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Objectives: We introduced the cohort studies included in the Korean Cohort Consortium (KCC), focusing on large-scale cohort studies 
established in Korea with a prolonged follow-up period. Moreover, we also provided projections of the follow-up and estimates of the 
sample size that would be necessary for big-data analyses based on pooling established cohort studies, including population-based 
genomic studies.
Methods: We mainly focused on the characteristics of individual cohort studies from the KCC. We developed “PROFAN”, a Shiny appli-
cation for projecting the follow-up period to achieve a certain number of cases when pooling established cohort studies. As examples, 
we projected the follow-up periods for 5000 cases of gastric cancer, 2500 cases of prostate and breast cancer, and 500 cases of non-
Hodgkin lymphoma. The sample sizes for sequencing-based analyses based on a 1:1 case-control study were also calculated.
Results: The KCC consisted of 8 individual cohort studies, of which 3 were community-based and 5 were health screening-based co-
horts. The population-based cohort studies were mainly organized by Korean government agencies and research institutes. The pro-
jected follow-up period was at least 10 years to achieve 5000 cases based on a cohort of 0.5 million participants. The mean of the 
minimum to maximum sample sizes for performing sequencing analyses was 5917-72 102.
Conclusions: We propose an approach to establish a large-scale consortium based on the standardization and harmonization of exist-
ing cohort studies to obtain adequate statistical power with a sufficient sample size to analyze high-risk groups or rare cancer subtypes.
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INTRODUCTION

In Korea, interest in large-scale population cohorts increased 
in the 1990s and the 2000s after the Kangwha Cohort Study 
(KCS), Korea’s first cohort study. Thus, individual researchers 
and government institutions have sporadically built cohort 
studies as infrastructure [1].

From 2004 to 2009, the Korean National Cancer Center 
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(KNCC) conducted the “Attributable Causes of Cancer in Korea 
in the Year 2009” project to estimate the population attribut-
able fraction (PAF) of cancers in Korea [2]. This study aimed to 
calculate the fraction of cancers attributable to major risk fac-
tors from a representative data source. This meta-analysis as-
sessed the major risk factors for cancer in Koreans, based on 
the results of the association between major risk factors and 
individual cancers. The PAF of cancer is an index used to esti-
mate the degree of cancer prevention in the population when 
100% of a risk factor is removed, and it is an important index 
for cancer prevention in the population [3]. At this time, we 
estimated the cancer risk for various risk factors in Korean co-
hort studies. However, the follow-up period of each cohort 
study was short, and risks for uncommon cancers were not es-
timated owing to the limited number of patients. Subsequent-
ly, with longer follow-up periods, sufficient statistical data were 
acquired. 

In the 2000s, large-scale cohort studies based on the Korean 
health examination system using cancer screening were es-
tablished [4]. Using multiple large-scale Korean cohort studies 
that had already been established, we constructed the “Frac-
tion of Cancer Attributable to Lifestyle and Environmental Fac-
tors in Korea in 2015” project [5]. In the third phase of this proj-
ect in 2020, the researchers from individual cohort studies who 
participated in this project study established the Korean Co-
hort Consortium (KCC). 

This study aimed to introduce the Korean cohort studies in-
cluded in the KCC. In addition, we discussed the importance  
of pooling cohorts based on examples of several established 
international consortia. We also presented the sample sizes 
and follow-up periods of the pooled cohorts required to per-
form big-data analyses, including population-based genomic 
studies.

METHODS

Introduction to Cohort Studies Established in 
Korea

We first considered individual cohort studies from the KCC 
that participated in the “Fraction of Cancer Attributable to 
Lifestyle and Environmental Factors in Korea in 2015” project. 
We focused on the number of cohort members enrolled thus 
far, the cohort registration year, follow-up methods, and can-
cer assessment. The studies conducted by individual research-
ers were divided into community-based and screening-based 

cohorts to briefly describe their statuses. In addition to these 
cohort studies, we included data from population cohort stud-
ies conducted by government agencies and research insti-
tutes. We also described Korean cohort studies that participat-
ed in the Asia Cohort Consortium (ACC) and the status of indi-
vidual cohort studies in Asia.

Projection of Follow-up Periods to Achieve a 
Certain Number of Cases

The 5-year-interval age-specific and sex-specific numbers of 
incident cancer cases between 2000 and 2019, as well as the 
mid-year population numbers, which are the estimated yearly 
values from the census data, were obtained from the Korea 
Statistical Information System (KOSIS) of the National Statisti-
cal Office in Korea [6]. They were divided into age groups of 
5-year intervals. We did not consider the age groups <20 years 
due to the small number of cancer cases in those age groups. 
The age-standardized rate (ASR) in each year was calculated 
based on the population standardized by the mid-year popu-
lation in 2000 from KOSIS.

The trends in ASRs were summarized as annual percent 
changes (APCs) [7]. With the APC approach, the case rates 
were assumed to change annually at a constant percentage. 
The average annual percent change (AAPC), a measure of 
trends over a pre-specified fixed interval, was calculated by 
summarizing the trend over the time period as a weighted av-
erage of the APCs [7]. All-cause-specific trends for age-stan-
dardized mortality and prevalence rates were analyzed using 
the joinpoint regression method with the Joinpoint Regres-
sion Program version 4.9.1 (Statistical Research and Applica-
tions Branch, National Cancer Institute, Rockville, MD, USA). 

Furthermore, assuming 0.5 million, 0.7 million, and 1.0 mil-
lion participants from the pooled cohorts established in 2000, 
we projected the follow-up periods required to achieve 5000 
cases for gastric cancer, 2500 cases for breast and prostate 
cancer, and 500 cases for non-Hodgkin lymphoma (NHL) in 
Korea. 

We developed the “PROjection of Follow-up period to Achieve 
a certain Number of cases (PROFAN)” application within Shiny, 
an R that includes a variety of functions and formulas for re-
searchers—even those unaccustomed with R programming—
to analyze and visualize their own databases (available online 
at https://sjunlee.shinyapps.io/PROFAN/). The equations, which 
were based on the formulas developed by Quante et al. [8], in-
cluded in “PROFAN” are shown in Supplemental Material 1.
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Sample Size Estimation for Sequencing-based 
Association Studies

We simulated genetic sequence data using demographic 
models based on the data from Williamson et al. [9]. The param-
eters of the model followed the probability of having a selec-
tion coefficient of 0.37; shape and scale parameters of gamma 
distribution of 0.23 and 0.185×2.0, respectively; and a domi-
nance coefficient of 0.5. The gene range was 1800-10 000, 
with a mutation rate per base pair of 1.8E-08. We assumed that 
the genetic variants consisted of 20% protective, 43% deleteri-
ous, and 37% non-synonymous variants. Because not all func-
tional rare variants are directly causal to the phenotype, a ran-
dom set of 50% of the variants was included in the analysis to 
assess their effect on the sample size through non-causal 
“noise” data.

The odds ratios were assigned to be within the range of 1.5 
to 2.0 for rare variants, and 1.2 for common variants depend-
ing on whether the minor allele frequency (MAF) was <0.01; 
based on α=0.05, the sample size was calculated assuming a 
1:1 case-control study given 80% power. The significance level 
for whole-exome sequencing analysis was α=2.5E-06 (Bonfer-
roni-corrected p-value for testing 20 000 genes) with 100 rep-
lications based on the Monte Carlo method. All sample size es-
timations were performed using SEQpower [10].

RESULTS

Table 1 shows the status of the individual cohort studies in 
the KCC, which mainly consisted of 3 community-based and  

5 health screening-based cohorts, respectively. The KCS, which 
was the first community-based cohort in Korea, was established 
based on the local population over the age of 55 years on Kang-
wha Island, with 6372 individuals followed up over 24 years 
[1]. The Korean Multi-center Cancer Cohort (KMCC) study be-
gan in 1993, and by 2004, approximately 20 000 participants 
from the local population were enrolled in this study [4]. The 
KMCC was first constructed as a part of the control area of the 
Korea Radiation Effect & Epidemiology Cohort [11]. Later, as 
an independent cohort study, it was used to estimate cancer 
incidence and mortality over approximately 10 years. The 
Namwon study/Dong-gu study (NWS/DGS), whose partici-
pants were residents of both Namwon, a representative rural 
area, and Dong-gu, a representative urban area, was also fol-
lowed over approximately 10 years [12].

The health screening-based cohort studies in Korea that be-
gan in 2000 were established based on Korea’s health check-up 
services (Table 1). These cohort studies were cost-effective be-
cause participants voluntarily visited health check-up centers. 
In addition, cohort studies in Korea have the advantage of be-
ing able to collect repeated test information owing to a system 
that requires annual or biennial health check-ups. The KNCC, 
Kangbuk Samsung Cohort Study (KSCS), Korean Cancer Pre-
vention Study-II (KCPS-II), Health Promotion Center of Seoul 
National University Hospital (HPC-SNUH), and Health and Pre-
vention Enhancement (H-PEACE) studies were included [13-17].

Table 2 shows the population-based cohort studies orga-
nized by Korean government agencies and research institutes. 
The Korean Genome Epidemiology Study (KoGES), a multi-co-

Table 1. Individual Korean cohort studies in the KCC

Cohorts Subjects, n Enrollment period Age, mean±SD Male, n (%) Cancer outcome Median FU (Max), y

Community-based cohorts included in the KCC
KCS 6372 1985 >55.0 2724 (42.7) Death - (24.0)
KMCC 20 631 1993-2005 54.1±14.3 8232 (39.9) Incidence 13.4 (21.8)
NWS/DGS 19 927 2004-2007 63.25±8.1 7912 (39.7) Incidence 10.9 (13.9)

2007-2010 Death
Health screening-based cohorts included in the KCC

KNCC 37 264 2002-2014 49.6±9.2 19 153 (51.4) Incidence 9.1 (15.4)
KSCS 319 768 2002-2018 37.7±9.7 173 347 (54.2) Incidence 4.8 (15.0)

659 442 2002-2018 39.7±10.8 146 421 (22.2) Death 7.4 (17.0)
KCPS-II 159 844 2004-2013 41.5±10.5 96 537 (60.4) Incidence 9.0 (12.9)
HPC-SNUH 17 650 2004-2016 53.8±10.7 8961 (50.8) Incidence 4.4 (7.1)
H-PEACE 47 168 2005-2008 45.7±11.7 25 754 (54.6) Incidence 2.0 (15.1)

KCC, Korea Cohort Consortium; SD, standard deviation; FU, follow-up; Max, maximum; KCS, Kangwha Cohort Study; KMCC, Korean Multicenter Cancer Cohort 
Study; NWS/DGS, Namwon study/Dong-gu study; KNCC, Korean National Cancer Center Cohort; KSCS, Kangbuk Samsung Cohort Study; KCPS-II, Korean Cancer 
Prevention Study-II; HPC-SNUH, Health Promotion Center of Seoul National University Hospital; H-PEACE, Health and Prevention Enhancement.
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hort study, was established by the Korean Disease Control and 
Prevention Agency (KDCA) from 2001 to 2015 [18]. The 3 gen-
eral population cohorts within the KoGES were the Ansan-An-
sung Cohort study, Health Examinee cohort study (HEXA), and 
Cardiovascular Disease Association Study (CAVAS), with ap-
proximately 200 000 enrolled participants [18]. Moreover, the 
Korea Biobank Array (KoreanChip) for approximately 70 000 
participants and multi-omics data based on the KoGES were 
provided by researchers [19]. Another cohort study tracking 
mortality during the follow-up period was established by the 
KDCA based on the Korea National Health and Nutrition Ex-
amination Survey (KNHANES), consisting of participants from 
a random sampling of all Koreans to regularly identify the prev-
alent risk factors and diseases in Korea [20]. The Korea National 
Health Insurance Service (KNHIS) can be regarded as a retro-
spective cohort representing Koreans because it is possible to 
identify age-specific and occupation-specific population groups 
based on Korea’s national insurance system [21]. Moreover, it 
was provided to researchers as a retrospective cohort by ran-
dom sampling of 1 million participants in 2002 within the KNHIS. 
Researchers also can be provided with the National Health In-
surance Service-Health Screening Cohort (NHIS-HEALS) cohort, 
which was constructed by random sampling of approximately 
10% of individuals aged 40-70 years old between 2002 and 
2003 [22]. The KNHIS also provided a customized retrospective 
cohort database reflecting researchers’ needs [22].

Table 3 shows the 37 cohort studies that were enrolled in 
the ACC. Although 9 cohort studies in Korea were included in 
the ACC, the total number of participants in Korea was smaller 

than that of China or Japan [23]. Detailed information on these 
studies and their contacts are described in Supplemental Ma-
terial 2.

Supplemental Material 3 shows the projected incidence rates 
from 2000 to 2019 based on changing demographics and the 
changes in AAPCs for gastric cancer, NHL, prostate cancer, and 
breast cancer in female, male, and both sexes combined. Al-
though the ASR of gastric cancer decreased from 2000 to 
2019, with an AAPC of -2.46% (95% CI, -2.71 to -2.21) in male 
and -1.85% (95% CI, -2.14 to -1.57) in female, that of NHL, pros-
tate cancer, and breast cancer increased from 2000 to 2019, 
with AAPCs of 1.75% (95% CI, 1.52 to 1.97) in male and 2.63% 
(95% CI, 2.42 to 2.83) in female, 8.22% (95% CI, 7.11 to 9.33) in 
male, and 5.53% (95% CI, 4.72 to 6.35) in female, respectively 
(Supplemental Material 3). Based on the established pooled 
cohorts of 0.5 million, 0.7 million, and 1.0 million participants, 
the required follow-up periods were 14 years, 11 years, and  
8 years to obtain 5000 cases of gastric cancer; 14 years, 11 years, 
and 8 years to obtain 500 cases of NHL; >19 years, 19 years, 
and 16 years to obtain 2500 cases of prostate cancer; and  
16 years, 12 years, and 10 years to obtain 2500 cases of breast 
cancer (Figure 1 and Supplemental Material 3).

The minimum sample size required was 5917±1770 for 209 
genetic variants with a mean MAF of 0.033±0.001, and the 
maximum sample size required was 72 102±74 562 for 50 ge-
netic variants with a mean MAF of 0.004±0.000 (Supplemen-
tal Material 4). Although the mean required sample size de-
creased to 43 687±27 131, even with the mean MAF increas-
ing only by 0.006±0.000 in the 50 rarer genetic variants used 

Table 2. Population-based cohort studies conducted by Korean government agencies or research institutes

Cohorts Subjects, n Recruitment period Age, mean±SD Male, n (%) Median FU (Max) y

KoGES1 152 027 2001-2015 50±16.2 55 368 (36.4) 9.4 (17.6)

KNHANES 79 207 2007-2015 54±8.7 21 139 (43.0) 7.3 (11.4)

Customized NHIS-HEALS based  
retrospective cohort study2

10 271 473 2004-2005 45±14.0 5 860 902 (57.1) 13.1 (15.2)

Customized KNHIS Cancer Screening-based 
retrospective cohort study2

7 654 993 2004-2007 50.6 2 958 317 (38.6) 7.6 (15.1)

SD, standard deviation; FU, follow-up; Max, maximum; KoGES, Korean Genome Epidemiology Study; KNHANES, Korea National Health and Nutrition Examina-
tion Survey; NHIS-HEALS, National Health Insurance Service-Health Screening Cohort; KNHIS, Korean National Health Insurance Service.
1The KoGES is a multicohort study with nearly 200 000 people, including the Ansan-Ansung community cohort study (n=10 000); The Health Examinees-based 
cohort study with participants living in urban areas of Korea (n=170 000); The cohort study of people living in rural areas of Korea (n=20 000); Of them 152 027 
participants’ data were used in the calculation of the population-attributable fraction for cancers in Korea, 2015. 
2There are various types of the KNHIS-based retrospective cohort study databases, including the KNHIS-Health Screening-based retrospective cohort study 
(n=500 000), the KNHIS cohort of 1.0 million people obtained through random sampling among Korean health insurance subscribers (n=1 000 000), a female 
worker-based cohort among Korean health insurance subscribers, an elderly-based cohort of Korean health insurance subscribers, and a cohort of children and 
adolescents among Korean health insurance subscribers; In addition, a retrospective cohort tailored to researchers’ needs is being distributed; The 2 customized 
cohorts were used in the calculation of the population attributable fraction for cancers in Korea, 2015. 
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to estimate the effect size with sufficient statistical power, the 
required sample size increased dramatically in the sequencing 
data analysis (Supplemental Material 4).

DISCUSSION 

The KCC consists of 8 individual cohort studies (KCS, KMCC, 
NWS/DGS, KNCC, KSCS, KCPS-II, HPC-SNUH, and H-PEAC) [1, 4, 
12-17] and 4 open public cohort studies organized by Korean 
government agencies or research institutes (KoGES, KNHANES, 
the customized NHIS-HEALS based retrospective cohort study, 
and the customized KNHIS cancer screening-based retrospec-
tive cohort study) [18,21,22]. The purpose of the “Fraction of 
Cancer Attributable to Lifestyle and Environmental Factors in 
Korea in 2015” project was to calculate the incidence and mor-
tality rate (%) due to exposure to each risk factor for cancer in-
cidence and mortality among Koreans in 2015, based on life-
style and environmental factors associated with carcinogenici-
ty or epidemiological causality in the Korean population.

Clinical trials, as experimental designs for humans, are effi-
cient for identifying the causality between risk factors and 
outcomes [24]. However, the manipulation of risk factors 
through experimental designs poses ethical issues [25]. There-
fore, observational cohort studies are important in elucidating 
the causal relationships between risk factors and diseases.

Cohort studies have investigated the associations between 
risk factors and cancer. Based on the results of epidemiological 
investigations, international cancer research institutions such 
as the International Agency for Research on Cancer and World 
Cancer Research Fund International have published preven-

tion guidelines for various cancers [26,27].
Pooled analysis, a method of reanalyzing data by collecting 

individual cohorts, is used when individual studies are too 
small to yield conclusions [28]. One method of pooling data is 
to reanalyze the effect size by meta-analysis based on the ini-
tial results; another is to harmonize individual cohort studies. 

The Asia Pacific Cohort Research Collaboration (APCSC) is a 
representative project for pooling data for meta-analyses [29]. 
One study based on APCSC estimating regional differences in 
mortality numbers showed that useful results could be ob-
tained even with a relatively small number of variables from 
pooled data, suggesting the possibility of further harmoniza-
tion of multiple studies [30].

Large population-based pooling of data from the harmoni-
zation of individual cohort studies was initiated mainly in 
North American and European populations to estimate the as-
sociations between risk factors and diseases. In Denmark and 
Sweden, a nationwide cohort study was conducted by estab-
lishing a database based on the registration system for mor-
tality [31]. The National Cancer Institute Cohort Consortium 
was initiated in 2001 as pooled data, including 58 cohort stud-
ies from 20 countries with more than 9 million participants 
and 2 million specimens [32]. As most cohort studies consisted 
of North American and European populations, the associa-
tions between risk factors and their causality were different for 
Asian and African populations.

With an emphasis on the importance of cohort studies with 
large populations, pooled data from cohort studies for Asian 
populations were also initiated, following Western countries. It 
was not until the 2000s that cohort studies began in several 

Figure 1. Projected incidence cases in Korea by 2000 to 2019, assuming that (A) 0.5, (B) 0.7, and (C) 1.0 million participants from 
the pooling cohort established in 2000. NHL, non-Hodgkin lymphoma.
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Asian countries. The ACC reported the first results from collab-
orative cohort studies with a population of over 1 million 
Asian participants in 2010 [33]. In that study, the association 
between lower body mass index and mortality differed from 
that in Western populations.

Based on the need not only to obtain a large-scale genomic 
database, but also to identify the causal relationships of risk 
factors by stratifying the population for predicting individual 
risk for cancer subtypes, the UK Biobank as a prospective co-
hort study was constructed in 2006, with about 0.5 million 
participants from across the United Kingdom [34]. The UK Bio-
bank collects genotyping data, biological samples such as 
blood, urine, and saliva, and various types of imaging informa-
tion.

Based on the statistical power calculations for nested case-
control studies from large-scale cohorts, approximately 5000  
cases to 10 000 cases would be required for reliable odds ra-
tios of 1.3 to 1.5 to assess the effects of exposures, which cor-
respond to the reported upper limit from genome-wide asso-
ciation studies of various conditions [35]. In addition, at least 
5000 cases are needed to conduct not only studies of gene 
and environmental interactions, but also research on the sub-
types of each disease, such as the different pathological find-
ings from histologically different gastric cancer types [36]. There-
fore, the follow-up period to obtain 5000-10 000 cases in the 
UK Biobank was calculated [37], and it was suggested that con-
tinuing follow-up until 2042 would be necessary [38]. In Korea, 
depending on the incidence rates, assuming a pooled cohort 
study based on approximately 0.5 million participants, a fol-
low-up period of at least 10 years would be required to achieve 
5000 cases (Supplemental Material 3). To observe such large 
numbers of disease cases within a reasonable follow-up peri-
od, prospective cohorts would need large numbers of partici-
pants.

Pooling data based on the harmonization of established in-
dividual cohort studies has the advantage of obtaining statis-
tical power based on a sufficient sample size even for a small 
number of observations, such as high-risk groups or rare can-
cer subtypes. Nevertheless, since databases derived from dif-
ferent laboratories are pooled, variation between cohorts is a 
statistical challenge [39]. For example, pooled retrospective 
cohort studies differ in study design, methodologies, age groups, 
races, and regions. In addition, the definition of variables for 
each individual cohort study can be different. According to the 
established international cohort consortium [23,32], the data 

management center usually standardizes variables from dif-
ferent cohort studies to overcome the challenges of harmoni-
zation [40]. The data management center generally makes the 
units of continuous variables match and designates criteria for 
categorical variables to harmonize the data by unifying the 
criteria of categories in each individual cohort. Therefore, the 
harmonization of data from multiple cohorts with good quali-
ty control and standardization for obtaining a large sample 
size enables studies to be conducted on diseases with high 
importance but relatively low case numbers, which would be 
difficult to perform in individual cohorts [40]. Therefore, the 
KCC plans to manage variable coordination through its data 
management center in the future.

The construction of large-scale cohorts with more diverse 
and precise information is also important. Although the estab-
lishment of new cohort studies to follow-up participants is 
time-consuming and expensive, variables can be unified from 
the beginning in the large-scale cohort planning stage. In ad-
dition, this approach has the advantage of obtaining enough 
participants for a group with a small number of observations 
at the time of recruitment.

Cohort studies play a key role in determining the causes of 
cancer in the general population. However, the statistical power 
of individual data sources is insufficient both to analyze the 
associations between rare risk factors and cancer and to iden-
tify the causes of rare cancers. Moreover, it is difficult to obtain 
information on detailed subtypes of cancer, which would be 
required for personalized risk prediction and prevention, from 
individual cohort studies owing to the insufficient sample size. 
Therefore, a cost-effective approach that overcomes the lack 
of statistical power in individual cohorts by establishing a 
large-scale cohort consortium based on existing cohort stud-
ies must also be considered. In particular, a cohort consortium 
based on the harmonization of individual cohorts is required 
to raise the low statistical power of multiple comparisons for 
the analysis of big data, including genomic information. Con-
sequently, a large-scale cohort consortium is recommended 
to identify the causes of disease subtypes and predisposing 
factors based on the standardization and harmonization of ex-
isting cohort studies with continuing follow-up.

SUPPLEMENTAL MATERIALS
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