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This study evaluated cancer risk for adult residents near Nuclear Power Plants (NPPs) in
Korea through a valid prospective cohort study during 1992-2010. The study cohort was
composed of 11,367 adults living within a five km radius from the NPPs for the exposed
and 24,809 adults for the non-exposed or reference cohort set at two different levels of
proximity; 5-30 km radius and more than 30 km radius away from NPPs. In 303,542.5
person-years of follow-up, a total of 2,298 cancer cases of all sites, or 1,377 radio-
inducible cancers diagnosed during 1992-2008 were ascertained. Multiple adjusted hazard
ratios and 95% confidence intervals were estimated using multivariate Cox proportional
hazard model. There were no epidemiological evidence for increased risk of cancer due to
radiation from NPPs. Radiological study results or surveillance data of radiation doses
around NPPs could be well documented for risk estimation of radio-inducible cancers,
instead of epidemiological study results of the long-time required. Continuous surveillance
of quantitative measures of dose levels around NPPs and radiation exposures to the
residents is warranted.
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INTRODUCTION

There has been public concern over cancer risk for people living
near nuclear facilities. Increased cancer risk near nuclear instal-
lations was first reported in 1983 (1). Higher incidence of child-
hood leukemia has been reported in the environs of Sellafield
and Dounreay fuel reprocessing plants in the United Kingdom
(2, 3). However, the UK Government Committee on the Medi-
cal Aspects of Radiation in the Environment (COMARE) con-
cluded that the causes remained unknown (3-5), but were un-
likely to involve radiation exposures, to explain the increased
incidences because radiation emission from these facilities were
estimated to be far below the dose received from natural back-
ground dose. Other ensuing studies (6-8) found no difference
in cancer risk or no association with nuclear facilities, even in
young people.

Numerous epidemiological studies from various countries
that investigated cancer risk in populations nearby nuclear facil-
ities have been reported. To date, however, there is no conclu-
sive or consistent epidemiological evidence to support increased
cancer risk in those populations. In contrast to the reports (9-
22) that showed an increased risk for leukemia, certain specific
cancers, and/or all cancers, other studies (23-30) showed nega-
tive results. The most frequent study types or designs undertak-

© 2012 The Korean Academy of Medical Sciences.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

en were ecological or cross-sectional and a few case-control.
Few cohort studies were undertaken.

In Korea, the first nuclear power plant (NPP) has been in op-
eration since April of 1978 in Kori (KR) in Yangsan county. In
1983 two more NPPs have been in operation in KR and Wolsung
(WS) county. And during 1985-1989 six more NPPs (two in KR,
two in Youngkwang [YG] county, two in Uljin [UJ] county) start-
ed to operate. During 1995-1999, seven additional NPPs (three
in WS, two in YG, two in UJ), two additional NPPs in 2002 in YG,
and two additional NPPs in 2004 and 2006 in UJ have been in
operation. Thus, a total of nine NPPs as of 1992, and 20 NPPs as
0f2010 in four sites (KR, WS, YG, and UJ) have been in operation
by the Korea Hydro & Nuclear Power Co., Ltd (31). And since
the startup of nuclear power plants, the radiation doses and ex-
posure in nuclear power facilities, nearby areas, and nearby res-
idents have been strictly monitored by the Korean Institute of
Nuclear Safety (KINS) under the supervision of the Ministry of
Knowledge Economy.

An episodic case of anencephaly abortus experienced in a YG
county resident was reported in a daily newspaper in July, 1989
(32), leading to a possible health hazard risk near NPPs. Press
reports that described a possible health risk in populations liv-
ing near NPPs became an important public health issue in Ko-
rea. The government tried to give the public a clear grasp of the
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matter by dealing with radiation doses monitored by the KINS.
However, it was incomprehensible to the public. Eventually, a
valid epidemiological study was needed to account for possible
cancer risk among residents near NPPs (33).

The Korea Radiation Effect & Epidemiology Cohort (KREEC)
study was thus initiated in 1992 to evaluate cancer risk in radia-
tion workers at NPPs and residents near NPPs in Korea (34-37).
The resident cohort study (KREEC-R) was completed in Febru-
ary of 2011. The main purpose of the KREEC-R was to evaluate
cancer risk due to radiation emitted from NPPs in Korean adult
residents near NPPs compared to non-exposed or reference
residents.

MATERIALS AND METHODS

Study areas and populations

The exposed cohort of the KREEC-R was adult residents living
within five km radius from the NPPs (exposed study area) in
four counties, KR, WS, YG, and U]J. The five km bands accorded
with the Korean statutory limits of the ‘around area’ of power
plants according to the ‘Act on Support to the around Area of
Power Plants’ (the law number; 10499) enacted in June 1989.
The non-exposed, or reference, cohort was set at two different
levels of proximity: inter-mediate proximate group were residents
living within 5-30 km radius from the NPPs (control-1 study area);
far-distance group lived more than 30 km radius away (control-2
study area), i.e., Yangpyong (YP) county, Haman (HM) county
(HM), and Choongju (CJ) city (CJ) areas. KREEC-R study was
conducted by a collaborative study group of eight research teams
from eight institutions, seven universities and the National Can-
cer Center.

Radiation doses and exposure in nearby residents

Despite the KINS has monitored radiation doses, an indepen-
dent radiological investigation in the residential areas near NPPs,
the exposed study areas, was conducted by our study group dur-
ing 1992-1994. The three-months cumulative dose of the Y ray
in air was monitored for three years, 1992-1994, by Thermo-lu-
minescence Dosimeter (TLD) at 7-8 spots in each exposed study
areas. The mean values of the dose monitored were 22.9-42.3
mR that is, not higher than the background level. And for radia-
tion exposure in residents, the average radiation dose of whole-
body exposure was estimated to be 0.25-15.6 puSv/year, which is
far below (0.1%-6.2%) the limited dose, 0.25 mSv/year. Our ra-
diological study results showed nearly no difference from the
KINS monitored results (38).

Baseline surveys

The eligible population for the cohort study consisted of all resi-
dents aged > 20yr in the seven study areas. In the exposed study
areas, the estimated number of the eligible population was about
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33,150 in 1990. To screen potential participants, questionnaires
and health examination surveys, i.e. baseline examination, were
undertaken yearly during 1992-1994, and 1998-2005 in the sev-
en study areas. A field medical office and clinic in each survey
area was opened during a defined period that was about a week
to allow publicity for the baseline survey. All visitors to the field
clinic underwent free medical check-up and were interviewed
via questionnaires after informed signed consent.

Trained interviewers conducted face-to-face personal inter-
views, which collected data on baseline characteristics includ-
ing socio-demographic, life-style, past medical history and fam-
ily medical history, history of certain environmental exposures,
and reproductive history for women, etc (Annex Table 1).

A medical check-up program conducted by the medical team
was provided to all visitors. The medical check-up program in-
cluded simple medical examinations, chest radiography, clini-
cal laboratory tests using blood or urine sample (Annex Table
2). For suspected high risk cancer subjects, additional medical
instrumental examinations and some specific assays for cancers
were performed (Annex Table 2). Blood and urine samples were
obtained and assayed according to standardized procedures.
Quality-control procedures were achieved in agreement with
the Korean Association of Laboratory Quality Control.

Of a total of 61,651 baseline examinations (18,691, 23,359, and
19,601 in exposed, control-1 and -2 study areas, respectively),
6,329 examinations (3,278 in exposed and 3,051 in non-exposed
study areas), were duplicated or repeated examinations within
aone to seven year time period. Of the 6,329 duplicated baseline
examinations, 477 examinees took the baseline examination
repeatedly within a year interval. Using their repeated measure-
ments of the baseline characteristics, reliability of the baseline
survey data was evaluated and reported (39). Most of the possi-
ble covariates showed good to moderate agreement.

Cohort enrollment

This dynamic prospective cohort was established from 1992-
2005. The primary enrollment for the cohort included the fol-
lowing criteria: 1) age > 20 yr, 2) no past or current cancer case,
3) correct residential address, 4) signed informed consent, 5)
complete/correct personal identification number (PIN), 6) no
considerable missing information. One year after the primary
enrollment, recruitment of each subject as cohort member was
finalized according to a supplementary criterion, i.e. to have
the first one year of follow-up observation conducted.

Finally, during 1992-2005 a total of 36,176 baseline examin-
ees, 14,994 men and 21,182 women, were enrolled in the KREEC-
R study population or cohort, 11,367 exposed and 24,809 non-
exposed (Table 1).

Follow-up observation
The follow-up study in terms of cancer case ascertainment was
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Table 1. Distribution of exposed and non-exposed cohort members by sex, age at enrollment, and year of enrollment

Non-exposed cohort

Year of, and age at enroliment Exposed cohort (M/F)
Control-1 (M/F) Control-2 (M/F) Total (M/F)

Year of enrollment
1992-1994 3,769 (1,921/1,848) 1,945 (1,172/773) 2,246 (936/1,310) 4,191 (2,108/2,083)
1998-2001 3,256 (1,309/2,146) 5,563 (2,199/3,364) 7,286 (2,894/4,392) 12,849 (5,093/7,756)
2002-2005 4,342 (1,460/2,882) 2,815 (1,072/1,743) 4,954 (2,230/2,724) 7,769 (3,302/4,467)

Age (yr) at enrollment
20-24 159 (79/80) 190 (80/110) 283 (130/153) 473 (210/263)
25-29 583 (327/256) 371 (269/102) 397 (236/161) 768 (505/263)
30-34 1,142 (471/671) 556 (314/242) 825 (421/404) 1,381 (735/646)
35-39 1,028 (480/548) 714 (353/361) 1,092 (473/619 1,806 (826/980)
40-44 864 (378/486) 820 (379/441) 1,396 (615/781) 2,216 (994/1,222)
45-49 921 (344/577) 885 (338/547) 1,348 (497/851) 2,233 (835/1,398)
50-54 1,083 (400/683) 1,086 (427/659) 1,514 (594/920) 2,600 (1,021/1,579)
55-59 1,276 (471/805) 1,390 (550/840) 1,991 (808/1,183) 3,381 (1,358/2,023)
60-64 1,488 (587/901) 1,513 (595/918) 2,155 (852/1,303) 3,668 (1,447/2,221)
65-69 1,310 (453/857) 1,275 (516/759) 1,728 (687/1,041) 3,003 (1,203/1,800)
70-74 843 (283/560) 839 (337/502) 1,054 (438/616) 1,893 (775/1,118)
75-79 453 (150/303) 448 (194/254) 502 (217/285) 950 (411/539)
80-84 166 (54/112) 179 (63/116) 158 (73/ 85) 337 (136/201)
85+ 51 (14/37) 57 (28/29) 43 (19/ 24) 100 (47/ 53)

Total 11,367 (4,491/6,876) 10,323 (4,443/5,880) 14,486 (6,060/8,426) 24,809 (10,503/14,306)

Control-1, inter-mediate proximity (5-30 km radius) group; Control-2, far-distance (more than 30 km) group; M, male; F, female.

Table 2. Distribution of follow-up period (person-year) of exposed and non-exposed cohort by sex and age group

Non-exposed cohort

Age at observation (yr) Exposed cohort (M/F)

Control-1 (M/F) Control-2 (M/F) Total (M/F)
20-24 134.3/146.3 171.5/290.7 338.3/362.2 509.8/652.9
25-29 1,034.0/881.3 884.9/674.8 1,065.0/1,015.0 1,949.9/1,689.8
30-34 3,017.5/3,095.5 2,203.2/1,188.3 2,170.6/1,755.1 4,373.8/2,943.4
35-39 5,241.9/5,516.4 3,566.8/2,203.2 3,152.0/3,552.5 6,718.8/5,755.7
40-44 6,357.7/5,806.8 4,567.6/2,988.4 3,921.6/5,287.6 8,489.2/8,276.0
45-49 5,728.8/5,565.7 4,405.0/3,909.4 4,444.1/6,572.6 8,849.1/10,482.0
50-54 4,484.7/5,010.3 4,091.0/4,674.5 4,386.8/6,884.6 8,477.8/11,559.1
55-59 3,913.9/5,502.2 4,218.3/5,644.2 4,900.3/7,845.4 9,118.6/13,489.6
60-64 4,099.1/6,773.2 4,524.4/7,075.1 6,253.4/9,873.2 10,777.7/16,948.3
65-69 3,983.1/7,115.0 4,583.3/7,651.0 6,389.7/10,229.1 10,973.0/17,880.1
70-74 2,834.0/5,851.9 3,470.6/6,096.1 4,663.3/7,700.4 8,133.9/13,796.5
75-79 1,589.4/3,697.4 2,040.4/3,609.5 2,559.3/4,155.9 4,599.7/7,765.4
80-84 776.2/1,918.3 1,025.4/1,773.4 1,188.7/1,762.4 2,214.1/3,535.8
85 + 290.5/817.9 434.3/742.2 502.7/720.0 937.0/1,462.2
Total 43,485.1/57,698.2 40,186.5/48,520.8 45,935.8/67,716.1 86,122.3/116,236.9

Control-1, inter-mediate proximity (5-30 km radius) group; Control-2, far-distance (more than 30 km) group.

conducted during 1992-2010. Annually both passive and active
follow-up surveillance were integrated. The Resident database
of the Ministry of Public Administration & Security, the Benefi-
ciary database of the National Health Insurance, and the mor-
tality data of the Statistics Korea were used to identify living sub-
jects in Korea. The Korea Central Cancer Registry, death certifi-
cate database and medical records from hospitals were used to
detect cancer cases defined as C00~D09 according to the Inter-
national Classification of Diseases-10 (ICD-10).

For completeness of cancer case ascertainment, however,
the incident date of the last cancer case ascertained was limited
to the end of 2008. Therefore, December 31, 2008 is the cut-off
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date of follow-up.

The completion rate of the follow-up surveillance in terms of
censoring during 1993-1997 was about 98%, and during 2003-
2008, about 91%. Completion of censoring during the entire
period, 1993-2008, was 93.1% (Annex Table 3).

The mean duration of follow-up observation was 9.0 + 4.82
yr1, and 8.2 + 3.86 yr in the exposed and non-exposed groups,
respectively (Annex Table 4). Distribution of follow-up duration
is shown in Annex Table 4.

The total follow-up duration was 303,542.5 person-years (PY),
129,607.4 in men and 173,935.1 in women. In the exposed co-
hort, the follow-up duration was 101,183.3 PY; 43,458.1 for men
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and 57,698.2 for women. For the non-exposed group, the total
follow-up period was 202,359.2 PY; 86,122.3 for men and 116,236.9
for women; 88,707.3 PY in Control-1 study area (Control-1 co-
hort) and 113,651.9 PY in Control-2 study area (Control-2 co-
hort). Table 2 shows the follow-up duration by ‘age at observa-
tion’

Cancer case ascertainment

Screening suspicious cancer cases

Suspicious cancer cases were screened in the annual follow-up
observation, and then cancer cases were identified. Two meth-
ods of screening were implemented. Active follow-ups such as
personal or telephone contacts or questionnaires were mailed
in each study area, and ascertained from the National Medical
Claims Data of the National Health Insurance. C00-D09 code
cases from the National Medical Claims Data were selected as
suspicious cancer cases. Cases with codes other than C00-D09
(other codes) were excluded from the screening, since a trial
sample survey on the probability of having cancer among those
cases yielded nil. The trial sample survey was conducted with a
total of 1,459 claims with other codes in 1,036 members during
2003-2007. The study sample was selected by a stratified weight-
ed sampling, where the weighted variables, i.e. large/university
hospital, admission care, and anti-cancer drug prescribed, were
drawn by a model function fitted for cancer detection probabil-
ity among C00-D09 cases in 2003.

Identifying cancer cases

Three sources of data for cancer case ascertainment, cancer
registry data, death certificate data, and medical record abstracts,
were utilized. Cancer codes and dates were identified from can-
cer registry or death certificate data. Active medical records
check-ups of suspicious cancer case were performed. Trained
abstractors or medical recorders in the hospital drew up the
structured medical record abstract form. Medical doctors re-
viewed the structured abstracts to assess cancer case, including
diagnosis of date, diagnostic measures and interpretation of the
results, cancer stage, pathological findings, treatment, etc.

The date of cancer diagnosis was determined as the date of
cancer incidence. Cancer code and date were linked to the can-
cer registry or death certificate data, whichever diagnosis date
was earlier.

The radiogenic or radio-inducible cancers (40) were defined
as cancers of the stomach (C16), liver (C22), lung (C33-34), bone
(C40-41), breast (C50), thyroid (C73), and multiple myeloma
(C90), and leukemia (C91-95).

Completeness of cancer case ascertainment for this study was
evaluated using cancer cases between 2004 and 2007, ascer-
tained by two-source capture-recapture method and log-linear
models in three-source model (41). Completeness calculated in
all three sources combined was 96.9% in exposed and 97.1% in

1002  http://jkms.org

non-exposed with no statistically significant difference (P = 0.84).

Sample size requirements

To evaluate the follow-up duration in terms of power estima-
tion, sample size calculation was performed using PASS 2002
based on Cox regression and Poisson regression model with
the assumption of relative risk = 1.3 or 1.5, exposed: non-ex-
posed = 1:2, and power = 0.8 or 0.9. Results of the sample size
calculation have been published elsewhere (42). Based on a Cox
regression model, relative risk = 1.3 and power = 0.9, a total of
560 outcome events, or 188,389 PY, in the non-exposed cohort
was required.

Statistical analysis

To compare incidence levels of cancer between groups, e.g. ex-
posed, non-exposed, Control-1, and Control-2, the age standard-
ized rates (ASR) in each group as the summary rates were cal-
culated using World Standard Population (43).

Potential confounders or covariates were estimated by corre-
lation analyses with study areas, cancer incidence, and inter-vari-
ables. Other than the variable of age at observation, a total of nine
variables in males and six variables in females were selected as
covariates and were included in the final analysis model. Age ad-
justment was performed by using Time-updated Cox model.

In the main analyses, hazard ratios (HRs) and 95% confidence
intervals (CIs) were estimated using multivariate Cox propor-
tional hazard model. All analyses were adjusted for age as a time-
varying variable and smoking (men only), alcohol drinking
(men only), liver disease history (men only), current job, edu-
cation attainment, total energy expenditure per day, family his-
tory of cancer, body mass index (BMI), and medical services of
x-ray or radiation as time-fixed variables. All analyses were per-
formed using SAS 9.2.

RESULTS

Cancer cases ascertained

During 303,542.5 person-years of follow-up, a total of 2,298 can-
cer cases of all sites (All), or 1,377 radio-inducible cancers (RI)
diagnosed during 1992-2008 was ascertained. In males, 1,334
All, or 832 RI cases were ascertained during 129,607.4 PY of fol-
low-up. And in females, 964 All, or 545 RI cases were ascertained
during 173,935.1 PY. In the exposed cohort, 705 All (393 men,
312 women) or 429 RI cases (250 men, 279 women) were ascer-
tained. 1,593 All (941 men, 652 women) or 943 RI cases (57 8
men, 365 women) in the non-exposed cohort were ascertained.
In Control-1, 721 All (421 men, 300 women) or 420 RI cases (248
men, 172 women), and in Control-2, 872 All (520 men, 352 wom-
en) or 523 RI cases (330 men, 193 women) were ascertained.
Table 3 illustrates the distribution of age and year of cancer di-
agnosis and cancer sites of RL
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Cancer incidence rate

Table 4 illustrates the crude rate (CR) and ASR per 100,000 PY
of All and Rl in the exposed and non-exposed. In males, the ASR
of All was 564.7 in the exposed cohort and 544.1 in the non-ex-

posed. In females, it was 306.5 and 281.0, respectively. For RI
cancers in males, the ASR in the exposed cohort was 363.0 and
347.4in the non-exposed cohort, and in females it was 190.5 and
161.9, respectively. ASRs in the non-exposed cohort for Control-1

Table 3. Number of the cancer cases ascertained in this study by age and year at diagnosis

Non-exposed cohort

Exposed cohort
Variables Control-1 Control-2 Total
All (M/F) RI (M/F) All (M/F) RI (M/F) All (M/F) RI (M/F) All (M/F) RI (M/F)

Total 705 (393/312) 429 (250/179) 721 (421/300) 420 (248/172) 872 (520/352) 523 (330/193) 1,593 (941/652) 943 (578/365)
Age at diagnosis

20-34 2(11) - (-/-) 1(1/-) 1(1/-) 5(3/2) 2 (2/-) 6 (4/2) 3(3/-)

35-39 19 (3/16) 13 (2/11) 7 (2/5) 5 (1/4) 5(3/2) 5(3/2) 12 (5/7) 10 (4/6)

40-44 34 (15/19) 4 (10/14) 1 (4/7) 5(3/2) 19 (712) 15 (5/10) 0 (11/19) O 8/12)

45-49 34 (19/15) 29 (14/15) 23 (10/13) 14 (5/9) 0 (12/18) 1 9/112) 53 (22/31) 35 (14/21)

50-54 54 (29/25) 38 (20/18) 39 (15/24) 27 (11/16) 38 (18/20) 26 (12/14) 77 (33/44) 53 (23/30)

55-59 80 (48/32) 57 (40/17) 67 (39/28) 39 (20/19) 77 (46/31) 45 (26/19) 144 (85/59) 84 (46/38)

60-64 84 (51/33) 46 (29/17) 102 (58/44) 63 (35/28) 141 (90/51) 89 (61/28) 243 (148/95) 152 (96/56)

65-69 138 (83/55) 77 (46/31) 147 (84/63) 94 (58/36) 189 (122/67) 113 (79/34) 336 (206/130) 207 (137/70)

70-74 122 (63/59) 67 (37/30) 123 (79/44) 62 (37/25) 183 (109/74) 107 (66/41) 306 (188/118) 169 (103/66)

75-79 83 (45/38) 47 (31/16) 120 (82/38) 68 (50/18) 116 (70/46) 71 (48/23) 236 (152/84) 139 (98/41)

80+ 55 (36/19) 31 (21/10) 81 (47/34) 42 (27/15) 69 (40/29) 29 (19/10) 150 (87/63) 71 (46/25)
Year at diagnosis

1992-1994 7 (13/4) 0(9/1) 9(6/-) 6 (3/3) 6 (10/6) 0(7/3) 25 (15/10) 6 (10/6)

1995-1999 91 (52/39) 52 (31/21) 60 (34/26) 35 (18/17) 103 (58/45) 66 (38/28) 163 (92/71) 101 (56/45)

2000-2004 259 (156/103) 150 (97/53) 308 (181/127) 184 (110/74) 311 (205/106) 188 (133/55) 619 (386/233) 372 (243/129)

2005-2008 338 (172/166) 217 (113/104) 344 (201/143) 195 (117/78) 442 (247/195) 259 (152/107) 786 (448/338) 454 (269/185)
Site of RI

Stomach 162 (101/61) 142 (78/64) 177 (113/64) 319 (191/128)

Liver 80 (67/13) 69 (53/16) 114 (79/35) 183 (132/51)

Lung 87 (67/20) 137 (103/34) 158 (122/36) 295 (225/70)

Bone 0 0 0 0

Breast 33 (-/33) 21 (1/20) 26 (1/25) 7 (2/45)

Thyroid 54 (10/44) 41 (11/30) 30 (3/27) 1 (14/57)

Multiple myeloma 7 (3/4) 3(-/3) 7 (3/4) 0(3/7)

Leukemia (C91-C95) 7 (3/4) 9 (4/5) 4 (11/3) 3 (15/8)

All, all sites of cancer; RI, Radio-inducible cancers; Control-1, inter-mediate proximity (5-30 km radius) group; Control-2, far-distance (more than 30 km) group.

Table 4. Crude (CR) and age standardized (ASR) cancer incidence rate per 100,000 person-years by sub-cohort group

o . Sub-cohort group Male Female
ancer site
(No. of cancer cases, M/F) CR ASR CR ASR
Al Exposed (393/312) 903.8 564.7 540.7 306.5
Non-exposed (941/652) 1,092.6 5441 560.9 281.0
Control-1 (421/300) 1,047.6 508.5 618.3 305.9
Control-2 (520/352) 1,132.0 566.9 519.8 264.0
RI Exposed (251/179) 577.2 363.0 310.2 190.5
Non-exposed (581/366) 674.6 347.4 3149 161.9
Control-1 (250/172) 622.1 300.9 354.5 182.3
Control-2 (331/194) 720.6 378.6 286.5 147.0
Stomach Exposed (101/61) 232.3 143.8 105.7 50.1
Non-exposed (191/128) 221.8 106.0 110.1 51.6
Liver Exposed (67/13) 1541 100.0 22.5 9.7
Non-exposed (132/51) 1521 77.3 439 18.0
Lung Exposed (67/20) 154.1 93.7 34.7 135
Non-exposed (225/70) 261.3 108.9 60.2 22.7
Thyroid Exposed (10/44) 23.0 16.1 76.3 61.4
Non-exposed (14/57) 16.3 11.5 49.0 334
Breast Exposed (-/33) 57.2 452
Non-exposed (2/45) 38.7 29.9

The CR and ASR of multiple myeloma and leukemia was not calculated due to small number of cases. All, all sites; RI, radio-inducible cancers; Control-1, inter-mediate proximity
(5-30 km radius) group; Control-2, far-distance (more than 30 km) group.
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and Control-2 are also shown in Table 4. ASR’s in Korean gen-
eral population reported by the Korea Central Cancer Registry
(44, 45) in 2005-2007 were lower than in the KREEC-R study
population. This difference can be explained by the fact that the
KREEC-R study population is limited to subjects of age 20 yr or
older.

Cancer risk in adult residents near NPPs

For All or RI (total), there was no increased or decreased risk in
the exposed cohort compared to the non-exposed cohort, in ei-
ther men or women (Table 5). However, HRs by some specific
cancer sites increased or decreased cancer risks for a few can-
cer sites, i.e. stomach and liver in men, and lung and thyroid in

Table 5. Multiple-adjusted HRs of cancer risk in exposed cohort compared to the ref-
erence sub-cohort

Reference sub-cohort

Cancer site Male HR (95% Cl)  Female HR (95%Cl)
(Non-exposed)
Al Total 1.1(0.91-1.36) 1.2 (0.94-1.60)
Control-1 1.2 (0.94-1.57) 1.1(0.96-1.50)
Control-2 1.0(0.84-1.32) 1.2 (0.90-1.63)
RI Total 1.2 (0.92-1.54) 1.1(0.78-1.61)
Control-1 1.3(0.93-1.78) 1.1(0.79-1.43)
Control-2 0.9 (0.78-1.27) 1.2(0.77-1.74)
Stomach Total 1.6 (1.10-2.43)* 0.9 (0.61-1.49)
Control-1 1.9 (1.09-3.29)* 0.8 (0.46-1.64)
Control-2 1.3(0.85-1.92) 1.2(0.83-1.68)
Liver Total 1.4 (0.95-1.74) 0.5(0.22-1.17)
Control-1 1.5(1.00-2.13) 0.6 (0.19-1.65)
Control-2 1.4 (0.73-2.85) 0.3 (0.04-2.09)
Lung Total 0.8 (0.64-1.11) 0.7 (0.37-1.48)
Control-1 0.8 (0.57-1.09) 0.3(0.13-0.92)*
Control-2 0.9(0.61-1.42) 0.8 (0.38-1.74)
Thyroid Total 1.9(1.13-3.21)*
Control-1 1.1(0.52-2.39)
Control-2 2.5(1.43-4.38)*
Breast Total 1.4 (0.67-2.74)
Control-1 1.3(0.72-2.31)
Control-2 1.5 (0.90-2.60)
Leukemia Total 0.3 (0.03-2.01) 1.2 (0.29-4.80)
Control-1 0.9 (0.14-7.28) 0.9 (0.07-10.88)*
Control-2 0.2 (0.03-2.44) 1.4(0.27-6.81)

women in the exposed cohort. Stomach cancer risk in men was
significantly increased compared to the non-exposed (total) and
Control-1 (HR = 1.6 and 1.9, respectively). An increased risk for
liver cancer in men was also observed compared to Control-1
only. In contrast in women, a decreased risk for lung cancer
was observed compared to Control-1 only. While, living near
NPPs was positively associated with thyroid cancer risk (HR = 1.9
and 2.5 compared to the non-exposed (total) and Control-2 co-
hort, respectively).

HRs for the association between the degree of proximity of
place of residence to NPPs and radio-inducible cancer risk are
shown in Table 6. Except thyroid cancer in women, no associa-
tion or trend in risk with proximity to NPPs was observed. Thy-
roid cancer incidence in women in the exposed and Control-1
was as high as 2.5 and 1.8 times, respectively, than in Control-2
cohort. And the trend in risk was statistically significant (P for
trend = 0.03).

For the possible influence of radiation from NPPs on risk of
radio-inducible cancers, specifically stomach and thyroid can-
cers, additional analyses were performed using the exposed co-
hort data. Table 7 provides HRs for the association between du-
ration of living with NPPs and RI cancer risk. No association or
trend in risk for duration of living with NPPs was observed (P
for trend > 0.05).

Table 6. Multiple-adjusted HRs and their test-for-trend of the RI cancer risk by site in
the exposed and Control-1 compared to Control-2 cohort as the reference

Cancer site Sex Exposed cohort Control-1 P for trend
Ri (Total) Male 1.2(0.86-1.54)  0.9(0.67-1.26) 0.42
Female 1.2(0.77-1.74) 1.1 (0.69-1.68) 0.56
Stomach Male 1.3 (0.85-1.92) 0.9 (0.61-1.44) 0.09
Female 1.2 (0.83-1.68) 1.3(0.89-1.79) 0.50
Liver Male 1.4 (0.73-2.85) 0.9 (0.36-2.08) 0.18
Female 0.3(0.04-2.09) 0.4(0.05-3.17) 0.35
Lung Male 0.9(0.61-1.42) 1.1 (0.71-1.57) 0.38
Female 0.8 (0.38-1.74) 1.4 (0.64-2.83) 0.85
Thyroid Female 2.5(1.43-4.38)  1.8(0.98-3.24) 0.03*
Breast Female 1.5 (0.9-2.60) 1.1 (0.6-1.99) 0.38

*Statistically significant (P < 0.05). HRs, Hazard Ratios; All, all sites; R, radio-inducible
cancers; Cl, confidence interval; Control-1, inter-mediate proximity (5-30 km radius)
group; Control-2, far-distance (more than 30 km) group.

*Statistically significant (P < 0.05). R, radio-inducible cancers; Control-1, inter-medi-
ate proximity (5-30 km radius) group; Control-2, far-distance (more than 30 km)
group.

Table 7. Multiple-adjusted HRs and their test-for-trend of the RI, stomach and thyroid cancer risk by duration of living with NPPs in exposed cohort

Duration of living with NPPs (yr)

Cancer site ltems P for trend
>15 10-14.9 <10
Ri (Total)
Male No. of cases 89 80 72
HR (95% Cl) 0.8 (0.60-1.16) 1.1(0.77-1.47) 1.0 0.90
Female No. of cases 68 51 58
HR (95% Cl) 0.9 (0.73-1.20) 1.2 (0.91-1.51) 1.0 0.71
Stomach (Male) No. of cases 38 33 26 0.46
HR (95% CI) 1.0 (0.59-1.71) 1.2 (0.69-2.00) 1.0
Thyroid (Female) No. of cases 14 13 15 0.58
HR (95% CI) 0.8 (0.55-2.74) 1.4(0.64-3.16) 1.0

RI, radio-inducible cancers.
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DISCUSSION

Our radiological study conducted in 1992-1994 in residential
areas near NPPs showed levels of radioactivity in air and radia-
tion exposure in residents is far below the limited doses, just as
monitored by the KINS, and suggested that it is least likely for
the nearby residents to have increased cancer risk due to radia-
tion emitted from the NPPs. However, the account for a possible
cancer risk by dealing with radiation doses monitored or esti-
mated is hardly acceptable to the public, since method of radia-
tion dose estimates and the limited dose are not well understood
by the public. Furthermore, estimated radiation doses in resi-
dents near NPPs usually contain un-quantified uncertainties
which result in uncertainties with estimated cancer risks (46).
Hence, it should not be prudent to dismiss radiation exposures
as a possible cause because official or estimated doses are too
low. To the public, on the other, epidemiological study results
or evidence are easily understandable. And the valid epidemio-
logical study results could render radiation doses inferable.

The most definitive type of observational epidemiologic
study is usually the prospective cohort study design (47). How-
ever, very few prospective cohort studies have investigated can-
cer risks, of all sites or radio-inducible cancers, in relation to liv-
ing near NPPs. This type of study is a typical prospective cohort
study, where study subjects (i.e. cohort members) are initially
free of the disease under study (i.e. cancer) when examined at
baseline, and are classified according to whether they are ex-
posed or not exposed to the possible risk factor (i.e. living near
NPPs). The cohort is then followed over time to ascertain can-
cer incidence.

This study was designed and was conducted to examine in-
creased cancer risk due to radiation exposures for adult resi-
dents near NPPs in Korea. Several aspects of the quality of the
study such as completion rate of follow-up surveillance, reliabil-
ity of the covariates, completeness of cancer case ascertainment,
and sample size requirements are strengths of the study (39, 41,
42). The study results indicated incidence rates of all sites of can-
cer or all radio-inducible cancers for the exposed cohort group
(adult residents near NPPs) were not significantly different from
the sub-cohorts (control-1 or inter-mediate proximate cohort,
control-2 or far-distance cohort, and non-exposed or the sub-
cohorts combined) in both men and women. Overall, no in-
creased risk for all sites of cancer or all the radio-inducible can-
cers was found in this study.

In Table 5, meanwhile, cancer risks of certain specific sites
for the residents near NPPs increased or decreased, which was
restricted to one gender or a specific comparison cohort. How-
ever, these results provide no indication that adults living near
NPPs have an increased risk of any radio-inducible cancers,
since the results are self-contradictory.

Table 6 indicates any radio-inducible cancer has no associa-

http://dx.doi.org/10.3346/jkms.2012.27.9.999

tion or trend in risk with proximity to NPPs, except thyroid can-
cer risk in women. A possible explanation for the statistically
significant trend in thyroid cancer risk in women with proximi-
ty to NPPs would be the influence of un-quantified or un-mea-
sured radiation emitted from NPPs. However, Table 7 suggested,
though the sample size was not large to provide solid evidence,
radiation emitted from NPPs was not associated with increased
risks of radio-inducible cancers in nearby residents, even thy-
roid cancer in women. The probable factors other than radia-
tion from NPPs remain unknown in this study, since this study
was not designed to investigate factors other than radiation.
Other factors, if needed, are to be investigated through another
or supplementary studies.

Consistent with other studies (3-8, 23-30), our study shows
no evidence of an increased risk of radio-inducible cancers in
adult residents within a five km radius of the NPPs. Our findings
support radiological study results could be well documented
for cancer risk estimation due to radiation. Continuous surveil-
lance of quantitative measures of dose levels around NPPs and
radiation exposures to the residents is warranted, along with
radio-ecological studies.

In conclusion, this is a valid prospective cohort study from
1992-2010 evaluated cancer risk among adult residents who re-
side near NPPs in Korea. There is no epidemiological or causal
evidence for increased risk of cancer due to radiation from NPPs.
Radiological study results or surveillance data of radiation dos-
es around NPPs could be well documented for cancer risk esti-
mation, instead of epidemiological studies that require a long
follow-up period.
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Annex Table 1. Items of information integrated in the baseline interview survey

[tems/Variables [tems/Variables

Socio-demographics and life-style Disease history
age, sex, residence, marital status, infectious diseases, tuberculosis, liver fluke, neoplasm, intestinal polyps, diabetes, thyroid disorders,
educational attainment, current job hypertension, heart diseases, stroke, pneumonia, allergy/asthma, chronic bronchitis, gastritis/ulcers,
smoking, alcohol drinking, sleeping hours liver diseases (acute/chronic), gall bladder diseases, hemorrhoid, kidney/urinary bladder diseases
total energy expenditure

Family disease history Utilization of medical/dental services
diabetes, hypertension, stroke, X-ray, radiation, isotope, endoscopy, HBV vaccination, acupuncture, blood transfusion

liver diseases, heart diseases,
cancerous diseases

Exposure to agricultural chemicals Reproductive history in women
Use of electric home appliances menarche, regularity of menstruation, menopause, pregnant/fertility, breast-feeding, abortion/stillbirth,
refrigerator, blanket, microwave oven, oral contraceptives, hysterectomy, screening for cervix cancer, mammography

saver, mobile phone

Annex Table 2. Items of information integrated in the baseline medical examination

ltems/Variables for all examinees ltems/Variables as needed for high cancer risk group suspected
Somatometric measurements Serologic markers

height, weight, visual acuity, gamma-GT, triglyceride, cholesterol, HDL-cholesterol

blood pressure
Laboratory analyses Tumor makers

RBC, hematocrit, WBC, hemoglobin, AFP, CEA, TSH, FT4, CA19-9, SCC antigen, PSA, CA-125

platelet, total protein, albumin, ALT/S-GPT,
AST/S-GOT, blood glucose, urine glucose,
urine protein, creatinine, blood urea
nitrogen, uric acid
Exposure to agricultural chemicals Advanced cancer diagnostic procedures
Use of electric home appliances endoscopy, ultra-sonography, CT, MRI, radio-isotope scan, bone marrow study, pathological examination
refrigerator, blanket, microwave oven,
saver, mobile phone

Annex Table 3. Completion rate of follow-up surveillance by years censored

Exposed cohort Non-exposed cohort
Years censored o '
C/S (%) Control-1, C/S (%) Control-2, C/S (%) Total, C/S (%)
1993-1997 15,535/15,750 (98.6) 8,185/8,456 (96.8) 8,371/8,547 (97.9) 16,556/17,005 (97.4)
1998-2002 24,955/26,189 (95.3) 22,918/23,776 (96.4) 28,550/30,088 (94.9) 51,486/53,864 (95.6)
2003-2008 54,131/59,374 (91.2) 51,476/56,550 (91.0) 69,874/76,421 (91.4) 121,350/132,971 (91.3)
Total 94,621/101,313 (93.4) 82,579/88,782 (93.0) 106,795/115,056 (92.8) 189,392/203,840 (92.9)
C/S, No. of completed follow-up/No. of the subjects.
Annex Table 4. Distribution of cohort members by follow-up (F-U) duration and mean duration of follow-up observation
Non-exposed cohort
Duration of F-U (person-years) Expo’\s‘ed Ocohor‘[, ?
0. (%) Control-1, No. (%) Control-2, No. (%) Total, No. (%)
<5.0 3,045 (26.8) 2.016 (19.5) 3,858 (26.6) 5,874 (23.7)
5.0-9.9 4,997 (44.0) 5,626 (54.5) 6,571 (45.4) 12,197 (45.4)
10.0-14.9 836 (7.3) 1,411 (13.7) 2,978 (20.6) 4,389 (17.7)
>15.0 2,489 (21.9) 1,270 (12.3) 1,079 (7.5) 2,349 (9.5)
Total 11,367 (100.0) 10,323 (100.0) 14,486 (100.0) 24,817 (100.0)
Mean £ S.D (yr) 8.95 + 4.82 8.62 £+ 3.99 7.88 £ 3.74 8.18 £ 3.86

Control-1, inter-mediate proximity (5-30 km radius) group; Control-2, far-distance (more than 30 km) group.
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