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The large numbers of papillary thyroid carcinomas that have occurred in those exposed to high levels of short-lived isotopes in fallout
after Chemoby! provide a unique opportunity to correlate latency and tumour biology. We show that short latency is associated with
tumours with a phenotype that is significantly less structurally differentiated, shows significantly less peritumour fibrosis, and
significantly more invasive spread when compared to tumours with a longer latent period. In contrast, the type of differentiation
(papillary or follicular architecture) is associated with age at exposure. These findings suggest that the initial mutation at the time of
exposure played a major role in tumour latency and aggressiveness. We and others have shown that RET-PTC3 rearrangements are
associated with the solid morphology seen in these short latency tumours, while classical papillary carcinomas more often show RET-
PTCI rearrangements. Studies in transgenic mice show similar findings, and in vitro studies show that RET-PTC3 induces more rapid
growth than RET-PTCI. We therefore suggest that the solid morphology, high frequency of RET-PTC3 rearrangements and
aggressive behaviour noted in early investigations of post-Chernobyl tumours were characteristic of short latency rather than the
nature of the mutagen, and that successive overlapping waves of papillary carcinoma with differing latency, differing patterns of
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The accident at the Chernobyl nuclear power plant in April 1986
led to the exposure of millions of people in the surrounding areas
to high levels of fallout (Shigematsu, 1991). An increase in the
incidence of thyroid carcinoma in children was first noticed 4
years after the accident (Baverstock et al, 1992; Kazakov et al,
1992), and those exposed as children continue to show an
increased incidence of thyroid carcinoma (UNSCEAR, 2000). In
Belarus, Northern Ukraine and parts of the Russian Federation,
about 2000 cases of thyroid carcinoma can be attributed to
exposure to fallout; nearly all are papillary carcinomas, and
together they form the largest number of cases of cancer of a single
type due to a known cause on a known date that have ever
occurred (Williams, 2002). The cases vary in their age at exposure
and latency; although over 95% of the cancers are classified as
papillary carcinomas, they vary also in their morphology, ranging
from a solid immature phenotype, lacking typical architectural
differentiation and with limited thyroglobulin content, to well-
differentiated tumours dominated by either papillary or follicular
architecture (Furmanchuk et al, 1992; Nikiforov and Gnepp, 1994;
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mutations and differing clinical behaviour are occurring in those exposed to Chernobyl! fallout.
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Bogdanova et al, 1995; Williams, 1996; Tronko et al, 1999). Many
tumours contain a mixture of different patterns. Owing to the 8-
day half-life of "'I, the main isotope involved, the period of
radiation exposure was relatively brief, so that these Chernobyl-
related carcinomas provide an unparalleled opportunity to link the
morphological features, molecular biological findings and clinical
characteristics to the age at exposure and latent period.

The major oncogene known to be involved in the genesis of
papillary carcinoma of the thyroid is RET, although more recently
BRAF has also been identified in a significant proportion of adult
cases (Kimura et al, 2003; Soares et al, 2003). RET is activated in
papillary carcinoma by rearrangement of its tyrosine kinase
domain (Santoro et al, 1992). A variety of rearrangements occur,
but RET-PTC 1 and RET-PTC 3, involving rearrangement to the
H4 and ELEI1 genes, respectively, are the most common. We and
others have already shown that tumours with a major solid
component are more often positive for a RET-PTC 3 arrangement,
while tumours that are dominated by a well-differentiated papillary
component more often show a RET-PTC 1 rearrangement
(Nikiforov et al, 1997; Thomas et al, 1999; Rabes et al, 2000). In
the present study, we set out to investigate possible associations
between the morphological features of tumour architecture and
aggressiveness, with age at exposure, age at operation and latent
period.
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MATERIALS AND METHODS

Tumours for study were chosen randomly within three groups
defined by age at exposure and age at operation. All were papillary
carcinomas and were from exposed areas in Belarus, Ukraine and
the Russian Federation. Group one included 29 cases aged under 2
years at exposure and 4-8 years at operation, group two 35 cases
aged under 2 years at exposure and 11-15 years at operation, and
group three 26 cases aged 6-9 years at exposure and 11-16 years
at operation. (Figure 1). On review, four cases were excluded
because the available material was only from metastases. To
provide a quantitative assessment of the morphological features,
tumour sections from each case were studied by a group of eight
pathologists each of whom scored a series of features using an
agreed protocol. Each of the architectural patterns present in the
tumour (papillary, follicular, solid or trabecular) (Figure 2) was
scored for each tumour, either as absent, minor (< 10%), moderate
(11-50%) or dominant (51-100%). The degree of intrathyroid
invasion was scored on a three-point scale (absent, moderate,
marked), and the presence or absence of extrathyroid invasion was
recorded. Tumour-associated fibrosis was divided into intratu-
mour fibrosis, and peritumour (capsular) fibrosis; each was scored
on a three-point scale as before.
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Figure | Graphic representation of ages at exposure and at operation
for the three groups and their relationship to the Chernobyl accident.

The data for the tumour architecture was analysed using the
mid-range score for each component, corrected to bring each
observers total to 100%. The mean score for all participants was
then determined for each tumour. The mean score for the tumour-
associated categories and for intrathyroid invasion was calculated
using a mark of 0, 1 and 2 for absent, moderate, marked,
respectively. For each of these variables, groups were compared
using the Kruskal-Wallis test. Where this was significant, the
Mann-Whitney U was used in post hoc tests. For extrathyroid
invasion, the modal class for each tumour was determined, that is
the category listed by the largest number of observers, and groups
compared using the ¥ test. The results are presented in the text as
means with 95% confidence limits and in the figures as box and
whisker plots showing medians and interquartile ranges.

The aim of the methodology adopted was to achieve a
quantitative assessment of the type and extent of the morpholo-
gical features present. This required a combination of a qualitative
judgement in distinguishing the components and a quantitative
assessment of their extent. The purpose was to arrive at a
consensus estimate rather than compare the reproducibility of
individual assessors results, nevertheless a kappa analysis was
carried out. With the exception of the trabecular component,
which was present in very small amounts, all kappa values lay
between 0.40 and 0.56, a moderate level of agreement.

RESULTS

Characteristics of the three groups

Group 1 consisted of 28 cases (16F, 12M) exposed in infancy with a
6-year latent period before operation. Group 2 contained 35 cases
(23F, 12M) exposed in infancy with a 12-year latent period, and
Group 3 contained 26 cases (15F, 11M) exposed at a mean age of
7.6 years with a 6-year latent period before operation (Table 1). It
can be seen that groups one and two have the same age at
exposure, that the latent period of group two is twice as long as
that for group one, and that groups 2 and 3 have an almost
identical mean age at operation. There is no significant difference
in the proportion of male and female subjects between the groups.

Figure 2 Typical examples of the types of tumour morphology analysed: (A) papillary, (B) follicular, (€) solid and (D) trabecular.
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Table I Ages and latent period in years for the patients in the three
groups

Age at exposure Age at operation Latent period
Group | 12 (1.0, 1.4) 72 (68.7.5) 60 (57, 6.3)
Group 2 12 (10, 1.3) 135 (132, 138) 123 (120, 12.6)
Group 3 7.6 (7.2, 8.0) 133 (128, 138) 57 (54, 60)

Each group contained a mixture of cases from the different
countries.

Tumour architecture; extent of differentiation

The extent of differentiation was assessed by combining the more
differentiated components (papillary and follicular) together, and
comparing these with the less structurally differentiated compo-
nents (solid and trabecular) combined. The trabecular component
was very small (less than 2.3%) and not consistently separable
from the solid component. The results show that groups 1 and 3,
with a similar latent period, have an almost identical level of
structural differentiation (59.1, 95% CI (48.32, 69.79) and 58.0, 95%
CI (44.24, 71.71), respectively), while group 2 with a longer latent
period shows a greater degree of differentiation (76.1, 95% CI
(67.13, 85.05)) (Figure 3). There is an overall significant difference
between the three groups (> =7.494, df =2, P=0.024) and for
groups 1 vs 2 (z=-—2.709, P=0.007), the difference between
groups 2 and 3 is of borderline significance (z=-1.857,
P=0.063).

Tumour architecture, type of differentiation

The findings for the direction of differentiation are expressed as
the proportion that the papillary component forms of the sum of
the two differentiated components, follicular and papillary. It can
be seen (Figure 4) that the findings for groups one and two, both
exposed at a young age, but one operated 6 years later and the
other 12 years later, are extremely similar. In both, the dominant
type of differentiation was follicle formation; the papillary
component (36.7, 95% CI (24.44, 48.92) and 36.4, 95% CI (25.17,
47.54), respectively) was minor. In contrast, in group three,
exposed at age 6-9 years and showing a short latent period, the
dominant type of differentiation was papillary (57.1, 95% CI
(43.15, 70.94)). There is an overall significant difference between
the groups (> = 6.628, df = 2, P=0.036) and between groups 1 and
3 (z=-2.174, P=0.030) and groups 2 and 3 (z=-2.332,
P=0.020).

Extent of invasion

Both intra- and extrathyroid invasion were more prominent
in the short latency groups (1 and 3) than in group 2. For
intrathyroid invasion (Figure 5A), the mean score was, group one
1.63, 95% CI (1.52, 1.74), group two 1.15, 95% CI (098, 1.32)]
and group three 1.48 95% CI (1.30, 1.66)]. Both groups 1 and 3
were significantly higher than group 2 (z=—4.091, P<0.0001, and
z=—2.644, P=0.008). Extrathyroid invasion was present
in 50% of cases in group 1, 26% in group 2 and 50% in group 3.
When assessment was restricted to cases where the material
included thyroid capsule, invasion was present in 100% of
cases in group one, 36% in group two and 87% in group three
(Figure 5B). Both short latency groups (1 and 3) showed
significantly more invasion than group 2 (1 vs 2, P<0.001,
3 s 2, P<0.001).
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Figure 3 Degree of tumour differentiation (papillary and follicular
combined), expressed as % of tumour area, showing the close similarity
between the two groups with a short latent period (EIl and E3), and the
considerable increase in the % of differentiated tumour in group E2 with a
longer latent period. In this and subsequent figures, the box represents the
interquartile range. 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).
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Figure 4 Type of differentiation, expressed as % of differentiated
tumour, showing the close similarity between the two groups aged under 2
years at exposure, and the considerable increase in the % of the papillary
component in the tumours of group E3, with a mean age of 7.6 years at
exposure.

Extent of fibrotic response

Fibrosis within the tumour was assessed separately from
peritumour (capsular) fibrosis. For both observations, the two
short latent period groups (1 and 3) were similar, differing from
the tumours with a longer latent period (group 2). Intratumour
fibrosis (Figure 5C) was less marked in group 2 (1.0, 95% CI (0.81,
1.24)) than groups 1 and 3 (1.3, 95% CI (1.15, 1.43) and 1.1, 95% CI
(0.87, 1.30)), but the differences were of borderline significance.
Peritumour fibrosis (Figure 5D) was significantly higher in group 2
(1.4, 95% CI (1.24, 1.64)) than in groups 1 and 3 (1.1, 95% CI (1.01,
1.11), 1.1, 95% CI (1.01, 1.24)) (1 vs 2 U=251, P=0.0002, 2 vs 3
U=249.5, P=0.002).
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Intra- and extrathyroid invasion (A, B), and intra- and peritumour fibrosis (C, D) showing the generally closer relationship of the groups with a

shorter latent period (E| and E3). These groups show more intra- and extrathyroid invasion, and less peritumour fibrosis than the tumours of group E2 with

a longer latent period.

DISCUSSION

Differentiation in the thyroid during development involves the
formation of lumina surrounded by polarised cells arising from the
solid mass of unpolarised cells present in the thyroglossal anlage.
Well-differentiated thyroid carcinomas retain this polarisation
around lumina, but the pattern of differentiated growth can be
either follicular or papillary. The differentiated thyroid carcinomas
derived from the follicular cell are divided into two types on the
basis of morphology and biologic behaviour, now known to
correlate with the molecular biological findings. The Follicular
Carcinomas are usually composed only of follicles, but the
Papillary Carcinomas, which form the great majority of the
thyroid carcinomas due to the Chernobyl accident, can show solid
or follicular as well as papillary patterns of growth, often occurring
together in the one tumour. While the solid areas do not show
structural differentiation in the form of papillary or follicular
architecture, they do show some functional differentiation, with
positivity for thyroglobulin protein and mRNA by immunocyto-
chemistry and in situ hybridisation. We refer to the solid and
trabecular components as structurally less differentiated, but
would emphasise that these are part of a papillary carcinoma
spectrum and are completely different from the undifferentiated
(anaplastic) carcinomas of the thyroid, which lack any trace of
structural or functional thyroid differentiation. This pattern also
differs from that seen in those tumours referred to as poorly
differentiated (e.g. Insular carcinoma), which although capable of
producing thyroglobulin behave in a clinically aggressive manner.

In the three groups of post-Chernobyl thyroid Papillary
Carcinomas, chosen to vary in their age at exposure, age at
operation and latent period, there are highly significant differences
in the mean proportions of the solid and differentiated growth
patterns. The extent of the solid component is not related to the
age at exposure nor to the age at operation, but is closely related to
the latent period. This could result if all tumours were growing at
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approximately the same rate, and were differentiating with time.
However if this were the case, tumours with a long latent period
would be larger, in fact they are if anything smaller. We suggest
that the findings reflect differing tumour growth rates, with those
with the most rapid growth rate showing a less mature phenotype
and reaching a size that is clinically detectable and leads to
operation at an earlier age than tumours with a less rapid growth
rate and a more differentiated phenotype. The observations on the
extent of invasion and the development of peritumour fibrosis
support this; the short latency tumours show a higher level of both
intra- and extrathyroid invasion than the long latency group, while
the long latency group shows a significantly greater development
of peritumour fibrosis, usually associated with less-aggressive
tumours. In addition, clinical studies showed that tumours with a
long latent period were less aggressive (Farahati et al, 2000),
although screening could have been relevant, and the study was not
controlled for age at exposure. Unfortunately, it was not possible to
carry out direct analysis of cells in cycle or of the molecular biology
in all of the tumours in our study. However, we have shown in an
unpublished study that tumours with a solid morphology have a
significantly higher proportion of cells in cycle than tumours with a
more structurally differentiated phenotype (Verykoglou et al, 2004).
We and others have also shown previously that tumours with a
more solid phenotype show a higher proportion of cases with a
RET-PTC 3 arrangement than do more differentiated tumours
(Nikiforov et al, 1997; Thomas et al, 1999; Rabes et al, 2000). In
addition, cases that occurred early in this Chernobyl-related thyroid
cancer endemic showed a higher proportion of RET-PTC 3-positive
tumours; this proportion fell and the proportion of RET-PTC 1-
positive cases rose with an increasing latent period (Rabes et al,
2000). RET-PTC 3 transgenic mice give rise to thyroid tumours with
a more solid phenotype than those seen in RET PTC1 transgenic
mice, and in vitro RET-PTC3-transfected cells show a higher growth
rate than RET-PTC 1-transfected cells (Santoro et al, 1996; Powell
et al, 1998; Basolo et al, 2002).

© 2004 Cancer Research UK



All these observations combine to support the hypothesis that
we are seeing successive waves of thyroid tumours occurring after
the Chernobyl accident, with the short latent period tumours
resulting from oncogenes giving a high growth rate, less structural
differentiation and a greater aggressiveness, compared to the later
cases with a longer latent period, a lower growth rate, greater
differentiation and less aggressiveness; the latter shown clinically
and morphologically by less invasion and more capsule formation.
It is likely that RET-PTC 3 is one oncogene involved in the short
latent period group, with RET-PTC 1 involved in the longer latent
period tumours. Tumours lacking any detectable RET rearrange-
ment were rare in the earlier Chernobyl-related tumours studied
(Nikiforov et al, 1997), in later studies they form nearly half of all
cases (Thomas et al, 1999).

Some of the early observations were interpreted as suggesting
that radiation-related thyroid carcinomas were more aggressive
and more often RET-PTC 3 positive than sporadic tumours. It now
seems likely that these changes are characteristic of short latency,
not of radiation. These conclusions carry the important implica-
tion that future cases may be progressively more slowly growing
with a progressively more differentiated phenotype. Supporting
this is the observation that the papillary thyroid cancers occurring
with a long latent period in the population exposed to the atomic
bombs in Japan were very well differentiated and showed
significantly more peritumour fibrosis than age and sex-matched
unexposed cases (Preston and Williams, 2003). In spontaneous
thyroid carcinogenesis however, undifferentiated (anaplastic)
carcinomas appear to arise from pre-existing differentiated
carcinomas, and this could theoretically occur through further
somatic mutation in some unresected Chernobyl-related thyroid
carcinomas. Continuing study of the Chernobyl-related tumours
should allow continuing correlation of molecular biological
changes with tumour growth rates, morphology and aggressiveness
and may enable treatment to be individualised in a way that is not
currently possible. It will also show whether there is an increase in
different tumour types which may have a longer latent period than
many papillary carcinomas, for example follicular and medullary
carcinomas. The creation of a tumour bank, collecting Chernobyl-
related thyroid carcinomas and making extracted nucleic acids
available for research studies, facilitates such work (Thomas and
Williams, 2000).

While the degree of structural differentiation was clearly linked
to tumour latency, the type of differentiation was linked to the age
at exposure. Many papillary carcinomas contained areas with
papillary, and areas with follicular differentiation, one type often
dominated. In both groups one and two, exposed at less than 2
years of age, follicular architecture formed over 60% of the
differentiated component, while in group three, exposed at a mean
age of 7.6 years it formed just over 40%. These differences, between
groups three and one, which share similar latent periods, and
between groups three and two, which share similar ages at
operation, are significant. The reason for this link to age at
exposure is not clear. The growth rate of the normal thyroid
declines with age, and it is possible that there are age-related
changes in the ability of some of the relevant oncogenes either to
lead to tumours or to affect tumour growth rate. For example, if
there were age-related changes in expression of one of the genes to
which the RET tyrosine kinase domain can be rearranged, this
could affect the likelihood of that particular rearrangement leading
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to a clinically detectable tumour, possibly through affecting the
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combine to determine sensitivity to thyroid carcinogenesis, and
latent period, aggressiveness and pattern of growth of the resulting
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The succession of short latent period aggressive tumours,
moderate latent period less-aggressive tumours, and long latent
period minimally aggressive tumours suggested by the observa-
tions on the Chernobyl and Atom Bomb-related papillary
carcinomas is not easily compatible with the proposal that
radiation induces genomic instability that continues to generate
potentially carcinogenic mutations, including rearrangements, for
many cell generations. It does explain the observation that
sporadic papillary thyroid carcinomas in young children com-
monly show a solid morphology and tend to be more aggressive
than papillary carcinomas in older children (Harach and Williams,
1995): obviously carcinomas in very young children must
necessarily have a short latent period.

The present study has clearly demonstrated that, in these
radiation-induced papillary carcinomas, tumour latent period
is correlated with tumour morphology and aggressiveness,
with short latent period tumours showing considerably
more solid less structurally differentiated areas, and higher levels
of invasion compared to longer latent period tumours, which show
higher levels of more differentiated components, either papillary
or follicular, and lower levels of invasion. Surprisingly, the
direction of that differentiation, either to a papillary or a follicular
pattern of growth, was not correlated with latency or age at
operation but with age at exposure. Continuing study of this
ongoing markedly increased incidence of thyroid carcinoma due to
exposure to fallout from the accident at the Chernobyl nuclear
power station in April 1986 should greatly increase our
understanding of the biology and natural history of thyroid
carcinoma and contribute to knowledge of the carcinogenic
process generally.
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