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Introduction

Thyroid cancer (TC) is the most common malignant 
tumor of the endocrine system (1). Globally, about 
567,000 incident TC cases were estimated in 2018, 

ranking the ninth for incidence in all cancers, among 

which 130,889 were males and 436,344 were females, with 

age-standardized incidence rates by world population 

(ASIRs) of 3.1/100,000 and 10.2/100,000, respectively (2).  
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However, about 41,000 TC deaths were estimated in 
2018 worldwide, including 15,557 males and 25,514 
females, with age-standardized mortality rates by world 
population (ASMRs) from 0.4 to 0.5 per 100,000 in males 
and females (2). According to the Global Cancer Statistics 
2018, there is an over ten-fold difference in incidence 
across different parts of the world in both females and 
males, the highest incidence area being in North America 
(23.1/100,000 in females and 6.9/100,000 in males) and 
the lowest incidence area in Western Africa (1.5/100,000 
in females and 0.5/100,000 in males) (2). Incidence rates 
of TC have largely increased in many developed countries 
in recent decades, but at different magnitudes (3-6). 
Several possible explanations have been proposed for this 
increase, including more sensitive diagnostic procedures 
and increases in environmental carcinogens (7). Different 
risk factors may account for the temporal trend, including 
exposure to ionizing radiation in childhood and among 
young women; however, their effects on TC development 
have still not been fully illuminated (8).

Studies exploring the age, period, and cohort effects 
on the incidence of TC have shown somewhat divergent 
findings (9-13). Although some studies showed that a 
rapidly increased incidence of TC might be associated with 
wider medical surveillance and more intensive diagnostic 
practices (9,10), others reported that various environmental 
factors may contribute to this increasing trend (11-13).
These studies were mainly carried out in populations in 
Europe, the United States, and South America, and thus 
may reflect a different situation from that in populations in 
East Asia, including the levels of diagnostic technology for 
TC, differences of environmental factors, and government 
health policies.

The incidence of TC has increased substantially 
worldwide; however, there is a lack of knowledge regarding 
Joinpoint regression with trends and age-period-cohort- 
effects on incidence rates in East Asia. This study described 
the TC incidence and mortality trends and analyzed age-
period-cohort effects on incidences in China, Japan, and 
Korea. We present the following article in accordance 
with the STROBE Reporting checklist. Available at http://
dx.doi.org/10.21037/gs-20-97.

Methods

Data sources

Data on TC incidence in each region, the respective year, 

and age of diagnosis were extracted from the Cancer 
Incidence in Five Continents (CI5plus) database (http://ci5.
iarc.fr/CI5plus/Default.aspx), published by the International 
Agency for Research on Cancer. Briefly, the CI5plus is a 
compendium of high-quality annual incidence registries for 
selected cancers published in CI5 for the longest possible 
period (14). We analyzed the data from three major East 
Asian countries including China, Japan, and Korea. Data 
on TC mortality were acquired from the World Health 
Organization Cancer Mortality Database (http://www-
dep.iarc.fr/WHOdb/WHOdb.htm). In the CI5plus 
database, the cancer incidence data in China consist of five 
population-based registries including Shanghai, Jiashan, 
Zhongshan, Harbin and Hong Kong from 1998 to 2012 
with a rigorous editorial process and the highest level of 
quality. The cancer incidence data in Japan include four 
high-quality registries (Miyagi, Nagasaki, Osaka and Fukui) 
from 1998 to 2010, and the cancer incidence data in Korea 
include five high-quality registries (Busan, Seoul, Ulsan, 
Gwangju and Incheon) from 1999 to 2012. Furthermore, 
they are the only registries in East Asian countries with 
nearly 15 years of uninterrupted time series (Table S1).

Statistical analysis

For each region, crude incidence rates, ASIRs, and ASMRs 
were calculated, expressed per 100,000 persons at risk, and 
stratified by sex for each year. ASIRs and ASMRs were 
calculated using the direct method and Segi’s world standard 
population (15,16).

Joinpoint analysis
The Joinpoint regression analysis program was employed to 
estimate the trend of ASIRs and ASMRs (17) and the results 
were expressed as the Average Annual Percent Change 
(AAPCs) and their 95% confidence intervals (CIs) for 
every area by using a regression model with the logarithm 
of the ASIRs and ASMRs as the dependent variable and 
the calendar year as the independent variable by sex. The 
trend coefficient was considered as a significant increase or 
decrease if the P value was less than 0.05.

Age-period-cohort model with intrinsic estimator
The age-period-cohort models were used to distinguish 
three temporal variations in the age, period, and cohort 
effects on TC incidence. Generally, the age-period-cohort 
model can be expressed as:

 In( ) In( / )ij ij ij i j k ijE Nθ µ α β γ ε= = + + + +  [1]

http://dx.doi.org/10.21037/gs-20-97
http://dx.doi.org/10.21037/gs-20-97
http://ci5.iarc.fr/CI5plus/Default.aspx
http://ci5.iarc.fr/CI5plus/Default.aspx
http://www-dep.iarc.fr/WHOdb/WHOdb.htm
http://www-dep.iarc.fr/WHOdb/WHOdb.htm
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In the model, Eij denotes TC incidence, ϴij and Nij denote 
TC incident cases and total exposure population; αi, βj, 
and γk denote the effects of age group i, time period j, and 
birth cohort k, respectively; μ denotes the intercept, and 
εij denotes the residual (18). However, it is impossible to 
directly estimate the net effects of age, period, and cohort 
because of the exact linear relationship among age, period, 
and cohort in the full age-period-cohort model, which is 
called the identification problem. The age-period-cohort 
model with the intrinsic estimator (IE) algorithm has 
been confirmed to be unbiased, and valid for solving non-
identifiability (18,19).

We used the IE algorithm to analyze the TC incidence 
data collected from CI5Plus needed for the consecutive 
5-year data in the age-period-cohort model; for this 
analysis, we merged cancer incidence data of three 
registries (Shanghai, Jiashan, and Hong Kong, in China) 
in 1997 for incidence in China in 1997, and we only used 
incidence data of the Seoul registry in 1997 for incidence 
in Korea in 1997. We merged incidence data of three 
registries (Miyagi, Nagasaki, and Osaka, in Japan) in 
1997 for incidence in Japan in 1997, and incidence data 
of three registries (Nagasaki, Osaka, and Fukui, in Japan) 
in 2012 for incidence in Japan in 2012. We focused on 
adults aged 20 to 84 years, and we classified data into 
13 age groups (from 20–24 to 80–84), 16 birth cohort 
groups (from 1912–1916 to 1987–1991), and four period 
year points for data analysis (1997, 2002, 2007, and 
2012). We excluded people younger than 20 years and 
older than 85 years of age, because TC incidence data 
were not complete and the incidence rates were very low 
for these age groups.

The goodness of fit for each model was estimated 
using the likelihood ratio test, the Akaike information 
criterion (AIC), and Bayesian Information Criterion (BIC). 
P-values of less than 0.05 were considered statistically 
significant. To interpret the effects of age, period, and 
cohort more intuitively, the coefficients produced by the IE 
method was converted to relative risk (RR) by exponential 
transformation and the corresponding groups as the 
reference were as follows: age group (age group 30–24), 
first period year point (in 1997), and cohort group (in 1947–
1924). 

All statistical analyses were performed using the Stata 
software version 14.0 (StataCorp LP, College Station, TX, 
USA) and Joinpoint software version 4.6.0.0 (Surveillance 
Research and Applications Branch, National Cancer 
Institute, Bethesda, MD, USA).

Results

Age-standardized incidence and mortality rates in three 
East Asian countries

In China, the ASIR in males was 1.8/100,000 in 1998 
and 6.7/10 in 2012. Compared with the incidence rate in 
1998, the rate in 2012 increased by 2.72 times. The ASIR 
in females in China was 5.1/100,000 in 1998 and 18.4/10 
in 2012. Compared with the incidence rate in 1998, the 
rate in 2012 increased by 2.61 times. However, the ASMR 
decreased to 0.29/100,000 from 0.41/100,000 in males and 
decreased to 0.34/100,000 from 0.45/100,000 in females 
(Figure 1).

The ASIR in males in Japan was 1.8/100,000 in 1998 
and 2.9/10 in 2010. Compared with the incidence rate in 
1998, the rate in 2012 increased by 0.61 times. The ASIR 
in females in Japan was 5.4/100,000 in 1998 and 8.7/10 in 
2010. Compared with the incidence rate in 1998, the rate in 
2012 increased by 0.61 times. However, the ASMR slightly 
decreased to 0.30/100,000 in 2012 from 0.34/100,000 
in 1998 in males and decreased to 0.39/100,000 from 
0.48/100,000 in females (Figure 1).

In Korea, the ASIR in males was 2.2/100,000 in 1999 
and 25.0/10 in 2012. Compared with the incidence rate 
in 1998, the rate in 2012 increased by 10.36 times. The 
ASIR in females was 10.8/100,000 in 1999 and 108.1/10 
in 2010. Compared with the incidence rate in 1998, the 
rate in 2012 increased by 9.01 times (Figure 1). However, 
the ASMR slightly decreased to 0.35/100,000 in 2012 
from 0.37/100,000 in 1998 in males and remained stable at 
0.46/100,000 in females (Figure 1).

Obviously, Figure 1 shows that TC incidence in females 
was much higher than that in males in three East Asian 
countries. 

Joinpoint regression analysis

The ASIRs of TC in males and females in China from 1998 
to 2012 are shown in Figure 2 and Table 1. The Joinpoint 
analysis revealed an AAPC of 10.3% (95% CI, 7.2–13.4%) 
in males. However, different and changing patterns were 
found at different periods. The annual percent change was 
−3.5% in the period from 1998–2001, 10.0% in the period 
from 2001–2008, and 22.4% in the period from 2008–2012. 
The Joinpoint analysis revealed an AAPC of 9.4% (95% 
CI, 8.0–10.7%) in females. However, the annual percent 
change was 3.7% in the period from 1998–2003, and 12.6% 
in the period from 2003–2012, and the AAPC of ASMR was 
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Figure 1 Age-standardized incidence and mortality rates in three East Asian countries.
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−3.2% (95% CI, −5.5% to −0.8%) in females from 1998 to 
2012 (Figure 3, Table 1).

The ASIRs of TC in males and females in Japan from 
1998 to 2010 are shown in Figure 2 and Table 1. The 
Joinpoint analysis revealed an AAPC of 4.7% (95% CI, 
2.3–7.1%) in males. However, this changed in different 
time periods. The annual percent change was −1.4% in the 
period from 1998 to 2002, and 7.8% in the period from 
2002–2010. The Joinpoint analysis revealed an AAPC of 
3.5% (95% CI, 7.2–13.4%) in females, and the annual 
percent change was −4.1% in the period from 1998 to 2002, 
11.1% in the period from 2002 to 2006, and 4.2% in the 
period from 2006 to 2010. However, the AAPC of ASMR 
was −0.7% (95% CI, −1.3% to −0.1%) in males from 1998 
to 2012 and −1.7% (95% CI, −2.1% to −1.4%) in females 
(Figure 3, Table 1).

The ASIRs of TC in males and females in Korea from 
1999 to 2012 are shown in Figure 2 and Table 1. The 
Joinpoint analysis revealed an AAPC of 20.8% (95% CI, 
18.6–23.1%) in males (Table 1), but it differed during 
different time periods. The annual percent change was 6.5% 
in the period from 1999 to 2001, 28.0% in the period from 
2001 to 2009, and 12.7% in the period from 2009 to 2012. 
The Joinpoint analysis revealed an AAPC of 20.5% (95% 
CI, 17.4–23.6%) in females. However, the annual percent 
change was 23.8% in the period from 1999 to 2009, and 
was 10.1% in the period from 2009 to 2012.The decreasing 

trend of annual change was not statistically significant from 
1998 to 2012 in males (Figure 3, Table 1).

Effects of age, period, and birth cohort

The age-, period- and birth cohort-specific incidence rates 
of TC in three East Asian countries are shown in Figure 4. 
Age-specific incidence rates displayed a peak shift in age 
between the first and the last period year point of diagnosis, 
as follows: from 70–74 years in 1998 to 55–59 years in 2012 
among males and from 75–79 years to 55–59 years among 
females in China; remaining the same at 75–79 years in 
both 1998 and 2010 among males and from 75–79 to 65–69 
years among females in Japan; and from 65–69 to 55–59 
years among males and from 55–59 to 50–54 among females 
in Korea. Birth cohort specific incidence rates consistently 
increased among both males and females in all age groups 
in Korea and China, except for the age groups of 75–79 
and 80–84 years among males and the age group of 80– 
84 years among females in China. In Korea, the age-specific 
incidence rates were increasing in all age groups among 
both sexes. The age-specific incidence rates were increasing 
in all age groups among both sexes in China, except for 
the age groups of 75–79 and 80–84 years among males and 
the age group of 80–84 years among females. However, in 
Japan, the age-specific incidence rates were increasing in all 
age groups among both sexes, except for the age groups of 
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Table 1 Trends in TC incidence in selected East Asian countries

Country Sex

Incidence Mortality

Period 
Annual percentage 
change (95% CI)

Average annual 
percentage change 

(95% CI)
Period

Annual percentage 
change (95% CI)

Average annual 
percentage change 

(95% CI)

China Male 1998–2001 −3.5 (−13.1 to 7.1) 10.3* (7.2 to 13.4) 1998–2012 0.7 (−3.3 to 5.0) 0.7 (−3.3 to 5.0)

2001–2008 10.0* (6.2 to 14.0)

2008–2012 22.4* (14.6 to 30.7)

Female 1998–2003 3.7* (0.5 to 7.0) 9.4* (8.0 to 10.7) 1998–2012 −3.2* (−5.5 to −0.8) −3.2* (−5.5 to −0.8)

2003–2012 12.6* (11.2 to 14.1)

Japan Male 1998–2002 −1.4 (−7.8 to 5.5) 4.7* (2.3 to 7.1) 1998–2012 −0.7* (−1.3 to −0.1) −0.7* (−1.3 to −0.1)

2002–2010 7.8* (5.4 to 10.3)

Female 1998–2002 −4.1* (−8.0 to 0.0) 3.5* (1.2 to 5.9) 1998–2012 −1.7* (−2.1 to −1.4) −1.7* (−2.1 to −1.4)

2002–2006 11.1* (4.0 to 18.7)

2006–2010 4.2 (−0.1 to 8.6)

Korea Male 1999–2001 6.5 (−4.9 to 19.10) 20.8* (18.6 to 23.1) 1998–2012 −0.4 (−2.1 to 1.3) −0.4 (−2.1 to 1.3)

2001–2009 28.0* (26.1 to 29.9)

2009–2012 12.7* (6.6 to 19.2)

Female 1999–2009 23.8* (21.6 to 26.0) 20.5* (17.4 to 23.6) 1998–2002 10.5* (2.4 to 19.3) 0.1 (−2.1 to 2.4)

2009–2012 10.1 (−1.8 to 23.5) 2002–2012 −3.8* (−5.6 to −2.0)

*, P<0.05.

20–24, 25–29, 35–39, 55–59, and 70–74 years among males 
and the age groups of 30–35, 40–44, and 55–59 years among 
females.

Figure 5 shows the relative contributions of age, period, 
and birth cohort on TC incidence in three East Asian 
countries. The age effect adjusted by period and cohort 
effects was statistically significant among both sexes in all 
East Asian countries. Incidence rates peaked at an earlier 
age in females than in males in all regions except for China. 
The slope of the age effect curve for males peaked at age 
55–59 years in Korea and China and at age 70–74 years in 
Japan; whereas, it peaked at age 50–54 years among females 
in Korea and at age 55–59 years and 65–69 years among 
females in China and Japan, respectively. Regarding the 
period effect, a steady increase was noted in RR across 
periods among both males and females in all three regions 
except Japan. In comparison with the first period, the 
RRs among males in 2012 were 13.55 and 4.31 in Korea 
and China, respectively, whereas those were 9.78 and 
3.53, respectively, among females. Increased RRs across 
periods were also observed among both sexes in Japan after 

2002. In comparison with the first period, the RRs among 
males in 2002, 2007, and 2010 were 0.94, 1.77, and 2.19, 
respectively, in Japan; while those among females were 
0.96, 1.62, and 1.94, respectively. The cohort effect had a 
decreasing tendency among males before the 1947–1951 
birth cohort in China and tended to increase after 1957–
1961; while the effect decreased among females from the 
1917–1921 cohort to the 1937–1941 cohort, and henceforth 
it increased slightly. The cohort effect had a decreasing 
tendency among males before the 1947–1951 birth cohort 
in China and tended to increase after 1957–1961, while the 
effect decreased among females from the 1917–1921 cohort 
to the 1937–1941 cohort; and, henceforth it increased 
slightly. However, as a whole, the cohort effect had a 
decreasing tendency among males and females in Japan, 
except for a slight increase from the 1972–1976 cohort to 
the 1987–1911 cohort among females. In Korea, the cohort 
effect decreased the RRs among males before the 1947–
1951 birth cohort and among females before the 1937–1941 
birth cohort, while the effect had a slight increase among 
both males and females after that period.
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Figure 4 Age-specific incidence rates of TC by period of diagnosis and birth cohort in males and females in (A) China, (B) Japan and (C) 
Korea.
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Figure 5 Relative risk (RR) of age, period, and cohort on TC incidence in females and males in three East Asian countries.
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The age-period-cohort model was fitted for males and 
females separately and the results are listed in Table 2. The 
full age-period-cohort model obtained a better fit than 
the two factor models including age-period, age-cohort, 
and period-cohort models for both males and females in 
these countries. Table 3 shows the effect results (RRs and 
95% CIs) for age, time period and birth cohort for each 
country.

Discussion

In our study, we found an ongoing TC epidemic in three 
countries of East Asia. For males, TC incidence remarkably 
increased three- to four-fold from 1998 to 2012 with an 
AAPC of 10.3% in China, and had a total increase of 61% 
from 1998 to 2010 with an AAPC of 4.7% in Japan. This 
sharply increased ten-fold from 1999 to 2012 with an AAPC 
of 20.8% in Korea. However, for females, TC incidence 
also increased three- to four-fold with an AAPC of 9.4% 
in China, had an overall increase of 61% with an AAPC of 
3.5% in Japan, and a nine-fold increase with an AAPC of 
20.5% in Korea. Thyroid carcinoma is the most common 
endocrine cancer in the USA (20), and its incidence has 
sharply increased in the last three decades worldwide 
except in Africa, where the detection rate is low (7,21). 
However, a declining trend in TC mortality was observed 
in selected East Asian countries, especially in both sexes 
in Japan and in Chinese females, which is consistent with 
European and North American trends (22,23). This could 
be due to improved TC diagnosis, treatment, and disease 
management (24).

Our findings revealed that TC incidence in the studied 
regions showed obvious differences in sex and TC 
incidence in females was much higher than that in males, 
which suggested that female sex hormones might play an 
extremely important role in the occurrence of TC (25-27).  
Previous studies have indicated that the estrogen receptor 
is expressed in TC tissues, indicating that estrogen may be 
a carcinogen and the enhanced 2-hydroxylation reaction 
associated with its metabolism may be related to TC 
pathogenesis (28). Although TC was much higher in 
females than in males, the increase of TC incidence rates 
in East Asia was slightly more pronounced among males, 
which is consistent with a study conducted in the USA (29).

In our study, the application of the age-period-cohort 
model showed sex similarities as well as differences on TC 
incidence. A clear and strong period effect was observed for 
both sexes in all studied regions. However, the age effect 

was quite different between the two sexes, with a peak 
incidence after adjusting period and cohort effects occurring 
in the younger age groups among females in all regions 
except China, where the highest incidence was seen in the 
same age group (55 to 59 years) for both sexes. The sex 
differences on the age effects were also found in the United 
States, Italy, and South America (1,10,30). A possible 
explanation may be that young and middle-aged females use 
more health care services than males in the same age group, 
which leads to a higher level of screening and more timely 
diagnoses in females (7,10). The results may also reflect the 
fact that males tend to pay more attention to their health at 
older ages than do females (30).

The observed strong period effect of TC incidence 
suggests overdiagnosis in view of the increasing medical 
surveillance of thyroid nodules and symptoms in the three 
East Asian countries studied. Combined with increased 
medical surveillance and access to health care services, 
the introduction and improvement of new diagnostic 
procedures including ultrasonography,  computed 
tomography, and magnetic resonance imaging can result 
in increases in detection of small papillary lesions, which 
may have existed in the large reservoir of asymptomatic, 
nonlethal diseases related to the thyroid gland (5,31). The 
more frequent and extensive use of sensitive diagnostic 
techniques has increased the detection of different types 
of cancer including small and asymptomatic TC. From 
1972 to 2014, most of the increased pathological types 
were papillary thyroid carcinoma in a total of 12,508 TC 
patients in Zhejiang Cancer Center, China, with papillary 
thyroid microcarcinoma (PTMC) showing a maximum 
tumor diameter less than 1 cm (32). A study conducted in 
Peking Union Medical College Hospital, China revealed 
that PTMC accounted for 17% in 2012 from 1.3% in 2008 
for a total of 4,346 TC cases (33). This increase may be 
largely due to the wide use of ultrasonography and thyroid 
hormone assays since the 1980’s (34). A strong correlation 
has therefore been revealed between TC incidence and 
intensive screening of thyroid glands in Korea, where TC 
incidence was the highest (35). TC incidence had a ten-
fold increase between 1996 and 2010 in Korea, after the 
initiation of an opportunistic but widespread national 
screening program in middle-aged people. Similarly, in the 
USA, it was also shown that implementation of a screening 
program led to a 17-fold increase in thyroid nodules 
and carcinomas when the diagnostic methods became 
available in the 1970’s (36). This sudden large change in 
TC incidence has also accompanied large-scale surveillance 
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and intensive screenings of thyroid glands in targeted high-
risk populations. TC incidence among screened individuals 
aged 18 years and younger was approximately 30 times 
as high as the national average level only a few months 
after intensive screening programs for these children and 
adolescents were initiated in response to the 2011 nuclear 
leak accident in Fukushima, Japan (37). A study conducted 
in several high resource countries in 2015 by Vaccarella 
et al. showed that diagnostic changes of the thyroid gland 
accounted for 60% to 70% of incident TC cases in females 
aged 80 years or less in Australia, France, the United States, 
and Italy. Approximately 80% of TC cases in Korea, and 
one third of TC cases in Japan showed diagnostic changes 
when comparing the ASIRs between 2003 to 2007 and 
1988 to 1992 (5), which suggested that improved diagnostic 
techniques largely contributed to TC overdiagnosis.

In fact ,  TC overdiagnosis  wil l  bring increased 
economic costs and burdens to the patients, ranging from 
hundreds to thousands of dollars, given the extent of the 
examination and the complexity of the intervention and 
follow-up (38). In order to reduce these unnecessary costs 
and inconvenient treatments, many suggestions have 
been advanced, including not submitting to cytological 
examination the nodules no more than 1.0 cm from 
individual who do not have additional risk factors and 
using regular observation approaches without treatment for 
microcarcinoma (39). Several studies have indicated that the 
treatment and follow-up costs can be reduced in low risk 
tumors by selective, simplified procedures, depending on a 
comprehensive judgment using various prognostic factors 
that affect the disease outcome for risk stratification (40,41). 
To better understand the cause of increased TC incidence 
and enhanced risk estimation, employing specific biological 
and molecular markers to accurately estimate whether a 
subclinical thyroid malignancy will remain stationary or 
will progress to an adverse outcome, is a priority to avoid 
overtreatment in the future (7).

I t  i s  noteworthy that  a l though this  diagnost ic 
improvement is the main contributor to the rapidly 
increasing incidence, the recent TC epidemic cannot 
be totally attributed to improved diagnostic practices in 
China, Korea, and Japan, which is consistent with the USA 
and in several other developed countries (5). In view of 
the multiple factors theory of carcinogenesis, the increase 
in TC might be due to increased medical radiation (for 
example, receiving radiation from computed tomography 
examination), increases in weight and obesity, excessive or 
deficient iodine intake and environmental pollutants such 
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as polybrominated diphenyl ethers and other still unknown 
factors (6,42-45). Exposure to ionizing radiation in 
childhood is an important and non-negligible TC risk factor. 
Epidemiological studies have verified associations between 
exposure to X-rays during examinations and increased TC 
risk (46-48). Studies in the United States have reported a 
significant increase in the individual radiation dose from 
approximately 3 mSv/year to 6 mSv/year mainly in medical 
procedures during the past 25 years (49). Therefore, it is 
an important factor that cannot be ignored and it could 
partially account for the increasing trend for TC incidence. 
Furthermore, other than ionizing radiation (mostly medical 
radiation), exposure to the radiofrequency electromagnetic 
fields (RF-EMFs) due to the use of mobile and cordless 
phones should also be considered in the context (50).  
The carcinogenic effect of RF-EMFs radiation was 
evaluated by International Agency for Research on Cancer 
(IARC) and RFEMFs were categorized from mobile phones 
and from other devices that emit similar non-ionizing 
electromagnetic fields in the frequency range 30 kHz to 300 
GHz as Group 2B, i.e., ‘possibly’ carcinogenic to humans 
(51,52). Additionally, thyroid gland exposure to RF-EMFs 
has increased, especially during the last one or two decades. 
And the thyroid gland was one of the organs with the 
highest exposure in both near-filed and far-field. Compared 
to mobile feature phones, smartphones potentially provide 
higher RF-EMF exposure (50). In fact, iodine deficiency 
or excess can cause benign thyroid diseases including 
goiter and benign nodules/adenomas, which were strong 
risk factors for TC (45). TC incidence in the southeast 
coastal areas of China was higher than that in other regions, 
which suggested that environmental dietary factors such 
as excessive iodine intake in these areas may be associated 
with TC incidence (53). In South Korea, the median urine 
iodine concentration was 458.2 μg/L in school-age children 
in a recent cross-sectional study (54), which showed 
excessive iodine intake (>300 μg/L). Additionally, due to 
large quantities of seaweed consumption, iodine intake in 
Japan exceeded that of most other countries (55). A causal 
association between percent body fat and cancer risk has 
been proven for 13 cancers including TC (56) and 1,736 
TC cases were attributable to excess body weight (BMI ≥ 
25 kg/m2) in East and Southeast Asia in 2012 (57). A recent 
study by Sung et al. (58) revealed that the prevalence of 
obesity (BMI ≥30 kg/m2) in men increased by four times 
and in women by more than two times from 1975 to 2016 
worldwide, and the largest relative increase was in East and 
Southeast Asia (more than 20 times). 

There are some limitations of cancer registry data for our 
study. First, the results of this study may not fully represent 
the entire East Asian population, because only China, Japan, 
and Korea were considered. In addition, the pathological 
types of TC were not reported and analyzed due to a lack of 
relevant data. However, this study was the first to use age-
period-cohort modeling to explore trends in TC incidence 
using data from different regions of East Asia.

Conclusions

In summary, data from East Asian cancer registries showed 
a rapidly increasing trend in TC incidence and a downward 
trend in mortality in the past 15 years, mainly due to the 
result of the period effect, and suggesting that overdiagnosis 
caused by higher diagnostic intensity and more extensive 
medical surveillance might be a possible explanation for 
this increasing trend. However, environmental risk factor 
exposures such as ionizing radiation, excessive iodine 
intake, and obesity may also have partially contributed to 
the observed TC increase, especially among females with 
high incidence in China, Japan, and Korea. In addition, 
the discrepant trends of TC incidence and mortality also 
reveal the need to identify the few high-risk patients who 
need further treatment from patients who may not need 
treatment.
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Table S1 Cancer registries of selected countries and regions in the CI5plus database

Countries Registry ID Registry name Study period

China 15600300 China, Shanghai 1988 to 2012

15600700 China, Jiashan 1993 to 2012

15601400 China, Zhongshan 1998 to 2012

15601500 China, Harbin 1998 to 2012

– China, Hong Kong 1983 to 2012

Japan 39200200 Japan, Miyagi 1978 to 2010

39200300 Japan, Nagasaki 1988 to 2012

39200400 Japan, Osaka 1973 to 2012

39200900 Japan, Fukui 1998 to 2012

Korea 41000200 Korea, Busan 1998 to 2012

41000300 Korea, Seoul 1993 to 2012

41000800 Korea, Ulsan 1999 to 2012

41001000 Korea, Gwangju 1998 to 2012

41001100 Korea, Incheon 1998 to 2012
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