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The review presents literature data on the incidence and mechanisms of acute lymphoblastic leukemia (ALL) in
adults and children, taking into account the role of genetic changes, chromosomal aberrations, and epigenetic dis-
orders that occur pre- and postnatally as a result of exposure to ionizing radiation in a wide range of doses. The pos-
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FOCTpa JnimgobaactHa neiikemis (IJIJI) — ue pi3Ho-
BU/ JIeWiKeMii, siKa IMTOXOAMUTh 3 KJIITUH-TIPEKYPCOpPiB
(mimdpoobmactiB) B- ado T-nimpoumraproro psay. [J1J1 €
HaAMNTOIMPEHIIIIMM TUTIOM JUTSIYOI JIeliKeMii: CTAHOBUTD
0sm3bko 75 % Bim 3arajqbHOi KiJIbKOCTi TOCTpUX Jieki-
KeMiii i 25—30 % Bin 3arajJbHOI KiJIBKOCTI 3I0SKiCHUX
MyxJIMH y nmiteit mo 15 pokiB [1-3]. Tak, y CIIA 3axBo-
proBaHicTh Ha [JIJI Bu3Havya€eThCcsa Ha PiBHI MPUOJIU3HO
41 Buniagky Ha 1 MisbiioH nmiteii Bikom 0—14 pokiBi 17 Bu-
naakiB Ha 1 minbiioH HacesieHHs BikoM 15—19 poxkis [1].
3axXBOPIOBAHICTh MA€ TEHACHIIIO OO MIPOTrPami€EHTHOTO
3pOCTaHHS, IO TMiATBEPIXKYEThCS JOCTIIKEHHSIMU, T10-
yrHaouu 3 1975 poky [1]. HacToTa 1ii€i nelikeMii Bapitoe
3aJieXkHo BiJ Biky. Haiibinblua Kinbkicth Bumnaakis IJIJI
JiaTHOCTYETHC Y AiTeil BikoM 2—3 poku (rmoHan 90 Bu-
naakiB Ha 1 MiIbIIOH Ha piK) i 3HXKYEThCS BTpUYi (10 30
BUMAJAKIB Ha 1 MiJbiiOH Ha piK) y OiTell BikoM 110 8 po-
KiB [1]. I'JIJI cepen miteit BikoM Big 2 10 3 poKiB diarHoc-
TYETHCSI B YOTUPU pa3u yacTille MOPiBHIHO 3 HEMOBJISI-
tamu [1]. 3a mgaHumu pizHux aBTopis, Bia 80 % mo 98 %
yCiX BMITQJKiB 3aXBOPIOBaHb y JiT€ll CTAaHOBUTH B-i-
HiiHa I'JUJT [4, 5].

TenpeHLil 10A0 3pOCTAaHHSI 3aXBOPIOBAHOCTI Ha Jieii-
KeMii MaroTh Miclle i B YKpaini. 3a nanuMu HanioHanb-
Horo KaHiep-peectpy Ykpainu (HKPY) [6], y 2022 porii
Jeiikemii, Bkmouvatrouu IJIJI, mociganau nepiie micue ce-
pen MpUUWH CMepTi y AiTei BikoBoi rpynu 0—17 pokiB i
csranu ast xjonuis 33,9 %, nna niBuat — 36,6 %.

3axBoproBaHicTe Ha IJIJI cepem mopociaux CyTTEBO
HMXK4YA TIOpPiBHSIHO 3 AiTbMU. Tak, 3a JaHWUMM AOCHTia-
aukiB CIIA, y 2017 poui yactka I'JIJI ctanoBmia 61136~
k0 0,4 % Bin 3arajibHOI KiJIbKOCTI YCiX 3JI0SIKICHUX 3aXBO-
proBaHb Jopociaoro HaceneHHs [7]. IJIJI 3 nmepeBaxaH-
HsM B-ninHiliHUX BapiaHTiB giarHocTyeTbesd y 20 % mati-
€HTIB 3 nelikemigmu [8]. [Mpubansno y 20 % nopocanx
xBopux niarHo3 I'JIJI BCTaHOBIIOEThCS y CTaplliil BiKO-
Bilf rpymi (moHam 55 poKiB), 5-piYHOI BMXKWBAHOCTI
BIAETHCS JOCATTH uiie y 20 % nauieHTiB, a CMEPTHICTh
nepesuniye 51 % |[8].

3a ganumu HKPY, y criekTpi OHKOJIOTiYHMX 3aXBOPIO-
BaHb B YKpaiHi y 2024 poli po3MOBCIOIKEHICTh Jeii-
KeMiii cepell YOJIOBiKiB BU3HAYaach Ha piBHi 3,2 %, ce-
pea KiHOK Oysia meio Hvk4oro i carana 1,7 %, 1o, 3
ypaxyBaHHSIM 3arajbHoi KiJIbKOCTi XBOPMX Ha JIEiKeMilo,
cTaHOBWIO BignmosigHo 12 757 1 12 019 oci6 [6].

PozButok neiikemiit, i I'JIJI 3okpema, € HacJIiAIKOM Ha-
SIBHOCTI KOMILJIEKCY TOpYIIeHb 3 OOKY reMoIloe3sy, 3y-
MOBJICHOTO [i€l0 Pi3HOMAHITHUX €HJIO- i €K30TeHHUX
yuHHUKIB. Cepen eTiojloriyHux (pakTopiB, SKi acoLiifio-
BaHi 3 BUHMKHeHHSM IJIJI, cyTTeBa posib HAJEXUTb
ioHi3ytouomy BunpoMiHoBaHHIO (IB). Ockinbkm yepBo-

Acute Iymphoblastic leukemia (ALL) is a type
of leukemia, which originates from precursor
cells (lymphoblasts) of the B- or T-lymphocyte
lineage. ALL is the most common type of child-
hood leukemia (accounts for about 75 % of the
total number of acute leukemias) and about 25—30
% of the total number of malignant tumors in chil-
dren under 15 years of age [1—3]. Thus, in the
USA, the incidence of ALL is estimated at approx-
imately 41 cases per 1 million children aged 0—14
years and 17 cases per 1 million population aged
15—19 years [1]. The incidence tends to increase
progressively, which is confirmed by studies since
1975 [1]. The frequency of this leukemia varies
depending on age. The largest number of cases of
ALL is diagnosed in children aged 2-3 years (over
90 cases per 1 million per year) and decreases
threefold (to 30 cases per 1 million per year) in
children under 8 years of age [1]. ALL is diagnosed
four times more often in children aged 2 to 3 years
compared to infants [1]. According to various
authors, from 80 to 98 % of all cases of the disease
in children are B-lineage ALL [4, 5].

Trends in the incidence of leukemia are also
observed in Ukraine. According to the Cancer
Registry of Ukraine (CRU) [6], in 2022 leukemia,
including ALL, ranked first among the causes of
death in children aged 0—17 years and reached
33.9 % for boys and 36.6 % for girls.

The incidence of ALL among adults is signifi-
cantly lower than in children. According to US
researchers, in 2017 ALL accounted for about 0.4
% of all malignancies in the adult population [7].
ALL with predominance of B-lineage variants are
diagnosed in 20 % of patients with leukemia [8].
Approximately 20 % of adult patients with ALL
are diagnosed in the older age group (over 55
years), 5-year survival is achieved only in 20 % of
patients, and mortality exceeds 51 % [8].

According to the CRU, in the spectrum of onco-
logical diseases in Ukraine in 2023 the prevalence
of leukemia among men was determined at 3.1 %,
among women it was lower and reached 1.6 %,
which, taking into account the total number of
patients, was, respectively, 12,757 and 12,019 indi-
viduals [6].

The development of leukemias and ALL, in par-
ticular, is a consequence of the presence of a com-
plex of disorders in hematopoiesis, caused by the
action of various endo- and exogenous factors.
Among the etiological factors associated with the
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HUU (akTUBHMIT) KicTKOBUM Mo30K (KM) € omHiero 3
HaOiIbLI pagiouyTAUBUX TKAHWH OPraHi3My, JIelKeMmis,
IK pafialiifHo-acollilioBaHe 3aXBOPIOBAHHS, MaHidec-
TY€ paHillle, HiX iHIII 37I05IKiCHI IMyXJIMHU [9].

Crnin 3a3HaYUTH, IO JOPOCIi 0COOU OTPUMYIOTh CYT-
TEBO BMILI PiBHi OMPOMIHEHHSI IOPIBHSIHO 3 JiTbMU
BHACJIIJOK CBO€i TIpodeciitHOI mistmbHOCTI (pobora 3
mxepenamu IB). [Inst mopociamx Takox OiJIbIIOI0 Mipolo,
HiX U1 IATSSYMX KOHTUHIEHTIB, iCHYE MIMOBIpHICTb OII-
POMiHEHHS 3a YMOB aBapiiiHux cutyauiit [10].

B:xxe Ha mouatky 1940-x pokiB OyJ10 IiaATBEpIKEHO Ha-
SIBHICTb HaJMIipHOI KiJTbKOCTI JIefiKeMili cepel pamiono-
TiB Ta iHIIMX JIiKapiB, sIKi KOHTAKTYBaJlu 3 palialliiHUM
YUHHUKOM [11]. 3pocTaHHs 3aXBOPIOBAHOCTI Ha JieliKe-
Mito OyJi0 y3arajbHeHO Briepire B 1952 poiri y 3BiTi TIpo
PU3HK JIeliKeMil cepell TUX, XTO TMepPeKUB aTOMHE OOM-
bapayBaHHg B Xipocimi i Haracaki [12]. Hagani MoHiTO-
PMHI PU3UKIB pafialliifHO-acolilioBaHOI JielikeMii Ta
IHIIMX 3/I0SIKICHUX TeéMaTOoJIOTIUHUX 3aXBOPIOBAHb cepel
oInpoMiHeHUX B fToHii OyB BU3HAUECHMIA SIK TIPiOPUTET-
HUil i mpoBomauBcs KoMici€elo 3 HacigKiB aTOMHOTO
oomMbapnyBaHHs1 (Atomic Bomb Casualty Commission,
ABCC) i, namani, ®oHgoM mocaimKeHHsT pamialliiiHUX
edexkTiB (Radiation Effects Research Foundation, RERF).

KomrmuiekcHuUit aHai3 3aXBOpPOBAHOCTI HA OHKOreMa-
ToJioriuHy mnaroJjiorito B koropti RERF, mo mignsirana
CIIOCTEPEKEHHIO TTPOTATOM YChoro Tepiony kutts (Life
Span Study (LSS) mocnigkeHHSI), HO3BOJUB OLIIHUTHU
poib IB gk umHHUMKa iHAYKLIiT AefikeMiit 3aranom, i TJIJI
30Kkpema, 3a nepioa 3 1950 mo 1987 pixk [13]. ITopanbiuuit
MOHITOPMHI OO3BOJIMB TaKOX BCTAaHOBUTU B3a€EMO-
3B’5130K IB i cMepTHOCTI Bif JeiikeMil 3a1esKHO Bif Bear-
YUHMU MOMIMHYTUX A03 Ta MPOMIXKKY Yacy IMicjs KOHTaK-
Ty 3 pafgialliiHUM YMHHUKOM [14].

Hapani 6yio y3arajnbHeHO pe3yJibTaTy 1040 BUSIBICH-
HsI BUMAJKiB TeMaTOJOT UHUX 3aXBOPIOBaHb (JIEHKeMilid,
Jnimdom) cepen onpomiHeHux B XipociMi i Haracaxi,
JiarHOCTOBaHUX MpOoTsrom nepioay Ao KiHusg 2001 poky
BKJIIOYHO, TOOTO MPOTITroM 55 POKiB ITiCJsi aTOMHOTO
oomOapnyBanHsa [10]. Ilpu mpoBedeHHiI aHami3y Hal-
JIMIIIKOBUM PU3UK JIEeKeMiil OIlliHIOBaBCS 3 ypaxXyBaH-
HSIM CTaTi, BiKy Ha 4yac ONMPOMiHEHHS, TOCSTHEHHS MEB-
HOTr0 BiKy a0 4acOBOI0 MPOMIiXKKY MiCJIsI OMPOMIHEHHS,
a TaKoX OCOOJIMBOCTEN 3aJiexKHOCTi «103a—edekT». Ha
BiIMiHY BiIl TTOMEpeIHbOTO NOCITIIKEHHS JIeKeMii, sTKe
30CePEKYBaJIOCh BUKIIOYHO Ha HAIIUIIKOBUX abCo-
JIIOTHUX piBHAX [13], B HbOMY JOCHIIKEHHI aKIIleHTOBa-
HO yBary siKk Ha HaJMipHHUX BiTHOCHHUX pU3HMKax (excess
relative risks, ERR), Tak i Ha HaAIMILIKOBIi1 3aXxBOpIOBa-
HocTi (excess absolute rate, EAR). OcHOBHe NMUTaHHS
TOJIATaI0 Y BU3HAUEHHI HasIBHOCTI / BiZICYTHOCTI ITiIBU -

occurrence of ALL, ionizing radiation (IR) plays a
significant role. Since red (active) bone marrow
(BM) is one of the most radiosensitive tissues in
the body, leukemia, as a radiation-associated dis-
ease, manifests itself earlier than other malignant
tumors [9].

It should be noted that adults are exposed to sig-
nificantly higher levels of radiation compared to
children, which is primarily due to their profes-
sional occupation (working with sources of IR).
For adults, there is also a greater than for children
probability of radiation exposure in emergency sit-
uations [10].

As early as the early 1940s, it was confirmed that
there was an excessive number of leukemias among
radiologists and other doctors who were in contact
with radiation [11]. The increase in leukemia inci-
dence was first summarized in a 1952 report on the
risk of leukemia among atomic bomb survivors in
Hiroshima and Nagasaki [12]. Subsequently, mon-
itoring of the risks of radiation-associated leukemia
and other malignant hematological diseases among
those exposed in Japan was identified as a priority
and was conducted by the Atomic Bomb Casualty
Commission (ABCC) and, subsequently, by the
Radiation Effects Research Foundation (RERF).

Comprehensive analysis [13] of the incidence of
oncohematological pathology in the RERF cohort,
which was subject to observation throughout life
(Life Span Study (LSS)), made it possible to assess
the role of IR as a factor in the induction of leuke-
mia in general and ALL in particular, for the period
from 1950 to 1987. Further monitoring also made it
possible to establish the relationship between IR
and mortality from leukemia, depending on the
magnitude of the absorbed doses and the time inter-
val after contact with the radiation factor [14].

Subsequently, the results of identifying cases of
hematological diseases (leukemia, lymphoma)
among those irradiated in Hiroshima and
Nagasaki, diagnosed up to and including the end
of 2001, i. e. for 55 years after the atomic bom-
bardment [10]. In the analysis, the excess risk of
leukemia was estimated taking into account gen-
der, age at exposure, age at or after exposure, and
dose—response characteristics. In contrast to pre-
vious leukemia studies that focused solely on
excess absolute levels [13], this study focused on
both excess relative risks (ERR) and excess
absolute rates (EAR). The main question was to
determine whether there was an increased risk of
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IIEHOTO PU3UKY JerikeMii yepe3 30 poKiB i OiblIe MiciIst
KoHTakTy 3 IB. Takuii miaxig OyB cripsIMOBaHMIA Ha BU-
SIBJIGHHSI OOIpYHTOBAHUX J10Ka3iB HASIBHOCTi CTATUCTUY -
HO 3HAYYIIOTO ITiABMIIEHHS 3aXBOPIOBAHOCTI 3aJIEXKHO
Bill IHKOPTTIOPOBAHOI TO3U.

OTpuMaHi pe3yJabTaTh CBig4yaTh, 10 BXe 4epe3 ABa-TpU
POKM MicJisi aTOMHOIo 6oMOapIyBaHHSI cepell OIpOMiHe-
Hux B Xipocimi i Haracaki mano Miciie momiTHe IMigBU-
ILIEHHST 3aXBOPIOBAHOCTI Ha JieiikeMil, Bkiatoyatouu [JIJI,
cepell JiTeit, sIKi 3HaXOAUIUCH MOOINU3Y eMileHTPY BUOY-
xy [12]. 3 MeTo10 HAaKOTTMYECHHS TaHWX JUIST TIOJAIBIIOrO
aHaJtizy Ha nmouatky 1950-x pokiB mocnimHukamu ABCC
oyno ctBopeHo «Peectp neiikemii» (Leukemia Registry),
J10 SIKOTO OyJI0 BKJIFOUEHO BCi BUITIAKM JICHKeMil Ta iHIINIX
OHKOIeMaTOJIOTYHMUX 3aXBOPIOBAaHb, MiarHOCTOBAHUX 3
KiHug 1940-x pokiB. «PeecTp neiikeMii» (yHKIIIOHYBaB 10
KiHug 1980-x pokiB, mi3Hile iioro 0yJio nepeopmaToBa-
HO B JIOKaJbHi peecTpu. «Peectp Jelikemii» Oy10 BUKO-
puUCcTaHO JJ1s1 aHANi3y BiIHOCHUX PU3MKIB JIEMKeMil cepe
OIPOMiHEHHUX BHACJIZOK aTOMHOr0o OoMbapayBaHHs [15].

B «Peectpi neiikemii» OyJ10 HAKOITUYEHO OiOJOTIYHI i
KJIiHIYHi MaTtepianu aas Bepudikaiii Bunaakis. Li ma-
Tepiajlu HaJajli MOXJIMBICTb HiATBEpAXKEHHsI AiarHO3iB
reMaroJjoramu «Peectpy jelikemii» i, B IepCleKTUBI, 3a-
0e3neymyii MOXJIMBICTh peknacudikallii BUMAIKIB.
ITicna npuiiHATTS (paHILy3bKO-aMepUKAHChKO-0pH-
TaHCBbKO1 cuctemn kiacugpikaii (French-American-
Britain classification) B 1980-x pokax 6;113bK0 60 % Bu-
naakiB Jiefikemiii 3 «PeecTpy Jeiikemii» OyJio pekiia-
cucdikoBano [16, 17].

Cepen 113 011 oci6, BkmtoueHnx g0 kKoroptu LSS, Oy-
JIo BUSBJIEHO 1 215 37109KiCHUX reMaToJIOTiYHUX HOBOYT-
BopeHb, 40 % cepen Hux ckianu yeiikemii. [JIJ1 carana
12 % Bin 3aranbHOi KibKocTi Jeiikemiit [10]. Cepen Bu-
nagkiB, imeHTHdikoBaHmx y Xipocimi, 11 Oynm Kia-
cu(iKOBaHi SIK «rOCTpa HEYTOYHEHa» Ta «iHIIi CIIeLM-
¢iuHi TUNIM» Jelikemii. Jlo aHai3y 3arajgom 0yJ10 BKJIIOUe-
Ho 43 BepudikoBaHi Bunaaxku IJIJI. byno BusiBiaeHo, 110
BUXiJIHi MOKa3HUKMU 3axBoproBaHocTi Ha IJIJI 30inbiyBa-
JINCA 3 MiABUILIEHHSIM BiKy noctpaxkaanux (p = 0,01). He
OyJ10 BU3HAYEHO reHASPHUX BiIMiIHHOCTEM CTOCOBHO PH-
3uky I'JIJI 3aranom (p > 0,5), pi3HMLI 3a1e;KHO Bif BiKy
Ha MOMEHT OIpOMiHeHHS (p > 0,5) uu Micls pe3uaeHLIil
ornpomiHeHux (p = 0,43). Takox He OyJI0O BCTAHOBJIEHO
JKOJHUX O3HaK IiJBUILEHOI TEHIEHLIil 0a30BUX MOKa3-
HUKiB 3axBoproBaHocTi Ha I'JIJI cepen KOoropTu HOBOHA-
pomxeHux (p = 0,17).

MoKa3aHo, 1110 MAa€ MicClle TOCTOBIpHUI JIiHIHW 3B’ 130K
«103a—Binnosiab» (p < 0,001) (mpu ubomy OyJI0 BpaxoBa-
HO TIOTIpaBKy Ha HagBHIicTh 4 Bumankis [J1JI 3 iHkopITto-

leukemia 30 years or more after exposure to IR.
This approach was aimed at identifying of justified
evidence of a statistically significant increase in
incidence depending on the incorporated dose.

The results obtained show that two to three years
after the atomic bombardment among those irra-
diated in Hiroshima and Nagasaki, there was a
marked increase in the incidence of leukemia,
including ALL, among children who were near the
epicenter of the explosion [12]. In order to accu-
mulate data for further analysis, in the early 1950s,
ABCC researchers created the «Leukemia
Registry», which included all cases of leukemia
and other oncohematological diseases diagnosed,
starting in the late 1940s. The «Leukemia
Registry» operated until the late 1980s, when it was
reformatted into local registries. The «Leukemia
Registry» was used to analyze the relative risks of
leukemia among those exposed to atomic bom-
bardment [15].

The Leukemia Registry has accumulated biolog-
ical and clinical materials for case verification.
These materials have enabled the Leukemia
Registry hematologists to confirm diagnoses and,
in the future, have enabled case reclassification.
After the adoption of the French-American-Bri-
tain classification system in the 1980s, about 60 %
of leukemia cases from the Leukemia Registry
were reclassified [16, 17].

Among the 113,011 individuals included in the
LSS cohort, 1,215 hematological malignancies
were identified, 40 % of which were leukemias. ALL
accounted for 12 % of the total number of leuke-
mias [10]. Among the cases identified in Hiro-
shima, 11 were classified as «acute unspecified»
and «other specified types» of leukemia. A total of
43 verified cases of ALL were included in the
analysis. Baseline ALL incidence rates were found
to increase with increasing age of the affected indi-
viduals (p = 0.01). There were no gender differ-
ences in overall ALL risk (p > 0.5), differences by
age at exposure (p > 0.5), or place of residence
(p = 0.43). There was also no evidence of an
increased trend in baseline ALL incidence rates
among the newborn cohort (p = 0.17).

When assessing the impact of the dose and mod-
ifying its effects [10] a significant (p < 0.001) linear
dose-response relationship was shown (correcting
for the 4 cases of ALL with incorporated doses
exceeding 4 Gy). The number of expected (calcu-
lated) cases of radiation-associated ALL was 21.6.
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pOBaHMMU J03aMu, 110 TepeBulyBayu 4 Ip). KiabkicTs
OYiKyBaHMX (po3paxoBaHMX) BMIIAAKiB panaialiiiHO-
acouiitosanoi I'JIJI cranoswia 21,6. biusbko 67 % Bu-
naakiB 3 Koropty LSS 3 nozamu moxan 5 mIp OyJio BimHe-
ceHo no kareropii I'J1JI, acouiitoBaHoi 3 gieto IB. 3 yacom
ERR s TJUT BiporinHo 3menmmBed (p < 0,001). ERR
JUTSL KiHOK cTaHOBUB 0J113bK0 40 % Bim BeJIMYMHU aHa-
JIOTIYHOTO TTOKA3HMKAa JJIs1 YOJIOBiKiB. Takox Oyj0 BU3-
HauyeHo Han3BM4YaitHo Bucokuit ERR mist ompoMiHeHUX B
IUTUHCTBI — yci 22 Bumnagku TJIJI cepen onpomMiHEeHUX
BikoM 1o 20 pokiB, O0yno BimHeceHo g0 kareropii IJIJI,
MMOBIpHO iHAYKOBaHOI pagialliiHUM UMHHUKOM.

Xoya pU3MKM, TOB’SI3aHi 3 OMPOMiHEHHSIM, 3 4acoM
3HUKYIOThCS, pe3yybTat BudHaueHHs ERR i EAR cepen
onpoMiHeHUX B Xipocimi i Haracaki nokazanu, 1o mifi-
BUIIIEHI MOPIBHSHO 3 MOMYJISILIIMHUMU J030-3aJI€XHI py-
3uku [JIJI 306epiratoThCst MPOTSATOM TPUBAIOTO MPOMIXKKY
yacy [10]. Mogenb a1 Bu3HaueHHsd ERR, B skiit Oyio
MpoaHaji30BaHO [1030-3a1eXHy Bignosiab aas T pis
TphOX IepioniB (koBTeHb 1950 p. — rpymens 1952 p.,
1953—1965 pp., 1966—2001 pp.), Ao3BOIUIA BUSIBUTH
CTaTUCTUYHO 3HAUYIlIe, X04Ya pi3He 3a BeJIMUYMHOIO, 30i/1b-
ILICHHS TTOKa3HUKA 1T KOXKHOIO 3 BUIIE3a3HAUECHMX I1e-
pioniB. He3Baxarouun Ha 3HmKeHHs 3 yacoM, ERR st oc-
TAaHHbOIO MpoaHajizoBaHoro nepiomy (1966—2001 pp.)
3aJIMIIABCS CTaTUCTUYHO BipOTiAHO BUILMM i cgraB 3,1
(95 % nosipuwmii intepsan (A1) — Bix 0,6 mo 10,4, p =0,001).

B mexax mocnimkenns LSS, cepen pamiauiiiHo-acoli-
oBaHMX JieHiKeMiil Oy0 TakoX MpoaHali3oBaHo 47 BU-
nankiB roctpoi T-knitunHoi aeiikemii (I'TJI) gopociux,
KA € JOCTATHBO PiIKiCHUM TUIIOM TOCTpoi Jierikemii [10].
Ockinbku B XipociMi OyJio BCTAHOBJIEHO 5 BUMAAKIB 3aX-
BOPIOBAHHSI, 10 aHaJIi3y OyJIO BKJIIOUEHO JIUIIE BUMAAKKU
I'TJI, niarHocToBaHi B Haracaki. IToka3zaHo, 1110 3i 3poc-
TaHHSIM BiKy MaJio MiClie CYTTEBE 3pOCTaHHSI MOKa3HUKA
3axBoproBaHocti Ha I'TJI — mo 4,07 (95 % 11 Bin 2,59 oo
5,74, p < 0,001). IToka3HUK 3aXBOPIOBAHOCTI IMiABUILINB-
¢ npubaus3Ho Ha 34 %, BiANOBIIHO MO IOCTiZOBHOTO
301IbLLIEHHS BiKy onpoMiHeHMX Ha KoxkHi 10 pokiB (95 %
Al Bin 7 % no 71 %), 6e3 CTaTUCTUYHO BipOTiIHUX IeH-
JepHux BiamiHHOcTeil. Bumanku I'TJI cepen XiHOK Oy-
JIU BIACYTHi, JJIS1 YOJIOBIiKiB BiINOBiAb «I03a—e(peKT»
(ERR/Ip), Oyna ctraTUCTUYHO HE 3HAYYIIOK i CTAaHOBMJIA
0,88 (95 % Al Bin -0,60 no 4,52, p = 0,28).

ITinBuIleHy 3aXBOPIOBAHICTh HA TOCTPi JielikeMii i ce-
pen Hux IJIJI y onpoMiHEHUX 3HAYHUMM A03aMU OYJI0
MiATBEPAXKEHO 1 JAHUMU iHIIUX HAyKOBUX JOCTiAXKEHb 3
MOHITOPUHTY 0Ci0, SKi MepexXuian aToMHe Oombapay-
BaHHsA B XipociMi i Haracaxi [18]. Hamani, TpuBane
CIIOCTEPEKEHHS 3a IIOCTPAKAAIMMY BHACIIIIOK aTOMHO-
ro 6oMbapayBaHHsI Mokasajio, 10 4yepe3 43—56 pokiB

About 67 % of cases from the LSS cohort with
doses exceeding 5 mGy were classified as ALL
associated with the action of IR. Over time, the
ERR for ALL significantly decreased (p < 0.001).
The ERR for women was about 40 % of that for
men. An extremely high ERR was also found for
those exposed in childhood: all 22 cases of ALL
among those exposed before the age of 20 were
classified as ALL probably induced by radiation.

Although the risks associated with irradiation
decrease over time, the results of determining ERR
and EAR among irradiated in Hiroshima and
Nagasaki showed that the dose-dependent risks of
ALL, which were higher than the population-
based ones, persisted over a long period of time [10].
A model for determining the ERR, in which the
dose-dependent response for ALL was analyzed
for three periods (October 1950—December 1952,
1953—1965, 1966—2001) revealed a statistically
significant, although different in magnitude,
increase in the indicator for each of the above peri-
ods. Despite the decrease over time, the ERR for
the last analyzed period (1966—2001) remained
statistically significantly higher and reached 3.1
(95 % CI, 0.6 to 10.4, p = 0.001).

Within the LSS study, among radiation-associat-
ed leukemias, 47 cases of adult acute T-cell
leukemia (ATL), which is a fairly rare type of acute
leukemia, were also analyzed [10]. Since in
Hiroshima was installed 5 cases of disease, only
cases of ATL diagnosed in Nagasaki were included
in the analysis. It has been shown that with
increasing age there is significant increase in the
incidence of ATL — up to 4.07 (95 % CI, 2.59 to
5.74, p < 0.001). The incidence rate increased by
approximately 34 % according to the sequential
increase in the age of those exposed every 10 years
(95% CI, 7 % to 71 %), without statistically prob-
able gender differences. There were no cases of ATL
among women, and for men the dose-effect
response (ERR/Gy) was not statistically significant
and was 0.88 (95 % CI, -0.60 to 4.52, p = 0.28).

The increased incidence of acute leukemia,
including ALL, in those irradiated with significant
doses has been confirmed by data from other sci-
entific studies on monitoring atomic bombing sur-
vivors in Hiroshima and Nagasaki [18]. In the
future a follow-up study of atomic bomb survivors
showed that 43—56 years after exposure to signifi-
cant doses, the excess risk of ALL associated with
IR had actually declined to population levels [10].
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Mic/Is1 OMPOMiHEHHS 3HaYHUMU 03aMHU, OB’ s13aHi 3 1B
HaaMipHi pusuku IJIJI pakTUYHO 3HU3UIUCH 10 MOITYy-
nguiiitHoro piBag [10].

3pocTaHHs BIUIMBY Pi3HOMAaHITHUX HETATUBHUX aHTPO-
TMOTreHHUX YNHHMKIB Ha OpraHi3M JIIOAWHMU, 1110 Ma€E MiCIle
Ha ChOTOJIHI, 3yMOBJIIOE MiJIBUIIIEHHS 3aXBOPIOBAHOCTI Ha
I'JIJI. TTpoTsiroM OCTaHHIX JOECSTUIITh HOCSTHYTO 3Hau-
HOTO MPOTPeCy B AiarHOCTULII i TiKyBaHHI LIbOTO 3aXBOPIO-
BaHHS, BIDKMBaHICTh OKPEMMX KaTeropiil malieHTiB Mi-
puimiaach 10 90 % [19]. HesBaxkaroum Ha JOCSTHYTI YCITi-
X1, MOXKJIMBICTB TTpodinakTuku [JIJ1 Hag3BryaitHo oOMe-
KeHa. IcHye moTpeba B JOCTiIKEHHSIX, CIIPSIMOBAHUX Ha
BU3HAYEHHS MOTeHUIMHUX akTopiB pusuky [JIJI, BKito-
Yalouu TaKWil HECTIPUSATIAUBUM €KOJTOTIYHUIA YUHHUK, SIK
IB [19]. BpaxoBytoun 3Ha4HO BUIIY YAaCTOTY 3aXBOPIOBA-
Hocti Ha [JIJI cepen nUTAYNX KOHTUHTEHTIB MOPiBHSIHO 3
JOPOCIMMMU, B Psidi orfisaaiB, mournHaouu 3 2000-X pokiB,
OyJI0 30CepelkeHO yBary camMe Ha aHaJjli3i 3aXBOpHOBa-
HOCTI i MexaHi3MaX pO3BUTKY JieiiKeMil y miteit [18].

Ha choroaHi B 11boMy KOHTEKCTi ITpOaHa/Ii30BaHO 11K -
POKUI CIHeKTp eKoyioriyHux dakTopiB pusuky [JIJI,
BKJIIOUAIOYM MPUpOAHi Ta mTy4yHi mkepena IB. Hemo-
JaBHO 3 1Ii€l0 MeTOIO [4] Oyno MpoBeaeHO MeTa-aHai3
pusukiB I'JIJI i3 3amydyeHHsIM 0a3 JaHUX €JIEKTPOHHUX
pecypciB (PubMed, Web of Science). OTpumani pe3yiib-
TaTu NoKa3aju, 10 A1 AiTeii BIUIMB HiABUILIEHUX PiBHIiB
IB € exosorivHMM YMHHUKOM PU3UKY 1100 BUHUKHEH-
HsI 3JT0SIKiCHMX ITyxJiuH 3arajoM i [JIJI, 3okpema.

VYBary ®enepaibHOTO BiIOMCTBa 3 pajialliiHOro 3a-
xucty Himeuunnu (Bundesamt fur Strahlenschutz, BfS)
OPUBEPHYJIO HOCIIIXKEHHSI, K€ BUSIBWIO ITiJABUILECHY
yacroty JevikeMit i I'JIJI, y Tomy 4ucni, cepen IUTIYnX
KOHTUHIEHTIB, SKi MPOXMWBAIOTh MOOJM3Y aTOMHUX
enexktpocraHuii (AEC) [2]. Xoua 3 ypaxyBaHHSIM cydac-
HOro piBHSI 3HAaHb CTOCOBHO OiOJIOTiYHMX MeXaHi3MiB
BuHuKkHeHHs [JIJI et peHOMEH MOsSICHUTHU Baxkko, BfS
OyJ10 3amoYaTKOBAHO MpOrpamy AOCHIIKEHb, B paMKax
gkoiy 2008 Ta 2010 pokax O0yi10 poBeAeHO MixKHApOAHI
ceMiHapu i3 3ajllydeHHSIM MDKIMCUMIUTIHApHOI MaHesi
excrieptiB [2]. [Tomanbini pe3yabTaT BUBYEHHST 0i0Ji0-
TiYHUX OCOOJIMBOCTEN JIeliKeMiil B paMKax LMX AOCHTia-
JKEeHb OyJIO 00roBOpeHO Ha 3ycTpivyax ¢axiBLiB 3 pamio-
Giosorii B 2012, 2016, 2019 pokax [2].

B Mexax maHo1 mporpamu Jjisl OLiHKU BepU(iKOBaHUX
JMAHUX 11010 3JTOSIKICHUX 3aXBOPIOBaHb Y AiTel, BKITIOUa-
rouu T'JIJT, y 2018 powi 6y/10 CKOOPpAMHOBAHO B3aEMO/Iit0
JIBOX areHuiii — MixHapoaHol areHuil 3 JOCTiIKeHHS
paky (International Agency for Research on Cancer,
TARC) Ta MixxHaponHoi acoltiailii peectpiB paky (Inter-
national Association of Cancer Registries, IACR). Pe-
syabTati criabHOi podotnn IARC Tta IACR mipencrasie-

The increasing impact of various negative
anthropogenic factors on the human body, which
is taking place today, leads to an increase in the
incidence of ALL. Over the past decades, signifi-
cant progress has been achieved in diagnosis and
treatment of this disease, the survival rate of cer-
tain categories of patients has increased to 90 %
[19]. Despite the progress made, the potential for
prevention of ALL is extremely limited. There is a
need for research aimed at identifying potential
risk factors for ALL, including such an adverse
environmental factor as IR [19]. Given the signif-
icantly higher incidence of ALL among pediatric
populations compared to adults, a number of
reviews, starting within the 2000s, attention was
focused specifically on the analysis of the inci-
dence and mechanisms of leukemia development
in children [18].

Today, a wide range of environmental risk factors
for ALL, including natural and artificial sources,
continue to be analyzed in this context. Recently,
for this purpose a meta-analysis [4] of the risks of
ALL was conducted involving electronic resource
databases (PubMed, Web of Science). The results
showed that for children the presence of elevated
levels of IR is an environmental risk factor for the
occurrence of malignant tumors in general and
ALL in particular.

The German Federal Office for Radiation Protec-
tion (Bundesamt fur Strahlenschutz, BfS) has drawn
attention to a study that revealed an increased
incidence of leukemia and ALL among children
living near nuclear power plants (NPPs) [2].
Although, given the current level of knowledge
regarding the biological mechanisms of ALL, this
phenomenon is difficult to explain, the BfS initiat-
ed a research program, within the framework of
which international seminars were held in 2008
and 2010 with the involvement of an interdiscipli-
nary panel of experts [2]. Further study results of
the biological features of leukemias within the
framework of these studies were discussed at meet-
ings of radiobiologists in 2012, 2016, and 2019 [2].

Within the framework of this program, in 2018
the interaction of two agencies — The Inter-
national Agency for Research on Cancer (IARC)
and the International Association of Cancer
Registries (IACR) was coordinated to assess veri-
fied data on malignant diseases in children,
including ALL. The results of the joint work of
IARC and IACR are presented in the Summary
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HO B y3arajJbHEHOMY 3BiTi Bepuikallii peecTpiB 3J0-
SIKICHUX MyXJUH — 3-My ToMi OrojieTeHsl «MixkHapoaHa
3aXBOPIOBaHICTh Ha AUTSAYMM pak» (International Inci-
dence of Childhood Cancer, IICC-3), ssikuii Ha CbOTOJHi
€ HaWOLIbII TTOBHUM [IKEPEJIOM NaHUX CTOCOBHO 3JI0-
SIKICHMX 3aXBOPIOBaHb y AiTeit, Bkitodarouun TJIJT [20].
Ha 3yctpiui npencrasaukiB IARC ta IACR B 2019
potii 6yso npoaHainizoBaHo naHi IICC-3 y mopiBHsSIHHI 3
nokasHuKaMM 3axBoproBaHocTi 1980-x pokiB. IligTse-
pIKEeHO, 110 y AiTei BikoM 0—14 pokiB i MimIiTKiB BiKOM
15—19 pokiB JeiikeMis € HaWIOIIMPEHIIIMM OHKO-
JIOTIYHMM 3aXBOPIOBAaHHSM, BIiAITOBiZHO ii yacToTa cTa-
HOBUTH 36,1 % i 15,4 % [20]. B uizomy, y CBiTi Ha ChO-
rOAHI BU3HAYAIOThCS 3arajbHi TEHAEHLIl 10 IMiaABUILICH-
Hd vactotu IJIJI. HeoOximHo 3a3Ha4yuTH, 110 BUILI I10-
Ka3HUKH 3aXBOPIOBAHOCTI YaCTKOBO OOYMOBJICHI ITOKpa-
LLIEHHSIM AiaTHOCTUKM i MOBHOTU CTATUCTUYHOI 3BiTHOC-
Ti, 0COOJMBO B KpaiHax A3ii Ta AQpuKM, OTHAK 3pOCTaH-
HS KiJJBKOCTi BUTAAKIB Ma€ Micie i B KpaiHax CximHoi
€Bponu, ae Bepudikallis giarHo3iB 3HaXOAUTLCS Ha BU-
coKoMmy piBHi [2]. Pe3ynbratu mpoBeaeHUX He3aleKHUX
JMOCIiIKeHb BUSBISIOTH Pi3HULIO (MEPEeBUILIEHHS I0-
Ka3HukiB Ha 70—80 %) 11010 piBHS 3aXBOPIOBAHOCTI Ha
3JI0SIKiCHi XBOpPOOU, Y TOMY UMCJIi — TOCTPY JEUKEMIIO Y
JiTeil, TMOPIBHSAHO 3 JAaHMMU OKPEMMX HalliOHATbHUX
KaplLep-peecTpiB, 1110, IMOBIpHO, 0OYMOBJIEHO HEIO0C-
TaTHBO KOPEKTHOIO CTATUCTUYHOIO 3BIiTHICTIO [2].
IlpencraBneHi pe3yabTaTé YUCIACHHUX MOCIiIXKEHb
MiATBEPIKYIOTh, 110 B CIIEKTPi HETaTUBHMX €TiOJIOriy-
HUX YMHHUKIB BUCOKi Ta MOMipHi 103U IB € YyuHHUKOM
pU3UKY JelKeMii, 0COOJIMBO 3a YMOB OMNPOMiIHEHHSI B
INTUHCTBI [2]. EpekT «103a—BianoBigb» CTOCOBHO Jeii-
kemiit 3arasiom i IJIJI, 30kpema, BiAIoBimae JiHiiHO-
KBagpaTUYHiil Mopaeni, TOOTO Ma€e Miclie MMOMipHe 3pOcC-
TaHHSI 3aXBOPIOBAHOCTI IPU HU3bKUX J03aX OINPOMiHEH-
Hs i CyTTEBE — MPU iHKopIiopauii 3HauHuX 103 [10]. dus
OLIIHKM PU3MKiB OMPOMiHEHHS TaKOX BUKOPUCTOBYETh-
cs JIiHiiiHa 6e3noporoBa Moaeb [21, 22], BiAmoBigHO 10
gKoi epeKTH OoTNTpoMiHeHHd B miarma3oHi 703 mo 100 mIp,
SIK MPaBUJIO, EKCTPATIOJIIOIOTHCS, TOMY HAMOINBII aKTy-
aJIbHUM TUMTaHHSIM Ha ChOTOJHI 3aJIMIIAETHCS BUBUEHHS
BBy IB came B giana3oHi HU3bKUX 103. Taki mociia-
JKEHHSI TTOTPeOYIOTh 0OCTEXXEHHSI 3HAUHUX KOTOPT Hace-
JIEHHS, 3 OMHOT0 OOKY, a 3 iHIIIOro — HEOOXiAHICTh Bpa-
XyBaHHS iHIWBiAyaTbHUX OCOOIMBOCTEN MallieHTiB. Bece
1Ie JIiMiTye TIpOBEAEHHS AOCHiIXEHb, TOMY HalyacTilie
e(eKTN HU3bKNX 03 BU3HAYAIOTLCS B OCi0, OIMpOMiHe-
HUX 3 AiaTHOCTUYHOIO a00 JIiIKYyBaJIbHOIO METOIO.
IToTpibHO OpaTh 10 yBaru iCHyBaHHSI IEBHUX HEBU3-
HayeHocTeil npu yrouHeHHi pu3ukiB IJIJI mpu HU3bKUX
KYMYJSITUBHUX J03aX ONpoMiHEHHsI 4yepBoHoro KM

Report on the Verification of Cancer Registries —
Volume 3 of the International Incidence of
Childhood Cancer (IICC-3), which is currently
the most comprehensive source of data on child-
hood cancers, including ALL [20].

At a meeting of IARC and IACR representatives
in 2019, the IICC-3 data were analyzed in compa-
rable with incidence rates from the 1980s. It has
been confirmed that leukemia is the most common
cancer in children aged 0—14 years and adoles-
cents aged 15—19 years, with a frequency of 36.1 %
and 15.4 %, respectively [20]. In general, there are
general trends in the world today towards an
increase in the frequency of ALL. It should be
noted that the higher incidence rates are partly due
to improved diagnostics and completeness of sta-
tistical reporting, especially in Asian and African
countries, but the increase in the number of cases
is also taking place in Eastern European countries,
where verification of diagnoses is at a high level
[2]. The results of independent studies reveal a dif-
ference (70—80 % higher rates) in the incidence of
malignant diseases, including acute leukemia in
children, compared to data from individual
National cancer registries, which is likely due to
not enough correct statistical reporting [2].

Presented results of numerous studies confirm
that in the spectrum of negative etiological factors,
high and moderate doses of IR are a risk factor for
leukemia, especially in the context of childhood
exposure [2]. The dose-response effect for leuke-
mias in general and ALL in particular corresponds
to a linear-quadratic model, i. e. there is a moder-
ate increase in incidence with low radiation doses
and significantly when incorporated doses are
high [10]. A linear threshold-free model is also
used to assess exposure risks [21, 22], according to
which the effects of radiation in the dose range up
to 100 mGy are usually extrapolated, therefore the
most relevant issue today remains the study of the
impact of IR in the low dose range. Such studies
require the examination of large population
cohorts, on the one hand, and on the other hand,
the need to take into account the individual char-
acteristics of patients. All this limits the conduct of
research, so most often the effects of low doses are
determined in individuals irradiated for diagnostic
or therapeutic purposes.

It is necessary to take into account the existence
of some uncertainties when clarifying the risks of
ALL at low cumulative doses on red BM irradia-
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(mo 100 m3B) [21—23]. 3 omisiay Ha 110 MPoOIeMy, OKpeMi
TOCITITHUKA BUCJIOBIIOIOTh IIPUIYIIECHHS IIOA0 iCHYBaH-
HsI IOPOTY IJIsl JIMKEMill Ta iHIIMX 370SIKICHUX ITyXJIMH
MpU OMPOMiHEHHI B TAKOMY Jiara3oHi 103. O4eBUIHO, 1110
OiypIlIa YacTMHA HaceJIeHHSI KOHTAKTYE 3 palialliliHUM
YUHHUKOM B MeXaX IIPUPOTHOIO pamialiiiHoro ¢ony,
MEHIIIa YaCTUHA — 3a3HA€ JOJATKOBOI'O OIIPOMIiHEHHS IIPU
MPOBENEeHHI MiarHOCTMYHUX i JIKYBaJbHUX MEIUYHMX
npoienyp abo nmpu KoHTakTi 3 IB B Mexax mpodeciitHoi
HisibHOCTI. OCKiNbKM 1Ii JoaaTkoBi go3u IB BimHOCHO
HU3BKI [24], omiHka pu3uKiB aeiikemiit, i [TIJI 3okpema, €
BaXKJIMBOIO B KOHTEKCTi MpOOJIeMH paliallifHOTO 3aXUCTY.

3 ypaxyBaHHSIM BiIHOCHO HEBEJMKOI YaCTOTU 3aXBO-
proBaHocTi Ha I'JIJI B LijoMy, BUBHAYEHHS PU3UKIB IS
ONpPOMiHEHUX HU3bKUMU J103aMU IB KOHTUHIeHTIB yCK-
JIATHIOETHCSI BHACIIIOK JIIMITOBaHOI aleKBaTHOI CTaTUC-
TUYHOI MOTY>KHOCTI OiTBIIOCTI TOCiIXKEHb. 3 1€ Me-
TOIO, JUIS1 OL[IHKW PM3MKiB JieiiKeMil mpu iHKOpHopoBa-
HIX HU3bKUX (1o 100 M3B) mo3ax 30BHIITHLOTO (TIepe-
BaXXHO (POTOHHOIO) OIPOMiHEHHS, OyJI0 MPOBEAECHO
00’enHaHMII aHaJli3 3aXBOPIOBAHOCTI Ha JieKeMil, 10
SJKOro OyJO BKJIIOUEHO KOrOpTHM OCi0 3 HAsIBHICTIO B
aHaMHe31 AiarHOCTUYHUX MEIWYHMX Mpoueayp ado Jji-
KyBaHHS JOOPOSKICHUX 3aXBOPIOBAHb i3 3aCTOCYBAHHSIM
mxepen IB [9].

B nocaigxeHHi [9] mpoaHanizoBaHO 4aCTOTY JeMKeMilt
3arajiom, i I'JIJI 3okpema, 3 ypaxyBaHHSIM MPUITYLLIEHHS,
mo IB migBulllye pu3uK JeikeMiil HaBiTh MPU HU3BKUX
iHKopriopoBaHuX no03ax. Jlo aHamizy Oy/J0 BKJIIOYEHO
IeB’sITb KOoropT 3 pisHux KpaiH (Kanama, ®panmis,
Snonia, Isenia, Bemukoopuranis, CIIA) i3 3aranb-
HOIO KiJIbKicTIO 262 573 oci6 [9]. J1o30Bi HaBaHTaXKeHHS
o0cTeXXeHUX 3Haxoauaruch B Mexax n1o 100 M3B, mepion,
MPOTSTOM SKOTO iHIMBIAYYMiB BKJIIOYAIU A0 CYOKOTOpT —
3 4 gyepBHs 1915 poky no 31 rpymnsa 2004 poky. CepenHs
KyMYJISITUBHA 703a Ha yepBoHuii KM craHoBmia 19,6 M3B
(SD 22,7). I3 3arayibHO1 KiJIbKOCTi — 221 nefikeMist, BKIIIO-
yarouu HekaacuikoBaHi BapiaHTU 3aXBoploBaHHS — y 40
oci0 6ynmo miarHocroBaHo [JIJI. 3 ypaxyBaHHSIM HeoOI-
HOPIZHOCTI MiXX KOrOpTaMM BiAIOBiIHI BiTHOCHI pU3UKUN
I'JUJI npu onpomiHeHHi B po3ax g0 100 M3B cTaHOBUIMN
5,66 (1,35—19,71, p-trend = 0,023) [9]. Pe3ynbratu Ta-
KOro 00’€MHAHOTO aHalli3y NIeB’SITM KOTOPT IUTSIIOTO
Biky (10 21 poKy Ha MOMEHT OIPOMiHEHHS) BUSIBUJIUN
a5t TJIJ 3HauHO BUIL TEHAEHLIIT «103a—BiAMOBiab» Mpu
KyMYJISITUBHOMY HM3bKOMY (1o 100 mIp) miamazoHi mo3
Ha yepBoHM KM [9]. 3anexHicTh «103a—BiAIOBiIb»
JJI JIeiKeMil 3ajuiangacsl 3Ha4Yyyliow i IS HUKYIOTO
Jiama3zoHy 103 (1o 50 m3B).

B nonpanbiioMy Bule3a3HayeHe OOCTiIKEeHHs [9] Oy-
JIO pO3LIMPEHE i 10 aHali3y OyJ10 BK/IIOUEHO J0JaTKOBY

tion (up to 100 mSv) [21—-23]. In view of this prob-
lem, some researchers have suggested that there is
a threshold for leukemia and other malignant
tumors at exposure in this dose range. It is obvious
that the majority of the population is exposed to
radiation within the natural background radiation,
while a smaller part is exposed to additional radia-
tion during diagnostic and therapeutic medical
procedures or when exposed to IR in the course of
professional activities. Since these additional IR
doses are relatively low [24], risk assessment of
leukemias and ALL, in particular, is important in
the context of the problem of radiation protection.

Given the relatively low incidence of ALL in
general, determining the risks for low-dose IR
exposed populations is complicated by the limited
adequate statistical power of most studies. To this
end, to assess the risks of leukemia with incorpo-
rated low (up to 100 mSv) doses of external (main-
ly photon) radiation, a conjoint analysis of
leukemia incidence was conducted, which includ-
ed cohorts of individuals with a history of diagnos-
tic medical procedures or treatment of benign dis-
eases using IR sources [9].

In this study the incidence of leukemia in general
and ALL in particular was analyzed, taking into
account the assumption that IR increases the risk of
leukemia even at low incorporated doses [9]. Before
the analysis nine cohorts from different countries
(Canada, France, Japan, Sweden, Great Britain,
USA) with a total number of 262,573 individuals
were included. The doses of the examined were
within the range of up to 100 mSy, period of obser-
vation, during which individuals were included in
subcohorts was from June 4, 1915 to December 31,
2004 [9]. The mean cumulative dose to the red
bone marrow was 19.6 mSv (SD 22.7). Of the total
(221 leukemias, including unclassified disease vari-
ants), 40 individuals were diagnosed with ALL.
Taking into account the heterogeneity between
cohorts, the corresponding relative risks of ALL for
exposures up to 100 mSv were 5.66 (1.35—19.71,
p-trend = 0.023) [9].The results of such a combined
analysis [9] of nine cohorts (persons up to 21 years
at exposure) found significantly higher dose-
response trends for ALL at the low cumulative dose
range (up to 100 mGy) to red BM. The dose-
response relationship for leukemia remained signif-
icant at the lower dose range (up to 50 mSv).

Further, the above-mentioned study [9] was
expanded and an additional cohort of pediatric
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KOTOPTY AUTSYOr0 HACEJIEHHS — MAalli€HTIB, SIKMM ITPU3-
HavaJlacb IpOMEHeBa Tepamis 3 TMPUBOAY JIiKyBaHHS
tinea capitis [25]. lle HagaJIoO MOXJIMBICTH IiABUIIUTU
CTAaTUCTUYHY MOTYKHICTh TOCiIKEHHS i OLIIHUTHU e(eKT
«103a—BiMOBiAb» IS OB TOYHOTO BU3HAYECHHS PU-
3UKiB JielikeMiil 3aranoM, i I'JIJI 3okpema, y onpomiHe-
Hux B 103ax 10 0,1 Ip. Takox OyIro omiHeHO e(eKTH OIT-
poMmiHeHHs B miana3oHi mo3 nmo 0,5 Ip. 30iabiieHHS
00’eMy BUOIpKM JO3BOJIMUIO BUZHAUUTHU 3aJEKHICTh PU-
3UKiB JIeliKeMil Bif BiKy OCi0O Ha yac ONpOMiHEHHS Ta
OPOMIXKKY 4yacy micisi KOHTakTy 3 IB 3 ypaxyBaHHSIM
MiXXKOTOPTHOI reTeporeHHocTi [25].

3aranom, 10 aHajizy [25] 6yno 3anydeHo 310 905 ocib
i3 3arajpHOIO KiIbKicTIO 7 641 362 M10AMHO-POKIB croc-
TepexkeHHs. JocaimKyBaHa Koropra Bkouwna 154 647
ocib muTsIyoro BiKy 4dojioBivoi ctati (49,7 %) i 156 036
oci6 kiHouoi crati (50,2 %), y 4aCTUHU OOCTEXEHMX
cTaTh 3a3Ha4eHO He 0yJo (222 ocobu, 0,1 %). Cepenns
iHAWBigyaTbHa KyMyJsSTHUBHA go3a ctaHoBwia 0,11 Ip,
X0ua CIOCTepiraBcs 3HAYHUN PO3KUJ iHIUBITyaIbHUX
no3 (mianmazoH 0—5,95 Ip): HaiiBulla cepeaHs 103a BU3-
Hayajach y MAalLli€HTiB, ONPOMIHEHUX 3 IMPUBOLY ftinea
capitis B koropti 3 I3paimo — 0,29 Ip, HaitHIK4Ya cepenHs
Jo3a — B koroprti nauieHTiB 3i CLLA, sskuM nmpoBoauiach
MpoMeHeBa Teparis y 3B’3Ky 3i ckosiozom — 0,008 Ip.
CepenHiii Bik ompoMiHeHMX Brepie ocid ctaHoBUB 8,0
POKiB, cepeIHili MPOMiXKOK 4acy Iic/ss OCTAaHHbOTO KOH-
takTy 3 IB — 22,4 poky. 3aranbHa KiJbKiCTh BMUIIaJIKiB
CMepTi Bing JelikeMiil, MoB’s13aHUX 3 padialiiHUM
BILUIMBOM, cKJaja 272, y TOMy YMCJIi cepes MaLi€HTiB i3
1 — 71 (25,7 %).

B pesynbrarti mpoBeneHoOro gocaimKkeHHs [25] BusBIie-
Ho 30inbiieHHs ERR/Ip anst Bcix OCHOBHMX THITiB
panialiifHo-acoLiiioBaHO1 JieiikeMii MpU OMpPOMiHEHHI
miteit go3amu Ha yepBoHmit KM mo 0,1 Ip. Hisg mamieH-
1iB 3 I'JIJI (n = 71) Oyno BctaHoBiaeHOo 3Ha4Hi (p < 0,005)
HamauikoBi BinHocHi pusuku (ERR/Ip), saxi caramm
6,65 (95 % I 2,79—14,83). IIpu ouinui edexkry «Io-
3a—BianoBiab», ng I'JIJI BusgBiIeHO TEHASHIIIIO 10 3HU-
>KeHHs ripu go3ax a0 0,5 Ip mopiBHSHO 3 OLIbII BUCOKH-
MU Jno3aMu. ABTopu [25] 3a3HayvaroTh, 110, OCKUTBKU
JIelikeMii 3ycTpiyaloTbCsl B MOMYJISLIil 3 BiTHOCHO HEBe-
JIMKOIO 4acTOTOIO i MarOTh OKpEeMi IMiATUIIHU, 1I€ YCKaI-
HIOE MOXJIMBICTb OTPUMAHHS CTa0IIbHUX OLIIHOK iX pH-
3UKiB y 0Ci0, OMpOMiHEHMX B Jiara30Hi HM3bKMUX i
noMipHux 103 (xo 0,5 Ip).

PesynbraTn iHmoro MeTta-aHamizy [4] Takox IToKa3a-
JIM, 110 TaKUIi YMHHUK PU3UKY, SIK HU3bKi 1031 OIPOMi-
HEHHs B paHHbOMY OUTHHCTBI, MIEPEKOHJINBO ITOB’sI3a-
Huit 3 BuHUKHeHHsaM IJUJI y miteit. JlaHi obcTexkeHb
MaLi€HTIB, OMPOMiHEHUX B AIaTHOCTUYHMX 1 JIIKyBaJlb-

patients receiving radiation therapy for tinea capi-
tis was included in the analysis [25]. This made it
possible [25] to increase the statistical power of the
study and to assess the dose—response effect to
more accurately determine the risks of leukemia in
general and ALL in particular in those irradiated at
doses to 0.1 Gy. The effects of radiation in the dose
range up to 0.5 Gy were also assessed. The increase
in the sample size allowed [25] to determine the
dependence of leukemia risks on age of individuals
at the time of exposure and the time interval after
exposure to IR, taking into account inter-cohort
heterogeneity.

In general, the analysis [25] involved 310,905
individuals with a total of 7,641,362 person-years
of observation. The study cohort included 154,647
male children (49.7 %) and 156,036 female chil-
dren (50.2 %), in parts the sex of the examined was
not specified (222 persons, 0.1 %). The average
individual cumulative dose was 0.11 Gy, although
a significant spread of individual doses was
observed (range 0—5.95 Gy): the highest average
dose was determined in those irradiated for finea
capitis (cohort from Israel) — 0.29 Gy, the lowest
average dose — in a cohort of patients from the
USA who underwent radiotherapy for scoliosis —
0.008 Gy. The average age of the first-time irradi-
ated persons was 8.0 years, the average time inter-
val since the last contact with IR — 22.4 years. The
total number of deaths from leukemias associated
with radiation exposure was 272, including 71
among patients with ALL (25.7 %).

A study [25] found an increase in ERR/Gy for
all major types of radiation-associated leukemia
when children were exposed to red BM doses up to
0.1 Gy. For patients with ALL (n = 71), significant
(p < 0.005) excess relative risks (ERR/Gy) were
found, reaching 6.65 (95 % CI, 2.79—14.83).
When assessing the dose—response effect, a ten-
dency for ALL to decrease at doses up to 0.5 Gy
compared with higher doses was found. The
authors [25] noted that since leukemias occur in
the population with a relatively low frequency and
have distinct subtypes, this makes it difficult to
obtain stable estimates of their risks in individuals
exposed to low and moderate doses (up to 0.5 Gy).

Results of another meta-analysis [4] also showed
that such a factor as low doses of irradiation in
early childhood are convincingly associated with
the occurrence of ALL in children. Data of exam-
ination of patients irradiated for diagnostic and
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HUX LiJISX, MITBEpAUIN TEeBHUI piBeHb 3B’s3Ky IB 3
LIMM THUITOM JielikeMii [26].

3pocTaHHs PU3NKIB JIeKeMil y IiTell Ta MimIiTKiB mpu
KyMYJISITUBHUX €(PeKTUBHUX J103axX Ha yepBoHUil KM B
niama3oHi 103 20—100 M3B, 110 Ma€e Miclie Mpyu MpoBe-
JIeHHi 1iarHOCTUYHMX MPOLEAYP, y3araJbHEeHO B JOCTiI-
xkeHHi [2]. llInpoxe 3acTocyBaHHS Bi3yali3alliifHUX Me-
TOJiB, TTOB’sI3aHUX i3 3acTOCYBaHHAM mxKepen IB, y Tomy
yucai koMm’rorepHoi Tomorpadii (KT), npu npose-
JIeHHi s1IKo1 epexkTuBHI 1031 Ha KM BapiooTh Bif 5,9 1o
10,1 mIp, TakOKX 3yMOBIIOE TTiABUIIEHHST PU3UKIB JIeH-
kemii [2]. [Tpu mpoBeaeHHi 0AHOKPATHOTO PEHTIeHiBCh-
KOTO JOCTiI>)KeHHS TaKi pU3MKU HE BUSIBISIOTHCS [2].

OxpeMUMU AOCTIIKEHHSIMU MiATBEPIKeHA HASIBHICTb
acouiauii I'JIJI 3 Takum (akTopoM pU3UKY, SIK MPOKU-
BaHHS TTOOJIM3Y 00’€KTIB SIIEPHOI IPOMMCIIOBOCTI [26].
B iHmomy nocriimxenHi [27], mpu aHali3i 3aXBOpIoBa-
HOCTI Ha JIeiKeMilo cepell AUTIYNX KOHTUHIEHTiB BiKOM
J10 15 poKiB, pe3ueHTIB TEPUTOPiA B MexKaxX A0 5 KM Bif,
postamryBaHHsI AEC, He BUSIBJIEHO MTepPeKOHIUBUX eheK-
TiB 1100 PU3MKIB JIeliKeMii, a Julle TeHACHLII IO iX
MiABUILIEHHS cepel IiTelt BikoM 10 4 poKiB.

AXTyallbHOIO TIPOOJIEMOIO 3aJMIIAETHCS BUBYEHHS
BIUIMBY TIPUPOJHOrO pamialiiiHOro (oHy SIK YMHHMKA
IHIYKIIii IefiKeMii, OCKiIbKY BiH 00YMOBITIOE HAOLTBIILY
YacTKY B CIIEKTPi piuHOi e(peKTUBHOI 103U [IJIsI HACEICH-
Hs. OnmpoMiHeHHST BHACTIIOK KOHTAKTy 3 PamOHOM SIK
MPUPOIHOIO, TaK i MTOOYTOBOIO MOXOMIKEHHS, aKTUBHO
0OTOBOPIOETHCS B SIKOCTI CKJIaJOBOI PiyHOI €(heKTUBHOT
no3u. YacTrHa TOCHiIKEeHb CBiTYUTb, 1110 TOOYTOBE OI1-
POMiHEHHSI, OOYMOBJIEHE PaJlOHOM, ITiIBUILYE PUUKU
Jeiikemii y miteit [28], iHIIMMU TOCHTiIKEHHSIMU HE BU-
SIBJIEHO 200 MPOAEMOHCTPOBAHO HECYTTEBY 3a/I€XKHICTb
«pusuk—edexkT» [29]. MoxnuBa pojib pagoHy SK MO-
TEHLiAHOr0 OHKOJOrIYHOIO YMHHUKA 3aJIUIIAETHCS CY-
MEPEYINBOIO i MOTPeOy€E MOJANBIINX JOCiIKEHb.

Hocnimxenns, nposeaeHe B IlIBeiiapii [30] y miteit
BikoM 10 16 poKiB, MigTBepAWIO BIUIMB TraMMa-BUII-
POMIHIOBaHHS BiJ pafgioaKTUBHUX €JIEMEHTIB TPYHTY, a
TaKoX KOCMIYHOIO BUIIPOMIiHIOBAaHHS, ILOJO PHU3UKY
JleiikeMii. B Toii xxe yac, iHIIi gocmigHuky 3 ®paniiii He
niaTBepauaun takoro edexty crocoBHo IJIJI [31]. Hera-
TUBHOIO BIUIMBY IiJIBUILEHOTO MPUPOAHOIO padialliii-
HOro (DOHY K YMHHUKA iHAYKIIii IeiKeMil y miTeil TakKoxX
He 0yJ10 BcTaHOBJeHO [32].

Pesynbrat HaBegeHNX BUILE YMCICHHUX OOCITIIKEHb
CTOCOBHO BIUIMBY IB gK HeraTMuBHOro YMHHMKaA AOB-
KiJIJI THATBEPIXKYIOTh OTo acouiauiro 3 pusukom [T,
K Y IUTSYOTO, TaK i B JOpocaoro HacejgeHHs. IlaTore-
HETWYHI MeXaHi3MM 3aXBOPIOBaHHS y3araJbHEHO B TakK
3BaHill Teopil «I1eplIoro yaapy», BiINOBIAHO A0 SIKOI y

therapeutic purposes, confirmed some association
of IR with this type of leukemia [26].

The increased risk of leukemia in children and
adolescents with cumulative effective doses to red
BM in the dose range of 20—100 mSv, which
occurs during diagnostic procedures, is summa-
rized [2]. The widespread use of imaging tech-
niques involving IR sources, including computed
tomography (CT), with effective doses to the BM
ranging from 5.9 mGy to 10.1 mGy, also increases
the risk of leukemia [2]. When conducting a single
X-ray examination, such risks are not detected [2].

Separate studies have confirmed the presence of
an association with ALL with a risk factor such as
living near nuclear industry facilities [26]. In
another study [27], when analyzing the incidence
of leukemia among children under 15 years of age,
residents of territories within 5 km near the NPP,
no convincing effects on the risks of leukemia were
found, but only a tendency to increase them
among children aged 0—4 years old.

The study of the influence of natural background
radiation as a factor in the induction of leukemia
remains an urgent problem, since it accounts for
the largest part of the annual effective dose for the
population. Exposure due to contact with radon,
both natural and household origin, is actively dis-
cussed as a component of the annual effective
dose. Some studies indicate that household expo-
sure due to radon increases the risk of leukemia in
children [28]. Other studies have not found or
demonstrated an insignificant risk-effect relation-
ship [29]. The possible role of radon as a potential
cancer factor remains controversial and requires
further research.

A study conducted in Switzerland [30] among
children under 16 years of age confirmed the effects
of gamma radiation from radioactive elements of
soil, and cosmic radiation on the risk of leukemia.
At the same time, other researchers from France
did not confirm such an effect on ALL [31]. The
negative impact of increased natural background
radiation as a factor in the induction of leukemia in
children has also not been established [32].

The results of the numerous studies cited above
regarding the impact of IR as a negative environ-
mental factor confirm its association with the risk
of ALL, both in children and adults. The patho-
genetic mechanisms of the disease are summarized
in the so-called theory «first hit», according to
which in patients with leukemia the primary ge-
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MAaLieHTIB 3 JIeiKeMi€lo MepBUHHA FreHETUYHA MO/Iisl Ma€e
Miclle BXe Ha BHYTPIlIHbOYTPOOHOMY €Tami PO3BUTKY
TUTWHU i Hagadi MOTEHLIIOEThCS BIUIMBOM iHIIMX Hera-
TUBHUX MOCTHATAJbHMUX (PaKTOpiB, 30Kpema nieo IB
[33]. PamianiiiHuii YMHHUK PO3IIHIOETHCS SIK TPUTED,
IO CIIPMSIE MPOMOLIil TaK 3BaHUX «KJITHMH mpe-TJ1JI»,
SIKi IPeACTaBIISIIOTh COO0I0 MiHOPHUM MpeieiKeMiYHni
KJIOH 3 Me€BHUMM LIMTOTEHETUYHUMM aHOMalisiMu [34].
ITpunyckaeTtbes [34], 1m0 y ocid MOI0I0TO BiKy KOPOT-
KMIA JIaTeHTHUI nepioa noB’s3aHoro 3 1B pusuky TJIJI
00YMOBJIEHUI HEBEJIMKOIO KiIbKIiCTIO MOilA, IKi CripUsI-
10Th TpaHcdopMauii «mpe-IJIJI kaiTuH» B arpecuBHi
cyOcTpaTHi eleMeHTH (JTiMoinHi 61acTh).

ITaToreHeTnyHi MexaHi3mu po3BUTKy y I'JIJI gopociux
i miTeid momiOHi, ogHAK, BpaXOBYIOUM 3HAYHO BUIILY 3aX-
BOPIOBAHICTh Ha 1Iell TUII JIeliKeMii cepel TUTSIINX KOH-
TMHTEHTIB, 3HaYHa YacTWHa JOCIiIXEeHb Ha CbOTOIHI
cIpsiMOBaHa caMe Ha AOCJiAXEHHS JaHOI MpoOJeMM.
ODHVUM 3 OCHOBHMX ITMTaHb, SIKi 0OTOBOPIOIOThCS (ha-
XiBLISIMU 3 pafio0ioJIorii i reMaToJIorii, € HasIBHICTh Me-
TOJAO0JOTIUHUX BiAMiHHOCTEH JOCTiAXKEHD, CITPSIMOBAHUX
Ha BUBYEHHSI pafialiiiHo-acoliiioBaHuX e€(eKTiB, y TO-
MY YUCJIi — OOMeXeHb, 1110 BIUIMBAaIOTh Ha OLIIHKY pe-
3yabTaTiB [2]. JocaigHuKaMu moka3zaHo, 1110 BU3HAYEH-
HSI TUITY 3aXBOPIOBaHb 3 ypaXyBaHHSIM LIMTOTCHETUIHMX
Oiarpymn notpedye o0CTeXXeHHS 3HAUHUX KOHTUHIEHTIB i
y3araJbHEHHSI IaHUX IUISIXOM IIPOBENCHHSI MeTa-aHa-
JIi3y 3 ypaxyBaHH$ iHIMBiZyaJdbHOI T€HETUYHOI Bapia-
0eTbHOCTI 0CiO.

Bimomo, mo B-kaitunna I'JIJI o6’emnHye rpymy jeii-
KeMii1, 1110 MaIOTh Psif, cIeIM(pidHIX XpOMOCOMHUX aHO-
MaJliii, cepen SIKMX IepeBaXkaloTh XpOMOCOMHI TpaHCJIO-
Kaiii Ta aHeyroinis [2]. JloBeneHe mpeHaTaJbHE BU-
HUKHEHHSI aHEyIUIOifil Ta OKpPEeMUX XPOMOCOMHMX
TpaHCJIOKAlliil B KIITUHAX TiM(MOIMTAPHOTO MMapoCTKa y
nauieHTiB 3 TJLJI.

Y vactuHu nauieHTiB 3 I'JIJI y criekTpi XpoMOCOMHUX
abepalliil 1iarHOCTYETHCSI IPOTrHOCTUYHO HECIIPUSITIIM -
Ba (inamenndiiicbka xpomocoma (Ph’-xpoMocoma,
t(9;22)(q34.1;q11.2)), yactoTa BUSIBJIEHHS SIKOi Bapilo€
3aJieXkHO Bix Biky. Ph’-xpomMocoma Bu3HavyaeTbest y 3 %
niteir 3 I'JIJI Mononioro BiKy i 30iAbLIYETHCS 3 MiABU-
IIeHHsIM BiKy nauieHTiB [1]. BoHa miarHocTyeThcsl Ha
Buiomy piBHi nipu [JIJI y gopocianx Mosiogoro Biky (10
25 %), y tpetunu mnarienTiB 3 [JIJI moxuioro Biky [7].
3 MeHmow yvactororo npu IJIJI 3ycTpivaroTbes iHIi
HECIIPUSITAUBI LIMTOreHEeTUYHI aHOMalil (TpaHCIOoKallis
t(8;14), cknmagHUit KapioTuI, HU3bKa TiMOZUTLIOIIIS,
psII IHITHUX TIOPYIIEHB).

[1Ipu BUBYEHHI MOJIEKYJISIPHO-TeHETUYHUX ITOPYIICHbD,
acolilfioBaHMX 3 TpaHCIOKAaLisIMU Opu padialiiiHO-

netic event takes place already at the intrauterine
stage of the child’s development and subsequently
potentiates the influence of other negative postna-
tal factors, in particular the effect of IR [33]. Ra-
diation is considered a trigger that promotes the
development of so-called «pre-ALL cells», which
are a minor preleukemic clone with specific cytoge-
netic abnormalities [34]. It has been suggested [34]
that the short latency period of the IR-associated
ALL risk in young individuals is due to a small
number of events that promote the transformation
of «pre-ALL cells» into aggressive substrate ele-
ments (lymphoid blasts).

The pathogenetic mechanisms of development
in adult and pediatric ALL are similar, however,
given the significantly higher incidence of this type
of leukemia among children, a significant part of
the research is currently aimed at this problem
studying. One of the main issues discussed by spe-
cialists in radiobiology and hematology is the pres-
ence of methodological differences in studies
aimed at studying radiation-associated effects,
including limitations that affect the assessment of
results [2]. Researchers have shown that determin-
ing the type of disease taking into account cytoge-
netic subgroups requires examining of large
cohorts and summarizing data by conducting a
meta-analysis with taking into account individual
genetic variability of individuals.

It is known that B-cell ALL unites a group of
leukemias that have a number of specific chromo-
somal abnormalities, among which chromosomal
translocations and aneuploidy predominate [2].
Prenatal occurrence of aneuploidy and individual
chromosomal translocations in lymphocytic germ
cells in patients with ALL has been demonstrated.

Some patients with ALL are diagnosed with a
spectrum of chromosomal aberrations prognosti-
cally unfavorable Philadelphia chromosome (Ph’-
chromosome, t(9;22)(q34.1;q11.2)), the frequen-
cy of it’s detection varies depending on age. The
Ph’ chromosome is detected in 3 % of children
with ALL of younger age and increases with
increasing patient age [1]. It is diagnosed at a high-
er rate in ALL in young adults (up to 25 %), in a
third of elderly ALL patients [7]. Other adverse
cytogenetic abnormalities (t(8;14) translocations,
complex karyotype, low hypodiploidy, and a num-
ber of other disorders) are less common in ALL.

When studying the molecular genetic disorders
associated with translocations in radiation-associ-
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acoltiftoBaniii I'JIJI, BcTaHOBJIEHO, 1110 BOH OOYMOBJIEHI
HasSIBHICTIO TaK 3BaHUX <«3JIMTHUX» TeHiB, 30Kpema
ETV6-RUNXI ta TCF3-PBX]I. 11i 31uTHI TeHU BUSIBIISI-
IOThCS Y HEBEJIMKOTO BiICOTKA 3M0POBUX HOBOHAPOIXKE-
Hux aiteit: red ETV6-RUNXI npucytHiit y 1-5 % [35],
TCF3-PBX1—y 0,6 % |36]. HasiBHicTh rena TCF3-PBX1
Y 300pOBUX HOBOHAPOIKEHUX CBiMUUThH, IO 1S TPAHC-
JIOKallisl MOXe BMHMKATU IpeHaTaJlbHO, IIPU PO3BUTKY
I'JIJT ueit ren giarHocTyeThes y 5—10 % nauieHTis [37].

CrocoBHo reHa ETV6-RUNXI, cnin 3a3Ha9UTH, IO Y
3IOPOBUX OCiI0 BiH TIpUCYTHIN nie B nudepeHIiiioBa-
HUMX KJIITMHAX, I030aBJICHUX MOXJIMUBOCTEH IO ca-
MOBITHOBJIEHHS. BiH BiICyTHili B TeMOMOETUYHUX CTOB-
oyposux kiitnHax (I'CK) i panHix B-xiitTuHax-mome-
pelHUuKaxX, sIKi OUIbII WMOBIpHO MOXKYTb JAaTU MOYaTOK
PO3BUTKY 3JI05IKicHOTO KJIOoHY [37]. Lle cBimuuTh, 1110 1JIst
MporpecyBaHHsS MiHOPHUX IMpejeidKeMiYHUX KJIOHIB i
po3BuTKy I'JIJI HeoOximHa aist iHIIKMX TPUTEPIB, 1O iHIY-
KYIOTb TIOJANbIIY JIeKeMiuHy TpaHc@opmalio (Tak
3BaHa Teopisd «apyroro ymapy»). Ilpumyckaetbes [37],
110 JOCTIAXEHHS OCOOIMBOCTEN TE€HETUYHUX MOPY-
IIeHb, 00YMOBJIEHIX XPOMOCOMHUMM TPaHCIOKAIliSIMU,
30KpeMa HasBHicTio TeHa ETV6-RUNXI, i BUSIBIeHHS
JOJATKOBUX TPUTEPiB, SIKi TPU3BOASTH 0O PO3BUTKY 3aX-
BOPIOBaHHS, MOTEHLIHHO MOXYTb HagaTH MOXKJIMBICTH
11 npodinaktyBaHHs po3BUTKY IJIJI y HOCi1B MiHOpHO-
ro npejaeuKkeMiuHOTO KJIOHY.

ITosiBa cekBeHyBaHHSI HACTYMHOTO MoOKogiHHS (Next
Generation Sequence) mo3BoJinia OibLI TTUOOKO MPO-
HUKHYTU B TIaToreHe3 jeikeMiit 3aranom, i IJ1JI 30kpe-
Ma. JlomatkoBa igeHTH®IKALisA psmy OiOJOTIYHMX Map-
KepiB Ao03BoJiyia oHOBUTH B 2016 poui Kinacudikaliro
BcecBiTHBO1 OpraHizailii OXOpOHM 310POB’S, IPU LILOMY
OyJIO BHECEHO CYTTEBI 3MiHM A0 TpaaMLiiHOI Kija-
cuikarii roctpux aerikeMiit [38]. 3okpeMa, BpaxoBaHO
YHCIeHHI TeHeTUYHi YNHHUKU PU3UKY, 1110 MAIOTh Miclie
MIPY TAKMX 3aXBOPIOBaHHSIX, IK cuHIpoM KiaiiHdenbre-
pa, cunapom JlayHa, aTakcisi, TeJieaHTieKTa3isl, CHHAPOM
Bnyma, anemis ®aHKOHi, BpPOIXKEHUH AMCKEpaTO3,
cunapowm llIBaxmana-/lafimonna ta psny iHmmx. JloBe-
neHo acouiatuBHUi 3B’g30K [JIJI 3 reHeTHMYHO-OIIOCE-
penkoBaHMMU 3axBoproBaHHsAMU [39, 40]. TakuM 4u-
HOM, Ha CbOTOJHI MiATBEPIXXEHO BaXKJIMBY pPOJIb T'€HE-
TUYHOI CXWJILHOCTI 10 po3BUTKY [JIJI.

ITpoBeneHi mOCTIIKEHHST TAKOX JO3BOJIMIIM BUSBUTHU
psa crieurdiyHUX JOKYCiB, acoliiioBaHUX 3 MiABUILE-
HUM pusnkoM po3Butky I[JIJI y miteit — ARIDSB,
CEBPE, BMI1, CDKN2A/2B |41], ETV6, PAX5 ab6o
IKZF1[39], 3B’5130K 3aXBOPIOBAaHHS 3 TeHAMU KOTE€3WHO-
Boro KoMmiuiekcy Ta nuisixoM CREBBP/EP300 |42]. Ho-
BEJEHO, 110 MNaTOreHHi TrepMiHaJlbHO YycCHaJgKOBaHi

ated ALL, it was found that they are caused by the
presence of so-called «fusion» genes, in particular
ETV6-RUNXI and TCF3-PBXI1. These fusion
genes are found in a small percentage of healthy
newborns: ETV6-RUNXI gene is present in 1—5 %
[35], TCF3-PBX1—in 0.6 % [36]. The presence of
the TCF3-PBX1 gene in healthy newborns suggests
that this translocation may occur prenatally; with
the development of ALL, this gene is diagnosed in
5—10 % of patients [37].

Regarding the ETV6-RUNXI gene, it should be
noted that in healthy individuals it is present only
in differentiated cells that lack the ability to self-
renew. It is absent in hematopoietic stem cells
(HSCs) and early B-cell progenitors, which are
more likely to give rise to a malignant clone [37].
This suggests that the progression of minor
preleukemic clones and the development of ALL
requires the action of other triggers that induce
further leukemic transformation (the so-called
«second-hit» theory). It is assumed [37] that
studying the features of genetic disorders caused by
chromosomal translocations, in particular the
presence of the ETV6-RUNXI gene, and identify-
ing additional triggers that lead to the development
of the disease, could potentially provide an oppor-
tunity for prevention of the development of ALL in
carriers of a minor preleukemic clone.

The advent of Next Generation Sequencing has
provided deeper insight into the pathogenesis of
leukemias in general and ALL in particular. The ad-
ditional identification of a number of biological
markers has led to the update of the World Health
Organization classification in 2016, with significant
changes to the traditional classification of acute
leukemias [38]. In particular, numerous genetic risk
factors that occur in diseases such as Klinefelter syn-
drome, Down syndrome, ataxia, telangiectasia,
Bloom syndrome, Fanconi anemia, dyskeratosis
congenita, Shwachman-Diamond syndrome and a
number of others have been taken into account. An
associative relationship between ALL and genetical-
ly mediated diseases has been proven [39, 40]. Thus,
today the important role of genetic predisposition in
the development of ALL has been confirmed.

The studies also identified a number of specific
loci associated with an increased risk of developing
ALL in children — ARID5B, CEBPE, BMII,
CDKN2A/2B [41], ETV6, PAXS or IKZF1 |39], the
relationship of the disease to the genes of the cohesin
complex and the CREBBP/EP300 pathway [42].
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BapiaHTu reHa 7TP53 acollilioBaHi 3 MiABUIIIEHUM pU-
3uKoM po3BuTKy I'JIJI y miteit 3a yMOB il pi3HOMaHIT-
HUX HeTaTMBHUX YMHHMKIB, y Tomy uuciai — IB [1].
Myratii reniB 7P53 ta IKZF1 TakoxX MaloTb Miclie y
yacTMHU Jopociux nauientis 3 [T (5—24 %) [43].

V naroreHnesi I'JIJI cyTTeBe 3HaUEHHS BilirpaloTh My-
Tallii reHiB 3apOIKOBOI JiHii (germline mutations), sKi
3arajioM y JiTel i MiaJIiTKiB 3 JIeliKeMi€lo BU3HAYal0Th-
cs1 Ha piBHi 6J113bK0 4 %, xo4a, IMOBIpHO, iX Habara-
TO Oinbiie [41]. 3 MeTOI BUSBIIEHHS T€HiB, SIKi 00y-
MOBJIIOIOTb CUHAPOMM CITaIKOBOI CXWJIBHOCTI 0 3J10-
SJKiCHUX 3axBoploBaHb (cancer predisposition syn-
dromes), Ha CbOTOAHI MPOBOAMUTHCS TaK 3BaHE <«I10-
TpiiiHe» CEKBEHYBaHHS YChbOro reHoMa — 000X 0aTbKiB
1 AUTUHMU, 11O JO3BOJISIE BU3ZHAUYMTU HASIBHICTh Pi3HO-
MaHITHUX BapiaHTiB MyTalliii 3apOaKOBOiI JIiHii [44].
B sgxocTti maToreHeTMYHO1 MOAEAi BUHUKHEHHS Jeii-
KeMil 3alponoHOBaHa TaK 3BaHa <«IUTE€HHA MOJIE/b»
yCcIaaKyBaHHSI, CYTh SIKOI IOJISITAE B TOMY, 11O IJISI BU-
HUKHEHHSI OHKOJIOTIYHOTO TIpollecy HeoOximHa Ha-
SIBHICTh IBOX Pi3HMX MyTOBaHUX T€HiB 3apOAKOBOI1 JIiHii.
ITpu boMy abo0 KOxKeH 3 OaTbKiB € HOCIEM OAHI€ET 3 Ta-
KMX MyTaliii, abo MyTalisi OPUCYTHS Yy OJHOTO 3
0aTbKiB, a iHIIIa BUHUKAE Y IUTUHU de novo [44]. Okpim
JUTeHHOI MOJAENi, PO3IISIIAEThCsl I «OJIiroreHHa MoO-
JIeJib», sIKa MOSICHIOE peali3allilo OHKOJIOTiYHOIO 3aXBO-
pIOBaHHS, i eliKeMil 30KpeMa, sIK HaCJliIOK iCHYBaHHSI
MHOXXMHHHUX MYTOBAHUX Ie€HiB 3apOJKOBOI JiHii [45].

Hna TTUJI, moaibHO [0 iHIIMX 370SIKiCHUX TIPOLIECiB,
XapaKTepHa HasIBHICTh €MireHeTUYHUX 3MiH, 00yMOBJIE-
Hux BivmBoM Ha ['CK abo KoMiToBaHI KJIiTUHU-TIOINE-
pPeIHUKU IIMPOKOIO CIIEKTPY €KOJOTIYHUX i MeTa-
0oiYHUX YMHHUKIB [2, 46]. TToka3aHo, 110 HaBiTh 3a
MOoAaJIbIIOI BiICYTHOCTI OHKOIeHa a00 HasIBHOCTI MOPY-
IIeHHS 10T0 eKCIpecii, ermreHeTnaHi Moaudikaliii Mo-
KyTh 3aJIMIIATUCS JIATECHTHUMU A0 MOMEHTY Ail Hera-
TUBHUX €HA0- a00 €K30reHHMX YMHHUKIB, BKIIOYAIOUU
IB (BimmoBimHO 10 Teopii «apyroro ynapy») |37, 47]. [1pn
I'JIJT e siBullie Ma€e Miclie, HAMTpUKJIIa/, Y BUTIAIKY, KOJIU
XUMEPHUI TpaHcKpuILiitnuii daktop ETV6-RUNXI
eMireHeTMYHO TpaiiMy€e HEKOMITOBaHY TpyITy KJIITMH Ta
iHOIyKye abepaHTHY mnporpamy audepeHuiaii B-kii-
TUH-TIONEPEHMKIB, SIKi HAOyBalOTh MOXJIUBICTb 3J10-
sIKicHOI TpaHchopMallii [47].

OaHUM i3 maToreHeTUYHKUX MeXaHi3MiB po3BUTKY [ J1J1
Takox € MeTuwtoBaHHs JIHK, 3yMoBiieHe ni€to HeratuB-
HUX YMHHUKIB HaBKOJIMIIHBOTO CEPEIOBUIIA, Y TOMY
yuchai — IB. Iokazano, 1110 pagiaiitHuii (pakTop Moxke
iHIyKyBaTH Tiro- abo rirmepMeTiioBadHs 10 70 % ok-
peMuX JIOKYCiB Te€HiB i BUKJIMKATU 3MiHM, MOMiOHI A0
THX, IITO0 MafOTh Miciie y mamieHTis 3 [JIJT [48].

It is proven that patypical germline inherited variants
of the TP53 gene are associated with an increased risk
of developing ALL in children under the influence of
various negative factors, including IR [1]. Mutations
in the TP53 and IKZF1 genes also occur in a propor-
tion of adult patients with ALL (5—24 %) [43].

Germline mutations play a significant role in the
pathogenesis of ALL, and are generally estimated to
occur at a rate of about 4 % in children and adoles-
cents with leukemia, although the incidence is likely
to be much higher [41]. In order to identify genes
that cause cancer predisposition syndromes, the so-
called «triple» sequencing of the entire genome is
currently being carried out — both parents and the
child, which allows determining the presence of var-
ious variants of germline mutations [44]. As a patho-
genetic model of leukemia, the so-called «digenic
model» of inheritance has been proposed, the essence
of which is that for the oncological process to occur,
the presence of two different mutated germline genes
is necessary. In this case, either each parent is a carri-
er of one of these mutations, or the mutation is pres-
ent in one of the parents, and the other arises in the
child de novo [44]. In addition to the «digenic model»,
the «oligogenic model» is also considered, which
explains the development of cancer and leukemia, in
particular, as a consequence of the existence of multi-
ple mutated germline genes [45].

ALL like other malignant processes, is character-
ized by the presence of epigenetic changes caused by
the exposure of HSCs or committed progenitor cells
to a wide range of environmental and metabolic fac-
tors [2, 46]. It has been shown that, even in the sub-
sequent absence of the oncogene or in the presence
of a violation of its expression, epigenetic modifica-
tions can remain latent until the action of negative
endo- or exogenous factors, including IR (according
to the «second hit» theory) [37, 47]. In ALL, this
phenomenon occurs, for example, when the
chimeric transcription factor ETV6-RUNXI epige-
netically primes an uncommitted group of cells and
induces an aberrant differentiation program of B-cell
progenitors that acquire the potential for malignant
transformation [47].

One of the pathogenetic mechanisms of ALL
development is also DNA methylation caused by the
action of negative environmental factors, including
IR. It has been shown that the radiation factor can
induce hypo- or hypermethylation of up to 70 % of
individual gene loci and cause changes similar to
those that occur in ALL patients [48].
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IleBny ponb y BunukHeHHi [JUJI BimirpatoTs i iHbek-
LiliHi 3axBoproBaHHs [3, 49]. IcHye psa rinotes [49], ski
npunyckaiwoTb, 1o [JIJI moxe OyTU pe3yabTaToM aHO-
MaJIbHOI BiIMOBiIi HA 3BUYalHi iH(peKIii AUTIYOTrO BiKY.
B sgxocTi MexaHi3My iHAYKIIi JeliKeMii OCHOBHY pPOJib
npy LUbOMY BilirpatoTh iMyHHi nopyuieHHs [3, 49, 50],
SIKi MOXYTh NOTEHLi0BATUCH iIHILIMMU TPpUTEPaMU, y TO-
My uuciai — IB. Pusukm neiikemii, oOyMoBJeHi iH(peK-
HiAHUMU XBOPOOAMM, IMiIBUILYIOTHCS HE JIUIIE MPU TTe-
pEeHEeCEHHi iX TUTUHOIO B MOCTHATAJAbHOMY MEpiofi, a i
3a YMOB HasIBHOCTI TaKMX 3aXBOPIOBaHb y MaTepi Mij yac
BariTHocTi [51]. Haituactime 3 IJIJI acomifioBaHi
BipycHi iHdekIii (rpum, KpacHyxa, BiTpsHa Bicma),
MEHIIOK Mipolo — OakTepiaibHi i MiKOTMYHi. Takox
BUSIBJIEHO acolliallilo JelKeMil y OiTeil 3 HasIBHICTIO Y
MaTepi I yac BariTHOCTi iH(eKIiii ce4oBMBiIHOI Ta
JuxaibHO1 cucteM. Oco0aMBOI yBaru notpedye MoHiTO-
pUHT KOopoHaBipycHoi xBopoou SARS-Cov-2 3 ornsgay
Ha MOXIIMBICTb MiATBEPIKEHHS TirmoTe3n Ipis3a [52]
Mpo «BiITepMiHOBaHY iH(EKiI0». 3aBASIKN KapaHTUH-
HUM 3axoAaM JiTh B IIMPOKOMY 3araji MEHIIIOK Mipoo
crukanucsa 3 SARS-Cov-2 [51]. Tomy HeoOXigHUWM
MOHITOPUHT AUTSYUX KaTeropiii HaceJieHHS 3 ypaxy-
BaHHSIM HasIBHOCTI JJI HUX WMOBIpHO OiJbIlI BUCOKOTO
pusuky [JIJI micasg KoHTakTy 3 i€l iHbexiieo [51]
nopy Aii iHIIMX HEraTUBHUX €KOJOTiYHUX UYMHHMKIB,
30KkpeMa, IB.

VY3aranbpHIOI0UM yce BUIIE BUKIaAeHE, CIil 3a3HAYUTH,
110 B TaToreHesi pafialiiitHo-acoiiioBaHoi IJIJI He3a-
TEepPEeYHy poJib BiMirparoTh MOJIEKYJIIPHO-TEHETUYHI IT10-
PYILIEHHS, YaCTHUHA 3 SIKUX MOXe BUHMKATU IIPeHATaJIb-
HO i TOENHYBATUCh Y TIOCTHATAJILHOMY MEPioi 3 BTOPUH-
HUMU TeHETUYHUMM aHOMAaisSIMU, 3YMOBJICHUMHM Ji€I0
pi3HOMAHITHUX YMHHUKIB. ITomanblii mociaiaXeHHS
0COOJIMBOCTEN TeHETUUHUX MOPYILLIEeHb NPUY padialliiiHO-
acouiioBaniit IJIJI i BusBIeHHSI 1OJATKOBUX TPUTEPIB,
SIKi TIPU3BOJATH OO 1 PO3BUTKY, MOXYTh HadaTW ITO-
TEHLIIAHY MOXJIMBICTb IJIsI NpO(MilaKTyBaHHS PO3BUTKY
I'JIJI y HOCiiB MiHOPHOTO TpeJIeiKeMiYHOIO KJIOHY.

IToTpiObHO BpaxoByBaTH, 1110 OCTAHHIMU JECATUIITTSI-
MU BKJIAJ palialliiiHOTO YMHHUKA B PiYHY €(EeKTUBHY
O3y IUIST HaceJIeHHST 3pocTae. s pi3HMX BiIKOBHUX KaTe-
ropiil IMPOKO 3aCTOCOBYIOTHCS BidyasizaliliHi MeToAu
JIiarTHOCTUKU i3 3acTtocyBaHHsSM IB (peHTreHosoriuHi
nocaimxkenusi, KT, TTET-KT), BiamoBimHO 10 mpoTO-
KOJIiB JIIKyBaHHSI OKPEMMX 3aXBOPIOBaHb ITPU3HAYAETHCS
MMpoOMeHeBa Tepallisi, 110 3YMOBIIOE WMOBipHE IIiJIBU-
IIEHHS pU3MKY BUHUKHEHHS pajialiiiHo-acollilioBaHO1
IJUI. ¥V 3B’43Ky 3 LM, po3pobdKa KOMILIEKCY Mpodinak-
TUYHMX 3aX0iB 1100 BUHUKHEeHHs [JIJI 3 ypaxyBaHHSIM
podi Mogu@ikyounx ¢GakTopiB pU3NKY Ta iHIAUBITyalTb-

Infectious diseases also play a role in the occur-
rence of ALL [3, 49]. There are a number of
hypotheses [49], which suggest that ALL may result
from an abnormal response to common childhood
infections. As mechanisms of induction of
leukemia, the main role is played by immune disor-
ders [3, 49, 50], which can be potentiated by other
triggers, including IR. The risks of leukemia caused
by infectious diseases increase not only when the
child is infected with them in the postnatal period,
but also if the mother has such diseases during preg-
nancy [51]. Most often, viral infections (influenza,
rubella, chickenpox) are associated with ALL, to a
lesser extent — bacterial and mycotic. An associa-
tion of leukemia in children with the presence of
urinary and respiratory system infections in the
mother during pregnancy has also been found.
Special attention requires monitoring SARS-Cov-2
coronavirus disease in view of the possibility of con-
firming the Greaves hypothesis [52] about «delayed
infection». In connection with quarantine measures
children in general to a lesser extent were exposed to
SARS-Cov-2 [51]. Therefore, monitoring of pedi-
atric populations is necessary, taking into account
their likely higher risk of ALL after exposure to this
infection [51] under the influence of other negative
environmental factors, in particular, IR.

Summarizing all of the above, it should be noted
that molecular genetic disorders play an undeni-
able role in the pathogenesis of radiation-associat-
ed ALL, some of which may arise prenatally and
be combined in the postnatal period with second-
ary genetic abnormalities caused by the action of
various factors. Further studies of the features of
genetic disorders in radiation-associated ALL and
the identification of additional triggers that lead to
its development may provide a potential opportu-
nity for the prevention of the development of ALL
in carriers of a minor preleukemic clone.

It should be taken into account that in recent
decades the contribution of the radiation factor to
the annual effective dose for the population has
been increasing. For different age categories,
imaging diagnostic methods using IR (X-ray stud-
ies, CT, PET-CT) are widely used, and in accor-
dance with the treatment protocols for certain dis-
eases, radiation therapy is prescribed, which leads
to a likely increase in the risk of radiation-associ-
ated ALL. In this regard, the development of a set
of preventive measures for the occurrence of ALL,
taking into account the role of modifying risk fac-
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HOI BapiaOeJbHOCTI IHAMBIAYYMiB € OTHUM 3 OCHOBHUX
3aBJaHb, 110 CTOITh Iepej pagiodiosoraMu i reMaTosno-

raMu Ha CbOTOJIHI.

diHaHcyBaHHSA

[Tpu HanMcaHHI ILOTO PYKOIMCY IXKepeJia 30BHIIIHBOTO

(hiHaHCYBaHHSI HE BUKOPUCTOBYBAJIMCSI.

KoHdnikT iHTepeciB

ABTOP LILOTO PYKOMUCY 3asIBJISIE MPO BiACYTHICTh KOH(-

JIIKTY iHTepeCciB NpU HAMMMCaHHI PYKOITUCY .
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