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CANCER INCIDENCE IN THE OFFSPRING OF MAYAK PRODUCTION M) Check for updates
ASSOCIATION WORKERS: CHARACTERISTICS AND ANALYSIS

Yulia V. Tsareva™, Svetlana F. Sosnina, Pavel V. Okatenko, Nailya R. Kabirova

Southern Urals Federal Research and Clinical Center for Medical Biophysics, Ozersk, Russia

Introduction. The study of the effects of preconceptive (before conception) and in utero radiation exposure, including the risk of malignant neo-
plasms (MNSs) in the offspring of individuals exposed to occupational radiation, is a complex and ambiguous problem in radiation epidemiology.
Objective. Epidemiological analysis of carcinogenic effects among offspring whose parents were exposed to occupational preconceptive
radiation and radiation during pregnancy at the Mayak Production Association.

Materials and methods. A retrospective analysis of outcomes in the form of oncopathology was conducted among 35,500 individuals, of whom
14,593 were offspring of workers at the Mayak Production Association (PA) — the first nuclear industry enterprise in Russia, operating since
1948. The comparison group included 20,872 individuals whose parents were not exposed to radiation at work and were not resettlers from
radioactively contaminated territories. The study samples were drawn from individuals born in 1948-1988 in the closed administrative-territorial
unit (CATU) of Ozersk, located near the nuclear facility. The follow-up period was 72 years (1949-2020). The data sources for the epidemiological
analysis of cancer incidence among offspring whose parents were Mayak PA workers include: the Mayak PA personnel medical and dosimetric
registry, the Children’s Registry (includes the population exposed in childhood to technogenic impact due to Mayak PA activities), the Child
Population Health Registry, the Cancer Registry, and the Cause of Death Registry of the CATU Ozersk population. Information on accumulated
absorbed doses of external gamma radiation was extracted from the “Dosimetry System of Mayak PA Workers — 2013.” Statistical analysis was
performed using nonparametric statistics methods: frequency comparison was conducted using the x? test (Pearson’s chi-squared test).
Results. A comparative analysis of the structure and frequency of primary MNs showed that the incidence spectrum differs by sex across
all study groups. Among male offspring, the main contribution came from MNs of the digestive tract; among female offspring — from MNs
of the breast and female genital organs. A comparative analysis of “crude” cancer incidence rates showed a statistically significant excess
of incidence rates in offspring of exposed mothers compared to similar rates in the offspring of exposed fathers. A significant excess of MN
incidence rates was observed in offspring of exposed parents compared to the control group, both overall and for specific MN localizations.
The highest proportion of MNs was observed in groups of Mayak PA workers with “zero” accumulated doses of external gamma radiation,
both among offspring of exposed fathers and mothers and among individuals exposed in utero, which requires further detailed analysis.
Conclusions. The cohort of offspring of Mayak PA workers can be considered an important source of data for the epidemiological study of
carcinogenic effects. Given the relatively young age of the cohort of Mayak PA offspring (47 years on average for offspring of exposed fathers,
51 years for offspring of exposed mothers, and 41 years for the control group), further epidemiological monitoring is necessary.
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KOIrOPTA NMOTOMKOB PABOTHUKOB MO «MASK»: XAPAKTEPUCTUKA N AHAJTN3
OHKOJIOMM4YECKOW 3ABOJIEBAEMOCTM

KO.B. Llapesa™, C.®. CocHuHa, 1.B. OkaTeHko, H.P. Kabunposa

HOXKHO-Ypanbckuii dhenepanbHblii HayYHO-KIMHNHYECKWIA LIEHTP MeaNLMHCKOM Brodunankm degepanbHoOro Meamko-61Monormieckoro
areHTcTBa, O3epck, Poccus

BeepeHue. /13yyeHre athheKkToB NPeKOHLENTUBHOIO (0 3a4atus) 1 BHYTPUYTPOBHOMO paaraLiOHHOro BO3AENCTBIS, B TOM Y1Ce pUcKa
BO3HVKHOBEHWS 310Ka4ECTBEHHbIX HOBOOOpadosaHui (3HO) y MOTOMKOB fnL, MOABEPTLUMXCSA MPOMECCMOHANBHOMY 0ByHEHWIO, ABASETCA
HeoQHO3Ha4YHOW NPoBNemMon paanaLVoHHON aNUAEMUONOM .

Lenb. SnuaeMmnonorn4eckuii aHanns KaHLeporeHHbix ahMeKkToB Cpean NOTOMKOB, Ybi poauTeny nogseprannce Ha MO «Mask» npows-
BOLACTBEHHOMY MPEKOHLIEMTUBHOMY OBYyHEHWIO 1 0BTyHEHNIO BO BPeMsi 6EpEMEHHOCTI.

Matepuanbl u meTogabl. [poBeaeH PETPOCNEKTUBHbBIV aHaNN3 NCXOAOB B BUAE OHKONATonorum cpeam 35,5 TbiCA4M YeNoBek, 13 KOTOPbIX
14 593 aBnanMck NOTOMKamMn PaboTHMKOB MPOU3BOACTBEHHOrO 06beanHeHus (M0) «Mask» — nepBoro B Poccun npegnpuaTms atom-
HOW MPOMBILLAEHHOCTW, PyHKUMOHMPYtoLLero ¢ 1948 . B rpynny cpasHeHns sowwm 20 872 YenosBeka, Ybi POAUTENM HE MOABEPranch
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paavaLUMoHHOMY BO3ECTBMIO Ha NMPOU3BOACTBE 1 He Obln NepeceneHLamy ¢ painoakTUBHO 3arpsi3HeHHbIX TeppuTopuil. Viccnenyemblie
BbIOOPKN CCHOPMUPOBaHbI U3 NtoAen, PoXKAeHHbIX B 1948—1988 rT. B 3aKpbITOM agMUHNCTPATUBHO-TEpPUTOPUabHOM obpasoBaHumn (3ATO)
r. O3epck, pacnofoXXeHHOM BO6M3M aTOMHOro obbekTa. [lepuon HabnopeHwsa coctasun 72 roga (1949-2020 rr.). VcToqHnKaMu AaHHbIX
LN NMPOBEAEHVIS 3NNAEMMONIONMHECKOrO aHan3a OHKOOrM4eCKo 3a601eBAEMOCTI Y MOTOMKOB, POAUTENM KOTOPbIX bl paboTHUKaMM
MO «Masik», ABAsOTCA: MeanKo-003MMeTpUYeckuii perncTtp nepcoHana Mo «Mask», [eTckuii perncTp (BKIKo4aeT HaceneHne, nogsepras-
lleecs B I€TCKOM BO3pacTe TEXHOreHHOMY BO3OENCTBUIO 3a cHeT aestenbHocTh [0 «Masik»), PerncTp 300poBbst AETCKOrO HaceneHus,
KaHuep-pernctp n Pernctp npudmH cmepTtt Hacenerus SATO . O3epck. MIHhopmMaumsa 0 HakomeHHbIX MOMIOLLEHHbIX 003aX BHELIHErO
ramma-obyyveHns nsBnedeHa us «Josmmetpudeckon cucteMsl padoTHukoB MO “Mask” — 2013». CTaTUCTUHeCKnin aHanm3 NpoBeaeH C 1c-
nofb30BaHEM METOLOB HEMapaMeTPUHECKON CTaTUCTUKLN: CPaBHEHWE YaCTOT MPOBEAEHO C UCMOMb30BaHeM kputepus x? (Pearson’s chi-
squared test).

Pe3ynbratbl. CpaBHUTENbHbIN aHaNn3 CTPYKTYPbI 1 HacToThl NepBuyHbix 3HO nokasan, 4To cnekTp 3aboneBaeMoCTV pasnmnyaeTcs no nony
BO BCeX mccneayemMbix rpynnax. Cpean My>XHMH-MOTOMKOB OCHOBHOW Bknag BHocuv 3HO nueBapuTenbHOro TpakTa, cpeay MOTOMKOB
»KeHCcKoro nona — 3HO MONOYHON »KeNe3bl 1 XKEHCKMX MNONOBbIX OpraHoB. CpaBHUTENbHbLIN aHann3 «rpybbix» NokasaTenen oHko3abonesa-
€MOCTM NoKasan CTaTUCTUYECKM 3HAYMMOE MPEBbILLEHVE YPOBHS 3a60/1eBaEMOCTY Y MOTOMKOB 06/1yHeHHbIX MaTeper Ha, aHanorMyHbIMM
rnokasaTtensmMu B rpynne noToOMKOB 06/y4eHHbIX OTLOB. OTMEeYeHO 3Ha4MMOoe MpeBbILLEHNE YPOBHS 3aboneBaemocTt 3HO y MOTOMKOB
061y4EHHbIX POAUTENEN MO CPABHEHWIO C KOHTPOSIbHOW MPYMMoN Kak B LIENIOM, Tak M No OTAeNbHbIM nokanndaumsam 3HO. Hanbonbwmm
yaensHbin Bec 3HO Habntogancs B rpynnax paboTHukos 10 «Masik» ¢ «HyneBbIMU» HaKOMeHHbIMM [03aMK BHELLHEro ramma-obnyyeHus
Kak cpeay MOTOMKOB 0O/y4eHHbIX OTLIOB 1 MaTepen, Tak 1 Cpean BHYTPUYTPOOHO 06yHEHHbIX Ntoaen, YTo TpebyeT nocneaytoLlero ae-
TaslbHOro aHanmaa.

BbiBoabl. KoropTy notomkoB paboTHUKOB 10O «Masik» MOXHO paccMmaTpriBaTh B Ka4eCTBE BaXKHOMO UCTOYHMKA AaHHbIX 415 3NUAEMNONOrn-
YECKOro M3y4eHrs KaHUEepOoreHHbIX 3 deKToB. MNpuHMMasa BO BHUMaHNE OTHOCUTENBHO MOSIOAON BO3PAaCT KOropThl MOTOMKOB PabOoTHUKOB
M0 «Masik» (47 neT B cpeaHeM O NOTOMKOB 06/1y4eHHbIX OTLOB, 51 rof Ans NoTOMKOB 06/1y4eHHbIX MaTepen 1 41 rog, ANs KOHTPOSIbHOM
rpynmMbl), HEOOXOAMM AanbHENLIMIA ANUAEMUONOMMHECKNA MOHUTOPUHT.

KntoueBble cnoBa: MOTOMKYW; 3/10KaYeCTBEHHbIE HoaooGpasosaqu; o6ﬂyqume 0O  3advatugd; BHyTpmyTpo6Hoe o6ﬂyqu|/|e;
npon3BoACTBEHHOE obbeanHeHve «Masik»; oHkonorndeckasi 3aboneBaeMocTb; NPEeKOHLEeNTMBHbIE A03bl; A403bl aHTEeHaTaJIbHOro O6J'Iy‘-ieHI/IFI

Ons untnposaHus: Llapesa HO.B., CocHuHa C.®., OkaTeHko [1.B., Kabunposa H.P. KoropTta notomkos paboTHukoB 1O «Masik»: xapakTepu-
CTVIKa 1 aHan3 OHKONIOrM4eCckon 3abofieBaeMoCTn. SkCcTpemasibHas buomeauymHa. 2026. https:/doi.org/10.47183/mes.2026-493

durHaHcupoBaHue: paboTa BbiNOSHEHA B paMKax NpUKIaaHON Hay4YHO-MCCNeaoBaTenbCkon paboTsl «TeXHoreHHoe o0bny4eHue 1 ero oTaa-
NeHHble MeAMLIMHCKME nocneacTeus» (Wwudp «Mocneactans-25») Ha ocHoBaHuy PefepanbHoON Lieneson nporpammel «ObecneveHrie saep-
HOWM 1 paamaunoHHon bezonacHocTy Ha 2016-2020 rr. 1 Ha nepuog Ao 2035 r.».

CooTBeTcTBUE npunHunnam 3TUKun: He Tpe6OBaJ'IOCb o,u,o6peH|/|e OMO3TNHECKOrO KOMUTETA, MOCKOJIbKY nccnenoBaHme BbIMOJIHEHO Ha OC-
HOBe 06e3/IMYEHHbIX APXMBHbIX Matepnanos.

MoTeHumnanbHbI KOHDINKT MHTEPECOB: aBTOPbI 3aABNSIOT 00 OTCYTCTBUM KOH(VKTA MHTEPECOB.

< Lapesa Konus BadecnasosHa ulichru2017@yandex.ru
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INTRODUCTION

Assessing the risk of malignant neoplasms (MNs) in the
offspring of individuals exposed to radiation as a result
of their occupational activities is a relevant but as yet
unresolved problem in radiation epidemiology. Studies
of the effects of parental exposure (preconception ex-
posure of fathers and mothers and exposure of mothers
during pregnancy) in different cohorts have not led to a
unified understanding of the effects in the subsequent
generation of offspring [1].

Extensive literature data are available on the results
of animal experiments, in which the contribution of the
radiation factor to adverse outcomes is beyond doubt
[2-5]. However, it should be noted that the extrapola-
tion of experimental data to humans must be performed
with careful consideration of the characteristics of the
biological systems being compared, the parameters of
which are not always valid or permissible [6].

There is a large body of work reflecting the results
of studies on the health consequences for offspring of
parental radiation exposure for diagnostic or therapeutic

purposes [7, 8]. Such data should be treated critically, as
these publications do not always provide actual radiation
doses, but more often indicate the number of X-ray pro-
cedures performed. Furthermore, diagnostic exposure
was usually prescribed for medical indications (multiple
pregnancy, suspected abnormalities in mother and fe-
tus, etc.), which could have initially influenced adverse
reproductive outcomes.

A large body of work has focused on studying the
health of offspring exposed to preconception/in utero
radiation from the atomic bombings of Hiroshima and
Nagasaki (Japan). These studies were conducted on a
sufficiently large sample, involved long-term, multifac-
eted follow-up of the study population, and used mod-
ern tests [9, 10]. However, these studies have a number
of limitations: there was a single acute exposure, doses
were calculated, and there was a problem of selecting
an adequate control group.

Some of the first studies on occupational expo-
sure to radiation factors in people of reproductive
age were conducted at the Southern Urals Federal
Research and Clinical Center for Medical Biophysics
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(SUFRCCMB). No significant evidence was found for
the occurrence of malighant neoplasms in offspring
depending on occupational preconception exposure
of fathers and mothers, as well as exposure of moth-
ers during pregnancy. This is most likely due to the
small sample sizes, which did not allow for definitive
conclusions regarding the presence or absence of a
significant effect. Therefore, a decision was made to
expand the observed cohort of offspring of workers at
the Mayak Production Association (PA) — the coun-
try’s first nuclear industry enterprise — and to con-
duct a comparative analysis of oncopathology in the
expanded sample.

The study purpose is an epidemiological analysis
of carcinogenic effects in the group of offspring whose
parents were exposed to occupational preconception
radiation and radiation during pregnancy.

MATERIALS AND METHODS
Sources of information

The data sources for conducting the epidemiological
analysis of cancer incidence in offspring whose parents
were Mayak PA workers are:

e Medical and dosimetric registry of personnel of the
Federal State Unitary Enterprise “Mayak Production
Association” (Mayak PA Registry) [11];

e Registry of the population of Ozersk exposed in
childhood to technogenic impact due to the activi-
ties of Russia’s first nuclear enterprise, Mayak PA
(Children’s Registry of Ozersk) [12];

e Child Population Health Registry of Ozersk [13];

e Population Cancer Registry of Ozersk [14];

e Registry of Causes of Death of the Population of
the Closed Administrative-Territorial Unit (CATU)
Ozersk [15];

e “Mayak Workers’ Dosimetry System — 2013” [16].
Information on the date and place of birth of children

and the vital status of offspring was obtained from the

Children’s Registry of Ozersk. Information on cases of

primary MNs was obtained from the Population Cancer

Registry of Ozersk. The Mayak PA Personnel Registry

contains data on workers hired in 1948-1982 at the

main (reactor, radiochemical, plutonium) production
facilities and auxiliary (water treatment, repair and me-
chanical) plants. The registry includes 25,757 individuals

(19,395 men — 75.3%; 6,362 women — 24.7%).
Information on accumulated absorbed doses

of external gamma radiation was extracted from

the “Dosimetry System of Mayak PA Workers — 2013.”

The study used characteristics of accumulated ab-

sorbed doses of external gamma radiation to the go-

nads; preconception doses of parents were taken into
account (the date of conception was considered to be

280 days before the birth of the child); doses to the
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mothers’ uterus were obtained using a developed al-
gorithm for distributing annual doses across each pe-
riod of pregnancy. A “zero dose” of occupational radia-
tion exposure meant that the worker was part of the
Mayak PA worker cohort, but during the preconception
period / during pregnancy for female workers, occupa-
tional exposure doses were not recorded by an indi-
vidual dosimeter.

Formation of study groups

The study was conducted along three main lines: exam-
ining effects among offspring of preconceptionally ex-
posed fathers and mothers, as well as the consequenc-
es of in utero radiation exposure.

The list of selection criteria for offspring (for the main
and control groups) includes the following conditions:

e years of birth of offspring: 1949-1988;

e offspring born in Ozersk — a closed administra-
tive-territorial unit whose city-forming enterprise is
Mayak PA;

e one of the parents began working at Mayak PA be-
fore the child’s conception;

e child born alive;

e observation years: 1949-2020.

To analyze the effect of preconception exposure of
fathers on MN incidence in their offspring, information
was selected from the Children’s Registry of Ozersk for
children whose fathers could have been exposed to ex-
ternal gamma radiation during work at Mayak PA dur-
ing the preconception period, while their mothers did
not work at Mayak PA, were not cleanup workers of the
1957 accident at Mayak PA or the Chernobyl NPP, or
members of the Ural cohort of accident-exposed popu-
lation (UCAEP) [17], and were not exposed to occupa-
tional preconception radiation (Table 1).

To analyze the effect of preconception exposure of
mothers and exposure during pregnancy on cancer
incidence in their offspring, information was selected
from the Children’s Registry of Ozersk for children
whose mothers could have been exposed to external
gamma radiation during work at Mayak PA during the
preconception period and during pregnancy, while in-
formation on the father was available for the children;
fathers did not work at Mayak PA, were not clean-
up workers of the 1957 accident at Mayak PA or the
Chernobyl NPP, or members of the UCAEP cohort,
and were not exposed to occupational preconception
radiation (Table 1).

The control group included children whose parents
did not work at Mayak PA before the child’s concep-
tion, were not cleanup workers of the 1957 accident at
Mayak PA or the Chernobyl NPP, were not members
of the UCAEP cohort, and could not have received oc-
cupational exposure as they were not on the staff of
Mayak PA (Table 1).
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Table 1. Number of offspring included in the main and control groups

Sample parameters Main group Control group
Total offspring born 1949-1988 from the “Children’s Registry” 24,434 32,900
No information on the second parent 297 2854
Second parent worked at Mayak PA 8862 4476
fgﬁgg{d parent is a cleanup worker, resettler, or member of the EURT 577 5956
Second parent was exposed but was not on the staff of Mayak PA 405 1742
Number of offspring included in the study 14,593 20,872

Table compiled by the authors
Note. EURT — East Urals Radioactive Trace.

Table 2. Distribution of individuals and person-years of observation in the group of offspring born to fathers
who may have been occupationally exposed at Mayak Production Association

Males Females Total
Parameters
abs. n % abs. n % abs. n %

Offspring count 6694 51.4* 6342 48.6 13,036 | 100.0*
Person-years of observation 252,882 241,243 494,125
Malignant neoplasm cases 209 3.1 235 3.7* 444 3.4*

471* 52.9** 100.0*
Offspring of fathers with non-zero preconception dose 5657 84.5* 5355 84.4* 11,012 84.5*
Offspring of fathers with zero preconception dose 1037 15.5* 987 15.6* 2024 15.5%

Table compiled by the authors

Note. * — % of the total number of offspring of that sex; ** — % of the total number of cases with malignant neoplasm.

The total follow-up period for the cohort of offspring
was 72 years (01.01.1949-31.12.2020). The start of fol-
low-up was considered the date of birth; the end of
follow-up was the date of the event that occurred first:
the date of MN diagnosis, the date of departure from
the city, the date of last known vital status, the date of
death, or the date of the end of cohort follow-up. The
vital status as of 31.12.2020 is known for 95.8% of the
cohort.

The creation of tabulated data began with the prepa-
ration of a text file containing the information required
for the study on each member of the study cohort. After
that, the resulting text file was processed by the Datab
module of the Epicure software package [18] to obtain a
file with tabulated data for further analysis.

Statistical analysis was performed using nonpara-
metric statistics methods: frequency comparison was
conducted using the x? test (Pearson’s chi-squared test)

[19]. Differences were considered statistically significant
atp < 0.05.

RESULTS

The group of offspring whose fathers were included in
the Mayak PA worker registry and could have been ex-
posed to occupational radiation comprised 13,036 indi-
viduals (Table 2). The number of children born to fathers
with a “non-zero” dose of gonadal exposure at the time
of the child’s conception was 11,012 (84.5% of the to-
tal offspring). There were no sex differences within this
group. In total, 444 cases of primary malignant neo-
plasms were identified in this group, accounting for 3.4%
of all offspring included in the group.

The size of the group of offspring whose mothers
worked at Mayak PA and could have been exposed to
preconception radiation is presented in Table 3. A total of
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Table 3. Distribution of individuals and person-years of observation in the group of offspring born to mothers
who may have been exposed to occupational radiation at the Mayak Production Association

Males Females Total
Parameters
abs. n % abs. n % abs. n %
Offspring count 806 51.8* 751 48.2* 1557 100.0*
Person-years of observation 25,464 26,498 51,962
38 4.7* 45 6.0" 83 5.3*
Malignant neoplasm cases
45.8™ 54.2** 100.0**
Offspring of mothers with non-zero preconception dose 564 70.0* 530 70.6" 1094 70.3*
Offspring of mothers with zero preconception dose 242 30.0* 221 29.4* 463 29.7*

Table compiled by the authors

Note. * — % of the total number of offspring of that sex; ** — % of the total number of cases with malignant neoplasm.

1,557 offspring were included in this group; 70.3% of the
mothers had accumulated “non-zero” doses of ionizing
radiation by the time of conception. In total, 83 cases of
MNs were diagnosed in this group, accounting for 5.3%
of all offspring.

The size of the group of individuals who could have
been exposed in utero coincides with the size of the
group of offspring of mothers who were part of the
Mayak PA worker cohort (1557 individuals). However, in
this group, the number of individuals exposed to gamma
radiation during intrauterine development (59.8% of off-
spring with a “non-zero” in utero dose) is smaller com-
pared to the group where mothers worked at Mayak PA
and could have been exposed to preconception radia-
tion (70.3% of offspring from mothers with a “non-zero”
preconception dose).

The size of the control group was 20,872 individuals
with a proportional sex ratio (50.9% male, 49.1% female,
p > 0.05). In total, 559 primary cases of MNs were diag-
nosed in this group, accounting for 2.7% of all offspring
included in this group.

Distribution of offspring according to dose
characteristics of parental exposure

Tables 4—6 present the distribution of offspring depend-
ing on the accumulated preconception/in utero dose
of external gamma radiation and the presence of a di-
agnosis of “Malignant neoplasm.” The distribution of
offspring according to dose intervals of accumulated
preconception doses of external gamma radiation for
fathers who were Mayak PA workers (Table 4) was rela-
tively uniform, ranging 11.2-19% in each dose category.
“Zero” doses of preconception radiation exposure ac-
counted for 15.5% of the group. Meanwhile, the highest
proportions of offspring with MNs were recorded both
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in the “zero” preconception dose category and in the
category of maximum accumulated doses exceeding
500 mGy — 18.9% and 20%, respectively. Aimost equal
proportions (9.0-9.9% each) were observed in the dose
categories 20-200 mGy.

The distribution of offspring of female workers at
Mayak PA (Table 5) showed that one third of the off-
spring group were born to mothers whose accumu-
lated preconception doses were characterized by
a “zero” level, meaning that the female worker was part
of the Mayak PA worker cohort, but in the period be-
fore the child’s conception, her occupational exposure
doses were not recorded by an individual dosimeter. The
dose range exceeding 500 mGy accounted for 16.6%
of this offspring group. Among offspring with MNs, the
same trend was observed: 30.1% of offspring had moth-
ers with a “zero” exposure dose, while for one in ten
offspring with MNs (9.6%), the mother was exposed to
preconception external gamma radiation at a dose ex-
ceeding 500 mGy.

The distribution of offspring according to cat-
egories of accumulated antenatal doses of external
gamma radiation (Table 6) as a result of the occupa-
tional activities of mothers at Mayak PA showed that
more than 40% of this group were in the “zero” dose
category for in utero exposure: during pregnancy, the
mother was a Mayak PA worker, but during pregnan-
cy, occupational exposure doses were not recorded
by an individual dosimeter. The number of offspring
exposed to ionizing radiation in utero at doses ex-
ceeding 100 mGy was 243 individuals (15.6% of the
number of offspring with “non-zero” in utero exposure
doses).

Analysis of the proportion of offspring depending on
the categories of antenatal doses showed an inverse
proportionality: as the dose characteristics increased,
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Table 4. Distribution of offspring born to fathers who may have been exposed to occupational radiation at the
Mayak Production Association, by sex, paternal radiation dose, and presence of malignant neoplasms

Number of offspring, abs. n (%) Number of offspring with MNs, abs. n (%)
Dose*, mGy
males females total males females total
=0 1037 (15.5) 987 (15.6) 2024 (15.5) 39 (18.7) 45 (19.1) 84 (18.9)
<20 1239 (18.5) 1232 (19.4) 2471 (19.0) 28 (13.4) 38 (16.2) 66 (14.9)
<50 947 (14.1) 873 (13.8) 1820 (14.0) 22 (10.5) 18 (7.7) 40 (9.0)
<100 827 (12.4) 784 (12.4) 1611 (12.4) 19 (9.1) 25 (10.6) 44 (9.9)
<200 776 (11.6) 679 (10.7) 1455 (11.2) 24 (11.5) 20 (8.5) 44 (9.9)
<500 888 (13.3) 877 (13.8) 1765 (13.5) 37 (17.7) 40 (17.0) 77 (17.3)
500+ 980 (14.6) 910 (14.3) 1890 (14.5) 40 (19.1) 49 (20.9) 89 (20.0)
Total 6694 6342 13,036 209 235 444

Table compiled by the authors

Note. * — accumulated preconception external gamma radiation dose to paternal gonads; MNs — malignant neoplasms.

Table 5. Distribution of offspring born to mothers who may have been exposed to occupational radiation at the
Mayak Production Association, by sex, maternal radiation dose, and presence of malignant neoplasms

Number of offspring, abs. n (%) Number of offspring with MNs, abs. n (%)
Dose*, mGy
males females total males females total
=0 242 (30.0) 221 (29.4) 463 (29.7) 8 (21.1) 17 (37.8) 25 (30.1)
<20 106 (13.2) 119 (15.8) 225 (14.5) 4 (10.5) 8 (17.8) 12 (14.5)
<50 79 (9.8) 55 (7.3) 134 (8.6) 5(13.2) 3(6.7) 8(9.6)
<100 69 (8.6) 59 (7.9) 128 (8.2) 5(13.2) 2 (4.9 7 (8.4)
<200 56 (6.9) 73(9.7) 129 (8.3) 3(7.9) 6 (13.3) 9(10.8)
<500 122 (15.1) 98 (13.0) 220 (14.1) 7 (18.4) 7 (15.6) 14 (16.9)
500+ 132 (16.4) 126 (16.8) 258 (16.6) 6 (15.8) 2 4.4 8 (9.6)
Total 806 751 1557 38 45 83

Table compiled by the authors

Note. * — dose of external gamma radiation to the mother’s gonads accumulated before the child’s conception; MNs — malignant neoplasms.

the proportion of offspring decreased from 40.2%
t0 0.6%.

Among offspring with MNs, the distribution was
similar: the highest contribution (39.8%) was observed
among “zero” antenatal doses, with a subsequent pro-
gressive decrease as the accumulated doses of external
gamma radiation increased.

Structure of primary malignant neoplasms

In the structure of MN incidence among individuals
whose fathers could have been exposed to occupa-
tional radiation, the first place was occupied by MNs of
the digestive organs (22.1%), mainly due to colon can-
cer; the second place was occupied by breast tumors
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Table 6. Distribution of individuals in the offspring group exposed in utero to radiation, by sex, maternal
radiation dose, and presence of malignant neoplasms

Number of offspring, abs. n (%) Number of offspring with MNs, abs. n (%)
Dose*, mGy
males females total males females total
=0 317 (39.3) 309 (41.1) 626 (40.2) 14 (36.8) 19 (42.2) 33(39.8)
<20 196 (24.3) 172 (22.9) 368 (23.6) 11 (28.9) 10 (22.2) 21 (25.3)
<50 87 (10.8) 80 (10.7) 167 (10.7) 5(13.2) 8 (17.8) 13 (15.7)
<100 83 (10.3) 70 (9.3) 153 (9.8) 2 (5.3) 2 (4.4) 4 (4.8)
<200 63 (7.8) 69 (9.2) 132 (8.5) 2 (5.3) 2 (4.4) 4 (4.8)
<500 53 (6.6) 48 (6.4) 101 (6.5) 4 (10.5) 4 (8.9) 8 (9.6)
500+ 7(0.9) 3(0.4) 10 (0.6) 0(0.0) 0(0.0) 0(0.0)
Total 806 751 1667 38 45 83

Table compiled by the authors

Note. * — dose of external gamma radiation in utero; MNs — malignant neoplasms.

(17.8%) due to 78 cases — 33.2% of all MNs among
female offspring; the third place was occupied by neo-
plasms of lymphoid and hematopoietic tissues (10.6%),
of which 42.6% were represented by Hodgkin’s lym-
phomas, 34.0% were leukemias, half of which were
specified as lymphoid leukemias. Only among male
offspring was a single case of monocytic leukemia di-
agnosed.

The structure of MNs by sex of the offspring dif-
fered significantly: among male offspring, the main
proportion in the cancer incidence structure was occu-
pied by MNs of the digestive organs (29.2%), the sec-
ond place — by leukemias and hemolymphoblastoses
(17.2%), the third place — by MNs of the respiratory
organs (12.0%); whereas among female offspring, the
leading place was occupied by breast tumors (33.2%),

54 7.I2

25 |

12.0

13.3

Figure prepared by the authors

the second place — by tumors of the female genital or-
gans (23.4%), and only 15.7% were MNs of the digestive
organs.

The cancer incidence spectrum of offspring whose
mothers could have been exposed during work at
Mayak PA, both preconceptionally and during pregnan-
cy, is presented in the figure.

The main proportion in the entire group was ac-
counted for by malignant tumors of the digestive sys-
tem (83.7%), with breast MNs in second place, and fe-
male genital organ cancers in third (12.0%). Among both
male and female offspring, the first place in the struc-
ture, as in the entire group, was occupied by MNs of
the digestive organs (44.7% and 24.4%, respectively).
However, while among female offspring the structure of
cancer incidence did not differ from that of the overall

MNs of the digestive organs

MNs of the respiratory organs

MNs of bones and articular cartilage

MNs of mesothelial and soft tissues

MNs of the breast

MNs of the female genital organs

MNs of the male genital organs

MNs of the urinary tract

MNs of the eye, brain, and other parts of the central nervous system
MNs of the thyroid gland and other endocrine glands

MNs of lymphoid, hematopoietic, and related tissues

Fig. Structure of cancer incidence among offspring whose mothers could have been exposed to occupational
radiation at the Mayak Production Association (%). MNs — malignant neoplasms
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Table 7. Cancer incidence rate among offspring whose fathers may have been exposed to occupational

radiation at the Mayak Production Association

Cancer incidence rate
MNs localizations arg:!_,n 100 ;g:‘;’ 100 ;gtsa_l;,, 100

MNs of lip, oral cavity and pharynx (CO0-C14) 14 5.5'2 3 1.22 17 3.4?
MNs of digestive organs (C15-C26) 61 241128 37 15.3? 98 19.823
MNs of respiratory and intrathoracic organs (C30-C39) 25 9.9 8 3.3 33 6.7
MNs of bones and articular cartilage (C40-C41) 1 0.4 2 0.8 3 0.6
Melanoma and other MN of skin (C43-C44) 11 4.3 10 44 21 4.2
MNs of mesothelial and soft tissues (C45-C49) 3 1.2 9 3.7 12 24
MNs of breast (C50) 1 04 78 32.3" 79 16.0°
MNs of female genital organs (C51-C58) 0 0.0 55 22.8 55 11.1
MNs of male genital organs (C60-C63) 20 7.9 0 0.0 20 4.0
MNs of urinary tract (C64-C68) 21 8.3 4 1.72 25 5.12
MNs of eye, brain and other parts of CNS (C69-C72) 6 2.4 8 3.3 14 2.8
MNs of thyroid gland and other endocrine glands (C73-C75) 6 24 9 3.7 15 3.0
Secondary, ill-defined and unspecified MNs (C76—-C80) 4 1.6 1 0.4 5 1.0
MNs of lymphoid, hematopoietic and related tissues (C81-C96) 36 14,213 1 4.6° 47 9.5
Total 209 | 82.6*% | 235 97423 | 444 | 89.92°

Table compiled by the authors

Note. MNs — malignant neoplasms; ' — statistically significant differences between males and females in the group; 2 — statistically significant

differences between the group of exposed fathers and the group of exposed mothers; ¢ — statistically significant differences compared to the

control group.

group, among males the second place was shared by
tumors of the respiratory organs and urinary tract
(10.5% each).

In the structure of MN incidence in the comparison
group, as among offspring of Mayak PA workers, the
first place was occupied by malignant tumors of the di-
gestive organs (21.3%), the second place by tumors of
the female genital organs (14.0%), and the third place by
breast MNs (12.0%). The structure of cancer incidence
among male offspring in the comparison group differed
from that among male offspring of exposed parents.
Thus, among male offspring, the leading positions were
occupied by malignant neoplasms of the digestive sys-
tem (26.9%), the second place by tumors of the respira-
tory system (16.7%), and the third place by MNs of lym-
phoid, hematopoietic, and related tissues (12.7%). The
structure of MN incidence among female offspring in the
comparison group differed from the structure among
female offspring of exposed mothers in terms of the

percentage contribution of MNs: first place — tumors
of the female genital organs (24.8%), second place —
breast MNs (21.0%), third place — diseases of the diges-
tive organs (16.9%).

Comparative analysis of cancer incidence
in the groups

This study examined “crude” cancer incidence rates
among offspring of occupationally exposed parents
compared to controls.

In the group of offspring whose fathers could have been
exposed to occupational radiation at Mayak PA, cancer in-
cidence rates were 89.9 x 10° person-years overall, among
male offspring — 82.6 x 10°, among female offspring —
97.4 x 10° (Table 7). The incidence level for different classes
of malignant neoplasms varied by sex.

Among women, the first place was occupied by
breast tumors (32.3 x 10°). The incidence rate of MNs of
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the digestive system in women was more than 1.5 times
lower compared to men (15.3 x 10° vs. 24.1 x 10°), and
these differences were statistically significant (x* = 4.69;
p = 0.03). At the same time, incidence rates in men
were significantly higher than in women for such dis-
ease classes as MNs of the lip, oral cavity and pharynx
(x> = 6.55; p = 0.01), MNs of the respiratory organs
(x> =7.89; p = 0.005), MNs of the urinary tract (x* = 10.69;
p = 0.001), and MNs of lymphoid, hematopoietic and re-
lated tissues (x* = 12.03; p = 0.001).

The incidence rate of malignant neoplasms among
offspring of exposed mothers was 159.7 x 10° over-
all in the group; cancer incidence rates in female off-
spring were somewhat higher than in male offspring
(169.8 x 10° and 149.2 x 10°, respectively), but this ex-
cess was not statistically significant (x* = 1.26; p > 0.05).

The main contribution to the cancer incidence level
in both men and women was made by tumors of the
digestive organs (66.8 x 10% and 41.5 x 10°, respectively)
without significant differences (x> = 0.91; p > 0.05). A sig-
nificant role among male offspring was played by MNs
of the respiratory and genitourinary organs (15.7 x 10°
each); among female offspring — by breast and female
genital organ tumors (41.5 x 10% and 37.7 x 109). For in-
dividual disease classes, no statistically significant dif-
ferences were found, including for MNs of the respira-
tory organs, where the incidence rate among men was
higher compared to women: x> = 3.74; p > 0.05. An
exception was MNs of the genital organs, which were
significantly more frequently diagnosed among female
offspring (37.7 x 10° compared to men (3.9 x 105
x° = 8.08; p = 0.004).

The predominant cancer incidence rates in the group
of offspring of unexposed parents were tumors of the di-
gestive tract (18.8 x 10°), mainly due to the contribution of
male offspring (20.8 x 10%; x* = 0.99; p > 0.05). They were
followed by tumors of the genital organs (12.3 x 10°%) due
to the contribution of female offspring rates (24.6 x 10°),
significantly exceeding the frequency of MNs of the geni-
tal organs among men (8.8 x 10°%; x> = 25.6; p < 0.0001).
Third place was occupied by MNs of lymphoid, hema-
topoietic, and related tissues (10.4 x 10°%), with incidence
rates among men and women in this group being almost
identical (9.8 x 10° and 11.1 x 105, respectively; x* = 0.41;
p = 0.50).

It is important to note that in the group of offspring
of unexposed parents, the overall MN incidence rate
among female offspring was significantly higher than
among males (99.2 x 10° vs. 77.3 x 10% x* = 11.6;
p = 0.001). For individual disease classes, a significant
excess among male offspring was recorded only for
MNs of the respiratory organs (x* = 24.86; p < 0.0001).
Among women, a significant excess over the analogous
rates in men, in addition to the aforementioned MNs of
the genital organs, was found in the class of skin MNs
(x> = 3.87; p = 0.049), and tumors of the thyroid gland
and other endocrine glands (x> = 14.1; p < 0.001).
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When comparing cancer incidence rates between
groups of offspring of exposed parents, a substantial
(more than 1.5 times) excess of cancer incidence rates
was observed in the group of offspring of exposed moth-
ers (159.7 x 10% compared to the analogous rate in the
group where only the father was exposed (89.9 x 109);
and this excess was significant (x> = 14.8; p < 0.0001).
The excess in MN incidence in the group of offspring
whose mothers could have been exposed to occupa-
tional radiation mainly concerned tumors of the digestive
tract, both in the overall group (x> = 17.8; p < 0.001), and
among men (x? = 10.3; p = 0.002) and women (y* = 7.8;
p = 0.005). This also concerned tumors of the lip, oral
cavity and pharynx among offspring of exposed moth-
ers overall (x* = 11.95; p = 0.001), among male offspring
(x> = 7.75; p = 0.005) and female offspring (x* = 4.57;
p = 0.032). Furthermore, a significant excess in inci-
dence rates was observed for MNs of the urinary tract
(x> = 4.22; p = 0.04) in the overall group, mainly due to
incidence in women (x> = 7.71; p = 0.006).

When comparing cancer incidence rates between
offspring whose fathers could have been exposed to
occupational radiation and the comparison group, a
statistically significant excess in the incidence rate of
breast MNs was observed among female offspring of
exposed fathers compared to the analogous rate in con-
trol offspring (32.3 x 10° and 20.8 x 10°, respectively;
x° = 15.2; p < 0.0001), as well as for MNs of the digestive
organs (19.8 x 10° and 18.8 x 10°, respectively; x* = 4.16;
p = 0.041) due to the contribution of male offspring
(x> = 4.75; p = 0.029). Furthermore, among offspring of
exposed fathers, the frequency of MNs of lymphoid, he-
matopoietic, and related tissues significantly exceeded
the control rates in both men (x? = 6.46; p = 0.011) and
women (x* = 4.01; p = 0.045).

The MN incidence rate in the group of offspring of
exposed mothers significantly exceeded the analo-
gous rate in the control group, and this excess applied
both to the overall cancer incidence rates in the group
(x> = 36.67; p < 0.0001), and among male (x* = 18.02;
p < 0.0001) and female offspring (x> = 18.98; p < 0.0001).
Regarding the incidence of malignant neoplasms by in-
dividual classes, among offspring of exposed mothers,
a statistically significant excess in incidence rate over
the control was noted for the class of MNs of the di-
gestive organs (x* = 33.57; p < 0.0001), MNs of the lip,
oral cavity and pharynx (x> = 18.09; p < 0.0001), breast
cancer (x* = 6.21; p = 0.013), and urinary tract (y* = 6.91;
p = 0.009).

DISCUSSION

The likelihood of developing oncological pathology
among offspring of individuals exposed to radiation as a
result of occupational activity remains a subject of scien-
tific inquiry, as the results obtained in numerous studies
across different cohorts of exposed individuals are quite
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contradictory. The results of experimental studies con-
firm that radiation exposure can induce various types of
tumors in the next generation [2, 5]. However, the contri-
bution of parental radiation exposure to carcinogenesis
in the offspring of exposed individuals remains an open
problem [1].

Considering the pathophysiological prerequisites for
the risk of long-term consequences, including malignant
neoplasms, in exposed individuals and their offspring,
it is important to note that radiation exposure results in
damage that causes genetic and epigenetic shifts, lead-
ing to changes in protein expression levels due to meth-
ylation of cytosine residues in DNA, histone modifica-
tions, and regulation of microRNA expression, thereby
contributing to oncogenesis [20].

In this regard, studies of health indicators of off-
spring of Mayak PA workers — the leader of the nu-
clear industry in Russia, operating since 1948 — are of
particular interest. The unique features of the Mayak PA
worker cohort compared to other cohorts of nuclear
energy professionals worldwide include: a long follow-
up period comparable to the data from the Radiation
Effects Research Foundation (RERF) on atomic bomb-
ing victims and their offspring, but characterized by
prolonged radiation exposure from both external and
internal irradiation (incorporated Pu-239); measured
individual doses for personnel and detailed informa-
tion on the occupational history of each worker; a high
proportion of female workers (25%) who were exposed
to ionizing radiation sources at work during their repro-
ductive years; unified medical care for Mayak PA work-
ers and the population of the CATU Ozersk, whose
main enterprise is Mayak PA.

A retrospective analysis of MNs followed over
a 72-year observation period not only revealed signifi-
cant differences in the spectrum and frequency of MNs
when compared to the group of offspring of unexposed
parents but also noted differences between offspring
of occupationally exposed fathers and mothers. For
example, when compared with the control, among
offspring of exposed parents, a statistically significant
excess of certain classes of MNs was observed, in par-
ticular: of the digestive system, most often represented
by MNs of the colon; breast MNs; hemolymphoblas-
toses (in offspring of exposed fathers). A significantly
higher frequency of all primary MNs (of the digestive
system, lip, oral cavity and pharynx, and urinary tract)
was observed among offspring of exposed mothers
compared to the group of offspring of exposed fathers.
In each studied group, differences in the MN spectrum
depending on the sex of the offspring were noted,
which is consistent with national [21, 22] and interna-
tional data [23, 24].

The distribution of offspring by categories of ac-
cumulated preconception and in utero doses indi-
cated a significant percentage of parent workers with

so-called “zero” doses, where during work at Mayak PA
in the preconception or antenatal period, no doses of
external gamma radiation were recorded by individual
dosimeters. On one hand, this may reflect occupational
safety of female workers, who were promptly trans-
ferred to radiation-safe areas of the enterprise when
pregnancy was established. On the other hand, this
fact requires special attention and study, as it relates
to the period of the establishment of the production
facility and the dosimetry service, and indicates the
importance of further analysis of other types of occu-
pational exposure and the combined effects of various
occupational factors.

It is important to note that the formed groups of off-
spring of female Mayak PA workers who were exposed
to preconception occupational radiation exposure and
radiation during pregnancy coincided in quantitative
characteristics, including MNs, which did not allow a
comparative analysis of the spectrum and frequency of
oncopathology between these groups. From a pathoge-
netic point of view, it is also impossible to separate the
effects of preconception and in utero exposure, since
each female worker could have been exposed to pre-
conception occupational radiation before the establish-
ment of pregnancy. However, a planned future statistical
analysis of carcinogenic risk depending on accumulated
doses, separately for preconceptionally exposed and in
utero exposed offspring, is quite feasible.

Another limitation of the study was the relatively small
number of outcomes in the form of MNs of certain lo-
calizations, which reduced the statistical power of the
analysis by nosological forms. It should be noted that
despite the long follow-up period of the offspring cohort
(72 years), its average age is quite young (47 years on
average for offspring of exposed fathers, 51 years for
offspring of exposed mothers, and 41 years for individu-
als included in the control group) for the manifestation
of possible effects in the form of oncopathology; there-
fore, subsequent epidemiological monitoring is required.
Similar information is reported by researchers of the
offspring cohort of atomic bombing victims in Japan,
noting the absence of significant risk estimates for MN
development and cancer death, and pointing to the “rel-
ative youth of the F1 offspring cohort” [9, 25].

CONCLUSIONS

As a result of a retrospective study of cancer incidence
in the group of offspring of workers exposed to external
gamma radiation during work at Mayak PA (n = 14,593),
compared to a control group of offspring whose parents
were not exposed to radiation before the child’s concep-
tion (n = 20,872), the following conclusions were drawn:
e the leading position in the structure of cancer inci-
dence in all groups was occupied by MNs of the di-
gestive organs;
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the structure of malignant neoplasm incidence in
the groups differs by sex: among male offspring, the
main contribution to the incidence structure is made
by MNs of the digestive organs; among women — by
MNs of the breast and genital organs;

a comparative analysis of “crude” cancer incidence
rates showed a statistically significant excess in the
incidence level of offspring of exposed mothers com-
pared to similar rates in the group of offspring of ex-
posed fathers;

a significant excess in MN incidence was noted
in offspring of Mayak PA workers compared to
the group of offspring of unexposed parents for
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