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      Radiation-Induced Thyroid Cancer                     

     James     J.     Figge      ,     Timothy     A.     Jennings      ,     Gregory     Gerasimov      , 
    Nikolai     A.     Kartel      , and     Gennady     Ermak     

       Radiation is one of the few accepted risk factors for thyroid 
cancer. Numerous studies have confi rmed that the thyroid 
gland is one of the most radiation-sensitive human organs 
and that thyroid cancer is one of the most common radio-
genic malignancies. Analysis of these studies is problematic, 
however, owing to diffi culties in dose assessment, long-term 
follow-up of thousands of exposed subjects, defi nition and 
confi rmation of pathological diagnoses, and differences in 
exposure modalities. 

 The fi rst  part                                                                                                                                                                                                                                                                           of this chapter briefl y outlines the nature and 
methods of the most signifi cant studies to date and analyzes 
the data available to defi ne the characteristics of the risks of 
radiation to the thyroid on subsequent development of thy-

roid cancer. The second part of the chapter presents an update 
on thyroid cancer in children exposed to fallout from the 
Chernobyl accident. Terminology used throughout the chap-
ter is defi ned in Table  7.1 .

      Pathology 

  Knowledge of the pathology of radiation injury to the thy-
roid is essential to understanding the data from previous 
long-term follow-up studies. Thyroid glands exposed to 
external beam or  131 I radiation show a variety of histological 
abnormalities, most often multinodularity, distorting fi bro-
sis, oncocytic change, and chronic infl ammation [ 1 – 3 ]. At 
higher (>1.5 Gy) doses, hyperplastic nodules may show 
cytologic atypia, which requires careful scrutiny to distin-
guish from malignancy [ 4 ]. The incidence of benign adeno-
mas in patients who received thyroid irradiation is also 
greatly increased over nonirradiated individuals, as demon-
strated by virtually every study of such populations. Many 
studies failed to distinguish between benign nodules and car-
cinoma and are therefore excluded from this discussion. 

 As early as 1949, Quimby and Werner [ 5 ] suggested the 
possibility of a relationship between radiation and the subse-
quent development of thyroid carcinoma. Winship and 
Rosvoll [ 6 ] began collecting data on children with thyroid 
cancer in 1948, and their fi nal report on 878 cases worldwide 
represents the largest to date. They found a history of radia-
tion in 76 % of 476 children with available records. Most 
received radiation for enlarged thymus or tonsils and ade-
noids, with an average thyroid dose of 0.512 Gy and an aver-
age interval to diagnosis of 8.5 year; 72 % of the cancers 
were of papillary type, and 18 % were follicular. Cervical 
lymph node metastases were present in 74 % of cases, with 
bilateral neck disease in 32 %. Nearly 20 % had pulmonary 
involvement, generally at presentation. The authors noted a 
sharp rise in thyroid cancer incidence in 1945, with the great-
est number of cases presenting between 1946 and 1959. 
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They attributed the subsequent decline to the curtailment of 
the practice of head and neck irradiation in children. 

 A number of additional studies [ 7 ,  8 ] have confi rmed that 
the majority of radiation-induced thyroid carcinomas are 
well-differentiated papillary adenocarcinomas that more fre-
quently present with extrathyroidal spread and bilateral thy-
roid lobe involvement but with similar recurrence and 
mortality rates to tumors in nonirradiated patients. The 
patients are also younger at diagnosis, usually less than 35 
years of age, with an average interval to clinical presentation 
of 25–30 year. The incidence of radiation-induced thyroid 
carcinoma appeared to increase from 1940 to at least 1970, 
but since the discontinuation of widespread use of X-ray 
therapy in infancy, this trend has decreased [ 9 ,  10 ]. 

 Clinically occult papillary microcarcinomas are generally 
not included in analysis of these data, but they are often 
detected by pathologists examining thyroids removed for 
larger benign nodules. Autopsy studies have demonstrated 
prevalence rates of papillary microcarcinoma (≤1 cm diam-
eter) of up to 33.7 % in general populations, and ethnic and/
or geographic differences exist [ 11 ,  12 ] (see Chap.   2    ). The 
prevalence of carcinoma is also dependent on the extent of 
surgery, the amount of resected thyroid tissue processed for 
histological assessment, and the absolute number of sections 
examined by the pathologist [ 13 ]. Care is required in evaluat-
ing studies with regard to these issues. 

 Although radiation exposure has a role in the develop-
ment of clinical papillary carcinoma, the extent of such risk 

in a given population cannot always be ascertained, as the 
number of people at risk may be unknown. Currently, it is 
estimated that 9 % of thyroid cancers may be attributable to 
radiation [ 14 ]. Because radiation-induced thyroid carcino-
mas rarely include the more aggressive anaplastic and med-
ullary types, its fatality rate is between 3 and 9 % [ 15 ]. 

 A small but signifi cant number of patients with anaplastic 
thyroid carcinoma have had a history of prior exposure to 
external irradiation or  131 I. Such therapy for differentiated thy-
roid cancer might theoretically induce transformation to an 
anaplastic carcinoma, but because most cases of anaplastic 
carcinoma show areas of differentiated tumor, this phenome-
non may be an aspect of the natural history of these tumors 
and may therefore not be a consequence of radiation [ 16 ].   

    Prior Studies 

    External Radiation 

    Introduction 
 From 1920 to 1960, radiation was commonly used to treat a 
variety of benign conditions, including several head, neck, 
and upper thoracic sites, which resulted in thyroid gland 
exposure. In 1950, Duffy and Fitzgerald [ 17 ] found that 9 of 
28 children with thyroid cancer had received prior irradiation 
of the thymus as infants. Subsequent reports [ 18 ,  19 ] con-
fi rmed the risk of thyroid cancer in children exposed to high- 
dose radiation and the use of radiation to treat benign disease 
slowly diminished. Also, the risk of radiation has been ana-
lyzed in patients treated for malignant disease, in occupa-
tional settings, and in situations of inadvertent exposure.  

    Atomic Bomb Survivors 
    A fi xed cohort of nearly 80,000 survivors of the atomic bomb 
exposures in Hiroshima and Nagasaki, Japan, has been fol-
lowed since 1958 by the Atomic Bomb Casualty Commission 
and its successor, the Radiation Effects Research Foundation. 
In a comprehensive report [ 20 ] on the incidence and risk esti-
mates for solid tumors diagnosed between 1958 and 1987, 
the thyroid had one of the highest solid tumor risk estimates 
in the Life Span Study cohort, with occult tumors excluded. 
The mean estimated thyroid dose was 0.264 Sv, and a strong 
linear dose–response was demonstrated. Persons exposed 
when younger than age 10 year had an excess relative risk 
(ERR) of 9.46, over three times greater than those in their 
second decade (see Table  7.2 ). Although earlier studies [ 21 ] 
suggested otherwise, this report [ 20 ] showed that those indi-
viduals over the age of 20 year at the time of the blast had no 
excess of thyroid cancer. Mortality data from the Life Span 
Study contributed little support for an increased risk of thy-
roid cancer, because the disease causes so few deaths [ 22 ].   

   Table 7.1    Defi nition of terminology   

 Term  Defi nition, conversion factors 

  Gray (Gy)    Gy is the unit of absorbed dose, the amount of 
energy imparted by ionizing radiation to a unit 
mass of tissue; 1 Gy corresponds to 1 J per kg. 1 
Gy = 100 rad 

  Sievert (Sv)    Sievert is the unit of effective dose. When 
exposure is to mixed radiation (e.g., α and γ), 
their contribution is weighted to give an 
equivalent dose. A further weighting is made to 
account for different susceptibilities of various 
tissues. 1 Sv = 100 rem 

  Becquerel (Bq)    Bq is the unit of activity, the number of 
radioactive transformations taking place per 
second. 1 curie = 3. 7 × 10 10  Bq 

  Relative risk 
(RR)   

 The risk of developing cancer in a radiation-
exposed subject compared to the risk in an 
unexposed individual 

  Excess relative 
risk (ERR)   

 RR = ERR + 1. The ERR is usually specifi ed per 
Gy. For example, if the ERR is 2.0 per Gy, then 
the RR would be 3.0 for a 1-Gy exposure, and 
5.0 for a 2-Gy exposure 

  Excess absolute 
risk (EAR)   

 Usually expressed per 10,000 person-years per 
Gy. Defi nes the increase in the absolute risk of 
developing cancer as a result of radiation 
exposure 
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       Cervical Tuberculous Adenitis 
    Tisell and colleagues [ 23 ] evaluated 444 patients treated 
with X-rays for cervical tuberculous lymphadenitis between 
1913 and 1951 in Göteborg, Sweden. The mean age at irra-
diation was 19 years, with almost 50 % of patients between 
15 and 24 years of age. The calculated absorbed dose to the 
thyroid ranged from 0.40 to 50.90 Gy (median: 5.2 Gy; 
mean: 7.2 Gy); 25 thyroid cancers were found, all but one 
palpable, with a mean observation time of 43 years. The 
mean and median latency periods were 40 year to diagno-
sis. A positive correlation was shown between absorbed 
dose and the probability of developing carcinoma, even 
after doses of more than 20 Gy. No signifi cant correlation 
between age at irradiation and the risk of developing cancer 
was detected.     

    Cutaneous Hemangioma 
    Furst and coworkers [ 24 ] conducted follow-up with 18,030 
patients with skin hemangioma who were treated with exter-
nal beam radiation between 1920 and 1959 at the Karolinska 
Hospital. At the time of therapy, 82 % were less than 1 year 
of age (median age: 6 months). Treatment methods varied, 
but the relative risk (RR) of thyroid cancer was only slightly 
increased (1.18) in the group treated with radium-226 or 
orthovoltage X-rays. In patients receiving contact X-rays or 
no radiation, no increased risk was noted. An estimation of 
absorbed thyroid doses was not made. 

 A similar analysis [ 25 ] of a cohort of 14,351 infants less 
than 18 months of age (mean: 6 months) irradiated for hem-
angioma during the period of 1920–1959 in Stockholm 
covered 406,355 person-years at risk, with a mean follow-
up of 39 years. The mean absorbed thyroid dose was 
0.26 Gy. The Swedish Cancer Registry documented 17 thy-
roid cancers. Excess cancers began 19 years after radiation 
and persisted for at least 40 year following radiation ther-
apy (see Table  7.2 ). 

 Another study [ 26 ] involved 11,807 infants treated with 
radium-226 between 1930 and 1965 in Göteborg, Sweden, at 
a median age of 5 months. The mean absorbed thyroid dose 
was 0.12 Gy. Follow-up through the Swedish Cancer Registry 
yielded 15 thyroid cancers (ERR = 7.5/Gy; see Table  7.2 ).     

    Tonsils/Adenoids 
     Extensive data has been reported by Schneider and colleagues 
[ 27 – 30 ] from long-term follow-up studies of more than 5300 
subjects who received external radiation for various benign 
head and neck abnormalities, principally for enlarged tonsils 
and adenoids, during 1939–1962. In analyzing 4296 of these 
individuals with an average age at fi rst exposure of 4.4 years 
and an average thyroid dose of 0.59 Gy, they found that ERR 
was 3/Gy for thyroid cancer (see Table  7.2 ). With a mean fol-
low-up of 33 years, the majority of cases occurred in the inter-
val between 20 and 40 year after radiation therapy, peaking at 
25–29 years, with a signifi cant decline in risk with increasing 
age at exposure [ 27 ]. Additional data from this source includes 
information on the effect of screening, as well as characteris-
tics of the secondary thyroid cancers. The authors documented 
recurrent malignancy in 13.5 % of the 296 patients with thy-
roid cancer, nearly all within 10 year after primary tumor 
resection. Signifi cant risk factors for recurrence were the size 
of the primary lesion, number of lobes involved, histological 
type, vessel invasion, and lymph node metastasis [ 28 ]. Longer- 
term follow-up of 118 cases occurring before intensive screen-
ing showed recurrences in 23.7 % of this total; 39 % of cancers 
in children recurred vs 15.6 % in adults. This established an 
inverse relationship between the frequency of recurrence and 
the patient’s age at surgery (also between the frequency of 
recurrence and latency period between radiation and surgery). 
Age at radiation and treatment dose were not related to recur-
rences [ 29 ]. Another aspect explored in this group was the 
possibility of a radiation sensitivity within the population at 
risk. Patients with secondary salivary gland and/or neural 
tumors of the head and neck region had a signifi cantly 
increased frequency of thyroid cancer compared to patients 
with neither of these tumors, suggesting that additional fac-
tors, such as radiation sensitivity, may account for this 
increased risk [ 30 ].      

    Acne 
    Paloyan and Lawrence [ 31 ] found that 20 of 224 patients 
referred for thyroidectomy for solitary nodules had received 
antecedent radiation for the treatment of acne vulgaris. Of 
the 20 patients, 12 had thyroid cancer 9–41 years after radia-

        Table 7.2    Major cohort studies of  external radiation   in childhood   

 Study (Ref.)  No. exposed  Age at exposure  Thyroid dose  Follow-up  ERR/Gy 95 % CI 

 Atomic bomb [ 20 ]  79,972  17.6 years  0.264 Sv  1,950,567 PY  1.15/Sv (0.5–2.1) 

 Age <10  9.46/Sv (4.1–19) 

 Hemangioma [ 25 ]  14,351  6 months  0.26 Gy  406,355 PY  4.92/Gy 

 Hemangioma [ 26 ]  11,807  5 months  0.12 Gy  370,517 PY  7.5/Gy (0.4–18) 

 Tonsils and adenoids [ 27 ]  4296  4.4 years  0.59 Gy  33 years  3.0/Gy (1–40) 

 Thymus [ 33 ]  2657  5 weeks  1.36 Gy  37.1 year  9.0/Gy (4.2–22) 

 Tinea [ 34 ]  10,834  7.4 years  0.09 Gy  30.2 years  30/Gy 
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tion therapy. Complete records were unavailable, and no sta-
tistical analysis was reported.     

    Thymus 
    Analysis of radiotherapy’s effect for thymic enlargement in 
infancy on subsequent neoplastic disease was initiated by 
Hempelmann and colleagues in Rochester, New York, in the 
1950s. They established that the risk of cancer was propor-
tional to the thyroid dose and raised concern that persons of 
Jewish ancestry might be at greater risk [ 32 ]. Extended 
37-years average follow-up [ 33 ] of 2657 of these exposed 
infants and 4833 of their siblings via mail surveys through 
1986 confi rmed a linear dose–response relationship, with an 
ERR of 9/Gy (see Table  7.2 ). The median age at radiation 
therapy was 5 weeks, and 95 % were under 34 weeks of age. 
Estimated thyroid doses ranged from 0.03 to over 10 Gy, 
with a mean of 1.36 and median of only 0.3 Gy. None of the 
dose fractionation variables examined (dose per fraction, 
number of fractions, and interval between fractions) was sig-
nifi cant in modifying risk.     

    Tinea Capitis 
    A major long-term study [ 34 ] of 10,834 subjects who 
received X-ray therapy for tinea capitis between 1948 and 
1960 in Israel was compared with the effects with a similar 
number of nonirradiated individuals and 5392 nonirradiated 
siblings. All irradiated subjects were under 16 years old at 
the time of treatment, with a mean age of 7.4 years. The 
mean thyroid dose was 0.093 Gy, with the dose highly 
inversely correlated with age at exposure owing to the prox-
imity of the thyroid to the X-ray fi elds in smaller children. 
The Israel Cancer Registry documented 98 thyroid cancers, 
showing a mean interval of 17.1 years from radiation therapy 
to diagnosis. A much higher excess risk of thyroid cancer 
was found than in other studies (Table  7.2 ), possibly relating 
to the underestimation of thyroid doses as a result of patient 
movement. An increased risk in Jewish patients may also 
have been a factor. 

 A similar study of 2215 children irradiated for tinea capi-
tis in New York found no thyroid cancers through a mailed 
questionnaire after an average 20.5-year follow-up [ 35 ]. 
However, there were less than 300 females, and the expected 
number of thyroid cancers would have been only 2.9 [ 36 ]. 
The mean age at treatment was 7.9 years; the estimated thy-
roid dose was 0.06 Gy [ 35 ].     

    Previous Malignancy 
    Tucker and colleagues [ 37 ] reported on the experience of the 
Late Effects Study Group, which followed a roster of 9170 
patients surviving any type of malignancy in childhood for 
over 2 years. The period of risk extended to death, the last 
follow-up, or the date of developing any form of second 
malignancy, whether of the thyroid or not. The mean age at 

initial tumor diagnosis was 7 years, and 45 % of all patients 
were less than 5 years old. The duration of follow-up begin-
ning 2 years after initial diagnosis was 2–48 years (mean: 5.5 
years), with an aggregate follow-up of 50,609 person-years. 
The radiation dose to the thyroid ranged from 0 to 76 Gy 
(mean: 12.5; median: 3.6 Gy). The authors documented 23 
secondary thyroid cancers through their 13 centers, yielding 
a 53-fold increased risk over matched controls, and a signifi -
cantly increased RR was shown among those with early age 
at initial cancer diagnosis. All the thyroid cancer patients had 
received at least 1 Gy to the thyroid. 

 A study of 1787 patients treated for Hodgkin’s disease 
[ 38 ] at Stanford University between 1961 and 1989 included 
1677 patients who had thyroid radiation, most receiving 
44 Gy. The mean age at time of treatment was 28 years 
(range: 2–82 years). After an average follow-up of 9.9 years, 
they found six thyroid cancers 9–19 (median: 13) years after 
therapy began for a RR of 15.6 times expected. The age of 
these six patients ranged from 5 to 32 years at the time of 
exposure. 

 Additional studies [ 39 – 43 ] have assessed the risk of radi-
ation therapy for malignancies on the subsequent occurrence 
of thyroid and other second cancers. These  include   investiga-
tions of large populations of women treated for uterine cervi-
cal cancer and males with testicular malignancy; no increased 
risk of secondary thyroid cancer has been demonstrated, but 
one such study in women found a slight insignifi cant excess 
(RR =1.1; [ 39 ]). In this study, as well as the others, the thy-
roid gland was outside the fi eld of direct radiation, and the 
estimated average thyroid dose was 0.15 Gy.     

    Occupational Exposure 
    Occupational exposure to low-dose radiation has been ana-
lyzed in large studies of workers in the nuclear industry. In a 
report on mortality among radiation workers in the United 
Kingdom, thyroid cancer was the only malignancy for which 
the standardized mortality ratio was raised, but the ERR was 
low (1.05/Sv; [ 44 ]). A similar study of employees of the UK 
Atomic Energy Authority demonstrated a slight, nonsignifi -
cant increase in mortality from thyroid cancer [ 45 ]. 
Additional mortality studies in the United States [ 46 – 48 ] 
failed to demonstrate excess thyroid cancer deaths among 
nuclear materials workers.  

 A study of cancer incidence among medical diagnostic 
X-ray workers in China [ 49 ] found seven thyroid cancers in 
27,011 individuals employed between 1950 and 1980, with 
nearly 700,000 person-years of observation. Thyroid cancers 
were increased among workers employed for 10 year or more 
and among those who began such work before 1960. No 
dosimetry measurements were obtained. A study of more 
than 143,000 members of the American Registry of Radiologic 
Technologists [ 50 ] from 1926 to 1982, who were evaluated 
through questionnaires, revealed a total of 220 self-reported 
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thyroid cancers vs an expected number of approx 100 cases. 
However, these data do not include confi rmation of the diag-
noses, nor are thyroid dose estimates available. 

 Mortality analysis by review of death certifi cates of 
British radiologists who died between 1897 and 1976 failed 
to demonstrate an excess of thyroid cancers [ 51 ]. Similar 
mortality data from North American radiologists did not 
demonstrate any excess deaths from thyroid cancer com-
pared to other specialty physicians during 1920–1969 [ 52 ].     

    Prenatal Exposure 
    The cancer risk of prenatal irradiation has been analyzed in 
atomic bomb survivors and from diagnostic imaging. 
Although some studies have found evidence of an increased 
incidence of childhood cancer following prenatal abdominal 
X-ray exposure, thyroid cancer rates have never been shown 
to increase. Many of these reports have been based on mor-
tality data [ 53 ,  54 ], which would not be expected to show an 
increase for thyroid cancer, but several have utilized inci-
dence data as well [ 55 – 57 ]. Yet, these studies are confounded 
by a number of factors, including diffi culties in dose estima-
tion and maternal issues that may affect the risk of subse-
quent malignancy, such as prenatal care, maternal age, 
sibship position, and prior miscarriage. Follow-up by death 
records and tumor registries of 1630 of the 2802 individuals 
surviving in utero exposure from the Japanese atomic bombs 
disclosed only one thyroid cancer until 1984 [ 58 ].      

    Internal Irradiation 

    Introduction 
 Human exposure to  131 I has been analyzed in patients treated 
for hyperthyroidism and at smaller doses (<1 mCi) for diag-
nostic thyroid scans. Radioactive fallout containing  131 I and 
short-lived radioiodines has also resulted in human thyroid 
irradiation. Although it is believed that  131 I is considerably less 
effective in producing thyroid abnormalities than X-radiation, 
one of the best controlled animal studies suggests that the car-
cinogenic effects are similar [ 59 ]. Shorter- lived radioisotopes 
of iodine are more destructive because of the greater penetra-
tion of their beta rays and faster dose rate, but their ability to 
produce thyroid cancer relative to X-rays is uncertain.  

   Populations Near Nuclear Facilities 
    Research from the United States and United Kingdom [ 60 , 
 61 ] have investigated the mortality from cancer among people 
residing near nuclear power plants. Although such analyses 
are problematic owing to relocation of potentially exposed 
people, case ascertainment in different areas, information on 
individual radiation exposures, and various social issues, an 
increase in thyroid cancer deaths has not yet been reported. 
The Chernobyl accident is considered separately below.    

   Hanford Nuclear Site 
    In 1986, it was revealed that the Hanford Atomic Products 
Operations in Richland, Washington, had released  131 I into 
the environment over a period of years, the greatest during 
1944–1947. The Hanford Thyroid Disease Study [ 62 ] 
reported that the thyroid glands of 3441 people born in the 
vicinity of the Hanford plant between 1940 and 1946 had 
been thoroughly examined and thyroid dose reconstruction 
calculations had been performed. The fi nal Hanford report 
[ 62 ], released in 2002, failed to demonstrate an increased 
risk of thyroid cancer from exposure to Hanford’s  131 I atmo-
spheric releases. A review of the study by the National 
Research Council of the National Academy of Sciences [ 63 ] 
concluded that the imprecision of dose estimates weakened 
the statistical power of the study. Therefore, although the 
study did not detect a dose–response relationship, the data 
are not strong enough to determine whether there is a small 
incremental risk associated with  131 I exposure.      

   Diagnostic  131 I 
    In a multicenter cohort [ 64 ] study of 35,074 patients, 50 thy-
roid cancers were observed through the Swedish Cancer 
Registry vs an expected number of 39.4 in the general popu-
lation. This incidence was not signifi cantly greater than 
expected and may have been infl uenced by the prevalence of 
underlying thyroid disease in this selected population. The 
mean age at fi rst  131 I examination was about 44 years, with a 
mean total dose of 52 μCi and absorbed dose of 0.5 Gy. The 
mean follow-up was 20 year, with 527,056 person-years at 
risk, excluding the fi rst 5 years after examination.     

   Therapeutic  131 I 
    Several studies of the effect of  131 I therapy for hyperthyroid-
ism on subsequent malignancy have been performed. The 
largest of these [ 65 ] from the Cooperative Thyrotoxicosis 
Therapy Follow-up Study evaluated 35,593 patients, includ-
ing 23,020 treated with  131 I. An elevated risk of thyroid can-
cer mortality following  131 I treatment was documented [ 65 ]; 
however, in absolute terms, the excess number of thyroid 
cancer deaths was small. 

 In a group of 4557 patients who received  131 I therapy for 
hyperthyroidism between 1951 and 1975 in Sweden, Holm 
[ 66 ] found no increased risk of thyroid cancer at doses esti-
mated at 60–100 Gy. The mean age at treatment in this study 
was 56 years and an average follow-up time of only 9.5 
years. An excess of thyroid cancer was found by Hoffman 
and associates [ 67 ] in a study of 1005 women treated with 
 131 I at the Mayo Clinic, but this excess was not statistically 
signifi cant. In the study with the longest follow-up period 
(mean of 15 years for 85 % of recipient patients surviving), 
Holm and coworkers [ 68 ] found no increased risk of thyroid 
cancer in 3000 subjects treated for hyperthyroidism or car-
diac disease, based on Swedish Cancer Registry data. Further 
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mortality studies [ 69 ,  70 ] in women receiving  131 I therapy for 
hyperthyroidism have shown no excess thyroid cancer 
deaths. 

 At the Cleveland Clinic [ 71 ], 87 children and adolescents 
less than 18 years of age when they received  131 I treatment 
for hyperthyroidism were evaluated. The mean  131 I dose was 
9.75 mCi. No thyroid cancers were detected in these patients 
or their offspring; the mean follow-up period was 12.3 years. 
Although  131 I in therapeutic doses may affect substantial cell 
killing and thereby mitigate any tumorigenic impact on the 
thyroid, long-term follow-up of exposed populations is 
needed to establish the effect of  131 I on subsequent thyroid 
cancer risk.     

   Fallout 

   Southwestern United States 
   People living in Nevada and Utah near the nuclear test site 
were exposed to radioactive fallout in the 1950s. At least 87 
of the atmospheric tests between 1951 and 1958 resulted in 
offsite contamination [ 72 ]. Thyroid dose estimates range 
from 0.46 [ 73 ] to 25 Gy or more [ 72 ] with added uncertainty 
regarding the amount of consumption of contaminated milk. 
It is not known whether short-lived isotopes of iodine were 
involved. Thyroid examination 12–18 years later of 5179 
children from the area of greatest exposure failed to disclose 
any increase in abnormalities [ 73 ]. However, an interview 
survey of a 1951 cohort of 4125 Mormons in this area dis-
closed an excess incidence of thyroid cancers from 1958 to 
1980 [ 72 ]. This report was challenged by a subsequent mor-
tality study of this region, which found no excess thyroid 
cancer deaths [ 74 ]. Owing to the lack of accurate dose infor-
mation in this setting, no defi nite conclusions regarding the 
risk of fallout exposure are possible.    

   Continental United States 
   The National Cancer Institute published estimates of  131 I thy-
roid doses in the Continental United States from fallout 
exposure related to the Nevada tests of the 1950s [ 75 ]. An 
ecologic study of thyroid cancer death rates across the conti-
nental United States suggested an association with the thy-
roid dose received by children under 1 year of age but failed 
to demonstrate increased risk from doses received at ages 
1–15 years [ 76 ]. This result may relate to biases inherent in 
an ecologic study design, especially limitations introduced 
by studying a mobile population. Based on the National 
Cancer Institute data, a committee of the US National 
Academy of Sciences Institute of Medicine and National 
Research Council [ 77 ] estimated that an excess of 11,300 
thyroid cancer cases could be attributed to exposure from the 
Nevada atomic bomb testing. It was further calculated that 
45 % of these cases had already occurred at the time of the 
report (1999).    

   Marshall Islands 
   In 1954, after detonation of a 15-megaton nuclear device at 
Bikini, an unanticipated wind shift caused exposure to fall-
out of at least 300 people on at least three of the atolls of the 
Marshall Islands [ 78 – 80 ]. Late effects of this exposure have 
been predominantly thyroid abnormalities from absorbed 
radioiodines ( 131 I,  132 I,  133 I, and  135 I), as well as penetrating 
whole-body γ radiation. Signifi cant uncertainty exists regard-
ing thyroid doses; rough estimates average 3.12 Gy in all 
exposed children. Although a signifi cant increase in nodular 
thyroid disease and hypothyroidism has been shown through-
out the northern atolls, few cancers have been documented, 
and the estimated risk only 1.9 times greater than unexposed 
Marshallese. The risk of thyroid cancer was lower in chil-
dren under 10 year old at irradiation than in older popula-
tions, suggesting that dose estimates might be too low and 
that signifi cant cell killing occurred in the younger group, 
which is refl ected by their higher incidence of hypothyroid-
ism. No thyroid cancer has been detected in the ten individu-
als exposed in utero, but two developed benign nodules.    

   Other Incidences 
 Wiklund and colleagues [ 81 ] studied a cohort of 2034 
reindeer- breeding Lapps who had ingested large amounts of 
radioactive fallout products from nuclear weapons tests in 
the USSR. Exposure was through the lichen–reindeer–man 
food chain. From 1961 to 1984, an abundance in thyroid can-
cer incidence was not detected through the Swedish Cancer 
Registry.   

    131 I Risk in Children and Adolescents 
   Prior to the Chernobyl accident, data in the literature regard-
ing  131 I exposures in individuals under age 20 are sparse [ 82 ]. 
Exposed populations were small, and only small numbers of 
thyroid cancer (23 cases) have been reported. Because of 
these factors, and the fact that some subjects were being 
investigated for thyroid diseases and others were adminis-
tered  131 I doses in the cell-sterilization range, there is insuf-
fi cient scientifi c information from earlier studies to make 
conclusions about the risk posed by  131 I in children and ado-
lescents. However, analysis of post-Chernobyl thyroid  cancer 
data has demonstrated conclusively that  131 I is a thyroid car-
cinogen in children and adolescents (see section on “The 
Chernobyl accident and thyroid cancer” below).      

    Analysis of Risk Assessment 

    Introduction 

  The association between radiation exposure and subsequent 
thyroid cancer has been conclusively demonstrated in epide-
miological studies of children receiving head and neck irra-
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diation and in survivors of the atomic bomb exposures in 
Japan. These studies indicate that radiation to the thyroid at 
high doses (>1 Gy) is highly linked with the subsequent 
development of cancer; the effect at lower doses is diffi cult 
to assess. Previous studies to assess doses of less than 
0.10 Gy have produced no conclusive evidence of signifi cant 
risk, but the requisite sample of greater than 100,000 exposed 
individuals and a similar control population have not been 
identifi ed and analyzed.   

    Modifying Factors 

   Type and Duration of Exposure 
  External radiation is roughly four to fi ve times as effective in 
causing thyroid cancer as is  131 I for each unit of absorbed 
dose [ 83 ], with other isotopes of iodine probably having an 
effect between that of  131 I and external radiation. Fractionation 
appears to provide an approx 30 % reduction in the tumori-
genic effect on the thyroid [ 84 ]. However, X-ray technicians 
may have an increased risk over the general population [ 49 , 
 50 ].   

   Age at Irradiation 
   The thyroid is more radiosensitive in children than in adoles-
cents and similarly more so in adolescents than in adults. 
Tucker and colleagues [ 37 ] found that individuals treated at 
an early age and also after lower doses of radiation appeared 
to have a higher RR of thyroid cancer, suggesting some 
increased sensitivity to radiation. Shore [ 83 ] estimated that 
the geometric mean ERR of thyroid cancer following irradia-
tion in adulthood was about 10 % of that in children. In the 
atomic bomb survivors, thyroid cancer in children had one of 
the highest ERR estimates among solid malignancies, 
whereas there was virtually no ERR for thyroid cancer in 
adults [ 20 ]. Large studies of women treated with radiation 
therapy for cervical cancer [ 39 ,  40 ] are among the few in 
adults that have demonstrated an excess risk for thyroid can-
cer, but the confi dence intervals were very wide in each 
study.    

   Sex 
   The absolute risk in females is two to four times that of 
males, but the ERR/Gy is about the same in both sexes. In a 
study by Lundell and associates [ 25 ], most thyroid cancers 
occurred in females, but because of their higher background 
incidence rate, the sex-specifi c RR estimates were similar. 
Ron and associates [ 34 ] and Shore and coworkers [ 85 ] 
reported a greater excess number of cancers among females 
compared to males but no signifi cant difference in the RR 
estimates. According to the report of the BEIR V Committee 
[ 86 ], females are about three times as susceptible to radio-
genic and nonradiogenic thyroid cancer as males.    

   Race 
   The risk appears to be greater in individuals of Jewish ances-
try. Thyroid cancer risks varied among different Jewish sub-
groups in the Israeli tinea study, with those born in Israel 
having one third the risk of those born in the Middle East or 
North Africa. Because the fathers of those born in Israel were 
themselves born in the Middle East or North Africa, environ-
mental, rather than genetic, issues seem to be operative [ 86 ].    

   Iodine Defi ciency 
   Iodine defi ciency is a possible promoting factor, as decreased 
thyroid hormone results in increased stimulation of the  thy-
roid epithelium by thyrotropin (TSH)  . However, at least two 
human studies indicate the opposite effect, and thyroid cancer 
is associated with a high dietary iodine intake [ 83 ]. Prior to 
the Chernobyl experience, only a few reports exist on iodine 
defi ciency’s infl uence on the risk of radiation-induced thyroid 
cancer [ 87 ,  88 ]. Analysis of post-Chernobyl data in one case–
control study has demonstrated that iodine defi ciency is a pro-
moting factor in individuals exposed to  131 I, although this was 
not confi rmed in a large cohort study (see section on “The 
Chernobyl accident and thyroid cancer” below).    

   Parity 
   The observation that thyroid cancer among the exposed 
Marshall Island population occurred exclusively in multipa-
rous women implied that  parity   might increase the chance of 
radiation-induced thyroid cancer. Shore and colleagues [ 33 ] 
demonstrated that older age at fi rst childbirth signifi cantly 
increased the risk of radiation-induced thyroid cancer in 
patients irradiated for thymic enlargement in infancy. A sim-
ilar effect was found with older age at menarche. Other stud-
ies reveal that a history of miscarriage increased this risk, 
especially for younger women [ 83 ].    

   Latency Period 
   The interval between initial exposure to radiation and detec-
tion of thyroid cancer varies widely among human clinical 
studies, from 5 to 50 year after irradiation, largely refl ecting 
the study’s follow-up interval. The latency period may also 
increase with the individual’s age at irradiation.    

   Effect of Screening 
   Based on an intensive screening program that started in 
1974 in Chicago, Ron and colleagues [ 89 ] reported that 
adjusted incidence rates of secondary thyroid cancer were 
seven times greater during the screening period (1974–1979) 
than before.    

   Temporal Pattern 
  The temporal pattern of risk remains uncertain owing to the 
limited long-term follow-up data available. Schneider and 
colleagues [ 27 ] estimated that the increased risk of radiation- 
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induced thyroid cancer probably lasts throughout life. 
Similarly, Thompson and colleagues [ 20 ] found no evidence 
for decreased risk with time after exposure. Ron and cowork-
ers [ 34 ] reported a continued increase in risk over their entire 
study period of up to 38 years. Shore and collaborators [ 33 ] 
indicated that the risk ratio declined over time but remained 
highly elevated at least 45 years after irradiation. Excess risk 
began 5 years after exposure. 

 Shore and coworkers [ 33 ] found that the ERR decreased 
during the entire study period but that there was no signifi cant 
change over time in excess absolute risk (EAR). Conversely, 
Ron and coworkers [ 34 ] demonstrated no signifi cant change 
in ERR but a continuing increase in EAR during the entire 
study period (mean follow-up: 30 year). These somewhat 
contradictory results highlight the need for even longer fol-
low-up periods to clarify the temporal pattern.    

    Dose–Response Relationship 

   A strong dose–response relationship between radiation and 
incidence of thyroid cancer has been documented in Japanese 
atomic bomb survivors [ 20 ] and in studies of children and 
adolescents [ 25 ,  27 ,  34 ,  85 ]. A pooled analysis [ 84 ] of seven 
major studies over a wide range of doses demonstrated an 
ERR of 7.7 per Gy (95 % confi dence limits: 2.1–28.7). For 
those exposed to radiation before age 15 years, linearity best 
described the dose–response relationship, even at 0.10 Gy. 
Although risk estimates are generally those of the linear no- 
threshold model, at very high doses, these estimates might 
not be valid because of cell killing [ 15 ]. Regardless of pos-
sible threshold effects at high doses owing to cell killing, the 
greatest need is for an understanding of carcinogenic effects 
of low-dose radiation.     

    The Chernobyl Accident and Thyroid Cancer 

    Radioactivity Release 

   Without question, the Chernobyl accident was the worst 
technological disaster in the history of nuclear power genera-
tion. On April 26, 1986 at 1:23 AM, two explosions occurred 
(from steam and hydrogen) in reactor 4 of the Chernobyl 
nuclear power station, ejecting large amounts of radioactive 
material into the atmosphere. Subsequently, the graphite 
within the reactor ignited, and fuel elements in the core of 
the reactor melted, resulting in the release of volatile radio-
active products over a 10-day period. The immediate cause 
of the accident was operator error, but the reactor design 
(which lacked a concrete containment vessel) has been 
implicated in the serious consequences of the accident. Initial 

estimates from offi cials in Moscow [ 90 ] indicated that 
approx 4 % of the total activity of the core escaped into the 
atmosphere, resulting in the release of some 50 million Ci 
(2 × 10 18  Bq). However, other researchers concluded that the 
release was much greater [ 91 ,  92 ]. After 18 months of study 
at the reactor site, Sich [ 93 ,  94 ] estimated that the total 
release was actually in the range of 120–150 million Ci. 
Over 80 different isotopes were released [ 95 ]; the most abun-
dant volatile isotopes were those of iodine ( 131 I,  132 I,  133 I, and 
 135 I), tellurium ( 132 Te), and cesium ( 134 Cs and  137 Cs). Some 
radioactive isotopes released during the accident naturally 
decayed to isotopes of iodine, e.g.,  132 Te has a 3-day half-life 
and decays to  132 I.    

    Geographic Distribution of Volatile 
Radioactive Isotopes 

   The distribution of volatile radioactive isotopes to different 
geographic regions was governed by the prevailing meteoro-
logic conditions [ 96 – 99 ]. The initial plume of volatile iso-
topes drifted over northern Ukraine and the Gomel oblast 
(region) of southern Belarus (Fig.  7.1 ). Contaminated air 
masses moved west and then northwest, sweeping across the 
Brest and Grodno oblasts of Belarus, causing the deposition 
of isotopes in Sweden on April 27. The wind direction 
changed to the northeast and to the east on April 29, and a 
large cloud of radioactivity drifted over southern Belarus and 
the southwestern corner of the Russian Federation. A sub-
stantial deposit of radioactivity in the Gomel and Mogilev 
oblasts of Belarus and the Bryansk oblast of Russia resulted 
from rainfall during April 28–30, which washed fallout from 
the cloud onto the ground. Another substantial deposit about 
500 km from Chernobyl was formed when the same cloud 
drifted over the Kaluga-Tula-Orel oblasts of Russia. Rain 
during April 28–30 washed fallout to the ground in these 
regions. Winds changed to the south and then shifted to the 
southwest during the last few days of the accident, contami-
nating the Balkans and Alps. The World Health Organization 
(WHO) estimated that 4.9 million people lived in areas 
where ground surface contamination exceeded 1 Ci/km 2  
[ 100 ]. About 2.3 million children lived in locations that were 
signifi cantly contaminated at the time of the accident [ 101 ].  

     Cesium-137 Release 
   Approximately 2 million Ci (8 × 10 16  Bq) of  137 Cs was 
released, causing widespread soil contamination [ 96 ,  102 ]. 
The distribution of  137 Cs, which has a half-life of approx 30 
years, has been carefully mapped [ 89 ] and was deposited in 
the following manner: Belarus, 33.5 %; Russia, 24 %; 
Ukraine, 20 %; Sweden, 4.4 %; and Finland, 4.3 %. The areas 
with the highest  137 Cs contamination are shown in Fig.  7.1 .    
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   Radioiodine Release 
   The heaviest initial exposure to the population resulted from 
isotopes of iodine. According to recent studies, the release of 
 131 I (half-life: 8.05 days) was 40–50 million Ci (approx 
1.7 × 10 18  Bq), representing about 50–60 % of the core inven-
tory [ 102 – 105 ]. By comparison, the Three Mile Island acci-
dent released only 15–20 Ci of  131 I in the United States in 
1979. During the fi rst month following the Chernobyl acci-
dent, the major source of internal radiation exposure was  131 I, 
which was acquired by inhalation and ingestion of contami-
nated food. Deposits of  131 I on pasture lands and gardens in the 
rural agricultural areas surrounding the reactor introduced this 
radioisotope into the food chain. Ingestion of contaminated 
milk was the most important source of internal  131 I exposure in 
children [ 97 ]. Consumption of contaminated leafy vegetables 
was a secondary source of internal  131 I exposure. 

 Short-lived isotopes of iodine, such as  132 I (half-life: 2.3 h) 
and  133 I (half-life: 21 h), were also released from Chernobyl-4. 
Very few direct measurements of radioiodines were made in 
the initial days following the explosion. Therefore, data 
regarding  132 I and  133 I, which were important primarily in the 
fi rst days after the accident, are scarce. Measurements made 
on April 28, 1986, in Warsaw, Poland, revealed that 28 % of 

the radioactivity in the air was from short-lived iodine isotopes 
[ 106 ]. Thus, populations near the reactor location were 
exposed to  132 I and  133 I via inhalation for at least 1 or 2 days. 

 Following the accident, a limited number of measure-
ments of the ground deposition density of  131 I were con-
ducted in Belarus by the Belarus Institute of Nuclear Physics 
(Minsk; [ 107 ]). A map (Fig.  7.2 ) of the  131 I deposition in 
Belarus [ 103 ] shows some obvious differences in the distri-
bution of  131 I compared with the pattern of  137 Cs ground con-
tamination (Fig.  7.1 ). Particularly, the Gomel and Mogilev 
oblasts were both heavily contaminated with  137 Cs, with rela-
tively less contamination in the Brest oblast. In contrast, the 
 131 I contamination was highest in the Gomel oblast and lower 
but signifi cant levels of deposition were seen in both the 
Mogilev and Brest oblasts. The contamination in the Brest 
oblast arose from the initial plume of radioactivity that 
passed over this area during the fi rst day of the accident.  

      Reconstruction of Thyroid Doses 
   Ideally, to support careful epidemiological studies, accurate 
thyroid dose reconstructions are needed that separate out the 
contribution of (1) external radiation, (2) internal radiation 
owing to  131 I (from both inhalation and ingestion), and (3) 

  Fig. 7.1    Map showing the distribution of   137 Cs   in Belarus, Ukraine, and Russia (From Ref. [ 100 ], courtesy of the World Health Organization)       
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internal radiation from the short-lived iodine isotopes ( 132 I 
and  133 I), because these three components may have differing 
potential to cause thyroid cancer. For example,  132 I and  133 I, 
which decay more rapidly than  131 I, deliver their radiation 
dose over a shorter time interval and could theoretically have 
a carcinogenic effect on thyroid tissue similar to that of 
X-rays [ 108 ]. It has been suggested [ 101 ] that the majority of 
thyroid exposure (85 %) was from internally concentrated 
 131 I derived from ingestion. Approximately 15 % was esti-
mated to have been derived from inhalation of short-lived 
iodine isotopes. 

 Following the accident, direct measurements of thyroid 
radioactive iodine content were made in Belarus, Russia, and 
Ukraine. From these, the exposure to  131 I can be extrapolated, 
but the measurements were made too late to provide useful 
information on  132 I and  133 I. Furthermore, the direct measure-
ments were made on only a small proportion of the affected 
population. Thyroid dose reconstruction is required to deter-
mine the exposure for the rest of the population. Many factors 
may account for the variability in thyroid doses received by 
different individuals in the same geographic area. For exam-
ple, many families grew their own vegetables and obtained 
milk from their own cows. Many individuals were outdoors 
most of the day at the time of the accident and slept with the 

windows open at night, thereby maximizing their exposure to 
 131 I by inhalation. The thyroid dose is known to be inversely 
related to thyroid mass. Thus, for a given uptake of  131 I, chil-
dren achieve a higher thyroid dose than adults. The iodine 
level in the diet also infl uences the effi ciency of uptake of 
 131 I. Southern Belarus suffers from mild iodine defi ciency, 
with some relatively isolated pockets of severe iodine defi -
ciency [ 109 ,  110 ]. Iodine supplementation measures had 
lapsed by 1985. The subsequent implications are that indi-
viduals living in iodine-defi cient areas would have a greater 
thyroid uptake of radioiodine than those living in iodine-
replete areas. An effective prophylaxis program utilizing 
potassium iodide, as was administered in Poland [ 99 ], could 
have limited radioiodine exposure. As exposed inhabitants 
were not immediately informed of the accident, and there was 
no immediate effort to systematically prophylax the popula-
tion, potassium iodide was not administered early enough (if 
at all) in Belarus, Ukraine, and Russia to be effective.    

   Belarus 
   Direct measurements of thyroid  131 I content were made during 
May and June of 1986 in approx 300,000 individuals living in 
the contaminated areas of Belarus. About 200,000 records 
were verifi ed and form the basis of a database for the calcula-

  Fig. 7.2    Map showing the 
distribution of  131 I ground 
contamination in Belarus. Annual 
incidence rates of thyroid cancer 
in children in different geographic 
districts are shown per 100,000 
children (Based on data in Ref. 
[ 135 ]. From Ref. [ 103 ] with 
permission of the American 
Association for the Advancement 
of Science. Color illustration is 
printed in insert following p. 198)       
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tion of individual thyroid doses of Belarussian residents 
[ 111 – 117 ]. Roughly 150,000 individuals in the database were 
interviewed regarding lifestyle and diet. Thyroid dose esti-
mates have been completed for 130,000 residents of the 
Gomel and Mogilev oblasts and Minsk City who had direct 
thyroid measurements completed before June 6. Estimates 
were based on the direct measurements and information on 
lifestyle and diet (e.g., level of milk consumption). 
Calculations assumed  131 I intake by inhalation and ingestion 
of fresh milk after a single deposition of fallout on pasture 
grass [ 111 ]. Average thyroid doses have also been estimated 
for individuals living in 800 rural settlements without direct 
thyroid measurements. These reconstructions are calculated 
using the aforementioned database, considering the level of 
consumption of fresh cows’ milk. A dose reconstruction 
study involving two cities and 2122 settlements in Belarus, as 
well as one city and 607 settlements in the Bryansk district of 
the Russian Federation, estimated an ERR of 23 per Gy [ 112 ]. 

 Reported average thyroid doses of  131 I in Belarussian chil-
dren living in different contaminated raions (administrative 
districts) of the Gomel and Mogilev oblasts ranged from 0.15 
to 4.7 Gy [ 111 – 117 ]. Young children (age ≤7) in these dis-
tricts generally received thyroid doses that were three- to 
fi vefold higher than those recorded in adults living in the 
same district. Several hundred children in Belarus received 
doses of 10 Gy or more to the thyroid; the highest thyroid 
dose did not exceed 60 Gy.    

   Russian Federation 
   In addition to the 130,000 direct measurements in Belarus, 
28,000 measurements were made in the Kaluga oblast, and 
2000 measurements were made in the Bryansk oblast of 
Russia [ 118 – 120 ]. These oblasts also suffered from mild-to- 
moderate iodine defi ciency [ 110 ]. The mean thyroid dose 
owing to iodine radionuclides in children in Bryansk was 0.5 
Gy, but it was 2.2 Gy in the more heavily contaminated 
zones. In the Kaluga oblast, the mean dose in children was 
0.25 Gy. In the more heavily contaminated areas, the mean 
dose was 0.5 Gy, and individual doses were as high as 10 Gy.    

   Ukraine 
   Direct measurements of thyroid  131 I content were made in 
150,000 people in Ukraine in May to June of 1986, including 
108,000 children and adolescents ages 0–18 years [ 121 –
 125 ]. The measurements were conducted in four of the 
northern oblasts: Chernigov, Kiev, Zhitomir, and Vinnytsia. 
Large-scale thyroid dose reconstructions were carried out 
using the direct measurements in combination with environ-
mental data and information on personal behavior and intake 
of milk and leafy vegetables. Empirical relations were devel-
oped between parameters of  131 I intake and the level of  137 Cs 
soil contamination and the distance and direction from the 
nuclear plant. These relations allowed estimation of thyroid 

 131 I content in territories without direct measurements, such 
as the Cherkassy and Rovno oblasts. In different administra-
tive regions of northern Ukraine, average thyroid doses from 
 131 I in children and adolescents ranged from 0.03 to 1.6 Gy.     

    Thyroid Cancer Incidence in Children 

 Following the Chernobyl accident, Prisyazhiuk and colleagues 
[ 126 ] reported a small increase in thyroid cancer cases in chil-
dren from three districts in the northern Ukraine within 80 km 
of the nuclear plant. Another report from Ukraine followed 
[ 127 ]. Local physicians had simultaneously detected a marked 
increase in the rate of childhood thyroid cancer in Belarus, 
starting in 1990 and primarily affecting the Gomel oblast [ 99 , 
 128 – 131 ]. Whereas only 1 or 2 cases of thyroid cancer were 
seen annually in the Gomel oblast during 1986–1989, there 
were 14 cases in 1990 and 38 cases in 1991. Most cases from 
Belarus (128/131) were diagnosed as papillary carcinomas. 
The initial reports were met with some skepticism by the inter-
national scientifi c community. Therefore, a team of interna-
tional scientists under the auspices of the WHO and Swiss 
government visited Belarus in July of 1992 to verify the accu-
racy of the histologic diagnoses of thyroid cancer. The interna-
tional team studied the histologic specimens from 104 children 
diagnosed with thyroid cancer since 1989 and agreed with the 
diagnosis in 102 cases [ 132 ]. The team also reported a marked 
increase in the incidence of childhood cancer (age ≤14) in 
Gomel from 1990 onward, with 80 cancers per million children 
each year by 1992, compared with the usual background rate of 
around one case of cancer per million children each year. 

 Subsequent data [ 101 ] have shown a continued increase 
in thyroid cancer incidence in children from Belarus, north-
ern Ukraine (Kiev, Chernigov, Cherkassy, Rovno, and 
Zhitomir oblasts), and southwestern Russia (Bryansk and 
Kaluga oblasts) since the accident (Table  7.3 ). As shown, 
rates are expressed as cases of pediatric (age ≤14) thyroid 
cancer per million children each year.

     Belarus 
 The annual pediatric (age ≤14) thyroid cancer incidence rate 
in Belarus increased from 0.3 per million in 1981–1985 to 
30.6 per million in 1991–1994, a 100-fold increase. A total 
of 333 cases of pediatric thyroid cancer were diagnosed in 
Belarus from 1986 to 1994 [ 101 ,  133 ,  134 ]. During 1995, 91 
additional cases were diagnosed (57 in the fi rst 7 months of 
the year). Yet, there were only seven pediatric cases in 
Belarus for 9 years preceding the accident (1977–1985). In 
the Gomel oblast, the incidence rate increased nearly 200- 
fold up to 96.4 per million. 

 Of the 390 pediatric cases reported in Belarus through 
mid-1995, 54.3 % were from the Gomel oblast, and 21.8 % 
were from the Brest oblast. Only 1.8 % of cases were from 
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the Vitebsk oblast, which was not contaminated following 
the Chernobyl accident. Annual childhood thyroid cancer 
incidence rates for different geographic zones in Belarus are 
shown in Fig.  7.2  (in cases per 100,000 children/year for 
1990–1991). There is a strong correlation between these 
incidence rates and soil  131 I contamination levels (Fig.  7.2 ), 
as documented by the study of Abelin and colleagues [ 135 –
 137 ]. As noted by those authors, the higher incidence rates 
occurred along the two paths taken by the initial clouds of 
volatile radioisotopes: one pathway to the west and the other 
to the northeast. The highest annual incidence rate (130.8/
million) was found in the southern part of the Gomel oblast, 
adjacent to Chernobyl, where the  131 I contamination level 
was highest. The association between childhood thyroid can-
cer incidence and  131 I deposition suggests that radioactive 
isotopes of iodine had an etiological role in the pathogenesis 
of the thyroid cancers. 

 The ratio of affected girls to boys in Belarus was 1.5: 1.0. 
Most affected children (386/390) were born either before the 
accident or near the time of the accident; only four of the 
children were born after 1986. The rate of thyroid cancer in 
children born after 1986 is low and approximates baseline 
levels before the accident. Figure  7.3  shows data from 298 
children diagnosed with thyroid cancer at the Pathology 
Institute in Minsk from 1990 to 1994 [ 138 ]. Note that there 
is a sharp cutoff age (Fig.  7.3 , bold line) below which few 
young children have presented with thyroid cancer, and the 
cutoff age increases with time. The bold line in Fig.  7.3  rep-
resents children who were born on November 26, 1986. 
Children born on this date would have been approx 10-weeks 
gestational age at the time of the Chernobyl accident. 
Because the fetal thyroid gland can concentrate iodine by 12 
weeks, these children could have theoretically sustained sig-
nifi cant thyroid exposure to  131 I in utero during the fi rst 
month following the accident. These data strongly suggest 
that intrathyroidal accumulation of radioactive iodine iso-
topes—either in utero or after birth—was an important factor 

in the pathogenesis of the pediatric thyroid cancers in 
Belarus.

   An analysis of thyroid cancer cases in Belarus by cohorts, 
defi ned according to the patient’s date of birth, is shown in 
Fig.  7.4  [ 136 ,  139 ]. Clearly, increasing numbers of cases 
have occurred in each cohort at least until 1993. The largest 
number of new thyroid cancer cases has occurred in indi-
viduals who were age 4 and younger at the time of the acci-
dent (birth date: 1982–1986), followed by those who were 
ages 5–9 (birth date: 1977–1981); however, individuals as 
old as 19 at the time of the accident were still at risk. These 
data suggest that younger children are most susceptible to 
the carcinogenic effects of radioactive iodine isotopes.

   The peak incidence of childhood papillary thyroid carci-
noma (in patients up to age 14) occurred in Belarus in 1995 
at 40 cases per million. Subsequently, a gradually decreasing 
frequency of papillary carcinoma has been observed in this 
age group. There were 84 cases observed in 1996, 66 cases 
in 1997, 54 cases in 1998, 49 cases in 1999, and 31 cases in 
2000 [ 140 ]. This represents a total of 708 childhood cases 
presenting in Belarus from 1986 to 2000. After the latter half 
of 2001, only sporadic thyroid cancers were found in 
Belarussian children. The decrease is readily explained 
because over time, exposed individuals will reach age 15 or 
older and will no longer be reported in the data for children 
(up to age 14). In keeping with this analysis, since 1997, the 
incidence of thyroid cancer has increased in Belarussian ado-
lescents ages 15–18 years old at the time of diagnosis or sur-
gery. In 2001, the incidence was 112 per million in this 
patient cohort [ 141 ].  

   Russian Federation 
 In the contaminated oblasts of the Russian Federation, an 
increased incidence of thyroid cancer in children and adoles-
cents has been registered [ 101 ,  119 ,  142 ,  143 ]. The annual 

   Table 7.3     Incidence   of thyroid cancer in children (under age 15 at 
diagnosis)   

 Location 

 Rate 

 1981–1985  1986–1990  1991–1994 

 Belarus  0.3  4  30.6 

 Gomel oblast  0.5  10.5  96.4 

 Ukraine  0.5  1.1  3.4 

 Kiev, Chernigov, 
Cherkassy, Rovno, and 
Zhitomir oblasts 

 0.1  2  11.5 

 Russia 

 Bryansk and Kaluga 
oblasts 

 0  1.2  10 

  Data from Ref. [ 101 ] 
 Annual incidence rates per million children under age 15 are given  
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  Fig. 7.3    Graph showing the age of Belarussian children at the time of 
thyroid surgery vs the date of surgery. The  bold line  corresponds to the 
age of a child born on November 26, 1986. Note that very few cases fall 
below the  bold line  (From Ref. [ 138 ], courtesy of the European 
Commission)       
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prevalence in children (age ≤14) in the Bryansk and Kaluga 
oblasts has increased from background to ten per million. 
The major increase occurred in the Bryansk oblast, with 21 
cases reported between 1986 and 1994.  

   Ukraine 
 Between 1986 and 1994, 211 children (age ≤14) underwent 
surgery for thyroid cancer in Ukraine [ 101 ,  121 ,  122 ,  144 , 
 145 ]. The incidence in children increased from 0.4 to 0.6 per 
million pre-Chernobyl to 4 per million by 1992–1994. The 
ratio of girls to boys was 1.4: 1.0. In the fi ve most northern 
oblasts (Kiev, Chernigov, Zhitomir, Cherkassy, and Rovno) 
that were heavily contaminated by the Chernobyl accident, 
the incidence was much higher: 11.5 per million children. 
About 60 % of the cases in Ukraine originated from these 5 
oblasts out of 25 oblasts in the country. Only two children 
presenting with thyroid cancer were born after 1986, equiva-
lent to an incidence of less than one per million each year in 
children born after 1986. In Pripyat, located 3.5 km from the 
Chernobyl plant, the incidence in children and adolescents 
who were ages 0–18 years old at the time of the accident was 
137 per million by 1990–1992. Throughout Ukraine, there 
was a 30-fold gradient in thyroid cancer incidence rates in 
individuals ages 0–18 at the time of the accident, directly 
corresponding to the gradient in thyroid doses from  131 I 
exposure [ 122 ]. This relationship between cancer incidence 
and thyroid  131 I dose strongly supports a role for radioactive 
iodine isotopes in the pathogenesis of the cancers.   

    Pathological and Biologic Features 
of the Pediatric Thyroid Cancers 

  The pathological features of the thyroid cancers presenting 
after the Chernobyl accident in children from Belarus, 
Ukraine, and Russia have been well characterized [ 146 – 155 ]. 
With few exceptions, all the cases have been papillary carci-

nomas. Several histological subtypes have been noted [ 146 –
 149 ]: classical papillary architecture, often with mixed 
papillary/follicular elements (approx 11 %); a mixture of 
solid and follicular structures (73 %); and the diffuse 
 sclerosing type (8 %). Primary tumors were 1 cm or larger in 
diameter in the vast majority of cases (79–88.5 % in three 
series; [ 133 ,  150 ,  151 ]). 

 Thyroid tumors that arise in children are typically more 
aggressive than those that arise in adults [ 156 – 161 ]. This 
phenomenon was also true in the Chernobyl-related cases. 
The tumors were often widely invasive within the thyroid 
gland (33 % in one series [ 151 ]; 59 % of cases in another 
series [ 146 ]). There was direct invasion of extrathyroidal tis-
sue (T4 stage) in a high proportion of cases (48–63 %; [ 133 , 
 134 ,  144 ,  146 ,  150 ,  154 ]). Lymphatic invasion was present in 
77 % of cases and blood vessel invasion in 15–32 % [ 146 , 
 150 ,  151 ]. Regional lymph node metastases (N1 stage) were 
present in 59–88 % of cases [ 133 ,  144 ,  150 ,  151 ,  154 ]. 
Distant metastases (M1 stage, usually to lung) were present 
in 5–9 % of cases [ 133 ,  150 ,  154 ]. 

 Only a few cases showed features of “occult” or micro-
carcinoma. Taken together, these pathological and biological 
features argue strongly against the cancers being incidental 
fi ndings [ 162 – 164 ]. In nearly all cases, the cancers repre-
sented clinically signifi cant disease; only 9 % of the children 
in one series from Belarus were staged at T1 N0 M0 [ 150 ].    

    Molecular Characterization of Chernobyl- 
Associated Papillary Thyroid Carcinomas 

     Ret  Oncogene 

   Activation of the  ret  oncogene by chromosomal rearrange-
ment was initially reported in four of seven Chernobyl- 
associated pediatric cases by Ito and coworkers [ 165 ] and is 
the most characteristic type of molecular alteration in post- 
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  Fig. 7.4    Graph showing the number of new thyroid cancer cases during each year from 1986 to 1994 in cohorts of Belarussian children defi ned 
by year of birth (From Ref. [ 139 ], courtesy of the European Commission)       
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Chernobyl papillary thyroid carcinomas [ 165 – 186 ]. An analy-
sis of pooled data regarding  ret  rearrangements from eight 
published studies [ 166 – 168 ,  177 – 182 ] is presented in Table 
 7.4 . For purposes of this analysis, those cases diagnosed or 
undergoing surgery on or before April 26, 1996, are reported 
in part A; those presenting after April 26, 1996, are reported in 
part B. The original published case series have been segre-
gated into two groups according to this criterion. For example, 
the fi rst 37 cases of Smida et al. [ 182 ] underwent surgery from 
April 21, 1993, to April 16, 1996, and are recorded in part 
A. The remaining 14 from this series underwent surgery from 
May 3, 1996, to February 14, 1997, and are recorded in part 
B. The 191 cases of Rabes et al. [ 177 ,  178 ] were divided into 
groups of 61 and 130 by the original authors using the same 
criterion. Case numbers 3, 4, 5, and 6 as published by Pisarchik 
et al. [ 179 ,  180 ] underwent surgery in February 1996 and are 
included in part A. Cases numbered 7–39 underwent surgery 
from October 2, 1996, to December 27, 1996, and are reported 
in part B. All individuals reported in this analysis were under 
age 20 at the moment of the accident (April 26, 1986).

   As demonstrated in Table  7.4 , part A,  ret /PTC3 is the most 
prevalent form of  ret  rearrangement in post-Chernobyl papil-
lary carcinomas diagnosed during the fi rst decade following 
the accident (until April 26, 1996). The overall prevalence of 
 ret /PTC3 in these cases is 43 %, whereas the prevalence of 
 ret /PTC1 is 16 % and that of  ret /PTC2 is only 1.3 %. 

 In contrast with the earlier case series, Pisarchik and col-
leagues [ 179 ] found a higher prevalence of  ret /PTC1 rear-
rangements (29 %) in 31 post-Chernobyl papillary thyroid 
carcinomas presenting in 1996. However, the prevalence of 
 ret /PTC3 was found to be quite low (7 %) in a subset of these 

cases [ 180 ]. Pisarchik and colleagues [ 180 ] suggested that 
there was a switch in the ratio of  ret /PTC3 to  ret /PTC1 rear-
rangements in late (1996) vs early (1991–1992) post- 
Chernobyl papillary thyroid cancers. Smida and colleagues 
[ 182 ] independently arrived at a similar conclusion after 
studying 51 Chernobyl-related cases. These authors [ 182 ] 
suggested that  ret /PTC3 may be typical for radiation- 
associated childhood papillary thyroid carcinomas with a 
short latency period, whereas  ret /PTC1 may be a marker for 
carcinomas appearing after a longer latency period. These 
observations are confi rmed by the pooled analysis in Table 
 7.4 , part B. The overall prevalence of  ret /PTC3 in these later 
cases is signifi cantly lower at 11 %, whereas the prevalence 
of  ret /PTC1 is higher at 28 %. 

 In addition to infl uencing the latency period, the type of 
 ret  rearrangement correlates strongly with morphological 
variants of papillary thyroid carcinoma. Nikiforov and col-
leagues [ 167 ] fi rst reported that post-Chernobyl papillary thy-
roid carcinomas with a solid differentiation pattern are 
associated with  ret /PTC3, and the classic papillary differen-
tiation pattern is related to the  ret /PTC1 rearrangement. This 
fi nding has been confi rmed by Rabes and colleagues [ 177 , 
 178 ], as well as Thomas and colleagues [ 183 – 185 ], and simi-
lar results have been obtained in transgenic mice [ 187 – 189 ]. 

 The results regarding  ret  rearrangements are particularly 
interesting in view of the recent demonstration that 
X-irradiation (50–100 Gy) in vitro can induce  ret  oncogene 
rearrangements in undifferentiated human thyroid carcinoma 
cells [ 190 ]. Furthermore, Bounacer and colleagues [ 191 ] 
reported a high frequency of  ret  rearrangements (primarily 
 ret /PTC1) in papillary thyroid carcinomas originating from 

     Table 7.4    Studies  of    Ret  rearrangements in post-Chernobyl papillary thyroid cancers   

 Authors (Ref.)   N   Dates of diagnosis   Ret /PTC1   Ret /PTC2   Ret /PTC3 

  A. Latency period    a  ≤ 10 years  ( April 26 ,  1986 ,  through April 26 ,  1996 ) 

 Fugazzola et al. [ 166 ]  6  1991–1992  0 (0 %)  1 (17 %)  3 (50 %) 

 Nikiforov et al. [ 167 ]  38  1991–1992  6 (16 %)  1 (3 %)  22 (58 %) 

 Klugbauer et al. [ 168 ]  12  1993–1995  2 (17 %)  0 (0 %)  6 (50 %) 

 Smida et al. [ 182 ]  37  1993–4/16/1996  8 (22 %)  0 (0 %)  11 (29 %) 

 Rabes et al. [ 177 ,  178 ]  61  1993–4/26/1996  9 (15 %)  0 (0 %)  24 (39 %) 

 Pisarchik et al. [ 179 ]  4  2/1996  1 (25 %)  NT  NT 

 Pisarchik et al. [ 180 ]  3  2/1996  NT  NT  1 (33 %) 

 Pooled data  26 (16 %)  2 (1.3 %)  67 (43 %) 

  B. Latency period  > 10 years  ( after April 26 ,  1996 ) 

 Pisarchik et al. [ 179 ]  27  10/1996–12/1996  8 (30 %)  NT  NT 

 Pisarchik et al. [ 180 ]  12  10/1996–12/1996  NT  NT  0 (0 %) 

 Pisarchik et al. [ 181 ]  37  1998  8 (22 %)  NT  5 (14 %) 

 Smida et al. [ 182 ]  14  5/1996–1997  4 (29 %)  0 (0 %)  2 (14 %) 

 Rabes et al. [ 177 ,  178 ]  130  5/1996–1998  39 (30 %)  0 (0 %)  14 (11 %) 

 Pooled data  59 (28 %)  0 (0 %)  21 (11 %) 

   NT  not tested 

  a Interval between exposure and diagnosis/surgery  
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patients with a history of external radiation. Similar results 
using immunohistochemistry were reported by Collins and 
colleagues [ 192 ]. Taken together, they suggest that  ret  rear-
rangements are important in the pathogenesis of radiation- 
induced papillary thyroid carcinomas, and the specifi c type 
of molecular rearrangement ( ret /PTC1 vs  ret /PTC3) may 
infl uence the biology of the cancer (e.g., the latency period 
and morphological variant). 

 Following the Chernobyl accident, rare types of  ret /PTC 
rearrangements were also described (Fig.  7.5 ). These include 
a variant of  ret /PTC1 [ 193 ],  ret /PTC4 [ 172 ], and other vari-
ants of  ret /PTC3 [ 170 ,  171 ],  ret /PTC5 [ 173 ],  ret /PTC6 [ 174 ], 
 ret /PTC7 [ 174 ],  ret /PTC8 [ 175 ], and  ret /PTC9 [ 176 ]. Three 
other rearrangements— ret / PCM1  [ 194 ],  ELKS / RET  [ 195 ], 
and  ret / PTC1L  (another variant of  ret /PTC1) [ 196 ]—were 
recently described.  

  Fig. 7.5    Patterns of  RET oncogene   rearrangement found in papillary carcinomas       
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       Other Genetic Loci 

 Other genetic loci have been investigated [ 138 ,  146 ,  197 – 205 ] 
including  NTRK1 ,  TP53 , the TSH receptor, the three  ras  
genes ( H - RAS ,  K - RAS , and  N - RAS ), and  BRAF . Chromosomal 
rearrangements associated with the   NTRK1  gene   [ 197 ] have 
been identifi ed infrequently in post- Chernobyl papillary thy-
roid carcinomas [ 177 ,  178 ,  198 ]. Missense, silent, and non-
sense mutations involving the  TP53  gene have been identifi ed 
in a small number of Chernobyl- associated papillary thyroid 
carcinomas [ 199 – 204 ]. Alterations of the TSH receptor and 
 RAS  genes are very rare, suggesting that point mutations in 
these genes do not have a signifi cant role in the pathogenesis 
of Chernobyl-associated thyroid cancers. A novel   AKAP9 -
 BRAF  fusion   resulting from an internal rearrangement of 
chromosome 7 has been described in a subset of post-Cher-
nobyl papillary thyroid carcinomas [ 205 ]. In contrast, activat-
ing point mutations of  BRAF  are absent [ 205 ].  

    Summary Molecular Model 

 The available molecular data, taken together, suggest that the 
mechanism of Chernobyl radiation-induced papillary thy-
roid cancer pathogenesis is primarily related to double- 
stranded DNA breaks leading to chromosomal translocations 
and/or inversions and gene rearrangements (e.g., involving 
 ret ,  NTRK1 , and  BRAF  genes). The resulting hybrid gene 
products are expressed within thyroid follicular cells and 
exhibit ligand-independent activation. These hybrid pro-
teins then constitutively activate the MAPK pathway. This is 
in contrast to sporadic papillary thyroid cancers where acti-
vating point mutations within elements of the MAPK path-
way are more common.   

    Epidemiological Considerations 

  Following the initial reports of thyroid cancer cases in the 
regions surrounding Chernobyl, there were many questions 
about whether the cases were related to the accident or simply 
represented increased ascertainment [ 89 ,  206 ,  207 ]. The data 
reviewed in this chapter support the contention that nearly all 
the cancer cases were correctly diagnosed, and the majority 
represented clinically important disease, not incidental cases 
found by screening. Some oblasts that received little radiation 
(Vitebsk) were subjected to intensive screening but yielded 
very few cases. Thus, increased ascertainment cannot explain 
the dramatic and sustained increase in incidence that has been 
documented. The large number of cases and latency period 
support an association with the accident [ 108 ]. In addition, 
data reviewed previously suggest that radioiodine isotopes are 
implicated in the pathogenesis of the cancers. A small case–

control epidemiological study has provided some further evi-
dence for this point by demonstrating a dose–response 
relationship at the level of the individual thyroid dose [ 208 , 
 209 ]. A study by Jacob et al. [ 210 ] showed a linear dose–
response relationship between the thyroid dose, resulting from 
internal  131 I exposure and the risk of thyroid cancer. A recent 
analysis by Shibata et al. [ 211 ] further supports the concept 
that direct external or internal exposure to  131 I and short-lived 
radioiodine isotopes was a causative factor in the pediatric thy-
roid cancers. An analysis of children who lived within a 150-
km radius from Chernobyl revealed that cancer frequently 
developed in children born in 1983–1986; however, no cases 
were seen in children born in 1987–1989 [ 211 ]. This is most 
likely explained by natural degradation of  131 I and short-lived 
radioiodine isotopes, as well as erosion of these isotopes from 
the contaminated territory by wind and rain. A large case–con-
trol study has defi nitively established a relationship between 
childhood radioiodine dose following the Chernobyl accident 
and the subsequent risk of thyroid cancer [ 212 ]. Risk is modi-
fi ed by iodine status; children living in iodine-defi cient areas 
have greater risk of developing thyroid cancer following  131 I 
exposure [ 212 ]. Another case–control study by Davis and col-
leagues [ 213 ] demonstrated a dose-dependent relationship of 
thyroid cancer risk in the Bryansk oblast of the Russian 
Federation. Finally, a large-scale prospective cohort study 
involving 32,385 individuals under age 18 living in contami-
nated areas of Ukraine demonstrated an ERR of 5.25 per Gy 
during the fi rst screening in 1998–2000 [ 214 ]. A linear dose–
response relationship between individual  131 I dose and thyroid 
cancer risk persisted in this cohort for two decades following 
the Chernobyl accident, although at a somewhat lower ERR of 
1.91 per Gy [ 215 ] based on screenings in 2001 through 2007. 
A major strength of this study was availability of individual 
 131 I dose estimates derived from radioactivity measurements 
taken within 2 months after the accident [ 214 ,  215 ]. This 
cohort study did not confi rm a modifying effect of iodine sta-
tus on  131 I- related risk of thyroid cancer [ 215 ].      
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