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Abstract: The incidence of differentiated thyroid cancer (DTC) is steadily increasing globally. Epi-
demiologists usually explain this global upsurge as the result of new diagnostic modalities, screening
and overdiagnosis as well as results of lifestyle changes including obesity and comorbidity. However,
there is evidence that there is a real increase of DTC incidence worldwide in all age groups. Here, we
review studies on pediatric DTC after nuclear accidents in Belarus after Chernobyl and Japan after
Fukushima as compared to cohorts without radiation exposure of those two countries. According to
the Chernobyl data, radiation-induced DTC may be characterized by a lag time of 4–5 years until
detection, a higher incidence in boys, in children of youngest age, extrathyroidal extension and
distant metastases. Radiation doses to the thyroid were considerably lower by appr. two orders
of magnitude in children and adolescents exposed to Fukushima as compared to Chernobyl. In
DTC patients detected after Fukushima by population-based screening, most of those characteristics
were not reported, which can be taken as proof against the hypothesis, that radiation is the (main)
cause of those tumors. However, roughly 80% of the Fukushima cases presented with tumor stages
higher than microcarcinomas pT1a and 80% with lymph node metastases pN1. Mortality rates in
pediatric DTC patients are generally very low, even at higher tumor stages. However, those cases
considered to be clinically relevant should be followed-up carefully after treatment because of the
risk of recurrencies which is expected to be not negligible. Considering that thyroid doses from the
Fukushima accident were quite small, it makes sense to assess the role of other environmental and
lifestyle-related factors in thyroid carcinogenesis. Well-designed studies with assessment of radiation
doses from medical procedures and exposure to confounders/modifiers from the environment as
e.g., nitrate are required to quantify their combined effect on thyroid cancer risk.

Keywords: rising incidence of thyroid cancer; screening and overdiagnosis; pediatric thyroid cancer
after Chernobyl and Fukushima; nitrate and thyroid carcinogenesis
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1. Introduction: Thyroid Cancer Incidence in Adults

In the last thirty years, the incidence of differentiated thyroid carcinoma (DTC) has
been steadily increasing globally and especially rapidly in developed countries such as
South Korea, France, Italy, and the United States. For example, in the United States, DTC
incidence increased from 4.56 per 100,000 person-years in 1974–1977 to 14.42 per 100,000
person-years in 2010–2013 [1]. For decades, researchers have explained the global rise
in DTC as the result of new diagnostic modalities and highly sensitive equipment and
screening [2,3]. For this reason, specialists in several countries now recommend against
unnecessary screening to avoid overdiagnosis [3]. On the other hand, cancer registries
recorded a significant increase not only of small, early stage tumors but larger, later-stage
tumors too, which is contrary to the idea of the dominant impact of screening [1,4].

In contrast with the major increases observed for incidence, long-term DTC mortality
declined almost everywhere, or stabilized around a value of 0.5/100,000 in both sexes.
Only in Canada, the United States, and Australia, the downward trends leveled off or
slightly increased since around the 1990s in both sexes [5]. Statistically significant mean
annual increases of mortality from 1986 to 2015 were recorded in the United States for both
sexes with 0.06% (95% CI: 0.01–0.12) in women and 0.21%, (95% CI: 0.19–0.23) in men, and
in Canada in men with 0.08% (95% CI: 0.02–0.13) [5]. Above that, according to a more
comprehensive analysis from the Surveillance, Epidemiology, and End Results Registry
(SEER), overall DTC incidence-based mortality increased significantly in the USA during
1994–2013 by 1.1% per year (95% CI: 0.6–1.6%), which was mainly related to advanced
stage papillary thyroid carcinoma with 2.9% per year (95% CI: 1.1–4.7%) [1]. Recently
Yan et al. (2020) performed a retrospective analysis of all 69,684 individuals with DTC
reported in the California Cancer Registry (2000–2017) [6]. The authors pointed out that
thyroid cancer-specific mortality rates increased on average by 1.7% per year (p < 0.001);
in men by 2.7% per year (p < 0.001) and in cases with larger tumors (2–4 cm) by 3.4% per
year (p < 0.05). However, the mortality rates of women and patients with tumors ≤1 cm
remained stable [6].

With the exception of very small tumors, these troubling indicators suggest that the
focus on screening and detection on “early cancers” as the only cause of the upsurge in
DTC incidence may obscure other factors that possibly cause aggressive and lethal cancers,
which are most likely environmental in nature.

This article reviews relevant studies on pediatric DTC in Belarus (exposed to Cher-
nobyl radiation and without such exposure) and Japan (exposed to extremely low dose
radiation from Fukushima and without such exposure). We try to find out possible factors
additional to accidental radiation exposure (in particular, medical diagnostic radiation
exposure and excessive nitrate intake) that might synergistically contribute to the alarming
rise not only of small clinically “indolent” thyroid cancers witnessed in many industrialized
countries on the globe. Additionally, comparison of the clinical features and consequences
for treatment and prognosis shall provide a better understanding of the role of screening as
a potential trigger for increased incidence.

2. Trends in Pediatric Thyroid Cancer Incidence Worldwide

Differentiated thyroid carcinoma accounts for 2–4% of all pediatric malignancies and
is a relatively rare tumor. The incidence of thyroid cancer in children below 14 years of age
is 0.5–1.2/million and 4.4–11/million for adolescents between 15 and 19 years of age, with
constantly growing number of cases in both Europe and America [7,8].

Trends in pediatric thyroid cancer incidence in the United States were studied by
Bernier et al. (2019) among 7296 cases of 0–19 year-old children and adolescents using data
from 39 U.S. cancer registries during 1998–2013. Age-standardized incidence rates (ASR)
of pediatric DTCs significantly increased by 4.4%/year (95% CI: 3.74–5.13). Annual percent
change (APC) of DTC incidence were highest for small tumors sizes <1 cm = +9.5%/year
(95% CI: 6.13–12.90), intermediate for sizes 1–2 cm = +7.0%/year (95% CI: 4.31–9.60) and
lowest for sizes >2 cm = +4.7%/year; (95%CI: 2.75–6.67). This observation could be related
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to a screening effect. However, APC of DTC incidence rates increased significantly over the
time period with advancing tumors stages from localized +4.1%/year (95% CI: 2.84–5.29),
regional +5.7%/year (95% CI: 4.64–6.73) to distant +8.6%/year (95% CI: 5.03–12.19) [8]. The
authors concluded that significantly increasing rates of pediatric DTC are unlikely to be
entirely explained by enhanced medical surveillance during childhood as rates of large
and late stage DTCs are increasing over time [8].

In a cross-sectional study by Qian et al. (2019), 1806 individuals younger than 20 years
with thyroid cancer of the SEER from 1973 to 2013 were analyzed. The main result of this
analysis was that incidence of pediatric thyroid cancer gradually increased by 1.1% per year
from 1973 to 2006 and markedly increased by 9.6% per year from 2006 to 2013. It should
be noted that the incidence of large tumors (>20.0 mm) gradually increased from 1983 to
2006 (APC: 2.23%; 95% CI: 0.93–3.54%) and then significantly increased from 2006 to 2013
(APC: 8.84%; 95% CI: 3.20–14.79%). Additionally, the incidence rates of regionally extended
thyroid cancer gradually increased from 1973 to 2006 (APC: 1.44%; 95% CI: 0.68–2.21%)
and then significantly increased from 2006 to 2013 (APC: 11.16%; 95% CI: 5.26–17.40%).
This significant increase in large and regionally extended tumors indicates that enhanced
diagnosis of small, indolent thyroid cancers is not solely responsible for this trend and
represents a true increase [9].

Recently, a group of Brazilian researchers [10], based on a study of 11 registries,
reported that the age-adjusted incidence rates of thyroid cancer in children (0–14 years)
significantly increased from 0.2 in 2000 to 2.8 per million in 2013 with an annual average
percent change of 18.8 [95% CI: 8.1–30.6]. The authors concluded that this increased
incidence is unlikely to be explained by screening, as children less than 14 years of age
do not routinely undergo medical surveillance for thyroid tumors and environmental risk
factors must be discussed [10].

This year, Vaccarella et al. (2021) [11] performed a population-based comparison of
thyroid cancer incidence in children and adolescents aged 0–19 years (in 49 countries and
territories) and mortality (in 27 countries) based on data from the International Incidence of
Childhood Cancer Volume 3 study database, the WHO mortality database, and the Cancer
Incidence in Five Continents database. Age-standardized incidence rates of thyroid cancer
among children and adolescents in 2008–12 ranged from 0.4 (in Uganda and Kenya) to
13.4 (in Belarus) cancers per 1 million person-years. Rapid increases in incidences between
1998–2002 and 2008–2012 were observed in almost all countries and strongly correlated
(r > 0.8) with rates in adults. Thyroid cancer mortality in children and adolescents was
less than 0.1 per 10 million person-years in each country. Contrary to studies cited above,
the authors are suggesting a major role for overdiagnosis, which, in turn, can lead to
overtreatment [11]. However, in a previous paper on rising thyroid cancer incidence in
adults, Vaccarella et al. (2016) gave more concrete estimates about the percentages of cases
being presumably overdiagnosed by screening with 70% in Italy, France and South Korea,
40% in the United States and less than 25% in Japan, the Nordic Countries, England &
Scotland and Australia [2].

To recapitulate the data from the literature cited above, thyroid cancer incidence in
children and adolescents is increasing considerably over time worldwide. On the contrary,
thyroid cancer mortality in this age group remains constantly low. However, it seems to be
premature to conclude that overdiagnosis by screening plays a major role in this context
for several reasons:

(1) First, recommendations on prevention of “overdiagnosis” and “overtreatment” of
DTC merely on the basis of data from epidemiological registries should not be gener-
alized without taking into account the clinical behavior of this tumor.

(2) Experiences with screening in adults show that only round about 50% of thyroid
cancers detected with screening are early, “indolent” tumors.

(3) Disproportional increases of incidences in larger, regionally extended and later-stage
tumors in pediatric DTC demand for adequate diagnostic and therapeutic concepts.
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(4) Even if mortality of DTC in children and adolescents is low, the risk of recurrencies
in those clinically relevant tumors with disproportionate increases should not be
trivialized.

3. Pediatric Thyroid Cancer after the Chernobyl Reactor Accident in Belarus

It is well known that exposure to radiation to atomic bomb survivors and those
exposed by therapeutic procedures is linked to an increased risk for DTC specifically in
children. However, when Belarusian scientists first reported in Nature a surge in pediatric
DTC 4 years after the Chernobyl accident in April 1986 [12], a dozen international experts
disputed this finding [13,14]. They attributed the increases to mass screening and local
iodine deficiency.

Today, the high increase in the incidence of thyroid cancer among children, who were
diagnosed in Belarus between 1986 and 1996 after the Chernobyl accident from 0.5/ up
to 30/1 million/ year is well accepted. In the areas of Belarus most heavily contaminated
with radionuclides, the incidence even increased to 90 cases/million/year [15,16].

In detail, data obtained from different screening programs by both international and
local organizations in contaminated areas of Belarus (1990–2000) showed variations of
childhood DTC prevalence between 0.2% and 0.6% in Gomel, 0.3% in Brest and 0.008% in
Mogilev [17–20]. In 1996, an UNSCEAR committee acceded that the “DTC epidemic” was
real and that among children under age 18 in 1986 was largely caused by internal exposure
to radioactive iodine due to consumption of contaminated milk and food. Between 1991
and 2005, 6848 cases of childhood DTC were reported [21]. The increase of thyroid cancer
cases began to appear about 4–5 years after the accident, persisted up until 2005 and was
most expressed among the children under age 10 years at the time of the accident [21–23].

Therefore, the main health effect of the Chernobyl accident in the population is an
increase in the incidence of thyroid cancer in children. The assessment of radiation doses to
the thyroid confirms the link with exposure to radioiodine. Individual thyroid doses due
to 131I depended on the region of exposure, cow’s milk consumption and the age of the
person. Population-averaged thyroid doses among children of youngest age reached from
some mGy up to 750 mGy in the most contaminated area, the Gomel Oblast of Belarus [24].
Uncertainties of dosimetry varied in range from 1.6 for doses based on individual-radiation
measurements to 2.6 mean geometric standard deviations of individual stochastic doses
for “modelled” doses [21,24].

Concerning the clinical relevance of DTC in children detected after Chernobyl, it
is necessary to consider clinicopathological characteristics of patients exposed and non-
exposed to radiation (sporadic cases). Data from 936 cases of radiation-related DTC in
Belarus after Chernobyl [25] and 127 non-exposed cases [26] were published as summarized
in Table 1. Radiation-related carcinomas as compared to sporadic tumors were diagnosed
significantly more often in boys than in girls (36% vs. 19%), in children as compared to
adolescents (56% vs. 34%), and displayed significantly more frequently clinicopathological
features of higher tumor aggressiveness with extrathyroidal extension 57% vs. 46% and
follicular dominant structural component (48% vs. 31%). Table 1 also shows that distant
metastases (to the lung) were significantly more frequent in radiation-related cases (11%)
as compared to sporadic ones (2%). The mean tumor diameter amounted to 14.4 mm
(range 1–124). With respect to the prevalence of microcarcinomas (smaller than 1.0 cm),
the percentages of radiation exposed cases (41%) and sporadic cases (38%) did not differ
significantly. Lymph node metastases were very frequent with 74% and 72%, respectively,
in both groups. In the Chernobyl group, the proportion of stage pN1b cases showing
up with metastases in the lateral neck lymph nodes was relatively high with 40.4% as
compared to central lymph nodes stage pN1a with 33.4%. In non-exposed patients, this
disproportion was even more pronounced (N1a-22.8%; N1b-48.8%, not shown in Table 1).
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Table 1. Clinicopathological characteristics of thyroid cancer in children and adolescents from Belarus
(post-Chernobyl and sporadic cases).

BY Chernobyl BY Sporadic p-Value

n = 936 n = 127

Reference [25] [26]

Sex F/M (%M) 600/336 (36) 103/24 (19) <0.001
Children/Adolescents (%Children) 521/415 (56) 43/84 (34) <0.001

Microcarcinoma (%) 386 (41) 48 (38) 0.501
Lymph node metastasis, N1 (%) 691 (74) 91 (72) 0.593

Distant metastasis, M1 (%) 104 (11) 3 (2) <0.001
Multifocality (%) 60 (6) 6 (5) 0.560

Extrathyroidal extension, any (%) 387/674 (57) 46/101 (46) 0.031
Dominant structural component

Papillary (%) 300 (32) 64 (50) <0.001
Follicular (%) 453 (48) 40 (31) <0.001

Solid (%) 183 (20) 23 (18) 0.811

The post-Chernobyl pediatric patients were operated in 69% with total thyroidectomy
and in 31% with subtotal or hemithyroidectomy. Repeated operations due to relapses
had to be performed in 21% of patients, and more than 3 operations were necessary in
2.2% [25,27]. Radioiodine therapy (RAI) was carried out in 69% of patients after total
thyroidectomy [25,27].

Late results of follow-up of the Chernobyl childhood thyroid carcinomas show that
in spite of its clinical behavior, 20-year event-free survival and relapse-free survival rates
were 87.8% and 92.3%, respectively, with a median follow-up of 15.4 years. Overall
survival was 96.9% [25]. Since 1990 till 2014, 21 patients (1.9%) died among them 2 from
advanced disease, 3 from secondary malignancies, and 3 from other internal diseases;
7 patients committed suicide, and 6 died due to accidents/traumas. Belarusian experience
and analysis of long-term follow-up data show that for locoregional relapses after non-
total thyroidectomy, the principal risk factors were age less than 15 years at presentation
and multifocal growth of tumors, and for distant relapses–the lateral neck lymph node
metastases [25,27].

During the follow-up, up to 50% of patients have a number of different health problems
related to thyroid cancer treatment such as hypoparathyroidism (12–36% with respect the
type of surgery), laryngeal nerve palsy (permanent in 6%, transient in 2%), difficulties
of long-term LT4 replacement therapy (up to 40% of patients), RAI side effects (salivary
gland dysfunction 44.8%, xerostomia 36%), or depressive states (38%) [28–32]. Recently, a
case–control study among females developing DTC after the Chernobyl accident in Belarus
≤19 years at the time of thyroid surgery compared reproductive health indicators over
a 20-year follow-up period in patients given RAI (n = 111) and controls not given RAI
(n = 90). Among RAI patients, 78% of cases versus 93% control had a history of pregnancy
(p < 0.01), and the mean number of pregnancies was 1.5 ± 1.2 in RAI patients versus
1.9 ± 1.1 in controls (p < 0.05). It should be noted that infertility was diagnosed in 23% of
RAI patients and only in 4% of controls (p < 0.01) [33].

Long-term overall survival was excellent in Chernobyl children with DTC from Be-
larus with 97% after 15 years, however recurrencies occurred in 28% [25,30]. It is well
known that risks to develop a second primary malignancy (SPM) after RAI are increased
for the gastrointestinal tract (salivary glands, stomach, colorectum), the genitourinary
tract (kidneys, bladder, uterus), and the hematopoietic system (leukemia) [34–36]. The
Belarusian experience shows that among patients with radiation-related thyroid cancer
who were operated and treated with radioiodine in childhood, the overall incidence of SPM
during follow-up of 15 years is roughly 1% (comprising hematological, cervical, breast,
and colonic malignancies) [28]. This percentage seems to be surprisingly low, but patients
are still relatively young and longer follow-up of those patients is needed.
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To summarize the experiences with Chernobyl-related pediatric thyroid cancer, there
is no doubt that radiation played a major role in pathogenesis of these tumors, which can
be characterized briefly as follows:

(1) Incidence increased first after 4-year latency in the youngest age group 0–9 years at
the time of the accident, and the increase was highest in this age group by a factor of
appr. 50.

(2) High radiation doses to the thyroid up to 750 mGy were mainly caused by ingestion
of contaminated milk and food.

(3) Clinically, radiation-related childhood cancers differed from sporadic ones mainly
by a higher incidence in boys and children of youngest age, extrathyroidal tumor
extension and distant metastases. On the other hand, lymph node metastases were
very frequent both in radiation-exposed and sporadic cases.

(4) In spite of signs of aggressive tumor behavior, 15 years overall survival in radiation-
related cases after Chernobyl with more than 95% is excellent. However, quality of
life of the patients may be restricted considerably by tumor recurrencies in appr. 30%
of patients.

(5) Roughly 50% of the patients suffer from treatment-related side effects, which more or
less are unavoidable if overall high long-term survival is the treatment goal specifically
in patients with advanced tumor stages.

4. Pediatric Thyroid Cancer after the Fukushima Nuclear Accident in Japan

In October 2011, seven months after the meltdown of three reactors at the Fukushima
Daiichi Nuclear Power Plant, Japanese authorities started the Fukushima Health Manage-
ment Survey, including thyroid ultrasound examinations, targeting some 370,000 people
age 18 and younger [37,38]. The baseline incidence of childhood and adolescent DTC
by ultrasound screening in Fukushima was surprisingly high with 116 cases per 300,473
examinees (0.038%) for the first-round examination by March 2014 [38]. Later, from 126
patients who underwent surgery at Fukushima Medical University Hospital by September
2016, 119 cases of papillary thyroid cancer were available for review [39,40].

Because the estimated average radiation doses to the thyroid vary by two orders of
magnitude between Fukushima (a few mSv) and Chernobyl (several hundred mSv) experts
attributed the Fukushima cancers to the population-based screening program [41,42].

Definitely, screening should have played an important role; in support—typically
for a screening effect—the detection rate in three screening rounds of the Fukushima
Health Management Survey decreased by a factor of ten over the time of 7 years [41].
As compared to Chernobyl, Fukushima childhood cancers cases detected by screening
appeared immediately after the accident and not with a latency of 4–5 years which was the
case after Chernobyl, which again is considered as an argument against radiation exposure
as the main cause of Fukushima thyroid cancer cases detected by screening [42]. However,
despite of the screening, it should be considered that most cases of cancer in Fukushima
were clinically not “indolent” and would presumably have been diagnosed sometime later
because of clinical symptoms (as e.g., lumps in the neck or enlarged lymph nodes), which
then need to be treated.

In 2019, Suzuki et al. from Fukushima Medical University published their experiences
with surgical treatment of 115 cases of DTC in children adolescents detected by population-
based screening after the Fukushima reactor accident [40]. Mean age was 17.8 years (range
9–23); 64% of the cases were female and 36% male. The mean tumor diameter amounted to
14.8 mm (range 6–51); only 17.4% of the cases were staged as microcarcinomas stage pT1a.
By the way, the TNM classification does not take into account the specific anatomy of the
thyroid in children (TNM 7th edition). The pT1a category of a tumor <1 cm diameter is
defined for healthy adults with a normal thyroid volume of appr. 20 mL. In contrast, for a
10-year old child, with a normal thyroid volume of appr. 8 mL, the pT1a limit should be
reduced to 0.4 cm! [43].
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Of note, 42.1% of the tumors operated at Fukushima University Medical center [40]
presented with extrathyroidal spread to fat and connective tissue of the neck. Above that,
80% of the 115 cases presented with lymph node metastases (pN1), among them 63.5% with
central (pN1a) and 16.5% lateral (pN1b) metastases to the neck lymph nodes [40]. Suzuki
et al. compared subgroups of 78 patients diagnosed within 4 years after the accident and
37 more than years after it. They found no differences of the characteristics and assume,
that the tumors have a common etiology. This is considered to be important because after
Chernobyl, DTC incidence rose with a latency of 4 years which suggests that radiation is
not this “common etiology” in Fukushima [40].

In the Fukushima thyroid cancer cases, hemithyroidectomy was performed in 92%,
total thyroidectomy in 8%, lymph node dissection of the central compartment in 85% and
of the lateral compartment in 15% of all Fukushima cases [40].

For comparison, data from non-radiation exposed children and adolescents with
thyroid cancers from Tokyo Ito hospital can serve [44]. Mean age of these 153 cases
(136 females, 17 males) was 16 years (range 7–18). Tumors were larger with a mean
diameter of 25 mm (interquartile range IQR 17–40). Primary tumor size ≤10 mm was
diagnosed in 7.2% of cases.

The children and adolescents with DTC from Tokyo showed lymph node metastases
in 73.2%, among them stage N1a in 20.9% and pN1b in 52.3%, Interestingly, the lymph
node positivity did not depend on tumor size. Gross extrathyroidal extension was found
in 5.9%. Total thyroidectomy was performed in 24% and neck dissection in 83% of the
patients. The median follow-up period of this study was 14.8 years; no patient died of the
disease but 22.2% of patients developed recurrences, among them in 5.8% secondaries to
the lung [44]. The 10-, 20-, and 30-year disease-free survival rates were 83.8%, 71.7%, and
53.5%, respectively. Multivariate analysis revealed the following risk factors (hazard ratios
HR) related to worse disease-free survival: extrathyroidal growth HR = 7.04 (p < 0.005),
more than 10 metastatic lymph nodes HR = 3.49 (p < 0.005) and clinically detectable lymph
node metastases cN1 HR = 3.40 (p < 0.005). In addition, applying univariate statistics,
lateral lymph node metastases pN1b were associated with poorer survival (HR = 4.35,
p < 0.005) [44].

To summarize the experiences with Fukushima-related pediatric thyroid cancer cases,
there is no proof that radiation played a major role in pathogenesis of these tumors:

(1) Low radiation doses to the thyroid between 10 mGy and 50 mGy as compared to
Chernobyl were due to considerably lower emissions from the damaged reactors
affecting the population as well as evacuation and ban of contaminated food and milk.

(2) The incidence was relatively high immediately after the beginning of the population-
based screening without a latency time, different from Chernobyl.

(3) Fukushima related pediatric thyroid cancer cases were older as compared to the
Chernobyl patients.

(4) Clinically, the percentage of Fukushima microcarcinomas pT1a (17.4%) seemed to be
lower as compared to Chernobyl cases (41%), but higher as compared to cases from
Tokyo (7.2%).

(5) It is too early for any reliable conclusions on the prognosis of pediatric thyroid cancer
cases detected by population-based screening in Fukushima. It has to be investigated,
if prognostic indicators, which are derivable from Japanese children and adolescents
operated in Tokyo, are applicable for Fukushima patients too.

(6) Anyhow, it should be very clear that a large proportion of thyroid cancers detected
by Fukushima population-based screening cannot be dismissed as “indolent” not
needing appropriate treatment and follow-up.

5. Other Factors Potentially Contributing to the Increasing Incidence of
Thyroid Cancer

Observations from Belarus, Japan and all over the world lead to the question if there
are other factors in addition to a screening effect behind the high prevalence of clinically



Int. J. Environ. Res. Public Health 2021, 18, 3444 8 of 12

relevant DTC in the population. Maybe those even low doses of radiation by diagnostic
imaging at early ages or exposure to environmental hazards might trigger thyroid cancers
in children.

A very large study by Hong et al. (2019) of 12 million youths in Korea demonstrated
an increased thyroid cancer risk (2.19; 95% CI: 1.97–2.20), including DTC in children, with
histories of low doses of radiation from diagnostic procedures [45]. In the U.S between
1996 and 2005, the use of CT scans tripled for children 5 to 14 years of age and this might
have contributed to rising pediatric DTC rates [46]. However, especially in young patients,
it is good clinical practice not to expose somebody to radiation for screening or diagnosis
of trivial diseases. Therefore, when epidemiological studies describe an increased thyroid
cancer risks related to diagnostic radiation exposure, the “reverse causation” [47] has to be
excluded in the sense that (1) DTC detected was not the indication for radiological imaging
and, more importantly, (2) the indication for imaging was not another cancer disease (e.g.,
tumor of the brain), which may predispose the patient for thyroid cancer if this tumor had
been treated previously with radiotherapy. In support in the British Childhood Cancer
Survivor Study, the standardized incidence ratio for thyroid cancer as second primary
malignancy was highly significantly elevated 18.0 (95% CI: 13.4–23.8) in patients after
radiotherapy of brain tumors [48].

More evidence from radiation and molecular biology is needed to better combine
epidemiology of DTC with biology-based models of carcinogenesis [49].

Recently published meta-analyses to estimate the association between thyroid cancer
risk and iodine intake demonstrated considerable controversy [50–52]. Cao et al. (2017)
found that excess iodine intake with water in China (>300 mg/d) correlated with reduced
risk of thyroid cancer (OR = 0.74, 95% CI, 0.60–0.92) and so was considered as a protective
factor [51]. However, another meta-analysis by Lee et al. (2017) found a positive association
between thyroid cancer risk and iodine exposure (OR = 1.41 (95% CI, 1.05–1.90) [52].
Presumably these conflicting observations are related to more sensitive diagnosis and
living conditions and not to iodine supply [53].

Comorbidity and individual susceptibility may also be considered as etiologic factors
of thyroid cancer. A meta-analysis of twelve prospective observational studies by Liang
et al. (2018) showed an association of benign thyroid diseases (goiter, hyperthyroidism,
thyroiditis) with thyroid cancer risk [54] that cannot be completely associated with greater
medical surveillance [55]. A relatively strong association for genetic susceptibility to
thyroid cancer was disclosed for rs965513 (PTCSC2/FOXE1) on chromosome 9q22.33 [56].
Obesity is a well-described risk factor for thyroid cancer [57,58]. Schmid et al. (2015)
published a meta-analysis and demonstrated that the thyroid cancer risk in overweight
persons is 25% greater and in individuals with obesity with 55%, respectively, than in their
normal weight peers [58]. Several studies have reported, surprisingly, a protective effect of
smoking, which may be associated with estrogen metabolism [59,60].

In recent decades, more and more information has been published on the negative
health impact of “endocrine disruptors”, environmental pollutants like pesticides, asbestos,
benzene, polychlorinated biphenyls (PCB), formaldehyde, polyhalogenated aromatic hy-
drocarbons (PHAHs), bisphenol A (BPA), and nitrates.

Nitrate has to be considered for as a major and ubiquitous environmental factor, which
is used worldwide in exponentially increasing amounts during the past 60 years as crop
fertilizer and for food preservation. Nitrates can accumulate for years in both ground
and surface water and also pollute the air until the concentration is harmful to human
health [61–65]. A meta-analysis of Xie et al. (2016) examined data from 62 observational
studies, 49 studies for nitrates and 51 studies for nitrites, including a total of 60,627 cancer
cases. The authors showed that dietary nitrite intake was positively associated with thyroid
cancer risk with pooled RR of 1.52 (95% CI: 1.12–2.05) [66].

Ecological studies in Belarus after the Chernobyl accident suggest that drinking water
with high nitrate content could potentiate the effect of radiation dose and might have
affected the rates of DTC in exposed children. According to the official statistics in Belarus
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from 1960 to 1990, the average nitrate level in drinking water rose sharply about 40-
fold, from 1.1 to 41.6 mg/L. The reason for this increase was the intensification of the
use of nitrate fertilizers in agriculture from 4 to 92 kg/hectare [20]. Among 1044 cases of
pediatric radiation-related DTC from Belarus, the thyroid cancer incidence was significantly
correlated with the radiation dose (p = 0.029), but the effect of radiation was influenced
significantly by the level of nitrates in local drinking water (p = 0.004) [20].

The combined influence of Chernobyl related radiation and nitrates particularly in
rural residents is assumed to increase the risk for thyroid cancer [67]. Proper epidemiologi-
cal research like well-designed case–control studies are essentially needed in the future to
explore this interrelation.

In contrast to Belarus and Ukraine affected by the Chernobyl accident, the nitrate con-
centration in water and food is strictly regulated in Japan and did not exceed the reference
range at the time of the Fukushima accident [68]. Orita et al. (2015) reported the result of
nitrate concentrations in drinking water in Fukushima prefecture. In Kawauchi village,
the average nitrate-N level was in the normal range 0.62 mg/L (0.20–2.51 mg/L). The
authors concluded that proper studies of dietary nitrate intake are also required to better
understand the high incidence of pediatric DTC detected by Fukushima population-based
screening [68]. In such studies, not yet established factors (such as excess dietary iodine
supply, overweight, hormonal effects, inflammatory conditions, endocrine disruptors and
environmental factors) could have been involved.

(1) To summarize the role of potential carcinogenic factors in addition to high doses of
radiation—as involved after the Chernobyl accident—a number of confounders may
play a role.

(2) It seems not to be probable that low doses of radiation per se applied for medical
diagnostics can induce thyroid cancer in childhood. However, this may be the case if
such radiation is combined with confounders.

(3) Among those, attention should be spent to nitrate, which is known to increase the
risk as such for different cancers (among them thyroid cancer moderately).

(4) New data from Belarus lead to the suspicion that nitrate in drinking water increases
in combination with radiation the risk for thyroid cancer.

(5) Systematic studies are needed to properly investigate this assumption. Such in-
vestigations have to take into account other known or suspected confounders in
thyroid carcinogenesis—genetic factors, heredity, ethnicity, iodine supply, other thy-
roid diseases as comorbidity, overweight, smoking, hormones and other endocrine
disruptors.

6. Conclusions

In conclusion, many authors today argue that the surge in thyroid cancer incidence
worldwide—not only in children—is caused by screening or technological advancements
in diagnostics, claiming that those cancers are “indolent” leading to “overdiagnosis” and
“overtreatment”. We strongly recommend to be cautious and not throw out the baby with
the bathwater. As shown in children and adolescents from Belarus and Japan—screened
because of radiation exposure or detected as sporadic cases—a considerable proportion
of thyroid cancers present as clinically relevant cases larger than microcarcinomas, with
extrathyroidal growth and/or with (multiple) lymph node metastases not only in the
central compartment. These characteristics have proven to influence disease-free survival
of pediatric DTC negatively and therefore have to be taken seriously.

Systematic studies should be carried out to better understand the role of multiple
carcinogenic factors as possible drivers of the DTC epidemic, accompanied by use of
individualized strategies for risk adapted treatment of childhood thyroid cancer.

Author Contributions: V.D., V.S., D.I.B., K.B., S.Y. and C.R. contributed to the conception, collected
the data, wrote, and approved the manuscript. All authors have read and agreed to the published
version of the manuscript.



Int. J. Environ. Res. Public Health 2021, 18, 3444 10 of 12

Funding: No grants or fellowships supporting the writing of the paper.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Lim, H.; Devesa, S.S.; Sosa, J.A.; Check, D.; Kitahara, C.M. Trends in Thyroid Cancer Incidence and Mortality in the United States,

1974-2013. JAMA 2017, 317, 1338–1348. [CrossRef]
2. Vaccarella, S.; Franceschi, S.; Bray, F.; Wild, C.P.; Plummer, M.; Maso, L.D. Worldwide Thyroid-Cancer Epidemic? The Increasing

Impact of Overdiagnosis. N. Engl. J. Med. 2016, 375, 614–617. [CrossRef] [PubMed]
3. US Preventive Services Task Force. Screening for Thyroid Cancer: US Preventive Services Task Force Recommendation Statement.

JAMA 2017, 317, 1882–1887. [CrossRef] [PubMed]
4. Enewold, L.; Zhu, K.; Ron, E.; Marrogi, A.J.; Stojadinovic, A.; Peoples, G.E.; Devesa, S.S. Rising Thyroid Cancer Incidence in

the United States by Demographic and Tumor Characteristics, 1980–2005. Cancer Epidemiol. Biomark. Prev. 2009, 18, 784–791.
[CrossRef]

5. Li, M.; Brito, J.P.; Vaccarella, S. Long-Term Declines of Thyroid Cancer Mortality: An International Age–Period–Cohort Analysis.
Thyroid 2020, 30, 838–846. [CrossRef]

6. Yan, K.L.; Li, S.; Tseng, C.-H.; Kim, J.; Nguyen, D.T.; Dawood, N.B.; Livhits, M.J.; Yeh, M.W.; Leung, A.M. Rising Incidence and
Incidence-Based Mortality of Thyroid Cancer in California, 2000–2017. J. Clin. Endocrinol. Metab. 2020, 105, 1770–1777. [CrossRef]

7. Silva-Vieira, M.; Santos, R.; Leite, V.; Limbert, E. International Journal of Pediatric Otorhinolaryngology Review of clinical and
pathological features of 93 cases of well-differentiated thyroid carcinoma in pediatric age at the Lisbon Centre of the Portuguese
Institute of Oncology between 1964 and 2006. Int. J. Pediatr. Otorhinolaryngol. 2015, 79, 1324–1329. [CrossRef] [PubMed]

8. Bernier, M.; Withrow, D.R.; De Gonzalez, A.B.; Lam, C.J.K.; Linet, M.S.; Kitahara, C.M.; Shiels, M.S. Trends in pediatric thyroid
cancer incidence in the United States, 1998–2013. Cancer 2019, 125, 2497–2505. [CrossRef]

9. Qian, Z.J.; Jin, M.C.; Meister, K.D.; Megwalu, U.C. Pediatric Thyroid Cancer Incidence and Mortality Trends in the United States,
1973-2013. JAMA Otolaryngol. Neck Surg. 2019, 145, 617–623. [CrossRef]

10. Reis, R.D.S.; Gatta, G.; De Camargo, B. Thyroid carcinoma in children, adolescents, and young adults in Brazil: A report from 11
population-based cancer registries. PLoS ONE 2020, 15, e0232416. [CrossRef]

11. Vaccarella, S.; Lortet-Tieulent, J.; Colombet, M.; Davies, L.; Stiller, C.A.; Schüz, J.; Togawa, K.; Bray, F.; Franceschi, S.; Maso, L.D.;
et al. Global patterns and trends in incidence and mortality of thyroid cancer in children and adolescents: A population-based
study. Lancet Diabetes Endocrinol. 2021, 9, 144–152. [CrossRef]

12. Kazakov, V.S.; Demidchik, E.P.; Astakhova, L.N. Thyroid cancer after Chernobyl. Nat. Cell Biol. 1992, 359, 21. [CrossRef] [PubMed]
13. Shigematsu, I.; Thiessen, J.W. Childhood thyroid cancer in Belarus. Nat. Cell Biol. 1992, 359, 681. [CrossRef]
14. Mettler, F.A., Jr.; Williamson, M.R.; Royal, H.D.; Hurley, J.R.; Khafagi, F.; Sheppard, M.C.; Beral, V.; Reeves, G.; Saenger, E.L.;

Yokoyama, N. Thyroid nodules in the population living around Chernobyl. JAMA 1992, 268, 616–619. [CrossRef]
15. Schwenn, M.R.; Brill, B. Childhood cancer 10 years after the Chernobyl accident. Curr. Opin. Pediatr. 1997, 9, 51–54. [CrossRef]
16. Stein, L.; Rothschild, J.; Luce, J.; Cowell, J.K.; Thomas, G.; Bogdanova, T.I.; Tronko, M.D.; Hawthorn, L. Copy Number and Gene

Expression Alterations in Radiation-Induced Papillary Thyroid Carcinoma from Chernobyl Pediatric Patients. Thyroid 2010, 20,
475–487. [CrossRef]

17. Yamashita, S.; Ito, M.; Ashizawa, K.; Shibata, Y.; Nagataki, S.; Kiikuni, K. Monitoring and prevention of the development of
thyroid carcinoma in a population exposed to radiation. In Radiation and Thyroid Cancer; Thomas, G., Karaoglu, A., Williams, E.D.,
Eds.; World Scientific: Singapore, 1999; pp. 369–376.

18. Drozd, V.; Polyanskaya, O.; Ostapenko, V.; Demidchik, Y.; Biko, I.; Reiners, C. Systematic ultrasound screening is a significant tool
for early detection of thyroid carcinoma in Belarus. J. Pediatr. Endocrinol. Metab. 2002, 15, 979–984. [CrossRef]

19. Stezhko, V.A.; Buglova, E.E.; Danilova, L.I.; Drozd, V.M.; Krysenko, N.A.; Lesnikova, N.R.; Minenko, V.F.; Ostapenko, V.A.;
Petrenko, S.V.; Polyanskaya, O.N.; et al. A cohort study of thyroid cancer and other thyroid diseases after the Chornobyl accident:
Objectives, design and methods. Radiat. Res. 2004, 161, 481–492. [CrossRef] [PubMed]

20. Drozd, V.M.; Saenko, V.A.; Brenner, A.V.; Drozdovitch, V.; Pashkevich, V.I.; Kudelsky, A.V.; Demidchik, Y.E.; Branovan, I.; Shiglik,
N.; Rogounovitch, T.I.; et al. Major Factors Affecting Incidence of Childhood Thyroid Cancer in Belarus after the Chernobyl
Accident: Do Nitrates in Drinking Water Play a Role? PLoS ONE 2015, 10, e0137226. [CrossRef]

21. United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects of Ionizing Radiation, UNSCEAR 2008
Report to the General Assembly with Scientific Annexes. Annex D: Health Effects Due to Radiation from the Chernobyl Accident; United
Nations: New York, NY, USA, 2011; 219p.

22. WHO. 1986–2016: Chernobyl at 30. An Update. 2016. Available online: http://wwwwho.int/ionizing_radiation/chernobyl/
Chernobyl-update.pdf?ua=1 (accessed on 10 October 2020).

23. Hatch, M.; Cardis, E. Somatic health effects of Chernobyl: 30 years on. Eur. J. Epidemiol. 2017, 32, 1047–1054. [CrossRef] [PubMed]
24. Drozdovitch, V. Radiation Exposure to the Thyroid After the Chernobyl Accident. Front. Endocrinol. 2021, 11, 569041. [CrossRef]

[PubMed]

http://doi.org/10.1001/jama.2017.2719
http://doi.org/10.1056/NEJMp1604412
http://www.ncbi.nlm.nih.gov/pubmed/27532827
http://doi.org/10.1001/jama.2017.4011
http://www.ncbi.nlm.nih.gov/pubmed/28492905
http://doi.org/10.1158/1055-9965.EPI-08-0960
http://doi.org/10.1089/thy.2019.0684
http://doi.org/10.1210/clinem/dgaa121
http://doi.org/10.1016/j.ijporl.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26104479
http://doi.org/10.1002/cncr.32125
http://doi.org/10.1001/jamaoto.2019.0898
http://doi.org/10.1371/journal.pone.0232416
http://doi.org/10.1016/S2213-8587(20)30401-0
http://doi.org/10.1038/359021a0
http://www.ncbi.nlm.nih.gov/pubmed/1522879
http://doi.org/10.1038/359681a0
http://doi.org/10.1001/jama.1992.03490050064027
http://doi.org/10.1097/00008480-199702000-00012
http://doi.org/10.1089/thy.2009.0008
http://doi.org/10.1515/JPEM.2002.15.7.979
http://doi.org/10.1667/3148
http://www.ncbi.nlm.nih.gov/pubmed/15038762
http://doi.org/10.1371/journal.pone.0137226
http://wwwwho.int/ionizing_radiation/chernobyl/Chernobyl-update.pdf?ua=1
http://wwwwho.int/ionizing_radiation/chernobyl/Chernobyl-update.pdf?ua=1
http://doi.org/10.1007/s10654-017-0303-6
http://www.ncbi.nlm.nih.gov/pubmed/28929329
http://doi.org/10.3389/fendo.2020.569041
http://www.ncbi.nlm.nih.gov/pubmed/33469445


Int. J. Environ. Res. Public Health 2021, 18, 3444 11 of 12

25. Fridman, M.; Savva, N.; Krasko, O.; Mankovskaya, S.; Branovan, D.I.; Schmid, K.W.; Demidchik, Y. Initial Presentation and Late
Results of Treatment of Post-Chernobyl Papillary Thyroid Carcinoma in Children and Adolescents of Belarus. J. Clin. Endocrinol.
Metab. 2014, 99, 2932–2941. [CrossRef] [PubMed]

26. Fridman, M.; Lam, A.K.-Y.; Krasko, O.; Schmid, K.W.; Branovan, D.I.; Demidchik, Y. Morphological and clinical presentation
of papillary thyroid carcinoma in children and adolescents of Belarus: The influence of radiation exposure and the source of
irradiation. Exp. Mol. Pathol. 2015, 98, 527–531. [CrossRef]

27. Demidchik, Y.E. Juvenile Papillary Thyroid Carcinoma; Demidchik, Y.E., Fridman, M.V., Eds.; Navuka: Minsk, Belarus, 2015;
ISBN 978-985-1882-9. (In Russian)

28. Fridman, M.; Drozd, V.; Demidchik, Y.; Levin, L.; Branovan, D.; Shiglik, N.; Schneider, R.; Biko, J.; Reiners, C. Second primary
malignancy in Belarus patients with post-Chernobyl papillary thyroid carcinoma. Thyroid 2015, 25 (Suppl. 1). [CrossRef]

29. Reiners, C.; Biko, J.; Haenscheid, H.; Hebestreit, H.; Kirinjuk, S.; Baranowski, O.; Marlowe, R.J.; Demidchik, E.; Drozd, V.;
Demidchik, Y. Twenty-Five Years After Chernobyl: Outcome of Radioiodine Treatment in Children and Adolescents with Very
High-Risk Radiation-Induced Differentiated Thyroid Carcinoma. J. Clin. Endocrinol. Metab. 2013, 98, 3039–3048. [CrossRef]
[PubMed]

30. Demidchik, Y.E.; Demidchik, E.P.; Reiners, C.; Biko, J.; Mine, M.; Saenko, V.A.; Yamashita, S. Comprehensive Clinical Assessment
of 740 Cases of Surgically Treated Thyroid Cancer in Children of Belarus. Ann. Surg. 2006, 243, 525–532. [CrossRef] [PubMed]

31. Selvakumar, T.; Nies, M.; Hesselink, M.S.K.; Brouwers, A.H.; Van Der Horst-Schrivers, A.N.; Hesselink, E.N.K.; Tissing, W.J.;
Vissink, A.; Links, T.P.; Bocca, G. Long-Term Effects of Radioiodine Treatment on Salivary Gland Function in Adult Survivors of
Pediatric Differentiated Thyroid Carcinoma. J. Nucl. Med. 2018, 60, 172–177. [CrossRef] [PubMed]

32. Grigoryeva, I.V.; Igumnov, S.A. Clinical-psychopathological and social-psychological peculiarities in patients operated on the
thyroid cancer. Russ. Psychiatr. J. 2009, 1, 73–76. (In Russian)

33. Drozd, V.; Schneider, R.; Platonova, T.; Panasiuk, G.; Leonova, T.; Oculevich, N.; Shimanskaja, I.; Vershenya, I.; Dedovich, T.;
Mitjukova, T.; et al. Feasibility Study Shows Multicenter, Observational Case-Control Study Is Practicable to Determine Risk of
Secondary Breast Cancer in Females with Differentiated Thyroid Carcinoma Given Radioiodine Therapy in Their Childhood or
Adolescence; Findings Also Suggest Possible Fertility Impairment in Such Patients. Front. Endocrinol. 2020, 11, 567385. [CrossRef]

34. Brown, A.P.; Chen, J.; Hitchcock, Y.J.; Szabo, A.; Shrieve, D.C.; Tward, J.D. The Risk of Second Primary Malignancies up to Three
Decades after the Treatment of Differentiated Thyroid Cancer. J. Clin. Endocrinol. Metab. 2008, 93, 504–515. [CrossRef] [PubMed]

35. Kumagai, A.; Reiners, C.; Drozd, V.; Yamashita, S. Childhood Thyroid Cancers and Radioactive Iodine Therapy: Necessity of
Precautious Radiation Health Risk Management. Endocr. J. 2007, 54, 839–847. [CrossRef]

36. Clement, S.; Peeters, R.; Ronckers, C.; Links, T.; Heuvel-Eibrink, M.V.D.; van Dijkum, E.N.; van Rijn, R.; van der Pal, H.; Neggers,
S.; Kremer, L.; et al. Intermediate and long-term adverse effects of radioiodine therapy for differentiated thyroid carcinoma—A
systematic review. Cancer Treat. Rev. 2015, 41, 925–934. [CrossRef] [PubMed]

37. Yasumura, S.; Hosoya, M.; Yamashita, S.; Kamiya, K.; Abe, M.; Akashi, M.; Kodama, K.; Ozasa, K. Study Protocol for the
Fukushima Health Management Survey. J. Epidemiol. 2012, 22, 375–383. [CrossRef]

38. Yamashita, S.; Suzuki, S.; Suzuki, S.; Shimura, M.; Saenko, V. Lessons from Fukushima: Latest findings of thyroid cancer after the
Fukushima Nuclear Power Plant accident. Thyroid 2017, 28, 11–22. [CrossRef]

39. Suzuki, S.; Matsumoto, Y.; Ookouchi, C.; Nakano, K.; Iwadate, M.; Suzuki, S.; Nakamura, I.; Fukushima, T.; Mizunuma, H.;
Yamashita, S.; et al. The clinicopathological features of childhood and adolescent thyroid cancer in Fukushima after the Fukushima
Daiichi nuclear power plant accident. Thyroid 2018, 28 (Suppl. 1). [CrossRef]

40. Suzuki, S.; Bogdanova, T.I.; Saenko, V.A.; Hashimoto, Y.; Ito, M.; Iwadate, M.; Rogounovitch, T.I.; Tronko, M.D.; Yamashita, S.
Histopathological analysis of papillary thyroid carcinoma detected during ultrasound screening examinations in Fukushima.
Cancer Sci. 2019, 110, 817–827. [CrossRef]

41. Report of the Fukushima Health Management Survey. Fukushima Medical University Revised Version (5 December 2018). p. 17.
Available online: http://kenko-kanri.jp/en/pdf/report_e.pdf (accessed on 5 October 2020).

42. United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and Effects of Ionizing Radiation, UNSCEAR 2020
Report to the General Assembly with Scientific Annexes. Annex B: Levels and Effects of Radiation Exposure Due to the Accident at the
Fukushima Daiichi Nuclear Power Station: Implications of ; United Nations: New York, NY, USA, 2020; 248p.

43. Farahati, J.; Demidchik, E.P.; Biko, J.; Reiners, C. Inverse association between age at the time of radiation exposure and extent of
disease in cases of radiation-induced childhood thyroid carcinoma in Belarus. Cancer 2000, 88, 1470–1476. [CrossRef]

44. Sugino, K.; Nagahama, M.; Kitagawa, W.; Ohkuwa, K.; Uruno, T.; Matsuzu, K.; Suzuki, A.; Tomoda, C.; Hames, K.Y.; Akaishi, J.;
et al. Risk Stratification of Pediatric Patients with Differentiated Thyroid Cancer: Is Total Thyroidectomy Necessary for Patients
at Any Risk? Thyroid 2020, 30, 548–556. [CrossRef] [PubMed]

45. Hong, J.-Y.; Han, K.; Jung, J.-H.; Kim, J.S. Association of Exposure to Diagnostic Low-Dose Ionizing Radiation with Risk of Cancer
among Youths in South Korea. JAMA Netw. Open 2019, 2, e1910584. [CrossRef] [PubMed]

46. Miglioretti, D.L.; Johnson, E.A.; Williams, A.E.; Greenlee, R.T.; Weinmann, S.; Solberg, L.I.; Feigelson, H.S.; Roblin, D.; Flynn, M.J.;
Vanneman, N.; et al. The Use of Computed Tomography in Pediatrics and the Associated Radiation Exposure and Estimated
Cancer Risk. JAMA Pediatr. 2013, 167, 700–707. [CrossRef] [PubMed]

47. Koterov, A.N.; Ushenkova, L.N.; Biryukov, A.P. Hill’s Temporality Criterion: Reverse Causation and Its Radiation Aspect. Biol.
Bull. 2020, 47, 1577–1609. [CrossRef]

http://doi.org/10.1210/jc.2013-3131
http://www.ncbi.nlm.nih.gov/pubmed/24823453
http://doi.org/10.1016/j.yexmp.2015.03.039
http://doi.org/10.1089/thy.2015.29004.abstracts
http://doi.org/10.1210/jc.2013-1059
http://www.ncbi.nlm.nih.gov/pubmed/23616148
http://doi.org/10.1097/01.sla.0000205977.74806.0b
http://www.ncbi.nlm.nih.gov/pubmed/16552205
http://doi.org/10.2967/jnumed.118.212449
http://www.ncbi.nlm.nih.gov/pubmed/30504138
http://doi.org/10.3389/fendo.2020.567385
http://doi.org/10.1210/jc.2007-1154
http://www.ncbi.nlm.nih.gov/pubmed/18029468
http://doi.org/10.1507/endocrj.K07E-012
http://doi.org/10.1016/j.ctrv.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26421813
http://doi.org/10.2188/jea.JE20120105
http://doi.org/10.1089/thy.2017.0283
http://doi.org/10.1089/thy.2018.29065.abstracts
http://doi.org/10.1111/cas.13912
http://kenko-kanri.jp/en/pdf/report_e.pdf
http://doi.org/10.1002/(SICI)1097-0142(20000315)88:6&lt;1470::AID-CNCR27&gt;3.0.CO;2-W
http://doi.org/10.1089/thy.2019.0231
http://www.ncbi.nlm.nih.gov/pubmed/31910105
http://doi.org/10.1001/jamanetworkopen.2019.10584
http://www.ncbi.nlm.nih.gov/pubmed/31483470
http://doi.org/10.1001/jamapediatrics.2013.311
http://www.ncbi.nlm.nih.gov/pubmed/23754213
http://doi.org/10.1134/S1062359020120031


Int. J. Environ. Res. Public Health 2021, 18, 3444 12 of 12

48. Taylor, A.J.; Croft, A.P.; Palace, A.M.; Winter, D.L.; Reulen, R.C.; Stiller, C.A.; Stevens, M.C.; Hawkins, M.M. Risk of thyroid cancer
in survivors of childhood cancer: Results from the British Childhood Cancer Survivor Study. Int. J. Cancer 2009, 125, 2400–2405.
[CrossRef] [PubMed]

49. Boice, J.D. The linear nonthreshold (LNT) model as used in radiation protection: An NCRP update. Int. J. Radiat. Biol. 2017, 93,
1079–1092. [CrossRef] [PubMed]

50. Zimmermann, M.B.; Galetti, V. Iodine intake as a risk factor for thyroid cancer: A comprehensive review of animal and human
studies. Thyroid. Res. 2015, 8, 1–21. [CrossRef]

51. Cao, L.-Z.; Peng, X.-D.; Xie, J.-P.; Yang, F.-H.; Wen, H.-L.; Li, S. The relationship between iodine intake and the risk of thyroid
cancer. Medicine 2017, 96, e6734. [CrossRef] [PubMed]

52. Lee, J.-H.; Hwang, Y.; Song, R.-Y.; Yi, J.W.; Yu, H.W.; Kim, S.-J.; Chai, Y.J.; Choi, J.Y.; Lee, K.E.; Park, S.K. Relationship between
iodine levels and papillary thyroid carcinoma: A systematic review and meta-analysis. Head Neck 2017, 39, 1711–1718. [CrossRef]

53. Lv, C.; Yang, Y.; Jiang, L.; Gao, L.; Rong, S.; Darko, G.M.; Jiang, W.; Gao, Y.; Sun, D. Association between chronic exposure
to different water iodine and thyroid cancer: A retrospective study from 1995 to 2014. Sci. Total Environ. 2017, 609, 735–741.
[CrossRef]

54. Liang, L.; Zheng, X.-C.; Hu, M.-J.; Zhang, Q.; Wang, S.-Y.; Huang, F. Association of benign thyroid diseases with thyroid cancer
risk: A meta-analysis of prospective observational studies. J. Endocrinol. Investig. 2018, 42, 673–685. [CrossRef]

55. Kitahara, C.M.; Farkas, D.K.; Jørgensen, J.O.L.; Cronin-Fenton, D.; Sørensen, H.T. Benign thyroid diseases and risk of thyroid
cancer: A nationwide cohort study. J. Clin. Endocrinol. Metab. 2018, 103, 2216–2224. [CrossRef] [PubMed]

56. Gudmundsson, J.; Thorleifsson, G.; Sigurdsson, J.K.; Stefansdottir, L.; Jonasson, J.G.; Gudjonsson, S.A.; Gudbjartsson, D.F.;
Masson, G.; Johannsdottir, H.; Halldorsson, G.H.; et al. A genome-wide association study yields five novel thyroid cancer risk
loci. Nat. Commun. 2017, 8, 14517. [CrossRef]

57. Steele, C.B.; Thomas, C.C.; Henley, S.J.; Massetti, G.M.; Galuska, D.A.; Agurs-Collins, T.; Puckett, M.; Richardson, L.C. Vital Signs:
Trends in Incidence of Cancers Associated with Overweight and Obesity—United States, 2005–2014. MMWR. Morb. Mortal. Wkly.
Rep. 2017, 66, 1052–1058. [CrossRef] [PubMed]

58. Schmid, D.; Ricci, C.; Behrens, G.; Leitzmann, M.F. Adiposity and risk of thyroid cancer: A systematic review and meta-analysis.
Obes Rev. 2015, 16, 1042–1054. [CrossRef]

59. Kitahara, C.M.; Linet, M.S.; Freeman, L.E.B.; Check, D.P.; Church, T.R.; Park, Y.; Purdue, M.P.; Schairer, C.; De González, A.B.
Cigarette smoking, alcohol intake, and thyroid cancer risk: A pooled analysis of five prospective studies in the United States.
Cancer Causes Control 2012, 23, 1615–1624. [CrossRef]

60. Galanti, M.R.; Hansson, L.; Lund, E.; Bergström, R.; Grimelius, L.; Stalsberg, H.; Carlsen, E.; Baron, J.A.; Persson, I.; Ekbom, A.
Reproductive history and cigarette smoking as risk factors for thyroid cancer in women: A population-based case-control study.
Cancer Epidemiol. Biomark. Prev. 1996, 5, 425–431. [PubMed]

61. Ward, M.H.; Jones, R.R.; Brender, J.D.; De Kok, T.M.; Weyer, P.J.; Nolan, B.T.; Villanueva, C.M.; Van Breda, S.G. Drinking Water
Nitrate and Human Health: An Updated Review. Int. J. Environ. Res. Public Health 2018, 15, 1557. [CrossRef] [PubMed]

62. World Health Organization. Health Aspects of Air Pollution with Particulate Matter, Ozone and Nitrogen Dioxide: Report on a WHO
Working Group; World Health Organization: Bonn, Germany, 2003.

63. Scicinski, J.; Oronsky, B.; Ning, S.; Knox, S.J.; Peehl, D.M.; Kim, M.M.; Langecker, P.; Fanger, G. NO to cancer: The complex and
multifaceted role of nitric oxide and the epigenetic nitric oxide donor, RRx-001. Redox Biol. 2015, 6, 1–8. [CrossRef]

64. Khoder, M. Atmospheric conversion of sulfur dioxide to particulate sulfate and nitrogen dioxide to particulate nitrate and
gaseous nitric acid in an urban area. Chemosphere 2002, 49, 675–684. [CrossRef]

65. IARC monographs on the evaluation of the carcinogenic risk of chemicals to humans: Some N-nitroso compounds. IARC Monogr.
Eval. Carcinog Risk Chem. Man. 1978, 17, 1–349.

66. Xie, L.; Mo, M.; Jia, H.-X.; Liang, F.; Yuan, J.; Zhu, J. Association between dietary nitrate and nitrite intake and site-specific cancer
risk: Evidence from observational studies. Oncotarget 2016, 7, 56915–56932. [CrossRef]

67. Drozd, V.; Branovan, I.; Platonova, T.; Shiglik, N.; Biko, J.; Reiners, C. Nitrates impact on the prevalence of radiation induced
thyroid cancer in rural and urban populations of Belarus among the children who were born before and after the Chernobyl
accident. Program of the 88th Annual Meeting of the American Thyroid association. Washington. DC. 2018. Thyroid 2018, 28
(Suppl. 1). [CrossRef]

68. Orita, M.; Iyama, K.; Hayashida, N.; Mitsutake, N.; Suzuki, S.; Yamashita, S.; Takamura, N. Implication of Nitrate in Drinking
Water in Kawauchi Village, Fukushima. Thyroid 2015, 25, 1064–1065. [CrossRef] [PubMed]

http://doi.org/10.1002/ijc.24581
http://www.ncbi.nlm.nih.gov/pubmed/19610069
http://doi.org/10.1080/09553002.2017.1328750
http://www.ncbi.nlm.nih.gov/pubmed/28532210
http://doi.org/10.1186/s13044-015-0020-8
http://doi.org/10.1097/MD.0000000000006734
http://www.ncbi.nlm.nih.gov/pubmed/28514290
http://doi.org/10.1002/hed.24797
http://doi.org/10.1016/j.scitotenv.2017.07.101
http://doi.org/10.1007/s40618-018-0968-z
http://doi.org/10.1210/jc.2017-02599
http://www.ncbi.nlm.nih.gov/pubmed/29590402
http://doi.org/10.1038/ncomms14517
http://doi.org/10.15585/mmwr.mm6639e1
http://www.ncbi.nlm.nih.gov/pubmed/28981482
http://doi.org/10.1111/obr.12321
http://doi.org/10.1007/s10552-012-0039-2
http://www.ncbi.nlm.nih.gov/pubmed/8781737
http://doi.org/10.3390/ijerph15071557
http://www.ncbi.nlm.nih.gov/pubmed/30041450
http://doi.org/10.1016/j.redox.2015.07.002
http://doi.org/10.1016/S0045-6535(02)00391-0
http://doi.org/10.18632/oncotarget.10917
http://doi.org/10.1089/thy.2018.29065.abstracts
http://doi.org/10.1089/thy.2015.0161
http://www.ncbi.nlm.nih.gov/pubmed/26054563

	Introduction: Thyroid Cancer Incidence in Adults 
	Trends in Pediatric Thyroid Cancer Incidence Worldwide 
	Pediatric Thyroid Cancer after the Chernobyl Reactor Accident in Belarus 
	Pediatric Thyroid Cancer after the Fukushima Nuclear Accident in Japan 
	Other Factors Potentially Contributing to the Increasing Incidence of Thyroid Cancer 
	Conclusions 
	References

