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ABSTRACT

The association between radiation exposure and the occurrence of thyroid cancer has been well
documented, and the two main risk factors for the development of a thyroid cancer are the radiation
dose delivered to the thyroid gland and the age at exposure. The risk increases after exposure to
a mean dose of more than 0.05-0.1 Gy (50-100mGy). The risk is more important during childhood
and decreases with increased age at exposure, being low in adults. After exposure, the minimum
latency period before the appearance of thyroid cancers is 5 to 10 years. Papillary carcinoma (PTC)
is the most frequent form of thyroid carcinoma diagnosed after radiation exposure, with a higher
prevalence of the solid subtype in young children with a short latency period and of the classical
subtype in cases with a longer latency period after exposure. Molecular alterations, including intra-
chromosomal rearrangements, are frequently found. Among them, RET/PTC rearrangements are
the most frequent. Current research is directed on the mechanism of genetic alterations induced by
radiation and on a molecular signature that can identify the origin of thyroid carcinoma after a known
or suspected exposure to radiation. Arch Endocrinol Metab. 2017;61(2):180-7.
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INTRODUCTION

The thyroid gland is highly sensitive to the carcinogenic

exposure and may occur years or decades after the
exposure (6). These cancers have a clinical behavior
effects of exposure to ionizing radiation during childhood 51m11:j1r to. that 9f PTC that occurs at the same age in
non-irradiated individuals and that are usually not
aggressive (7).

As demonstrated for sporadic thyroid carcinomas
(8), the apparent incidence of radiation-induced
thyroid cancer is closely related to the modalities and

intensity of screening. In South Korea where screening

and adolescence. The first relationship between radiation
exposure and thyroid carcinoma was reported in 1950
after irradiation of the thymus soon after birth (1).
Thyroid carcinoma was the first solid malignant tumor
found with an increased incidence among Japanese atomic
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bomb survivors (2). Later, an increased risk of thyroid
carcinoma was observed as a consequence of fallout from
thermonuclear explosion in the Marshall Islands (3) and
from the nuclear plant accident in Chernobyl (4). The
risk is significantly increased for radiation doses to the
thyroid of 50-100 mGy, and for higher doses, the risk
increases with increasing radiation doses to the thyroid
gland (5). The risk is maximal for radiation exposure
during the first years of life and decreases with increasing
age at exposure, and is low in exposed adults.

One third of thyroid tumors occurring after
radiation exposure are malignant, and most radiation-
induced thyroid cancers are papillary thyroid carcinoma
(PTC). PTC occurs at least 5 to 10 years after radiation
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procedures were introduced in 2000, the apparent
incidence increased by 15 folds in the subsequent
years; in 2014, the “Physician Coalition for Prevention
of Overdiagnosis of Thyroid Cancer” discouraged
screening with ultrasound (US), resulting in a decrease
in thyroid cancer incidence by 40% within 3 months (9).
Similarly, the prevalence of thyroid cancer in Belarus
after the Chernobyl accident or in Japan after the
Fukushima accident is much higher at ultrasonography
screening that at clinical examination in both exposed
and non-exposed populations (10). Although most
studies showed an increased incidence of thyroid cancer
in patients who were exposed to radiation during
childhood and adolescence, it is important to take
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into account that the extent of this increase could be
determined by the screening procedures used to detect
thyroid abnormalities.

We reviewed the current perspectives of this
pathology and its clinical management.

EPIDEMIOLOGICAL DATA

External radiation

From 1920 until the 50s, external radiation was used for
the treatment of children with benign conditions such as
the enlargement of the thymus, skin angiomas, adenoids
or neck lymph nodes, acnea, oftitis, or tinea capitis.
External radiation therapy to the neck for malignant
diseases, such as Hodgkin’s disease, may deliver high
radiation doses to the thyroid gland (11), but even
external radiation therapy for a thoracic or abdominal
tumor in young children may deliver significant radiation
doses to the thyroid gland, because of their small body
size (12).

Nuclear exposure

On August 6, 1945, the U.S. Army Air Forces detonated
a fission bomb over the Japanese city of Hiroshima and
another bomb three days later over the city of Nagasaki.
Since 1950, the Radiation Effects Research Foundation
has been investigating the late health effects of the
radiation exposure in atomic bomb survivors. In the
cohort of 105,401 subjects, 371 thyroid cancers were
identified from 1958 through 2005. The excess relative
risk of thyroid cancer at age 60 after exposure at 1Gy at
age 10 was estimated as 1.28 (95% confidence interval:
0.59-2.70). The risk decreased with increasing age
at exposure and was minimal for those exposed after
age 20. About 36% of the thyroid cancer cases among
subjects exposed before age 20 were attributable to
radiation exposure (13).

In March 1954, after the Bravo nuclear test on the
Bikini atoll, 245 individuals were exposed to external
beta and gamma radiation and to internally deposited
radionuclides. Nearly 80% of the thyroid radiation dose
was due to short-lived radioactive isotopes of iodine.
Treatment of exposed subjects with levothyroxine was
initiated in 1965, when cases of hypothyroidism and
thyroid nodules were discovered. Thirty-four years after
the test explosion, 55 (22%) thyroid nodules, including
16 (7%) thyroid carcinomas, were diagnosed in the
245 exposed subjects. Twenty-two (1.5%) nodules,
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including 7 (0.5%) carcinomas, were found in 1,495
unexposed subjects from the same geographical region
(3,14). The prevalence of hypothyroidism, thyroid
nodules, and thyroid carcinoma in exposed subjects
increased with the radiation dose to the thyroid gland.
Females were at a higher risk (3.7 fold) of developing
a thyroid nodule than males, and the risk decreased
with increasing age at exposure. In 1987, the study
was expanded to subjects living on atolls away from
Bikini Island and showed that the frequency of thyroid
nodules increased with shorter distances from Bikini
Island. A more recent study was unable to confirm or
refute these conclusions (15). The risk of radiation-
induced thyroid tumors in fact decreases with longer
tollow-up, whereas the risk of spontaneous thyroid
tumors increases with older age.

In 1986, after the accident at the nuclear power
plant at Chernobyl in Ukraine, huge amounts of
radioactivity were released in the atmosphere (over 10"
Bq), including large amounts of radioactive iodines
(16). The radiation dose to the thyroid gland was high
in Belarus, Ukraine, and South Russia because of the
high level of contamination (no food restriction, no
shielding, late evacuation of only some contaminated
populations) and because the uptake of radioiodines
in the thyroid gland was high (iodine deficiency and
no iodine prophylaxis). Because of wind during the
days after the accident, the radiation cloud spread
over large territories in northern and western Europe.
The first cases of thyroid cancers were observed in
contaminated young children in 1990, only 4 years
after the accident in Minsk and Kiev centers (16).
The incidence of childhood thyroid carcinoma then
increased, and in 1995, the incidence rate of childhood
thyroid carcinoma in Belarus reached 40 per million. It
is estimated that 7,000 thyroid cancer cases occurred
among the 2 million highly contaminated subjects who
were younger than 18 years at the time of the accident.
In children, a strong relationship was found between
the dose of radiation delivered to the thyroid gland and
the risk of developing a thyroid cancer (17).

Important differences exist between the nuclear
bombing in Japan and the accident at Chernobyl; during
the atomic bombing, the irradiation was instantaneous
due to gamma rays and neutrons that were released by
the atomic explosion, and the entire body was irradiated.
In Chernobyl, the emitted radiation involved beta and
gamma rays from radioactive iodines (mainly!3' I),
which were concentrated into the thyroid gland, and
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the exposure lasted for days, resulting in radiation doses
to the thyroid gland that were 1,000 to 10,000 folds
higher than the doses to other organs (16).

On March 11, 2011, during the Fukushima nuclear
plant accident in Japan, large amounts of radioactive
isotopes, including 3!, were released. However, the
radiation dose to the thyroid gland was low because
the authorities ordered shielding, evacuation from the
most contaminated territories, and food restriction.
Furthermore, the thyroid uptake of iodine was low
in relation to the high iodine alimentary intake. The
average thyroid dose of residents was < 1 mSv, with
a maximal dose to the thyroid gland of 33mSv., and
during the 5 years following the accident, there was no
increased incidence of clinical thyroid cancers (1 to 5
per million children) (10). The 300,000 people aged
18 years or younger who were living in Fukushima
prefecture at the time of the accident are being
submitted to ultrasonography screening. During the
first screening assessment, 100 cases of thyroid cancer
were found in the screened population, and a similar
incidence was found in a Japanese control population
of non-exposed children and adolescents. These cases
were discovered soon after the accident, and in those
who developed a thyroid cancer, the radiation dose
to the thyroid was low (< 10 mSv.), and there is no
evidence that thyroid cancer incidence is increasing
with time. Therefore, there is no obvious relationship
with the nuclear meltdown; furthermore, the age
distribution at occurrence of thyroid cancer is similar
to that observed in France and Italy in non-exposed
children and was different from the age distribution
observed at Chernobyl (18). The detection of these
cases is related to the sensitivity of screening procedures.

FACTORS MODIFYING THE SENSITIVITY TO
DEVELOPING RADIATION-RELATED THYROID
CARCINOMA

Dose

The main risk factor for the development of a thyroid
cancer after radiation exposure is the radiation dose
delivered to the thyroid gland. In the pooled analysis
of seven studies (5), which was recently extended to
12 studies (18), the risk of thyroid cancer significantly
increased after a mean dose to the thyroid during
childhood as low as 0.05 to 0.1 Gy (50 to 100mGy).
Nevertheless, there is no dose limit below which the risk
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can be totally excluded (19). For this reason, irradiating
procedures such as CT scan that may deliver up to 10
mSv should be avoided in young children whenever
possible, and when performed, it should deliver a
minimal radiation dose.

At doses above 0.05 - 0.1 Gy, the risk increases
linearly with the dose up to 20-29 Gy (OR: 9.8,
3.2-34.8), and at doses higher than 30 Gy, there is
a reduction in dose response (20). This is consistent
with the cell-killing hypothesis, but the risk remains
significant (19,21).

In children exposed to a dose of 1 Gy to the
thyroid, the relative risk of thyroid carcinoma ranges
among series from 5.1 to 8.5 (17,19). It was estimated
that 88% of the thyroid cancers in this group of patients
are attributable to radiation exposure (5,19). A similar
relative risk was observed after external radiation
exposure and in contaminated children who lived
in Belarus and Ukraine at the time of the Chernobyl
accident (17).

In the past, it was thought that the dose rate
(Gy/time unit) was an important parameter because
radiation-induced thyroid tumors were observed after
exposure to external radiation at high dose rates,
but the study of subjects exposed to '*'I for medical
conditions in Sweden did not reveal any increased risk
of thyroid cancer (22). Also, the occurrence of thyroid
tumors in the Marshall Islands was attributed to the
exposure to short-lived radioisotopes of iodine. In fact,
Swedish subjects were adults at the time of exposure
and at an age when people are poorly sensitive to the
carcinogenetic effects of radioiodine (see below). The
consequences of the Chernobyl accident clearly showed
that low-dose-rate exposure due to radioactive iodine
contamination, including with *'I, may induce thyroid
tumors at a young age with similar risk factors compared
to external radiation exposure at a high dose rate.

Age and latency

In the pooled analysis of 12 studies, the patients exposed
to external radiation before the age of 4 years showed
a fivefold greater risk per Gy of developing a thyroid
cancer relative to those aged 10-14 years (19). Likewise,
a study of thyroid cancer after external radiation therapy
for childhood cancer found a 10-fold higher excess
relative risk per Gy (ERR/Gy) for those treated with
radiation at age 0-1 year relative to those aged 15-20
years (19,23). Similar data were observed in Japanese
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survivors of atomic bombings and after the Chernobyl
accident, for whom the risk was maximal when exposed
at a young age and decreased with increasing age at
exposure (17,24).

The risk of thyroid cancer after exposure to external
radiation was believed to be 2-3 fold higher in females
than in males, but this gender effect was not confirmed in
the pooled analysis of 12 studies (19) and was not found in
contaminated children after the Chernobyl accident (24).

After exposure to radiation, the minimum latency
period for the development of thyroid cancer was 5 to
10 years (5,6,25,26). However, a shorter interval was
observed after the Chernobyl accident that may be
related to the large number of contaminated children
among whom few cases of thyroid cancer occurred
carlier, representing a significant increased incidence
due to the rarity of the disease in the general population
at that young age (4). The risk increases and peaks at
20-35 years, declining thereafter; but in survivors of
the Nagasaki and Hiroshima bombings, an excess risk
is still present at 60 years after exposure (5,13).

lodine status and other conditions

In the case of iodine deficiency, the thyroid uptake of
radioactive iodine is high, resulting in high radiation
doses to the thyroid gland. Iodine deficiency may also
increase the proliferation rate of thyroid cells that may
facilitate the occurrence of thyroid cancers, and this
may have occurred in contaminated children in Belarus,
Ukraine, and Russia (17,26,27).

In a cohort of 4,338 5-year survivors of solid
childhood cancer, the thyroid cancer risk increased after
splenectomy and decreased after high radiation doses
to the pituitary gland. The authors hypothesized that
after splenectomy, the immunological alterations could
be involved in the development of thyroid carcinoma
and that, after pituitary irradiation, low serum TSH
levels will result in lower thyroid stimulation (12).

Until recently, chemotherapy administration was
not considered to be a risk factor for thyroid carcinoma
after radiation therapy for a childhood cancer or as
a potential radiation dose response-modifier (5).
However, it is currently considered that chemotherapy
during childhood increases the risk of subsequent
thyroid carcinoma by 4 folds if given alone and that the
risk of chemotherapy is additive to the risk of radiation
therapy when both are given (19).
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The risk of thyroid carcinoma per unit of radiation
dose to the thyroid was higher in subjects with a body
mass index (BMI) higher than 25 or a larger BSA (body
surface area) (12).

These data show that the risk for any radiation dose
to the thyroid gland may be modified by many factors,
but as already stated, screening biases should always be
kept in mind.

Other thyroid pathologies

Several other thyroid abnormalities may be caused by
radiation exposure (28). The risk of hypothyroidism,
probably as a consequence of cellular death, increases
with the radiation dose.

In a study of 4,091 Hiroshima and Nagasaki
survivors, autoimmune thyroid diseases were not
associated with radiation exposure (29). In a study
of patients irradiated for Hodgkin’s disease, the risk
of Graves’ disease was significantly increased (11).
Finally, several studies have indicated that low-doses
of radiation to the thyroid could be associated with an
increased prevalence of anti-thyroid antibodies (30),
but these associations remain controversial.

Personal and familial susceptibility

A familial susceptibility to radiation-induced thyroid
cancer has been suggested by the pedigree of some
families in which several irradiated individuals have
developed a thyroid tumor more often that would be
expected by chance. Also, the association of thyroid,
parathyroid, salivary gland, or neural tumors in a subject
exposed to radiation to the neck suggests a predisposition
to develop tumors after radiation exposure. However,
the natural history of the thyroid cancer was not altered
by any familial concordance (31).

PATHOLOGY AND MOLECULAR BIOLOGY

PTC is the most frequent form of thyroid carcinoma
diagnosed after radiation exposure. After the Chernobyl
accident, most young children had a solid or follicular
PTC subtype with an aggressive behavior and a short
latency period, whereas older children had more
frequently classical PTC that was less aggressive and
was discovered after a longer latency period. Solid
subtype was also frequently observed in the rare PTC
that occurred in young children in the absence of any
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associated with a younger age at occurrence of the tumor
(16,32).

Ionizing radiations induce DNA damage either
directly or by generating reactive oxygen species
(ROS) (16). The thyroid tissue contains a high
quantity of NADPH oxidases, which are specialized
ROS-generating enzymes that are known as NOX/
DUOX. Radiation DUOX1
expression, leading to an important production of

exposure  increases
ROS in the thyroid gland after radiation exposure, and
this may explain its high sensitivity to radiation (33).
This DNA damage includes single- or double-strand
breaks that will result in deletions and chromosomal
rearrangements.

Normal thyrocytes multiply during body growth,
especially before the age of 5 years, and this will favor
the accumulation of genetic defects after radiation
exposure. Mitotic rate decreases with age and becomes
very low in adults. This may explain the high sensitivity
of the thyroid gland to the carcinogenic effects of
radiation at birth, which decreases with increasing age,
becoming low or not significant after the age of 15-20
years (5,16,26,27).

In PTC occurring after radiation exposure, intra-
chromosomal rearrangements are frequently observed.
RET/PTC rearrangements consist in the fusion of
the tyrosine kinase domain of RET with the NH2
terminal domain of another gene that is ubiquitously
expressed, resulting in the constitutive expression of
the transcript. RET/PTC3 rearrangement was the
most frequently observed rearrangement in aggressive
PTC that occurred in young children soon after the
Chernobyl accident, and RET/PTCI rearrangement
was more frequently observed in classical PTC that
occurred later after the accident. Other RET/PTC
rearrangements have been found in Chernobyl thyroid
cancers that may differ either by the partner gene or by
the breakpoint site (34-40). In a series of 26 papillary
thyroid cancers that occurred in highly contaminated
children in Ukraine, kinase fusion oncogenes resulting
from intra-chromosomal rearrangements that activate
the mitogen-activated kinase pathway (MAP kinase
pathway) were found in 23 (including RET/PTC,
BRAF, and TRK rearrangements), and BRAF (n = 2)
and TSHR (n = 1) gene point mutations were found in
only 3 tumors (36). In contrast, in 27 sporadic papillary
thyroid cancers that occurred in non-contaminated
children from Ukraine, gene rearrangements were

found in 9, and BRAF (n = 7) or NRAS (n = 2) gene
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point mutations were found in 9 tumors, and no
driver mutation was found in 9 tumors. In conclusion,
in radiation-induced PTC, gene rearrangements are
frequently found and point mutations are infrequent;
in rare PTCs occurring in children in the absence
of previous radiation exposure, RET/PTC gene
rearrangements are more frequent than in adults but
less frequent than in radiation-induced PTC (41).

A transcriptomic signature that includes genes that
are differently expressed in sporadic tumors relative
to tumors occurring after external radiation exposure
during childhood permits the distinction of these
two groups of tumors with a sensitivity of 0.92 and a
specificity of 0.85 (42). Furthermore, this signature
allows for classitying tumors from Belarus and Ukraine
as either sporadic or occurring in highly contaminated
subjects during the Chernobyl accident (43). These
data confirm previous studies (44-47) and suggest
that radiation-induced tumors may have some specific
molecular characteristics, but this should be confirmed
on a larger series of tumors.

MANAGEMENT

The risk of developing a thyroid cancer and its temporal
pattern of occurrence is of clinical importance for the
long-term surveillance of late effects of radiation to the
neck. In daily practice, the clinician could be in front
of patients who have been exposed to external radiation
or patients with thyroid abnormalities that require the
search for a history of radiation exposure (28).

In the case of external radiation exposure, the risk
of radiation-induced thyroid tumor can be estimated
according to the age at exposure and the dose delivered
to the thyroid gland; additionally, it is important to
search for other effects of radiation and a personal or
tamily history of head and neck tumors.

An physical
ultrasonography of the thyroid gland and of lymph
node areas are performed. Also abnormalities that may
be induced by radiation exposure to the neck such as
tumors of the salivary glands, hyperparathyroidism, and
neural tumors should be screened.

exhaustive examination  and

Laboratory tests include screening for hypothyroidism
(TSH) and hyperparathyroidism (calcium). Radiation
exposure during childhood increases the risk of
hyperparathyroidism, and this risk increases with radiation
doses (48,49). Subjects exposed to radiation with high
Tg levels and with a normal clinical examination have an
increased risk of developing thyroid nodules (50).
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Patients with a history of radiation exposure during
childhood (Figure 1) should be submitted to follow-up
for life. Patients without abnormalities can be evaluated
every 1 to 5 years, according to risk factors.

TSH-Tg-calcium
Clinical examination
Neck ultrasonography

v
No nodule | Nodule < 1 cm |

v A 4 A 4
| Risk factors® LT4 treatment 6 months |

| Nodule > 1 cm |

Low risk High risk
ow s Malignant or
l 1 suspicious
<1.cm/no >1cm
suspicious findings
A 4 A 4 A 4

Follow-up Yearly follow-up Surgery and
(1-5 years) (on LT4 treatment) LT4 treatment

Figure 1. Work-up of subjects with a history of external radiation during
childhood.

* Risk factors include young age at radiation exposure, high radiation dose
to the neck, personal and familial susceptibility, and elevated serum Tg
concentrations. Levothyroxine therapy is considered if needed to maintain
a TSH in the low-to-normal reference range.

Solid thyroid nodules larger than 1 cm in diameter
are submitted to fine needle biopsy for cytology. If
multiple nodules are found, the fine needle biopsy is
indicated in nodules that are suspicious at ultrasound.
Patients with sub-centimeter nodules are controlled
every 1-2 years with ultrasonography.

Hypothyroidism is treated with levothyroxine.
In addition, levothyroxine treatment is considered in
euthyroid patients with high risk factors and in patients
with small nodules in order to maintain the serum TSH
levels in the low normal range.

If the cytology suggests the presence of a papillary
carcinoma, a total thyroidectomy is recommended.
Total thyroidectomy is also performed when surgery
has been decided for an apparently benign nodule, with
the aim of reducing the risk of nodule recurrence.

PREVENTION

Evaluation of the consequences of the Chernobyl
accident has clearly demonstrated that contamination
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with radioactive isotopes of iodine during childhood
increases the risk of developing a thyroid cancer. It is
therefore warranted to avoid any thyroid irradiation
in case of atmospheric contamination by means of
shielding, food restrictions, and evacuation if necessary
and with the administration of large amounts of stable
iodine.

Stable iodine, administered as potassium iodide
(KI), inhibits the thyroid uptake of radioactive iodine
by more than 98% if it is administered several hours
before contamination, by 90% at the time of the
contamination, and by 50% if it is given 6 hours after
the accident. Uptake will be low during 48-72 hours
and then will re-increase.

KI prophylaxis should be administered in priority to
children and pregnant women. It is not recommended
for people over 60 years or those with cardio-vascular
disease. KI can induce thyrotoxicosis in subjects with
nodular goiter or thyroid autonomy. In Poland, after the
Chernobyl accident, KI doses were distributed to over
18 million subjects, and no case of thyrotoxicosis has
been reported, and only a few subjects had symptoms
(51). The newborns of mothers who took KI at the end
of their pregnancies had increased serum TSH at birth,
but this was transient, and no neurological sequelae
were observed.

In France, KI was distributed to the population
that lives within 10 kilometers of one of the 19 French
nuclear power plants (52). In case of atmospheric
contamination, the public authorities will establish the
need for and timing of iodine prophylaxis.

In France, each tablet contains 65 mg of KI
(equivalent to 50 mg of iodine) with a chemical stability
of at least 5 years. The tablets can be dissolved in water,
milk, or fruit juice and can be divided in 4 pieces. It
is not recommended to ingest these tablets with an
empty stomach. The recommended doses are: 100 mg
of iodine (130 mg KI, two tablets) for adult subjects
(including pregnant women); 50 mg of iodine (65 mg
KI, one tablet) for children below 13 years of age; 25
mg of iodine (32.5 mg KI, half tablet) for children
below 3 years of age; 12.5 mg of iodine (16 mg KI,
quarter tablet) for newborns.

For the International Atomic Energy Agency, the
intervention level for the administration of stable iodine
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is when the thyroid gland of children may receive an
estimated dose of 50 mSv or more (53,54). Western
nuclear reactors are fitted with filters that will decrease
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an isolating barrier (not present at the Chernobyl plant),
which should ensure a delay of several hours between a
serious accident and the release of radioactive material
into the atmosphere. Public authorities must capitalize
on this time interval to organize iodine prophylaxis.

CONCLUSION

The consequences of radiation exposure of the thyroid
gland are well known. The risk of thyroid carcinoma after
exposure to doses higher than 0.05 - 0.1 Gy is higher
in younger children at the time of exposure. All efforts
should be performed to avoid any radiation exposure
during childhood.
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