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Abstract

Background—While an increased risk of thyroid cancer from post-Chernobyl exposure to 

Iodine-131 (I-131) in children and adolescents has been well-documented, risks of other cancers 

or leukemia as a result of residence in radioactively contaminated areas remain uncertain.

Methods—We studied non-thyroid cancer incidence in a cohort of about 12,000 individuals from 

Belarus exposed under age of 18 years to Chernobyl fallout (median age at the time of Chernobyl 

accident of 7.9 years). During 15 years of follow-up from1997 through 2011, 54 incident cancers 

excluding thyroid were identified in the study cohort with 142,968 person-years at risk. We 

performed Standardized Incidence Ratio (SIR) analysis of all solid cancers excluding thyroid 

(n=42), of leukemia (n=6) and of lymphoma (n=6).

Results—We found no significant increase in the incidence of non-thyroid solid cancer 

(SIR=0.83, 95% Confidence Interval [CI]: 0.61; 1.11), lymphoma (SIR=0.66, 95% CI: 0.26; 1.33) 

or leukemia (SIR=1.78, 95% CI: 0.71; 3.61) in the study cohort as compared with the sex-, age- 

and calendar-time-specific national rates. These findings may in part reflect the relatively young 

age of study subjects (median attained age of 33.4years), and long latency for some radiation-

related solid cancers.

Conclusions—We found no evidence of statistically significant increases in solid cancer, 

lymphoma and leukemia incidence 25 years after childhood exposure in the study cohort; however, 

it is important to continue follow-up non-thyroid cancers in individuals exposed to low-level 

radiation at radiosensitive ages.

Keywords

standardized incidence ratio (SIR); solid cancer; leukemia; lymphoma; Chernobyl

Introduction

The 1986 accident at the Chernobyl nuclear power plant in Ukraine, about 10 km away from 

the border of Belarus, caused massive releases of a mixture of radionuclides into the 
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surrounding territories, including short-lived iodine-131 (131I, half-life 8 days) and long-

lived cesium-134 (134Cs, half-life 2 years) and cesium-137 (137Cs, half-life 30 years) 

(UNSCEAR, 2010). A large number of people residing in contaminated territories received 

internal (mainly from ingestion of radioactively contaminated products) and external (from 

radionuclides deposited on the ground) irradiation. Radioactive iodine exposure is primarily 

to the thyroid gland, while radioactive cesium exposure can involve all body organs. In 

Belarus, the highest densities of 137Cs ground deposition occurred in Gomel oblast (Figure), 

where the area residents could have received average effective whole-body doses of about 10 

millisievert (mSv) accrued during the period of 1986 – 2005 (Drozdovitch et al., 2007).

Health consequences, especially long-term cancer effects, of radiation exposure, among 

young, and ostensibly sensitive groups of exposed residents are of special concern. While an 

increased risk of thyroid cancer from post-Chernobyl exposure to 131I in children and 

adolescents has been well-documented (Brenner et al., 2011; Cardis et al., 2005; Ivanov et 

al., 2006; Tronko et al., 2006; Zablotska et al., 2011), risks of other cancers or leukemia as a 

result of residence in radioactively contaminated areas remain uncertain (Davis et al., 2006; 

Ivanov et al., 1998; Noshchenko et al., 2010; Parkin et al., 1996; Petridou et al., 1996; 

Tondel et al., 1996). Some studies have reported an increased risk of infant leukemia 

following in utero exposure (Petridou et al., 1996), others of childhood leukemia following 

exposure at age of 0 – 5 years (Noshchenko et al., 2010), but most studies found no evidence 

of an association between leukemia risk and environmental radiation exposure (Davis et al., 

2006; Ivanov et al., 1993; Ivanov et al., 1998; Ivanov et al., 2003; Parkin et al., 1996; Steiner 

et al., 1998; Tondel et al., 1996). Inability to detect radiation-associated cancer risk 

following environmental exposures could reflect a low dose, insufficient statistical power, or 

long latency of radiation-related cancers (Cardis et al., 2006). Leukemia and solid cancer 

risk among individuals exposed in childhood to Chernobyl fallout remain a substantial 

public concern and require continued monitoring as this group ages in order to evaluate the 

pattern of radiation-related cancer risks over time.

We have been conducting cancer follow-up of two parallel screening cohorts of ~ 25,000 

individuals exposed to Chernobyl fallout as children and adolescents in Ukraine and Belarus 

(Stezhko et al., 2004). A Standardized Incidence Ratio (SIR) analysis of non-thyroid solid 

cancer, leukemia and lymphoma in the Ukraine cohort found no significant increased risks 

although the SIR for leukemia, based on 5 cases, was elevated (SIR=1.92) (Hatch et al., 

2015). Here we report on an SIR analysis of solid and hematopoietic cancer incidence rates, 

excluding thyroid cancer, in a cohort of individuals who were under 18 years of age at the 

time of the Chernobyl accident, resided in various contaminated territories of Belarus. The 

study objective was to assess risks of cancer other than thyroid by calculating SIRs using the 

national sex-, age- and period-specific cancer incidence rates for the period of 01.01.1997 

through 31.12.2011.

The study was reviewed and approved by the institutional review boards of the participating 

organizations in Belarus and the United States.
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Materials and Methods

The study cohort included 11,970 individuals from Belarus exposed to radioactive fallout 

from the Chernobyl accident under age of 18 years. A detailed description of study 

participants’ recruitment and follow-up is published elsewhere (Stezhko et al., 2004). 

Between 1996 and 2007, the cohort was regularly screened for thyroid cancer and non-

cancer thyroid diseases using standardized clinical, instrumental and laboratory procedures. 

We excluded 123 of 11,970 screened individuals because they were outside the eligible age 

range (n=114) or did not reside in Belarus at the time of the accident (n = 9).

We identified incident non-thyroid cancers through linkage of the cohort with the Belarus 

National Cancer Registry (BNCR) using individual identifying information. The BNCR 

began operation in 1973 and includes individual information on newly diagnosed cancer 

cases nationwide since 1978 (Curado et al., 2009; Okeanov et al., 2004). The BNCR adheres 

to the principles and methods developed by the International Agency for Research on Cancer 

for cancer registration (Jensen et al., 1991). Information on each newly diagnosed case of 

malignant tumor is reported by the physician who established the diagnosis, within three 

days of diagnosis date, to an oncology dispensary at a regional level using a special 

notification form. At the end of each calendar year computerized individual data from 

regional oncology dispensaries are sent to the N.N. Alexandrov National Cancer Center of 

Belarus in Minsk. Since 1991 all oncology dispensaries have used a computerized system of 

cancer registration allowing continuous data collection. Information collected for each 

cancer case includes the patient’s last, first and patronymic names, date of birth, sex, place 

of residence, date and place of cancer diagnosis, methods used for diagnosis verification, 

cancer diagnosis and its code according to International Classification of Diseases (ICD) and 

ICD-O for morphological classification. The proportion of microscopically verified cases for 

all cancer sites except for non-melanoma skin is 91.5% in men and 94.% in women.

For linkage with the BNCR, we used a computerized deterministic record linkage technique 

with probabilistic elements which has proved to be a reliable tool for cohort studies 

requiring linkage with a continuously updated registry (Howe, 1998). The technique 

incorporates a set of comparison functions based on the value of each identifier on each 

record. Through these computerized comparisons, a probability is estimated that matched 

records are a true link. We used individuals’ gender, full name (last, first, patronymic), date 

of birth (day, month and year), and complete residential address as link identifiers. For each 

pair of matched records, the values of computerized comparison functions were summed up 

to establish empirically a threshold value which prevents missing true links. All links with a 

threshold value suggesting that the matched records were a possible link were reviewed 

manually by independent experts. Only after manual reviews was a link determined to be 

‘true’ or ‘false’.

We calculated person-years at risk for each study subject starting from January 1, 1997 

through December 31, 2011, date of first primary cancer diagnosis or date of death, 

whatever came first. We chose 01.01.1997 as the beginning of follow-up because this is 

when a full-scale screening of the cohort began; we chose 31.12.2011 as the end of follow-
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up because this is when the most complete cancer incidence data for the cohort became 

available.

We stratified person-years by sex, oblast [an administrative subdivision similar to a state or 

province] of residence at the time of screening examination (Gomel, Minsk, Mogilev and 

other), attained age (5-year categories from 5 to 45 years), age at exposure (5-year categories 

from 0 to 20 years), and calendar period (1997 – 2003 – 2004 – 2007 – 2008 – 2011). We 

calculated standardized incidence ratios (SIR) by comparing the number of observed cases 

with the number of expected cases using national cancer incidence statistics stratified by sex, 

age and calendar period (Curado et al., 2009; Parkin et al., 1997; Parkin et al., 2002). All 

analyses were performed using Epicure software (Preston et al., 1993) assuming Poisson 

distribution of the data. Significance tests and 95% confidence intervals (CI) were 

determined directly from maximum likelihood analysis. All p-values were derived from two-

sided tests, with p ≤ 0.05 considered to be statistically significant. We performed SIR 

analysis for all solid cancer excluding thyroid, and separately for leukemia, one of the most 

radiosensitive malignancies, and lymphoma.

Results

Men comprised about 49% of the study cohort (Table 1). Sixty-one percent of the cohort 

(n=7,275) resided in Gomel oblast which had the highest levels of radioactive 

contamination. About 30% of the study cohort resided in Minsk oblast including Minsk city. 

Sixty-two percent of the cohort (n=7,359) were less than 10 years old at the time of the 

accident, and median attained age of study subjects at the end of follow-up was 33.4 years. 

During 15 years of follow-up with 142,968 person-years at risk, 54 malignancies, excluding 

thyroid cancer, were identified in the cohort: 42 solid cancers, six lymphomas, and six 

leukemias. The most frequent sites of solid cancer were female genital organs (12 cancers of 

cervix uteri, two ovarian cancers and cancer of corpus uteri), central nervous system [CNS] 

(three brain cancers, one cancer of eye and two cancers of other parts of CNS), female breast 

(five cases), and digestive tract (four stomach and one colon cancers). Four of six 

lymphomas were Hodgkin lymphomas. Leukemias included three myeloid (acute 

myeloblastic, acute promyelocytic, and chronic myeloid leukemia), one T-cell large granular 

lymphocytic leukemia, one acute megakaryoblastic leukaemia, and one leukaemic 

reticuloendotheliosis.

After stratification by sex, attained age and time period, the SIR estimates for solid cancer 

excluding thyroid and for lymphoma were 17% and 34%, respectively, lower than the 

corresponding national rates (SIR=0.83, 95% CI: 0.61 – 1.11 for non-thyroid solid cancers 

and SIR=0.66, 95% CI: 0.26 – 1.33 for lymphoma), although not statistically significant 

(Table 2). The leukemia SIR was almost two times higher than the corresponding national 

rates (SIR=1.78, 95% CI: 0.71 – 3.61), but statistically non-significant.

We did not observe statistically significant variation of SIR estimates by sex, age at the time 

of the accident, attained age, or oblast of residence at the time of screening examination for 

any study outcome (Table 2). We observed a lower non-thyroid solid cancer SIR in 2008 – 

2011 as compared with the estimates in 2004 – 2007 and 1997 – 2003 (SIR=0.59 vs. 
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SIR=1.03 and 1.14, respectively) with p for linear trend = 0.04; however the test for 

heterogeneity was not statistically significant (p for heterogeneity = 0.16). For leukemia, no 

single case was observed in 2008 – 2011, while SIRs for 2004 – 2007 and 1997 – 2003 were 

elevated (SIR=0 vs. SIR=3.88 and SIR=1.77, respectively) with the test of heterogeneity (p 

for heterogeneity = 0.05), but not linear trend (p for linear trend = 0.21) being statistically 

significant. Four of six leukemias were registered in Minsk oblast including Minsk city at 

the time of screening, while the remaining two were in Gomel oblast, resulting in the SIRs 

of 4.09 (95% CI: 1.27 – 9.50) and 0.96 (95% CI: 0.16 – 2.97), respectively; the test of 

heterogeneity by oblast was not significant (p for heterogeneity = 0.24).

Discussion

Twenty-five years after the accident, we found no evidence of an increase in incidence of all 

solid cancers excluding thyroid, of lymphoma or of leukemia in the cohort of almost 12,000 

Belarusian residents exposed to Chernobyl fallout in childhood or adolescence. Our results 

were based on a comparison of sex-, age- and calendar time-specific cancer rates in the 

study cohort with the respective Belarus national cancer rates through SIR estimation. This 

cohort and the parallel cohort in Ukraine are both characterized by high thyroid doses of 

radiation resulting from internal exposure to 131I, which has been linked to an exceedingly 

high increased risk of thyroid cancer (Brenner et al., 2011; Tronko et al., 2006; Zablotska et 

al., 2011). The focus of the present analysis was on malignancies other than thyroid cancer, 

with the main concern being possible effects of exposure to other radionuclides, 

especially 137Cs.

Belarus along with Ukraine and parts of the Russian Federation was seriously affected by 

the accident as evidenced by high levels of 137Cs ground contamination (UNSCEAR, 2010). 

Having a half-life of 30 years, 137Cs is the most important contributor to cumulative 

radiation doses of the Belarus population through external irradiation from contaminated 

ground and internal irradiation through consumption of locally produced contaminated food. 

Because of the even distribution of 137Cs throughout the body, resulting organ doses are 

relatively uniform. An estimation of effective whole-body dose due to 137Cs exposure at the 

population-based level suggested low levels of exposure in general (Drozdovitch et al., 

2007). For the study cohort participants the mean external dose for the period from 1986 

through 2006 was estimated to be 10 mGy and the mean internal dose due to 137Cs 

incorporation to be 3 mGy (Drozdovitch et al., 2013).

In agreement with the non-thyroid cancer SIR results in the Ukrainian cohort of 13,203 

individuals (Hatch et al., 2015), we did not observe a significantly increased SIR for the 

three major cancer groups, nor did we find statistically significant variation of SIRs by sex, 

age at exposure, attained age, or oblast of residence for any studied outcome. There was 

some suggestion of difference in SIRs for both leukemia and non-thyroid solid cancer over 

time, but the results were inconsistent that could be due to the relatively small number of 

cancer cases in the study. Specifically, based on six observed cases, there was a suggestive 

evidence of heterogeneity in the leukemia SIRs over calendar time, but the test for linear 

trend was not statistically significant. In contrast, there was a suggestion of a significant 
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linear decrease in non-thyroid solid cancers SIR with calendar time, but the test for 

heterogeneity of the estimates was not statistically significant.

Some increase in solid cancer and leukemia mortality in 1950 – 1990, although not 

statistically significant, was reported for atomic bomb survivors exposed at age of 0 – 14 

years at colon doses below 5 mSv as compared with respective mortality rates in the entire 

Japanese population (Goto et al., 2012). For those exposed at colon dose from 5 to < 100 

mSv, a significant elevation in estimates of standardized mortality ratio (SMR) for all 

cancers and for solid cancer was observed only in men, with SMRs of 1.25 (p=0.013) and 

1.31 (p=0.004), respectively, while leukemia SMRs were less than one both in men 

(SMR=0.70, p=0.53) and women (SMR=0.61, p=0.52) (Goto et al., 2012).

Leukemia is considered one of the most radiosensitive cancers, with a relatively short 

latency period after exposure to ionizing radiation (UNSCEAR, 2010). Following the 

Chernobyl accident there were a few reports of increased risk of infant leukemia following 

exposure in utero (Petridou et al., 1996), although no clear association with ground 

contamination levels was observed. Similarly, no evidence of increased leukemia rates after 

exposure in childhood has been reported by studies conducted in other affected countries 

(Davis et al., 2006; Ivanov et al., 1998; Ivanov et al., 2003). It bears mentioning that we have 

observed comparable non-significant elevations in the SIRs for leukemia in both Belarus and 

Ukraine cohorts (SIR=1.78, 95%CI: 0.71; 3.61 and SIR=1.92, 95%CI: 0.69; 4.13, 

respectively), based on small numbers of cases (n=6 and n=5). When leukemia data in these 

two cohorts are combined, the SIR is 1.84 (95% CI: 0.96; 3.16). Given the consistent 

elevations in rates of leukemia, the most radiosensitive site, there is a need for careful 

continued monitoring of leukemia trends. No convincing evidence of increased risks of solid 

cancers other than thyroid following exposure to Chernobyl fallout in childhood has been 

found in this or other studies (Michaelis et al., 1996; Tondel et al., 1996).

The Belarusian cohort remains young, with a mean age at the end of follow-up of 33.6 years, 

as about 60% of cohort members were < 10 years old at the time of the accident. The 

amount of person-years over the follow-up period from 1.1.1997 through 31.12.2011 was 

142,986, with 42 non-thyroid solid cancers, six leukemias and six lymphomas. To account 

for possible losses in the cohort due to death, we performed SIR analysis using person-years 

adjusted for sex-, age- and calendar time-specific survival rates based on the Belarus 

national statistics data (http://apps.who.int/gho/data/?theme=main&vid=60140). Because of 

low mortality rates at the age range of 10 – 45 years, neither the amount of adjusted person-

years (141,784 vs. original 142,986) nor the SIRs changed meaningfully. We did not adjust 

person-years for possible losses due to migration because as was shown in our paper on non-

thyroid cancer SIRs in Ukraine, follow-up losses due to migration are very low (< 2%); and 

because there has been a national cancer registry in Belarus since 1978.

We consider this well-established cohort of individuals exposed at the most radiosensitive 

ages and followed over time to be a major strength of our study. Linkage with the BNCR, 

that is a longstanding nationwide registry, ensures complete and reliable cancer 

ascertainment. The high quality of the BNCR has been recognized by its inclusion in the 
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several editions of IARC’s “Cancer in Five Continents,” a compilation of data from 

population-based registries worldwide.

We consider lack of individual dose estimates to be the main limitation of our study. Without 

dose-response analyses, interpretation of risk estimates is challenging. Another limitation is 

that we excluded from our analysis data on solid cancers and leukemia in the first decade 

following the accident, when radiation-related increase in leukemia would be likely to occur. 

It was done because we wished to avoid selection bias as the cohort screening examination 

started in 01.01.1997. In addition, the young age of study participants and relatively small 

number of observed cancers to date indicate the need for further follow-up to assess the 

long-term cancer risks after exposure to Chernobyl fallout. The failure to detect excess 

cancers in this radiation-exposed cohort could reflect insufficient statistical power, given the 

presumed low doses and relatively small cohort size. An additional reason is the long latency 

of many radiation-related cancers, as well as the young age of the cohort. Because leukemia 

and solid cancer risk among individuals exposed in childhood to Chernobyl fallout remain a 

substantial public concern, we consider it important to continue monitoring cohorts exposed 

at sensitive ages in order to evaluate the pattern of radiation-related cancer risks over time.
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• We monitor cancers in a Belarusian cohort of exposed as children due to 

Chernobyl

• No increase in solid cancer rates was found as compared to the national rates

• An elevation of leukemia rates was detected, although statistically insignificant

• Results are consistent with those in a cohort of exposed as children in Ukraine

• Further monitoring of cancer situation in this cohort is warranted
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Figure. 
Map of the Republic of Belarus with indication of Caesium-137 (137Cs) deposition density
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Table 1

Main characteristics of a cohort of individuals exposed under age of 18 years in Belarus to the Chernobyl 

fallout, follow-up 01.01.1997 – 31.12.2011

Characteristic # of subjects % PYR

Sex

 Men 5,752 48.6 69,521

 Women 6,095 51.4 73,447

Oblast of residence at the time of screening

 Gomel 7,275 61.4 87,486

 Minsk including Minsk city 3,500 29.6 42,417

 Mogilev 613 5.2 7,467

 Other 459 3.9 5,598

Age at the time of the accident, years

 0 – 9 7,359 62.1 89,679

 10 – 14 3,111 26.3 37,025

 15 – 18 1,377 11.6 16,264

Median age at the time of the accident, years (IQR) 7.9 (8.4)

Median attained age, years (IQR) 33.4 (8.5)

Total 11,847 100.0 142,968

PYR, person-years at risk; IQR, interquartile range
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