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Background: The issue of whether radiation-induced thyroid cancer is pathologically different from sporadic
remains not fully answered. This study compared structural characteristics and invasive features of papillary
thyroid carcinoma (PTC) in two age-matched groups: patients who were children (£4 years old) at the time of the
Chernobyl accident and who lived in three regions of Ukraine most contaminated by radioactive iodine 131I
(‘‘radiogenic’’ cancer), and those who lived in the same regions but who were born after 1987 and were not
exposed to 131I (‘‘sporadic’’ cancer). Further, the histopathologic features of PTC were analyzed in relation to age
and individual 131I thyroid dose.
Methods: The study included 301 radiogenic and 194 sporadic PTCs. According to age at surgery, patients were
subdivided into children (£14 years old), adolescents (15–18 years old), and adults (19–28 years old). Statistical
analyses included univariate tests and multivariable logistic regression within and across the age subgroups.
Analyses of morphological features related to 131I doses were conducted among exposed patients on categorical
and continuous scales controlling for sex and age.
Results: Among children, radiogenic PTC displayed a significantly higher frequency of tumors with a
dominant solid growth pattern, intrathyroidal spread, extrathyroidal extension, lymphatic/vascular inva-
sion, and distant metastases. Exposed adolescents more frequently displayed extrathyroidal extension,
lymphatic/vascular invasion, and distant metastases. Exposed adults more frequently had intrathyroidal
spread and extrathyroidal extension. The frequency of PTC with dominant papillary pattern and oxyphilic
cell metaplasia was significantly lower in radiogenic compared to sporadic tumors for all age groups.
Manifestations of tumor aggressiveness were most frequent in children compared to adolescents and
adults regardless of etiology.
Conclusions: Radiogenic PTC is less likely to demonstrate a dominant papillary growth pattern and more
likely to display more aggressive tumor behavior than sporadic PTC. Histopathologic tumor aggres-
siveness declines with patient age in both radiogenic and sporadic cases.
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Introduction

Amajor health consequence of the Chernobyl nuclear
power plant (CNPP) accident for the population was a

sharp increase in the incidence of thyroid cancer among
subjects aged £18 years living in Ukraine, Belarus, and parts
of the Russian Federation in 1986 (1–7). The incidence of
thyroid cancer in Ukraine has been shown to be substantially
higher in six northern regions closest to the CNPP site, and
particularly in three of those—Kiev, Zhytomyr, and
Chernihiv—which were the regions most contaminated by
radioactive iodine (131I). The highest 131I dose-dependent
excess in incidence was observed in children whose age in
1986 was four years or younger (6–11).

Many studies consistently reported that papillary thyroid
carcinoma (PTC) is the main histological type of post-
Chernobyl thyroid cancer, but a unique ‘‘structural portrait’’
of ‘‘radiogenic’’ PTC has not been established (12–18).
Further, most histopathologic characteristics of Ukrainian
PTCs were shown to change with patient age at surgery and/
or time since the Chernobyl accident (i.e., with latency) (15).
Specifically, the frequency of architecturally less differenti-
ated PTC with the solid or solid-follicular growth pattern and
of more aggressive tumors featuring intrathyroidal spread,
extrathyroidal extension, lymphatic/vascular invasion, and
regional and distant metastases was found to decrease with
older age at surgery and/or longer time since the accident.
The frequency of more differentiated PTCs with the papillary
or papillary–follicular growth pattern, £10 mm in size, and
fully encapsulated tumors was found to increase with age/
time. The latter characteristics may be considered favorable,
since small and encapsulated PTCs are, in general, clinically
more indolent than large and non-encapsulated tumors. Thus,
based on morphological characteristics of post-Chernobyl
PTCs, it appears that these become less aggressive with age/
time since the accident. In support, PTCs detected after a
longer period of latency in patients exposed to Chernobyl
radiation have been shown to display fewer of the ultrasound
features characteristic of a malignant process (19). Interest-
ingly, the structural characteristics of ‘‘sporadic’’ PTCs di-
agnosed in unexposed to 131I individuals are also known to
change with increasing age at surgery (20,21).

The primary objectives of the current study were (i) to
compare structural characteristics and invasive features of
PTCs in three age-matched groups of patients (£14, 15–18,
and 19–28 years of age) exposed to 131I in early childhood as
a result of the Chernobyl accident (i.e., radiogenic PTC) to
those born after the Chernobyl accident in 1987 or later and
therefore unexposed to 131I (i.e., sporadic PTC), and (ii) to
evaluate how structural and invasive characteristics of PTCs
change with age. As histopathologic features of PTC inva-
siveness were associated with 131I thyroid dose in the Be-
larusian (22) and Ukrainian screening cohorts (16), the study
also evaluated if these were related to individual thyroid
doses among exposed patients.

Methods

Patients

The study protocol was approved by the ethics committee
of the Institute of Endocrinology and Metabolism (IEM) of
NAMS of Ukraine (Kiev, Ukraine).

The study included 495 Ukrainian PTC cases selected
among 3991 PTCs operated at IEM between 1990 and 2015,
when a significant rise in thyroid cancer incidence was reg-
istered in Ukraine. Considering that the highest risk of thy-
roid cancer following the Chernobyl accident was observed
in the youngest children residing in the most contaminated
regions (6–11), the radiogenic cases were defined as those
who were four years old or younger in 1986 and who lived in
the Kiev, Chernihiv, or Zhytomyr regions. The comparison
group included sporadic PTC cases selected among those
who were born after the accident ( January 1, 1987, or later
and not exposed to 131I) and lived in the same regions as the
radiogenic cases or Kiev city. Sporadic cases were closely
matched to radiogenic cases on age at surgery (Table 1).
Because, as of 2015, sporadic cases could not be >28 years of
age, and in order to ensure comparability on age, no radio-
genic cases >28 years of age were included in the study.
Active screening for the detection of sporadic thyroid carci-
nomas cases was not performed in Ukraine. In total, there
were 301 radiogenic PTCs (121 children, 66 adolescents, and
114 adults) selected from 3460 cases born before the Cher-
nobyl accident on age at surgery, age at exposure, and resi-
dence. There were also 194 sporadic PTCs (60 children, 54
adolescents, and 80 adults) selected from 531 cases born after
the Chernobyl accident on age at surgery and residence.

Histopathology

Histopathologic examination of hematoxylin and eosin
stained paraffin sections was initially performed at the La-
boratory of Morphology of Endocrine System (IEM, Kiev,
Ukraine) by two experienced pathologists (T.B. and L.Z.).
The pathological classification was based on World Health
Organization (WHO) definitions (23). All diagnoses were
reviewed and confirmed by international experts in the course
of joint research projects and/or at the Chernobyl Tissue
Bank (CTB) Pathology Panel sessions (24). Tumors were
further classified according to the dominant histological
growth pattern into three categories: papillary, follicular, or
solid-trabecular (when corresponding structure represented
>50% of a tumor). In addition, PTCs were assigned main
histological variants according to the WHO classification
(23) as follows: classic papillary, follicular, solid-trabecular,
diffuse-sclerosing, or Warthin-like (when >80% of the tumor
section had corresponding structure).

Previous studies showed that invasive properties of PTC
significantly differed between fully encapsulated and non-
encapsulated or partially encapsulated tumors (15). Further,
in the new fourth edition of the WHO histological classifi-
cation, encapsulated PTCs are considered as a separate PTC
variant (25). Therefore, an analysis of morphological pa-
rameters was performed for all tumors and, separately, for
fully encapsulated and non-encapsulated tumors.

The study also evaluated oxyphilic (oncocytic/Hürthle) cell
metaplasia (focal and severe, including oxyphilic cell PTC).
Tumor stage was defined according to the seventh edition of
the TNM classification system (26), which assigns minimal
extrathyroidal extension pT3 category. Only marked in-
trathyroidal spread of the tumor to the lobe(s) was considered
positive, including the diffuse-sclerosing variant (DSV)-like
spread. Distant metastases to the lung were determined by
radioactive iodine scans performed following thyroidectomy.
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Dosimetry

Estimated thyroid doses due to 131I intake were based on
the thyroid dose system used for CTB cases (‘‘TD-CTB’’)
(10,11). All patients were subdivided into dose groups and
subgroups, depending on the availability of radioactivity
measurements performed in May–June 1986 either directly
on the subject or upon other persons in the same settlement.

Group 1 included subjects who had a direct thyroid mea-
surement performed in May–June 1986 and who were ad-
ministered a special interview concerning their consumption
of contaminated foods (essentially cow’s milk and leafy
vegetables), as well as possible changes of residence in May–
June 1986. The interviews of these subjects were performed
in the framework of the Ukraine–USA cohort study (27).

Group 2 included subjects who had individual direct thy-
roid measurements carried out in May–June 1986 but no
personal interviews.

Group 3 included subjects with neither individual direct
thyroid measurements in May–June 1986 nor personal in-
terviews. These subjects were divided into three subgroups
depending on their residence or non-residence in the settle-
ments of different regions where direct measurements were
performed among the local population:

� Subgroup 3-1 included subjects who resided in May–
June 1986 in settlements where direct thyroid measure-
ments were performed on some inhabitants.

� Subgroup 3-2 included subjects who resided in set-
tlements where no direct thyroid measurements were
performed, but such measurements were performed on
some inhabitants of neighboring settlements of the
region.

� Subgroup 3-3 included subjects who were resident of
settlements where direct thyroid measurements were
not carried out at all.

Thyroid doses were estimated for every patient using the
ecological and dosimetric model that includes iodine eco-
logical transport and iodine bio-kinetic models. The model
was adapted to available information about each patient’s
residence, his/her diet, and individual direct thyroid mea-
surements in May–June 1986. Dose uncertainties were cal-
culated by Monte Carlo simulation procedure, with 1000
trials for every subject (10,11).

Statistical analysis

Univariate Fisher’s exact test or chi-square test for cate-
gorical data and Mann–Whitney or Kruskal–Wallis tests for
continuous quantitative data were used to compare charac-
teristics of radiogenic and sporadic PTC cases. Multivariable
logistic regression models were adjusted for age at surgery
and sex. Analyses were performed using IBM SPSS Statistics
for Windows v21 (IBM Corp., Armonk, NY). Analyses with
very small numbers of outcomes (<5 per cell) were conducted
using exact logistic regression using the SAS v9.3 (SAS In-
stitute, Inc., Cary, NC). The p-values were two-sided and
were considered significant if p < 0.05.

Changes in histopathologic characteristics of PTCs were
assessed across age subgroups using the chi-square test
for trend (Cochran–Armitage test) for categorical and
Jonckheere–Terpstra test for quantitative data. Heterogeneity
of age trends was evaluated using a one degree of freedom

likelihood ratio test for nested logistic regression models with
and without an interaction term between exposure indicator
and age. This analysis was performed using Epicure software
(Risk Sciences International, Ottawa, Canada). Note that age
at surgery in exposed individuals is a linear combination of
age at exposure and time since exposure. Hence, trends in
histopathologic characteristics of radiogenic PTCs also re-
flect time elapsed since the date of the Chernobyl accident or
latency.

Logistic regression models were used to evaluate associ-
ations between individual histopathologic characteristics and
131I thyroid dose in exposed individuals. Odds ratio (OR) was
determined for each characteristic with several dose cate-
gories chosen to assure reasonable distribution of cases.
Continuous dose trends were also evaluated based on linear
and linear-quadratic (on a log scale) dose–response models.
All dose–response models were adjusted for sex and age at
surgery unless otherwise specified. Dose–response analyses
were performed using SAS software. All tests were two-sided
and based on maximum likelihood ratios. A p-value of <0.05
was considered statistically significant.

Results

Descriptive characteristics of radiogenic and sporadic
PTC in age-matched groups

The age at surgery in radiogenic and sporadic cases was
comparable due to study design. In all age groups, female
patients were more common (Table 1), although their pro-
portion tended to be lower in radiogenic compared to spo-
radic PTCs, particularly in children (odds ratio [OR] = 0.33;
p = 0.003). In both series, radiogenic and sporadic, the fre-
quency of PTC from the Kiev region was generally higher
than from the Chernihiv or Zhytomyr regions, especially in
the sporadic series due to the inclusion in the analysis the
cases from Kiev city (Table 1).

The average thyroid dose in the radiogenic series was
940.7 mGy (Table 1). The doses in childhood and adolescent
groups did not differ significantly, but in adults they were
lower, reaching significance compared to the childhood
group ( p = 0.027).

Only 52 (17.3%) patients with radiogenic PTC had direct
radioactivity measurements (dose groups 1 and 2). Among
the remaining 249 (82.7%) patients without direct measure-
ments (dose group 3), 157 were in dose subgroups 3-1 and
3-2, and 92 were in in dose subgroup 3-3 (Table 1).

Comparative histopathologic characteristics of radiogenic
and sporadic PTC in age-matched groups

In all age groups, non-encapsulated PTCs were most fre-
quent, accounting for 70–95% of tumors. The proportion of
non-encapsulated tumors was generally higher in radiogenic
compared to sporadic PTCs, but the difference was signifi-
cant only in children ( p = 0.003; Fig. 1 and Supplementary
Table S1 for statistical details; Supplementary Data are
available online at www.liebertpub.com/thy).

There were no significant differences between radiogenic
and sporadic PTCs in mean size of tumors in age-matched
groups. Within each age group, the ORs for microcarcinoma
in radiogenic relative to sporadic PTC were <1, reaching

PATHOLOGY OF POST-CHERNOBYL RADIOGENIC AND SPORADIC PTC 883



significance in children ( p = 0.020; Fig. 1 and Supplementary
Table S1).

Analysis of the dominant growth pattern showed that in all
age groups, the frequency of tumors with papillary structure
was significantly lower in radiogenic than sporadic PTC. This
was mainly due to non-encapsulated tumors ( p < 0.05 for
each group; Fig. 1 and Supplementary Table S1). A dominant
follicular growth pattern tended to be more frequent in ra-
diogenic PTC, particularly in non-encapsulated tumors,
reaching significance in adolescents ( p = 0.024). Similarly,
dominant solid-trabecular pattern was more frequent in ra-
diogenic PTC. The difference, in comparison to sporadic
tumors, was significant for all tumors and non-encapsulated
PTCs in children ( p < 0.0001) and fully encapsulated PTCs in
adults ( p = 0.034; Supplementary Table S1).

It should be noted that the dominant growth pattern largely
reflects histological subtype/variant of PTC or the prevalent
structural component of tumors with mixed structure. Rarer
PTC subtypes such as DSV and Warthin-like were identified
in a small number of cases. DSV was observed in all age
groups of radiogenic PTC: in 8/121 (6.6%) cases in children,

1/66 (1.5%) in adolescents, and 1/114 (0.9%) in adults. In all
radiogenic cases, DSV tumors had solid foci spreading to
both thyroid lobes. In sporadic PTC, DSV was detected only
in children (2/60; 3.3%). Overall, DSV was 3.3 times more
frequent in radiogenic (10/301; 3.3%) than sporadic PTC (2/
194; 1.0%), but the difference was not significant ( p = 0.138).

The Warthin-like variant was absent in children but was
found in 1/66 (1.5%) of radiogenic and 1/54 (1.9%) of spo-
radic adolescent PTC, and in 4/80 (5.0%) of sporadic adult
PTC. All Warthin-like PTCs had a dominant papillary pat-
tern. Overall, the Warthin-like variant was 8.7 times less
frequent in radiogenic (1/301; 0.3%) than sporadic PTCs (5/
194; 2.6%); the difference was statistically significant
( p = 0.036). No tall-cell or columnar-cell variants of PTC
were found in the entire case series.

In all age groups, oxyphilic cell metaplasia was signifi-
cantly more common in sporadic cases ( p < 0.05 for any
comparison except for children and adolescents with fully
encapsulated tumors; Supplementary Table S2). Radiogenic
PTC in all age groups had a significantly lower frequency of
concomitant diffuse thyroid pathology, specifically chronic

FIG. 1. Histopathologic characteristics of all cases of ‘‘radiogenic’’ (filled bars) and ‘‘sporadic’’ (open bars) papillary
thyroid carcinoma (PTC) in different age subgroups of patients. *p £ 0.05; **p £ 0.01; ***p £ 0.001.
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thyroiditis, than sporadic PTC for all and non-encapsulated
tumors ( p < 0.05 for any comparison except for fully en-
capsulated tumors; Supplementary Table S2).

Comparative morphological features of tumor
invasiveness of radiogenic and sporadic PTC
in age-matched groups

In children, considering all cases, a higher frequency of the
following aggressive features was associated with exposure
status: intrathyroidal spread ( p < 0.0001), extrathyroidal ex-
tension ( p = 0.002), lymphatic/vascular invasion ( p = 0.003),

regional lymph node ( p = 0.041), and distant metastases
( p = 0.026; Fig. 2 and Supplementary Table S3). In exposed
adolescents, the frequencies of extrathyroidal extension
( p = 0.050), lymphatic/vascular invasion ( p = 0.052), and
distant metastases ( p = 0.054), were marginally significant.
In exposed adults, only extrathyroidal extension was mar-
ginally more frequent ( p = 0.046).

In analysis of non-encapsulated tumors in children, the
significant association for intrathyroidal spread persisted
( p < 0.0001), while extrathyroidal extension became mar-
ginally significant ( p = 0.050; Supplementary Table S3). In
adolescents, the associations for extrathyroidal extension

FIG. 2. Invasive features of all cases of radiogenic (filled bars) and sporadic (open bars) PTC in different age subgroups of
patients. *p £ 0.05; **p £ 0.01; ***p £ 0.001.
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( p = 0.050), lymphatic/vascular invasion ( p = 0.033), and
distant metastases ( p = 0.041) were statistically significant.
In exposed adults, one significant association was found for
intrathyroidal spread ( p = 0.041).

Considering fully encapsulated tumors, a significantly
higher OR was found for lymphatic/vascular invasion
( p = 0.033) in exposed children, and for tumor capsule in-
vasion ( p = 0.034) in adults (Supplementary Table S3). The
overall frequency of encapsulated PTC with dominant fol-
licular growth pattern was 42% (21/50: 4 in children, 5 in
adolescents, and 12 in adults) in the radiogenic series and
54% (27/50: 8 in children, 5 in adolescents, and 14 in adults)
in the sporadic series ( p = 0.736). Invasive properties of these
tumors were not statistically different in any age subgroup
between the radiogenic and sporadic series. At the same time,
all ORs for invasive features in the combined radiogenic
versus combined sporadic group analysis were >1, from 1.76
for tumor spread beyond own capsule to 3.30 for lymphatic/
vascular invasion to the tumor capsule vessels (data not
shown). In addition, only in the radiogenic series, encapsu-
lated PTC with dominant follicular architecture displayed
extrathyroidal extension to the adjacent fat and connective
tissues in one childhood patient and in one adult patient, and
lymph node metastasis in one childhood patient. These ob-
servations may suggest a higher morphological aggressive-
ness of follicular-patterned encapsulated radiogenic tumors,
but larger number of relevant cases would be necessary for
statistical assessment.

Age-related trends of histopathologic characteristics
of radiogenic and sporadic PTC

Several morphologic tumor characteristics in radiogenic
PTC varied with age (Table 2). The proportion of fully en-
capsulated tumors ( ptrend < 0.0001) as well as of micro-PTC
( ptrend < 0.0001) for both all and non-encapsulated tumors,
but not for encapsulated PTC ( ptrend = 0.839; Supplementary
Table S4), increased with patient age. A similar trend for
small-sized tumors was found in sporadic PTC ( ptrend = 0.010
and ptrend = 0.005 for all and non-encapsulated tumors, re-
spectively), but not for encapsulated PTC ( ptrend = 0.631;
Supplementary Table S4).

The mean size of all and non-encapsulated tumors tended
to decrease with increasing age, regardless of exposure status
( ptrend < 0.05 for any comparison).

Clear age trends were found for the dominant growth
pattern in radiogenic PTC (Table 2). Frequencies of tumors
with the papillary ( ptrend < 0.001 and ptrend < 0.0001 for all
and non-encapsulated PTC, respectively) or follicular
( ptrend = 0.048 and ptrend = 0.016 for all and non-encapsulated
PTC, respectively) growth patterns increased with patient
age. By contrast, the frequency of tumors with solid-
trabecular structure decreased with age ( ptrend < 0.001 and
ptrend < 0.001 for all and non-encapsulated PTC, respective-
ly). No age-related trends were found for the dominant
growth pattern in sporadic PTC.

Significant positive age trends were also observed for
oxyphilic cell metaplasia in both radiogenic and sporadic
PTC ( ptrend = 0.003 and ptrend = 0.007, respectively; Table 2).
For concomitant nodular pathology, an increasing with age
trend was found in radiogenic ( ptrend = 0.001) but not in
sporadic PTC.

The detected age trends were significantly more pro-
nounced in radiogenic than in sporadic PTC for the increas-
ing frequency of encapsulated tumors ( phet = 0.014; Table 2)
and tumors with the papillary dominant growth pattern
( phet = 0.014 and phet = 0.006 for all and non-encapsulated
PTCs, respectively), and for the decreasing frequency of non-
encapsulated tumors with the solid-trabecular structure
( phet = 0.021).

Table 2. Age-Related Trends for Different

Characteristics of Radiogenic and Sporadic

PTC in Age-Matched Groups

Characteristics
Radiogenic Sporadic

ptrend ptrend phet

Histopathology
Capsule <0.0001[ 0.127 0.014

Size (mean, mm)
All cases 0.002Y 0.030Y 0.001
Non-encapsulated <0.0001Y <0.0001Y <0.0001

Size £10 mm
All cases <0.0001[ 0.010[ 0.094
Non-encapsulated <0.0001[ 0.005[ 0.289

Dominant pattern
Papillary

All cases <0.001[ 0.851 0.014
Non-encapsulated <0.0001[ 0.671 0.006

Follicular
All cases 0.048[ 0.150 0.956
Non-encapsulated 0.016[ 0.133 0.943

Solid-trabecular
All cases <0.0001Y 0.187 0.098
Non-encapsulated <0.0001Y 0.387 0.021

Oxyphilic changes 0.003[ 0.007[ 0.627
Concomitant nodular

pathology
0.001[ 0.082 0.680

Concomitant diffuse
pathology

0.110 0.733 0.198

Chronic thyroiditis 0.254 0.950 0.492

Invasive features
Intrathyroid spread

All cases <0.0001Y 0.408 0.002
Non-encapsulated <0.0001Y 0.526 0.015

Extrathyroidal extension (T3)
All cases <0.0001Y 0.003Y 0.357
Non-encapsulated <0.0001Y 0.009Y 0.781

Multifocality (Tm)
All cases 0.001[ 0.038[ 0.728
Non-encapsulated 0.003[ 0.046[ 0.866

Lymphatic/vascular invasion
All cases <0.0001Y <0.001Y 0.047
Non-encapsulated <0.0001Y 0.001Y 0.413

Lymph node metastases (N1)
All cases <0.0001Y 0.081 0.089
Non-encapsulated 0.001Y 0.242 0.354

Distant metastases (M1)
All cases <0.0001Y 0.006Y 0.256
Non-encapsulated <0.0001Y 0.008Y 0.183

phet, p-value for heterogeneity; [, an uptrend; Y, a downtrend.
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Age-related trends of morphological invasiveness
of radiogenic and sporadic PTC

The frequency of most invasive tumor features signifi-
cantly decreased with patient age in both radiogenic and
sporadic PTC overall and in non-encapsulated tumors
(Table 2).

In radiogenic PTC, an age-related decrease was observed
in all tumors combined and in non-encapsulated tumors for
intrathyroidal spread and extrathyroidal extension ( ptrend <
0.0001 for any comparison), lymphatic/vascular invasion
( ptrend < 0.0001 for any comparison), lymph node metastases
( ptrend < 0.0001 and ptrend = 0.001, respectively), and distant
metastases ( ptrend < 0.0001 for any comparison). An age-
related decrease was also significant for lymphatic/vascular
invasion and lymph node metastases ( ptrend < 0.001 and
ptrend = 0.036, respectively) in fully encapsulated tumors
(Supplementary Table S4).

In sporadic PTC, an age-related decrease in tumor inva-
siveness was found in all tumors combined and non-
encapsulated tumors for extrathyroidal extension ( ptrend =
0.003 and ptrend = 0.009, respectively), lymphatic/vascular
invasion ( ptrend < 0.001 and ptrend = 0.001, respectively), and
distant metastases ( ptrend = 0.006 and ptrend = 0.008, respec-
tively). In contrast with other characteristics of tumor inva-
siveness, multifocality showed significant uptrend with age
for all and non-encapsulated tumors in both radiogenic
( ptrend = 0.001 and ptrend = 0.003, respectively) and sporadic
PTC ( ptrend = 0.038 and ptrend = 0.046, respectively; Table 2).

Age-related trends for most histopathologic characteristics
of tumor invasiveness did not show heterogeneity between
radiogenic and sporadic tumors (Table 2). The decrease in
frequency of intrathyroidal spread for all and non-
encapsulated PTCs ( phet = 0.002 and phet = 0.015, respec-
tively) and of lymphatic/vascular invasion for all cases
( phet = 0.047) were the only trends that were more pro-
nounced in radiogenic that in sporadic PTC.

Associations between histopathologic characteristics
of radiogenic PTCs and 131I dose

The mean 131I thyroid dose in radiogenic PTC cases was
984.0 mGy (SD = 2113.3 mGy) in children, 1333.3 mGy
(SD = 3438.4 mGy) in adolescents, and 667.5 mGy (SD =
1409.2 mGy) in adults (Table 1). In categorical and contin-
uous analyses of 131I dose, combining all age groups, little
evidence was found of an independent dose–response with
131I dose for most morphological or invasive PTC charac-
teristics (Supplementary Table S5). The only associations
detected were for tumor size for which the overall OR per Gy
for £10 mm versus >10 mm PTCs was significantly elevated
(OR = 1.20 [confidence interval (CI) 1.05–1.38], p = 0.004).
However, this increase was solely attributed to individuals
exposed to ‡2 Gy). The other associations were before ad-
justment for tumor size, concomitant nodular thyroid pa-
thology (a positive correlation: 1.24 [CI 1.08–1.45];
p = 0.003), and extrathyroidal extension (an inverse associa-
tion with the increasing dose: 0.87 [CI 0.74–0.98]; p = 0.031).

Discussion

This study is the first detailed comparative histopathologic
analysis of radiogenic PTC associated with the Chernobyl

fallout and sporadic tumors (detected in patients born after
the Chernobyl accident) in groups of children, adolescents,
and adults matched on age at surgery. The few previous
studies addressing this issue did not find significant differ-
ences between potentially radiogenic (born before Cherno-
byl) and sporadic (born after Chernobyl) PTC in children and
adolescents from Ukraine and Belarus (14,17,28), or used a
different study design (18), making direct comparison with
the current results difficult.

By contrast to a previous study (29), here, cases of sporadic
PTC were selected from the same regions as cases of radio-
genic PTC to control for potential confounding by geo-
graphical differences (e.g., by variable degree of iodine
deficiency). Histopathologic features were also analyzed in
fully encapsulated and non-encapsulated (including partially
encapsulated) PTC separately because fully encapsulated
PTC is overall morphologically less aggressive (15). Inclu-
sion of childhood, adolescent, and adult cases of PTC allowed
us to assess age-dependent (and/or latency-related, applic-
ably to radiogenic PTC) changes in histopathologic charac-
teristics of radiogenic and sporadic tumors.

Similar to previous reports, the present study suggests that
a single structural ‘‘portrait’’ of radiogenic PTC, which could
be used to discriminate this etiological form of PTC, is un-
likely to exist in any age subgroup. At the same time, by
reducing the number of parameters characterizing tumor ar-
chitecture from nine histological subtypes/variants (29) to
three dominant growth patterns, independent associations
were found for the dominant solid-trabecular growth pat-
tern with younger age at surgery and radiation exposure
(see Fig. 1 and Supplementary Table S1). Interestingly, a
significant association was observed for the dominant solid-
trabecular pattern with radiogenic PTC in two age groups—
children and adults—but the invasive features of tumors were
radically different in these groups. In children, the solid-
trabecular dominant pattern was most frequently observed in
non-encapsulated (more aggressive) tumors (see Supple-
mentary Table S1), while in adults, on the contrary, these
were found in fully encapsulated (least aggressive) PTCs.
This finding was consistent with the opposite age-related
trends for the dominant solid-trabecular pattern in non-
encapsulated (a downtrend) and fully encapsulated radio-
genic PTC (an uptrend). Note also that a solid growth pattern
is frequently associated with RET/PTC3 rearrangements in
childhood PTC, while in PTC from adult patients, this genetic
abnormality is rare (21,30,31).

The dominant papillary pattern was common in sporadic
PTC in all age groups in non-encapsulated tumors. The fre-
quency of tumors with dominant papillary growth pattern in
sporadic cases did not change significantly with increasing
patient age at surgery, but increased with age in radiogenic
PTC. This difference was statistically significant (see Ta-
ble 2). The dominant follicular pattern was more common in
radiogenic than sporadic PTC, but the difference was sig-
nificant only for non-encapsulated tumors in adolescents. A
significant increasing trend with age was also found for this
structure in radiogenic PTC, not detectable in sporadic tu-
mors, although there was no statistically significant hetero-
geneity in age trends between the two etiological forms of
PTC (see Table 2).

Oxyphilic cell metaplasia was more common in sporadic
tumors, although its frequency significantly increased with
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age in both radiogenic and sporadic forms of PTC (see Fig. 1
and Supplementary Table S2). The observed age trends might
be due partly to the increasing frequency of tumors composed
of oxyphilic cells such as Warthin-like variant of PTC with
age. Potential somatic mutations underlying these trends re-
main to be clarified, in particular a possible relationship be-
tween oxyphilic changes and the BRAF mutation.

The inverse age trends in mean size of non-encapsulated
tumors and proportion of small-size tumors, as well as the
increasing frequency of tumors with the dominant papillary
pattern (see Table 2), could also be partly explained by the
higher frequency of BRAF mutations in older patients. The
slower growth of tumors driven by a BRAF mutation com-
pared to gene rearrangement(s) was suggested in the authors’
earlier work (32). The BRAFV600E mutation is known to occur
with higher frequency in PTCs with the papillary growth
pattern, and its rate increases with patient age (21,25). An-
other explanation for the higher frequency of smaller tumors
in older patients could be the increased use of ultrasound
equipment and/or improved medical surveillance in recent
years.

Two observations were made with regard to concomitant
thyroid pathology. First, despite the fact that frequencies of
coexisting nodular lesions did not differ between radiogenic
and sporadic tumors in any age group, the age-related trend
was significant in radiogenic PTC, while no statistically
significant trend was found in sporadic PTC. Concomitant
chronic thyroiditis was more common in sporadic tumors,
which is consistent with a report from Belarus (18), but there
was no age trend. It is possible that different types of con-
comitant thyroid pathology may be associated with exposure
to different environmental factors. For example, some nod-
ular lesions in radiogenic PTC might have been related to
radiation exposure, as was reported in the Ukrainian and
Belarusian screening cohorts for follicular adenoma (22,33),
while a chronic inflammatory process in the thyroid might
have been triggered by another environmental factor, so far
unidentified, other than radiation.

For analysis of invasiveness, tumors were divided into
fully encapsulated and non-encapsulated. The study showed
that this was reasonable, especially for children, where the
proportion of encapsulated tumors was significantly different
between radiogenic and sporadic PTC (see Supplementary
Table S1). While a significant difference was found for in-
trathyroidal spread, extrathyroidal extension, lymphatic/
vascular invasion, lymph node, and distant metastases in the
analysis of all tumors in children (see Fig. 2), the three latter
features were no longer significant when analysis was limited
to non-encapsulated tumors (see Supplementary Table S3).
This indicates that such important indicators of tumor ag-
gressiveness as lymphatic/vascular invasion and regional and
distant metastases are rather associated with childhood age of
patients, regardless of the presence or absence of a radiation
history. By contrast, the difference for intrathyroidal spread
and extrathyroidal extension remained significant in the
analysis of non-encapsulated tumors. Thus, tumor stratifica-
tion into fully encapsulated and non-encapsulated provides a
more correct distinction of patients’ age influence.

More pronounced histopathologic characteristics of tumor
invasiveness were observed in non-encapsulated radiogenic
PTC, not only in children but also in older age groups (see
Supplementary Table S3). These included extrathyroidal

extension, lymphatic/vascular invasion, and distant metas-
tases in adolescents, and intrathyroidal spread in young
adults. At the same time, the decreasing trends with age for
the majority of invasive characteristics seen both in radio-
genic and sporadic PTC, which did not show marked het-
erogeneity between radiogenic and sporadic tumors for most
characteristics, may indicate the presence of common
mechanisms underlying lesser tumor aggressiveness in older
patients which, for example, could be due to a different
spectrum of somatic mutations driving carcinogenesis com-
pared to younger patients.

It should also be noted that both radiogenic and sporadic
fully encapsulated tumors were not completely devoid of
certain invasive features such as invasion into the tumor
capsule and its vessels, focal tumor spread beyond the tumor
capsule, or even extrathyroidal extension or nodal disease in
isolated cases (see Supplementary Table S3). The encapsu-
lated follicular variant of PTC also exhibited signs of inva-
siveness in both radiogenic and sporadic series. In cases with
features of focal invasiveness, tumors had a mixed architec-
ture with prominent (>20%) areas of papillary or solid
structures or both. This generally indicates that these were
bona fide malignant tumors and not lesions, such as well-
differentiated tumor of uncertain malignant potential or non-
invasive follicular thyroid neoplasm with papillary-like nu-
clear features that occupy an intermediate position between
follicular adenoma and fully encapsulated PTC (20,25).
Further, fully encapsulated PTC showed an independent as-
sociation with radiation exposure: more frequent lymphatic/
vascular invasion in children and more frequent tumor cap-
sule invasion in adults (see Supplementary Table S3).

This study has several strengths and limitations. Radio-
genic and sporadic cases were selected from the same source
(i.e., the IEM database) and were well matched by age at
surgery and place of residence. While these were not matched
by sex, all models were appropriately adjusted, and therefore
confounding by sex is unlikely. Also, since sporadic cases in
the study were not detected by active screening, their overall
less pronounced aggressiveness could not be attributed to
early cancer detection. To assure that sporadic cases were
unexposed to 131I, these were selected among individuals
born in 1987 or later. Therefore, the possibility cannot be
excluded that some observed differences between radiogenic
and sporadic cases may be due to birth cohort or period ef-
fects. In addition, because the focus was on PTC cases that
occurred in individuals exposed to 131I when aged four years
or younger, the most sensitive period to radiation, this may
have reduced variability in thyroid doses (as 131I doses are
inversely related to age at exposure) and thus chances to
detect the dose–response. Finally, some statistically signifi-
cant associations detected in this work need to be considered
with caution in view of a large number of statistical tests
performed.

In conclusion, this study demonstrates that, overall, ra-
diogenic PTC in subjects aged four years or younger at the
time of exposure differed from sporadic PTC in age-matched
groups for a number of histopathologic parameters. The an-
alyses revealed significant differences in both histological
architecture and invasive features of radiogenic PTC, dem-
onstrating that a more aggressive behavior occurs in children
and adolescents. Changes in histopathologic characteristics
with age suggest that the phenotype of both radiogenic and
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sporadic PTCs becomes less invasive at older ages. It would
be necessary to reevaluate PTC in adult patients in the fu-
ture as new cases occur to determine whether the observed
differences will remain or be lost over time. Analyses of
correlations between morphological features of tumor ag-
gressiveness and clinical aggressiveness to ascertain dif-
ferences in tumor recurrence and/or cause-specific death
rates in patients with radiogenic and sporadic PTC, as well
as advanced molecular studies in relatively large age-
matched groups of PTC of different etiology, will also be of
importance.
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