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Abstract 2016 marked the 30th anniversary of the Cher-
nobyl Nuclear Power Plant accident. We and others wrote
reviews for the 25th anniversary. Since then, additional
papers have appeared and it seems timely to highlight
lessons learned. To present, not a systematic review, but a
commentary drawing attention to notable findings. We
include not only recent reports and updates on previous
results, but key findings from prior Chernobyl studies. The
dose-dependent increase in Papillary Thyroid Cancer
(PTC) following childhood I-131 exposure in Ukraine and
Belarus has now been shown to persist for decades. Studies
of post-Chernobyl PTCs have produced novel information
on chromosomal rearrangements and gene fusions, critical
to understanding molecular mechanisms. Studies of clean-
up workers/liquidators suggest dose-related increases of
thyroid cancer and hematological malignancies in adults.
They also report increases in cardiovascular and cere-
brovascular disease. If confirmed, these would have sig-
nificant public health and radiation protection implications.
The lens opacities following low to moderate doses found
earlier are also a concern, particularly among interven-
tional radiologists who may receive substantial lens doses.
Finally, there is some, inconsistent, evidence for genetic
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effects among offspring of exposed persons. Further
efforts, including improved dosimetry, collection of infor-
mation on other risk factors, and continued follow-
up/monitoring of established cohorts, could contribute
importantly to further understand effects of low doses and
dose-rates of radiation, particularly in young people, and
ensure that appropriate public health and radiation pro-
tection systems are in place. This will require multinational
collaborations and long-term funding.
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Introduction

Over 30 years now have passed since the Chernobyl
Nuclear Power Plant explosion in northern Ukraine (and
more than 5 years since a tsunami caused a major accident
at the Fukushima Daiichi Power Plant in Japan). Although
the effects of nuclear accidents on mental health and psy-
chological well-being are a focus of concern [1], research
results from Chernobyl clearly show significant impacts of
radioactive fallout on a range of somatic health endpoints.

At the 25-year mark, we published a detailed review of
the international peer-reviewed literature on somatic health
effects post-Chernobyl [2], describing notable dose-related
increases in papillary thyroid cancer (PTC) among children
and adolescents exposed to radioiodines, and, among
cleanup workers exposed primarily to external radiation, an
elevated risk of cataracts, leukemia and, possibly, cardio-
vascular disease (CVD). At the time of the earlier review,
we pointed to questions that remained—whether the thy-
roid cancer risk in exposed children would persist and what
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future tumors would look like, and whether exposure in
utero or in later life also increased risk, all questions of
importance to improve our radiation protection system. We
cited several unresolved issues that might be addressed
post-Chernobyl in further studies of exposed populations,
including risk of breast cancer and childhood leukemia
following radioiodine fallout.

In the years between the 25th and 30th anniversaries, a
number of papers have appeared. Rather than a compre-
hensive review, we present here a brief Commentary on
what we consider to be the highlights, including updates on
the association between radiation from Chernobyl and
thyroid disease in exposed children and adolescents,
describing the pattern of risk over time and noting
intriguing results from studies of the histopathology and
molecular genetics of the post-Chernobyl PTCs. We
comment also on new research (based on a PubMed search,
30th anniversary conference proceedings and contact with
the principal investigators of the main Chernobyl studies).
This includes in particular studies on cleanup workers from
Ukraine, Russia and the Baltic countries exposed as adults,
with limited but suggestive evidence of a dose-related risk
not only for all types of leukemia as shown previously, but
for both thyroid and non-thyroid solid cancer as well,
possibly, as multiple myeloma. There are, in addition,
recent reports on cardio- and cerebrovascular diseases
among Russian and Ukrainian liquidators that need to be
considered in the context of findings from other popula-
tions. In what follows we provide a summary and inter-
pretation of the evidence, and point out where data are
insufficient—including for earlier findings that have not
been pursued—or where data continue to be lacking.

Discussion
Thyroid disease post-Chernobyl
Thyroid cancer

As we reported at the 25-year mark [2], the earliest and
most striking health effect following the Chernobyl acci-
dent was unquestionably the increased risk of thyroid
cancer among those exposed at an early age to Iodine-131
in fallout in Ukraine and Belarus, the countries most
affected by radioactive releases from the damaged reactor.
Increased risk was shown in numerous epidemiological
studies, including the parallel cohort studies of ~26,000
exposed children and adolescents in Ukraine (UkrAm) and
Belarus (BelAm) screened biennially for thyroid disease
[3, 4]. On average children had higher doses due to their
small thyroid mass and greater consumption of '*'I-con-
taminated milk. The mean doses, based on direct
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measurements and an ecologic model of environmental
transfer, were 650 mGy in the UkrAm cohort and
680 mGy in BelAm. The respective dose-related risks for
thyroid cancer were 5.25/Gy in UkrAm [3] and 2.15/Gy in
BelAm [4]. Increased risks were also shown in case—con-
trol studies [5—7] and ecological studies [8]. The increase
in thyroid cancer was greatest for those who were youngest
at exposure (0—4 years), a trend that appears to extend to
those exposed in utero [9]. Brenner et al. [10] have shown
that the elevated risk of thyroid cancer in the UkrAm
cohort has persisted for more than 2 decades post-exposure,
with no significant decrease over time. Effects of dose-
measurement error on the estimated risk—always a matter
of concern—were addressed by Little et al. [11], who
found that statistical correction for dosimetric errors has
little impact (a reduction of about 8%) on radiation risk
estimates. The magnitude of the estimated dose-dependent
thyroid cancer risk following Chernobyl, the trends with
age at exposure, and the persistent elevation over time are
all similar to what has been seen with exposure to external
radiation among Japanese atomic bomb survivors [12].

Although clearly not a factor in iodine-sufficient Japan,
the iodine deficiency (ID) so common in Chernobyl-con-
taminated regions has been suggested to modify the effects
of radiation since ID increases the absorbed dose to the
thyroid (iodine deficient glands take up more radioiodine)
and stimulates cellular proliferation, leading to a possible
tumor promoting effect. The empirical data, however, are
not entirely consistent on this point. An ecological study in
Russia [13] and a case—control study in Belarus and Russia
[6] comparing risks in subjects stratified by tertiles of soil
iodine levels, as well as use of iodine prophylaxis in the
latter, both showed a modifying effect of ID. Radiation-
related risks were also increased in the BelAm cohort
among subjects with indicators of iodine deficiency such as
diffuse goiter or enlarged thyroid volume [4], consistent
with the earlier studies. In the UkrAm study, neither iodine
prophylaxis nor iodine deficiency as indicated by goiter
and elevated levels of serum Tg had statistically significant
modifying effects on I-131-related risk, although trends
were in the expected direction [10]. Iodine deficiency thus
deserves careful attention in future studies of radiation-
related thyroid cancer. A single ecologic study has recently
suggested that, in Belarus, exposure to nitrates in drinking
water might also have a modifying effect on radiation risk
of thyroid cancers, by, for example, contributing to thyroid
hyperplasia [14].

An important question following the Chernobyl accident
is whether exposure to By may also confer an increased
risk of thyroid cancer in adults. Increases in incidence have
been reported among Russian [15] and Baltic clean-up
workers [16], particularly among those who worked in the
first months after the accident when '*'I exposure could
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occur. A case—control study, nested within the cohorts of
Belarus, Russian and Baltic cleanup workers [17]—with
individual dose reconstruction,—also found a dose-depen-
dent increase in thyroid cancer risk. The risk estimate was
similar for microcarcinomas and for larger tumors, as well
as for tumors with and without lymph node involvement,
suggesting thyroid screening is unlikely to entirely account
for the observation. Recall bias and dosimetric uncertain-
ties could, however, play a role. A recent report of the
Atomic Bomb Life Span Study (LSS) [12] found a per-
sistent elevation in risk more than 50 years post-exposure,
but only among those exposed before age 20. Clearly,
further research is needed to determine the association
between radiation exposure at later ages and thyroid cancer
risk.

In recent years, there have been a number of studies on
the distinctive histopathology of the post-Chernobyl PTCs
among exposed children and adolescents. It was reported
early on that the pediatric thyroid cancers post-Chernobyl
were PTCs of the solid/follicular subtype with a high
prevalence of RET/PTC rearrangements, in particular
PTC3, which seem to correlate with the solid growth pat-
tern [18]. Non-encapsulated PTCs were common and there
was typically evidence of tumor invasiveness. Associations
between histopathologic features and I-131 dose have been
further analyzed in both the UkrAm [19] and BelAm [20]
cohorts. In BelAm, dose was associated with solid/diffus-
ing variants and indicators of tumor aggressiveness. In
UkrAm, aggressive properties of PTCs appeared to be
associated with dose and with chromosomal translocations.

There has also been considerable molecular biology
work in post-Chernobyl pediatric thyroid cancers. As thy-
roid cancers in young people are generally very rare, these
are considered a unique resource for investigating radia-
tion-carcinogenesis. Recent studies using DNA and RNA
aliquots extracted from UkrAm samples stored at the
Chernobyl Tissue Bank [21, 22] have linked I-131 dose to
recurrent somatic alterations and altered expression of
certain genes. In an assessment of mRNA expression pat-
terns, 11 genes with differential dose expression (in paired
samples of tumor and normal tissue) were identified and
validated, and altered dose-dependent gene expression was
found in an additional 8 genes in tumor tissue [23] and 6
genes in normal tissue [24]. Dose-response relationships
have also been evaluated for somatic alterations such as
RET/PTC that frequently occur in radiation-related thyroid
cancers [25]. Leeman-Neill et al. [26] have reported a link
between I-131 dose and RET/PTC, a gene fusion seen in
30-80% of post-Chernobyl cancers, as well as PAXS8/
PPARE rearrangements and, as expected, an inverse
association with BRAF and RAS point mutations which are
common in sporadic PTCs. The same group has identified
ETV6-NTRK3 as a common rearrangement in the UkrAm

tumors [27]. Ito et al. [28] have reported that similar
rearrangements of RET can be induced by in vitro irradi-
ation of thyroid tumor cells. Gene fusions (such as between
ETV6 and NTRK3), infrequently seen in sporadic PTCs,
have been found in several tumor types, raising the possi-
bility that fusions may be an important mechanism of
radiation carcinogenesis [29].

A DNA copy number gain on chromosomal band
7q11.23 and mRNA overexpression of CLIP2 have also
been found in post-Chernobyl PTCs [30, 31] and CLIP 2
has been proposed as a biomarker of radiation-related PTC.
This was recently tested in a model estimating radiation
risk from marker measurements, with results suggesting a
path of PTC development with CLIP2 as the driver gene
[32]. The search for a radiation signature needs to continue.

Benign thyroid disease

Unlike thyroid cancer, the effects of relatively low dose
311 on benign thyroid diseases have rarely been studied.
They have been, however, the focus of recent research in
the UkrAm and BelAm screening cohorts of exposed
children and adolescents, where associations between
structural (follicular adenoma) and functional (hypothy-
roidism, hyperthyroidism) endpoints and '*'I dose have
been investigated. A 2006 study on the UkrAm cohort
showed no association between "*'I and autoimmune thy-
roiditis but did find elevations in ATPO (antibodies to
thyroid peroxidase) [33]. Since then, a linear dose-re-
sponse relationship with follicular adenoma (FA), a benign
neoplastic thyroid nodule, has been reported in UkrAm
[34], and the association confirmed in the BelAm cohort
[35], with similar two-fold excess risks seen in both. Risks
were highest in those youngest at exposure; in neither
cohort were there clear indications of effect modification
by iodine deficiency. A recent study in the BelAm cohort
[36] has also found a dose-dependent risk of screening-
detected non-neoplastic thyroid nodules >10 mm, as well
as of neoplastic nodules (in particular follicular adenoma),
with the effect strongest among those younger at exposure.

In terms of functional thyroid diseases, a small associ-
ation was found between "*'I dose and prevalent subclin-
ical hypothyroidism (EOR/Gy = 0.10, 95% CI 0.03-0.21)
in the UkrAm cohort [37] and confirmed in the BelAm
cohort (EOR/Gy = 0.34, 95% CI 0.15, 0.62) [38]. No
association was found with prevalent hyperthyroidism [39]
or other measures of thyroid function. As with FA, there
was effect modification of hypothyroidism by age at
exposure but not with indicators of ID.

In summary, it appears that '*'T increased not only the
risk of thyroid cancer in those exposed to Chernobyl fallout
at young ages, but also the risks of follicular adenoma and
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hypothyroidism—both quite common benign thyroid
diseases.

Other endpoints
General population

As indicated in our 25th anniversary review, doses to
organs other than the thyroid tended to be low in the
general population and hence studies of effects other than
thyroid cancer have limited statistical power. An ecological
study published in 2006 [40] suggested a possible dose-
related increase in the risk of breast cancer among young
women in the most contaminated districts of Belarus and
Ukraine, but, unfortunately, this finding has not yet been
followed up in analytic studies. The issue of breast cancer
following low-dose radiation is an important one, as we
suggested in our 25th Anniversary Review, and should be
pursued.

Leukemia after low-dose radiation is also of interest,
since, like thyroid and breast, this is a highly radiosensitive
neoplasm. There were some earlier studies of those
exposed as children or in utero but, as we noted in our
previous review, these generally had limited statistical
power and the results were inconsistent. More recent
standardized incidence ratios (SIR) analyses of non-thyroid
cancers in the UkrAm [41] and BelAm [42] cohorts, based
on linkage with the national cancer registries, did find
similar elevations in leukemia (in UkrAm, SIR = 1.92,
95% CI 0.69, 4.13; in BelAm, SIR = 1.78, 95% CI 0.71,
3.61), but cases were few (n = 5 and 6, respectively) and
there was only limited statistical power to detect effects.

Concerning adults, recent publications from Ukraine
suggest increased risk of breast cancer [43, 44], endocrine
diseases [45] and cardiovascular mortality [46] among
residents of contaminated areas. However, these studies
lack adequate dosimetry, completeness of follow-up is
uncertain and no information is available about other risk
factors for these diseases.

Because of concern about potential long-term genetic
effects of parental irradiation, studies have been carried out
on the frequency of minisatellite mutations in children born
after Chernobyl in contaminated areas of Ukraine and
Belarus [47, 48]. Elevations have been suggested. How-
ever, these results contrast with negative findings in off-
spring of Chernobyl clean-up workers [49] as well as of
A-bomb survivors [50]. The minisatellite data from
Ukraine suggest a far lower doubling dose than expected
from animal work, and there have been some concerns
regarding the adequacy of the dosimetry and potential
confounding by other exposures [51]. Although no firm
conclusion can yet be drawn, the extent of heritable and de
novo mutation rates following radiation exposure remains
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an important issue and is currently being pursued in an
NClI-supported “Trio” Study in Ukraine, in which at least
one parent was exposed to Chernobyl radiation as a clean-
up worker and/or evacuee from a contaminated area. Using
whole genome sequencing, the Trio Study searches for
mutational patterns in the exposed parent(s) that may have
been transmitted to a child born more than 1 year after the
Chernobyl accident.

Cognitive effects have been studied in children exposed
to radiation from Chernobyl while in utero or as infants but
the evidence has been inconsistent (reviewed in [52]).

Clean-up workers

In addition to the possible increased risk of thyroid cancer
(discussed above), we reported earlier [2] that increases in
risk of leukemia from external radiation exposure have
been seen in nested case—control studies of clean-up
workers in the Baltic countries, Belarus, Russia and
Ukraine [53, 54]. These studies relied on detailed indi-
vidual red bone-marrow dose reconstruction, based on site
dose rate measurements and modelling and on information
collected by questionnaire on the worker’s activities, type,
place, time and conditions of work in the 30 km exclusion
zone [55]. A more recent case—control study among
Ukrainian liquidators [56] has since replicated the
increased risk of leukemia, as well as the earlier observa-
tion of a similar risk for chronic lymphocytic leukemia
(CLL), previously considered non-radiogenic, and non-
CLL leukemia. Cohort follow-up of clean-up workers
included in the State Chernobyl Registries in Russia [57]
also show increased risks for non-CLL leukemia (CLL was
not assessed), and suggest that the risk may decrease with
time since the accident.

In Ukraine, increased incidences of multiple myeloma
(MM) and of myelodysplastic syndrome were also repor-
ted, in comparison with the general population, though
analysis by dose level or time or duration of work as a
clean-up worker was not presented [58]. While increases in
MM have been seen in other studies, in particular in
mortality studies of the atomic bomb survivors and in some
studies of nuclear industry workers [59—-61], a significant
dose-response has not been seen in recent incidence
studies of atomic bomb survivors [62] and hence the
relation between radiation exposure and MM is at present
unclear.

Finally, Kashcheev et al. [63] reported a dose-related
increase in the incidence of solid cancers among Russian
clean-up workers included in the State Chernobyl Registry.
While the completeness of case ascertainment is uncertain
for this cohort, this result is complemented by a similar
increase in solid cancer mortality, an outcome not subject
to a possible surveillance bias. The ERR/Gy was 0.47 (95%
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CI 0.03, 0.96), similar to that obtained in recent pooled
studies of nuclear industry workers [64] and compatible
with extrapolations from studies of atomic bomb survivors.

An important earlier finding is the increased risk of
cataracts, in particular posterior sub-capsular lens opaci-
ties, in a screened cohort of Ukrainian clean-up workers
[65] which has led the International Commission for
Radiological Protection to revise its recommendations
downward for maximum dose to the lens of the eye [66].
However, no follow-up of this important cohort has been
conducted in recent years.

In the 25th anniversary review we mentioned the finding
of a dose-related increased risk of cerebrovascular and
ischemic heart disease among Russian clean-up workers
[67], though no information was available to adjust for
other risk factors. The follow-up of this cohort, based on
the State Chernobyl Registry, was extended by 12 years, up
to 2012, confirming the increase in cerebrovascular disease
[68]—excess relative risk (ERR/Gy = 0.45, 95% CI 0.28,
0.62); again, no information was available on other risk
factors but the authors adjusted risk estimates for con-
comitant diseases such as diabetes. A study of Ukrainian
clean-up workers of the 1986-1987 period, based on data
from the National Research Center for Radiation Medi-
cine’s Clinico-Epidemiological Registry, found a dose-re-
lated increased risk of both cardiovascular disease and
cerebrovascular disease [69, 70]. However, there may be
questions about the completeness and accuracy of disease
registration as well as the adequacy of the dose estimates,
and although a number of non-radiation risks were identi-
fied, except for age, confounding factors were not taken
into account. These results, therefore, need further
confirmation.

There has been interest in the possibility of telomere
shortening—a biomarker for biological aging—in workers
exposed to protracted low-dose radiation. This was sug-
gested in a small study of Chernobyl workers from Ukraine
[71]. However, a study of about 600 clean-up workers in
Latvia whose leukocytes were analysed 2 decades after
exposure, along with a sex- and age-matched control
group, found the reverse: longer telomeres among those
exposed in 1986 and involved in ‘dirty’ tasks [72]; this was
interpreted as reflecting defects in telomerase regulation.

Neuropsychological changes and cognitive deficits have
also been studied among Chernobyl clean-up workers but
are outside the scope of this review.

Conclusions and perspectives
While psycho-social effects are without doubt the most

important public health consequence of the accident—and
can be found, on a similar scale, following the Fukushima

accident which resulted in generally much lower doses—
careful studies of the most exposed populations have pro-
vided important information about radiation risks follow-
ing exposure to '*'I, as well as on the effects of protracted
low dose, low dose-rate exposures to a mixture of external
and internal (mainly '¥’Cs) radiation. These are of great
relevance to radiation protection.

Thirty years after Chernobyl, nearly 11,000 thyroid
cancers cases have been reported among those who were
children or adolescents at the time of the accident in
Belarus, Ukraine and the most contaminated regions of
Russia [73]. The spontaneous incidence of thyroid cancer
increases rapidly in adolescence and adulthood, and not all
of these cases can be attributed to radiation from the
accident (in first 25 years, it was estimated that about half
of these were radiation-induced, with the proportion being
higher in Belarus, particularly in the most contaminated
region of Gomel) but there has unquestionably been a
substantial dose-dependent excess risk of I-131-related
post-Chernobyl thyroid cancers—many with a distinctive
histopathology—that has now persisted for decades. Stud-
ies of PTCs in the affected territories, using the Chernobyl
Tissue Bank as a resource, have included in-depth molec-
ular biological work based on the UkrAm cohort of
exposed children. This has produced novel information on
molecular profiles of the tumors—including chromosomal
rearrangements and gene fusions—of great importance for
understanding the pathogenesis of thyroid cancer in the
presence of ionizing radiation. Studies of thyroid cancer
following exposure in utero have suggested risks of the
same order, or larger, than that following similar exposures
in infancy. Investigation of established cohorts of clean-up
workers has produced new data on thyroid cancer risk in
exposed adults, suggesting that it may exist and may not be
much smaller than the risk observed in exposed children. In
addition, the recent work extends the evidence on risk of
hematological malignancies among Chernobyl workers
(including, possibly, CLL and MM), and, perhaps most
importantly for public health and radiation protection, on
possible risk of CVD. There are also some intriguing
findings related to telomere length changes in clean-up
workers. Lens opacities following low to moderate doses
are a growing concern, particularly among medical pro-
fessionals involved in interventional radiology and cardi-
ology. Finally, there is some, though not consistent,
evidence for possible genetic effects of exposures among
offspring of exposed persons.

Although much critical knowledge about radiation
effects and factors which may modify them has been drawn
from the Chernobyl experience, there is yet more that can
be learned, including the pattern of risk in the long term
and the effects of exposure in adulthood as well as pre-
natally and in infancy. Continued efforts, including
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improvements in dosimetry and follow-up of clean-up
workers with collection of information on lifestyle and
other risk factors for chronic diseases in this population,
and monitoring of the established cohorts of those exposed
in utero and in early life, would improve our understanding
of low dose radiation risks—and possibly mechanisms of
radiation carcinogenesis—and ensure that our system of
radiation protection is fully adequate.

Such endeavors, however, require multinational collab-
orations and funding, first to ensure maintenance of
important infrastructures—high quality cancer registries
and health care information systems, as well as archives
such as the Chernobyl Tissue Bank. It will also be
important to encourage sharing and even pooling of data on
exposure conditions and disease outcomes in populations
from all the affected countries. Combined/pooled analyses
will require sophisticated techniques to deal with issues
such as heterogeneity, dosimetric errors, confounding and
the effects of multiple testing. Financial support will be
needed for infrastructure.

NIH has made a substantial, continuing commitment to
Chernobyl research over the last 25 years and so, until
recently, have the EU and Japan. The governments and
scientists of the most affected states, of course, have made
and continue to make enormous efforts in the follow-up to
the accident. Only through continued collaborative,
multinational efforts, however, will we be able to draw the
full lessons of the accident for radiological protection in
general and for assessing the consequences of Fukushima
and any possible future nuclear accidents.

Acknowledgements The authors would like to thank their many
long-term collaborators in the Baltic Countries, Belarus, the Russian
Federation and Ukraine for their excellent work and their dedication
to the study of the health consequences of the Chernobyl accident and
the wellbeing of the affected populations. ISGlobal is a member of the
CERCA Programme, Generalitat de Catalunya. Maureen Hatch was
supported by the Intramural Research Program of the National
Institutes of Health, National Cancer Institute, Division of Cancer
Epidemiology and Genetics.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Havenaar JM, Bromet EJ, Gluzman S. The 30-year mental health
legacy of the Chernobyl disaster. World Psychiatry.
2016;15:181-2. doi:10.1002/wps.20335.

2. Cardis E, Hatch M. The Chernobyl accident—an epidemiological
perspective. Clin Oncol R Coll Radiol G B. 2011;23:251-60.
doi:10.1016/j.clon.2011.01.510.

3. Tronko MD, Howe GR, Bogdanova TI, Bouville AC, Epstein
OV, Brill AB, et al. A cohort study of thyroid cancer and other

@ Springer

10.

11.

14.

15.

16.

17.

18.

thyroid diseases after the Chernobyl accident: thyroid cancer in
Ukraine detected during first screening. J Natl Cancer Inst.
2006;98:897-903.

. Zablotska LB, Ron E, Rozhko AV, Hatch M, Polyanskaya ON,

Brenner AV, et al. Thyroid cancer risk in Belarus among children
and adolescents exposed to radioiodine after the Chernobyl
accident. Br J Cancer. 2011;104:181-7. doi:10.1038/sj.bjc.
6605967.

. Astakhova LN, Anspaugh LR, Beebe GW, Bouville A, Droz-

dovitch VV, Garber V, et al. Chernobyl-related thyroid cancer in
children of Belarus: a case-control study. Radiat Res.
1998;150:349-56.

. Cardis E, Kesminiene A, Ivanov V, Malakhova I, Shibata Y,

Khrouch V, et al. Risk of thyroid cancer after exposure to 1311 in
childhood. J Natl Cancer Inst. 2005;97:724-32.

. Kopecky KIJ, Stepanenko V, Rivkind N, Voilleque P, Onstad L,

Shakhtarin V, et al. Childhood thyroid cancer, radiation dose
from Chernobyl, and dose uncertainties in Bryansk Oblast, Rus-
sia: a population-based case—control study. Radiat Res.
2006;166:367-74.

. Jacob P, Bogdanova TI, Buglova E, Chepurniy M, Demidchik Y,

Gavrilin Y, et al. Thyroid cancer risk in areas of Ukraine and
Belarus affected by the Chernobyl accident. Radiat Res.
2006;165:1-8.

. Hatch M, Brenner A, Bogdanova T, Derevyanko A, Kuptsova N,

Likhtarev 1, et al. A screening study of thyroid cancer and other
thyroid diseases among individuals exposed in utero to iodine-
131 from Chernobyl fallout. J Clin Endocrinol Metab.
2009;94:899-906. doi:10.1210/jc.2008-2049.

Brenner AV, Tronko MD, Hatch M, Bogdanova T, Oliynyk V,
Lubin J. I-131 dose response for incident cancers in Ukraine
related to the Chernobyl accident. Environ Health Perspect.
2011;119(7):933-9.

Little MP, Kukush AG, Masiuk SV, Shklyar S, Carroll RJ, Lubin
JH, et al. Impact of uncertainties in exposure assessment on
estimates of thyroid cancer risk among Ukrainian children and
adolescents exposed from the Chernobyl accident. PloS ONE.
2014;29(9):e85723. doi:10.1371/journal.pone.0085723.

. Furukawa K, Preston D, Funamoto S, Yonehara S, Ito M,

Tokuoka S, et al. Long-term trend of thyroid cancer risk among
Japanese atomic-bomb survivors: 60 years after exposure. Int J
Cancer. 2013;132:1222-6. doi:10.1002/ijc.27749.

. Shakhtarin VV, Tsyb AF, Stepanenko VF, Orlov MY, Kopecky

KJ, Davis S. lodine deficiency, radiation dose, and the risk of
thyroid cancer among children and adolescents in the Bryansk
region of Russia following the Chernobyl power station accident.
Int J Epidemiol. 2003;32:584-91.

Drozd VM, Saenko VA, Brenner AV, Drozdovitch V, Pashkevich
VI, Kudelsky AV, et al. Major factors affecting incidence of
childhood thyroid cancer in Belarus after the Chernobyl accident:
do nitrates in drinking water play a role? PloS ONE.
2015;10:0137226. doi:10.1371/journal.pone.0137226.

Ivanov VK, Chekin SY, Kashcheev V, Maksioutov MA, Tuma-
nov KA. Risk of thyroid cancer among Chernobyl emergency
workers of Russia. Radiat Environ Biophys. 2008;47:463-7.
Rahu K, Hakulinen T, Smailyte G, Stengrevics A, Auvinen A,
Inskip PD, et al. Site-specific cancer risk in the Baltic cohort of
Chernobyl cleanup workers, 1986-2007. Eur J Cancer (Oxf Engl
1990). 2013;49:2926-33. doi:10.1016/j.ejca.2013.04.014.
Kesminiene A, Evrard A-S, Ivanov VK, Malakhova IV,
Kurtinaitise J, Stengrevics A, et al. Risk of thyroid cancer among
Chernobyl liquidators. Radiat Res. 2012;178:425-36. doi:10.
1667/RR2975.1.

Thomas GA, Bunnell H, Cook HA, Williams ED, Nerovnya A,
Cherstvoy ED, et al. High prevalence of RET/PTC rearrange-
ments in Ukrainian and Belarusian post-Chernobyl thyroid


http://dx.doi.org/10.1002/wps.20335
http://dx.doi.org/10.1016/j.clon.2011.01.510
http://dx.doi.org/10.1038/sj.bjc.6605967
http://dx.doi.org/10.1038/sj.bjc.6605967
http://dx.doi.org/10.1210/jc.2008-2049
http://dx.doi.org/10.1371/journal.pone.0085723
http://dx.doi.org/10.1002/ijc.27749
http://dx.doi.org/10.1371/journal.pone.0137226
http://dx.doi.org/10.1016/j.ejca.2013.04.014
http://dx.doi.org/10.1667/RR2975.1
http://dx.doi.org/10.1667/RR2975.1

Somatic health effects of Chernobyl: 30 years on

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

papillary carcinomas: a strong correlation between RET/PTC3
and the solid-follicular variant. J Clin Endocrinol Metab.
1999;84:4232-8.

. Bogdanova TI, Zurnadzhy LY, Nikiforov YE, Leeman-Neill RJ,

Tronko MD, Chanock S, et al. Histopathological features of
papillary thyroid carcinomas detected during four screening
examinations of a Ukrainian-American cohort. Br J Cancer.
2015;113:1556-64. doi:10.1038/bjc.2015.372.

Zablotska LB, Nadyrov EA, Rozhko AV, Gong Z, Polyanskaya
ON, McConnell RJ, et al. Analysis of thyroid malignant patho-
logic findings identified during 3 rounds of screening
(1997-2008) of a cohort of children and adolescents from belarus
exposed to radioiodines after the Chernobyl accident. Cancer.
2015;121:457-66. doi:10.1002/cncr.29073.

Thomas GA. The Chernobyl Tissue Bank: integrating research on
radiation-induced thyroid cancer. J Radiol Prot Off J Soc Radiol
Prot. 2012;32:N77-80. doi:10.1088/0952-4746/32/1/N77.
Thomas GA, Williams ED, Becker DV, Bogdanova TI, Demid-
chik EP, Lushnikov E, et al. Creation of a tumour bank for post
Chernobyl thyroid cancer. Clin Endocrinol (Oxf). 2001;55:423.
Abend M, Pfeiffer RM, Ruf C, Hatch M, Bogdanova TI, Tronko
MD, et al. Iodine-131 dose dependent gene expression in thyroid
cancers and corresponding normal tissues following the Cher-
nobyl accident. PLoS ONE. 2012;7:¢39103. doi:10.1371/journal.
pone.0039103.

Abend M, Pfeiffer RM, Ruf C, Hatch M, Bogdanova TI, Tronko
MD, et al. Iodine-131 dose-dependent gene expression: alter-
ations in both normal and tumour thyroid tissues of post-Cher-
nobyl thyroid cancers. Br J Cancer. 2013;109:2286-94. doi:10.
1038/bjc.2013.574.

Yamashita S, Saenko VA. Mechanisms of disease: molecular
genetics of childhood thyroid cancers. Mech Dis Mol Genet Child
Thyroid Cancers. 2007;3:422-9.

Leeman-Neill RJ, Brenner AV, Little MP, Bogdanova TI, Hatch
M, Zurnadzy LY, et al. RET/PTC and PAX8/PPARgamma
chromosomal rearrangements in post-Chernobyl thyroid cancer
and their association with iodine-131 radiation dose and other
characteristics. Cancer. 2013;119:1792-9. doi:10.1002/cncr.
27893.

Leeman-Neill RJ, Kelly LM, Liu P, Brenner AV, Little MP,
Bogdanova TI, et al. ETV6-NTRK3 is a common chromosomal
rearrangement in radiation-associated thyroid cancer. Cancer.
2014;120:799-807. doi:10.1002/cncr.28484.

Ito T, Seyama T, Iwamoto KS, Hayashi T, Mizuno T, Tsuyama
N, et al. In vitro irradiation is able to cause RET oncogene
rearrangement. Cancer Res. 1993;53:2940-3.

Ciampi R, Knauf JA, Kerler R, Gandhi M, Zhu Z, Nikiforova
MN, et al. Oncogenic AKAP9-BRAF fusion is a novel mecha-
nism of MAPK pathway activation in thyroid cancer. J Clin
Investig. 2005;115:94-101. doi:10.1172/JCI23237.
Selmansberger M, Braselmann H, Hess J, Bogdanova T, Abend
M, Tronko M, et al. Genomic copy number analysis of Chernobyl
papillary thyroid carcinoma in the Ukrainian-American Cohort.
Carcinogenesis. 2015;36(11):1381-7. doi:10.1093/carcin/
bgv119.

Selmansberger M, Feuchtinger A, Zurnadzhy L, Michna A,
Kaiser JC, Abend M, et al. CLIP2 as radiation biomarker in
papillary thyroid carcinoma. Oncogene. 2015;34:3917-25.
doi:10.1038/onc.2014.311.

Kaiser JC, Meckbach R, Eidemiiller M, Selmansberger M, Unger
K, Shpak V, et al. Integration of a radiation biomarker into
modeling of thyroid carcinogenesis and post-Chernobyl risk
assessment. Carcinogenesis 2016;37:1152-1160. doi:10.1093/
carcin/bgw102.

Tronko MD, Brenner AV, Olijnyk VA, Robbins J, Epstein OV,
McConnell RJ, et al. Autoimmune thyroiditis and exposure to

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

iodine 131 in the Ukrainian cohort study of thyroid cancer and
other thyroid diseases after the Chernobyl accident: results from
the first screening cycle (1998-2000). J Clin Endocrinol Metab.
2006;91:4344-51. doi:10.1210/jc.2006-0498.

Zablotska LB, Bogdanova TI, Ron E, Epstein OV, Robbins J,
Likhtarev IA, et al. A cohort study of thyroid cancer and other
thyroid diseases after the Chernobyl accident: dose-response
analysis of thyroid follicular adenomas detected during first
screening in  Ukraine (1998-2000). Am J Epidemiol.
2008;167:305-12.

Zablotska LB, Nadyrov EA, Polyanskaya ON, McConnell RJ,
O’Kane P, Lubin J, et al. Risk of thyroid follicular adenoma
among children and adolescents in Belarus exposed to iodine-131
after the Chernobyl accident. Am J Epidemiol. 2015;182:781-90.
doi:10.1093/aje/kwv127.

Cahoon EK, Nadirov EA, Polyanskaya ON, Yauseyenka VV,
Veyalkin IV, Yeudachkova TI, et al. Risk of thyroid nodules in
residents of Belarus exposed to Chernobyl fallout as children and
adolescents. J Clin Endocrinol Metab. 2017;102(5):1-11.
Ostroumova E, Brenner A, Oliynyk V, McConnell R, Robbins J,
Terekhova G, et al. Subclinical hypothyroidism after radioiodine
exposure: Ukrainian-American cohort study of thyroid cancer and
other thyroid diseases after the Chernobyl accident (1998-2000).
Environ Health Perspect. 2009;117:745-50. doi:10.1289/ehp.
0800184.

Ostroumova E, Rozhko A, Hatch M, Furukawa K, Polyanskaya
O, McConnell RJ, et al. Measures of thyroid function among
Belarusian children and adolescents exposed to iodine-131 from
the accident at the Chernobyl nuclear plant. Environ Health
Perspect. 2013;121:865-71. doi:10.1289/ehp.1205783.

Hatch M, Furukawa K, Brenner A, Olinjyk V, Ron E, Zablotska
L, et al. Prevalence of hyperthyroidism after exposure during
childhood or adolescence to radioiodines from the Chernobyl
nuclear accident: dose-response results from the Ukrainian-
American Cohort Study. Radiat Res. 2010;174:763-72. doi:10.
1667/RR2003.1.

Pukkala E, Kesminiene A, Poliakov S, Ryzhov A, Drozdovitch V,
Kovgan L, et al. Breast cancer in Belarus and Ukraine after the
Chernobyl accident. Int J Cancer. 2006;119:651-8.

Hatch M, Ostroumova E, Brenner A, Federenko Z, Gorokh Y,
Zvinchuk O, et al. Non-thyroid cancer in Northern Ukraine in the
post-Chernobyl period: short report. Cancer Epidemiol.
2015;39(3):279-83. doi:10.1016/j.canep.2015.02.002.
Ostroumova E, Hatch M, Brenner A, Nadyrov E, Veyalkin I,
Polyanskaya O, et al. Non-thyroid cancer incidence in Belarusian
residents exposed to Chernobyl fallout in childhood and adoles-
cence: Standardized Incidence Ratio analysis, 1997-2011. Envi-
ron Res. 2016;147:44-9. doi:10.1016/j.envres.2016.01.025.
Prysyazhnyuk A, Bazyka DA, Romanenko AY, Gudzenko NA,
Fuzik MM, Trotsyuk NK, et al. Quarter of century since the
Chernobyl accident: cancer risks in affected groups of population.
Probl Radiat Med Radiobiol. 2014;19:147-69.

Prysyazhnyuk A, Gristchenko V, Fedorenko Z, Gulak L, Fuzik
M, Slipeniuk K, et al. Twenty years after the Chernobyl accident:
solid cancer incidence in various groups of the Ukrainian popu-
lation. Radiat Environ Biophys. 2007;46:43-51.

Kaminskyi OV, Kopylova OV, Afanasyev DE, Pronin OV. Non
cancer thyroid and other endocrine disease in children and adults
exposed to ionizing radiation after the ChNPP accident. Probl
Radiat Med Radiobiol. 2015;20:341-55.

Buzunov VO, Prikaschikova KY, Gubina IG, Kostiuk GV, Ter-
eschenko SO. Radiation dose- and sex-dependent cardiovascular
mortality in residents of contaminated areas after the Chernobyl
NPP accident, 1988-2010 observation period. Probl Radiat Med
Radiobiol. 2013;18:50-8.

@ Springer


http://dx.doi.org/10.1038/bjc.2015.372
http://dx.doi.org/10.1002/cncr.29073
http://dx.doi.org/10.1088/0952-4746/32/1/N77
http://dx.doi.org/10.1371/journal.pone.0039103
http://dx.doi.org/10.1371/journal.pone.0039103
http://dx.doi.org/10.1038/bjc.2013.574
http://dx.doi.org/10.1038/bjc.2013.574
http://dx.doi.org/10.1002/cncr.27893
http://dx.doi.org/10.1002/cncr.27893
http://dx.doi.org/10.1002/cncr.28484
http://dx.doi.org/10.1172/JCI23237
http://dx.doi.org/10.1093/carcin/bgv119
http://dx.doi.org/10.1093/carcin/bgv119
http://dx.doi.org/10.1038/onc.2014.311
http://dx.doi.org/10.1093/carcin/bgw102
http://dx.doi.org/10.1093/carcin/bgw102
http://dx.doi.org/10.1210/jc.2006-0498
http://dx.doi.org/10.1093/aje/kwv127
http://dx.doi.org/10.1289/ehp.0800184
http://dx.doi.org/10.1289/ehp.0800184
http://dx.doi.org/10.1289/ehp.1205783
http://dx.doi.org/10.1667/RR2003.1
http://dx.doi.org/10.1667/RR2003.1
http://dx.doi.org/10.1016/j.canep.2015.02.002
http://dx.doi.org/10.1016/j.envres.2016.01.025

M. Hatch, E. Cardis

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Dubrova YE, Grant G, Chumak AA, Stezhka VA, Karakasian
AN. Elevated minisatellite mutation rate in the post-Chernobyl
families from Ukraine. Am J Hum Genet. 2002;71:801-9. doi:10.
1086/342729.

Dubrova YE, Nesterov VN, Krouchinsky NG, Ostapenko VA,
Neumann R, Neil DL, et al. Human minisatellite mutation rate
after the Chernobyl accident. Nature. 1996;380(6576):683—6.
Slebos RJIC, Little RE, Umbach DM, Antipkin Y, Zadaorozhnaja
TD, Mendel NA, et al. Mini-and microsatellite mutations in
children from Chernobyl accident cleanup workers. Mutat Res.
2004;559:143-51. doi:10.1016/j.mrgentox.2004.01.003.

Kodaira M, Satoh C, Hiyama K, Toyama K. Lack of effects of
atomic bomb radiation on genetic instability of tandem-repetitive
elements in human germ cells. Am J Hum Genet.
1995;57:1275-83.

Little MP, Goodhead DT, Bridges BA, Bouffler SD. Evidence
relevant to untargeted and transgenerational effects in the off-
spring of irradiated parents. Mutat Res. 2013;753:50-67.
Bromet EJ, Havenaar JM, Guey LT. A 25 year retrospective
review of the psychological consequences of the Chernobyl
accident. Clin Oncol R Coll Radiol G B. 2011;23:297-305.
doi:10.1016/j.clon.2011.01.501.

Kesminiene A, Evrard AS, Ivanov VC, Malakhova IV, Kurti-
naitis J, Stengrevics A, et al. Risk of hematological malignancies
among Chernobyl liquidators. Radiat Res. 2008;170:721-35.
Romanenko AY, Finch SC, Hatch M, Lubin JH, Bebeshko VG,
Bazyka DA, et al. The Ukrainian-American study of leukemia
and related disorders among Chernobyl cleanup workers from
Ukraine: III. Radiation risks. Radiat Res. 2008;170:711-20.
doi:10.1667/RR1404.1.

Kryuchkov V, Chumak V, Maceika E, Anspaugh LR, Cardis E,
Bakhanova E, Golovanov I, Drozdovitch V, Luckyanov N,
Kesminiene A, Voillequé P, Bouville A. RADRUE method for
reconstruction of external photon doses for Chernobyl liquidators
in epidemiological studies. Health Phys. 2009;97(4):275-98.
Zablotska LB, Bazyka D, Lubin JH, Gudzenko N, Little MP,
Hatch M, et al. Radiation and the risk of chronic lymphocytic and
other leukemias among Chernobyl cleanup workers. Environ
Health Perspect. 2013;121:59-65. doi:10.1289/ehp.1204996.
Ivanov VK, Tsyb AF, Khait SE, Kashcheev VV, Chekin SY,
Maksioutov MA, et al. Leukemia incidence in the Russian cohort
of Chernobyl emergency workers. Radiat Environ Biophys.
2012;51(12):143-9. doi:10.1007/s00411-011-0400-y.

Bazyka DA, Gudzenko NA, Dyagil IS, Babkina NG, Chumak
VV, Bakhanova EV, et al. Multiple myeloma among Chernobyl
accident clean-up workers—state and perspectives of analytical
study. Probl Radiat Med Radiobiol. 2013;18:169-72.

Cardis E, Gilbert ES, Carpenter L, Howe G, Kato I, Armstrong
BK, et al. Effects of low doses and low dose rates of external
ionizing radiation: cancer mortality among nuclear industry
workers in three countries. Radiat Res. 1995;142:117-32.
Cardis E, Vrijheid M, Blettner M, Gilbert E, Hakama M, Hill C,
et al. The 15-country collaborative study of cancer risk among
radiation workers in the nuclear industry: estimates of radiation
related cancer risks. Radiat Res. 2007;167:396-416.

Leuraud K, Richardson DB, Cardis E, Daniels RD, Gillies M,
O’Hagan JA, et al. Ionising radiation and risk of death from

@ Springer

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

leukaemia and lymphoma in radiation-monitored workers
(INWORKS): an international cohort study. Lancet Haematol.
2015;2:e276-81. doi:10.1016/S2352-3026(15)00094-0.

Hsu W-L, Preston DL, Soda M, Sugiyama H, Funamoto S,
Kodama K, et al. The incidence of leukemia, lymphoma and
multiple myeloma among atomic bomb survivors: 1950-2001.
Radiat Res. 2013;179:361-82. doi:10.1667/RR2892.1.
Kashcheev VV, Chekin SY, Maksioutov MA, Tumanov KA,
Kochergina EV, Kashcheeva PV, et al. Incidence and mortality of
solid cancer among emergency workers of the Chernobyl acci-
dent: assessment of radiation risks for the follow-up period of
1992-2009. Radiat Environ Biophys. 2015;54:13-23. doi:10.
1007/s00411-014-0572-3.

Richardson DB, Cardis E, Daniels RD, Gillies M, O’Hagan JA,
Hamra GB, et al. Risk of cancer from occupational exposure to
ionising radiation: retrospective cohort study of workers in
France, the United Kingdom, and the United States (INWORKS).
The BMJ. 2015;351:h5359. doi:10.1136/bmj.h5359.

Worgul BV, Kundiyev YI, Sergiyenko NM, Chumak VV, Vitte
PM, Medvedovsky C, et al. Cataracts among Chernobyl clean-up
workers: implications regarding permissible eye exposures.
Radiat Res. 2007;167:233-43.

ICRP. Statement on tissue reactions. International Commission
for Radiological Protection (IRCP) ref 4825-3093-1464. 2011.
http://www.icrp.org/docs/ICRP%20Statement%200n%20Tissue%
20Reactions.pdf.

Ivanov VK, Maksioutov MA, Chekin SY, Petrov AV, Biryukov
AP, Kruglova ZG, et al. The risk of radiation-induced cere-
brovascular disease in Chernobyl emergency workers. Health
Phys. 2006;90:199-207. doi:10.1097/01.HP.0000175835.31663.
ea.

Kashcheev VV, Chekin SY, Maksioutov MA, Tumanov KA,
Menyaylo AN, Kochergina EV, et al. Radiation-epidemiological
study of cerebrovascular diseases in the cohort of Russian
recovery operation workers of the Chernobyl accident. Health
Phys. 2016;111:192-197. doi:10.1097/HP.0000000000000523.
Krasnikova LI, Buzunov VO. Role of radiation and non-radiation
factors on the development of coronary heart disease in the
Chernobyl clean-up workers: epidemiological study results. Probl
Radiat Med Radiobiol. 2014;19:67-79.

Krasnikova LI, Buzunov VO, Solonovitch SI. Radiation and non-
radiation factors impact on development of cerebrovascular dis-
eases in the Chernobyl clean-up workers. The epidemiological
study results. Probl Radiat Med Radiobiol. 2013;18:89-101.
Ilyenko I, Lyaskivska O, Bazyka D. Analysis of relative telomere
length and apoptosis in humans exposed to ionising radiation.
Exp Oncol. 2011;33:235-8.

Reste J, Zvigule G, Zvagule T, Kurjane N, Eglite M, Gabruseva
N, et al. Telomere length in Chernobyl accident recovery workers
in the late period after the disaster. J Radiat Res (Tokyo).
2014;55:1089-100. doi:10.1093/jrr/rru060.

WHO. 1986-2016: Chernobyl at 30. An update. 2016. http://
www.who.int/ionizing_radiation/chernobyl/Chernobyl-update.
pdf?ua=1


http://dx.doi.org/10.1086/342729
http://dx.doi.org/10.1086/342729
http://dx.doi.org/10.1016/j.mrgentox.2004.01.003
http://dx.doi.org/10.1016/j.clon.2011.01.501
http://dx.doi.org/10.1667/RR1404.1
http://dx.doi.org/10.1289/ehp.1204996
http://dx.doi.org/10.1007/s00411-011-0400-y
http://dx.doi.org/10.1016/S2352-3026(15)00094-0
http://dx.doi.org/10.1667/RR2892.1
http://dx.doi.org/10.1007/s00411-014-0572-3
http://dx.doi.org/10.1007/s00411-014-0572-3
http://dx.doi.org/10.1136/bmj.h5359
http://www.icrp.org/docs/ICRP%20Statement%20on%20Tissue%20Reactions.pdf
http://www.icrp.org/docs/ICRP%20Statement%20on%20Tissue%20Reactions.pdf
http://dx.doi.org/10.1097/01.HP.0000175835.31663.ea
http://dx.doi.org/10.1097/01.HP.0000175835.31663.ea
http://dx.doi.org/10.1097/HP.0000000000000523
http://dx.doi.org/10.1093/jrr/rru060
http://www.who.int/ionizing_radiation/chernobyl/Chernobyl-update.pdf?ua=1
http://www.who.int/ionizing_radiation/chernobyl/Chernobyl-update.pdf?ua=1
http://www.who.int/ionizing_radiation/chernobyl/Chernobyl-update.pdf?ua=1

	Somatic health effects of Chernobyl: 30 years on
	Abstract
	Introduction
	Discussion
	Thyroid disease post-Chernobyl
	Thyroid cancer
	Benign thyroid disease

	Other endpoints
	General population
	Clean-up workers


	Conclusions and perspectives
	Acknowledgements
	References




