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Background: The Chernobyl accident caused an unprecedented increase in papillary thyroid carcinoma (PTC)
incidence with a surprisingly short latency and unusual morphology. We have investigated whether unexpected
features of the PTC incidence after Chernobyl were radiation specific or influenced by iodine deficiency.
Methods: PTCs from children from Belarus, Ukraine, and the Russian Federation exposed to fallout from
Chernobyl were compared with PTCs from children not exposed to radiation from the same countries, from
England and Wales (E&W) and from Japan. The degree and type of differentiation, fibrosis, and invasion were
quantified.
Results: There were no significant differences between PTCs from radiation-exposed children from Belarus,
Ukraine, and the Russian Federation and PTCs from children from the same countries who were not exposed to
radiation. Childhood PTCs from Japan were much more highly differentiated ( p < 0.001), showed more papillary
differentiation ( p < 0.001) and were less invasive ( p < 0.01) than ‘‘Chernobyl’’ tumors, while tumors from E&W
generally showed intermediate levels of degree and type of differentiation and invasion. There was a marked
difference between the sex ratios of children with PTCs who were radiation exposed and those who were not
exposed (F:M exposed vs. unexposed 1.5:1 vs. 4.2:1; w2¼ 7.90, p # 0.01005).
Conclusions: The aggressiveness and morphological features of Chernobyl childhood PTCs are not associated
with radiation exposure. The differences found between tumors from the Chernobyl area, E&W, and Japan could
be influenced by many factors. We speculate that dietary iodine levels may have wide implications in radiation-
induced thyroid carcinogenesis, and that iodine deficiency could increase incidence, reduce latency, and influ-
ence tumor morphology and aggressiveness.

Introduction

Athyroid cancer endemic has occurred among those
exposed to high levels of fallout from the Chernobyl

nuclear power plant accident in 1986 (1–4). The tumors are
dominantly papillary thyroid carcinomas (PTCs), and many
early cases were aggressive and showed an unusual solid
phenotype (5,6), uncommon in unexposed populations except

young children (7). The great increase in papillary rather than
follicular carcinoma, and the morphologic features have been
linked to the molecular findings (8,9). The most common
oncogenes involved in PTCs generally are rearrangements of
tyrosine kinase (tk) genes, usually RET, less often TRK, and
point mutations in BRAF (10–14). Radiation is the likely cause
of the rearrangements; it preferentially induces double-strand
DNA breaks and is less effective than other mutagens in
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inducing point mutations (15). PTCs with a solid (immature)
morphology more often involve RET-PTC3 than tumors with
a papillary (more differentiated) phenotype (8,9). A short
latent period is linked to PTCs with a dominantly solid
phenotype (16), and to a higher frequency of RET-PTC3 re-
arrangements (11). Mutations in BRAF are less frequent in
childhood PTCs, exposed or unexposed, than in adult PTCs
(17–19); it is not currently possible to separate the roles of age,
latency, or mutagen. BRAF activation by rearrangement has
occurred in short latency Chernobyl-related PTCs (20), sup-
porting the relevance of radiation-induced double-strand
breaks.

Early reports on Chernobyl-related thyroid carcinomas
suggested that the solid morphology, aggressiveness, and
high frequency of RET-PTC3 rearrangements were features of
radiation-induced tumors (5,6,8). These features change with
increasing latency and age (11,16,21). We set out to determine
whether radiation-induced thyroid carcinomas differ in
morphology and aggressiveness from non-radiation-induced
tumors.

Materials and Methods

Three groups of PTCs from unexposed children under 15
were studied: U1, all 23 available childhood PTCs from Be-
larus, Ukraine, and the Russian Federation, born more than 6
months after the accident; U2, 18 cases of childhood PTCs
from England and Wales (E&W), selected from a national
survey for the age distribution found in the exposed group;
and U3, 27 unselected cases of childhood PTCs from Japan,
representing all available cases from three hospitals. Two
groups of exposed cases were selected from a previous study
(14): Ec, all 84 exposed cases within the same age range as the
unexposed cases studied, and Es, 23 exposed cases age and
sex matched to unexposed cases from the same geographical
region (U1). (Table 1) Appropriate informed consent was ob-
tained for all tissues studied, and the study was approved by
the relevant institutional review boards. The statistical ana-
lyses were carried out by S.L.V.

The extent and type of tumor differentiation and of inva-
sion were quantitatively assessed using previously reported
techniques (16). Eight pathologists with a thyroid carcinoma
interest assessed sections from each case using an agreed
protocol. Four differentiation patterns—two less mature
(solid and trabecular), and two more mature (papillary and
follicular), scored as absent, minor (<10%), moderate (11–
50%), or dominant (51–100%)—were analyzed using the
midrange score for each component, corrected to bring the
total to 100%. Mean scores for all participants were used for
each tumor. Intratumor and peritumor (capsular) fibrosis and
intrathyroid invasion were each scored as absent [0], moder-
ate [1], or marked [2]; extrathyroid invasion was recorded as
absent, connective tissue invasion, muscle invasion, or not
assessable. For each variable, groups were compared using
the Kruskal–Wallis test. Where this was significant the Mann–
Whitney U was used in post hoc tests. For extrathyroid inva-
sion the modal class for each tumor was determined, that is,
the category listed by the largest number of observers.

We aimed to achieve a consensus estimate of morphologi-
cal features requiring a subjective assessment, not a compar-
ison of the reproducibility of individual assessors results.
However, multirater kappa coefficients showed that all values

(except for the trabecular component present in very small
amounts) lay between 0.40 and 0.56, a moderate level of
agreement.

Results

Group characteristics

Unexposed 1 (U1). PTCs from 23 unexposed children from
the area around Chernobyl, born more than 6 months after the
accident: 19 females and 4 males, mean age at operation 9.86
years (median 9.0; F:M, 4.75:1).

Exposed, selected (Es). PTCs from 23 exposed children, 19
females and 4 males chosen to match U1 for age and sex, mean
age at operation 9.68 years (median 8.4; F:M, 4.75:1).

Exposed, control (Ec). PTCs from 84 exposed children with
the same age range as unexposed cases, mean age at operation
11.24 years (median 12.7; F:M, 1.5:1).

U2. PTCs from 18 children from E&W, mean age 11.1 years
(median 11.5; F:M, 3.5:1).

U3. PTCs from 27 children from Japan, mean age 11.9 years
(median 12.0; F:M, 4.4:1).

The sex ratios of the three unexposed groups were similar;
the sex ratio for all unexposed cases combined was signifi-
cantly different from the exposed group (Ec) (4.2:1 vs. 1.5:1;
w2¼ 7.90, p # 0.01005).

Level of differentiation

Tumors from unexposed children from countries around
Chernobyl showed very similar quantitative results to both
the age- and sex-matched exposed group and to all 84 cases
from exposed children. Less mature areas (solid and trabe-
cular combined) formed a mean of 36.9% (median 28.96) of
the tumor area in group U1, compared to 34.12% (median
28.3) in group Ec and 39.44 (median 39.3) in group Es. Un-
exposed cases from E&W showed a slight reduction in the
amount of less mature tumor (mean 27.3%, median 26.6),
while the unexposed tumors from Japan showed a significant
reduction (mean 3.98%, median 0.8; U3 vs. Ec, U¼ 254,
p< 0.0001); almost all Japanese cases were dominated by well-
differentiated tumor (Figs. 1a & 2).

Type of differentiation

This is expressed as the proportion that each differentiated
component forms of the sum of the two differentiated
components, follicular and papillary. Tumors from areas

Table 1. Details of Patients in the Five Groups

Group Ec Es U1 U2 U3

Number 84 23 23 18 27
F:M 1.5:1 4.75:1 4.75:1 3.5:1 4.4:1
Age at operation,

mean
11.2 9.6 9.8 11.1 11.9

Age at operation,
median

12.7 8.4 9.0 11.5 12.0

Age at exposure,
median

1.49 1.48 �2.64

Note that the Es group was selected from among exposed patients
to match the unexposed group from the same area (U1) for age and
gender.

Ec: exposed, control; Es: exposed, selected.
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around Chernobyl were broadly similar whether exposed to
radiation or not, with a mean of 41.7% papillary differentia-
tion (median 40.3) in all exposed children together, 52.3% in
the matched exposed group (median 16.5), and 55.7% in the
unexposed children from the same area (median 23.9). The
other unexposed groups showed more papillary differentia-
tion, 70.9% (median 51.6) in children from E&W (U2 vs. Ec,
U¼ 601, p¼ 0.21), and considerably more, 84.1% (median
84.2), in Japanese children (U3 vs. Ec, U¼ 353.5, p< 0.0001)
(Figs. 1b & 2).

Fibrotic response

Intratumor fibrosis was less marked in Japanese tumors
(median score 0.75) than in tumors from E&W (0.94), both
were less than any of the groups from the Chernobyl area,
unexposed (U1, 1.13) or exposed (Ec, 1.13, Es, 1.13); there was
no evidence that the differences reached significance. There
was no significant difference in the extent of peritumor (cap-
sular) fibrosis between any of the unexposed groups
(w2

kw¼ 2.95, df¼ 2, p¼ 0.23) (Fig. 3).

Invasion

There was no significant difference in intrathyroid invasion
between any unexposed group (U1, 1.43; U2, 1.38; U3, 1.43),
or between these and exposed children (Ec 1.50, Es, 1.57).

Extrathyroid invasion was present in 57% of all exposed
children (Ec), 62% in group Es, age matched to U1, and 65% of
group U1. The frequency in children from E&W (67%) was
similar, but extrathyroid invasion was much less frequent in
Japanese children (30%, U3 vs. Ec, w2¼ 7.66, p # 0.01006).
Direct invasion of muscle was present in 8% of group Ec, 14%
of Es, 13% of U1, 11% of U2, and 0% of U3.

Discussion

The great increase in thyroid carcinoma incidence in areas
exposed to high levels of Chernobyl fallout is most marked in
those who were young children when exposed. Their thyroid

FIG. 1. Tumor differentiation. (a) Extent of tumor differ-
entiation (papillary and follicular combined), expressed as %
of tumor area, showing the similarity between the two ex-
posed groups (exposed, control [Ec], and exposed, selected
[Es]), and the unexposed group from the same geographical
area (U1), and the considerable increase in the % of differ-
entiation in tumors of group U3 from Japan (U3 vs. Ec;
p< 0.0001). (b) Type of differentiation, expressed as % of
differentiated tumor (papillary and follicular patterns com-
bined); papillary differentiation is shown. There is a close
similarity between the exposed and unexposed groups from
the same area, but a considerable increase in the % of the
papillary component in the tumors of group U3 from Japan
(U3 vs. Ec; p< 0.0001). In both (a) and (b), the England and
Wales findings were intermediate between the Chernobyl
and the Japanese cases. The whiskers are lines that extend
from the box to the highest and lowest values, excluding
outliers. A line across the box indicates the median. Circles
represent outliers (cases between 1.5 and 3 box lengths from
the upper or lower end of the box). Stars represent extremes
(cases that are beyond 3 box lengths from the upper or lower
end of the box).

FIG. 2. Tumor morphology of papillary thyroid carcino-
mas. (a) and (b) show representative tumors from the
Chernobyl area (a) exposed and (b) unexposed to radiation.
(c) shows a typical childhood tumor from Japan, almost en-
tirely composed of well-differentiated papillae, contrasting
with the more solid less mature tumors found in children
from the areas around Chernobyl.
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dose is higher than adults, due to increased dietary intake
from milk and increased thyroid uptake. Children are known
to be more susceptible to the carcinogenic effect of thyroid
X-radiation (22). To determine whether there are specific
morphologic and behavioral characteristics of radiation-
induced thyroid tumors, we have compared the findings in
unexposed children from Belarus, Ukraine, and the Russian
Federation with those in an age- and sex-matched subgroup
of exposed children, and with a larger exposed group. The
exposed and unexposed tumors from the same geographical
area are essentially identical morphologically and in their
degree of aggressiveness. There were, however, striking dif-
ferences between tumors from around Chernobyl and tumors
from E&W or Japan. Tumors from Japanese children were

very different from tumors from countries close to Chernobyl,
whether exposed or unexposed, showing significantly more
overall differentiation, more papillary differentiation, and less
extrathyroid invasion, while tumors from E&W were gener-
ally intermediate. The changes in intratumor fibrosis and
capsule formation did not reach significance, but showed the
same trends as other features.

We considered the possibility that children from the
Chernobyl region born more than 6 months after the accident
were in fact exposed to a carcinogenic level of radiation. The
fetal thyroid gland begins to concentrate iodine at about 12–14
weeks, the two unexposed cases in utero at the time of the
accident were both less than 8 weeks gestational age. Iodine-
131, generally accepted as the cause of the increased thyroid
carcinoma incidence (3,4,21), rapidly disappeared from the
environment (half-life 8.1 days). Cesium (Cs) isotopes have a
much longer half-life, and some contamination with radio-
active Cs persists. However, the Cs activity released was more
than an order of magnitude less than radioiodine, and Cs is
not concentrated in the thyroid. The incidence of thyroid
carcinoma fell very rapidly in those born after the accident,
reaching levels close to normal, and the geographical distri-
bution of unexposed cases does not show the association with
fallout levels seen in exposed cases. The sex ratio in unex-
posed children with thyroid cancer from Belarus, Ukraine,
and the Russian Federation is similar to that of other unex-
posed cases, and differs from that of exposed children. We
conclude that radiation due to fallout from Chernobyl is not
relevant to the findings in children born after the accident.

We have shown that radiation-induced childhood PTCs
from countries around Chernobyl are morphologically in-
distinguishable from non-radiation-induced PTCs from the
same areas. However, compared to two other countries these
tumors are the least differentiated, show the least papillary
differentiation, and are the most aggressive, while tumors
from Japan are the most differentiated, show the most papil-
lary differentiation, and are the least aggressive; tumors from
E&W generally show intermediate features. The areas around
Chernobyl are iodine deficient; the urinary iodide excretion in
Gomel, the most heavily exposed oblast in Belarus, was found
to be 41 mG=L (23). In contrast, Japan is one of the most iodine-
rich countries (urinary iodide up to >1000 mG=L (22), while
E&W have an intermediate intake (urinary iodide 100–
200 mG=day) (23–25). Our findings, therefore, are compatible
with the possibility that papillary carcinomas developing in
children in iodine-deficient areas are more aggressive and less
differentiated than those from iodide-rich areas. This could be
mediated through thyroid-stimulating hormone (e.g., an ef-
fect on promoters of rearranged genes), or be a direct effect of
iodide. We cannot exclude an influence of ethnic or other
factors, but the possibility that changes in dietary iodide are
responsible is strengthened by evidence that dietary iodide
levels also influence the incidence of Chernobyl-related PTCs
(26,27). The higher proportion of less mature, more aggressive
PTCs occurring in the iodine-deficient areas around Cherno-
byl could well be relevant to the unexpectedly short latency
seen after Chernobyl. Tumors with this phenotype in unex-
posed children occurred predominantly in younger cases,
again suggesting a link to short latency. The possible role of
iodine intake could be further explored by comparing the
morphology and molecular pathology of papillary carcino-

FIG. 3. Tumor fibrosis. (a) Extent of intratumor fibrosis and
(b) extent of peritumor (capsular) fibrosis. While the change
in the extent of intratumor or capsular fibrosis in the tumors
from Japan as compared to the tumors from the fallout areas
did not reach significance, the trend in both was that ex-
pected to be associated with a reduction in aggressiveness. In
both (a) and (b), the England and Wales findings were in-
termediate between the Chernobyl and the Japanese cases.
The whiskers are lines that extend from the box to the
highest and lowest values, excluding outliers. A line across
the box indicates the median. Filled circles represent ex-
tremes (cases that are beyond 3 box lengths from the upper
or lower end of the box).
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mas occurring before and after dietary iodination in iodine-
deficient countries. Material for molecular analysis was
unfortunately not available from the tumors in the present
study, so we were unable to ascertain whether the changes in
morphologic type frequency reflected changes in oncogene
frequency.

In a nonirradiated population dietary iodine deficiency is
associated with an increase of the relative incidence of follic-
ular carcinoma. The dominance of PTCs in the exposed pop-
ulation since the Chernobyl accident probably relates to the
ability of radiation to produce double-strand DNA breaks,
necessary precursors of the rearrangements found in many
PTCs. Although BRAF point mutations are uncommon in
childhood thyroid carcinoma, rearranged BRAF has been
found in 3 of 28 short latency thyroid cancers in children ex-
posed to Chernobyl (20). The PAX8-PPARg rearrangement
found in some follicular adenomas and carcinomas (28) could
also be radiation induced, although unlike RET rearrange-
ments it is probably not an early event in tumorogenesis.
External radiation causes both papillary and follicular tumors
of the thyroid; follicular adenomas show a particularly long
mean latent period (29). An increase in follicular carcinomas
may yet occur in the exposed population, and BRAF point
mutations may occur more frequently in papillary carcinomas
as the cohort of those irradiated in infancy ages and the latent
period increases.

Previous studies of radiation-induced thyroid carcinomas
have drawn widely differing conclusions about gender-asso-
ciated risks. We find that the F:M ratio in exposed children
with PTC is 1.5:1, while in unexposed children it is 4.2:1.
Further analysis shows that the ratio for exposed children
changes with latency (<10 years vs. >10, 1.3:1 vs. 1.9:1),
similar to the findings (1.5:1 vs. 1.9:1) in a study of 191 ex-
posed cases (11). The changes were not accounted for by
changes in the type of RET rearrangement. The ratio also
changes with age at operation; comparing exposed to unex-
posed cases, we find the F:M ratio for children under 10 is 1.3:1
vs. 2.4:1, and for over 10 is 1.6:1 vs. 5.2:1. Latency and age are
not independent variables. These findings could represent a
much greater relative risk for males than females, as discussed
by Jacob et al. (30). They are also consistent with an approxi-
mately equal excess absolute risk for the sexes, with the pro-
portion of sporadic cases increasing with age. A shorter latent
period in males is another possible relevant factor. It is clearly
important to continue to follow the effects of the Chernobyl
accident for many reasons, including studies of sex ratio
changes with increasing latency.

Exposure to fallout from the Chernobyl accident has so far
induced specifically papillary carcinomas of the thyroid (21).
The present study shows that the morphology and aggres-
siveness of PTCs in children exposed to fallout from the
Chernobyl accident are indistinguishable from PTCs in the
unexposed population from the same area. There are signifi-
cant differences between both these groups and unexposed
tumors from other countries, particularly Japan. While ethnic
and other factors cannot be excluded, the large difference in
dietary iodine intake between these populations is a possible
cause. The link between iodine deficiency and less mature,
more aggressive PTCs could be a major factor in the unex-
pectedly short latent period after Chernobyl, as these tumors
formed the majority of the cases with a short latency. Dietary

iodine status is important in thyroid cancer susceptibility after
fallout exposure; these findings reinforce the need to prevent
iodine deficiency generally.
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