 p.) Map3eeBCbki
uyutanns;. 12th congress of the European Hematology Association, Madrid,
2019; conference of the International Society for Environmental Epidemiology
(ISEE 2019) Utrecht, the Netherlands, 25-28, August, 2019; 7-ii 3’i3x
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panio6ionoriyHoro ToBapuctBa Ykpainu. KwuiB, 1-4 xostas 2019; XVI
MDKHapoHa HayK.-mipakT. KoH}. (XVI RADTES-2020)

Iy6aixanii. 3a Temoro aucepTarii omyoaikoBano 23 podotu, B T.4. 15
HAyKOBUX Mpalpb Y BUAAHHIX, K1 HAJEXKaTh JO MEPIIOro Ta APYroro KBapTHIIIB
(Q1 1 Q2), BianosiaHo o kiacudikaiii SClmago Journal and Country Rank a6o
Journal Citation Reports, 8 crareii y iHmmx (axoBUX BUIAHHIX, 22 Te3
JOTIOBIZIe Ha KOH(EPEeHIsAX, BUAAHO 3 METOJAMYHI peKkoMeHjaiii, 1 Bigomya
THCTPYKIIIAL.

BignoBigHo 10 BockMoro a63amy mianyHkTy 1 myHkty 2 Hakazy MOH
VYkpainu “IIpo onyOnikyBaHHsS pe3ysbTaTiB AUCEpPTalliil Ha 3100yTTS HAYKOBUX
CTYIIEHIB JOKTOpa 1 kKaHauaaTa Hayk’ BiJ 23.09.2019 p. Ne 1220 ta BpaxoByrouu
HasBHICTh TPHOX MyOJiKalid B omaHOMY Homepi xypHaiay ([5], [6] Ta [7]),
€KBIBaJICHTHA KUIBKICTh IMyOJIKAIlii, Y SKUX BIJOOpa)X€HI OCHOBHI HAyKOBI
pe3ynbTaTH, MPUPIBHIOETHCS 10 51 myOmikarii.

Ctpykrypa Ta o0car aucepramii. Jlucepraiis mMiAroToBJICHA Y
BUTJISA/II HAyKOBOi JI0moBiji. PoOoTa cknamgaeTbcs 13 aHOTaIllli, OCHOBHOI
JaCTHUHHU, Ta N0JaTKy. Jl0 OCHOBHOI WacTWMHU JaucepTallii BKIOUYeHo 16 crareit
y (axOBHX HayKOBHUX BUJAHHSX, SIKI 3TpYyNOBaH1 y 8 po3auliB. 3arajibHuil o0cAr

nucepratii 259 cTopiHOK, 00cAT OCHOBHOT YaCTUHH — 213 CTOPIHOK.

Cnucoxk nocuJIaHb, BCTYI

1. Preston D.L., Kusumi S., Tomonaga M., Izumi S., Ron E., Kuramoto
A., Kamada N, Dohy H, Matsuo T, Matsui T [corrected to Matsuo T], et al.
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1. CTAH ITPOBJEMU: PE3VJILTATH JECKPUNITUBHUX
JOCJLUKEHDB CEPEJ] YYACHUKIB JIIKBIJIALIT HACJIIIKIB
ABAPIi HA YAEC I B IHIIUX I'PYHAX MOCTPAKIAJIUX OCIE.
OBI'PYHTYBAHHS AHAJITUUHUX ENLIEMIOJIOTTYHUX
JOCJIIKEHD

[Tepmri emigeMionoTiuH1 JOCHTIDKEHHS, 1HIIIAOBAaHI 1 MPOBEACHI Cepel
HaceseHHs: Ykpainu micig aBapii Ha YAEC, Hocuiin 1eCKpUNITUBHUM XapakTep,
MaJjii y 3BSI3KY 3 IIUM CYTT€BI OOMEKEHHS, ajie CUTHAII3YBaJIM MPO MpOoOJIeMH
JUTs1 00OB’SI3KOBOT'O MOHITOPHUHTY 1 OCIIIKEHHS.

B TphoX OCHOBHHX Tpymnax MOCTpaXKJaIMX OyJI0 BUSBJICHO ICTOTHHM PIiCT
3aXBOPIOBAHOCTI HA PaK MIMTOMOAIOHOI 3aJI03U, M0 MOIJIO OYTH 3YMOBJIEHO
30BHIIIHIM OINPOMIHEHHSM IIbOTO OpraHy Ta BHYTPIIIHBOI EKCIIO3ULIEI0 32
pPaxyHOK MOTpAIUISIHHS B OpPraHi3M BUNAAIHb PaJl0aKTUBHOTO HOAY 3 iXkKero 1
BOJIOI0.

B migpo3aini 1.1 HanaeTbes xapakTepucTuka 3axBoproBaHocTti Ha PII3 B
rpynax nocrpaxiaanux oci6. Cepell ydyacHUKIB JIKBiJalii HACTHIIKIB aBapii Ha
YAEC 1986-1987 pp BHU3HAuY€HMIl pIBEHb MMEPEBUILYBAB TAKHI JJIs1 HACEICHHS
VYkpainn— B 5.9 pazu (1994-2006), cepen eBakyitoBanux — B 5.4 pazu (1994-
2006 pp), cepen MENIKaHIIB 3a0pyIHEHUX PaJIOHYKIIIaMu TepuTopiid — B 1.5
pa3 (1990-2006)

B migpo3aini 1.2 npencraBieHo pe3ylbTaTi €KOJOTIYHOTO JOCIIKESHHS
3 TOPIBHSJILHUM aHAJII30M 3axXxBOPIOBAHOCTI Ha pak IIMTOBUIHOI 3aJI03U B
VYkpaini micas aBapii Ha YopHoOmnbebkin AEC y koropri, sika 3a po3Mipom
MaiKe BiJIMOBIJAIa 3arajibHii momyssiii Ykpainu. [lopiBHIOBaNIMCH TEpUTOPIT,
YMOBHO BH3HAUYEHI SIK « 3 BUCOKOIO €KCIO3UIIIEIO» 1 3 «HU3bKOIO €KCIIO3UIIIEIO).
Kputepiem  posmonimy  Oyna  KyMmMyJasTUBHAa 1032  OINPOMIHEHHS,
pekoHcTpyhoBaHa mis oci6 0-18 pokiB Ha MoMeHT aBapii. Tepurtopii

BU3HAYaAJIMCh K 3 BHCOKOIO eKCHOSI/IIIi€I-O, KOO KYMYJPITUBHA 1034
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OTPOMIHEHHS KUTOMOAIOHOT 3a103u nepepuinyBaia 35 Ml p. Pesynbratu mporo
JOCIIJIKEHHS, TIATBEPAUIN BUCOKY BPa3IUBICTh MOJOJIIMX BIKOBUX TPYI 0
pamiariiitnoro oHkoreHe3y. OcoOnuBO 4YyT/IMBOIO Oyina HAWMOJOIIA BIKOBA
rpyla, sika cKiajanack 13 ocid, HapomkeHnx y 1982—-1986 pokax, To0TO y Bili
0—4 poxkiB Ha MOMeHT aBapii Ha YopHoOumnbschkiit AEC.

Minpo3ain 1.3 npucBsueHuil y3arajJbHEHHIO BHCHOBKIB MIKHAPOIHOI
excrepTHoi rpynu (HopHoOuiaschkuit opym), crBopeHoi B 2003 p, mifg erijioro
€Bporneiicbka koMicisi Ta MixHapomaux iHctutynii OOH (MATATE, BOO3,
[Iporpama po3Butky OOH), no cknagy sKoi BXxoawjaa 1 JAUCEPTaHT.
MiXHaApOJHUMHU €KCIepTaMU PE3YJIbTaTH OMUCOBUX JOCIHIJKEHb HACHIIKIB
aBapli, HasgBHI Ha TOW yac, OyJiM BU3HAYEHI HEIOCTATHHO OOIPYHTOBAHMMH 1
TaKUMH, 10 TOTpeOyBadu MIATBEPIKEHHS B aJCKBATHO CIUIAHOBAaHUX 1
MPOBEICHUX JOCIIHKEHHSIX aHAIITUYHOTO XapaKTepy.

V3aranpHeH1 BUCHOBKM YopHOOWIIbCBKOrO  (opymy moysraad y
BIJICYTHOCTI MIATBEP/XKEHUX J0Ka3iB edekTiB aBapii Ha YopHOoOMIbChKIT AEC
o110 Jievikemii, PII3 Ta iHmux ¢popM paky B rpynax OonpoMiHEHUX OC10, B TOMY
yucni cepen ydacHukiB JIHA. €quHuM noBeeHMM MEAUYHUM €(EeKTOM aBapii
Ooyno BuzHano PII3 cepen ompomiHEHMX MEMIKAHINB HaWOLIBIN 3a0pyIHEHUX
PaJIOHYKJIIJTaMU TEPUTOPIA HANMOJIOAIIOI BIKOBOT TPYIIH.

Pazom 3 TuM, 117151 OTpUMaHHS OOTPYHTOBAaHUX BUCHOBKIB OyJia BU3HAYCHA
HEOOXIHICTh TPOBEJACHHS AHATTUYHUX €MiAEMIONOTIYHUX JOCIHIKEeHb 1
HNIATPUMKU JISJIBHOCTI MOMYJSILIMHUX PEECTPIB, MEPII 3a BCE HALIOHAJIBHUX
KaHIep-peecTpiB. BpaxoByroun ¢akt, 10 ONMPOMIHEHHS TICIs aBapii Jyis
O1TBIIOCTI HaceJdeHHs Oyjo B Jllama30HI HU3BKUX 03, 1 JIMII B OKPEMHX
Bumaakax cepen ydachukiB JIHA, B miama3oHi cepemHix ab0 BHCOKHX J103,
eKcriepTaMu OyJio 3a3HAYEHO, 110 JOCTOBIPHOMY BHU3HAYEHHIO MOYXE MiJIsITaTu
TUTbKU HAJJIMIIOK 3axBOproBaHOCTI cepen YJIHA, a Takox cepen onpoMiHEHUX

B TIEPIII THXKHI 0C10 HAMOJIOAMIUX BIKOBUX T'PYIL.
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1.1 3axBOpOBaHICTb Ha paK u_q,vl_TonoEIi6Ho'|' 3a/1031 B rpynax ocio,
nocTpaxkaanux BHacnifok aBapii Ha HAEC B YKpaiHi
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ABSTRACT

The study goal was to investigate thyroid cancer morbidity in population groups affected by the Chernobyl
catastrophe. The study period comprised 1994-2006 for clean-up workers and 1990-2006 for Chernobyl
evacuees and residents of contaminated territories. A significant increase of thyroid cancer incidence was
registered in all observed population groups. The most significant excess over the national level was identified
in clean-up workers. This amounted to a factor of 5.9, while it was 5.5 for the evacuees and 1.7 for the residents.
The highest thyroid cancer risk was observed in persons exposed to radioiodine in childhood and adolescence.

Key words: Chernobyl accident, Recovery operations worker, Evacuee, Resident of contaminated territory,
Thyroid cancer

1 INTRODUCTION

Thyroid cancer is among the most frequent malignancies of endocrine glands. At the same time, its portion of
total cancer incidence is comparatively small (less then 0.5 % in males and about 1 % in females). It is
necessary to note the substantial variability of thyroid cancer incidence worldwide (Parkin, Whelan, Ferlay,
Teppo, & Thomas, 2002). An excess of thyroid cancer was among the most expected consequences of the
Chernobyl accident based on the high sensitivity of thyroid gland to the carcinogenesis associated with exposure
to ionizing radiation as reported previously (Shore, 1992; Akiba, Lubin, & Ezaki, 1991). According to Illyin,
Balonov, Buldakov, Bur’yak, Gordeev, Dement’ev, et al. (1990) the predicted possible amount of excess cases
of malignant thyroid tumors for the whole population of those contaminated with "*'I raions (administrative
units) was assessed to be 200 over a 30 year period. The percentage of malignant thyroid tumors in excess of the
spontaneous level in the central regions of the Soviet Union, including Ukraine, might be 5 % among children
and 0.9 % among adults. Mabuchi, Cardis, Preston, Ivanov, Okeanov, & Prisyazhniuk (1998) presented
projections of substantial lifetime excess of thyroid cancer in inhabitants of the most contaminated regions that
amounted to from 6 to 300 % depending on the average dose received. While realization of the dramatic
scenario has been thoroughly studied and reported in those exposed as children (Cardis, Kesminiene, Ivanov,
Malakhova, Shibata, Khrouch, et al., 2005; Kazakov, Demidchik, & Astakhova, 1992; Likhtarev, Kairo, Shpak,
Tronko, & Bogdanova (1999); Tronko, Bobylyova, Bogdanova, Epstein, Likhtaryov, Markov, et al., 2003) only
partial information on thyroid cancer in adults affected by the accident is available (Prysyazhnyuk, Gulak,
Gristchenko, & Fedorenko, 2002; Ivanov, Tsyb, Ivanov, & Pokrovsky, 2004).

The stated goals of our study are to investigate thyroid cancer morbidity in Ukraine as a whole and in different
population groups affected by the Chernobyl catastrophe and to evaluate quantitatively the realized incidence
excess depending on the dose of "*'I exposure.

2 MATERIAL AND METHODS

The study period for Chernobyl accident recovery operations workers (CRW) was 1994-2006 and that for
evacuees from the 30-km restriction zone around the Chernobyl NPP and residents of contaminated territories
was 1990 —2006. The local cancer registry was used as the main data source for cancer cases among residents of
the contaminated territories. It had been established to perform a retrospective (since 1980) and current
collection of information on all cancer cases in the Luginy, Narodichy, and Ovruch districts of the Zhytomir
region and the Borodyanka, Ivankiv, Polesskoye, and Chernobyl (1981-1985) districts of the Kyiv region. These
six districts are referred to in the text below as the territories most heavily contaminated with radionuclides.
Since 1989 when the National Cancer Registry of Ukraine was established, these two institutions have shared
information on new cancer cases registered in contaminated territories.
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From 1999 through 2004, this study was supported within the frame work of the French-German Initiative for
Chernobyl, Project No 3 “Health effects of the Chernobyl accident”, Subprojects 3.1.1 “Solid cancer incidence
in the most highly contaminated region of the Ukraine”, and 3.1.1S “Thyroid cancer in adolescents and adults in
the most affected territories of the Ukraine after the Chernobyl accident”.

At the time of the accident, the total population of the most contaminated raions was 360.7 thousand including
74.4 thousand children aged 0-14 years (Prysyazhnyuk, Gristchenko, Zakordonets, Fuzik, Slipeniuk, & Ryzhak,
1995). In 2006, the population of six districts excluding the now evacuated Chernobyl district was 193.3
thousand including 29.9 thousand children (Derzhcomstat, State Committee of Statistics of Ukraine, 2005). For
the data collection, all relevant medical documents (including emergency notifications of new cancer cases as
well as death certificates) were obtained from all medical institutions where these patients were diagnosed and
treated. These documents were cross-checked to eliminate duplicates and were then entered into the final data
base. 12,458 new cases of cancer were registered in 1990-2006.

The data of the State Registry of Ukraine on Chernobyl victims were used to investigate cancer incidence
among CRW (1986-1987 were the years of participation in clean-up activities) and among evacuees. The 1986-
1987 data for CRW relate to a group of 105.4 thousand persons in 2006, namely those who resided in the
Dnepropetrovsk, Donetsk, Kharkov, Kyiv, and Lugansk regions and in Kyiv City. In addition were the evacuees
from Prypyat and the 30 km zone, who resettled in the territory of Ukraine, a group that included 53.4 thousand
persons in 2006. The data were compared with the data base of the national cancer-registry. After this procedure,
all duplicates and cases without validated diagnosis were eliminated. During 1994-2006, there were 6451 new
cancer cases registered among CRW and, in 1990-2006, 2500 among evacuees (Prysyazhnyuk, Gristchenko,
Fedorenko, Fuzik, Gulak, Slipeniuk, et al., 2002). The analysis was carried out with the standard methods of
descriptive epidemiology: calculation of crude, age-specific, and age-adjusted incidence rates with standard
errors and confidence intervals. The world population structure was used as the standard. For indirect
standardization (calculation of standardized incidence ratio — SIR) the age-specific cancer incidence rates of the
Ukrainian population in 1998 were used. To reveal possible tendencies, linear regression coefficients were
calculated.

3 RESULTS AND DISCUSSION

In the 20 years following the Chernobyl accident in Ukraine, as a whole, thyroid cancer incidence exceeded
spontaneous rates a factor of two in males and three in females. (Figure 1)

Rate per 100,000 persons
o
|

27

1 ; Females
Males

0

1962- 1969- 1977- 1989- 1992- 1997- 2002-
1964 1972 1979 1991 1996 2001 2006

OMales EFemales

Figure 1. Age-standardized average annual thyroid cancer incidence rates in Ukraine in separate time periods
(males and females)
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The first cases of thyroid cancer in children who resided in the most contaminated territories were observed in
1990 (Prysyazhnyuk, Pjatak, Buzunov, & Beral, 1991). Before that time, no case of the disease had been
registered for the children of these territories.

Starting from that period, an increasing incidence was marked not only in children (Tronko & Bogdanova,
1997) but also in adolescents and adults (Prysyazhnyuk, Romanenko, Grystchenko, Zakordonets, Fedorenko,
Fuzik et al., 2004). Investigation conducted in the frame of the French-German Initiative for the period 1990-
1999 in 3 oblasts with substantial "*'I fall-outs showed for the first time a relationship between the level of
radioiodine fall-outs and the thyroid cancer incidence rate (Table 1).

Table 1. Truncated age-adjusted incidence rate (TASR) in 1991-1999 in adolescents and adults inhabiting the
Zhytomir, Kyiv, and Cherhigiv regions in territories with different levels of *'I deposition

Gender TASR per 100 000 population on territories of "*'I deposition (kBg/m?)
<100 100-200 >200

Male 1.53+£0.26 2.20+0.20 2.56 +0.25

Female 3.94+£0.26 10.36 £ 0.41 10.21 £ 0.46

The truncated age-standardized incidence rate in territories with a level of contamination <100 kBq m™ did not
exceed 2 cases per year per 100,000 males and 5 cases per year per 100,000 females. However, in territories
with medium and high levels of contamination (100-200 kBq m™ and >200 kBq m™, respectively), a significant
increase in the thyroid cancer incidence rate was registered. The excess amounted to 4 cases per year per
100,000 males and 16 cases per year per 100,000 females in 1998-1999. The effect of the exposure to
radioiodine, i.e. the excess of thyroid cancer, kept increasing during the study period.

A comparative analysis of the thyroid cancer incidence rate in different groups of the affected population (Table
2) suggests that the most significant excess over the national level during the study period occurred in CRW.
This amounted to a factor of 5.9, while it was 5.5 for the evacuees. Among the residents of the territories that
were most heavily contaminated with radionuclides, a statistically significant excess of thyroid cancer incidence
(by a factor of 1.7) was registered for the time period 1990-2006.

Table 2. Standardized incidence rates (SIR) values for thyroid cancer (Code ICD-10 C73) in different groups of
the Ukrainian population affected by the Chernobyl accident

Groups of observation Observed numbers Expected numbers | SIR (%) 95% CI
(period of observation) of cases of cases
Residents of contaminated 283 169.4 167.0 147.6 - 186.5

territories (1990-2006)

Recovery operation
workers 1986-1987 274 46.1 594.2 523.8 -664.6
(1994-2006)

Evacuees from 30km zone

(1990-2006) 213 39.1 544.9 471.7-618.1

These figures illustrate the lack of effectiveness of the prophylactic measures taken by medical authorities in
1986 (stable iodine administration) in order to prevent radioiodine accumulation in thyroid.

The highest thyroid cancer risks were observed in persons exposed to radioiodine in childhood and adolescence.
Comparative medico-geographical analysis in regions of Ukraine tested the average accumulated thyroid doses
(mGy) in young persons (1-18 years old) at the moment of accident and thyroid cancer incidence rate in this
cohort 20 years later.

There is a correspondence between factorial (doses) and observed results (thyroid cancer incidence rate in 2006
in irradiated cohort 1-18 years old at the moment of accident) (r=0.5023, P, 0.01). This is the reason we
searched for the linear regression equation between dose and incident rate (Figure 2).

BRS

64



Data Science Journal, Volume 8, 24 September 2009

The abscissa axis represents the average accumulated dose (Gy), and the ordinate axis represents the incidence
rate per 10,000 population. Therefore, the regression coefficient b actually reflects a rate change per 10,000 of 1
Gy. That is, the excess absolute risk is 4,92*10 prsGy. The ratio of b to a (the incidence rate for an average
accumulated dose equal to 0) indicates an excess relative risk of 22,2/Gy.

ERR

Note that in this cohort attributive risk = ————
(1+ ERR)

100 =95.7%. (1)

Therefore, most thyroid cancer cases in this cohort have a radiogenic origin.

a+bx =022 +4,92x; b + SE(b) = 4,92 £1,73
g 97 EAR = 4,92 10 uen.-Tp ..
S 05| ERR=bla=4,92/0,22=22,2/Tp P
- ATR = ERR/ (1+ERR) *100 = 22,2 / {1+22,2) *,100 = 95,7%
3’ 0,7 . P ’
g r=0,5023; P<0,01 g
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Average accumulated dose (Gy)

Figure 2. Parameters of a linear regression equation between average regional thyroid doses of children and
adolescents (1-18 years old) in 1986 and thyroid cancer incidence rates in this cohort in 2006 in regions of
Ukraine

During the long term observation of cancer incidence rates, new diagnostic methods and procedures, which
could influence morbidity figures, were implemented. This is called the screening-technological effect. A
method of eliminating this phenomenon was proposed and used in this study. The comparative analysis of two
cohorts [1982-1986 years of birth (exposed to radioiodine) and 1987-1991 years (non-exposed)] in regions with
the highest integral deposition of radioiodine (Kyiv, Chernigiv, and Zhytomir regions) was carried out (Figure
3).

Because both cohorts were screened in the same manner, conclusions about the effect of irradiation in
successive attained age periods could be made. In the age period 10-14 years, the risk for cohort 1982-1986 of
thyroid cancer is 9.7 times higher than for the 1987-1991 cohort; for 15-19 years the risk is 3.4 times higher.
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Figure 3. Dynamics of the thyroid cancer incidence in birth cohorts 1982-1986 and 1987-1997 (Zhitomirska,
Kyivska, and Chernihivska oblasts)

It is necessary to note that in territories with low doses of thyroid irradiation, the incidence does not differ
substantially in the identified birth cohorts.

4 CONCLUSION

In all population groups affected by the Chernobyl accident, a significant increase of thyroid cancer incidence
was registered. The increase was found not only in children but also in adolescents and adults. It appears to be
associated, at least partly, with the fall-out of radioiodine. At the same time, we cannot disclaim the significant
role that external irradiation played in the total dose received by clean-up workers.

It was difficult to evaluate completely in the present descriptive study the contribution of increased screening of
the thyroid glands to the observed increase of thyroid cancer. Based on the experience of previous studies on
health effects of irradiation, the excess of solid cancer including that of the thyroid was observed decades after
exposure. Therefore, we should continue to monitor thyroid cancer in groups of affected populations. The data
suggest the necessity for epidemiological monitoring of thyroid cancer and a concentration of efforts to perform
analytical epidemiological studies that will evaluate radiation risks at low doses of irradiation.

The documentation of dosimetric information will be essential for future attempts to examine — and possibly
improve — current estimates of the risk of radiation associated thyroid cancer.
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Abstract For the first time, a comparative analysis of
thyroid cancer incidence in Ukraine after the Chernobyl
accident was done in a cohort that is almost as large as the
general population. On the basis of thyroid doses from
radioactive iodine in individuals aged 1-18 years at the
time of accident, geographic regions of Ukraine with low
and high average accumulated thyroid doses were estab-
lished and designated “low-exposure” and “high-expo-
sure” territories, respectively. A significant difference of
thyroid cancer incidence rates as a function of time
between the two territories was found. That is, the increase
in the incidence was higher in high-exposure regions than
in low-exposure regions. The incidence rates varied sub-
stantially among the different attained age-groups, espe-
cially in the youngest one (up to 19 years old). The
analysis that was adjusted for screening and technological
effects also indicated that in the high-exposure regions,
thyroid cancer incidence rates at the age of diagnosis of
5-9, 10-14 and 15-19 years were significantly higher in
those born in 1982-1986 compared to those born in
1987-1991, while in the low-exposure regions, no
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significant difference was observed. The observed probable
excess of radiation-induced thyroid cancer cases in adults
exposed to radioactive iodine from the Chernobyl accident,
especially in females, may be due to the high power of the
present study. However, it should be noted that our
investigation was not essentially free from ecological
biases.

Introduction

Thyroid cancer is the most common malignancy of the
endocrine system. However, it accounts only for a small
fraction of all human cancers (Franceschi et al. 1993). In
1980s, the annual incidence of thyroid cancer varied con-
siderably in different European registries, ranging from 0.6
to 6.2 in males and from 1.0 to 8.3 in females per 1,00,000
individuals (Parkin et al. 1992).

Before the accident at the Chernobyl nuclear power plant
in 1986, the thyroid cancer incidence rate in Ukraine
increased slowly but steadily. After the accident, this
increase became steeper (Prysyazhnyuk et al. 2002): From
1989 to 2007, the thyroid cancer incidence rate increased
from 0.9 to 1.6 in males and from 2.7 to 6.2 in females, per
1,00,000 individuals. The overall fraction of thyroid cancer
among all human cancers increased about twofold for both
genders: from 0.33 to 0.62% in males and from 1.59 to
3.28% in females (Gulak et al. 2004; Shshepotin et al. 2009).

The vulnerability of the thyroid to ionizing radiation has
already been known before the accident (BEIR-V 1990);
therefore, it gained particular attention after the Chernobyl
accident. For this reason, since 1989, thyroid cancer has
been singled out as a separate entry in the official statistics
on cancer incidence by the Ministry of Health of Ukraine,
while before it was included into the category “others”.
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Furthermore, thyroid cancers diagnosed up to an age of
29 years were specified by 5-year age classes (Winkelmann
et al. 1998), allowing to obtain more detailed information
about cancer incidence in children and adolescents.

Due to radioiodine released to the environment after the
Chernobyl accident, a large number of inhabitants of Uk-
raine, Russia and Belarus received radiation doses to the
thyroid that were much higher than doses to other organs
and tissues (UNSCEAR 2000). It is also remarkable that
the Chernobyl accident became an issue not only in adja-
cent but also in remote countries and promoted research of
its possible consequences in respective populations (e.g.,
Tirmarche and Catelinois 2002; Verger et al. 2003).

The increase in thyroid cancer is one of the most rec-
ognized health consequences of the Chernobyl accident in
those territories of Ukraine, Belarus and Russia surround-
ing the Chernobyl nuclear power plant. In fact, the first
radiation-induced thyroid cancer cases were registered
4 years after the Chernobyl accident (Prysyazhnyuk et al.
1991, 1995; Kazakov et al. 1992).

A number of studies estimated thyroid cancer risk of people
exposed to Chernobyl radiation in childhood and adolescence
(Sobolev et al. 1996; Demidchik et al. 2002; Ivanov et al.
2002, 2004; Kenigsberg et al. 2002; Likhtarov et al. 2006;
Davis et al. 2004; Jacob et al. 2006; Kopecky et al. 2006).
Although significantly increased radiation risk has been
demonstrated in all of them, estimates vary quite widely.

As to adult population, three different affected groups
have been commonly explored: recovery operation workers,
evacuees and residents of the most heavily contaminated
territories. In all these groups, an excess of thyroid cancer
incidence was registered (compared with national levels),
but it is disputable to which extent this is due to ionizing

Fig. 1 Average accumulated
thyroid doses (bold numbers,
given in mGy) in all regions of
Ukraine, for individuals aged
1-18 years at the time of the
Chernobyl accident (Likhtarov
et al. 2005)

@ Springer

radiation, because of the potential influence of screening
and introduction of modern ultrasound diagnostic equip-
ment (Prysyazhnyuk et al. 2007; Ivanov et al. 2003, 2008).

Most of the previous studies on thyroid cancer incidence
were fragmentary and covered only particular groups of the
population affected by the Chernobyl accident. The
objective of the present study was to elucidate the trends
of thyroid cancer incidence in the whole Ukrainian
population.

Materials and methods

Information on thyroid cancer cases in Ukraine from 1989
through 2008 was collected from the Ukrainian cancer
registry; from 1989 through 2007, gender- and 5-year age-
specific annual data for the population of each region in the
country were obtained from official publications of the
State Committee of Statistics.

All regions of Ukraine were classified into two groups
based on '*'I thyroid doses that were reconstructed for the
entire Ukrainian population aged 1-18 years at the time of
the accident (Likhtarov et al. 2005). Assuming that the
ranking of regions by the distribution of accumulated dose in
those individuals aged 1-18 years was similar to that in older
age-groups in the same regions, we designated the regions
“high-exposure” if thyroid dose exceeded 35 mGy (Fig. 1).

Although the average individual thyroid dose was
32 mGy in Kyiv city, we included it in the high-exposure
regions, because a significant proportion of all recovery
operation workers (over 23%) and evacuees from the city
of Prypyat and from the 30-km zone (over 15%) reside in
Kyiv city. These high numbers are characteristic for the
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Kiev region only, while the fraction of recovery operation
workers and evacuees in all other high-exposure regions is
substantially lower. For instance, these two risk groups
account for 4.6 and 2.6%, respectively, in Chernihiv region
(Bobylyova 1999). It should also be noted that according to
our calculations that were done on the basis of the available
data (UNSCEAR 2000), the average thyroid dose of the
evacuees is 328 mGy.

Thus, Cherkasy, Chernihiv, Kyiv, Rivne, Zhytomyr regions
and Kyiv city were designated as high-exposure regions, while
all other locations were designated as low-exposure regions.

We calculated both the age-specific and age-adjusted
thyroid cancer incidence rates for each year and for
aggregated time periods, where age adjustment was done
using the World Standard Population. For aggregated age-
groups (such as 0-19, 20-39, 40-59, 60+ years), truncated
age-standardized incidence rates (TASR) were calculated.
The reference period was limited to 1989 only because the
first radiation-induced thyroid cancer cases were registered
in 1990 (Prysyazhnyuk et al. 1991, 1995; Kazakov et al.
1992) and because we considered 1989 the last year of the
latency period. The data for earlier years were not avail-
able, as already pointed out above.

The rate ratio (RR) was used to compare thyroid cancer
incidence rates between high-exposure and low-exposure
regions and calculate 95% confidence intervals (95% CI)
assuming Poisson distribution for the annual incidence of
thyroid cancer (Rothman 1986). The lower and upper limits of
the confidence interval for the ratios of two age-standardized

rates (ASR; and ASR)) are: (ASR; /ASR2)1i<Z°‘/2/ X>, where
Zy» denotes the 100(1 — o/2) percentile of the standard
normal distribution, and z,, = 1.96 for « = 0.05. For X, we

used an approximation proposed by Smith (1987): X =

/K Aé?{s}?};A{SIS{E)( ASR where SE denotes the standard
1)+ 2

error.

Results

The thyroid cancer incidence rate and its dynamics in the
two groups of regions were quite different. The level and
average annual increase of thyroid cancer incidence were
higher in the high-exposure regions than in the low-expo-
sure regions, both for males and females (Fig. 2).
Throughout the period of the present study (1989-2008),
age-adjusted thyroid cancer incidence rate in females of the
high-exposure regions increased from 3.34 to 10.99 per
1,00,000, i.e., 3.3-fold, while in females of the low-expo-
sure regions, it increased from 2.51 to 5.69 per 1,00,000,
i.e., 2.3-fold. In contrast, in males, the thyroid cancer
incidence rate was 0.87 per 1,00,000 at the beginning of the
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Fig. 2 Trends in thyroid cancer incidence from 1989 through 2008 in
Ukraine by gender and dose category

observation (1989) for both the high-exposure and low-
exposure regions. In 2008, it increased to 2.64 in the high-
exposure and 1.37 in the low-exposure regions, corre-
sponding to factors 3.0 and 1.6, respectively. The slopes of
the regression lines through the four trends in Fig. 2 are as
follows: 0.079 (standard error (SE) = 0.011) for males of
the high-exposure regions and 0.019 (SE = 0.004) for
those of the low-exposure regions; 0.405 (SE = 0.029) for
females of the high-exposure regions and 0.133
(SE = 0.011) for those of the low-exposure regions. This
means that in the high-exposure regions, the thyroid cancer
incidence rate increased faster compared to that in the low-
exposure regions both for males and females, over the
period of observation. The difference in the regression
coefficients deduced for the high- and low-exposure
regions is statistically significant for both genders
(p < 0.01).

Table 1 compares rate ratios of truncated age-standard-
ized incidence rates (TASR) for thyroid cancer by age-group
and sex across the five-year intervals, for the high-exposure
regions. Marked increases in RRs were noted for both males
and females. The increases were most pronounced for those
individuals aged 0-19 years at the time of diagnosis, being
13.99 and 5.55 in males and females, respectively, when the
rates for the 1995-1999 period were compared with those of
1989. The RRs decreased steadily during the periods of
2000-2004 and 2005-2008 compared to the RR of
1995-1999, and the increase was already non-significant
both for males and females diagnosed in 2005-2008. In all
age-groups except for 0-19 years at the time of diagnosis,
the RR steadily increased both in males and females; this
increase was statistically significant for nearly all periods.
The exceptions were the period of 1990-1994 for males and
females diagnosed at 40-59 years and 60+ years, and
1995-1999 for males diagnosed at 60+ years.

In the low-exposure regions, an increase in thyroid
cancer incidence in males was noted only among those
diagnosed at 20-39 years in 2000-2004 and 2005-2008,
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Table 1 Rate ratios by gender and age at diagnosis for thyroid cancer incidence rates per 1,00,000 among the residents of the high-exposure

regions in Ukraine, 1989-2008

Year of diagnosis Males Females
n TASR RR 95% CI n TASR RR 95% CI
0-19 years at diagnosis
1989 1 0.06 1 5 0.34 1
1990-1994 56 0.71 11.58 5.02-26.71 99 1.29 3.78 2.18-6.55
1995-1999 71 0.86 13.99 6.47-30.26 150 1.89 5.55 3.47-8.87
2000-2004 60 0.71 11.48 5.08-25.97 110 1.36 4.00 2.35-6.81
2005-2008 6 0.10 1.54 0.24-9.81 41 0.09 1.77 0.82-3.79
20-39 years at diagnosis
1989 8 0.52 1 56 3.46 1
1990-1994 82 1.10 2.11 1.21-3.68 316 4.00 1.16 1.13-1.18
1995-1999 106 1.47 2.81 1.71-4.63 475 6.34 1.83 1.71-1.97
2000-2004 143 2.05 3.94 2.53-5.13 706 9.99 2.89 2.64-3.17
2005-2008 137 2.42 4.65 3.00-7.21 614 8.47 2.45 2.25-2.67
40-59 years at diagnosis
1989 20 1.69 1 103 7.85 1
1990-1994 131 224 1.33 0.86-2.03 609 9.34 1.19 0.98-1.45
1995-1999 224 3.83 2217 1.61-3.20 1,061 15.75 2.01 1.71-2.35
2000-2004 235 4.07 2.41 1.73-3.37 1,396 20.68 2.63 2.29-3.03
2005-2008 256 5.27 3.12 2.29-4.27 1,338 18.58 227 2.05-2.74
60+ years at diagnosis
1989 18 3.14 1 66 533 1
1990-1994 108 3.35 1.07 0.66-1.74 397 6.31 1.18 0.93-1.51
1995-1999 148 4.53 1.44 0.94-2.21 606 11.10 2.08 1.71-2.54
2000-2004 178 5.06 1.61 1.07-2.42 747 13.22 2.48 2.06-2.98
2005-2008 149 5.78 1.84 1.24-2.74 661 13.42 2.52 2.09-3.04

n number of cases, CI confidence interval

and among those diagnosed at 40-59 years in any time
period. In females, the RR was significantly greater than
unity for all periods and all diagnostic ages, except those
diagnosed at 0-19 and 604 years in 1990-1994 (Table 2).

Table 3 compares ratios between TASRs for thyroid can-
cer in the high-exposure and low-exposure regions by age-
group and sex across time periods: 1989, 1990-1994,
1995-1999, 2000-2004 and 2005-2008. While the ratios of
incidence rates for 1989 were generally comparable for the
high- and low-exposure regions, the RRs in the three age-
groups (except 0—19 years) increased for all of the later time
periods. In those diagnosed at 0-19 years, it, however, passed
its peak in 1990-1994 and sharply decreased in 2005-2008.

Figure 3 presents thyroid cancer incidence at the age of
diagnosis of 5-9, 10-14, 15-19 and 20-24 years for those
individuals of the high- and low-exposure regions born in
1982-1986 and 1987-1991. In the high-exposure regions,
thyroid cancer incidence rates at the age of diagnosis of
5-9, 10-14 and 15-19 years were significantly higher in
those born in 1982-1986 compared to those born in

@ Springer

1987-1991, while in the low-exposure regions, no such
difference was observed.

Since the level of soil '*'I contamination is known to
have been essentially zero in 1987 (Shibata et al. 2001), it is
possible to use the maximal values (to avoid an overesti-
mation of the screening effect) of the thyroid cancer inci-
dence rate in the remaining three groups of individuals
presented in this figure (conditionally, low-exposed)—res-
idents of the high-exposure regions born in 1987-1991 and
of the low-exposure regions at each age of diagnosis—for
estimating the rate in individuals not affected by radioactive
iodine. At ages of 5-9, 10-14, 15-19 and 20-24 years,
these were 0.10 (low-exposure, born in 1987-1991), 0.49
(low-exposure, born in 1982-1986), 1.40 (high-exposure,
born in 1987-1991) and 1.50 (low-exposure, born in
1982-1986) per 1,00,000, respectively. Subtraction of these
values from the corresponding rates in the high-exposure
regions for individuals born in 1982-1986 yields the esti-
mates of radiation-induced thyroid cancer incidence per
1,00,000: 0.84 (0.94-0.10) for those diagnosed at
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Table 2 Rate ratios by gender and age at diagnosis for thyroid cancer incidence rates per 1,00,000 among the residents of the low-exposure
regions in Ukraine, 1989-2008

Year of diagnosis Males Females

n TASR RR 95% CI n TASR RR 95% CI

0-19 years at diagnosis

1989 8 0.13 1 12 0.19 1

1990-1994 39 0.12 0.94 0.43-2.04 76 0.24 1.25 0.71-2.20

1995-1999 62 0.19 1.49 0.79-2.83 142 0.44 2.26 1.46-3.51

2000-2004 49 0.15 1.16 0.57-2.36 110 0.35 1.82 1.13-2.95

2005-2008 27 0.12 0.94 0.42-2.09 88 0.41 2.12 1.31-3.44
20-39 years at diagnosis

1989 32 0.52 1 145 2.22 1

1990-1994 177 0.55 1.07 0.74-1.55 920 2.88 1.30 1.26-1.34

1995-1999 203 0.65 1.27 0.90-1.79 1,136 3.64 1.4 1.57-1.72

2000-2004 208 0.74 143 1.03-1.99 1,041 3.66 1.65 1.58-1.73

2005-2008 217 0.97 1.88 1.38-2.56 1,051 4.69 2.12 2.00-2.25
40-59 years at diagnosis

1989 69 1.40 1 290 5.28 1

1990-1994 482 1.93 1.37 1.10-1.72 1,733 6.32 1.20 1.06-1.35

1995-1999 497 2.11 1.50 1.20-1.87 2,292 8.44 1.60 1.44-1.77

2000-2004 520 2.28 1.63 1.32-2.01 2,550 9.45 1.79 1.62-1.97

2005-2008 457 2.32 1.65 1.33-2.05 2,781 11.98 227 2.07-2.49
60+ years at diagnosis

1989 83 3.46 1 304 6.41 1

1990-1994 402 3.10 0.90 0.70-1.14 1,667 6.68 1.04 0.92-1.18

1995-1999 509 3.72 1.07 0.86-1.35 1,864 7.72 1.20 1.07-1.35

2000-2004 494 3.44 0.99 0.79-1.25 1,823 7.46 1.16 1.04-1.31

2005-2008 401 3.74 1.08 0.86-1.36 1,701 9.68 1.51 1.36-1.68

n number of cases, CI confidence interval

Table 3 Rate ratios (RR) by gender and age at diagnosis for thyroid cancer incidence rates per 1,00,000 between residents of the high-exposure
and low-exposure regions in Ukraine, 1989-2008

Age at diagnosis Year of diagnosis
1989 1990-1994 1995-1999 2000-2004 2005-2008
RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI
0-19
Males 0.48 0.09-2.52 5.95 3.56-10.55 4.53 2.85-7.21 4.78 2.86-7.98 0.80 0.35-1.83
Females 1.77 0.52-6.02 5.34 3.53-8.10 4.33 3.17-5.93 3.88 2.73-5.52 1.47 0.98-2.21
20-39
Males 1.01 0.47-2.20 1.99 1.45-2.73 2.24 1.67-3.00 2.79 2.13-3.67 2.50 1.91-3.27
Females 1.56 1.10-2.21 1.39 1.21-1.60 1.74 1.54-1.97 2.73 2.42-3.08 1.80 1.61-2.02
40-59
Males 1.20 0.71-2.03 1.16 0.95-1.42 1.82 1.51-2.19 1.78 1.49-2.13 227 1.88-2.74
Females 1.49 1.15-1.91 1.48 1.33-1.64 1.87 1.71-2.03 2.19 2.02-2.37 1.55 1.44-1.67
60+
Males 0.90 0.55-1.49 1.08 0.87-1.34 1.22 1.00-1.48 1.47 1.22-1.78 1.54 1.25-1.91
Females 0.83 0.65-1.07 0.94 0.85-1.05 1.44 1.30-1.59 1.77 1.60-1.96 1.39 1.26-1.53

CI confidence interval
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Fig. 3 Thyroid cancer

incidence rate per 1,00,000 by
birth year and age at diagnosis 5
in the high-exposure regions
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5-9 years, 3.67 (4.16-3.49) for those at 10-14 years, 3.39
(4.79-1.40) for those at 15-19 years and 2.95 (4.45-1.50)
for those at 20-24 years. Thus, the proportion of radiation-
induced thyroid cancer cases can be estimated as 89.2% in
those diagnosed at 5-9 years; 88.3% at 1014 years; 70.8%
at 15-19 years and 66.4% at 20-24 years.

Table 4 summarizes trends for 4 years of 1991, 1996,
2001 and 2006 in terms of RR for age-specific thyroid cancer
incidence rates in females of the high- and low-exposure
regions by age at the time of the Chernobyl accident.
Although some irregularities exist, the data indicate that
except for those exposed at 0-4, 5-9, 15-19 and
50-54 years, the RR reached a maximum in 2001. In females
exposed at 0—4 years, the RR steadily decreased since 1991.
The trends in males, however, were not as clear as in females
except for those exposed at 0—4 years (Table 5).

Discussion

The present analysis revealed significant differences in
trends of the thyroid cancer incidence rate in the two
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groups of regions investigated: the increase in this malig-
nancy was higher in high- than in low-exposure regions;
the incidence rate varied among the attained age-groups.
The steepest increase was registered in the young age-
groups (up to 19 years) of the high-exposure regions,
suggesting that the thyroid is particularly vulnerable to
radiation in childhood and adolescence. The incidence rate
in these groups substantially decreased in 2005-2008
probably because the majority of the members of these
groups (and all since 2006) are individuals born in 1987 or
later who were not exposed to '*'I from the Chernobyl
accident.

In the groups of other ages at diagnosis, the age-specific
incidence rate was characterized by a steady increase that
was significantly higher in the high- than in the low-
exposure regions. The least clear tendency was observed in
the oldest age-group of 604 years in the low-exposure
regions. This could be explained by the lower vulnerability
of the thyroid to radiation in adults and by a possible
increase in the period of latency with age.

The significant increase in thyroid cancer incidence
observed in the low-exposure regions for all age-groups at

Table 4 Rate ratios (95% confidence intervals) for age-specific thyroid cancer incidence rates in females of the high- and low-exposure regions
in Ukraine by age at the time of the Chernobyl accident and year of diagnosis

Age at the time of the Year of diagnosis

Chernobyl accident (years)

1991 1996 2001 2006
0-4 1233 (0.54,280.40)  10.83  (3.48,3371)  5.60 (229, 13.74)  2.62  (1.40, 4.92)
59 2863 (2.16, 380.15) 241 (1.02, 5.70) 342 (175, 6.67) 228  (1.36, 3.85)
10-14 282 (0.82,9.77) 212 (0.87,5.16) 364 (2.15,6.17) 246  (1.54,3.95)
15-19 130 (044, 3.84) 138 (0.73,2.63) 229  (1.35,3.88) 237 (1.53,3.68)
20-24 100 (0.44,2.29) 174 (1.04,2.92) 264 (1.72, 4.06) 213 (1.47,3.09
25-29 198  (1.09, 3.60) 1.67  (1.08, 2.60) 268  (1.82,3.95) 246  (1.79, 3.38)
30-34 197  (1.17,333) 206  (1.37,3.11) 241 (174, 3.34) 227 (1.69, 3.06)
35-39 095  (0.58, 1.56) 1.82  (1.25,2.65) 202 (1.48,2.76) 173 (1.30, 2.30)
40-44 170 (0.97,2.98) 171 (1.14,2.57) 244 (1.59, 3.77) 1.63  (1.10,2.42)
45-49 1.66  (1.09, 2.54) 1.80  (1.26,2.59) 231 (1.65, 3.24) 195  (1.38,2.78)
50-54 132 (0.77,227) 259  (1.61, 4.15) 204 (1.26, 3.30) 128 (075, 2.19)
55-59 0.83  (0.53, 1.31) 093  (0.61, 1.41) 157 (1.01, 2.44) 099  (0.62, 1.57)
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Table 5 Rate ratios (95% confidence intervals) for age-specific thyroid cancer incidence rates in males of the high- and low-exposure regions in
Ukraine by age at the time of the Chernobyl accident and year of diagnosis

Age at the time of the Year of diagnosis

Chernobyl accident (years)

1991 1996 2001 2006
04 NA NA 591 (1.53,22.86) 540  (1.78,1638) 491  (1.29, 18.77)
5-9 1640  (0.87,310.53) 293  (0.66,12.98) 239  (0.60, 9.54) 438 (129, 14.85)
10-14 0.68 (0.10, 4.40) 308  (0.43,21.80)  3.86  (1.05,1424) 180  (0.63,5.12)
15-19 4.05 (0.46, 35.34) 037 (008, 1.61) 1.69  (0.44, 6.56) 1.31 (0.48, 3.54)
20-24 6.32 (1.06, 37.70) 079  (0.25,2.48) 297  (1.13, 7.80) 409 (155, 10.79)
25-29 2.52 (0.70, 9.11) 237 (0.85, 6.60) 271 (117, 6.24) 124 (056, 2.74)
30-34 0.51 (0.16, 1.66) 280 (1.29, 6.45) 1.66  (0.71, 3.89) 248  (1.04, 5.90)
35-39 0.42 (0.14, 1.26) 220 (1.04, 4.65) 264  (1.26,5.52) 243 (1.17, 5.06)
40-44 1.13 (0.36, 3.58) 1.08  (0.43,2.73) 208  (0.82,5.26) 1.88  (0.83, 4.25)
45-49 0.64 (0.30, 1.36) 1.80  (0.88,3.67) 099  (0.51, 1.93) 175  (0.84, 3.65)
50-54 1.50 (0.70, 3.25) 045  (0.18, 1.11) 200  (0.81,4.97) 236  (0.80, 6.94)
55-59 2.18 (0.85, 5.59) 0.84  (0.37, 1.91) 1.07  (0.35,3.28) 179 (0.68, 4.76)

NA not available

diagnosis was not as steep as in the high-exposure regions.
This increase could be due to both an increase in back-
ground and screening effects.

The results of the present study evidently confirm the
high vulnerably of young age-groups to radiation carcino-
genesis. Especially sensitive is the youngest age-group
born in 1982-1986 aged 0—4 years at the time of the
Chernobyl accident. The observed dramatic increase in the
thyroid cancer incidence rate in this age-group is pre-
dominantly attributed to ionizing radiation. This conclusion
is strongly suggested by the results obtained when the
incidence in this age-group was compared between the
high- and low-exposure regions, where other confounding
and modifying non-radiation factors (e.g., quality of reg-
istration, screening) were similar.

As for the incidence in adults, rate ratios in females
significantly exceeded unity in 1996, 2001 and 2006 in
those exposed at ages of 20-49 years, reaching the maxi-
mum in 2001 (Table 4), while in males, this tendency was
less clear (Table 5). One may conceive from these results
that there is a probable excess in radiation-induced thyroid
cancer cases in exposed people, especially in females,
irrespectively of age at the accident. This conclusion seems
quite important because even relatively recent papers
report a lack of convincing evidence of radiation excess in
thyroid cancer in exposed adults (Ivanov et al. 1999;
Moysich et al. 2002; Hatch et al. 2005; Williams 2008; Ron
2007).

The present study also suggests that the latency period
of radiation-induced thyroid cancer development may
depend on age at exposure: the peak of rate ratio in the
youngest age-groups at the time of the Chernobyl accident
was in 1991, but in elder ages it is shifted to later years

(Tables 4, 5). Previous investigations into this problem are
very limited, but Dedov et al. (1993) pointed out the pos-
sibility of such a dependence in patients subjected to
radiation therapy. Further studies are necessary to confirm
these observations.

It should be noted that the character of the data pre-
sented and the analytical methods used are very similar to
those by Mahoney et al. (2004) who explored the trends of
thyroid cancer incidence and impact of the Chernobyl
accident in Belarus. These authors concluded that radiation
exposure led to an increase in thyroid cancer incidence rate
not only in children and adolescents but in adults as well.
In particular, an excess of thyroid cancer was found in the
age-group of 35-54 years at diagnosis. Since their study
was completed in 2001, this age-group included persons
who already were adults in 1986. However, calculations
were performed only with regard to age at diagnosis, while
age at exposure is also important for the evaluation of risk
factors in radiation carcinogenesis. Presumably, the risk of
radiation-induced thyroid cancer should be higher in those
adults who were younger at exposure than in those who
were elder. That is why age at exposure has also to be taken
into account. In our work, we considered both age at the
time of diagnosis and age at the time of the Chernobyl
accident. This approach allowed demonstration of an
extraordinarily high vulnerability of the youngest group
aged 0—4 years at exposure and also investigation of radi-
ation-related thyroid carcinogenesis in exposed adults.

The decrease in incidence rate ratios observed in 2006 in
all groups of age at the time of accident may imply that the
peak of excess of radiation-induced thyroid cancer is
already passed. This statement, however, should be taken
cautiously because similar annual data presented by
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Tronko et al. (2009) for persons aged 0-14 and
15-18 years at the time of the Chernobyl accident do not
comply with our observations.

Conclusions

It should be stressed that for the first time, a comparative
analysis of thyroid cancer incidence in Ukraine after the
Chernobyl accident was performed in a cohort that is
almost as large as the general population. The finding of a
probable excess of radiation-induced thyroid cancer cases
in adults, especially in females, may be due just to the
adequately high study power. From the international liter-
ature, it is well known that the excess thyroid cancer rates
due to exposure to radioactive iodine tends to increase with
time for more than 20 years, mainly for those exposed as
young children. In the present ecological study, it was
difficult, however, to evaluate the potential contribution of
an increased screening of the thyroid glands, which may
partly have contributed to the observed increase in thyroid
cancer cases, for example because of a more frequent use
of ultrasound devices in medical diagnostics. Note, how-
ever, that we performed such evaluation of the screening
effect in young age-groups.

It should be acknowledged that our investigation was
not free from ecological biases and limitations. Precise
estimation of radiation risks requires thoroughly designed
cohort or case—control studies including detailed informa-
tion about doses and confounding factors (both endogenous
and exogenous) that might also affect the investigated
thyroid cancer incidence, in addition to ionizing radiation.
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Abstract

26 April 2006 marks the 20th anniversary of the Chernobyl accident. On this
occasion, the World Health Organization (WHO), within the UN Chernobyl
Forum initiative, convened an Expert Group to evaluate the health impacts
of Chernobyl. This paper summarises the findings relating to cancer. A
dramatic increase in the incidence of thyroid cancer has been observed among
those exposed to radioactive iodines in childhood and adolescence in the most
contaminated territories. lodine deficiency may have increased the risk of
developing thyroid cancer following exposure to radioactive iodines, while
prolonged stable iodine supplementation in the years after exposure may reduce
this risk. Although increases in rates of other cancers have been reported, much
of these increases appear to be due to other factors, including improvements
in registration, reporting and diagnosis. Studies are few, however, and have
methodological limitations. Further, because most radiation-related solid
cancers continue to occur decades after exposure and because only 20 years
have passed since the accident, it is too early to evaluate the full radiological
impact of the accident. Apart from the large increase in thyroid cancer incidence
in young people, there are at present no clearly demonstrated radiation-related
increases in cancer risk. This should not, however, be interpreted to mean that
no increase has in fact occurred: based on the experience of other populations
exposed to ionising radiation, a small increase in the relative risk of cancer is
expected, even at the low to moderate doses received. Although it is expected
that epidemiological studies will have difficulty identifying such a risk, it may
nevertheless translate into a substantial number of radiation-related cancer cases
in the future, given the very large number of individuals exposed.

1. Introduction

26 April 2006 marks the 20th anniversary of the accident at the Chernobyl nuclear plant in
northern Ukraine, the largest nuclear accident in history. As a result of the accident about five
million people were exposed to radioactive contamination in Belarus, the Russian Federation
and Ukraine. The knowledge gained in the last 20 years provides valuable information on the
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effects of environmental and occupational radiation exposure and will contribute to determining
how best to respond to any future accidents of this nature.

2. Methods

In 2003, the WHO convened an Expert Group on Health (EGH) within the UN Chernobyl
Forum, an initiative supported by eight UN organisations. After three years of work, the
WHO-EGH produced a comprehensive technical report, ‘Health effects of the Chernobyl
accident and special health care programmes’, including detailed critical reviews of published,
scientifically valid studies of thyroid cancer, leukaemia and other cancers, as well as non-cancer
outcomes (UN Chernobyl Forum 2006). The EGH gave little, if any, weight to anecdotal
observations. The present paper, focused on radiation dosimetry and epidemiology, summarises
the findings related to cancer, the main long-term effect expected as a result of radiation
exposure (UNSCEAR 2000, US NRC 2006).

3. Results

3.1. Sources and levels of radiation dose

The greatest sources of radiation dose from Chernobyl were, at different time periods, intake
of short-lived radioactive iodines (particularly ''T), external exposure from radionuclides
deposited on the ground (particularly ®Zr + *Nb, '%Ru, '%Ru, 13?Te + 1321, 140Ba 4 40La,
141Ce and '**Ce) and ingestion of radioactive caesiums (particularly '3*Cs and '37Cs).

Three major groups of people were exposed to and, in some cases, are still being exposed
to radioactive contamination:

1. Workers (liquidators, or emergency and recovery operations workers). Those individuals
who were involved in emergency response, containment, clean-up and associated activities
at the Chernobyl site and in the contaminated areas, commonly referred to as liquidators.
This group consists of approximately 600 000 individuals, of whom about 240 000 worked
in 1986 and 1987, when doses were highest, at the reactor site and the surrounding 30 km
zone (Cardis et al 1996).

2. Inhabitants who were evacuated or relocated from contaminated areas. In the months
following the accident about 116000 people were evacuated from areas surrounding the
reactor in Belarus, the Russian Federation and Ukraine. A further 220000 people were
relocated after 1986.

3. Inhabitants of contaminated areas who were not evacuated. About 5 million people
continue to live in areas of Belarus, Ukraine and Russia that were contaminated by the
accident.

Table 1 presents a summary of the number of persons exposed and the levels of doses
received in these population groups. Residents of contaminated areas include residents of strict
control zones (where strict measures to monitor and decrease annual whole body doses continue
to be implemented) and residents of less contaminated areas.

The liquidators were mainly exposed to external y - and S-radiation. Internal exposure due
to ingestion was negligible, though inhaled radioiodines may have contributed to the dose for a
small proportion of the liquidators during the first weeks after the accident. In the first few days
after the accident, dose-rates were extremely heterogeneous and those liquidators who worked
on the industrial site of the Chernobyl Nuclear Power Plant could receive very high doses (up to
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Table 1. Estimates of mean effective doses (mSv) for population groups of interest (Cardis et al
1996, UNSCEAR 2000).

Approximate size Mean effective dose
Population of population (mSv)
Liquidators (1986-1987, 30 km zone) 240000 100
Evacuees of 1986 116000 33
Persons living in contaminated areas:
Deposition density of 37Cs > 37 kBqm™2 5200 000° 10°
Deposition density of '¥Cs > 555 kBqm™2¢ 270000 500

2 Including approximately 1900000 persons from Belarus, 2000000 from Russia and 1300000 from Ukraine
(UNSCEAR 2000).

Y For the period 1986-2005.

¢ Strict control zones (included in the areas with deposition density >37 kBqm™2).

Table 2. Distribution of doses to clean-up workers as recorded in state Chernobyl registries (UN

Chernobyl Forum 2006).
Number of Percentage for External dose (mSv)
clean-up whom dose is
Country and period workers available Mean Median 75th (%) 95th (%)
Belarus
1986-1987 31000 28 39 20 67 111
1986-1989 63000 14 43 24 67 119
Russian Federation
1986 69 000 51 169 194 220 250
1987 53000 71 92 92 100 208
1988 20500 83 34 26 45 94
1989 6000 73 32 30 48 52
1986-1989 148000 63 107 92 180 240
Ukraine
1986 98 000 41 185 190 237 326
1987 43000 72 112 105 142 236
1988 18000 79 47 33 50 134
1989 11000 86 35 28 42 107
1986-1989 170000 56 126 112 192 293

several Sv). In the course of time, due to decay of radionuclides and decontamination activities,
dose-rates dropped significantly. This, together with the implementation (from the end of May
1986) of practices to limit exposure, resulted in doses that were generally below permissible
levels (250 mSv in 1986; 50-100 mSv in 1987, depending on the work). The distribution of
doses available in the State Chernobyl Registries is shown in table 2. The average recorded
dose for the liquidators who worked on the reactor site and 30 km zone in 1986-87 is about
100 mSv (table 1), with few individual doses over 250 mSv.

The effective dose estimates for individuals in the general population accumulated over
the 20 years following the accident (1986-2005) range from a few mSv to some hundred mSv
depending on location, age and lifestyle factors, such as diet, or time spent outdoors. These
doses are mainly due to external exposure from a mixture of deposited radionuclides, as well
as to internal exposure from intake of '**Cs and '3’Cs (UNSCEAR 2000). The mean effective
dose accumulated up to 2005 among residents in the strict control zones (with '3’Cs deposition
density of 555 kBq m~2 or more) is of the order of 50 mSv, while in less contaminated areas
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Table 3. Estimates of thyroid doses (Goulko et al 1996, Likhtarov et al 2005, Minenko 2000,

UNSCEAR 2000).
Mean thyroid dose (Gy)

Population Size of population 0-7 years Adults Total
Evacuees of 1986, including 116131 1.82 0.29 0.48

villages, Belarus 24725 3.10 0.68 1.00

Pripyat town 49360 0.97 0.07 0.17

villages, Ukraine 28455 2.70 0.40 0.65
Belarus

Entire country 10000000 0.15 0.04 0.05

Gomel region 1680000 0.61 0.15 0.22
Ukraine

Entire country 55000000 — — 0.01

Region around Chernobyl NPP 500000 — — 0.38

Kiev city 3000000 — — 0.04
Russian Federation

Entire country 150000 000 — — 0.002

Bryansk region 1457500 0.16 0.026 0.04

Kaluga, Orel, Tula regions 4000000 — — 0.01

it is of the order of 10 mSv (table 1). For comparison, the average effective dose from natural
background radiation, excluding radon, to an average person is about 1 mSv/year (UNSCEAR
2000), or about 70-80 mSv over a lifetime.

The highest organ-specific dose was to the thyroid gland, primarily from ingestion of milk
contaminated with radioactive iodines, particularly '3'I. However, there are other sources of
exposure resulting from the Chernobyl accident that contribute to thyroid dose, including intake
of short-lived radioiodines ('32I, '3*I and '3°I) and radiotelluriums ('3!Te and '*2Te), external
irradiation from radionuclides deposited on the ground and ingestion of '3*Cs and '*’Cs. These
represent, for most individuals, only a small percentage of the thyroid dose due to '3'1.

The estimation of thyroid doses from '3'T is mainly based on the 350000 direct thyroid
exposure-rate measurements made among residents of Belarus, Ukraine and the Russian
Federation, within a few weeks of the accident (UNSCEAR 2000, Gavrilin et al 1999,
Likhtarov et al 2005, Zvonova and Balonov 1993). A wide range of thyroid doses was received
by the inhabitants of the contaminated areas in the three affected countries. Doses varied with
age at the time of the accident, level of ground contamination and rate and source of milk
consumption. Reported individual thyroid doses ranged up to several tens of Gy, while average
doses range from a few tens of mGy to several Gy (table 3).

Intake of stable iodine tablets during the first 630 h after the accident reduced the thyroid
dose of the residents of Pripyat by a factor of six to seven on average (Balonov et al 2003,
Goulko er al 1996). Pripyat was the largest city near Chernobyl and close to 50 000 residents
were evacuated within 40 h of the accident.

3.2. Epidemiological studies

To date, most of the published studies of health consequences have been of the ecological type,
where information on dose and health outcomes (and occasionally on potential confounders)
is available only at the group or population level. This type of study can be subject to
potential bias, in particular the ecological fallacy (the failure of group level data to properly
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Figure 1. Annual incidence of childhood, adolescent and adult thyroid cancer in Belarus (courtesy
of Yu E Demidchik).

(This figure is in colour only in the electronic version)

reflect individual level associations) (Greenland and Morgenstern 1989, Piantadosi et al 1988).
Analytical studies in which information is collected at the individual level, in particular case—
control and cohort studies, are therefore important to evaluate the health risks associated with
the Chernobyl accident (UNSCEAR 2000).

3.2.1. Thyroid cancer. The main health effect of radiation from the accident observed to
date is a dramatic increase in the incidence of thyroid cancer in persons exposed as young
people. This increase was observed first in the early 1990s in Belarus and continues until now
in the most contaminated areas of Belarus, Ukraine and the Russian Federation (Jacob et al
2006, Kazakov et al 1992, Stsjazhko er al 1995, UNSCEAR 2000). To illustrate this, figure 1
shows the temporal trends of childhood (0-14 years), adolescent (15-18 years) and adult (19—
34 years) thyroid cancer in the general population of Belarus following the accident. By 1995,
the incidence of childhood thyroid cancer had increased to four per 100 000 per year compared
to 0.03-0.05 cases per 100 000 per year prior to the accident. As those who were children at the
time of the accident have aged (by 2002, even the very youngest had reached adulthood), the
childhood thyroid cancer rates have declined to near zero and parallel increases in the incidence
of thyroid cancer in adolescents and slightly later in young adults have been seen.

The number of thyroid cancer cases diagnosed in Belarus, Ukraine and in the four most
contaminated regions of Russia during 1986-2002 among those who were children (<15) or
adolescents (15—-17) at the time of the Chernobyl accident is presented in table 4. Altogether
close to 5000 cases were observed in the three countries. Of these, 15 are known to have been
fatal up to now.

At the time of the Chernobyl accident, it was widely held that radioactive iodines were
much less carcinogenic than external photon exposure, as little or no experience of the effects
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Table 4. Number of cases of thyroid cancer diagnosed between 1986 and 2002, by country and age
at exposure.

Number of cases

Russian Federation

Age at exposure (years) Belarus?® (4 most contaminated regions)® Ukraine® Total
<15 1711 349 1762 3822
15-17 299 134 582 1015
Total 2010 483 2344 4837
Population aged less than 15 years in 1986
2300000 1100000 11000000 14400000

4 Cancer Registry of Belarus, 2006.
b Cancer subregistry of the Russian National Medical and Dosimetric Registry, 2006.
¢ Cancer Registry of Ukraine, 2006.

of the isotopes of iodine on the child’s thyroid was available (Baverstock and Cardis 1996).
Information on radiation induced thyroid cancer came from studies of populations exposed to
external radiation, mainly the atomic bomb survivors and patients who received therapeutic
exposures in childhood and infancy. The estimate of risk for persons exposed to x- or y-
radiation before age 15, from a combined analysis of these studies (Ron et al 1995), is
shown in table 5. A number of epidemiological studies of thyroid cancer following exposure
to radioactive iodines from the Chernobyl accident have been reported both in the most
contaminated countries and in other European countries (UNSCEAR 2000). The most recent
and informative studies of persons exposed in childhood and adolescence are also summarised
in table 5. The excess relative risks (ERRs) derived in the case—control and cohort studies are
all similar, though slightly lower than the estimate from studies of external radiation. The risk
estimate from the ecological study is, on the other hand, higher but statistically compatible
with that from studies of external radiation. The reasons for the difference in risk estimates for
the two study designs are not yet clear, although uncertainties in dose estimates may be partly
responsible.

Based on many decades of follow-up of studies of populations exposed to external
radiation (Ron et al 1995), it is expected that Chernobyl-related thyroid cancers will continue to
occur for many more years, although the long-term magnitude of risk cannot yet be quantified.

There is some indication that iodine deficiency at the time of exposure may increase the
risk of developing thyroid cancer among persons exposed to '3'T as children (Cardis et al 2005a,
Shakhtarin et al 2003). Conversely, prolonged stable iodine supplementation in the years after
exposure may reduce this risk (Cardis et al 2005a). Further studies are needed to replicate these
findings.

Papillary cancer is the primary pathological type of thyroid cancer found in those
exposed as children and adolescents to fallout from the Chernobyl accident. The biology
of radiation-induced thyroid cancer does not appear to be fundamentally different from
that seen in non-irradiated populations, although a slightly greater percentage of radiation-
induced thyroid cancers appear to be papillary in nature (Williams et al 2004). Possible
differences in the molecular biology of the tumours, particularly with regard to RET/PTC
rearrangements and BRAF mutations, are unclear at this time (Detours et al 2005, Powell et al
2005).

While the increased risk of thyroid cancer in those exposed in childhood and adolescence
is well demonstrated, the effect of exposure on adults remains unclear. In the only study that
has evaluated the risk for adults living in the contaminated areas (Ivanov et al 2003a), no
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Table 5. Summary of the case—control and cohort studies, and of the most recent ecological study
of thyroid cancer following the Chernobyl accident: comparison with a combined analysis of data
on populations with external exposures.

Country/

Reference Type of study Region

Number

of cases
(ascertainment
period)

Number of

controls/size Type of

of study
population

thyroid
dose

ERR at
1 Gy
(95% CI)

Ron et al Pooled International
(1995) analyses
of 5 cohort

studies

Astakhova ef al Case—control Belarus
(1998) study

(population

based)

Davis et al Case—control Russia
(2004) study (Bryansk)
(population
based)

Cardis et al Case—control Belarus
(2005a) study (Gomel,
(population  Mogilev),
based) Russia
(Bryansk,
Kaluga,
Orel,
Tula)

Jacob et al Ecologic Belarus
(2006) and
Ukraine

Tronko et al Cohort Ukraine

(2006) (screened)

436

107
(1988-92)

26
(1991-1997)

276
(1992-1998)

1089
(1990-2001)

45
(1998-2000)

119387

214

52

1300

1620000

13127

Individual
doses from
external
exposure
(x-ray,
neutrons)

Individualised
doses from 1311
(inferred from
estimated mean
adult thyroid
dose in the
village of
residence,
accounting

for age and
place of
residence)

Individual
reconstruction
of doses

from 13T

Individual
reconstruction
of doses from
1311, external
irradiation,
intake of
short-lived
radioiodines
and long-lived
radionuclides
Age—gender
—settlement
specific

doses due to
1317 exposure
derived from
measurements
of thyroid
activity
Individual
reconstruction
of doses from
based on
measurements
of thyroid
activity

]3]]

7.7
(2.1-28.7)

ERR: N.A?
OR® > 1 Gy
versus <0.3 Gy:
5.0 (1.5-16.7)
to

5.8 (2.0-17.3)

N.A

4.5
(2.1-8.5)
to

7.4
(3.1-16.3)

18.9
(11.1-26.7)

Approximately 5

2 N.A.: not available.
b OR: odds ratio.
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dose-response relationship was found. No association with radiation dose was observed in
studies of Estonian, Latvian and Russian liquidators (Rahu et al 2006, Ivanov et al 2002).

3.2.2.  Leukaemia. Leukaemia (excluding chronic lymphocytic leukaemia) has been
associated with exposure to ionising radiation in a number of populations, including atomic
bomb survivors, patients treated with radiotherapy and populations exposed occupationally
in medicine and the nuclear industry (UNSCEAR 2000). Increases in leukaemia risk appear
within 2 to 5 years after exposure and the ERR per unit of dose (particularly in children) is
one of the highest among all radiation-induced cancers (UNSCEAR 2000, US NRC 2006).
Leukaemia incidence and mortality are, therefore, often considered ‘markers’ of radiation risks
in exposed populations.

It has been suggested in ecological studies in Europe, particularly in Greece (Petridou
et al 1996), that in utero radiation exposure from Chernobyl may increase the risk of infant
leukaemia. These results have not been confirmed in a similar study in Germany (Steiner et al
1998) and results of studies in Belarus (Ivanov et al 1998) and Ukraine (Noshchenko er al
2001), where this has also been investigated, are not consistent. Because the studies had low
statistical power and the exposure measures were crude, the association between leukaemia and
in utero exposure is still unclear.

Several ecological studies have examined the association between leukaemia risk and
exposure to radiation from the Chernobyl accident in childhood, including the European
Childhood Leukaemia—Lymphoma Study (ECLIS), the largest and most comprehensive study
to date (Parkin et al 1993, 1996), and national incidence studies in Belarus (Gapanovich et al
2001, Ivanov et al 1993) and Russia (Ivanov and Tsyb 2002, Ivanov et al 2003b). The ECLIS
study found no evidence of a radiation-related increase in the incidence of leukaemia in Europe
in the first five years after the accident. The national studies (including those in Belarus and
the Russian Federation) do not, in general, provide evidence for an increase in the incidence of
childhood leukaemia. None of these studies, however, is sufficiently sensitive to detect small
changes in the incidence of rare diseases such as childhood leukaemia and all are subject to
methodological problems that may limit the interpretation of the findings.

Only two case—control studies of childhood leukaemia have been published to date
(Noshchenko et al 2002, Davis et al 2005). A significant association between leukaemia risk
and radiation dose to the bone marrow was found in Ukraine but results are difficult to interpret
due to problems in the selection and comparability of controls in Ukraine. No significant
increase was seen in Belarus or Russia.

Thus, the current information is scant and conclusions cannot be drawn about possible
increases in childhood leukaemia following the Chernobyl accident.

The results of studies of leukaemia risk among adults, conducted both among persons
residing in contaminated areas and among liquidators, are equally inconclusive. The studies of
leukaemia risk among adult populations living in highly contaminated areas are ecological in
nature and generally indicate an increase in leukaemia incidence over time, that does not appear
to be related to level of contamination (Bebeshko et al 1997, Ivanov et al 1997, Prisyazhniuk
et al 1995). Small studies of Estonian and Russian liquidators provide little information about
risks (Rahu er al 1997, Shantyr et al 1997, Tukov and Dzagoeva 1993, Rahu er al 2006),
while an apparent increase in incidence of leukaemia in a large cohort of Ukrainian liquidators
(Buzunov et al 1996) is not related to dose. An approximately twofold increased risk is reported
however in a very large cohort of liquidators in Russia with registered radiation doses between
150 and 300 mSv (Ivanov et al 2003c). Dose estimates are quite uncertain in these studies.
Ongoing case—control studies of liquidators with individual dose estimates are expected to
provide additional information on the magnitude of a possible increased risk of leukaemia.
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3.2.3. Solid cancers other than thyroid cancer. ~ Although ionising radiation has been shown
to increase the risk of cancers at many sites, data from Chernobyl on cancers other than thyroid
cancer are very sparse (UNSCEAR 2000).

No significant increase in the incidence of solid cancers (defined as all cancers excluding
haematological malignancies) was seen in a cohort of over 55 000 Russian liquidators (Ivanov
et al 2004) or among.residents of the contaminated region of Kaluga in Russia (Ivanov et al
1997).

Analyses of rates of breast cancer among subjects included in the Ukrainian Chernobyl
registry indicated a significantly increased incidence compared to the general population
(Prysyazhnyuk et al 2002). Increases in the incidence of breast cancer over time were also
reported in the Mogilev region of Belarus (Ostapenko et al 1998). Both of these reports are
difficult to interpret, as no information about radiation dose level was available. A more detailed
ecological study was therefore conducted to describe the spatial and temporal trends in breast
cancer incidence in Belarus and Ukraine (Pukkala ef al 2006). A large increase in breast cancer
incidence was found in all areas of Belarus and Ukraine, reflecting improvements in cancer
diagnosis and registration. A significant increase in risk was also observed during the period
1997-2001, based on a relatively small number of cases, in the districts with highest average
dose levels compared to the least exposed districts. The magnitude of this increase is greater,
however, than would be expected based on current risk estimates (US NRC 2006). Due to the
public health importance of breast cancer, these findings warrant further investigation.

Increases in rates of other cancers, including cancers of the bladder and kidney, have
also been reported (reviewed UN Chernobyl Forum, 2006). Because of various limitations
(including small numbers of cases and/or controls, inadequate information on doses and/or
on epidemiological methods and lack of information on other common risk factors for these
diseases), it is difficult to judge the scientific merits of the findings.

4. Discussion

The study of the consequences of the Chernobyl accident has provided important information
concerning the magnitude of the risk, and the biology of thyroid cancer following exposure to
radioactive iodines in childhood and adolescence.

There remains, however, a lack of evidence of any clearly demonstrated effect of
Chernobyl radiation exposures on the risk of leukaemia or solid cancers other than thyroid
cancer. There have been reports of an elevated incidence of all solid cancers combined, as
well as of specific cancers in Belarus, the Russian Federation and Ukraine, but much of the
increase appears to be due to other factors, including improvements in diagnosis, reporting and
registration. An increase in the incidence of breast cancer in the most heavily contaminated
districts suggests a possible relation to radiation exposure. Recent studies suggest a doubling
of leukaemia risk among Chernobyl liquidators. Both of these findings need confirmation
in well designed analytical epidemiological studies with careful reconstruction of individual
organ doses.

As noted above, studies of cancer risk other than thyroid are few and most have
methodological limitations. Doses to most organs outside the thyroid tended to be low and
studies lacked statistical power. Further, it is thought that for most solid cancers the latent
period is likely to be longer than for leukaemia or thyroid cancer—of the order of 10-15 years
or more (Cardis et al 2005b). Because studies of external radiation indicate that radiation-
related risks of solid cancers remain elevated throughout life, it is too early to evaluate the full
radiological impact of the Chernobyl accident.
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The fact that no significant increased cancer risk, apart from thyroid cancer, has been
conclusively demonstrated to date among populations most exposed to the Chernobyl accident
does not therefore imply that no increase in risk has occurred. Indeed, based on the experience
of other populations exposed to ionising radiation, it is expected that the low to moderate doses
received will have led to a small increase in the relative risk of cancer. Given the large number
of individuals exposed, the absolute number of cancer cases caused by a small increase in the
relative risk could be substantial, particularly in the future.

The question of estimating the number of cancer cases which could occur due to the
Chernobyl accident is important for public health planning purposes. At present, given the
lack of demonstrated increases and the relatively short follow-up for solid cancers, any such
estimation must be based on risk estimates derived from other populations exposed to radiation,
most notably the atomic bomb survivors. This implies a number of uncertainties. Major
uncertainties relate to the choice of models used for transfer of risk between populations with
different background cancer rates, for projection of risk over time and for extrapolation of risks
following primarily external high dose and high dose-rate exposure to very low dose and low
dose-rate exposures involving a mixture of external and internal radiation. Unfortunately, these
problems limit the accuracy and precision of such projections.

In 1996, Cardis et al published predictions of the health effects of Chernobyl radiation,
derived from models of radiation-associated risk from epidemiological studies of other
populations exposed to radiation, mainly members of the Life Span Study (LSS) of Japanese
atomic bomb survivors. The predicted lifetime excess of cancer and leukaemia deaths due
to radiation from the Chernobyl accident was of the order of 4000 for liquidators, evacuees
and residents of the strict control zones. A further 5000 cancer deaths were predicted among
residents of other contaminated areas, for a total of about 9000 deaths among the most exposed
persons in Belarus, the Russian Federation and Ukraine. This number is only an indication
of the likely impact of the accident and should not be taken at face value because of the
important uncertainties listed above. Although the absolute number of predicted deaths is large,
it represents only a small fraction (about 1%) of the total number of cancers expected in these
populations from other causes.

If these predictions are correct, therefore, it is expected that epidemiological studies
will have limited statistical power to detect small increases of risk against much larger
background rates of cancer. Further, the absence of high quality disease registers in many
of the contaminated regions at the time of the accident, recent changes in the longevity of the
populations in the affected countries (both in contaminated and uncontaminated regions) and
the absence of individual dose estimates for the majority of exposed persons make it difficult
to conduct informative epidemiological studies. On the other hand, well designed studies of
carefully selected populations (such as the liquidators) and endpoints (in particular leukaemia,
as well as breast cancer in young women) will facilitate the detection of a wider spectrum of
health effects and possibly provide important additional information about radiation risks.

5. Conclusion

Today, nearly 20 years after the Chernobyl accident, the large increase in thyroid cancer
incidence among those exposed in childhood and adolescence continues; fortunately, few of
these have been fatal. In contrast, at this time, no clearly demonstrated increase in the incidence
of other cancers can be attributed to radiation exposure from the accident.

Of course, the absence of a demonstrated increase in total cancer risk is not proof that
no increase has, in fact, occurred. Based on the experience of atomic bomb survivors and of
populations with medical and occupational exposures to ionising radiation, a small increase
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in the relative risk of cancer is expected, even at the low to moderate doses received. Given
the very large number of individuals exposed, even a small increase in the relative risk would
result in a substantial number of radiation-related cancer cases in the future. In the coming
years, careful studies of selected populations and health outcomes are needed in order to study
the full effects of the accident and compare them to predictions.
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2 PO3POBKA JIU3AWHY JOCJIJI)KEHHS TA OBTPYHTYBAHHSA
CKUIAJOBHUX JOKA30BOI'O AHAJIITUYHOI'O JOCILIKEHHA

VY po3aun BU3HAYEHO HAMBAXJIUBIIII CKJIAI0BI SIKICHOTO aHAJTITUYHOTO
eMiEMIOJIOTIYHOTO JTOCHI/DKEHHS JIJIsi 3a0€3MEeUEHHs] JT0Ka30BOCTI OTPUMAHUX
pE3yNbTATIB, B TOMY YHCII: 3a0€3MEeUeHHS aJIeKBaTHOI MOTY>KHOCTI TOCIPKSHHS 3
ypaxyBaHHSM BIANOBIIHUX XapaKTEPUCTHK OOpaHOi AOCTIAKYBaHOI KOTOPTH,
JU3alHY JOCIKEHHS (KOTOPTHUHN a00 BUTIAJO0K-KOHTPOJIb, YA BUTIAJOK-KOTOPTA);
imeHTruikalliss BUMAIKIB 3aXBOPIOBaHHS Yy MOBHOMY 0O0CS31 1 3 rapaHTOBaHOIO
BepudiKkalli€ro aiarHo3iB. BAKOPUCTAHHS allbTEPHATUBHUX JKepes iHdopMalii mpo
BUIIAJIKM;; HE3aJe)KHA JIarHOCTMYHA EKCIepTU3a, OaXaHo 13 3alydCHHSIM
MDKHApOJHUX €KCIEpTiB; BHOIp aaeKBAaTHOIO METOAYy JO3UMETpIi, SAKUH

BIJIMOBIIA€ XapaKTepy OMPOMIHECHHS, Ta BIJMOBIIHUM KPUTEPISIM SKOCTI.

Koropty yuacuukiB JIHA ans nocnimxenns nelikemii 0yno chopmoBaHO
3a paHuMu JlepkaBHOro peectpy YKpaiHM 0cCi0, Ki TOCTPaKJBJIM BHACIIIOK
YoopuoOunscrkoi karactpobu (IAPY), skuit Oyno momepenHbo MpPOTECTOBAHO
MIOJI0 HAsABHOCTI JOCTAaTHHOI MepcoHai30BaHOi 1H(popMamii 1 (opMyBaHHS
KOTOPTH YYacCHMKIB JIIKBIJAIll HACIIAKIB aBapli 3TIHO 3aJaHUM KPUTEPIisM,
NPOCTE)KEHHA WICHIB KOTOPTH 1 3ICTaBICHHS 3 IHIIUMH 1HGOpMaIHHUMU
MacuBaMu (06azamu ganux). B gocnimkyBaHy koropty Oyno BkiatoueHo 110 645
3apeECTPOBAHMX JIIKBIIATOPIB YOJIOBIYOT CTaTI, SIK1 MEIIKAJIX Ha Yac peecTparlii B 5
obnactax Ykpainu 1 M. KuiB, mo cknano npubinsno 48% BCiX 3apeecTPOBAHHX.

Jnst nocnimkeHHs: 0yao oOpaHO JW3aiiH BUIIAJOK-KOHTPOJIb B KOTOPTI YYaCHUKIB
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JiKBigamii  HacHiAKIB - aBapili  (THI3HOBEe  (BKJIaJeHE)  BHUIIAJI0K-KOHTPOJIb

JOCITIDKCHHS ).

CraTucTHUHy  TMOTYXHICTh  JOCHDKEHHS  Oyino  oOpaxoBaHo 3
BukopuctanHaM cratuctuyHoro nakety (EPICURE). B nocnimxenni neiikemii Ta
CHIOPITHEHUX 3aXBOPIOBaHb OyJIO BU3ZHAYEHO, IO PO3MIp AOCIIIKYBaHOI KOTOPTH,
3aIIaHOBaHUM Tepioa croctepeskeHHs (15 pokiB 1 OuIbIEe) Ta MOKIMBHKA PIBEHb
BIJIHOCHOI 010JI0T14HOT €()eKTUBHOCTI OMPOMIHEHHS BHAcCHiA0K YopHOOUIBCHKOI
karactpopu Bix 0,5 mo 1,0, MOPIBHSIHO 13 KOTOPTOIO ONPOMIHEHUX YHACIIJOK
anepHoro 6oMOyBaHHs B fnoHIi, 3a0e3reyaTh NPUUHATHUN PIBEHb CTATUCTUYHOI

NOTYKHOCTI (He MeHIHnH 3a 80%), 32 miAOOPY S KOHTPOJIIB JIJIsi KOKHOT'O BUIAJKY.

SIkmo peanpHUi pusuK Oyne HWKYUM 3a 50%, cTaTUCTHYHA ITOTY)KHICTD
b

HE MepeBUIIUTE 75%.

[Ti3Hime Ayt JOCHIKEHHS paKy IIMTOMOAIOHOI 3allo3u KOropty OyIio
30UTBIIIEHO 32 PaXyHOK JIIKBIJJATOPIB YOJIOBIYOI CTaTi, AKI MemKaiu B JloHEUbKii
oOnacTi, 31 30€epeKeHHAM HEOOXITHOI MOTYKHOCTI JOCTiKeHHs. Posmmupena

koroprta Bkitouana 150 813 ocib.

Ha erani manyBaHHS JOCHIIXEHb OYyJI0 BU3HAYEHO JIKEpesia 1 Crocooun
imenTudikamii BHUIIAJIKIB 3aXBOPIOBAHHS, METOIU JO3UMETPIT VIS
PETPOCIEKTUBHOTO BITHOBJICHHS 103U ONPOMIHEHHS IIbOBUX OpPraHiB, a TaKOX

MIJIXO/IH 10 CTATUCTUYHOTO aHai3y JaHUX 1 OI[IHKY PU3HUKIB.



2.1 YKpaiHCbKO-aMepUKaHCbKe A0CNIIKeHHS NIEAKeMil i CNopiHEHNX 3aXBOPOBaHb cepef
y4yaCHUKIB nikBijauii HacnigkiB aBapii Ha HAEC 3 YkpaiHu: |. MeToam focnigkKeHHs
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There are relatively few data on the risk of leukemia among
those exposed to external radiation during cleanup operations
after the Chornobyl nuclear accident, and results have not been
consistent. To investigate this further, we assembled a cohort of
110,645 male cleanup workers from Ukraine and identified cases
of leukemia occurring during the period 1986 to 2000. Detailed
interviews were conducted and individual bone marrow doses
estimated using a new time-and-motion method known as RAD-
RUE described in companion paper II. For the initial analyses
we used a nested case-control approach with a minimum of five
controls per case, matched for year of birth, oblast (region) of
registration, and residence. All identified cases were reviewed by
an international panel of experts; 87 of 111 were confirmed. The
dose-response analysis and results are given in companion paper
III. As background, we describe herein the design, procedures,
outcome of case finding and confirmation, control selection, dose
estimation and interviewing of subjects. © 2008 by Radiation Research
Society

INTRODUCTION

After the accident at the Chornobyl (Chernobyl) nuclear
power plant on April 26, 1986, hundreds of thousands of
people were sent to the site of the plant or the 30-km zone
surrounding it to help with decontamination, sarcophagus
construction, and other cleanup operations, including evac-

! Address for correspondence: U.S. National Cancer Institute, 6120 Ex-
ecutive Blvd., Room 7098, Bethesda, MD 20892-7238; e-mail:
hatchm @mail.nih.gov.

2 Deceased.
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uation of civilians from the 30-km zone. These workers are
generally known as cleanup workers or liquidators [because
of language in a government order charging them with “lig-
uidating” the consequences (ill effects) of the accident].
Sent to the reactor site mainly from 1986 through 1990,
usually for a period of about 2 weeks, the cleanup workers
were exposed primarily to external radiation from <y-ray-
emitting radionuclides, with those workers sent earliest re-
ceiving the highest doses. Estimates derived from national
Chornobyl registry data in Ukraine, Belarus and the Rus-
sian Federation indicated a mean dose from external radi-
ation of 144 mGy in 1986, 90 mGy in 1987, and 36 mGy
in 1988—-1989 (/). A later analysis (2) has updated these
estimates: for Ukraine, a mean of 185 mGy in 1986, 112
mGy in 1987, and 47 mGy in 1988; for Russia, 169 mGy,
92 mGy and 34 mGy; for Belarus, 60 mGy, 28 mGy and
20 mGy.

Studies of cancer among cleanup workers so far have
focused on the risk of leukemia, given the relatively short
latency and sensitivity to radiation [excepting chronic lym-
phocytic leukemia (CLL), which has generally been re-
garded as non-radiosensitive (3)]. Results from studies to
date are somewhat equivocal due to methodological limi-
tations but seem to point to a possible raised risk of leu-
kemia in this population. Until recently, most of the epi-
demiological research has been based on national Chorno-
byl registries, particularly the National Medical and Dosi-
metric Registry in Russia, for example, refs. (4, 5). The
strongest of the registry-based studies from a methodolog-
ical point of view (5) used internal comparisons based on
individual dose estimates obtained from the Russian Reg-
istry and morphologically confirmed cases. This study,
based on 42 non-CLL leukemias diagnosed between 1986
and 1998 in a cohort of 71,870 Russian workers sent to the
30-km zone, found a standardized incidence ratio of 2.2
[90% confidence interval (CI): 1.3, 3.7] comparing those
exposed at higher doses (150-300 mGy) to those with dos-
es <150 mGy (duration of exposure not stated). The excess
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relative risk (ERR) at 1 Gy was estimated to be 6.7 (90%
CI: 0.8, 23.5), while the relative risk estimate was 2.2. Most
other registry-based studies in Russia relied on external
comparisons to general population rates, although the
cleanup workers received a higher level of medical sur-
veillance, raising the possibility of more complete case as-
certainment, which might bias the risk estimate upward for
cleanup workers.

In Ukraine, a survey of 174,812 cleanup workers iden-
tified through the State Registry of Ukraine (SRU) (6) in-
vestigated the health status of this group, the majority of
whom (77%) were exposed in 1986-1987. The data were
analyzed using the year on site at Chornobyl as a surrogate
for exposure level. The average rate of leukemia from 1987
through 1992 as calculated from the number of cases re-
ported in the Registry was 13.4/100,000 person-years
among those employed in cleanup work in 1986 and 7.0
per 100,000 person-years among those employed in 1987.

Two other studies using case-control methodology have
been reported that were also based on the Registry of Rus-
sian clean-up workers (7, 8). The earlier of these (7) was
based on a cohort of 155,680 male Russian cleanup workers
observed from 1986 to 1993, among whom 34 total leu-
kemias were found, of which 10 were CLL. The estimated
ERRs per Gy comparing the occurrence of leukemia in lig-
uidators with the Russian national rates of leukemia were
0.24 (95% CI. —3.9, 4.4) for all leukemias and 1.67 (95%
CI: —5.9, 9.2) for leukemia excluding CLL. An analysis of
workers in the 30-km zone in 1986-1987 when exposures
were highest found counterintuitive results: lower ERRs
than for all workers and hence no apparent positive trend
with increasing dose. Moreover, a case-control analysis
nested in the cohort showed no association with dose.

The later study, with follow-up to 1995 (8), included a
total of 162,684 Russian cleanup workers from the same
Registry. After allowing for a 2-year latent period, 41 leu-
kemia cases were diagnosed, of which 13 were CLL. The
matched case-control analysis, using the same covariates as
the earlier study, found no difference in risk. A second
analysis using all of the non-cases in the cohort yielded an
estimated ERR per Gy of 1.33 (95% CI: —6.3, 8.9) for all
leukemia and 15.59 (95% CI. —24.9, 56.1) for leukemia
excluding CLL, but again, the earliest workers on site who
appeared to receive the highest doses showed smaller ERRs
(i.e., no positive trend with time-based dose estimates).

Among the limitations of both these studies are the use
of officially assigned doses whose accuracy has been ques-
tioned and the lack of diagnostic confirmation by an inde-
pendent hematological review panel. Particularly disturbing
are the discrepant results from two studies using essentially
the same cases drawn from the same base population.

The present nested case-control study is based on a large
cohort of 110,645 male cleanup workers from Ukraine who
participated in recovery operations in 1986-1990. Follow-
up through the year 2000 has yielded a total of 87 con-
firmed leukemia cases, of which fully 49 were CLL (see

companion paper III for further discussion on the relative
proportion of CLL to non-CLL cases). The increased sta-
tistical power from the case total, higher than that of earlier
studies, leads to a more precise evaluation of the possible
increased risk of leukemia among Chornobyl liquidators,
with doses estimated based on extensive questionnaire data
evaluated by dosimetric experts. This paper describes in
detail the design, objectives and methods of the study. Two
companion papers present the dosimetric aspects of the
study (9) and the statistical analyses and results (/0).

SUBJECTS AND METHODS
Study Objectives

The study’s main objectives were (1) to test the hypothesis that ex-
posure to radiation during cleanup operations after the Chornobyl acci-
dent led to an increase in leukemia among male cleanup workers from
Ukraine, (2) to determine the radiation dose-response relationship, (3) to
identify any factors (e.g. age) that modify the risk from radiation expo-
sure, and (4) to compare the magnitude of the risk relative to that ob-
served among atomic bomb survivors who experienced essentially in-
stantaneous radiation exposure. Additional objectives were to identify
cases of multiple myeloma (MM), for which radiation is a possible risk
factor (/1), and myelodysplastic syndromes (MDS), aggressive forms of
which frequently progress into acute myeloid leukemia (/2, /3). In both
instances, however, the numbers were expected to be relatively small.

Overview of Design

Guided by a 2-year feasibility study (/4), we conducted a nested case-
control study of ionizing radiation and leukemia in a cohort of 110,645
male Ukrainian cleanup workers (the number of female cleanup workers
being considered too small to be sufficiently informative). The cohort
was restricted to cleanup workers (liquidators) registered in the State
Registry of Ukraine (SRU) who were resident in Kyiv City or in one of
five oblasts (major civil divisions) that comprise the study area (Cherkasy,
Chernihiv, Dnipropetrovsk, Kharkiv and Kyiv). The areas were chosen
for their large population of liquidators, accessibility to Kyiv City, antic-
ipated cooperation from local medical personnel, and expectation of better
recovery of clinical and biological materials on cases. The study was
carried out in a 4-year period, 2001-2004, and was focused on the iden-
tification and validation of cases of leukemia that occurred between 1986
and 2000, together with age- and oblast-matched controls, alive and free
from the diseases under study. Doses to the bone marrow were estimated
using a new time-and-motion method called RADRUE (Realistic Ana-
lytical Dose Reconstruction with Uncertainty Estimate), which relies on
information obtained in a detailed dosimetry interview along with mea-
surements of exposure rate made at various points at and around the
reactor site (2). Study procedures were recorded in a detailed Operations
Manual.

The protocol for the study was approved by the Institutional Review
Boards of the U.S. National Cancer Institute (NCI) and the Research
Center for Radiation Medicine (RCRM) in Ukraine. All participants gave
written informed consent. A Leukemia Advisory Group comprised of
leading experts in biostatistics, hematology, epidemiology and dosimetry
was created by NCI and provided continuing oversight.

Creation of the Cohort

The study cohort was formed on the basis of data available in the SRU,
an official register established in 1986 and supervised by the Ministry of
Health of Ukraine. Its main purpose is to monitor those affected by the
Chornobyl accident to reveal health effects and make decisions about the
provision of medical care and social security. The Registry covers over

94



95

LEUKEMIA IN UKRAINIAN CLEANUP WORKERS: METHODS

TABLE 1
Age Distribution of the Cohort Members in
Comparison with all Cleanup Workers Registered
at the SRU (State Registry of Ukraine) as of

01.01.2000
Cleanup workers Cleanup workers
in SRU in the Cohort
Year of
birth N Percentage N Percentage

<1920 154 0.1 119 0.1
1920-1924 365 0.2 255 0.2
1925-1929 2643 1.1 1800 1.6
1930-1934 4825 2.0 2974 2.7
1935-1939 13464 5.6 8810 8.0
1940-1944 15206 6.3 8627 7.8
1945-1949 33004 13.8 15743 14.2
1950-1954 53368 22.2 23950 21.6
1955-1959 59873 25.0 25719 23.2
1960-1964 43920 18.3 17828 16.1
1965-1969 12648 5.3 4537 4.1
=1970 486 0.2 283 0.3
Total 239956 100 110645 100

200,000 cleanup workers and includes sufficient identifying data to trace
and contact potential study subjects.

Eligibility criteria for membership in the study cohort included gender
(male; see above), first year of service as a cleanup worker (1986-1990),
initial registration as a cleanup worker in one of the study areas, and age
when first worked at Chornobyl (under 60, the mandatory retirement age
in Ukraine). Subjects were not required to be alive at selection. The
assembled cohort of 110,645 Ukrainian cleanup workers represents about
46% of all cleanup workers in Ukraine. Table 1 shows that the age dis-
tribution of the study cohort is similar to that of all cleanup workers
registered in the SRU. Table 2 shows the geographic distribution of cohort
members at the time of registration, with Kyiv City contributing the most
cohort members (26.3%) and Cherkasy oblast the least (10.4%).

Case Identification and Validation

As part of the process of ascertaining cases, a provisional computerized
registry of leukemia and related hematological disorders was created,
based on admission diagnoses, through an intensive search of the files of
the oncology, hematology and pathology departments of health care in-
stitutions within each study area. A total of 99 ancillary diagnoses, in-
cluding all lympho- and myeloproliferative diseases, refractory anemias
of all types, and various aplastic or hypoplastic anemias, were used to
identify all possible cases of leukemia. Only cases who were resident in
the study area and who met the age and gender requirements for the
study were entered into the Provisional Leukemia Registry, which was
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ultimately comprised of 37,605 records. The SRU was also searched to
identify any cases not found through other sources.

Linkage of the Cohort File with the Provisional Leukemia Registry
was accomplished using computerized probabilistic record linkage tech-
niques. Principles of probabilistic record linkage have been reviewed by
one of us (/5). In general, records on two separate files are compared
and the probability is estimated that a pair refers to the same person given
the identifying information in each record and taking into account dupli-
cation and recording errors. Scores above a certain threshold are accepted
as true matches.

The initial lists of cases identified as leukemia, MM, MDS or one of
the ancillary diagnoses were linked with the cohort file to select those
among the cohort who had one or more of the diagnoses of interest.
Linkage of the Cohort File with the Provisional Leukemia Registry re-
sulted in the identification of 139 cases of leukemia, MM or MDS that
had been diagnosed by Ukrainian hematologists (Group 1). Review of
the cases in this group by epidemiologists at RCRM revealed that two
were ineligible because they were not liquidators and 27 had to be ex-
cluded because a diagnosis of leukemia was not confirmed in hospital
records, so the final number from this group was 110. Preliminary screen-
ing by the study hematologists at RCRM of the 649 cases in the Registry
with one of the ancillary diagnoses that could resemble leukemia (Group
2) identified 22 additional cases. Another seven possible cases were found
through review of the 57 subjects in the cohort with leukemia diagnoses
that were listed in the SRU but had not been identified through search of
the local health care institutions (Group 3). The total of 139 cases from
the three groups (110 + 22 + 7) were referred for final case validation
directly to an International Hematology Panel consisting of five expert
hematologists and hematopathologists (B. Bain, UK; S. Gaiudukova and
D. Gluzman, Ukraine; P. McPhedran and L-A. Peterson, U.S.A.).

The validation of diagnoses required the collection of clinical and bi-
ological materials for each case for the period from disease onset through
follow-up. Accordingly, a search for all available medical records togeth-
er with peripheral blood smears and slides of bone marrow aspirates was
undertaken for each case referred to the International Hematology Panel
for review and validation. In addition, other records of biological tissue
examination were identified. The search was conducted in the local hos-
pitals, hematology centers, oncology clinics and departments of pathology
in the target areas and, in addition, in Kyiv, in the Ukrainian Research
Institute of Oncology, the Kyiv Institute of Hematology and Blood Trans-
fusion and the RCRM. Medical records were available for 100% of cases;
aspiration smears or biopsy sections were available for 68.3% of cases
submitted for review.

The hematology review sessions by the International Hematology Pan-
el, of which there were two, were conducted in Ukraine at the RCRM,
each over a period of 4-5 working days. The review process was carried
out according to a protocol designed during a preliminary feasibility study
(22). In brief, each expert on the Panel independently reviewed a clinical
abstract of each medical record together with available bone marrow as-
piration smears or sections of each case. After the examination of every
five cases, each expert expressed his or her opinion regarding diagnosis,

TABLE 2
Distribution of the Cohort Members by Oblast of Residence at the Time of Registration
in the SRU
Year of cleanup
Oblast 1986 1987 1988-1990 Unknown Total (%)

Dnipropetrovsk 9296 5560 4142 164 19162 (17.3%)
Kyiv 13604 726 183 6601 21114 (19.1%)
Kharkiv 7794 4993 4276 10 17073 (15.4%)
Cherkasy 5839 2710 2957 40 11546 (10.4%)
Chernihiv 7964 1757 2615 294 12630 (11.4%)
Kyiv City 26397 728 534 1461 29120 (26.3%)
Total 70894 16474 14707 8570 110645
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TABLE 3
Distribution of Confirmed Cases by Type

Number of cases confirmed by

Type« International Hematology Panel
AL 19

CLL 49 .
CML 5 87 leukemia
LGL 4

MDS 6

MM 8

Total 101

“AL = acute leukemia NOS (n = 9); ALL = acute lymphocytic leu-
kemia (n = 4); AML = acute myeloid leukemia (n = 6); CLL = chronic
lymphocytic leukemia; CML = chronic myeloid leukemia; LGL = large
granular lymphocytic leukemia; MDS = myelodysplastic syndrome; MM
= multiple myeloma.

together with an estimation of their degree of certainty for the diagnosis.
In cases with a disparity of opinion, each case was discussed at length
until a consensus diagnosis was reached. Cases were accepted as con-
firmed cases of leukemia only if there were a clinical history and/or
histological materials that supported the consensus diagnosis. Cases for
which there was inadequate case documentation because of incomplete
medical records or lack of histological evidence were not included in the
study. In addition to the cohort cases, 11 negative controls were included
randomly in the cases examined.

Acute leukemia and MDS cases were initially identified using the
French-American-British system (/6, 17), with a view to possibly differ-
entiating risk for FAB subtypes. In 2007, the decision was made to
change to the WHO system of classification, now the standard in the field
(18). Multiple myeloma was classified according to the International
Staging System proposed by Griepp et al. (19). Chronic myelogenous
leukemia and chronic lymphocytic leukemia were diagnosed using stan-
dard criteria. Of the 139 cases referred to the panel, 72.7% were con-
firmed: 86 of 111 were confirmed as leukemia, eight of 11 as multiple
myeloma, and seven of 17 as MDS. After the change to the WHO clas-
sification, one case of MDS was reclassified as acute myelogenous leu-
kemia, bringing the total for leukemia to 87 and reducing the total for
MDS to six (Table 3). All of the negative control cases were rejected.
The Panel was blind to the exposure status of the submitted cases. It
should be noted that dosimetry estimates could not be calculated for 16
cases (two ineligible, seven not traced, four refusals, three with incom-
plete interview data), bringing the final total used in the analysis to 71.

Selection of Controls

Controls for each case (ratio 5:1) were selected randomly from all
cohort members initially registered in the same oblast as the cases, free
from the diseases under study, and alive and still resident in the study
areas at the time the corresponding cases were diagnosed. Other than
oblast of registration and residence, the only matching factor used was
exact year of birth. To be certain of identifying five appropriate controls,
a list of nine controls was compiled for each case. The epidemiologists
went through the list in order, taking the first five found to be eligible
and willing to participate. Controls (n = 153) for cases that were not
confirmed by the International Hematology Panel or for whom dose es-
timates could not be constructed (n = 16) were matched to other cases
and retained in the analysis as “‘extra controls”, although in some cases
the match for age was less tight. Ultimately, a total of 501 controls were
used in the dose—response analysis, bringing the control:case ratio to close
to 7:1 and improving the stability of the risk estimates. [See companion
paper III (10) for a discussion of response rates among controls.]

TABLE 4
Distribution of the Cohort Members by Oblast of
Registration in the SRU and Presence or Absence
of Official Dose Records

Total with Without dose
Oblast dose record record Total
Dnipropetrovsk 13431 5731 19162
Kyiv 293 20821 21114
Kharkiv 11379 5694 17073
Cherkasy 5005 6541 11546
Chernihiv 5750 6880 12630
Kyiv City 876 28244 29120
Total 36734 73911 110645

Tracing and Recruitment

For both cases and controls, current addresses (or for deceased cases,
address at time of death) were ascertained initially through the SRU and
then confirmed by asking each liquidator’s responsible physician at the
oblast level to verify that address. The responsible physician contacted
the liquidator by telephone or in person, and the Department of Medical
Support of Victims (DMSV) in each oblast wrote to the subject inviting
him to come in for an interview with his Chornobyl discharge papers. If,
at this stage, the current address was not located, other sources were
searched, such as passport bureaus at the oblast level and the rayon (local)
or military reservist office, or state administration (a governmental au-
thority that issues certificates to victims of the Chornobyl accident and
provides social benefits).

Dosimetry

The task of estimating a dose for all subjects in the study proved to
be very challenging. Less than a third of the subjects had official dose
estimates recorded in the SRU (Table 4), and the reliability of those
official dose estimates is questionable. In part this may be because few
of the early liquidators carried any type of dosimeter. Other available
sources of dosimetric information, such as the archives of the Ministry
of Defense or the dosimetry databases that were acquired during the
course of the study, provided information for only a limited number of
subjects. Biodosimetry methods such as EPR (electron paramagnetic res-
onance) on tooth enamel from lost teeth and FISH (fluorescence in situ
hybridization) on blood samples could be used on only a fraction of
subjects and have the disadvantage of measuring total exposure, including
components due to medical exposures or to other occupational exposures
that cannot be distinguished from exposure at Chornobyl as is possible
when such information is gathered by questionnaire, for example. There-
fore, it was necessary to develop a universal method of dose estimation
that would be (1) applicable to all subjects, whether deceased or alive,
and (2) based on information that would be relatively easy to process or
to verify.

The new method, known as RADRUE (9), was developed in conjunc-
tion with an international group of scientists led by Victor Kryuchkov
and including experts from Belarus, France, Lithuania, Russia, Ukraine
and the U.S. The RADRUE method, which was conceived for this study
and a study of cleanup workers from Belarus, the Russian Federation and
the Baltic countries conducted by the International Agency for Research
on Cancer (IARC), is based on a detailed analysis of the liquidator’s
activities during cleanup, including all places of work and residence,
types of work, transportation, etc. with an indication of dates and dura-
tion. This information, obtained during an interview with the liquidator,
or with a proxy coworker if the subject was deceased, is combined with
data on the radiation dose rates at the locations and dates where the
liquidator spent any time to reconstruct a history of doses received during
the time the liquidator was involved in cleanup activities. [See companion
paper II (9) for additional material on the interview.]
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In the course of applying the RADRUE method, an expert processes
the questionnaire filled in during the interview, reconstructs the itinerary
followed by the liquidator, and provides information on the uncertainties
associated with the itinerary. A computer program especially developed
for the purposes of this study then links the liquidator’s itinerary with the
radiation environment databases for the 70-km zone around the Chor-
nobyl reactor to calculate his bone marrow dose. The RADRUE computer
program can be run in a stochastic mode, thus providing a set of random
values of dose that allow for the determination of any parameter of the
dose distribution (mean, standard deviation, geometric mean, geometric
standard deviation, etc.). Once the itinerary of the liquidator is deter-
mined, the calculation of the bone marrow dose and of its uncertainty is
fully automatic. Ten thousand random realizations of individual doses
were generated for each of the study subjects during the course of the
Project.

To reduce uncertainties in the dose estimates, a series of validation
studies was undertaken. A more detailed description of the dose recon-
struction is presented in a separate paper in this series (9).

Proxy Respondents

For deceased cases and controls, interviews were carried out with
proxy respondents whenever possible. Two types of proxies were selected
for each deceased subject: a spouse or next-of-kin proxy to provide data
on demographic factors and medical history, and to propose coworkers
who could serve as proxy respondents regarding the deceased liquidator’s
work history. To obtain the most complete work history possible, in some
cases more than one coworker proxy was interviewed. As an indication
of the proportion of subjects for whom proxy respondents had to be
sought, the final sample used for analysis included 59.2% of cases who
were deceased and 7.2% of controls.

Mechanisms to ascertain the current address of a deceased liquidator’s
next of kin (most probably his spouse) included checking the latest re-
corded address for the liquidator, reviewing records of the hospital where
the case was treated, and contacting military reservist offices, and the
state administration at the oblast level responsible for managing the social
benefits received by liquidators and, in some cases, their wives.

Coworker proxies were identified either by next-of-kin or employment
records for the index subject. To locate coworker proxies, the standard
process for tracing liquidators was used.

Interviews and Interviewing Procedures

All traced and consenting cases and controls (or their proxies) were
interviewed to obtain detailed information on work history at Chornobyl
and on potential confounders or modifiers of radiation risk. The items
covered by the questionnaire included demographics, dates and other in-
formation about each mission to the 30-km zone, areas where the liqui-
dator lived, dosimetry measurements and radiation protection methods,
and a general occupational history. Data were also gathered on non-Chor-
nobyl sources of radiation exposure resulting from previous jobs or med-
ical procedures as well as information on work in hazardous industries
or with hazardous chemicals. Finally, a personal and family medical his-
tory was collected along with information on smoking and alcohol habits.
Thus data were available for analysis of a wide range of potential con-
founding or effect-modifying variables.

Of note is the fact that all interviewers were former cleanup workers
and staff members of the Chornobyl plant, well informed about cleanup
activity chronology and familiar with the temporal and spatial character-
istics of the radiation fields in the 30-km zone. They were given extensive
interviewer training. On an ongoing basis, the senior interviewer provided
coordination and quality control over the interviewers through observa-
tion of their work and review of questionnaires. In addition, interviewers
were asked to rate each interview with respect to completeness and re-
liability, data that were also of potential utility in the analysis.

All cases and controls (or their proxies) were approached in person or
by telephone by a person responsible for the contacts, who followed a
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standardized approach for inviting the liquidator (or his next of kin) to
participate in the study. Subsequent to this personal approach, an invi-
tation letter was sent by the head of the DMSV confirming the invitation
to participate in the study. Interviews were conducted in the dispensary
departments of the DMSV or, if necessary, in some other convenient
location.

Quality Control (QC)

A comprehensive quality control program was developed for the three
principal components of the study: epidemiology and data management,
hematology and dosimetry. Details of the program were set out in a
quality control manual that included the tasks to be monitored, the sched-
ule of monitoring, the person responsible for monitoring and feedback
and the method of monitoring. The International Hematology Panel de-
scribed above is one example of a quality control activity in the area of
hematology. Examples of QC activities in other areas include double
abstraction of 10% of registration forms from the Provisional Leukemia
Registry, complete double-entry of all registration forms, all dosimetry
questionnaire data and observation of 10% of all interviews every quarter.
All project staff attended a special training course conducted by NCI and
WESTAT experts in the field of quality control and were certified in
quality control procedures.

Statistical Power

The study has good power (>95%) to test the hypothesis of any ra-
diation effect so long as the true risk is comparable in magnitude to the
risk observed in the A-bomb survivors (20). If the true risk is 50% lower
than that of the A-bomb survivors, the power would be lower at 75%.
Power for the case-control study with five controls per case is essentially
the same as for the full cohort.

Statistical Analysis

The analytic strategy is described in detail in ref. (/0). In brief, the
primary data analysis consisted of fitting models relating estimates of
individual bone marrow dose to the risk of leukemia, using standard
conditional logistic regression for matched data. The general form of the
model was

Risk = background risk
X {1.0 + excess relative risk (ERR) X dose X exp[zi y,ZJ },

(€]

where Z, represents potential modifying factors with their corresponding
parameters y,. The absorbed doses to bone marrow, lagged by 2 years,
were used to estimate the ERR and to evaluate the best mathematical
function to describe the dose-response relationship. By adding 1.0 to the
ERR, one obtains the relative risk at 1 Gy of radiation.

The PECAN module of the EPICURE (27) software was used to fit
the models. Maximum likelihood techniques were used for point and
interval estimation and for double-sided tests of significance.

DISCUSSION

The study has a number of noteworthy aspects. The co-
hort from which cases and controls are drawn is large. De-
ceased liquidators were not excluded from the study, which
proved important because of the high death rate. Partici-
pation rates, for the proxy respondents for deceased liqui-
dators as well as for subjects themselves, were reasonable,
ranging from <70% to 100%, depending on the category
(i.e., subject, next-of-kin, coworker). There was strict qual-
ity control of the interviews and other elements of the
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study. The search for cases was extremely wide-ranging
and, to improve identification of leukemia cases, included
a list of all potentially related diagnoses, from which 29
were forwarded to the International Hematology Panel and
eight additional leukemias were confirmed. Review of di-
agnoses involved screening of certain groups of cases by
hematologists at the local level using international criteria
and validation of all the remaining referred cases by a panel
of experts from several countries. The approach to esti-
mating radiation dose by means of RADRUE was devel-
oped by an international group of dosimetric experts.

There were some aspects of the study that proved prob-
lematic. The first related to the sizable proportion of cohort
members who were deceased: about 60% of cases and 7%
of controls. For these subjects, it was necessary to use
proxy respondents to obtain data on exposure and con-
founding or modifying variables, with attendant uncertain-
ties. Even with data from direct respondents, there is as yet
no gold standard for judging the accuracy of radiation dose
estimation. This is especially true with case-control designs
in which there is potential for biased recall of events. Es-
pecially in light of the different proportion of proxy re-
spondents in cases and controls, the influence of the source
of information—direct or proxy—has been thoroughly
evaluated in the analyses presented in paper III (/0).

Although 87 cases of leukemia were confirmed by the
expert Panel, for various reasons, including ineligibility,
loss to follow-up and refusals, we were able to reconstruct
radiation doses for only 71. These cases and their corre-
sponding eligible controls comprise the sample for analysis
(a total of 572).

Another challenge that faces all similar retrospective
studies relates to the availability of bone marrow tissue for
cases, which was particularly difficult in the earlier years
of the study. Medical records were available for 100% of
cases, and supporting biological material was present in
almost 70% of cases sent for review. Indeed, the diagnostic
confirmation of cases in this phase of the study was very
good, and in an earlier feasibility study using an Interna-
tional Hematology Panel (22), it was shown that over 90%
of the cases previously diagnosed with leukemia by Ukrai-
nian hematologists could be confirmed if the medical record
contained a report of a bone marrow study consistent with
the diagnosis. Reliable clinical records documenting signs
and symptoms of disease, clinical course, types of therapy
and hematological responses increased the probability of
accurate diagnosis. Although we were forced to use admis-
sion diagnoses for hospital case-finding because of the lack
of discharge diagnostic data and may have lost a few acute
leukemias as a result, we believe that due to the broad range
of searches case ascertainment was quite complete.

Based on the studies reported to date, it has not been
clear whether there is an increased risk of leukemia among
Chornobyl cleanup workers. The current study, with its
strong design and methods, contributes importantly to the
weight of evidence. Our initial results, showing the dose—

response analysis of radiation and leukemia, are reported in
a companion paper (/0).
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3. HOIYK, IIEHTUDIKAIISA TA BEPUDIKALIA

JIATHOCTUYHUX JAHUX ITPO 3AXBOPIOBAHHA

Jnst imentudikamii BumangkiB Jsedikemii Ta PII3 BukopucroByBammch
aIbTepHATHUBHI JKepesia MepcoHa i30BaHoi iHpopMallii Mpo MOTEHIIIIHI BUTIAAKU
3aXBOPIOBaHb B KOTOpTi, a came: 0Oa3u manux JIPY, HamionansHOro kasiep-
peectpy Ykpainu (HKPY), peectp Jselikemii, CTBOpEHU# 32 JaHUMHU PETiOHATBHIX
1 HalllOHAJTPHUX MEANYHUX yCTaHOB. [HpopMalliitHi MacuBu 0a3 JaHUX CIIEIIATIBHO
PO3pO0JIEHUM IPOTPAMHHUM CIIOCOOOM HUISIXOM JETEPMIHICTUYHOTO (3 eIeMEHTaMU
IMOBIPHICHOT0) JIIHKIJDKY J@HUX 3B’3yBaJMCh 13 (PallioM TOCIIIKYBAaHOI KOTOPTH
JiKkBigaTopiB. TakuM YMHOM BH3HAYAIMCh 1HJUBIAyaJIbHI 3alMCH JIIKBIJATOPIB,
HasiBHI B 000X MacuBax, TOOTO XBOP1 WICHHU KOTOPTHU («BUTIAJIKI).

Bunaaku  paky  muromonmiOHOT  3amo3u  Oyio  iIeHTH(]IKOBaHO
(migpo3ain 3.1) nusixoM JHKUDKY (¢ainy koroptu 13 6azoro manux HKPY.
Jlinkimx BKItOYaB (DyHKILII MOPIBHSAHHSA MOBHUX IMEH, JaTH HAPOKEHHS, @ TAKOXK
anapecu. IMOBIpHICHI e€JlEMEHTH TpONEAYpPH JIHKIIKY OylIu aJanToBaHl 0
HalllOHAIBHUX OCOOJMBOCTEN MPABOMKCY 1HAMBIIYAIbHUX JAHUX (IMEH), 8 TAaKOXK
BIJICYTHIX BIOMOCTEH (Z1aT) B ICHYHOYMX IHQOpMaLIMHUX MacuBax (peecTpax).
PesynbraTn coiBmagiHHA 3alyciB MIJISATaIM €KCIepTH3l 1, 3a HEOOXITHOCTI,
YTOYHEHHIO 13 3alydeHHSM JOJATKOBUX maHuWX. lIporemypa 1 mporpamHe
3a0€e3MeUeHHs JTIHKIKY TaHUX OyJId TaKOK BUKOpPHUCTaH1 /it 1Takum 9uHOM OyIi10
imenTudikoBaHo 196 BuUMaAKiB paKy MIMTOMOMIOHOT 3allo3u, SKI CIyTyBajlu
OCHOBOIO JIJIsl TOTNEPEIHHOT0 aHami3y 3axBoptoBaHocTi Ha PII3 B mocimiKyBaHiit
KOTOPTi, a MI3HIIIEe — JIJIs OLIHKK PU3HKIB. Po3paxoBaHuil cTaHIapTU30BaHUN 32
BIKOM TMOKa3HUK 3axBoproBaHocTi Ha PII3 B mocaimkysaniit koropti (SIR)
BriposoBk 1986-2010 cknaB 3,50 (95% nosipunii intepBan [CI]: 3,04—4,03) i3
HaWOUIBIIMMK 3HAYeHHSAMU i1 nepioxy 1995-2005 pp. omo Bepudikarrii

JIIarHO31B  BUIIQJIKIB paKy HIIMTOMOAIOHOI 3aj03d, BpaxOBYBaBCS PpIBEHb
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riCTOJIOTIYHOTO MIATBEP/KEHHS LMX 3axBoptoBanb (97,5 %), 3asBiaeHuil B

odimiitHO onmy0ikoBaHUX OrosieTeHsax HallioHalbHOro KaHIep-peecTpy YKpaiHu

Minpo3ain 3.2 npucesiueHuit nporeaypi Bepudikaiii 11arHo3iB JeHkemii 1
CIIOPITHEHUX 3aXBOPIOBaHb, OCHOBHOIO JIAHKOIO SIKO1 € JBOeTamHa (JoKajdbHa 1
He3aJe)kHa MDKHApOJHA) JIarHOCTUYHA eKkcrepTus3a. llpouenypy mnpoBeneHHs
HE3aJIC)KHOT JIarHOCTUYHOI TeMaTOJIOTIYHOT eKCTIePTHU3H BUITAIKIB JIEHKeMil OyI1o
pO3pO0JICHO 1 TOMEpPeaHhO TMPOTECTOBAHO Ha OOMekeHId BuUOIpII (n=62)
BUITAJIKOBO BiMiOpaHUX BUMAJKIB JICWKEMii, MI€JOIUCINIACTAYHOTO CHHJIPOMY Ta
MHO>XMHHOI MI€JIOMH 3 YKCJIa JIarHOCTOBAaHUX Yy 3arajbHIN MOIMYJSIT Y0JI0BIUOT
crati 1926—1972 pp. HapOKEHHSI.

Metor Takoi ekcrepTu3u OyJio BIANPALIOBATH €TanM MiJATOTOBKH 1
MPOBENICHHS] E€KCIEPTU3U, BUBUYUTH MOMIIMBOCTI 3a0€3MEUYEHHS J1arHOCTUYHUM
MartepiaioM (KIIHIYHMMH 3alicaMH, NpenapataMu nepudepiiitHoi KpoBl Ta
YEpPBOHOTO KICTKOBOTO MO3KYy). KpiM TOro, meroro Oyl0 OIIIHUTH SKICTh
JIarHOCTUYHUX MaTepiaiiB, HAsBHUX B YKPAaiHCBKUX MEIWYHUX YCTAHOBAaX, 1
MOXJIMBICTh ~ y3TOJDKEHHSI BUKOPHCTAHMX [1arHOCTMYHUX Kjacudikamii 3
MDKHApOJHUMHU. byno po3pobiieHO cremiaibHy KOPOTKY KJIHIYHY (hopmy, B SKY
BHOCWJIMCH KJIIHIKO-1a00paToOpHi JaHi, 1 sika NiJyisiraia A1arHOCTUYHIN eKcnepThsi
pa3oM 13 CleliaibHO 3aKOAOBAaHUMH B3IPISIMU J1IaTHOCTUYHUX MpenapartiB. bynu
po3po0ieHl mamnepoBi 1 eNeKTpoHHI dopmu s ¢ikcaili 1HIUBIIYAIbHUX 1
KOHCEHCYCHUX pILIEHb eKCepTHO1 KoMicii. PoOoue Miciie K0KHOro ekcrepra 0yiio
3a0€3MeYeHO MIKPOCKOIIOM 13 BUCOKMMHU ONTHYHHMH XapaKTEPUCTUKAMHU.
CnoyaTtky po00TH OyJl0 Y3rOoJK€HO KpuTepii 1 Kiacudikaili Ajis BUKOPUCTAHHS
M1J1 9ac €KCTIEPTHU3H.

3a pesynbTaTaMy €KCHEepTH3UW OyJ0 BU3HAYEHO 3a/0BUIBHY SIKICTH Ta
JIOCTYMHICTh JIarHOCTUYHUX MartepiaiiB. B minomy, Oysio miaATBEpIKEHO AlarHO3u
B 49 (79%) 13 62 BumankiB, MpEeACTaBICHUX Ha mepersia. B Ttomy uuchi Oyno
ninTBepmkeHo 34 (89 %) 13 38 BumajkiB Jelikemii. 4 OCHOBHI cecii eKCIEepPTH3U B
MOAAJBIIIOMY MPOXOJIMIIN 32 METOA0JIOTIEID Y TOUHIM BIJIMOBIAHOCTI 13 MOTEPETHBO

IIPOTECTOBAHOIO.
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Abstract We studied thyroid cancer incidence in a cohort
of 150,813 male Chornobyl clean-up workers (“liquida-
tors”) from Ukraine by calculating standardized incidence
ratio (SIR) using national cancer statistics. Follow-up
began on the liquidator’s registration date with the Chor-
nobyl State Registry of Ukraine (the earliest date was 05.
05. 1986) and continued through December 31, 2010, date
of thyroid cancer diagnosis, date of death, or date of last
known vital status, whichever came first. There were 196
incident thyroid cancers in the study cohort with an overall
SIR of 3.50 [95 % confidence interval (CI) 3.04—4.03]. A
significantly elevated SIR estimate of 3.86 (95 % CI
3.26—4.57) was observed for liquidators who had their first
clean-up mission in the Chornobyl zone in 1986, when
levels of external and internal exposure to radiation were
highest; the SIR estimates for later calendar years of first
clean-up mission, while significantly elevated, were lower.
The SIR estimates were elevated throughout the entire
follow-up period but were especially high 10-18 years
after the accident: 4.62 (95 % CI 3.47-6.15) and 4.80
(95 % CI 3.78-6.10) for the period 1995-1999 and
2000-2004, respectively. Our findings support the growing
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evidence of increased thyroid cancer rates among Chor-
nobyl liquidators. Although this could be partially attrib-
uted to increased medical surveillance, the observed
pattern of SIR increase warrants further investigation of a
potential contribution of radiation exposure to the elevated
thyroid cancer rates in this large population.

Keywords Thyroid cancer - Liquidators - Clean-up
workers - Chornobyl - Chernobyl - Ukraine

Abbreviations

AHS Adult health study

CI Confidence interval

ERR Excess relative risk

Gy Gray

PYR Person-year

PIR Proportional incidence ratio

SIR Standardized incidence ratio

CSRU  Chornobyl State Registry of Ukraine
UNCR  Ukrainian National Cancer Registry
Introduction

After the accident at the Chornobyl (Chernobyl) nuclear
power plant on April 26, 1986, over 500,000 individuals,
predominantly males, were involved in radiation emer-
gency response, containment and clean-up activities
through 1990 [1]. The clean-up workers (also known as
“liquidators™) received external exposure to numerous
radioactive materials deposited on the ground and building
surfaces. The highest levels of exposure to various organs
in the body, including the thyroid, occurred during
1986-1987 [1]. In addition, individuals who were involved

@ Springer
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in recovery work during the first weeks after the accident
may have received considerable thyroid doses due to
internal exposure to radioactive iodine ('*'T). Early studies
based on standardized incidence ratio (SIR) analyses sug-
gested an excess of thyroid cancers in liquidators from
various countries, including the Russian Federation, Uk-
raine, Estonia and Latvia, as compared with the general
population [2-4]. More recently, a significantly increased
risk of thyroid cancer associated with total and '*'I thyroid
doses was reported in a case—control study of liquidators
from Belarus, Russian Federation and Baltic countries [5].
The Ukrainian liquidators comprise nearly half of all
Chornobyl recovery workers officially registered during the
period of 1986-1991 [1], and include those who were
involved in the most difficult early operations at the
Chornobyl site and within the 30-km zone. Ukrainian liq-
uidators have the highest mean external doses of all lig-
uidators from the countries involved [1]. Here we present
results from the SIR analysis of thyroid cancer incidence in
a large cohort of Ukrainian male liquidators (n = 150,813)
over the 1986-2010 period, up to almost 25 years after the
Chornobyl accident. Thyroid cancer rates in the cohort
were compared with national rates in males, focusing on
calendar time and age trends in thyroid cancer risk.

Materials and methods

The study cohort of 150,813 male liquidators was defined
based on data from the Chornobyl State Registry of Uk-
raine (CSRU), an official register established in 1986 to
monitor the health status of several population groups,
including recovery and clean-up workers, exposed to
radiation due to the accident [1, 6]. The study cohort
includes liquidators resided in six oblasts (Kyiv, Donetsk,
Dnipropetrivsk, Kharkiv, Cherkassy, and Chernihiv) and
Kyiv city that is about 60 % of all liquidators registered in
the CSRU. Those areas have high quality of oncology
service and cancer register operation, as well as preserva-
tion of morphological materials. Information on vital status
and current address of individuals registered with the
CSRU is annually updated through reporting from medical
institutions performing liquidator’s follow-up. About 80 %
of liquidators undergo annual medical examination. In case
of contradictory or incomplete information, for example on
death cases, additional tracing is performed through poli-
clinics, vital statistics bureau, and address burecau. We
performed our analysis using the update performed in
2011. Incident thyroid cancer cases were ascertained by
linkage of the study cohort with the Ukrainian National
Cancer Registry (UNCR). The UNCR is a population-
based computerized cancer registry which reached nearly
nationwide coverage in 1997 [6]. All incident cancer cases

@ Springer

diagnosed before 1997 and survived until 1997 were ret-
rospectively included in the UNCR. The majority of
diagnoses reported to the UNCR come from specialized
oncology hospitals, and 97.5 % of thyroid cancer diagnoses
are histologically verified (http://users.i.kiev.ua/~ ucr/).
The linkage procedure was based on a computerized
deterministic record linkage technique with probabilistic
elements incorporating a set of comparison functions using
full name, date of birth, and complete residential address
[7]. Each computer link also was considered by the team of
Ukrainian researchers to confirm its identity. Only thyroid
cancer cases with confirmed identity were included in the
study.

The follow-up began on the date of an individual’s
registration with the CSRU and ended on the date of thy-
roid cancer diagnosis, date of death, date of last known
vital status, or December 31, 2010 (end of follow-up),
whichever came first. When only the year of thyroid cancer
diagnosis or death was available, we assigned July 2 as the
month and day of cancer diagnosis or death. Person-years
(PYRs) at risk and incident thyroid cancer cases were
tabulated over oblast (or province) of residence, year of
first clean-up mission in the Chornobyl zone (1986/1987/
19884/ unknown), attained age in 5-year categories from
18 through 82 years (<20/25/30/35/40/45/50/55/60/65/70/
75/80+), calendar period  (1986/1990/1995/2000/
2005-2010), and age at first clean-up mission in 5-year
categories from 18 through 60 years (<20/25/30/35/40/45/
50/55+). Calculation of PYRs and ratios of observed to
expect number of thyroid cancer cases [standardized inci-
dence ratios (SIRs)] were performed using Epicure soft-
ware [8]. We estimated the number of expected incident
thyroid cancer cases by applying calendar-time and age-
specific thyroid cancer incidence rates for the entire male
population of Ukraine (http://users.iptelecom.net.ua/ ~ ucr/
download/download.htm) to the respective cohort-specific
PYRs. The SIRs and their 95 % confidence intervals (CI)
were calculated assuming Poisson distribution of grouped
incidence data with significance tests and ClIs determined
directly from maximum likelihood analyses. All p-values
refer to two-sided tests with a p value of <0.05 considered
statistically significant.

Results

Selected characteristics of the study cohort are presented in
Table 1. At the time of registration with the CSRU, 43 %
of the cohort resided in Kyiv city or Kyiv oblast; a higher
proportion of liquidators with thyroid cancer were Kyiv
city residents compared with those free of thyroid cancer
(38 and 26 %, respectively). At the end of follow-up, mean
age of liquidators with or without thyroid cancer was about
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Table 1 Main characteristics of the Ukrainian liquidators’ cohort

Characteristics Thyroid Thyroid cancer-free
cancer subjects
(n = 196) (n = 150,617)
Oblast of residency
Kyiv city 74 (37.8 %) 38,974 (25.9 %)
Kyiv 34 (17.3 %) 25,724 (17.1 %)
Donetsk 24 (12.2 %) 22,164 (14.7 %)
Dnipropetrivsk 26 (13.3 %) 20,165 (13.4 %)
Kharkiv 14 (7.1 %) 17,579 (11.7 %)
Chernihiv 14 (7.1 %) 13,310 (8.8 %)
Cherkassy 10 (5.1 %) 12,701 (8.4 %)
Mean attained age, years (£SD) 51.5 £ 105 51.8 £ 9.6
Percentage of liquidators with first 68.9 62.2
mission in 1986
Percentage of liquidators with unknown 9.2 74
year of first mission
Vital status as of 31. 12. 2010 Subjects %
Alive 107,835 71.5
Deceased 17,483 11.6
Emigrated or lost to follow-up 25,495 16.9

Table 2 Thyroid cancers, person-years and SIRs in the cohort of Ukrainian liquidators by follow-up period

Follow-up Number of liquidators Person-years Mean age at Thyroid cancer cases SIR? 95 % CI
period under follow-up exposure, years
Observed Expected
1986-89 55,175 104,925 32.7 3 1.1 2.61
0.84-8.09
1990-94 91,512 347,043 332 13 7.0 1.84
1.07-3.18
1995-99 114,663 450,537 337 47 10.2 4.62
3.47-6.15
2000-04 123,638 515,192 33.8 67 14.0 4.80
3.78-6.10
2005-10 107,982 565,799 334 66 23.7 2.79
2.20-3.55
Total 150,813 1,983,496 335 196 56.0 3.50
3.04-4.03

* Model adjusted for attained age and oblast of residence

52 years; 12 % of the cohort members were deceased and
17 % were emigrated or lost to follow-up. Among liqui-
dators with thyroid cancer, 69 % had their first mission in
the Chornobyl zone in 1986 compared with 62 % of lig-
uidators without thyroid cancer.

During the entire follow-up period through December
31, 2010, 196 incident thyroid cancer cases were observed
in the cohort. This number was significantly higher than the

expected number of 56, providing an elevated SIR estimate
of 3.50 (95 % CI 3.04-4.03). Although crude thyroid
cancer incidence rates increased with increasing attained
age (data not shown), SIRs did not differ significantly by
age (SIR = 5.06 for attained age <30 years; SIR = 3.61
for 30-39 years; SIR = 3.56 for 4049 years; SIR = 2.78
for 50-59 years; SIR = 4.72 for 60+ years, p for
heterogeneity = 0.12).
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Table 3 Thyroid cancers, person-years and SIRs in the cohort of Ukrainian liquidators by year of first mission in the Chornobyl zone

Year of first
mission

Mean age at
exposure, years

Mean attained age at the
end of follow-up, years

Person-years Thyroid cancer cases SIR? 95 % CI

Observed Expected
1986 335 52.6 1,233,836 135 35.0 3.86
3.26-4.57
1987 324 494 365,599 28 9.6 291
2.01-4.21
1988+ 35.0 49.9 288,844 15 8.1 1.84
1.11-3.06
Unknown Unknown 54.0 95,217 18 3.3 5.48
3.45-8.69
Total 335 51.8 1,983,496 196 56.0 3.50
3.04-4.03

? Model adjusted for attained age, oblast of residence and calendar period

The SIRs were elevated throughout the follow-up period
(Table 2), ranging between 1.84 and 4.80, and were sta-
tistically significant, except for the earliest follow-up per-
iod of 1986-1989 (p for heterogeneity <0.001). SIR
estimates were highest at 10-18 years after the accident,
ie., during the periods 1995-1999 and 2000-2004
(SIR = 4.62 and 4.80, respectively). In later years
(2005-2010), the SIR decreased to 2.79 but remained sta-
tistically significant (p < 0.001).

Table 3 shows SIRs by calendar year of first mission in
the Chornobyl zone (p for heterogeneity = 0.004). Among
study participants with known year of first mission (93 %),
about two-thirds began their recovery work in 1986 and
had the highest SIR estimate of 3.86 (95 % CI 3.26-4.57).
Lower but significantly elevated SIRs were observed for
liquidators who had their first mission in 1987 and in 1988
or later (SIR = 2.91,95 % CI2.01-4.21 and 1.84, 95 % CI
1.11-3.06, respectively). Liquidators with unknown year of
first mission had a high SIR estimate of 5.48 (95 % CI
3.45-8.69). Among those with known year of first mission,
there was no variation in SIR by age at first mission
(mean = 33.5 years) or attained age (data not shown, p for
heterogeneity = 0.86 for age at first mission and 0.24 for
attained age, respectively).

Discussion

We found the highest, almost fourfold increase in thyroid
cancer incidence among the liquidators who had the first
clean-up mission in 1986. Based on crudely estimated
external doses determined from officially recorded infor-
mation and through other methods, the early 1986 liqui-
dators, as a group, had a higher level of exposure than those
who participated in the recovery and clean-up activities in
1987 or later [1]. This group also includes individuals who
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potentially had exposure to '*'I, which remained elevated
from April to June after the accident. Our data showed that
the SIRs decreased but remained elevated among those
who started their clean-up activities in 1987 or later.
Another important finding relates to the time trend of SIRs,
which reached their highest level about 10-18 years after
the accident. The SIR for later calendar years was lower
but statistically significant.

We consider our study to have improvements in several
aspects over the one published previously [3]. The present
results are based on a larger cohort (n = 150,813) of
Ukrainian male liquidators including liquidators with both
early (1986-1987) and late (1988+) years of first mission.
The follow-up of the cohort was extended through 2010,
and the study area was expanded to include two additional
oblasts. Unlike the previous study, in which thyroid cancer
cases were identified from the CSRU and may have
included cases without histological verification, all thyroid
cancers in our study were identified through the linkage
with the UNCR including cases diagnosed before 1997, the
year when UNCR reached nearly nationwide coverage.
Since survival rates are high for most common types of
thyroid cancer (papillary and follicular carcinomas), thy-
roid cancer data in the UNCR are considered to be nearly
complete, especially for papillary carcinoma—the type
known to be radiosensitive [9].

The overall SIR estimate of 3.5 observed in our study is
similar in magnitude to that reported by Ivanov et al. [2] for
Russian liquidators followed from 1986 to 2003
(SIR = 3.47, 95 % CI 2.80-4.25). Ivanov et al. also found
the highest SIR of 6.62 among early liquidators (April-July
1986) and lower SIRs of 2.00-3.44 among liquidators first
employed in August 1986-1990 [2]. A significantly
increased thyroid cancer incidence rate has also been found
in liquidators from Baltic countries [proportional incidence
ratio (PIR) = 2.76, 95 % CI 1.63-4.36], again with the
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highest estimate found among liquidators of May—April
1986 (PIR = 6.38, 95 % CI 2.34-13.89) [10]. In our study,
only 56.7 % of liquidators (85,486 of 150,813) had infor-
mation about month and year of first clean-up mission.
Among them, the highest SIR of 4.19 (95 % CI 3.02-5.81)
was found in liquidators who had their first mission in
April-June 1986 (data not shown), which is consistent with
the pattern observed in early liquidators from Russian
Federation and Baltic countries [2, 10].

The present data, as with most SIR studies, have limita-
tions. The most important ones relate to a possible detection
bias for thyroid cancer due to a screening effect, which is
well known for thyroid cancer, and lack of individual thy-
roid dose estimates. We could not address the screening
question directly, but we note that all liquidators in Ukraine
are entitled to similar medical care benefits regardless of
when they participated in clean-up activities or what activ-
ities they performed in the zone. Therefore, the SIR pattern
by year of first clean-up mission or calendar time would
appear unlikely to be explained by a differential screening
effect among the various subgroups of liquidators. It is also
important to recognize that the medical care provided to
liquidators does not routinely involve thyroid screening
examinations, such as ultra-sonogram, palpation, etc., that
can identify asymptomatic thyroid tumors, which are not
detected otherwise. However, closer medical attention may
increase a chance of diagnosing cancer, but this effect is
difficult to quantify precisely. Based on comparison of
thyroid cancer baseline rates between Adult Health Study
(AHS) subjects and non-AHS subjects in the atomic bomb
survivors, the screening effect has been estimated to be
around 2.5 [11]. The SIR of 3.86 for the 1986 liquidators
(Table 3) as well as calendar-time-specific estimates of 4.62
and 4.80 for the periods of 1995-1999 and 2000-2004,
respectively, (Table 2) exceed 2.5, and one may suppose
that these excess SIRs may be in part attributed to radiation
exposure. We were concerned that some of the liquidators,
especially those registered with CSRU many years after the
accident, could have registered for health reasons (e.g.,
cancer) and thus may have spuriously led to increased
cancer rates. To address this concern, we repeated the ana-
lysis starting follow-up one year later after the SCRU reg-
istration and, therefore, excluding cases diagnosed within
one year of registration. The SIRs were not substantially
affected and remained significant (SIR = 3.78 for
1995-1999; 4.37 for 2000-2004; and 2.81 for 2005-2010).
It appears that registration related to health reasons had a
minimal, if any, effect on the SIRs in these calendar years.
Another study limitation is that our results are based on a
Poisson regression model which is not effective in reducing
potential overdispersion in data. As a result, a standard error
for model parameters could be underestimated, leading to
narrowing of true confidence intervals [12].

A high risk of thyroid cancer following radiation
exposure during childhood and adolescence is widely
known and well documented [11, 13—15]. The SIR findings
from the present and other studies suggest a substantial
increase in thyroid cancer rates among Chornobyl liqui-
dators exposed to radiation during adulthood [2—4, 10].
Because of the limitations associated with ecological
studies [16], one should be cautious in drawing conclusion
about the radiation effect or quantifying estimates of
radiation risk using SIR data. Therefore, it is especially
noteworthy that a recent case—control study among liqui-
dators from Belarus, Russian Federation and Baltic coun-
tries demonstrated a significant dose response for thyroid
cancer, with an estimated excess relative risk per 100 mGy
(ERR/100 mGy) in male liquidators of 2.9 for total thyroid
dose [5]. The high ERR/Gy reported in [5] is comparable to
risk estimates for subjects exposed under 20 years of age
[17], and this is contrary to the view that the risk of thyroid
cancer from adult radiation exposure is low. However,
epidemiological data on the risk of thyroid cancer follow-
ing adult exposure are still limited and there is diversity in
estimates of the radiation-related risk of thyroid cancer
reported in the literature [18-21].

Among the liquidators of the case—control study [5],
doses comprised about 85 % of the total thyroid dose,
mostly due to consumption of '*'I-contaminated food
while the liquidators were at their home residence. The
Ukrainian liquidators who resided in contaminated areas
during the first two months after the accident may have had
significant exposure to '*'I from dietary sources as well.
However, information on residential history was available
from the SCRU only at the time of registration, but not
during the two months after the accident.

The high SIR for liquidators with unknown year of first
mission has an important implication, as this group may
include a substantial number of early liquidators exposed to
higher levels of radiation. We note that a majority (87 %) of
the liquidators with unknown year of first mission were
residents of Kyiv oblast or city. The liquidators recruited
immediately after the accident, were mostly from Kyiv
oblast or city. In the study cohort, 54 % of the liquidators
with first clean-up mission in 1986 resided in Kyiv oblast or
city. For those who were recruited in 1987 or later, the pro-
portion of residents from Kyiv oblast or city was only 8.7 %.

In summary, we believe that our findings, together with
findings by others, provide evidence of increased rates of
thyroid cancer among Ukrainian liquidators. Although this
could be partially attributed to increased medical surveil-
lance, the increased risk of thyroid cancer among those
who participated in recovery operations soon after the
accident and the high risk appearing 10-20 years after the
accident suggest the potential for radiation effect. In liq-
uidators there are complex exposure situations involving

13II

@ Springer

106



342

E. Ostroumova et al.

both external and internal irradiation that varied by type of
clean-up activities, time, and location. These cannot be
adequately investigated by ecological studies. A well-
designed epidemiological study with individually recon-
structed thyroid doses is warranted to investigate a poten-
tial contribution of radiation exposure to the excess of
thyroid cancer among Ukrainian liquidators.
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Abstract

In preparation for a possible large epidemiological study of radiation-related leukemia in Chernobyl clean-up work-
ers of Ukraine, histologic evaluation of 62 cases of leukemia and related disorders was conducted by a panel of expert
hematologists and hematopathologists from the United States, France, and Ukraine. All cases were randomly selected
from a surrogate population of men in the general population of 6 regions of Ukraine who were between the ages of 20
and 60 years in 1986 and were reported to have developed leukemia, myelodysplasia, or multiple myeloma between the
years 1987 and 1998. The hematologists and hematopathologists on the panel were in agreement with one another and
with the previously reported diagnoses and classifications of about 90% of the cases of acute and chronic leukemia in
the study. These results suggest that strong reliance can be placed on the clinical diagnoses of acute and chronic forms
of leukemia and multiple myeloma that have occurred in Ukrainian Chernobyl clean-up workers providing that the
diagnoses are supported by records of the patients having had adequate histologic bone marrow studies. The number of
cases in this study with the diagnosis of myelodysplasia, however, was too small to draw firm conclusions. Int J Hema-
tol. 2002;76:55-60.
©2002 The Japanese Society of Hematology
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1. Introduction tion of leukemia in Chernobyl accident clean-up workers of
Ukraine who were reported to have developed leukemia

The primary objective of the study in this report was to  following the accident might be histologically verified by
determine the extent to which the diagnosis and classifica- ~ Western standards. This hematology review was an impor-
tant part of a 2-year study initiated in November 1997 by
the National Cancer Institute in the United States and the
Research Center for Radiation Medicine (RCRM) in
Correspondence and reprint requests: Stuart C. Finch, MD, The Ukraine to determine the feasibility of conducting a large
Cooper Health System, One Cooper Plaza, Camden, NJ 08103, retrospective radiation dose-related study primarily of
USA; 856-342-2206; fax: 856-968-8411 (e-mail: finch@umdnj.edu). cases of leukemia, but also of myelodysplasia (MDS) and
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multiple myeloma (MM) in Chernobyl accident clean-up
workers of Ukraine, occurring between 1987 and 1998 [1].
The study consisted of a review by a highly qualified group
of hematologists and hematopathologists from Ukraine and
2 Western countries of bone marrow slides and abstracted
medical records from cases of randomly selected adult men
in the general populations of 5 specific regions of Ukraine
who were reported to have developed leukemia, MDS, or
MM between the years 1987 and 1998. These men were
selected for the histologic review to serve as surrogates for
the Chernobyl accident clean-up workers with leukemia or
one of the other disorders.

Currently there is considerable interest in demonstrating
the possibility of increased leukemia in the radiation-
exposed clean-up workers of the Chernobyl accident. The
Chernobyl clean-up workers comprise a large population of
men with radiation exposures in considerable excess of
those received by the general population from fallout. Much
of the interest in this group of workers is because of the
uncertain influence on the extent of leukemia induction of
their relatively slow rate of radiation exposure compared to
the almost instantaneous exposure of the atomic bomb sur-
vivors for whom there now are well-established dose-
response relationships [2]. This difference is of considerable
importance in the projection of possible similar effects, not
only to the general population exposed to the fallout of the
Chernobyl accident, but also to nuclear power and other
radiation workers throughout the world whose rates of radi-
ation exposure are much more similar to those of the Cher-
nobyl clean-up workers than to those of the atomic bomb
survivors. It also is expected that the extent of the radiation
induction of leukemia in the clean-up workers will provide
a good index of the extent of any possible excess cancer bur-
den among others exposed to radiation from the Chernobyl
accident.

Several recent reports based on information derived
from registries and other sources suggest that the incidence
of leukemia may be increased in Chernobyl accident clean-
up workers, especially for those who worked during the
years 1986 and 1987 [3-8]. The results of 1 of these reports
[4] have been reported to be flawed primarily on the basis
of the use of an inappropriate comparison population and
inclusion of cases of chronic lymphocytic leukemia (CLL),
a type of leukemia that has never been demonstrated to be
increased in any human radiation-exposed population
[9,10]. A subsequent published report based on the same
cohort of liquidators with the exclusion of CLL cases and
with other modifications in methodology showed no signifi-
cant correlation between leukemia risk and radiation expo-
sure or evidence of a dose-related trend [5]. The complete-
ness of case ascertainment in the other studies of leukemia
in the Chernobyl clean-up workers is uncertain, and there is
little evidence that the cases included in those reports were
subjected to rigid and impartial histologic review for verifi-
cation of diagnosis. A number of excellent studies relating
ionizing radiation exposure to the occurrence of leukemia
have recognized that histologic verification of diagnosis is
an essential component of the study [11-18]. The leukemia
reports of the Chernobyl clean-up workers also raise ques-
tions of whether the diagnosis and classification of leuke-
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mia cases in those reports meet the currently accepted
international diagnostic criteria and terminology standards
that are used by hematologists in the United States and
western Europe.

The present review provides valuable information about
whether the diagnosis and classification of cases of leukemia
and also of MDS and MM that occurred in the adult male
population of Ukraine during the 10 years following the
Chernobyl accident can be histologically verified in accor-
dance with internationally accepted hematology standards.
The study also provides considerable information regarding
the quality of stored bone marrow slides in Ukrainian hospi-
tals. The results of this study are very useful in the consider-
ation of conducting future histologically verified studies of
the possible retrospective radiation induction of leukemia
and some related disorders in the Ukrainian Chernobyl acci-
dent clean-up workers.

2. Materials and Methods

Data recording forms were developed, and the hematol-
ogy panel members were provided with a considerable
amount of background information concerning the objec-
tives of the review. During the several months prior to the
hematology panel session in Kiev, in which the bone marrow
slides and abstracted clinical records of the cases were
reviewed, 6 regions of Ukraine were tentatively identified as
suitable for a future detailed study of leukemia in the Cher-
nobyl clean-up workers within their resident populations.
With 1 exception, each of the regions selected was an oblast
(roughly equivalent to a state in the United States). The
exception was Kiev City, the largest metropolitan area in
Ukraine.

The objectives and research plans for the hematology
pilot project were described to hospital officials and physi-
cians by one or more senior hematologists from RCRM to
obtain their permission to abstract records and to borrow
bone marrow slides for review by members of an interna-
tional panel of expert hematologists. A small team from the
RCRM in Kieyv, including an epidemiologist and a hema-
tologist, then visited appropriate hospitals and clinics in the
6 target areas to collect materials for the review.

Men aged 20 to 60 years, in the general population, who
were reported to have developed leukemia, MDS, or MM
between the years 1987 and 1998 in any of the 6 regions of
Ukraine in the proposed study for each of 3 time periods
(1987-1990, 1991-1994, and 1995-1998), were randomly
selected from hospital or clinic lists of patients for whom a
pretreatment bone marrow aspiration smear was known to
be available. The number of cases of each type of disease
requested for evaluation from each region is shown in
Table 1. Whenever 2 cases of a particular type of disease were
required, 1 case was selected from the early period and the
other from the most recent period. Similarly, if 5 cases were
required, 2 were chosen from the earliest period, 1 from the
middle period, and 2 from the latest period. The purpose of
this selection process was to make certain that bone marrow
slides from persons who had developed one of the diseases
of interest during both the early and more recent years fol-
lowing the Chernobyl accident were examined.
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Table 1.
Cases of Hematologic Disorders Requested from 6 Regions in Ukraine
for Histologic Verification (Men, Aged 20-60 Years), 1987-1998

No. of Cases Total No. of
Requested from  Cases Requested

Diagnosis Each Region  from All 6 Regions
Chronic myelogenous leukemia 2 12
Chronic lymphocytic leukemia 2 12
Acute leukemia (any type) 5 30
Myelodysplasia 2 12
Multiple myeloma 2 12
Total 13 78

The histologic review sessions were conducted at the
RCRM by the members of the expert review panel in Kiev
over a period of 4 working days. At the outset it was stressed
that the major objective of the review was to determine
whether the expert panel members could confirm with rea-
sonable certainty the clinical diagnosis of leukemia for each
case. Other important objectives of the review were to eval-
uate differences in the classification of types of leukemia that
might exist between the hematologists of Ukraine and those
of the Western countries, the extent to which the diagnosis of
MDS and MM could be confirmed, and the quality of the
bone marrow slides and abstracted clinical records. The pan-
elists agreed at the outset of the review that the criteria for
the diagnoses of acute leukemia and MDS would be in accor-
dance with the French-American-British (FAB) system with
the minimum requirement of 30% blasts in the bone marrow
smear for the histologic diagnosis of acute leukemia [19,20].
The minimum number of typical plasma cells in the bone
marrow smear required for the histologic diagnosis of MM
was 10% [21].

Following agreement on procedures to be used, the pan-
elists reviewed 5 cases at a time and recorded their impres-
sions on their worksheets regarding disease diagnosis, dis-
ease classification, and the quality of histologic materials and
clinical records. One member of the panel then chaired open
discussions of 10 cases at a time to achieve a consensus
regarding disease diagnosis and classification. The process
was continued in this fashion with daily rotation of discus-
sion chairpersons until conclusions were reached for all cases

Table 2.

in the study. All histologic materials were carefully returned
to their hospitals of origin upon completion of the slide
reviews.

3. Results

Bone marrow aspiration smears from 45 cases of leuke-
mia, 6 cases of MDS, and 11 cases of MM were identified by
a random selection process (Table 2). Selection of cases from
the entire adult male general populations of the 6 target
areas in Ukraine resulted in the identification, using bone
marrow slides, of only 62 cases of the various types of leuke-
mia and related disorders rather than the 78 cases proposed
for evaluation in accordance with the randomized selection
process (Tables 1 and 2). The study was 16 cases short of the
objective number, principally because of failure to identify
enough cases of myelodysplasia during the early period of
1987-1990 and the almost complete absence of cases in one
region where a natural disaster has destroyed most of their
archived hematology slides.

The diagnosis of leukemia was histologically confirmed
by members of the panel for 38 (84%) of the previously
diagnosed cases of leukemia (Table 2). Exclusion of the 1
case of chronic lymphocytic leukemia (CLL) and 2 cases of
chronic myelogenous leukemia (CML), for which only poor
quality slides that were inadequate for diagnosis were
available, improved the confirmation rate to 90%. It also
should be noted that 3 of the 4 remaining cases that were
not confirmed as leukemia were reclassified as MDS. All 3
cases previously had been classified as acute myelogenous
leukemia (AML). Eight of the 11 cases of MM, for which
bone marrow slides were available, were confirmed by
members of the panel (Table 2) by consensus. On the other
hand, panel members confirmed only 3 of the 6 cases of
MDS (Table 2). The low confirmation rate for the 6 cases of
MDS was the result of the reclassification of 3 of these cases
as AML. Concurrence rates with the consensus diagnosis of
leukemia for the 2 Ukrainian panel members and the 3
panel members from the United States and France were
92% and 85%, respectively.

Panel members classified all cases of acute leukemia by
FAB but, because none of the previous Ukrainian cases had
been classified by FAB, comparisons for all types of leukemia

Histologic Confirmation of the Diagnoses of Leukemia, Myelodysplasia, and Multiple Myeloma for Ukrainian Men, Aged 20-60 Years, by

International Panel Members, 1987-1998

No. of Cases % of Cases
Total No. of % of Total with Inadequate Confirmed with
Reported Diagnosis No. of Cases Cases Confirmed Confirmed Histology* Adequate Histology
Acute leukemia 28 24t 86 0 86
Chronic myelogenous leukemia 9 7 78 2 100
Chronic lymphocytic leukemia 8 7 88 1 100
Myelodysplasia 6 3% 50 0 50
Multiple myeloma 11 8 73 2 89
All disorders combined 62 49 79 5 86

*Number of cases with bone marrow slides of such poor quality that they were undiagnosable.
tThree of the 4 cases not confirmed as acute leukemia were reclassified as myelodysplasia.
FAIll 3 cases not confirmed as myelodysplasia were reclassified as acute leukemia.
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Table 3.

Histologic Confirmation of the Type of Leukemia by Members of an
International Hematology Panel Compared to Previous Classifications
by Regional Hematologists in Ukraine

No. Verified % Verified
Reported Type No. of for Type of  for Type of
of Leukemia Cases Leukemia Leukemia
Acute myelogenous 10 9* 90
Acute lymphocytic 5 4t 80
Acute, other types 9 7% 78
Chronic myelogenous 7 7 100
Chronic lymphocytic 7 7 100
All types combined 38 34 89

*One case was reclassified as acute lymphocytic leukemia.
tOne case was reclassified as acute leukemia, type uncertain.
FTwo cases were reclassified as acute myelogenous leukemia.

were made in accordance with standard International Classi-
fication of Diseases terminology. The type of leukemia previ-
ously diagnosed was verified by members of the panel for 34
(89%) of the 38 proven cases of leukemia (Table 3). All 7 of
the cases diagnosed as either CML or CLL were confirmed
by members of the panel (Table 3). Panel members agreed
with the diagnosis of leukemia type for 20 (83%) of the 24
cases of acute leukemia. This group of cases included 9 of 10
cases of AML and 4 of the 5 cases of acute lymphocytic leu-
kemia (ALL). Two previously unclassified cases of acute leu-
kemia were reclassified as AML. The rate of agreement with
the type of acute leukemia as determined by consensus for
the Ukrainian members of the panel was 85% compared to
80% for the panel members from the United States and
France. Agreement by both groups for determination of the
types of chronic leukemia was more than 90%.

Bone marrow aspiration smear quality generally was
quite good. In only 3 of the 45 cases, because of poor smear
quality, it was not possible to establish the diagnosis of leu-
kemia. However, only about half of the smears examined
were considered to be of excellent quality, because of such
factors as faded stain, excessive dilution of marrow cells, or
coverslip artifact. Bone marrow smear quality had little
relationship to the time of disease occurrence. Abstracted
information from medical records was generally very com-
plete and almost invariably contained important informa-
tion in support of the diagnosis of the underlying hemato-
logic disorder.

4. Discussion

The results of this study strongly suggest that for at least
the past 10 years there have been close similarities regarding
the histologic diagnosis and classification of the major types
of leukemia among the hematologists in Ukraine, western
Europe, and the United States. These findings therefore sug-
gest that clinical records that verify completion of an ade-
quate pretherapy bone marrow aspiration smear almost
invariably reflect an accurate diagnosis and classification for
the major types of leukemia. This information is of particular
importance for the proposed retrospective Chernobyl clean-
up worker leukemia study because, during the immediate
post-Chernobyl years, patients’ bone marrow slides not infre-

quently were lost or destroyed, whereas their clinical records
were more often retained and maintained in a good state of
preservation.

There were several reasons for initially conducting the
study on adult male members of the general population
rather than on the clean-up workers. The logistical problems
associated with a wide geographic search in Ukraine for an
adequate number of the different types of leukemia in the
clean-up worker population appeared quite formidable. The
selection of a cohort of Chernobyl clean-up workers for the
proposed epidemiological study of leukemia was still incom-
plete at the time of the review, and its completion appeared
to be many months ahead. It also seemed unlikely that the
proposed Chernobyl clean-up worker cohort was large
enough to provide enough cases of the various types of leu-
kemia to satisfy the requirements for expert hematology
panel review.

Evidence that MDS is a radiation-induced disorder is
scanty but certainly is sufficient to recommend that this dis-
ease be included in any study of radiation-induced leukemia
[12,22-28]. One problem with the inclusion of MDS in such
studies is that the clinical presentation and morphologic
characteristics of MDS and AML frequently are so similar
that diagnostic differentiation between advanced MDS and
AML may be extremely difficult, particularly in the absence
of cytogenetic and special histochemical studies [22]. Primary
MDS is a clonal stem cell disorder with a rate of progression
from its most advanced form, refractory anemia with excess
blasts in transformation (RAEB-t), to acute nonlymphocytic
leukemia reported to be in the range of 40% to 60% [29,30].
Actuarial studies of the transition rates of certain advanced
primary forms of MDS to acute nonlymphocytic leukemia
are reported to be 100%, implying that the border between
RAEB-t and AML is completely arbitrary [31]. The relation-
ship between secondary MDS and AML is so close that a rec-
ommendation also has been made that MDS should not be
separately identified in any study of secondary leukemia [23].
The blurring of diagnostic criteria between either MDS asso-
ciated with a large number of blast cells or some secondary
forms of MDS and AML also has been emphasized in the
recent World Health Organization recommendations for the
classification of hematologic malignancies [32].

The earliest case recorded as MDS in this series was in
1993, but there is considerable evidence that the disorder was
recognized by Western hematologists a number of years
before that time. Perhaps general unfamiliarity with this disor-
der among Ukrainian hematologists 10 to 15 years ago, along
with the problem of separating many cases of MDS from
AML, difficult even for many expert hematologists, accounted
for the reclassification to acute leukemia of 3 of the 6 cases of
MDS included in the study. In a similar fashion, if 3 of the
AML cases had not been reclassified as MDS, the confirma-
tion rate for AML would have been more than 95% (Table 2).

The number of cases of MM included in this pilot study
was too small to draw strong conclusions, but the results sug-
gest that a more extensive study of this disorder in relation to
radiation exposure is quite feasible. The case for radiation
induction of MM remains somewhat controversial, but there
are several reasons why a radiation dose-response study of
MM in the clean-up workers could be important [2,33-39].
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The age distribution of the male nuclear power workers for
whom studies at some nuclear power sites have shown an
increased risk of radiation-induced MM is quite similar
[33,34,37,38]. Although the current number of person-years
for a retrospective study of MM for the population of the
approximately 100,000 Ukrainian clean-up workers pro-
posed for a future study of leukemia is moderately less than
that for the nuclear power workers in the 3-country study, the
estimated cumulative radiation dose for the entire cohort of
clean-up workers in the proposed study is several times
greater than that for the nuclear power workers. This calcu-
lation is based on an average clean-up worker radiation dose
estimate of approximately 110 mGy [40]. Finally, it should be
mentioned that even if the current latent period for determi-
nation of radiation-induced risk for MM in the clean-up
workers is too short, or if the population of workers is too
young to provide conclusive results, a study at this time
should provide the groundwork for future investigations.
Overall, the information derived from this study provides
strong support for acceptance of the diagnoses of the chronic
and acute leukemias that have occurred in Ukrainian Cher-
nobyl clean-up workers following the accident, providing the
diagnoses were supported by bone marrow examinations.
This study also suggests that the previous histologic diagno-
sis of cases of MM in this population has been quite reliable.
Too few cases of MDS were evaluated to draw any firm con-
clusions, but the results suggest that most cases reported with
this disorder are either correctly diagnosed MDS or cases of
AML. Such information is of considerable importance as a
background for the future conduct of retrospective studies of
radiation dose-response relationships for the occurrence of
leukemia, myelodysplasia, and MM in Chernobyl clean-up
workers of Ukraine. It is likely that bone marrow slides for
many of the cases will not be located at this late date, but if
the clinical information and bone marrow reports are consis-
tent, the diagnoses of leukemia and MM should be accepted.
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4. TOSUMETPAYHU CYITPOBII JOCIIKEHHS

OqHuM 13 BU3HAUAJIBLHUX €EJIEMEHTIB aHAJIITAYHOIO JOCIIHKEHHS 1030
3aJIeKHUX PHU3WKIB BUHUKHCHHS 3aXBOPIOBaHb, € BUKOPUCTAHHS aJICKBATHOTO
METOJy JIO3UMETPii, HOMY NMPUCBSIUEHUN 4-11 pO3A1T pOOOTH.

B migpo3mini 4.1 BucBiTIEeHI METOAWYHI MIAXOAW 1O OIIIHKA JO3H
OTMPOMIHEHHSI YEPBOHOTO KICTKOBOI'O MO3KY Y BHITQJKIB JIEHKeMii Ta Mii0paHux
JI0 HUX KOHTPOJIIB.

Meron peanicTUYHOT AHAIITUYHOI PEKOHCTPYKUII JO3M ONPOMIHEHHS 3
oninkor HeBusHadeHocTi (RADRUE) 6yino o0paHo i3 mepeliky MpoTeCTOBaHUX
METOMIB JUIsl BIJHOBJEHHS JO3M 30BHIIIHHOTO OINPOMIHEHHS Ha YEpBOHUU
KICTKOBUM MO30K JJIsl CYOBEKTIB JOCHIKEHHs Jeiikemii, ad0 Ha TKaHUHY
ITUTONOMI0HOT 3371031 y BIJIIOBITHOMY ITPOEKTI.

3a pe3yapTaramMu IMPOBEICHOIO MOCHIIKEHHS, OYyJ0 JOBEJEHO 3asiBIICHI
YYTJIUBICTh 1 YHIBEPCAJIBHICTh METOJY, 3a JIOMOMOTOI0 SIKOTO OYyJI0 BiJHOBIICHO
no3u st 112 momepaux 1 a1 888 KUBUX CyO’€KTIB JOCIIIKCHHS.

I3 162 inenTrdiKOBaHUX BUMAJAKIB JICMKEMIl 103y OMPOMIHEHHS BJIaJlOCh
peKoHCTpyroBaTH Tiibku i 137 (84.6%).

LleHTpanbHl OLIHKK 103M HAa YEPBOHMUW KICTKOBHUW MO30K BapllOBalM Bij
3.7 10—5 no 3 260 mI'p, cepenans apudmeTnuna skux ckiana 92 mlp., B ToMy
yucm 115 Bunaakis 132,3 mIp 1 ansa kontpoiis 81,8 MIp

B miapo3aini 4.2 npeacTtaBieHo JO3UMETPHUYHI MIIXOAW, BUKOPUCTAHI B
nocaimkenni PII3. 3Baxkaroun Ha Te, M0 B 1HAYKLII paKky MIMTONOMIOHOT 3a5103U
NOPSIT 13 30BHILIHIM OMPOMIHEHHSIM, CYTTEBY POJIb MOKE BIJIIrpaBaTH BHYTPIIIHE
OIPOMIHEHHSI 11bOTO OPTaHy 3a PAXYHOK iHrasmsiii 1 i KOPOTKOKHBYUHX {30TOIIIB
[ 1 Te , nist BIAHOBIEHHS LOTO KOMIIOHEHTY 03U OYJI0 PO3pOOJIEeHO ClielialibH1
MaTeMaTU4YH1 MOJIE, SIKi BPaXOBYBAJIM MOKJIMBI HUISXW HAIXOJ/KCHHS Ha3BaHMUX
130TOMIB B Oprai3M JikBigaTopa. HeoOXimHICTh BpaxoByBaTH 1€ KOMITOHEHT
7031 3yMOBWJIA CTBOPEHHS BIAMOBIJHUX JOMATKOBUX PO3AUTIB aHKETH, SKi

3aMOBHIOBAJIUCH 1111 YaC IHTEPB 10 13 Cy0’€KTaMu JOCiKeHHS. J[03a 30BHIIITHLOTO
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OTMPOMIHEHHSI IIMTOMO/IOHOI 3aJl03M BIJIHOBJIIOBAJIAaCh 3a JOMOMOTOI0 METOja

RADRUE Ta #ioro moaudikamii ROCKVILLE.

Jlo3y oOmpoMiHEHHS UIMTOMOAIOHOI 3aJl03M 3a paxyHOK BCIX MUISXIB
ompoMiHeHHs Oyno omiHeHo mia 607 cy0’extiB  jgochipkeHHs. Cepemas
apumMeTryHa 103M OMPOMIHEHHS IIMTOMOMIOHOI 3aJI03U, 3 YpaxyBaHHSIM BCIX

NUIIXiB ekcrmo3umii, ckimana 199 mlp (miamazon Bim 0,15 mIp mo 9,0 I'p).



4.1 YKpaiHCbKO-aMepUKaHCbKe JOC/IKeHHS TeNKeMIT i CnopiAHEHNX 3aXBOPIOBaHb
cepef, y4acHVKIB NiKBijauii HacnigKiB aBapii 3 YKpaiHW: OLiHKa 031 ONPOMiHEHHS

YepPBOHOr0 KiCTKOBOro MO3KY
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After the accident that took place on 26 April 1986 at the
Chornobyl nuclear power plant, hundreds of thousands of
cleanup workers were involved in emergency measures and
decontamination activities. In the framework of an epidemi-
ological study of leukemia and other related blood diseases
among Ukrainian cleanup workers, individual bone marrow
doses have been estimated for 572 cases and controls. Because
dose records were available for only about half of the study
subjects, a time-and-motion method of dose reconstruction
that would be applicable to all study subjects, whether dead
or alive, was developed. The doses were calculated in a sto-
chastic mode, thus providing estimates of uncertainties. The
arithmetic mean individual bone marrow doses were found to
range from 0.00004 to 3,300 mGy, with an average value of
87 mGy over the 572 study subjects. The uncertainties, char-
acterized by the geometric standard deviation of the proba-
bility distribution of the individual dose, varied from subject
to subject and had a median value of about 2. These results
should be treated as preliminary; it is likely that the dose
calculations and particularly the uncertainty estimates will be
improved in the follow-up of this effort.
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INTRODUCTION

The accident that took place on 26 April 1986 at the
Chornobyl (Chernobyl)? nuclear power plant (ChNPP) lo-
cated in Ukraine, about 12 km south of the border with
Belarus, occurred during a low-power engineering test of
the Unit 4 reactor (also called the 4th block of ChNPP) and
is the most severe that the nuclear power industry has ever
known (/). The workers involved in various ways after the
accident include (a) the approximately 600 emergency
workers who participated in firefighting and other emer-
gency measures during the first day of the accident and (b)
the hundreds of thousands of cleanup workers, also called
“liquidators”™ or “‘recovery operation workers’’, who were
active in 1986-1990 at the power station or in the 30-km
restriction zone surrounding it for decontamination work,
sarcophagus construction, other cleanup activities, and the
operation of other units of the nuclear power plant. All
together, about 600,000 persons (civilian and military) have
received special certificates identifying them as cleanup
workers, according to laws promulgated in Belarus, the
Russian Federation, and Ukraine (/). Although the principal
tasks carried out by the cleanup workers involved decon-
tamination or construction (2), a broad variety of other ac-
tivities, such as administration and research, infrastructure
support (housing, food, transportation), radiation monitor-
ing, communication, security and transportation, were also
included.

The most important pathway of exposure for the cleanup
workers was external irradiation from the y-ray emitters
deposited on building surfaces (indoors or outdoors) or on
the ground. This resulted in a relatively uniform irradiation
of the whole body. The external y-ray doses were measured
or estimated, recorded and included in national registries
for about half of the liquidators (3). However, the quality
of these data was not uniform and was often rather low (4).

Studies of cleanup workers provide an opportunity to add
to current knowledge about the possible health consequenc-
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FIG. 1. Geographic regions of Ukraine where the 572 subjects resided. The numbers of subjects in each oblast
are shown, except for Kyiv, where the number from the city (indicated as “‘in Kyiv’’) is separated from the total

for the remainder of the oblast.

es of exposure to relatively low doses of ionizing radiation
received gradually over a period of several months. The
Research Center for Radiation Medicine (RCRM) of the
Academy of Medical Sciences in cooperation with the Min-
istry of Health of Ukraine and the U.S. National Cancer
Institute (NCI) have conducted a case-control study of leu-
kemia and other related blood diseases involving 572
Ukrainian workers. General features of the method used to
estimate the bone marrow doses for the study subjects and
the dosimetric results that have been obtained are presented
in this paper. Technical details of the method of dose esti-
mation are given in a paper soon to be submitted for pub-
lication.? Two companion papers, one on the design of the
epidemiological study (5) and the other on the results of
the epidemiological analysis (6), are published in this issue.

MATERIALS AND METHODS

Characteristics of the Study Subjects—Dosimetric Perspective

The selection criteria for study subjects included (a) initial registration
in the Chornobyl State Registry of Ukraine (SRU) as a cleanup worker
residing in Kyiv City or in Cherkasy, Chernihiv, Dnipropetrovsk, Kharkiv
or Kyiv oblasts (locations in which approximately 46% of Ukrainian lig-
uidators resided); (b) first year of service from 1986 through 1990; (c)
gender (male); (d) age (year of birth between 1926 and 1972); and (e)

3 The working title of the paper to be submitted to Health Physics is
“RADRUE method for reconstruction of external doses to Chernobyl
liquidators in epidemiological studies.” The authors are V. Kryuchkov,
V. Chumak, E. Maceika, L.R. Anspaugh, E. Cardis, E. Bakhanove, I.
Golovanov, V. Drozdovitch. N. Luckyanov, A. Kesminiene, P. Voilleque
and A. Bouville.

Chornobyl-related work within the 70-km zone around ChNPP* Subjects
were not required to be alive at the time of selection. Detailed information
on the design of the study, creation of the cohort, case identification and
validation, selection of controls, and tracing and recruitment is provided
in ref. (5). The subjects who were diagnosed with hematological disease
or who served as controls were not identified to the dosimetrists. The
distribution of the 572 study subjects according to oblast or city of res-
idence at the time of registration in the SRU is given in Fig. 1; about
half of the study subjects originated from Kyiv City and Kyiv Oblast.

The study subjects have been classified into 11 categories according
to (a) the period during which they were at the Chornobyl site or (b)
their affiliation and thus the type of work performed at Chornobyl. These
11 categories fall into four broader groups reflecting particular charac-
teristics of their involvement into Chornobyl cleanup.

Group 1, early respondents, includes three categories:

1. Witnesses of the accident were at the ChNPP site when the accident
happened or came there before May 1, 1986, and who were not di-
agnosed later with acute radiation syndrome (ARS).

2. Victims of the accident are the witnesses of the accident who were
later diagnosed with ARS.

3. Early liquidators are all civilian liquidators (except for ChNPP per-
sonnel) who worked within the 30-km zone, including the industrial
area of the ChNPP, between April 27 and May 31, 1986.

Group 2, professional nuclear workers, includes four categories:

1. ChNPP personnel are the plant staff members who worked between
May 1986 and the end of 1990 to conserve and prepare other units of
the ChNPP for regular operation.

4 Technically, eligibility criteria for being certified as a liquidator in-
clude work within the 30-km restriction zone around the ChNPP site in
the years 1986-1990. However, in the course of tracing and enlisting the
subjects of the study, it turned out that not all officially certified liqui-
dators actually worked within the 30-km zone. Therefore, for the purposes
of this study, eligibility criteria were expanded to include work within
the 70-km radius around the ChNPP.
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TABLE 1
Distribution of the Subjects According to Category and First Year of Work

Year of beginning of work

Total
Category number 1986 1987 1988 1989 1990
Group 1: Early respondents
Witnesses of the accident 3 3
Victims of the accident 2 2
Early liquidators 66 66
Subtotal early respondents 71 71
Group 2: Professional atomic workers
ChNPP personnel 9 6 3
Sent to assist the ChNPP staff 1 1
Staff of AC-605 5 5
Staff of Kurchatov Institute 2 1 1
Subtotal atomic workers 17 12 3 1 1
Group 3: Uniformed liquidators
Military liquidators 220 109 49 42 17 3
Subtotal uniformed 220 109 49 42 17 3
Group 4: Other
Civilians Sent on Mission (CSOM) to the 30-km zone 181 138 32 6 3 2
Staff of Combinat 4 4
Mixed 79 78 1
Subtotal other 264 216 36 7 3 2
All 572 408 88 50 21 5

2. Sent to assist ChNNP are employees of other nuclear power plants
who were sent to assist and temporarily substitute for the regular ChNPP
staff at time of recovery and preparation for restart of Units 1-3.

3. Staff of AC-605 are persons from the organization, named Adminis-
tration of Construction No. 605, involved in the construction of the
shelter covering the damaged reactor.

4. Staff of Kurchatov Institute are scientists and engineers from the Kur-
chatov Institute of Atomic Energy who studied the condition and dis-
tribution of the fuel mass inside the Unit 4 reactor building.

Group 3, uniformed liquidators, also called Military liquidators, are
either regular military or civilian reservists who performed decontami-
nation (e.g., in Unit 4 and on the roofs) and other tasks not requiring
skilled labor.

Group 4, other, includes three categories of subjects who do not fall
into any of above three groups:

1. Civilians Sent on Mission (CSOM) are those persons who were sent
to perform various tasks in the 30-km zone after June 1, 1986.

2. Staff of Combinat are individuals from that organization who per-
formed a variety of tasks in the 30-km zone and coordinated the work
of persons sent on mission to the 30-km zone.

3. Mixed refers to a set of liquidators who worked on the Chornoby] site
several times as members of different categories.

The distribution of the study subjects according to category is pre-
sented in Table 1. About two-thirds of the study subjects were either
military or CSOM. Most of the study subjects worked at Chornobyl in
1986, with decreasing numbers during the following years (Table 1). It
should be noted that, based on our previous studies, we expected that
about 50% of liquidators would be military. The lower percentage of
military workers among the 572 study subjects (39%) can be explained
by the large number of liquidators from the city of Kyiv and Kyiv oblast,
who were mostly temporarily assigned specialists sent on mission. Sep-
arate consideration of the breakdown of liquidators from the city of Kyiv
and Kyiv oblast by different categories compared with the other four
oblasts supports this assumption (Table 2). Based on proper weighting,
the structure of the whole Ukrainian liquidator population was estimated,
yielding results consistent with our previous studies.

It should be noted that 65 study subjects (11%) spent more than 1 year
at the site, either on a single mission or on separate missions. Some
missions were separated in time, leading to long periods between the
beginning and the end of work in the restriction zone (see Table 3). In
fact, 133 subjects (23%) had more than one mission; the maximum num-
ber of missions was 11 and the average was about 1.4.

Normally only part of the time of a mission to Chornobyl was allocated
to cleanup activities. Some time (e.g. while resting, training, waiting for
assignment, etc.) was spent in areas with low contamination. Thus a dis-
tinction should be made between the total duration of a mission and the
number of active days spent at work in relatively high radiation fields.
The number of active days is smaller than the total number of days in
mission for about 30% of the subjects, averaging 69% of total time. The
average active duration was 92 days per mission and 124 days per person
(all missions). In total, the 572 subjects spent 2369 man-months of active
work in Chornobyl. The distribution of the duration of active work for
the study subjects is presented in Fig. 2; Fig. 2a shows the distribution
of the active duration of all individual missions, and Fig. 2b illustrates
the distribution of the total time spent on active work by the study sub-
jects. The distribution of durations of both missions and total times at
Chornobyl is quite broad and, as can be seen from Table 2, varies sig-
nificantly for different categories.

Status of Dosimetric Information Related to Study Subjects

For about one-quarter of the study subjects, Official Dose Records
(ODR, also called ““official doses’) are available in the SRU. The quality
of ODR is variable (3, 4). Official doses were generally obtained in one
of four ways: (a) individual dosimetry measurements, (b) group dosim-
etry measurements, (c) group dose assessments, and (d) time-and-motion
analysis soon after the accident. Civilian workers with individual dose
measurements [method (a)] were the staff of AC-605, ChNPP personnel
after June 1, 1986, and part of the staff of the organization Combinat. A
few military personnel, who worked in locations where the exposure rate
was greater than 1 mR h~! were also supposed to have individual dosim-
eters. For group dose measurements [method (b)], an individual dosimeter
was given to one member of a group of cleanup workers assigned to
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TABLE 2
Structure of the Liquidator Population in the Study and Reconstruction of the Structure of Whole Liquidator
Population in Ukraine
Study population Estimated

(whole cohort)

City of Kyiv and Kyiv oblast

Other four oblasts
percentages for

Median duration

Median duration Median duration  the liquidator

Number of work, days Number of work, days Number of work, days population
Category (%) (min, max) (min, max) (%) (min, max) from Ukraine

Witnesses of the accident 3 (0.5) 7 (1, 11) 2 (0.7) 6 (1, 11) 1(0.4) 7,7 <1
Victims of the accident 2 (0.3) 2(1,2) 2 (0.7) 2(1,2) 0 (0.0) — (=) <1
Early liquidators 66 (11.5) 7 (1, 185) 50 (17.1) 7 (1, 185) 16 (5.7) 7 (3, 16) ~10
ChNPP personnel 9 (1.6) 317 (36, 1420) 8 (2.7) 379 (36, 1420) 1(0.4) 225 (225, 225) ~1
Sent to assist the ChNPP staff 1(0.2) 31 (31, 31) 1(0.3) 31 (31, 31) 0 (0.0) — (=) <1
Staff of AC-605 5(0.9) 31 (19, 63) 1(0.3) 24 (24, 24) 4(1.4) 46 (19, 63) ~1
Staff of Kurchatov Institute 2 (0.3) 157 (138, 175) 0 (0.0) — (=) 2 (0.7) 157 (138, 175) <1
Military liquidators 220 (38.6) 67 (6, 833) 33 (11.3) 65 (7, 366) 187 (66.7) 69 (6, 833) 48
Civilians Sent on Mission (CSOM)

to the 30-km zone 181 (31.6) 19 (1, 1710) 121 (41.5) 18 (1, 1710) 60 (21.5) 21 (2, 103) 28
Staff of Combinat 4(0.7) 458 (164, 1450) 4 (1.4) 458 (164, 1450) 0 (0.0) — (=) <1
Mixed 79 (13.8) 250 (4, 1710) 70 (24.0) 258 (4, 1710) 9(3.2) 111 (9, 1710) 10
All 572 292 280

perform a particular task, and all members of the group were assumed to
receive the same dose. In the group assessment [method (c)], the dose to
the whole group of liquidators was assessed by a dosimetrist in advance
by considering the exposure rate at the work location and the planned
duration of work. Similarly, time-and-motion analyses [method (d)] for
more complex tasks were based on measurements of vy-radiation levels
at various locations and the individual’s dose was estimated using knowl-
edge of the places where he worked and the time spent in these places.
Methods (b) and (d) were used for the civilian workers before June 1986,
when the number of individual dosimeters was insufficient, and method
(c) was used for the majority of the military personnel at all times.

Table 4 shows the fractions of each liquidator category for which ODR
are available. Personal interviews revealed that many liquidators possess
information on doses (like dose certificates or records in military ID
book) that is not included in the SRU. This is not surprising because the
ODR in the SRU were derived from documents provided personally by
liquidators at the time of primary registration. Some liquidators did not
have such dose documents at the time of primary registration and ob-
tained them only after being registered in the SRU.

Victims and witnesses of the accident, early liquidators sent to the 30-
km zone, and others did not have measured doses because the personal
dosimetry system in use at the early time after the accident had failed
(4). During the 1990s, doses from external irradiation were reconstructed
using a time-and-motion method called Analytical Dose Reconstruction

TABLE 3
Distribution of Subjects According to Time
of Work

Number of subjects

Year of completion of work

First year
of work 1986 1987 1988 1989 1990 All
1986 291 50 20 11 36 408
1987 63 16 4 5 88
1988 46 4 50
1989 18 3 21
1990 5 5
1986-1990 291 113 82 37 49 572

(ADR). This technique was used to estimate doses to the staff of ChNPP
and workers who had been detailed to assist them for the period from 26
April to 5 May 1986 (2). Personnel location record cards (route lists)
filled in by workers and confirmed by eyewitnesses were analyzed by
experts who had reliable information on the radiation conditions and who
had personally participated in ensuring the radiation safety of all opera-
tions after the accident. Using this method, two doses were estimated: an
upper bound dose and an expected dose. The upper bound doses ranged
from less than 100 mGy to a few thousand mGy and were estimated to
be about twice the expected doses (2).

Other available sources of dosimetric information, such as the archives
of the Ministry of Defense or the dosimetry databases that were acquired
during the course of the study, provided information for only a limited
number of subjects. It was found that dosimetric information (total in-
dividual doses and, in some cases, daily or monthly doses) in the archives
of the Ukrainian Ministry of Defense had been stored in paper form and
was not linked with the SRU, while individual dose values were recorded
in the personal military certificates possessed by all military liquidators
and had already been entered into the SRU at time of registration. Infor-
mation from the military archive was entered into a computer database.
This facilitated a comparison of these data with ODRs in the SRU, which
revealed large overlap of information and good coincidence of individual
dose records from these two files. Therefore, inventory and data entry of
the military archives added little to the already existing information on
individual dose records of military liquidators. The individual dosimetric
monitoring (IDM) databases were also of little use because only a small
fraction (17,754 out of about 168,000) of dose records in the IDM da-
tabases had sufficient identifiers (full names, year of birth) and the lig-
uidators to whom these records were related were identified only as re-
siding in Ukraine. Moreover, only 1,893 records (out of 17,754 possessing
necessary keys) were linked with certainty with the SRU, adding 1,613
new dosimetric data entries previously missing in the Registry (7).

Development of the Routine Dose Reconstruction Method;
Its Principles and Application

The methods of dose estimation discussed above are very different in
nature and are applicable to differing fractions of the study subjects. In
addition, some of the methods lead to results that cannot be easily veri-
fied. Therefore, it was necessary to develop a universal method of dose
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FIG. 2. Distribution of times (active days) spent in Chornobyl: (panel a) individual missions and (panel b)
cumulative periods of work. The maximum possible duration of work in Chornobyl was 1711 days, corresponding
to the number of days within the period from April 26, 1986 to December 31, 1990.

estimation that would be (a) applicable to all subjects, whether deceased
or alive, and (b) based on information that would be relatively easy to
process and to check.

The task of selection or development of the universal dose assessment
method, applicable to all subjects of the study, was addressed during the
pilot phase of the project (1996-2000). Readily available techniques like
ADR, EPR (electron paramagnetic resonance) dosimetry with teeth, and
FISH (fluorescence in situ hybridization) using chromosomes in human
lymphocytes were considered from the point of view of the above criteria
and were found to be inadequate for the purposes of the study. An over-
view of the methods of dose reconstruction evaluated during the feasi-

bility study is given in Table 5. It can be seen that biodosimetry and
instrumental methods depend on the availability of specimens (blood or
teeth) and have sensitivity thresholds that are not always compatible with
anticipated doses to liquidators. Both these methods have the disadvan-
tage of measuring total dose, including components due to medical ex-
posures or to occupational exposures other than those received during
Chornobyl cleanup work.

Analytical techniques, which rely on the results of interviews with
liquidators, do not have a dose threshold and can be applied to virtually
all subjects, both alive and deceased. In the latter case, a proxy for the
subject can be interviewed to collect the necessary information regarding
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TABLE 4
Number of Study Subjects with Official Doses Records (ODR) in the Registry and with
ODR in their Possession

Number of doses  Percentage
Number of Number of Percentage in personal in personal
Category subjects ODR in registry records® records

Witnesses of the accident 3 0 0% 1 33%
Victims of the accident 2 0 0% 1 50%
Early liquidators 66 4 6% 7 11%
ChNPP personnel 9 0 0% 3 33%
Sent to assist the ChNPP staff 1 0 0% 0 0%
Staff of AC-605 5 1 20% 3 60%
Staff of Kurchatov Institute 2 2 100% 1 50%
Military liquidators 220 106 48% 174 79%
CSOM to the 30-km zone 181 11 6% 14 8%
Staff of Combinat 4 0 0% 2 50%
Mixed 79 1 1% 13 16%
Total 572 125 22% 219 38%

@ Data acquired in course of interview include dose certificates possessed by subjects.

the activities of the subject in the radiation zone. However, the readily
available ADR technique had several shortcomings that prevented it from
being applied routinely to the subjects of this study. First, the ADR route
lists required a high degree of precision and specificity (supported by
witness reports), so only a few highly skilled and motivated liquidators
were capable of providing the necessary information. The general liqui-
dator population, many of whom performed unskilled work without per-
sonal initiative, could not describe their activities sufficiently. The second
limitation of ADR was that the dose calculations were designed to over-
estimate the received doses. This was due to a ‘“‘radiation protection ap-
proach’ in which longer exposure times and higher dose rates were nor-
mally selected to avoid underestimating the dose received. This qualita-
tive effect was confirmed in comparisons with individual dose estimates
obtained using EPR analysis of tooth enamel (8). Given the shortcomings
of the ADR method, a new method called SEAD (Soft Expert Assessment
Dosimetry) was designed (9). The procedure used interview data and dose
distributions for each liquidator category to assess the individual dose
received by the liquidator according to a set of objective and subjective
parameters. This conceptually non-trivial methodology uses fuzzy-set al-
gebra for uncertainty propagation. In addition, reliable dose distributions
needed to implement the method for each worker category were not avail-
able. In view of these limitations, the SEAD method was not considered
to be applicable to all study subjects.

In view of the limitations of the approaches discussed above, a new
time-and-motion method, known as Realistic Analytical Dose Recon-
struction with Uncertainty Estimation (RADRUE), was developed by an
international group of scientists including experts from Belarus, France,
Russia, the U.S. and Ukraine.’ The RADRUE method was conceived for
this study as well as for International Agency for Research on Cancer
(IARC) studies of Baltic, Belarusian and Russian cleanup workers. It is

°>The International Dosimetry Group included at different times the
following persons: Dr. Andre Bouville (NCI, USA), Dr. Lynn Anspaugh
(University of Utah, USA), Dr. Geoff Howe (Columbia University, USA),
Dr. Elisabeth Cardis, Dr. Ausra Kesminiene and Dr. Evaldas Maceika
(IARC, France), Dr. Philippe Hubert and Dr. Margot Tirmarche (Institute
of Radioprotection and Nuclear Safety, France), Dr. Viktor Kryuchkov
and Mr. Ivan Golovanov (Institute of Biophysics, Russia), Prof. Viktor
Ivanov, Dr. Valery Pitkevich (Medical Radiological Research Center, Rus-
sia), Dr. Anatoly Mirkhaidarov (Institute of Radiation Medicine, Belarus),
Mr. Sergey lllychev, Mr. Alexander Tsykalo, Mr. Viktor Andreev, Mr.
Viktor Glebov (ChNPP, Ukraine), Dr. Vadim Chumak, Dr. Natalia Gud-
zenko and Dr. Elena Bakhanova (RCRM, Ukraine).

based on a detailed analysis of the liquidator’s activities during cleanup,
including all places of work and residence, types of work, transportation,
etc. This information is combined with data on the radiation fields at the
locations and dates where the liquidator spent any time to reconstruct a
history of the radiation exposures received during the period when the
liquidator was involved in cleanup activities. Although RADRUE can be
considered to be a further development of ADR, there are fundamental
differences between the methods. First, universal application of RADRUE
to all study subjects was achieved by simplification of the questionnaire.
In the RADRUE method, activities and movements of liquidators are
described in more general terms with fewer details. Because the infor-
mation requested is less specific, the questionnaire can be administered
both to living subjects and to proxies (coworkers and next of kin) for
subjects who are deceased. Most importantly, estimates of residence times
and exposure rates are intended to be realistic and to provide central,
rather than conservative, estimates of doses received by Chornobyl lig-
uidators.

Within the Ukraine-U.S. study, special sub-studies were designed and
performed for different liquidator categories (e.g. military and CSOM)
and helped to refine the RADRUE methodology (8). The high-precision
EPR dosimetry technique with teeth developed in the RCRM (/0) was
used as the main reference method for checking doses estimated using
the RADRUE technique. All comparisons of RADRUE dose estimates
with the reference dose values were analyzed rigorously and used for
refinement of the technique.

Some dose estimates obtained using the unrefined RADRUE method
were found to overestimate doses actually received by groups of cleanup
workers whose exposures were controlled by the radiation protection staff
of the group. The exposures of these workers were routinely monitored
and limited according to applicable guides, such as daily dose limits,
established for the organization. Three worker groups operated under
some version of dose control: military liquidators who worked in an
organized team, the staff of the ChNPP, and the staff of the AC-605
construction organization. The RADRUE method was modified to include
an evaluation of whether such dose limitation should be reflected in the
estimate for a particular subject. The key components of the evaluation
were (a) whether the individual was in one of the three groups of workers
and (b) whether the same daily activity was repeated three or more times.

A second important refinement of the method was implementation of
new techniques of handling uncertain itinerary data. In the revised ap-
proach, three options are provided to reflect the differing levels of detail
provided by subjects. If the subject provides a specific sequence of move-
ments to specific locations, the path defined by the subject is used for
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TABLE 5
Methods of Dose Assessment that were Considered in the Feasibility Study but Not Approved for
Routine Dose Reconstruction

Source of information/

Method type of sample

Sensitivity
threshold

Applicability Reason for rejection

Analytical Dose Reconstruc-
tion (ADR)

Interrogation after exposure,
witness confirmation

No threshold

Not universal Applicable only for highly skilled ChNPP
employees, tends to overestimate actual

dose

Electron paramagnetic reso- Teeth extracted for medical 50 mGy Not universal Applicable only for tooth donors; useful
nance (EPR) dosimetry with reasons dose range only partially matches liquida-
teeth tors’ dose range

Fluorescence in situ hybridiza-  Blood samples 250-300 mGy  Universal for Useful dose range does not match the dose

tion (FISH)
Soft Expert Assessment Do-
simetry (SEAD)

Interview

No threshold

living subjects
Universal

range for most liquidators
Conceptually non-trivial, bad results of test-
ing for some categories of liquidators

dose estimation. If the locations, but not the sequence, are given, then
the average dose rate for the activity is more uncertain. The least definite
description is when only the work area is recalled, which leads to the
greatest uncertainty in dose estimation.

The latest version of RADRUE incorporates these improvements and
is the one used to make the dose calculations for the study subjects. Prior
to implementation for the study, the RADRUE calculations were com-
pared with other reliable dose estimation techniques that were applied to
workers who received a wide range of doses. Victims and witnesses of
the accident received the highest doses; estimates based on dicentric chro-
mosome aberration frequencies in 20 persons covered a dose range of
200-14,000 mGy, with most doses above 1,000 mGy. Comparisons
showed that RADRUE estimates were comparable but somewhat (~20%)
lower than those based on unstable aberrations. For a group of workers
carefully monitored using TLDs, the dose range was 1-190 mGy and
ratios of RADRUE to TLD doses ranged from 0.5 to 3.6, with a median
value of ~1.4. A third set of RADRUE estimates was compared with
dose estimates based on EPR in the dose range 50-200 mGy; the median
dose ratio was close to unity, with values lying within a range of 0.26—
3.9. These comparisons showed that the RADRUE estimates were not
highly biased in either direction.

Spatial and Temporal Variations of Exposure Rates®

A key element of the time-and-motion approach employed by RAD-
RUE is knowledge of the radiation exposure rates at the locations where
the liquidators lived and worked during their stays in the vicinity of the
Chornobyl facility. The radiation exposure rates in the 30-km zone around
Unit 4 of the ChNPP varied substantially in space and time after the
accident. Spatial variations were due to (a) complex deposition patterns
that reflected conditions during the period when most releases occurred,
(b) localized hot spots where reactor core debris and/or pieces of highly
radioactive equipment landed, and (c) local exposure-rate extrema pro-
duced by unshielded beams of radiation passing through fractures in re-
actor shielding. The temporal variations of exposure rates were caused
by (a) the continuing radioactivity release (especially for the first 10 days
to 1 month after the accident), (b) radioactive decay of deposited mate-
rials, and, later, (¢) the effects of massive decontamination activities con-
ducted within the 30-km zone. For the purposes of dose estimation using
the RADRUE method, all available exposure-rate measurement data were
inventoried, checked for consistency, and compiled according to location
and time of measurement. These measurements were supplemented by
measurements of deposition densities of specific radionuclides that could

© At the time of the Chornobyl cleanup work in 1986-1990, all the
radiation measurement devices used for monitoring were calibrated in
terms of exposure rate (mR h~'), and it is therefore convenient to use
exposure rates (in those units) in the retrospective dose calculations.

be used to estimate exposure rates. The available information was inter-
polated in space and time to generate standardized data sets for areas of
interest during the 4.7-year period when subjects were exposed.

Figure 3 gives a snapshot of the exposure-rate pattern over the ChNPP
industrial site 30 days after the accident and illustrates the wide range of
values encountered. (One should note that the RADRUE exposure-rate
database operates with the maps of different scales that are related to
particular ‘““geographical” areas. In Fig. 3, the exposure rate isolines are
only given for the “‘Industrial site of the ChNPP”’ map. Although this
area also includes “Roofs of ChNPP” and “The main building of
ChNPP”’, the map scales differ and isolines of those exposure-rate maps
are not shown.) Figure 4 shows the time dependence of measured and
estimated exposure rates for a location close to the ChNPP Units 3 and
4. The estimated minimum, mean and maximum values used in dose
calculations by RADRUE are shown in the figure. Effective y-ray ener-
gies for the radiation fields encountered were in the range 100-500 keV
and depended on the contamination level (in general) and any peculiar
features affecting the exposure location.

Practical Considerations of RADRUE Application

RADRUE is a complex technique containing many specific aspects and
features. In this paper, only the features of RADRUE that are specific to
the Ukrainian-American case-control study of leukemia and other related
blood diseases are presented and discussed. A separate paper (see foot-
note 3) is devoted to a more detailed description of the technical aspects
of RADRUE as used in both the Ukrainian-American and the Belarus/
Baltic/Russia/IARC studies.

The implementation of RADRUE is a multi-stage process; the main
steps are presented schematically in Fig. 5. This process engages various
specialists, including interviewers, data registration operators and coders,
expert dosimetrists, and developers of the RADRUE technique and dose
calculation code. Some significant features of this process are discussed
below.

1. Interviews

Persons who conducted interviews within the Ukrainian-American
study were carefully selected and trained. They were themselves liqui-
dators who had a detailed knowledge of the 30-km zone and of the clean-
up work that was conducted after the accident. They conducted personal
interviews with the liquidator himself, if he was alive and not incapaci-
tated, to obtain descriptions of his Chornobyl work and other activities.
Approximately 15% of the study subjects were deceased (5). For the 76
deceased and two incapacitated study subjects, interviews were carried
out with proxy respondents. Two types of proxies were selected for each
deceased subject: a spouse or next-of-kin proxy to provide data on de-
mographic factors and medical history and one or several coworker prox-
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FIG. 3. Spatial pattern of exposure rates (R h=') at the ChNPP industrial site on May 26, 1986. Position of reactor
No. 4 is marked with crossed circle; the location of the point considered in Fig. 4 is marked with shaded circle.

Gray objects represent NPP buildings and roads.

ies (usually nominated by the spouse) to provide information on the de-
ceased liquidator’s experience at Chornobyl. This would include military
unit (if applicable), temporary residence location, type of activities, and
duration of work as a liquidator.

2. Registration and scanning of questionnaires. Role of the Data
Coordination Center

All processes of document turnover are conducted under supervision
of the Data Coordination Center (DCC). Completed questionnaires were
registered in DCC and then dispatched for scanning into computer graph-
ical files, coding of the responses, and entry into the computer database.
Information essential for classification of liquidators, was extracted into
a special form called the dosimetric synopsis. This form was also used
for recording the expert’s evaluation of completeness and trustworthiness
of the interview data. Data from the dosimetric synopsis were used for
classification and categorization of the study subjects. The DCC coordi-
nated all stages of the questionnaires processing and provided participants
with the auxiliary information (e.g., affiliation, non-Chornobyl occupa-
tional history, health records, etc.). Results of simulation (arithmetic and

geometric means, standard and geometric standard deviations as well as
10,000 random realizations of dose; see below) are also stored at the
DCC to be used in further epidemiological analysis.

3. Roles of the experts

Relatively general questionnaires (see Supplementary Information)
completed during the personal interview were processed by the expert
dosimetrists. Their task was to reconstruct the itinerary followed by the
liquidator and to provide information on the uncertainties associated with
the itinerary, including alternative options, when applicable. An expert
must have unique skills. He must be extremely familiar with the history
of Chornobyl cleanup activities, including the sequence and duration of
the main activities in the 30-km zone, and with the geography of the area.
He must be aware of radiation protection issues and, for example, know
the routes of movement and transportation usually chosen to minimize
doses. Within this study, two experts were qualified and trained for this
role. Both were long-time employees of the radiation safety department
at the Chornobyl NPP and were actively involved in the Chornobyl clean-
up over several years after the accident. In the course of their work, they
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FIG. 4. Time course of exposure rate (R h™!) at the ChNPP industrial site. Triangles mark measurement data, the
solid curve the estimated mean dose rate in this area, and the dashed lines the estimated maximum and minimum
exposure rates for this area. See Fig. 3 for the location of the measurement point.
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FIG. 5. Flow chart of dose reconstruction using RADRUE. DCC is
the acronym for the Data Coordination Center. The dose limitation pro-
cedure applies only to liquidators in certain groups who performed tasks
repetitively (see the text).

used archives related to Chornobyl chronicles and consulted with persons
in charge of cleanup activities. This auxiliary information was used for
verification of the questionnaire data and reconstruction of a liquidator’s
itinerary based on information available from the questionnaire. Sum-
marized information about the work history is entered into the dosimetric
Synopsis.

The work of the experts was reviewed independently. The reviewer
examined the expert’s interpretation of the questionnaire responses for
each subject. Additionally, the reviewer made independent dose estimates
for about 5% of the subjects, and his results were compared with those
of the expert. For about 5% of the subjects, the two experts analyzed the
same questionnaire independently and estimated the doses received. The
independent dose calculations were compared (reviewer and expert, ex-
pert 1 and expert 2) and were found to be in good agreement.

The experts were also asked to evaluate the completeness (quality) and
trustworthiness of the questionnaires according to five- and four-grade
scales, respectively. The first attribute refers to the success of the inter-
viewer in obtaining the desired information, and it naturally reflects the
recall of the liquidator (or proxy) as well. The assessment of trustwor-
thiness relates to the plausibility of the reported activities and whether
the report is credible or embellished. These grades were entered by ex-
perts into the dosimetric synopsis and were recorded in the DCC in a
separate database for possible consideration in the evaluation of uncer-
tainties.

Consideration of Uncertainties

Uncertainties of doses estimated by RADRUE technique can be divid-
ed into two categories referred to as intrinsic uncertainties and human
factor uncertainties. In the first category are uncertainties in exposure-
rate data and soil contamination measurements, uncertainties in the in-
terpolation of these data in time and space, uncertainties in location fac-
tors used to characterize the effectiveness of shielding, and imprecision
of data from the questionnaire (e.g., failure to recall the specific time of
a particular mission expressed in indication of some broad time interval
instead of specific dates), even though the latter could have been included
in the human factor uncertainties. Some of these can be categorized as
errors that are shared by subgroups in the cohort or by the entire group.
Although there is little overlap in dose for multiple workers experiencing
the same exposure rate at the same time, the process of development of
the exposure-rate grids is a common element of the dose calculations.
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TABLE 6
Ranges of Estimated Bone Marrow Doses and Uncertainties for each
Liquidator Category

Arithmetic mean bone marrow dose (mGy)

Number of Average
Category subjects Average Minimum Maximum GSD«
Witnesses of the accident 3 160 38 377 2.3
Victims of the accident 2 2880 2580 3170 34
Early liquidators 66 97 0.48 1010 2.0
ChNPP personnel 9 234 23 966 1.7
Sent to assist the ChNPP staff 1 44 44 44 1.9
Staff of AC-605 5 110 1 295 2.0
Staff of Kurchatov Institute 2 129 15 242 2.7
Military liquidators 220 71 0.01 554 2.1
CSOM to the 30-km zone 181 30 0.000037 694 2.0
Staff of Combinat 4 16 3 45 1.7
Mixed 79 164 0.40 3260 1.7
All 572 87 0.000037 3260 2.0

707

@ Only the intrinsic uncertainty is considered. The average GSD shown for each category is the arithmetic mean

of the GSDs of doses for subjects in that category.

In the second category are blunders in responses to questions, partic-
ularly by worker proxies, the recording of those responses by the inter-
viewers, and the interpretation of the information by the expert. Variations
in analysis between the two experts are included in the “human factors”
category as well. Initial investigations of human factor uncertainties were
performed as special studies. These included evaluation of proxy-inter-
view variability, repeated interviews of individual liquidators, and re-
peated analysis by the second expert. On the basis of these studies, the
human factor component of uncertainty was only qualitatively character-
ized as “‘large”, especially when proxy responses are used in the dose
calculations.

A detailed analysis of shared and unshared errors has not yet been
performed. The geometric standard deviations reported in the next section
reflect an elementary Monte Carlo approach for the intrinsic uncertainties.
Repeated calculations in which parameter values are selected randomly
from distributions of individual parameters (e.g. dose rates, times, loca-
tion factors) produce a distribution of doses for each subject. The results
from 10,000 trials are summarized in terms of arithmetic mean, geometric
means and geometric standard deviations (GSDs) of the output dose dis-
tributions.

RESULTS AND DISCUSSION

The results of the dose evaluations for liquidators in the
Ukrainian-American study are presented in the following
subsections. The first deals with the dosimetry interview
process. Then the dose estimates for subjects are summa-
rized and the checks on those estimates are described. Fi-
nally, plans for improvement of the method are indicated.

Experts’ Evaluation of Questionnaires

The experts judged 91% of the liquidators’ question-
naires as ‘‘reliable” (highest grade of trustworthiness),
while only 3% were considered ‘“‘unlikely.” As for the
quality of questionnaires, grades of ‘“‘excellent”, ““good”
and ‘““fair” were given to ~31%, ~39% and ~29%, re-
spectively. The lowest grade was assigned to fewer than

2% of the questionnaires. Quality of interviews measured
by average grades did not depend on year of cleanup ac-
tivity by a subject and was comparable for different inter-
viewers and dates of interview. Ratings of data quality were
in general higher for subjects than for proxies. These results
indicate that, with few exceptions, subjects provided valid
information. They also indicate that training of the inter-
viewers was uniformly effective and that, in general, they
all performed well.

Bone Marrow Dose Estimates for Subjects

The RADRUE methodology was applied to estimate
bone marrow doses for the 572 subjects of the study, in-
cluding 71 cases and 501 controls. Both annual and cu-
mulative doses over the entire period of work were calcu-
lated. For 76 deceased and two incapacitated subjects, in-
terviews were performed with proxies. Results of dose es-
timation were delivered to the Data Coordination Center of
the project and were used in the epidemiological analysis
(6). The ranges of estimated doses and uncertainties for
each liquidator category are presented in Table 6. For each
category the average, minimum and maximum values of
the mean doses to individuals are presented for each group.
The uncertainty in the dose estimate for each subject is
expressed individually as the GSD of the stochastic dose
distribution obtained. The last column of the table gives the
average value of the GSDs of the dose estimates for mem-
bers of each category of study subjects. As noted above,
the uncertainties of intrinsic type in the dose estimates re-
flect the uncertainties in the routes and in parameters used
in the dose calculations. The distribution of the GSDs for
all study subjects is shown in Fig. 6. Information about the
collective and annual doses for each liquidator category and
first year of work is presented in Tables 7 and 8, respec-
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FIG. 6. Distribution of the geometric standard deviations (GSDs) of the bone marrow doses of the subjects.

tively, while average dose estimates for all study subjects
according to time of work are presented in Table 9. As
shown in Fig. 7, the cumulative dose estimates for these
individuals cover a broad range, which is not surprising
considering the wide variety of mission durations and types
of tasks performed by the liquidators. The range of values
seen is illustrated in the following discussion.

Consistency Checks and Validation of the Data

The critical analysis of the dose estimates included var-
ious kinds of consistency checks and, in particular, an in-

TABLE 7
Collective Annual Bone Marrow Doses (person-Gy)
According to Liquidator Category”

Collective bone marrow dose (person-Gy)

First year of work

Category 1986 1987 1988 1989 1990
Witnesses of the accident 0.48
Victims of the accident 5.76
Early liquidators 6.42
ChNPP personnel 1.90 0.20
Sent to assist the ChNPP staff 0.04
Staff of AC-605 0.55
Staff of Kurchatov Institute 0.01 0.24
Military liquidators 9.92 3.70 1.28 0.61 0.17
CSOM to the 30-km zone 443 0.90 0.02 0.03
Staff of Combinat 0.06
Mixed 12.96 0.02
All 4246 487 1.33 0.88 0.17

dependent consideration of the highest and lowest doses in
each category of workers. The lowest and highest doses
estimated for individuals in any category are considered
below:

1. The lowest dose to a person sent on a mission to the
30-km zone was 0.00004 mGy. This individual flew in
an airplane over the 30-km zone at an elevation of 600
m. The exposure rate calculation for this person required
a special calculation that considered both the distance
and the shielding provided by the plane.

TABLE 8
Mean Annual Bone Marrow Doses (mGy)
According to Liquidator Category”

Mean bone marrow dose (mGy)

First year of work

Category 1986 1987 1988 1989 1990
Witnesses of the accident 160
Victims of the accident 2880
Early liquidators 97
ChNPP personnel 317 67
Sent to assist the ChNPP staff 44
Staff of AC-605 110
Staff of Kurchatov Institute 15 242
Military liquidators 91 76 30 36 57
CSOM to the 30-km zone 32 28 4 9 0.05
Staff of Combinat 16
Mixed 166 17
All 104 55 27 42 34

@ See Table 1 for the numbers of subjects in each category.

@ See Table 1 for the numbers of subjects in each category.
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TABLE 9
Averages of Arithmetic Mean Bone Marrow Doses
(mGy) According to Time of Work®

Average arithmetic mean bone marrow doses (mGy)

Year of completion of work

First year

of work 1986 1987 1988 1989 1990
1986 95 41 128 215 221
1987 49 62 155 35
1988 28 12
1989 48 7
1990 34
All 95 46 59 105 169

@ See Table 3 for the numbers of subjects in each category.

2. The highest dose calculated for any study subject was
3300 mGy for one of the individuals in the ‘“‘mixed”
category of liquidators. About 95% of his estimated
dose was received as an early liquidator, when he re-
ported multiple visits to the industrial site to perform
work. At that time, the exposure rates at industrial site
locations were high, and the total dose estimated for this
individual reflects that fact. Experts reviewing the re-
ported information suspect that the individual overstated
the number of visits to the industrial site. Nonetheless,
the dose was calculated using the information provided
by the subject and is thus likely to be an overestimate.
The dubious nature of the information in answers found
in this particular questionnaire was indicated in the ex-
pert dosimetrist’s report and was reflected in a low grade
of trustworthiness (grade 2 of 4).

An indirect check on the validity of a high individual
dose estimate can be the review of the medical information
to see whether the person was diagnosed as having ARS.
Symptoms of ARS are expected to occur for absorbed doses
in excess of 1.5-2.0 Gy. All together, RADRUE dose es-
timates for three subjects in the study exceeded this thresh-
old. One person (dose 2600 mGy) was known to have sec-
ond-degree ARS and was initially classified as a victim of
the accident. Closer consideration of the case with a dose
estimate of 3200 mGy revealed that the subject was a
ChNPP employee who worked there the night of the acci-
dent. He was evacuated to Moscow Hospital no. 6 on April
27 and was diagnosed with the second-degree ARS. The
person died in 1998; according to his widow, his estimated
“dose” was about 3000 mGy. Therefore, the observed clin-
ical effects support the high dose estimates for these two
victims of the accident. The medical record of the subject
with the highest, but dubious dose estimate of 3300 mGy
(case 2 above) did not include an established ARS diag-
nosis. This observation supports doubts concerning the
trustworthiness of the interview data in this particular case.

Planned Improvements

Data obtained not from liquidators but from proxies can
be a major source of uncertainty. Although the central es-
timate for the whole group of proxies seems to be unbiased,
individual deviations from the ‘“‘true dose’ can be extreme-
ly large. The arithmetic mean dose estimates for subjects
whose doses are based on proxy responses could therefore
be increased by a substantial factor because of uncertainties
in those responses.

FIG. 7. Distribution of the bone marrow doses for all subjects.
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Plans are being made to assess the full extent of the
uncertainties (shared and unshared components of intrinsic
uncertainties and the human factor uncertainties) related to
the current dose estimates and to look for ways to reduce
the overall uncertainties as much as possible for future cal-
culations.

SUMMARY AND CONCLUSIONS

The reconstruction of bone marrow doses for the subjects
of a case-control study of leukemia in Chornobyl cleanup
workers from Ukraine illustrates a systematic approach to
dosimetric support of an epidemiological study. This effort
included the investigation of the available information on
individual doses and the study of the feasibility of finding
an existing technique or inventing a new method of dose
reconstruction that could be applied to all study subjects.
As a result of this pilot phase, a new method called RAD-
RUE was developed. The developmental stage of RAD-
RUE included testing against reference dose estimates (re-
sults of dosimetric monitoring for professional atomic
workers and EPR dosimetry with teeth for other categories
of liquidators), which provided feedback to guide modifi-
cation and refinement of the RADRUE technique.

The dose reconstruction process includes several stages,
namely, questioning of a liquidator or a proxy by a trained
interviewer, analysis of the questionnaire by an expert and
conversion to RADRUE program input, deterministic and
stochastic calculations, and a post-calculation phase, which
included comparison with other available data on personal
exposure. To obtain necessary information regarding move-
ments and behavior of the subjects, a group of interviewers
was hand picked and trained to administer a special ques-
tionnaire developed for studies of liquidators.

Doses to 572 subjects of the study were reconstructed,
including 494 subjects who were alive and 78 deceased or
incapacitated for whom proxies were interviewed. The sub-
jects of the study represent all categories of liquidators,
with dominance of military (39%) and CSOM (32%). It
should be noted that both locations of work and durations
of activity in Chornobyl vary significantly. As a result, dos-
es to study subjects vary over seven orders of magnitude
from virtually natural background level to life threatening.
The pool of study subjects is a good representative sample
of the whole liquidator population.

SUPPLEMENTARY INFORMATION

Study of the Health Status of Liquidators. Subject Ques-
tionnaire. Revised 08/2001. http://dx.doi.org/10.1667/
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Study of the Health Status of Liquidators. Co-worker
Questionnaire. Revised 08/2001. http://dx.doi.org/10.1667/
RR1403.1.S2.

Study of the Health Status of Liquidators. Spouse (or
Relative) Questionnaire. Revised 08/2001. http://dx.doi.
org/10.1667/RR1403.1.S3.
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ESTIMATION OF RADIATION DOSES FOR A CASE-CONTROL STUDY OF
THYROID CANCER AMONG UKRAINIAN CHERNOBYL CLEANUP WORKERS
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Abstract—Thyroid doses were estimated for 607 subjects of a case-
control study of thyroid cancer nested in the cohort of 150,813
male Ukrainian cleanup workers who were exposed to radiation
as a result of the 1986 Chernobyl nuclear power plant accident.
Individual thyroid doses due to external irradiation, inhalation
of "*'I and short-lived radioiodine and radiotellurium isotopes
(321, 1331, 1351, BImTe, and "*?Te) during the cleanup mission,
and intake of 3'I during residence in contaminated settlements
were calculated for all study subjects, along with associated uncer-
tainty distributions. The average thyroid dose due to all exposure
pathways combined was estimated to be 199 mGy (median:
47 mGy; range: 0.15 mGy to 9.0 Gy), with averages of 140 mGy
(median: 20 mGy; range: 0.015 mGy to 3.6 Gy) from external ir-
radiation during the cleanup mission, 44 mGy (median: 12 mGy;
range: ~0 mGy to 1.7 Gy) due to "*'I inhalation, 42 mGy (median:
7.3 mGy; range: 0.001 mGy to 3.4 Gy) due to *'I intake during
residence, and 11 mGy (median: 1.6 mGy; range: ~0 mGy to
0.38 Gy) due to inhalation of short-lived radionuclides. Internal
exposure of the thyroid gland to '*'I contributed more than
50% of the total thyroid dose in 45% of the study subjects. The
uncertainties in the individual stochastic doses were characterized
by a mean geometric standard deviation of 2.0, 1.8, 2.0, and 2.6
for external irradiation, inhalation of '>!I, inhalation of short-
lived radionuclides, and residential exposure, respectively. The
models used for dose calculations were validated against instru-
ment measurements done shortly after the accident. Results of
the validation showed that thyroid doses could be estimated retro-
spectively for Chernobyl cleanup workers two to three decades af-
ter the accident with a reasonable degree of reliability.
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INTRODUCTION

THE AccIDENT at the Chernobyl (Chornobyl) nuclear power
plant (NPP) occurred on 26 April 1986 and resulted in
heavy radioactive contamination of buildings and ground
surface at the Chernobyl site and within the surrounding
30 km zone. Several hundred thousand workers, called
cleanup workers or liquidators, participated in decontami-
nation and recovery activities within the 30 km zone until
the end of 1990. Approximately 306,000 of these (the ma-
jority from Ukraine, Russian Federation, and Belarus)
worked in 1986 when the highest doses were received
(UNSCEAR 2011). The main cleanup workers’ activities
included decontamination of the reactor block and reactor
site, construction of the sarcophagus (Object Shelter) and
living quarters for the Chernobyl NPP personnel, working
at the waste repositories, and safeguarding the 30 km zone
and evacuated settlements.

A majority of cleanup workers were exposed to external
radiation (Chumak 2007; Kryuchkov et al. 2009, 2012).
However, those who were involved in cleanup activities dur-
ing the first 10 d after the accident may have received radi-
ation doses to the thyroid gland resulting primarily from
inhalation of air contaminated with '*'I (Drozdovitch et al.
2019). Epidemiological studies of Chernobyl cleanup
workers (Furukawa et al. 2012; Kesminiene et al. 2012)
suggested that internal exposure of adults to '*'T may cause
an increased risk of radiation-related thyroid cancer.
Mabuchi et al. (2013) argued that there is a need for better
understanding of radiation-related thyroid cancer risk fol-
lowing exposure in adulthood.

To fill this gap in knowledge, a case-control study of
thyroid cancer nested in a cohort of Ukrainian cleanup
workers was conducted in 2009-2017 by the National Re-
search Center for Radiation Medicine (Kyiv [Kiev], Ukraine)
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and the US National Cancer Institute (Bethesda, MD). In
the current study, methods were developed to reconstruct in-
dividual thyroid doses to support the epidemiological study
of Chernobyl cleanup workers.

MATERIALS AND METHODS

Study population
A nested case-control study of thyroid cancer was con-

ducted in the cohort of 150,813 male adult Ukrainian liqui-
dators who worked at the industrial site and in the most
contaminated areas around the Chernobyl nuclear power
plant between 26 April 1986 and 31 December 1990. The
thyroid cancer cases were ascertained retrospectively through
the linkage of the cohort of male Ukrainian cleanup workers
with the Ukrainian Cancer Registry in five study oblasts
(Kyiv, Chernihiv, Dnepropetrovsk, Donetsk, and Kharkiv),
and in Kyiv city during the postaccident period until 2012.
For each case (n = 149), at least three controls were matched
by year of birth (2 y), oblast of residence, and living at the
time of diagnosis of the case.

Cleanup workers were involved in various cleanup ac-
tivities, worked under different radiation monitoring and
safety conditions, and were ultimately exposed to differ-
ent types and levels of radiation. Major categories of
cleanup workers, who were the subjects of this study, in-
cluded military (236 individuals, 38.9% of the total); ci-
vilians who performed various tasks in the 30 km zone,
so-called “sent on mission” (137 individuals, 22.6%);
early cleanup workers (64 individuals, 10.5%); and a mixed
category that includes cleanup workers who were at the
Chernobyl site a few times as members of different catego-
ries (152 individuals, 25.0%).

A special dosimetry questionnaire was designed to
collect retrospective information to be used for dose recon-
struction, including items about locations, dates, and con-
ditions of cleanup workers’ activities as well as place of
residence during the cleanup mission. The questionnaire
was a modified version of the instrument successfully used
in the Ukrainian-American study of leukemia and related
disorders (Chumak et al. 2008). Modifications included ad-
ditional questions about dates of intake of potassium iodine
(KI) pills for iodine prophylaxis during cleanup mission
and about the subject’s residential history and diet during
residence in contaminated settlements (see section on thy-
roid dose due to "*'I intake not related to the work as a
Chernobyl liquidator). The questionnaire also contained

°An oblast is the largest administrative unit in Ukraine. The typical size of
an oblast is 20,000-30,000 km? with a population of 1.1-4.3 million
persons.

supplementary epidemiological data needed for the conse-
quent risk analysis (to account for confounding factors),
such as anthropometry, professional and/or medical con-
tacts with ionizing radiation, family history of thyroid can-
cer, smoking/alcohol consumption habits, etc. The
current questionnaire was administered in interviews with
the study subjects carried out by trained personnel during
the period of 15 November 2010-5 May 2016, some
25-30 y after the accident. In the case of deceased or in-
capable subjects, two proxies were interviewed: (1) the
next of kin, usually the spouse, who provided supplemen-
tary epidemiological data and the names of persons who
worked together with the subject at Chernobyl site, and
(2) identified colleague(s) who described the cleanup ac-
tivities of the subject. The interviewer also collected and
copied additional relevant information from the inter-
viewee: certificates, itineraries of the cleanup worker’s
transportation, etc.

Radiation dose reconstruction

Liquidators who worked at the Chernobyl NPP site
and in the 30 km zone were exposed to external radiation
from radionuclide-contaminated buildings and soil surface.
Those who started their mission during the first 10 d after
the accident may have received radiation doses to the thy-
roid due to inhalation of '*'I in contaminated air. Inhalation
of short-lived radioiodines and radiotelluriums could also
contribute to exposure of the thyroid gland, and therefore,
this source of internal exposure was also considered in
the study. In addition to the dose received as a cleanup
worker, the dose received in the places of residence could
also be a substantial component of thyroid exposure.
Cleanup workers who resided in the highly contaminated
northern part of Ukraine might have received thyroid doses
at their places of residence due to consumption of locally
produced food contaminated with '*'I. Table 1 summarizes
characteristics of components of thyroid dose that were re-
constructed for the study.

The way individual thyroid doses due to different expo-
sure pathways were estimated to the study subjects is de-
scribed in the following sections.

Thyroid doses due to external irradiation related to the
cleanup worker mission

To estimate external doses to cleanup workers, a time-
and-motion method named Realistic Analytical Dose Re-
construction With Uncertainty Estimation (RADRUE) was
used (Kryuchkov et al. 2009). The RADRUE technique cal-
culates external dose as a product of the exposure rate and
time of irradiation accounting for shielding properties of
the local environment (location factor). The external dose
absorbed in the thyroid gland during a cleanup worker mis-
sion resulted from the summation of the products of
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Table 1. Characteristics of components of thyroid doses that were reconstructed for the study subjects.

Component Pathway of exposure Time frame of exposure Exposure occurred at

External Gamma-emitting radionuclides Cleanup mission between 26 April 1986 Chernobyl NPP and within
and 31 December 1990 the 30 km zone

Internal Inhalation of 13T Cleanup mission between 26 April 1986 Chernobyl NPP and within
and 6 May 1986 the 30 km zone

Internal Inhalation of 321, 133, 13, Cleanup mission between 26 April 1986 Chernobyl NPP and within

13ImTe and '*°Te and 6 May 1986 the 30 km zone
Internal Intake of "*'I via inhalation Residence between 26 April 1986 Settlement of residence

and in locally produced food

and 30 June 1986

exposure rate, duration, and location factor during each time
interval of exposure to radiation:

Dou =33 Cx Plx(5) y(0)] x Ay x L, (1)

=1 j=1

where Dy, is the thyroid dose due to external irradiation for
the study subject (mGy); &, is the number of days in cleanup
mission of the study subject; ; is the number of cleanup
activities at different locations on day i considered in the
calculation (usually unequal between different days of
cleanup mission). Activities included time spent working,
traveling, or resting during the cleanup mission; Cy, is the
conversion coefficient from ambient dose rate in air to
the absorbed dose in the thyroid (mGy h™' per mGy h™");
P[x(t;),y(t,)] is the ambient dose rate in air (mGy h')at
the location [x(#),)(¢;))] and at time #;, where and when
the study subject was present; At is the time interval of

performing of complete cleanup activity j by the study subject
(h); L; is the location factor at the location of the cleanup
activity j (unitless).

It should be noted that the computer code initially de-
veloped to implement the RADRUE method was modified
for the purposes of this study to a new computer code named
Rockville. Algorithms to calculate organ-specific doses due
to external irradiation used in the code RADRUE were
completely transferred to the code Rockville and validated
by an international group of dosimetry experts. The major
modifications were the following:

» Development of a special module to calculate thyroid
doses due to inhalation of "*'I and short-lived radio-
iodine and radiotellurium isotopes.

» Creation of regular grids of radiation data (exposure
rate in air, '*'I concentration in air, etc.) using different
geostatistical interpolation techniques. Fig. 1 shows
gridlines of exposure rates in air that are implemented

Fig. 1. Grids of ambient dose rate in air in the 30 km zone around the Chernobyl NPP: on (a) 26-27 April 1986 and (b) 28-29 April 1986. Point

with coordinates (0, 0) is the 4th unit of the Chernobyl NPP.
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in computer code Rockville for the 30 km zone around
the Chernobyl NPP, as an example, on 2627 April and
28-29 April 1986.

* Improvement of databases of the site and buildings of
Chernobyl NPP.

* Improvement of the algorithm to calculate radiation
doses inside buildings of Chernobyl NPP.

* Visualization of the radiation situation to facilitate ques-
tionnaire data entry for a dosimetry expert and the possibil-
ity of using Google Maps (Google, Inc., Mountain View,
California, US) and Microsoft Virtual Earth (Microsoft
Corp., Redmond, Washington, US) with different scales.

Doses calculated using the RADRUE method were
compared to the most reliable measured doses available
for different groups of cleanup workers. It was shown that
RADRUE doses agreed reasonably well within the uncer-
tainty range with measured doses. Detailed descriptions of
questionnaire data processing, entering, and validation that
are applied in the RADRUE method and of validation exer-
cises for the RADRUE method can be found elsewhere
(Kryuchkov et al. 2009).

Thyroid doses due to 311 inhalation during the cleanup
worker mission
To calculate the individual thyroid doses to Chernobyl

cleanup workers from '*'I inhalation, the model developed
by Drozdovitch et al. (2019) was used. It considers the fol-
lowing factors: the ground-level outdoor air concentrations
of '*' at the locations where the liquidator worked and re-
sided, the reduction of "*' activity in inhaled air due to in-
door occupancy, the time spent indoors by the cleanup
worker, the breathing rate during different physical activi-
ties, and intake of KI pills for iodine prophylaxis.

As was mentioned above, a special module was de-
signed for computer code Rockville to calculate thyroid dose
due to '*'T inhalation. Similar to calculation of thyroid dose
due to external irradiation, information on whereabouts (lo-
cation, duration, indoors/outdoors) and activities performed
by the study subjects was used to calculate thyroid dose due

o '*'I inhalation using the following equation:

13.82 % Eq,

1-131 __
Dinh -
Mih

J

N
3 [zzmh/xwmhxwthxczrm,

+ chyr,inh,i—l X e_()\thr)\”’m ) ] ; (2>

where D}~ 13! is the thyroid dose due to inhalation of '*'I for
the study subject (mGy); 13.82 is a unit conversion factor
(BqkBq ' gkg ' IMeV ' sd ! mGy Gy "); Ep, = 02 MeV

is the mean energy absorbed in the thyroid per decay of
BT in the thyroid; my, is the thyroid mass for adult male
(g); N= 606 is the number of days counted since the accident
until complete elimination of '*'I from the thyroid after in-
halation; I, ; is the intake function of BIT with contami-
nated air at the location of the cleanup activity j during the
day i (kBq); wjun is the fraction of inhaled iodine transferred
to blood (unitless); wy, is the fraction of iodine uptake by the
thyroid (unitless); CFy, is the correction factor on day 7 of
wy, that varies with time after intake of stable iodine for pro-
phylactic reason (Table A1.4 from Drozdovitch et al. 2013)
(unitless); Qnyrinn,i-1 18 the activity in the thyroid of the
study subject on day i — 1 due to inhalation of *'I (kBq);
Aam = LN(2)/Ty, 1s the rate of biological elimination of iodine
from the thyroid (d™"); T}, is the biological half-time of io-
dine removal from the thyroid (d); A,,;-13; = 0.0862 d'is
the radioactive decay rate of '>'I.

Values of dosimetry model parameters are given below
in the section on uncertainties in thyroid doses. The intake
function of "*'T with contaminated air was calculated as:

Lun; = Co 13X B, i x At < Fj, (3)

air,i,j

where Calmlfjl is the time-integrated activity of "*' in air at
the location of the j-th cleanup activity during the day
i (kBqdm™); B,,; is the breathing rate for an adult person
according to the International Commission on Radiological
Protection report (ICRP 2002) that correspond to the phys-
ical activity m of the subject at the location of the cleanup
activity j (m3 d_l); At; is the time interval of performing
cleanup activity j by the study subject (d); 7} is the reduction
factor of '*'T activity in air that is associated with indoor oc-
cupancy at the location of the j-th cleanup activity (unitless).
F;=0.1, 0.3, and 0.5 if the study subject stayed indoors in
Pripyat Town, buildings of the Chernobyl NPP, or a rural
settlement in the 30 km zone around the Chernobyl NPP, re-
spectively, and F; = 1 if the study subject stayed outdoors.

Values of average daily '*'I concentration in ground-
level air were calculated for each settlement in Ukraine
using the atmospheric transport model developed by
Talerko (2005a and b). Fig. 2 shows implemented computer
code Rockville gridlines of "*'I concentration in air in the
30 km zone around the Chernobyl NPP, as an example, on
26 April and 27 April 1986.

Validation of model. This model was validated by a
data set of measurements of exposure rate near the neck,
called direct thyroid measurements, performed from 30
April to 5 May 1986 in a group of 594 cleanup workers. Al-
though the study subjects in this group of measured cleanup
workers were not identified, the '*'I activities in the thy-
roids, which were calculated using the model, were com-
pared with those estimated from the direct thyroid
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Fig. 2. Daily '*'I concentration in air in the 30 km zone around the Chernobyl NPP on (a) 26 April 1986 and (b) 27 April 1986. Point with coor-

dinates (0, 0) is the 4th unit of the Chernobyl NPP.

measurements done for 594 cleanup workers. The arith-
metic mean + standard deviation of the ratios of mea-
sured-to-calculated activities of '*'I in the thyroid was
found to be 1.6 + 2.4 (median was 0.8). Among this group
of measured cleanup workers, detailed descriptions of
hour-by-hour whereabouts and work history were avail-
able for 60 individuals. For these cleanup workers the
mean of the ratios of measured-to-calculated activities
was found to be 1.2 £ 0.7 (median was 1.0). Fig. 3

Fig. 3. Comparison of thyroid doses due to "*'I inhalation calculated
by the model with those derived from direct thyroid measurements.
Broken lines show factor of 3 difference between two sets of doses.

compares thyroid doses due to '*'I inhalation calculated
by the model with those derived from direct thyroid mea-
surements for 60 cleanup workers with detailed work his-
tory. As can be seen from the figure, the two sets of doses
agree for 92.6% of individuals within a factor of 3 (shown
by broken lines); the coefficient of correlation is » = 0.75.
Detailed descriptions of the model validation can be found
elsewhere (Drozdovitch et al. 2019).

Results of the model validation indicated that thyroid
dose due to '*'T inhalation could be estimated for Chernobyl
cleanup workers with a reasonable degree of reliability.
However, because direct thyroid measurements were not
available for the study subjects, dose estimation requires de-
tailed information on whereabouts and work history of the
cleanup worker collected in this case-control study for all
subjects by means of personal interview. Unfortunately, it
was not possible to evaluate the reliability of the interview
responses provided by the study subjects or proxies as
there are no gold standard data (e.g., historical question-
naires obtained shortly after the cleanup mission) for them
to compare with.

Thyroid doses due to inhalation of short-lived
radioiodine and radiotellurium isotopes during the
cleanup worker mission

A nuclear reactor produces several short-lived radioio-

dine isotopes with the same behavior in the environment
and the human body as "*'I. Also, the radiotellurium iso-
topes, which are the precursors of the radioiodines, need
to be taken into consideration. Because of the short half-
time of these radionuclides, inhalation of only 1321 1331
1357, 3I™Te "and '**Te contributed to the thyroid exposure
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(Balonov et al. 2003). Thyroid dose due to inhalation of
short-lived radioiodine and radiotellurium isotopes was esti-
mated as a fraction of thyroid dose due to inhalation of *'I
using the approach suggested by Gavrilin et al. (2004):

;ﬁh,i = Dgr;hl;l X Rdose,m,i» (4>
where Dff ; is the thyroid dose due to inhalation of short-
lived radionuclide m for the study subject on day i (mGy);
Riosem.i 1s the ratio of thyroid doses due to inhalation of
short-lived radionuclide m to that of '*'T on day i (unitless).

The ratio for each day from 26 April through 6 May,
when inhalation of '*'T and short-lived radionuclides oc-
curred, can be expressed as:

inh,i
Rdose,m.i = AI-131 RDF,m X Rair,m,ia (5>

where Rpg,,,; is the ratio of the inhalation thyroid dose coef-
ficients of radionuclide m to that of '*'T on day i (ICRP
1995) (unitless); R ; is the ratio of the intakes due to in-
halation of radionuclide m to that of '*'I on day i that is
equal to the ratio of average concentration in ground-level
air of radionuclide m to that of '*'I on day i (unitless).

Values of Ry,; were calculated using the following
equation:

A Xt
Rair,m,i = Rair,m,O xe " (6>

where R 0 1S the ratio of the activity of radionuclide m to
1311 in the reactor core at the time of the explosion (unitless)
(Gavrilin et al. 2004); A,,,, is the radioactive decay rate of ra-
dionuclide m (d™"); ¢ is the time after the accident (d).

Table 2. Parameters of model and results of calculation of the ratios
of thyroid dose due to inhalation of short-lived radionuclides to
thyroid dose due to '*'I inhalation.

13lm, 132 132]a 133 135] Total
Roem 0.082 0.17 0.009 0.19 0.038 —

Raizmo 0.18 1.30 1.33 1.48 0.91 —

Ao (7 0.555 0.213 7.23 0.8 2.52 —

Raosemi Raose
26 April 0.012 0.208 0.012 0.202 0.013 0.447
27 April 0.007 0.183 0.010 0.099 0.001 0.300
28 April 0.005 0.161 0.009 0.048 — 0.223
29 April 0.003 0.142 0.008 0.024 — 0.177
30 April 0.002 0.125 0.007 0.012 — 0.146
1 May 0.001 0.110 0.006 0.006 — 0.123
2 May 0.001 0.097 0.005 0.003 — 0.106
3 May — 0.085 0.005 0.001 — 0.091
4 May — 0.075 0.004 0.001 — 0.080
5 May — 0.066 0.004 — — 0.070
6 May — 0.058 0.003 — — 0.061

Result of calculation is given for radioactive equilibrium with precursor '**Te.

Table 3. Distribution of the study subjects accordin§ to the place
of residence at the time of the accident and range of '*’Cs and "'
deposition in locations of residence.

Deposition density (kBq m2)

Place of residence N 137cs 1311
Kyiv Oblast 222 6.3-4,640 115-536,600
Kyiv City 136 26 470
Chernihiv Oblast 37 2.1-64 33-1,055
Dnipropetrovsk Oblast 95 1.1-15 7.0-95
Donets’k Oblast 54 3.3-38 15-205
Kharkiv Oblast 21 5.8-15 32-83
Zhytomir Oblast 8 4.4-375 676,335
Other oblasts of Ukraine 16 1.6-18 14-250
Outside Ukraine 18 0-18,530 0-507,400
Entire study 607 0-18,530 0-536,600

Values of parameters of the model to calculate the
ratios of thyroid dose due to inhalation of short-lived radio-
nuclides to thyroid dose due to inhalation of '*'T and results
of the calculation are given in Table 2. As can be seen from
the table, by the end of the inhalation intake on 6 May 1986,
the thyroid dose was almost entirely defined by '*'I.

Thyroid dose due to *'I intake not related to the work as
a Chernobyl liquidator (residential exposure)

Due to the wide-spread contamination of the Ukrainian
territory following the Chernobyl accident, cleanup workers
from Ukraine additionally received radiation doses to the
thyroid due to '*'I intake from locally produced food while
residing in contaminated settlements between 26 April and
30 June 1986. Some study subjects spent some time in the
southeastern part of Belarus that was also highly contami-
nated with '*'L. The distribution of study subjects according
to the oblast of residence at the time of the accident and the
range of '*’Cs and "*'I deposition in the settlements of res-
idence is given in Table 3.

Values of "' ground deposition were calculated by
Talerko (2005a and b) using the atmospheric transport
model developed for Ukraine. Fig. 4 shows "*'I ground de-
position in the study oblasts that was accumulated from
26 April through 6 May 1986.

To estimate the radiation doses due to '*'I intakes not
related to the work as a Chernobyl cleanup worker, the study
dosimetry questionnaire was extended with a section de-
signed to elicit information on the subject’s residential his-
tory; consumptions of locally produced cow’s milk, milk
products, and leafy vegetables; and administration of stable
iodine to blockade intake of radioiodine. In the case of a de-
ceased or incapable subject, the spouse was interviewed to
provide this information.

Direct thyroid measurements that were done shortly af-
ter the accident are the best basis for estimating reliable in-
strumental thyroid doses due to '*'I intake. Unfortunately,
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Fig. 4. '*'I ground deposition in the study oblasts that accumulated from 26 April through 6 May 1986.

no overlap was found in the course of the linkage of the list
of 607 study subjects with the database of around 50,000 di-
rect thyroid measurements done in Ukraine among adults
(Likhtarov et al. 2005). Therefore, only dose based on an
ecological model can be calculated for the subjects included
in this study. Information obtained during the personal inter-
views was input into an ecological model that describes
transport of '*'I from the environment to milk and dairy
products and, finally, to the human body and thyroid.
Time-integrated '*'T activity in the thyroid, estimated via
the ecological model, determined the ecological dose. The
ecological model, which was used to calculate the thyroid
dose due to "*'I intakes during residence, is described in de-
tail by Drozdovitch et al. (2013) with adaption to region-
specific parameters for Ukraine (Likhtarov et al. 2014).

In brief, ecological thyroid dose due to '*'I intake dur-
ing residence of the study subject was calculated using the
following equation:

ol _ 13.82xEy
ecol,res T
Mih
N
X E [Iing.kxwingxwthXCF KLk
k=1
—(NHNer13
+chyr,ing,k—l><e ( el m)]’ (7)

where DL_PLis the ecological thyroid dose due to '*'T in-

take with locally produced foodstuffs during residence for

the study subject (mGy); N = 66 is the number of days
counted from the accident until complete elimination of
B3IT from the thyroid after *'I intake during residence un-
til 30 June 1986; fis « is the intake function of 311 in food-
stuffs during day & (kBq); wing = 1.0 is the fraction of
ingested iodine transferred to blood (ICRP 1993) (unitless);
Qthyr,ing -1 18 the activity in the thyroid of the study subject
on day & — 1 due to ingestion of "*'I (kBq).

The intake function of '*'T with foodstuffs was calcu-
lated as:

—Ar1-131 X Aty
Iing,k = Z C,,,kxe 1131 XRF,,X Vn,k, (8)
n

where C,, . is the activity of '*' in foodstuff n consumed by
the study subject at the settlement of residence on day
k (kBq L '[kg ']); At, is the time lag between production
and consumption of foodstuff # (d); RF,, is the reduction fac-
tor of *'I activity in foodstuff # in comparison with raw
foodstuff due to culinary processing (unitless); V,,x is the
consumption rate of foodstuff » by the study subject on
day k reported during the personal interview (L [or kg] d ).

Consumption of the following foodstuffs was impor-
tant for '*'I intake:

» Milk from privately owned cows as is common in rural
settlements.

e Cow’s milk from the commercial trade network that is
common in urban settlements.
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* Sour milk and/or kefir.
* Sour cream and/or soft cottage cheese.
* Leafy green vegetables.

Activity concentration of *'T in milk from privately
owned cows produced at the settlement of residence was
calculated as:

15}
Cprivmilk(t) =TFy, X/AC(T)X/\bXe_()‘bJr)‘r'Iil}l)X([_T)dTa (9)

4

where TF,, is the feed to cow’s milk transfer factor of '

(d L"); A.(7) is the daily "*'I activity intake by cows
(kBq d"); Ay is the rate of biological elimination of '*'I
from cow’s milk (dﬁl); t; and ¢, are time of arrival and de-
parture from the settlement of residence counted from the
time of the accident (d).

The main sources of ' intake by cows were con-
sumption of pasture grass and, because of the low stage of
grass development in early spring shortly after the accident,
ingestion of soil on pasture. Therefore, the daily '*'I activity
intake by cows was calculated as:

YL X Iy x € hex!
gr

Ac(t) = GD;-131 (O) X

+— ><]soilxe
soil

“Ar1-131Xt

; (10)

where GDy_13; is the ground deposition of 31 at the settle-
ment of residence at the time of deposition (kBq m?); f'is
the interception coefficient of >'I by grass (unitless); Ly
and /; are the daily consumption of grass and soil by cows,
respectively (kg d ™ ); Yy, is the pasture grass yield (kg m 2);
Agy is the removal rate of B from grass (d_l); Yyoi1 is the mass
of the top layer of soil per unit of ground (kg m ?); ¢is the time
after deposition (d).

Activity of *'Tin leafy green vegetables was calculated

where D! 3! is the adjusted thyroid dose due to '*'T intake
during residence (mGy); R4, is the type of settlement-
specific relative time-integrated activity of '*'I in the thyroid
(unitless); D131 is the ecological thyroid dose due to '
intake during residence at settlement / (mGy); and SF; is the
scaling factor used to adjust ecological thyroid dose due to
1311 intake during residence at settlement / (unitless).

The scaling factor used to adjust ecological thyroid
dose due to "*'I intake for a given individual was derived
from comparison of ' activities in the thyroid estimated
from direct thyroid measurement and calculated using the
ecological model for the time of measurement. As was men-
tioned above, direct thyroid measurements did not occur for
the subjects included in this study. To adjust ecological dose,
the following approach developed by Likhtarov et al. (2005)
for two groups of individuals without direct thyroid mea-
surements was used:

1. The study subjects resided in areas (raions) where direct
thyroid measurements were done in May—June of 1986.
For these subjects, a raion-specific scaling factor derived
from direct thyroid measurements of other male individ-
uals was used to adjust ecological thyroid dose (Table 4).

2. The study subjects resided in raions where no direct thy-
roid measurements were done. For these subjects, a scal-
ing factor was calculated for the settlement of residence
using the following purely empirical equation:

SF; =B x (GDCS—137,1)67 (13)

where GDc.137, 1S the 37Cs ground deposition in settlement
I (kBq m?); B and B are parameters of the fitting function.

Values of dosimetry model parameters are given in the
section on uncertainties in thyroid doses. It should be noted
that thyroid dose due to inhalation of *'I during residence
was calculated using the same approach as for the cleanup
mission using eqns (2) and (3).

as: Table 4. Raion-specific values of scaling factor (Likhtarov et al. 2005).
GDy131(0) x _ Raion-specific values of scaling factor SF}*
Cuv(t) = F2 O X o 1) |
Ygr Oblast Raion AM SD GM GSD
. ) ) ) Zhytomir ~ Korosten 6.2 34 5.4 1.7
However, as was shown in persons with direct th¥3r§)1d mea- Zhytomir  Narodychi 28 23 20 21
surements, there is an area-specific bias between I thyroi- Zhytomir  Ovruch 3.9 26 32 1.8
dal activities calculated using the ecological model and those Kyiv Borodianka 6.9 4.8 5.7 1.9
derived from direct thyroid measurements (Drozdovitch Kyiv Vyshhorod 4.8 23 43 1.6
et al. 2013; Likhtarov et al. 2014). Therefore, to provide Kyiv Ivankiv 6.0 43 49 1.9
more realistic and reliable estimates of thyroid doses due Kyiv Makariv 2.1 L1 L9 L6
to '*'I intake during residence, ecological thyroid doses Kyiv Poliske 10.5 17.7 5.4 3.2
calculated for the study subjects were adjusted in the fol- Chernihiv ~ Kozelets 25 1.9 20 20
lowing way: Chernihiv ~ Ripky 23 44 1.1 35
N pli-i3l Chernihiv ~ Chernihiv 1.3 1.8 0.8 2.8
DI*l3l _ RA ecol,res,/ 12
res Z 1 X SF 3 ( ) #AM: arithmetic mean; SD: standard deviation; GM: geometric mean; GSD:
=1 ! geometric standard deviation.
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Uncertainties in thyroid doses

Monte Carlo simulation was used to estimate the un-
certainties in thyroid doses received by the study subjects.
A set of multiple (typically 1,000 or 10,000) individual
stochastic doses (trials) was calculated for each study sub-
ject (if only unshared errors were considered) or for the
entire study population (if shared and unshared errors
were considered).

Thyroid doses calculated using RADRUE method:
external irradiation and inhalation of '*'I and short-
lived radionuclides during the cleanup mission. The
RADRUE method allows us to estimate the dose and the
uncertainties in the dose estimates associated with uncer-
tainties in the input parameters. The same information on
location of cleanup mission, its duration, staying indoors/
outdoors, and activities performed by the study subjects
are used in computer code Rockville for calculation of thy-
roid dose due to external irradiation and inhalation of '3'I
and short-lived radionuclides. Therefore, these three expo-
sure pathways are considered here together.

Parameters of the RADRUE model and their distribu-
tions used to calculate individual stochastic thyroid doses
are given in Table 5. All parameters were considered to be
sources of unshared errors. A separate study was conducted
to evaluate the significance of accounting for sources of
shared and unshared errors in the estimation of uncertainties
in the RADRUE doses. Kryuchkov et al. (2009) evaluated
the probability that two or more cleanup workers, from the
434 who were on mission in 1986, were at the same location
at the same time and therefore, the probability that their
doses were defined by the exposure rate (or *'T concentra-
tion in air) shared at that location. The result of the study
shows that the shared dose caused by the situation when in-
dividuals shared the same location at the same time repre-
sents less than 1% of the total dose.

Thyroid dose due to *'I intake during residence. An
approach similar to that used in the studies of thyroid cancer
and other thyroid diseases in Belarusian-American (BelAm)
and Ukrainian-American (UkrAm) cohorts (Drozdovitch et
al. 2015; Likhtarov et al. 2014) was used here to estimate
uncertainties for the thyroid dose due to '*'I intake during
residence. According to this approach, 1,000 sets of the
study population thyroid doses, considering sources of
shared and unshared errors, were calculated. For a specific
dose realization, some of the model parameter values were
considered to be shared (common) among the study subjects
who represented the entire study population or specific sub-
groups. These subject-independent (or shared) parameters in-
cluded parameters of the ecological model describing
variation with time of ' contamination in the ground and
foodstuff (Table 6). Other sources of errors were considered
to be subject dependent (or unshared). This group of errors
included errors in assigning a thyroid mass value to the

January 2020, Volume 118, Number 1 137

study subject, parameters of biokinetic models of iodine
in the human body (Tables 5 and 7), and uncertainties asso-
ciated with the imprecise answers on relocation history and
individual consumption reported during personal inter-
views (Tables 8 and 9).

For the implementation of this approach, values for
shared parameters were assigned before the calculation of
each dose set for the entire study population. The same
value for each shared parameter was used to calculate one
dose set for all study subjects for whom this parameter
was assigned to be shared. During the calculation of dose
sets, values of unshared parameters were sampled from their
distributions for each study subject, and one dose set was
calculated for the entire study population. The 1,000 reali-
zations of dose for a given study subject represent the indi-
vidual stochastic thyroid doses assigned to this person.

RESULTS

Individual thyroid doses

Table 10 provides a summary of thyroid doses recon-
structed for study subjects from different exposure path-
ways. The arithmetic mean of thyroid doses among the
study subjects was estimated to be 199 mQGy, including
140 mGy from external irradiation during the cleanup mis-
sion, 44 mGy due to "*'I inhalation, 11 mGy due to inhala-
tion of short-lived radionuclides, and 42 mGy due to "'
intake during residence. It should be noted that arithmetic
means of thyroid doses are given only for the study subjects
who were exposed to the given exposure pathway. There-
fore, the arithmetic mean of the total dose is not equal to
the sum of arithmetic means of components of the dose.
The median thyroid dose from all exposure pathways was
estimated to be 47 mGy. Individual thyroid doses from exter-
nal exposure ranged up to 3,630 mGy; from "*'I inhalation,
up to 1,680 mGy; from inhalation of short-lived radionu-
clides, up to 377 mGy; and from exposure to "*'T during res-
idence, up to 3,430 mGy. The maximal individual thyroid
dose from all exposure pathways was found to be 9,020 mGy.

Thyroid doses by category of cleanup workers are pre-
sented in Table 11. For one study subject who was a staff
member of the Kurchatov Institute, thyroid dose was esti-
mated to be 1,010 mGy. The highest exposure categories of
cleanup workers included liquidators who worked at the Cher-
nobyl site several times as members of different categories, the
mixed category in Table 11 (mean total dose = 471 mGy),
staff of construction group AC-605 (206 mGy), and military
cleanup workers (138 mGy). Representatives of these three
categories (early cleanup workers, military cleanup workers,
and mixed) received thyroid doses from inhalation of '*'I
and short-lived radionuclides as they started the cleanup
mission during period between 26 April and 6 May 1986.

Table 12 provides the distribution of thyroid dose due
to different exposure pathways for the study subjects. Most
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Table 7. Selected parameters of dosimetry model to calculate thyroid dose due to '*'T intake during residence which were con-

sidered to be unshared (subject related).

Parameter

Description Symbol Unit

Central value
(geometric mean [GM])

Distribution Reference

Relative time-integrated activity of '>'I in the thyroid
R4,
R4,

Unitless
Unitless

Rural settlement

Urban settlement

1.07
1.1 TLN (1.1, 3.0,037, 3.3)

Likhtarov et al. 2005
Likhtarov et al. 2005

TLN (1.07, 2.1, 0.51, 2.2)°

TLN(GM, GSD, min, max): truncated lognormal distribution with the following parameters: geometric mean (GM), geometric standard de-

viation (GSD), minimal value (min), maximal value (max).

subjects (390; 64.3% of the total) received low doses to the
thyroid, less than 100 mGy from all exposure pathways
combined; the median contribution of internal irradiation
to the total thyroid dose in this group was about 60%. In
all, 20 study subjects (3.3% of the total) received thyroid
doses of 1,000 mGy or higher, mainly due to external irradi-
ation (Fig. 5). For the subject with maximal thyroid dose in
the study (9,020 mGy), exposure to *'T was estimated to be
5,110 mGy (57% of the total dose), including 1,680 mGy due
to inhalation during the cleanup mission and 3,430 mGy
during residence (Fig. 5).

Uncertainties in thyroid doses
Sets of multiple individual stochastic doses were cal-
culated for each study subject: 10,000 doses due to external

irradiation, 10,000 doses due to inhalation of '*'T, 10,000
doses due to inhalation of short-lived radionuclides, and
1,000 doses due to '*'T intake during residence. Fig. 6 shows,
for example, a normal probability plot of individual sto-
chastic doses (logarithm of values) due to different expo-
sure pathways calculated for one of the study subjects.
Distribution of individual stochastic doses was found to
be lognormal and the geometric standard deviation (GSD)
characterizes the uncertainty in the doses.

Table 13 shows distributions of the GSDs attached to
individual stochastic thyroid doses calculated in this study.
The GSDs of individual stochastic doses due to external ir-
radiation varied from 1.2 to 6.9 with a mean equal to 2.0. For
almost half of the study subjects, the GSDs of individual sto-
chastic doses due to external irradiation vary between

Table 8. Sources of unshared errors of dosimetry model to calculate thyroid dose due to '*'I intake during residence that was

associated with information from the personal interview.

Parameter

Description Symbol Unit

Central value Distribution

Imprecise date of relocation, change of consumption habits, or administration of stable iodine

Answer: “End of April” — — 28 April DU(27, 28, 29, 30 April)*
Answer: “Beginning of May” — — 5 May DU(1,2,3,4,5,6,7,8,9, 10 May)
Answer: “Middle of May” — — 15 May DU(11, 12, 13, 14, 15, 16, 17, 18, 19, 20 May)
Answer: “End of May” — — 25 May DU(21, 22,23, 24,25,26,27,28,29,30,31 May)
Answer: “June” — — 15 June DU(1-30 June by 1 d)
Date of stable iodine administration — — Questionnaire  B(0.5)°
Consumption rate
Consumption rate of cow's milk, Vi Ld! kg d! Questionnaire  TR(0.75 x AM, AM, 1.25 x AM)*
milk from shop, milk products
(milk in soup, sour milk, sour cream,
soft cottage cheese, kefir),
and leafy vegetables reported
during personal interview
Imprecise consumption rate
Response: “I did consume (foodstuff), Vik Ld'kgd' Table9 TLN(GM, GSD, GSD 2 x GM, GSD? x GM)*
but I do not remember how much
(foodstuff) 1 consumed”
Response: “T do not remember if Vi Ld'kgd' Pens x AM  TLN(GM, GSD, GSD 2 x GM, GSD? x GM)
I consumed (foodstuff)” (Table 9) with probability of B(Pcons)
*DU(ay, as, ..., a,): discrete uniform distribution that returns a;, as, ..., a, with equal probability of n”".

°B(p): Bernoulli distribution that returns “1” with probability (Peons) and returns “0° with probability (1 — Pegps)-

°TR(min, mode, max): triangular distribution with the following parameters: minimal value (min), mode of distribution (mode), maximal value
(max).

4TLN(GM, GSD, min, max): truncated lognormal distribution with the following parameters: geometric mean (GM), geometric standard
deviation (GSD), minimal value (min), maximal value (max).
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Table 9. Fraction of consumers (P.ons), arithmetic mean (AM),
geometric mean (GM), and geometric standard deviation (GSD) of
consumption rates of foodstuff used for imputation of imprecise
responses provided during the personal interviews.

Consumption rate, L d ' (kg d ")

Food Peons AM GM GSD
Rural settlements
Private cow’s milk 0.629 0.56 0.40 24
Shop milk — — — —
Sour milk, kefir 0.443 0.19 0.13 2.5
Sour cream, soft cheese 0.676 0.075 0.065 2.1
Leafy vegetables 0.792 0.045 0.030 24
Mixed rural-urban type of settlements
Private cow’s milk 0.439 0.38 0.20 32
Shop milk 0.298 0.16 0.11 23
Sour milk, kefir 0.407 0.18 0.085 38
Sour cream, soft cheese 0.721 0.065 0.060 2.1
Leafy vegetables 0.866 0.050 0.025 24

Urban settlements

Private cow’s milk — — _ _

Shop milk 0.468 0.22 0.20 2.0
Sour milk, kefir 0.476 0.13 0.090 1.9
Sour cream, soft cheese 0.668 0.070 0.065 1.8
Leafy vegetables 0.777 0.030 0.020 25

1.5 and 2.0. The largest GSDs (>3.0) were associated with
the highest doses and were due to uncertainties in exposure
rate grids in highly contaminated locations at the Chernobyl
site and in exact duration and location of performance of
cleanup mission tasks as reported by the study subject. The
GSDs of individual stochastic doses due to '*'I inhalation var-
ied from 1.3 to 5.4 with a mean equal to 1.8. For the majority
of the study subjects (80%), the GSDs varied between 1.5 and
2.0. The GSDs of individual stochastic doses due to inhala-
tion of short-lived radioiodines and radiotelluriums varied
from 1.4 to 14.7 with a mean equal to 2.0. The GSDs of in-
dividual stochastic doses due to '*'I intake during residence
varied from 1.8 to 4.8 with a mean of 2.6.

DISCUSSION

Individual thyroid doses from different exposure path-
ways were estimated in this study for 607 subjects of a

January 2020, Volume 118, Number 1 141
case-control study of thyroid cancer among Chernobyl
cleanup workers. Internal exposure of the thyroid from
1311, both during the cleanup mission and during residence,
was found to be an important exposure pathway for the
Ukrainian cleanup workers, as it contributed more than
50% to the total thyroid dose to 265 out of 592 study subjects
(15 out of 607 study subjects were not exposed to either "'
or short-lived radionuclides). Kesminiene et al. (2012) found
that "*'I intake was the major contributor to the thyroid
dose to Belarusian liquidators because they were residents
of contaminated settlements and were returning home ev-
ery evening or after weekly shift work.

Thyroid doses from external and internal (inhalation of
3! and short-lived radionuclides during the cleanup mis-
sion and intake of '*'I during residence) irradiation are not
correlated with each other (» = 0.13). Fig. 7 compares thy-
roid doses due to internal irradiation with doses due to ex-
ternal irradiation during the cleanup mission for 592 study
subjects who were exposed to both pathways.

Uncertainties in thyroid doses
A similar pattern of uncertainties for doses due to ex-

ternal irradiation was found in other case-control studies
among Chernobyl cleanup workers that used the RADRUE
method for dose calculations: in the Ukrainian-American
study of leukemia and related disorders, the mean GSD
among 1,000 subjects was found to be 2.0 (Chumak et al.
2015), and the mean GSD was found to be 1.9 among 357
and 530 subjects of the International Agency for Research
on Cancer (IARC)-coordinated studies of hematological
malignancies (Kesminiene et al. 2008) and of thyroid cancer
(Kesminiene et al. 2012), respectively.

It should be noted that the RADRUE methodology
takes into account only the so-called intrinsic uncer-
tainty; e.g., uncertainty in the dose rate data due to inter-
polation and extrapolation and uncertainty in the expert
dosimetrist’s decisions while converting the question-
naire data into personal histories with RADRUE data format.
So-called questionnaire-based or human factors uncer-
tainty that is associated with uncertainty in recollection
and reporting of the events related to the cleanup activities
of the study subject by himself or by proxies is not quanti-
fied by RADRUE methodology (Kryuchkov et al. 2009).

Table 10. Thyroid doses from different exposure pathways reconstructed for study subjects of case-control study.

Thyroid dose® (mGy) due to

Inhalation of '*'I Inhalation of short-lived Intake of "1
Parameter External irradiation  during the mission  radionuclides during the mission  during residence Total
N 607 200 198 587 607
Arithmetic mean 140 44 11 42 199
Median 20 12 1.6 73 47
Range 0.015-3,630 ~0-1,680 ~0-377 0.001-3,430 0.15-9,020

? Arithmetic mean, median, and range of thyroid doses are given for N study subjects who were exposed to the given exposure pathway. There-
fore, arithmetic mean of total dose does not equal the sum of arithmetic means of components of the dose.
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Fig. 5. Contribution of different exposure pathways to thyroid dose of
20 study subjects who received doses of 1,000 mGy or higher.

Estimation of the human factor uncertainty is the subject of
a separate study.

In addition, all parameters of dosimetry models in the
RADRUE methodology were considered to be sources of
unshared errors. Although, as was mentioned above, a frac-
tion of shared dose caused by the situation when the study
subjects shared the same location at the same time was esti-
mated to be small (<1%), there are other possible sources of
shared errors that were not considered; for example, errors
associated with extrapolation in time and space of exposure
rate measurements to create grids of ambient exposure rate
in computer code Rockville. The same comment applies
to *'T concentration in air.

Fig. 6. Normal probability plot of individual stochastic doses (logarithms)
due to different exposure pathways calculated for the study subject.

January 2020, Volume 118, Number 1

Table 13. Distributions of the geometric standard deviations (GSDs) attached to individual stochastic thyroid doses.
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Inhalation of short-lived radionuclides

External irradiation
during the mission

during the mission Intake of '*'I during residence

Inhalation of 13'I during the mission

Mean dose (mGy)

%

N

Mean dose (mGy)

%

N

Mean dose (mGy)

%

N

Mean dose (mGy)

N

GSD interval

7.2

11

35
78.9

47

6.0
80.0

12
160

183
105
129
158
361
244

15.8

96
291

<L.5

53

33
4

1.4
49.4

156

38
91

479

1.5-1.99
2-2.49
2.5-2.99
3-3.49

235

290
231

20

12.1

24

11.0

22

20.6

125

394

0.2
14
12 x 107

10 2.0
0.5

2.0
0.5

8.1
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Larger uncertainty in doses due to **!1 intake during
residence was observed in our study in comparison with
the |ARC-coordinated study of thyroid cancer in Chernobyl
cleanup workers. In the IARC study, GSDs of residentia
doses due to **!| intake varied from 1.9 to 2.5 with amean
of 2.2 (Kesminiene et a. 2012). This can be expected as
individual doseswere estimated in this study based on per-
sonal interview dataon consumption of milk, milk products,
and leafy vegetables. In the study of Kesminiene et d.
(2012), individua thyroid doses represented settlement-
average doses at the subject’ sresidence, asno information
was collected for the study subjects on individua con-
sumption around the time of the accident.

Validation of thyroid doses due to ** intake during
resdence
There are no subjectswith direct thyroid measurements

in this study. However, 70 study subjects resided during 26
April-30 June 1986 in 33 Ukrainian settlements and 1 Be-
larusan settlement where direct thyroid measurements
were performed on other individuals. Estimated in this
study, individual residential thyroid dosesdueto **!1 intake
for 70 subjects were compared with mean thyroid dosesin
settlements of residence derived from direct thyroid mea-
surements conducted among adults and young adoles-
cents (Fig. 8). As can be seen from the figure, the two
sets of doses agree for 94.3% individuals within a factor
of 3 (shown by broken lines); the coefficient of correlation
isr =0.87. Themean of theratios of thyroid doses estimated
using the mode to the settlement-average thyroid doses de-
rived from direct thyroid measurements was 1.1 + 0.8, and
the median of ratios was 0.9. It should be noted that the
study subjects who reported they did not consume any

Fig. 7. Comparison of thyroid dosesto 592 study subjects: internd ir-
radiation vs. externa irradiation.

Fig. 8. Comparison of residentia thyroid dose from **f inteke: cal-
culated in this study for 70 study subjects and mean thyroid dosesin
settlements of residence derived from direct thyroid measurements.
Broken lines show factor of 3 difference between two sets of doses.

localy produced food were excluded from the validation
exercise, as settlement-average thyroid doses derived from
direct thyroid measurements reflect typica behavior of the
measured population (including consumption of loca
cow’'s milk, milk products, and/or leafy vegetables), not
only inhalation intake of 3.

CONCLUSION

Individual thyroid doses were estimated for 607 sub-
jects in a case-control study of thyroid cancer among
Ukrainian cleanup workers of the Chernobyl accident. Thy-
roid doses were ca culated for different exposure pathways,
including externd irradiation and inhaation of ***1 and
short-lived 32, 133, 139 B31MTe and *2Te during the
cleanup mission at the Chernobyl site as well as intake of
134 during residencein contaminated settlements. It should
be noted that internal exposure of the thyroid from 3| was
found to be an important exposure pathway for the Ukrai-
nian Chernobyl cleanup workers, as it contributed more
than haf to the totd thyroid dose in 45% of the study sub-
jects. Also, it wasfound thereisno correl ation between thy-
roid dose due to inhalation and due to external irradiation,
which dictates the need for separate estimation of those
components of thyroid dose. The models used in this study
to calculate doses were validated againgt instrument mea-
surements done after the accident. Implementation of dose
caculaions was based on detailed data on location and
timing of different activities during cleanup worker mission
aswell asinformation on residential history and consump-
tion of locally produced food during residence, al of which
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was collected by persond interviews. Results of the models
development and validation led us to conclude that thyroid
doses could be estimated with a reasonable degree of rdiabil-
ity some 30y after the accident for usein an epidemiologica
study of thyroid cancer among Chernobyl cleanup workers.
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Leukemia is one of the cancers most susceptible to induc-
tion by ionizing radiation, but the effects of lower doses de-
livered over time have not been quanti ed adequately. After
the Chornobyl (Chernobyl) accident in Ukrainein April 1986,
several hundred thousand workers who were involved in
cleaning up the site and its surroundingsreceived fractionated
exposure, primarily from external  radiation. To increase
our understanding of therole of protracted low-doseradiation
exposure in the etiology of leukemia, we conducted a nested
case-control study of leukemia in a cohort of cleanup workers
identi ed from the Chornobyl State Registry of Ukraine. The
analysis is based on 71 cases of histologically con rmed leu-
kemia diagnosed in 1986-2000 and 501 age- and residence-
matched controls selected from the same cohort. Study sub-
jects or their proxies were interviewed about their cleanup
activities and other relevant factors. Individual bone marrow
radiation doses were estimated by the RADRUE dose recon-
struction method (mean dose  76.4 mGy, SD  213.4). We
used conditional logistic regression to estimate leukemiarisks.
The excess relative risk (ERR) of total leukemia was 3.44 per
Gy [95% con dence interval (Cl) 0.47-9.78, P 0.01]. The
dose response was linear and did not differ signi cantly by
calendar period of rst work in the 30-km Chornobyl zone,
duration or type of work. We found a similar dose—response
relationship for chronic and non-chronic lymphocytic leuke-
mia [ERR  4.09 per Gy (95% ClI  0-14.41) and 2.73 per

1 Deceased.

2 Address for correspondence: Mailman School of Public Health, Co-
lumbia University, 722 West 168th Street, Suite 1103, New York, NY
10032; e-mail: LBZ7@columbia.edu.
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Gy (95% CI  0-13.50), respectively]. To further clarify these
issues, we are extending the case-control study to ascertain
cases for another 6 years (2001-2006). 2008 by Radiation Research
Society

INTRODUCTION

Studies of individuals exposed to moderate doses of ra-
diation, generally at high dose rates, such as survivors of
the atomic bombings in Japan have demonstrated that |eu-
kemia is one of the cancers most susceptible to induction
by ionizing radiation and that it can occur very soon after
radiation exposure (1-3). However, there remains consid-
erable interest in the relationship between protracted ex-
posure to low doses of radiation and leukemia, because
these types of exposure are most likely to be encountered
by the general public and radiation workers (1).

The accident at the Chornobyl (Chernobyl) nuclear pow-
er plant in northern Ukraine in April 1986, as well as being
a public health, social and economic disaster for the coun-
tries most affected, also provided an opportunity to evaluate
the relationship between leukemia and low-dose and low-
dose-rate radiation (4). After the accident, several hundred
thousand workers who were involved in cleaning up the
site and its surroundings received fractionated whole-body
doses, primarily from external radiation (1). To date, only
studies of workers from the Russian Federation have at-
tempted to quantify the risk of leukemia among Chornobyl
cleanup workers (5-8). Data from these studies suggest an
association between leukemia and radiation exposure, but
the magnitude of the radiation effect is unclear due to sub-
stantial uncertainty in dose estimates (1). Buzunov et al.
reported an increased risk of leukemia among Ukrainian
cleanup workers, but dose estimates were not available and
evaluation was based only on the year rst worked at the
accident site (9).

To increase our understanding of the role of protracted
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TABLE 1
Distribution of Cases of Leukemia among
Ukrainian Chornobyl Cleanup Workers by Cell
Type, 1986-2000

Cases con rmed by Cases with estimated
the International doses (percentage

Cell type Hematology Panel con rmed cases)

Acute lymphocytic leukemia 4 3 (75.0)
Acute myeloid leukemia 6 5(83.3)
Acute leukemia otherwise 9 6 (66.7)
not speci ed
Chronic myeloid leukemia 15 14 (93.3)
Other chronic leukemia 4 4 (100)

Subtotal non-CLL® 38 32 (84.2)
CLL 49 39 (79.6)

Total 87 71 (81.6)

2These cases were identi ed as large granular lymphocytic leukemia
and were veri ed by immunophenotypic surface markers as two cases of
the T-cell type and two cases of the NK-cell type.

b Chronic lymphocytic leukemia.

low-dose radiation exposure in the etiology of leukemia,
we conducted a nested case-control study of leukemia in
Ukrainian cleanup workers.

MATERIALS AND METHODS

We provided a full description of the study in the rst paper in this
series (10) that we brie y summarize below.

Cases

We identi ed a cohort of 110,645 workers from the Chornobyl State
Registry of Ukraine (SRU) who participated in Chornobyl cleanup activ-
ities before 1991 and who were initially registered in one of ve oblasts®
(Chernihiv, Cherkasy, Kharkiv, Kyiv and Dnipropetrovsk) or Kyiv City.
The selected geographical area alowed for easy access by study inves-
tigators and included a large number of cleanup workers. The cohort
represents 46% of all cleanup workers included in the SRU.

We ascertained potential cases of leukemia occurring within the cohort
between 1986 and 2000 through computerized linkage (11) of cohort
records and a Provisional Leukemia Registry (10). We established an
expert international panel of ve hematologists and hematopathologists
to review all diagnoses (12). The Panel was given 128 potential leukemia
cases to review [111 with a preliminary diagnosis of leukemia and 17
with a preliminary diagnosis of myelodysplastic syndrome (MDS)], and
they con rmed 87 cases of leukemia (Table 1) and six cases of MDS.
The Panel initially classi ed the leukemia cases using the French-Amer-
ican-British (FAB) system but changed to the WHO system of classi -
cation in 2007 (13). Complete medical records, including a description
of the histological con rmation of the diagnosis, were available for all
cases. In 56 (64.4%) of 87 con rmed cases, diagnosis was supported by
biological material. Sixteen cases were excluded from risk analysis be-
cause their doses could not be calculated reliably (two proved to be in-
eligible, seven could not be traced, four refused to compl ete the dosimetry
questionnaire, and for three the quality of interview was inadequate).
Thus our analysis included 71 cases of the 87 (81.6%) con rmed cases
of leukemia, and, as shown in Table 1, this participation rate was similar
for al leukemia cases excluding chronic lymphocytic leukemia (CLL)
and CLL cases separately (P 0.58). Participating cases ranged in age
at diagnosis from 25 to 69 years (median  49). Separate analyses of

3 Oblast is an administrative unit similar in size to a state or province.

the MDS dose response could not be performed due to the small number
of cases.

Due to the high mortality rate of leukemia patients and since we con-
ducted interviews between 2002 and 2004 for cases diagnosed in 1986—
2000, we had to interview proxy respondents for 60% of case subjects,
mainly next-of-kin for personal, residential and medical history and co-
workers for Chornobyl work history. In contrast, since most control sub-
jects were alive, we relied on proxy interviews for only 7.2%.

Controls

For each potential leukemia case, to achieve a 5:1 matching ratio, we
randomly selected ve to nine control subjects from members of the
cohort who were alive and at risk at the time of the case's diagnosis
(incidence density sampling) and matched on oblast or Kyiv City and
year of birth. Of the selected 792 controls, 536 were interviewed, 101
refused to participate, 133 could not be traced, and 22 moved out of the
study regions (response rate of 71.6% for alive controls, 60.2% for next-
of-kin, and 66.1% for colleagues responding for deceased controls). Of
the interviewed controls, 348 were originally selected for 71 con rmed
leukemia cases and the remaining 188 controls had been selected and
interviewed for cases that were not included in the study because their
initial diagnosis was not con rmed by the study hematologist, their nal
diagnosis was not con rmed by the international panel, or they did not
participate in this study. We attempted to match the latter group of con-
trols to the 71 con rmed cases, but only 153 (81.3%) could be matched;
thus the total number of controls used in this analysis is 501. Analyses
with and without these additional 153 controls showed essentially similar
results, but the additional controls improved the precision of analyses.
Match on year of birth was achieved for 442 controls (88.2%). The re-
maining controls were matched within 2 years of birth (n 35 or 7.0%)
or within 5 years of birth (n 24 or 4.8%).

Dosimetry

The RADRUE dosimetry method was used to estimate individual
Chornobyl-related bone marrow doses for al cases and controls (14). The
method uses detailed interviews with study subjects or, if they were de-
ceased, with their next-of-kin for demographic and medical data and co-
worker proxies for the details of cleanup activities, carried out by trained
interviewers to ascertain Chornobyl work and residential history. The
interview included questions on workers' activities during cleanup, lo-
cation of places of work and residence, types of work, transportation
routes to and from work, and corresponding dates. An expert dosimetrist
used the questionnaire data in combination with a database of eld ex-
posure measurements to estimate the total Chornobyl-related dose for
each subject (including both cleanup activities and residence in the highly
contaminated areas). Investigators have tested and validated the
RADRUE dose estimation methodology (14).

The RADRUE method was used to calculate 10,000 annua bone mar-
row dose estimates for 1986-1990 (all cleanup work ceased in 1990) for
each study subject by generating 10,000 realizations of a dose prediction
equation by random sampling from assumed distributions of model pa-
rameters.

Satistical Analysis

We used standard conditional logistic regression for matched sets for
al analyses. We computed odds ratios (OR) to estimate relative risks
(RR) in four dose categories (0-1.9, 2.0-19.9, 20.0-149.9, 150.0-3220
mGy) based on the categorization of the case dose distribution approxi-
mately into quarters. We t an excess relative risk (ERR) model for con-
tinuous doses,

Risk  background risk

1.0 dose exp

i Zis @
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TABLE 2
Descriptive Characteristics of Cases and Controls Identi ed from the Cohort of
Ukrainian Chornobyl Cleanup Workers during Follow-up (1986-2000)

Cases % Controls % df2 P value
Total 71 100.0 501 100.0
Year of birth 4 0.89
1923-1929 4 5.6 35 7.0
1930-1939 24 33.8 144 28.7
1940-1949 18 254 149 29.7
1950-1959 21 29.6 146 29.1
1960-1965 4 5.6 27 5.4
Areas of study 5 0.89
Cherkasy oblast 3 4.2 40 8.0
Chernihiv oblast 6 85 44 8.8
Dnipropetrovsk oblast 16 225 96 19.2
Kharkiv oblast 8 11.3 67 134
Kyiv oblast 14 19.7 102 20.4
Kyiv City 24 33.8 152 30.3
Type of residence 1 0.69
Urban 52 73.2 405 80.8
Rural 14 19.7 96 19.2
Unknown 5 7.0 0 0
Education 3 0.33
8 years or less 9 127 74 14.8
High school 21 29.6 210 41.9
Trade school 18 254 112 224
College 18 254 102 204
Unknown 5 7.0 3 0.6
Proxy interviews 1 0.01
No 29 40.8 465 92.8
Yes 42 59.2 36 7.2

adf, degrees of freedom from the 2 test.
P value of the 2 test.

where is the ERR per Gy, Z; represents potential modifying factors,
and ; represents their corresponding parameters. In this equation, the
effect of dose multiplies the background risk, and by adding 1.0 to the
ERR, one obtains the relative risk at 1 Gy. Model 1 is alinear model in
dose, although we evaluated several aternative forms, including linear-
quadratic, power and exponential models. For these analyses, we used
the PECAN module from the EPICURE suite of programs (15) to derive
point and con dence interval (Cl) estimates for all parameters based on
maximum likelihood estimation procedures and used likelihood ratio tests
for tests of hypotheses. All P values are two-sided. We conducted anal-
yses for al leukemias and separately for CLL and non-CLL.

We investigated calendar period rst worked in the 30-km Chornobyl
zone (categorized into April-May 1986, June-December 1986, 1987 and
1988-1990), duration of mission, i.e., total time worked within the zone
(up to 1, 2-3, 4-5and 6 months), number of missions (1, 2, 3 and
4 ), type of work performed in the zone during the rst mission (grouped
into early responders, military personnel, professiona nuclear power
workers and other), as well as smoking (never-, ex- and current smokers
of 1-9, 10-19, and 20 cigarettes/day), alcohol consumption (never,
once a month or less, two or three times a month, once a week, several
times a week, every day), education (8 years or less, high school, trade
school, higher education), attained age, and urban/rural residence as po-
tential independent risk factors of leukemia after adjustment for radiation
exposure. We also investigated possible effects of occupational exposures
to chemicals and radiation due to employment in hazardous industries
before or after the cleanup work at Chornobyl (yes, no). We retained
adjustment variables in the model if they signi cantly improved the mod-
el t or changed the risk estimate by more than 10%. The percentage of
missing information for these variables was very low and did not exceed
4%.

We also evaluated age at  rst exposure, number of missions within the
Chornobyl zone, year of rst mission, type of work performed, total du-
ration in the zone, and source of information (subject or proxy respon-
dent) as possible effect modi ers of the dose effect.

The analyses in this report were based on the cumulative doses derived
as the sums of the arithmetic means of the annual dose estimates. We
assessed lag interval, a period of recent exposure assumed unrelated to
disease, for the calculation of cumulative dose from 1986 to 1990 in 1-
year increments between 0 and 10 years. The deviance, a measure of
model t, was minimized for both CLL and non-CLL analyses when we
set the lag interval to 2 years. We therefore used a lag of 2 years for the
calculation of cumulative dose in al analyses. Cumulative doses ranged
from 0 to 3220 mGy for cases and from 0 to 2600 mGy for controls
(mean 76.4,SD  213.4 mGy, 2-year lag). We also conducted several
additional exploratory analyses using unlagged annual doses.

RESULTS

Table 2 shows selected descriptive characteristics of
study subjects. Case and control subjects did not differ by
year of birth, geographic area, type (urban/rural) of resi-
dence, or educational level. Among the 71 cases used in
the analysis, the International Hematology Panel classi ed
39 cases as CLL (55%) and 32 as non-CLL (45%).

After adjustment for dose, the odds ratio (OR) by cal-
endar period rst worked April/May 1986 was 1.64 relative
to rst worked between 1988 and 1990, but this difference
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TABLE 3
Odds Ratios and 95% Con dence Intervals for all Leukemia by Chornobyl Cleanup Work in the 30-km Zone
Cases % Controls % ORab 95% Cle° dfd P valuer
Calendar period rst worked in the 30-km
Chornobyl zone 3 0.56
April/May 1986 37 52.1 200 39.9 1.64 0.60—4.45
June/December 1986 17 239 154 30.7 1.06 0.39-2.90
1987 10 141 78 15.6 112 0.39-3.18
1988-1990 7 9.9 69 138 1
Type of work performed in the Chornobyl
30-km zone during the rst mission 3 0.93
Early responders 14 19.7 92 184 1
Military personnel 25 35.2 198 39.5 0.88 0.36-2.11
Professional nuclear power workers 5 7.0 21 4.2 115 0.37-3.63
Other 27 38.0 190 37.9 111 0.54-2.31
Duration of mission, months 3 0.75
1 a2 59.2 296 59.1 1
2-3 17 239 135 26.9 1.02 0.52-1.98
4-5 6 85 28 5.6 1.70 0.63-4.57
6 6 85 42 8.4 0.80 0.33-2.23
Number of missions 3 0.78
1 55 77.5 384 76.6 1
2 13 18.3 83 16.6 1.08 0.54-2.17
3 2 28 18 3.6 0.64 0.14-2.95
4 1 14 16 32 0.47 0.06-3.66

2Qdds ratios for background variables from conditiona logistic regression model adjusted for cumulative doses lagged by 2 years.

b Cases and controls matched on year of birth and oblast.
¢ Con dence interval.

4 Degrees of freedom from the likelihood ratio test.

e P values for test of homogeneity of odds ratios.

was not statistically signi cant (Table 3). ORs for duration
of cleanup work at Chornobyl were close to unity, and there
was no clear trend. Similarly, number of missions and type
of work performed in the 30-km zone showed no variation
in risk after adjustment for dose.

As shown in Table 4, the OR for total leukemiaincreased
with dose categories (P 0.03 for test of linear trend).
Although based on few cases, we further divided the high-
est dose category (Fig. 1) (150.0-3220.0 mGy) into two
and found a somewhat higher risk in the upper dose cate-
gory (OR  2.21; 95% Cl: 0.87-5.57 and OR  2.89; 95%
Cl: 1.12-7.46 for categories of 150.0-274.9 and 275.0—
3220.0 mGy, respectively). Analyses were also done sep-
arately for CLL and non-CLL. Despite the small number
of cases, we observed consistent trends for the two subtypes
(P 0.04 and 0.25 for test of linear trend, respectively),
although the P value for the non-CLL cases did not reach
statistical signi cance.

With continuous dose, we estimated an ERR of 3.44 per
Gy for al leukemias combined (95% CI: 0.47-9.78, P
0.01) (Table 5). The dose—response parameters for CLL
(ERR  4.09 per Gy; 95% CI: 0-14.41,P 0.079) and
non-CLL (ERR  2.73 per Gy; 95% CI:  0-13.50, P
0.052) were consistent. A formal test of homogeneity be-
tween the two slopes yielded a P value of 0.75, indicating
no signi cant difference in the effects for non-CLL and
CLL cases.

We found no evidence that the dose—response estimates
for total leukemia or leukemia subtypes were confounded
by smoking, alcohol, education, attained age, urban/rural
residence, occupation or exposure to chemicals (results not
shown). Relatively few subjects worked in hazardous in-
dustries, and there was no evidence of a measurable asso-
ciation with employment in such industries and risk of leu-
kemia.

When we excluded subjects with doses above 500 mGy
to assess the in uence of subjects with extremely high dos-
es, we found a comparable estimate of effect (no. of cases

67, ERR 354 per Gy, 95% Cl: 0-11.1, P  0.08).
The inclusion of quadratic, exponential or power terms in
dose did not improve model t (P values of 0.77, 0.73, and
0.33, respectively), indicating no evidence of curvilinearity
in the dose response.

To assess the validity of a 2-year lag period, we analyzed
the 52 cases diagnosed since 1993 separately (2 years after
al cleanup work ceased in 1990). The results were very
similar to those for all study subjects, i.e., a statistically
signi cant ERR of more than three per Gy (P 0.02).
Comparative analyses of annual doses and cumulative dos-
es lagged by 2 years provided evidence that risk arose pri-
marily from doses received in 1986 (not shown).

Table 5 shows the risk estimates for directly interviewed
cases and for deceased cases for whom proxy interviews
were necessary. Since there were very few proxy-inter-
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TABLE 4
Odds Ratios and 95% Con dence Intervals by Categories of Cumulative Dose and Type
of Leukemia
Dose range, Mean dose,
mGya mGy Cases % Controls % ORbe 95% Cl¢ P value
All cases
0-1.9 0.6 17 239 157 313 1 0.03
2.0-19.9 8.8 17 239 143 285 1.28 0.59-2.75
20.0-149.9 62.2 20 28.2 131 26.1 171 0.80-3.64
150.0-3220.0 3774 17 239 70 14.0 2.50 1.17-5.33
Total 76.4 71 100 501 100
Non-CLL cases
0-1.9 0.5 8 25.0 76 32.6 1 0.25
2.0-19.9 9.4 8 25.0 65 27.9 161 0.49-5.25
20.0-149.9 66.3 9 28.1 59 25.3 1.95 0.61-6.19
150.0-3220.0 409.9 7 21.9 33 14.2 2.40 0.72-7.99
Total 81.6 32 100 233 100
CLL cases
0-1.9 0.6 9 231 81 325 1 0.04
2.0-19.9 8.3 9 333 78 29.9 1.07 0.39-2.93
20.0-149.9 58.7 11 30.8 72 30.2 1.55 0.57-4.21
150.0-2600.0 349.7 10 12.8 37 75 2.60 0.98-6.87
Total 72.0 39 100 268 100

a Cumulative doses lagged by 2 years.

b Odds ratios from conditional logistic regression model.

¢ Cases and controls matched on year of birth and oblast.

4Con dence interval.

e P value from the 1 df likelihood ratio test of linear trend where the score for each category is the mean value
for the cumulative dose.

FIG. 1. Plot of the odds ratios of leukemia by mean dose for each of ve dose categories and  tted dose-response
lines constructed using the least-squares method.
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TABLE 5

Excess Relative Risk Models of Leukemia

for Dose and Interactions with Age at

Exposure, Year of Diagnosis, Duration of Missions and Number of Missions

ERR Lower 95% Upper 95%
Description N cases per Gyabe bound bound P value?
All cases 71 3.44 0.47 9.78 0.01
Cell type
Non-CLL 32 2.73 0 13.50 0.75
CLLe 39 4.09 0 14.41
Proxy interviews
No 29 6.20 0 27.11 0.47
Yes 42 2.45 0 9.46
Age at exposure, years
21-44 36 0.03 0 6.03 0.07
45-63 35 8.83 152 32.78
Year of diagnosis
1993 19 4.67 0 38.00 0.81
1993 52 3.19 021 10.21
Duration of missions, months
1 42 4.47 0.78 13.24 0.46
1 29 1.92 0 9.86
Number of missions
1 55 431 0.76 12.60 0.52
1 16 2.03 0 10.88

a Excess relative risk per Gy.

b Conditional logistic regression model with cumulative doses lagged by 2 years.

¢ Cases and controls matched on year of birth and oblast.

d P value from the likelihood ratio test for interaction effects.

e Chronic lymphocytic leukemia.

viewed controls, we included all controlsin these analyses.
The ERR per Gy for directly interviewed cases was 2.5-
fold that for proxy cases, although a test of interaction for
source of interview data yielded a P value of 0.47. We did
not observe a statistically signi cant interaction for cate-
gories of year of diagnosis, duration of missions, or number
of missions. However, the ERR was nonsigni cantly lower
for workers with longer durations of exposure and greater
numbers of missions, suggesting a reduced effect with low-
er dose rate. The ERR for workers rst exposed before age
45 years (median age at exposure) was smaller than for
those exposed at later ages (P 0.07 for the likelihood
ratio test for interaction effects), and a higher ERR at older
ages at exposure was aso seen for CLL and non-CLL cases
when we analyzed them separately (not shown).

DISCUSSION

In a nested case-control study of Chornobyl cleanup
workers in Ukraine, we observed a signi cant association
between Chornobyl-related radiation dose and increased
risk of total leukemia. Our risk estimate for Chornobyl
cleanup workers exposed to protracted radiation was com-
parable to that from the Life Span Study of atomic bomb
survivors exposed to high-dose-rate ionizing radiation (3).
However, while differences were not statistically signi  cant

(P 0.5), the estimates of ERR for workers exposed for
longer durations or from multiple missions were about half
those for workers who received their exposure within 1
month or during one mission.

The strengths of this study are many and include the
relatively large number of cases and controls compared to
other studies of cleanup workers, selection of cases and
controls from within alarge cohort of cleanup workers from
Ukraine, the wide and rigorous search for diagnoses of leu-
kemia and 99 ancillary diagnoses (diagnoses that could be
misclassi ed and therefore mask leukemia) in all medical
institutions treating leukemia in the target geographic areas,
and con rmation of diagnoses for all study cases by the
International Hematology Panel consisting of hematologists
and hematopathologists that reviewed medical records for
all cases and biological material for a majority of cases.

Furthermore, individual bone marrow doses were esti-
mated for all study subjects by the RADRUE dosimetric
method, which allows for the possibility of dose reconstruc-
tion for deceased cases and was validated in other studies
(14). The RADRUE doses have been shown to be superior
to the ““of cial” doses that were found to be available for
about a third of cohort members and that are subject to
substantial uncertainties. Cumulative individual bone mar-
row radiation doses were higher than in most studies of
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