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Objective: Cancer mortality and morbidity are described for the first
time in all Korean workers exposed to ionizing radiation. Methods:
Based on hospital admissions, Standardized Rate Ratios (SRR) and
Standardized Mortality Ratios (SMR) were modeled with Poisson
regression. Results: Cancer admissions during 2000 to 2005 were low
compared with autoworkers with the exception of nuclear power workers
(SRR � 1.13, 95% CI � 0.94–1.36). Thyroid cancer was statistically
significantly elevated in women radiation workers in medical (SRR �
2.90, 95% CI � 1.05–7.94) and research institutions (SRR � 3.91,
95% CI � 1.36–11.0) and industry (SRR � 5.07, 95% CI �
1.56–15.6), and in all nuclear power workers (SRR � 2.59, 95%
CI � 1.33–5.13), and there was a significant association with dose
(ERR � 20.4 per Sv, 90% CI � �8 to 60, one-tailed P � 0.049). The
935 deaths revealed a healthy worker effect for all causes (SMR � 0.58,
95% CI � 0.54–0.62) and all-cancer (SMR � 0.73, 95% CI �
0.64–0.82). Lung cancer (SMR � 0.77, 95% CI � 0.55–1.05) and
leukemia (SMR � 0.59, 95% CI � 0.28–1.06) mortalities were also
less than expected. Compared with autoworkers, radiation workers
displayed decreased all-cause mortality except for nuclear power workers
(statistically not significant). Conclusions: ERRs as high as 300 per Sv
appear to be ruled-out in this population with regulated exposure to
ionizing radiation while ERRs as high as 100 per Sv are not. (J Occup
Environ Med. 2008;50:791–803 )

S ignificant excesses of radiogenic leu-
kemia and solid cancers have been
found in relatively few studies of pop-
ulations occupationally exposed to ex-
ternal radiation. Studies that have
observed increased cancer risks in-
clude the International Agency for Re-
search on Cancer 15-country (lung
cancer),1 the Oak Ridge2 and Hanford3

studies (lung cancer), and the Mayak
workers study4 (lung cancer and other
sites). The well-known association be-
tween radon and lung cancer5 probably
arises from inhalation of dusts with
adsorbed radon progeny.

The more common null findings
may have resulted from the low
doses of occupational exposures,
small sample sizes that limit the pre-
cision of estimates, and methodolog-
ical problems unique to individual
studies. Therefore, public concern
continues on the health effects of
workers exposed to relatively low
dose radiation.

In Korea, the number of enterprises
using radiation and radioisotopes
(RIs) has continuously increased
since the passing of the Nuclear En-
ergy Act in 1958. In 1974, only 70
institutions were licensed to use ra-
diation sources but by 2005 there
were over 1000. These licensed in-
stitutions are mainly in the areas of
nuclear power, manufacturing indus-
try, and educational, research, public
and medical institutes (excluding fa-
cilities using only medical x-ray
equipment). Currently the number of
workers exposed to radiation and RIs
is about 27,000 including 10,000 em-
ployed in nuclear power plants
(Korea Radioisotope Association
[KRIA]), 2006, Seoul: The issue of
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analysis of occupational radiation
exposure).

Radiation is among the most thor-
oughly regulated occupational hazards
in Korea. By the Nuclear Energy Act
workers using ionizing radiation
have their exposure level checked
every 3 months and receive a health
examination every 6 months. Ac-
cording to statistics compiled by the
KRIA, established in 1985, the mean
exposure level of radiation workers
was 1.16 milliSieverts (mSv) per
year in 2005, which is much lower
than the 50 mSv annual occupational
dose limit set by the Nuclear Energy
Act in Korea and recommended by
the International Commission on Ra-
diological Protection (ICRP). The
ICRP recommends that levels not
exceed 50 mSv per year, and 100
mSv over 5 years, corresponding in
practice to less than 20 mSv per year.
The highest mean exposure level by
type of organization was 3.26 mSv
per year for workers of non destruc-
tive testing (NDT) firms (KRIA,
2006).

Radiation safety has been aggres-
sively managed since passage of the
Nuclear Energy Act. However, pol-
icy has focused primarily on preven-
tion of acute radiation over-exposure
incidents. There has been less con-
cern about the chronic health effects
on workers exposed to low dose
radiation except for workers in nu-
clear power plants. Recently, the Ko-
rea Labor Welfare Corporation,
Korea’s sole worker’s compensation
provider, compensated six cases of
occupational cancer in workers ex-
posed to radiation (four cases of
leukemia in a power plant worker,
laboratory worker, radiologist, and a
technician making dental devices;
one thyroid cancer in a nurse, and
one cancer of unknown origin in a
technician performing NDT). In
2004, the Korean government estab-
lished within KRIA the Central Registry
for Radiation Workers Information.
All employer radiation safety man-
agement records, including radioac-
tive contamination monitoring and
employee medical surveillance, are

required to be retained. Records from
employers with revoked and/or sus-
pended licenses or those ceasing op-
erations are submitted to KRIA and
retained permanently since they may
be a valuable archive for identifying
effects of occupational radiation ex-
posure in the future.

The present study estimated ex-
cess cancer risk in the Korean popu-
lation under surveillance for ionizing
radiation exposure. Using exposure
data from the Central Registry for
Radiation Workers Information, mor-
tality associations were described as
was cancer morbidity based on diag-
noses for hospital admissions lasting
longer than 3 days.

Materials and Methods

Cohort Definition and
Data Collection

The radiation cohort consisted of
workers under medical surveillance
because of ionizing radiation expo-
sure as required by law. The institu-
tions comprised five sectors: (1)
medical treatment and research insti-
tutes, (2) other research and educa-
tion institutes, (3) nuclear power
plants, (4) general industry including
NDT firms, and (5) others including
military, public organizations, etc.
The cohort was defined as all Korean
workers under radiation surveillance
who were first exposed between Jan-
uary 1, 1984 and December 31,
2004, and who were alive on January
1, 1992. Follow-up was from date of
first exposure surveillance or Janu-
ary 1, 1992, whichever was later,
until the earlier of date of death
or December 31, 2004. The KRIA
provided the name, Residence Reg-
istration Number (RRN, a unique
13-digit number assigned to all Ko-
reans in which the first six digits are
the birth date, the seventh digit is
gender), year of first exposure and
yearly exposure doses, and the type
of institution. The KRIA registry has
electronic radiation exposure data on
workers beginning in 1983. How-
ever, we excluded workers whose
first recorded surveillance entry was

in 1983 because they were likely to
have been exposed before 1983 for
which there was no electronic record.

In addition to comparisons to the
general Korean population (with
standardized mortality ratios [SMRs]),
an unexposed comparison cohort was
selected to reduce the potential for
confounding, as in the healthy worker
and survivor effects, because of differ-
ences between workers and general
populations. This group consisted of
Korean workers in the manufacture of
motor vehicles, trailers and semitrail-
ers who had taken the required annual
specialized health examination (SHE)
during 2000 to 2004 and who were
exposed to noise but not to other oc-
cupational agents known to cause leu-
kemia such as benzene, butadiene,
formaldehyde, ethylene oxide, or solid
cancers such as hexavalent chromium,
cadmium asbestos, silica, etc. In Ko-
rea, workers exposed to hazards desig-
nated by Ministry of Labor (about 200
kinds) have a SHE annually or twice a
year. All results including exposure
information (the agents exposed to) of
this SHE are electronically reported to
Korea Occupational Safety and Health
Agency (KOSHA) and accumulated in
a database. In this study, we used the
SHE data of workers manufacturing
motor vehicles, trailers and semitrail-
ers from the database of KOSHA. This
control group was selected considering
socioeconomic status affecting work-
ers’ health. In Korea, workers’ health
largely depends on the size of compa-
ny.6,7 Because radiation workers were
employed in large companies like nu-
clear power utilities and in small com-
panies like those affiliated with nuclear
power plants and NDT firms, control
groups were selected reflecting this
proportion. Follow-up for this group
was from the date of examination until
the earlier of date of death or Decem-
ber 31, 2004.

For cancer morbidity, incidence
rates during 2000 to 2005 were esti-
mated using the National Health
Insurance Claim Data (NHICD) da-
tabase and requiring more than 3
days admission in a third degree
(tertiary care) hospital. National
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health insurance claim records in-
clude the 13-digit RRN, admission
date, and diagnosis of diseases. Di-
agnoses were classified according to
the Korea Classification of Diseases
and Causes of Death, 4th edition
(KCD-4), using three-character
codes. The KCD-4 is very similar to
the International Classification of
Diseases, 10th revision (ICD-10).
Thus, Neoplasm in KCD-4 is the
same as in ICD-10 (C00-D48); “total
cancer” here means malignant neo-
plasms (C00-C96 of ICD-10), and
“lung cancer” means malignant neo-
plasm of bronchus and lung (C34 of
ICD-10). “Non-Hodgkins lym-
phoma” (NHL) means follicular
(C82), diffuse (C83) and other and
unspecified types (C85) of NHL in
ICD-10, and “Leukemia” means
lymphoid (C91), myeloid (C92),
monocytic (C93), other leukemias of
specified cell types (C94) and un-
specified (C95). Thus, leukemia also
includes chronic lymphocytic leuke-
mia (CLL) although there were no
cases of CLL mortality and morbid-
ity among radiation exposed workers
in this study.

Study subjects were matched to
the NHICD database using the RRN.
The completeness of the NHICD da-
tabase is more than 99% because all
Koreans have been covered by Na-
tional Health Insurance since 1989
(since 1977 for large employers),
including pharmacy. Thus, virtually
all cancers are captured by NHICD,
however, the validity of NHICD di-
agnoses is lower than for data from
the National Cancer Registry (which,
with less complete reporting but
higher specificity, was unavailable
for this study). The specific morbid-
ity outcomes selected for study in-
cluded cancers of the lung, colon,
breast and thyroid, as well as leuke-
mia and NHL, and were chosen
based on numbers of cases available
and prior interest in radiogenic can-
cers. In Korea, NHL is commonly
perceived to be radiogenic by the
medical community because of the
well-known effects of radiation on
bone marrow.

Deaths were identified by the
Korean National Statistical Office
(KNSO), a registry estimated to
achieve greater than 95% registration
of deaths; cause of death was avail-
able beginning in 1992. KNSO
records provide the RRN, cause of
death (KCD-4) and date of death.
Study subjects were matched to the
KNSO database using the RRN. Ref-
erence mortality rates for the Korean
population were derived from KNSO
data for 1992 to 2004. The causes of
death selected for study included all
cancer as well as lung cancer, leuke-
mia and NHL, again based on num-
bers of cases available and prior
knowledge concerning radiogenicity.

Exposure Assessment
Personal radiation monitoring is

conducted for all employees entering
radiological areas or handling radio-
active materials. For personal dosim-
etry, beginning in 1976, radiation
workers used film badges or a ther-
moluminescence detector device for
recording doses. Film-badge moni-
toring was conducted for all employ-
ees potentially exposed to ionizing
radiation in their work-areas or, in
some cases, just for those employees
known to be exposed. Using elec-
tronic records of annual whole body
equivalent exposure doses (available
since 1983 in the Central Registry
for Radiation Workers Information)
this study calculated the cumulative
dose in milliSieverts for each worker
during follow-up by summing across
time the worker’s average annual
exposure dose in the prior monitor-
ing periods. For categorical analyses,
cumulative dose was classified in
four levels: (1) no exposure (0 mSv),
(2) 0.01 to 9.99 mSv, (3) 10.00 to
49.99 mSv, and (4) greater than 50
mSv.

Statistical Methods
A classification table for Poisson

Regression analysis of mortality was
calculated as described previously.8

About 774,249 person-years of ob-
servation (in 10 day units of obser-
vation) were jointly classified in 10

age (�20, 20 –24, 25–29, 30 –
34, . . . ,65�), two calendar (1992–
1999, 2000–2004), six sector and 50
cumulative exposure (in mSv) levels.
For some analyses, the classification
was based on a 5-year lag (1 year for
lymphohematopoietic or thyroid can-
cer). These choices for lagging were
a compromise to accommodate both
incidence and mortality, and the rel-
atively short period of follow-up
(mean � 10.2 years). For lagged
analyses by sector, follow-up in the
initial period corresponding to the
lag (eg, first 5 years) was excluded if
the sector classification (radiation
cohort) or employment status (auto-
worker cohort) was unknown at that
time (before first surveillance record
or hire date, respectively). Although
classified jointly, the effects of sector
or cumulative dose were analyzed
separately.

Log-linear relative rate models in
Poisson regression were evaluated
for the effects of sector, controlling
for age, calendar time, and gender:
rate � exp(â0 � â1X1 � â2X2 �
. . . .), where, â0 (intercept), â, â1,
â2, . . . are parameters to be esti-
mated. Linear relative rate models
were used for cumulative dose ef-
fects of the form: rate � [exp(â0)] �
[1 � â1X1], yielding excess relative
risk (ERR) � [exp(â0)] � â1X1.

Poisson regression models were fit
using EPICURE software (Preston
DL, Lubin JH, Pierce DA et al. 1993.
Epicure Users Guide. Seattle, WA:
Hirosoft International Corp.). Models
with the largest decrease in deviance
(ie, decrease in –2log [likelihood])
with addition of exposure terms were
considered “best” fitting. In some
models, external standardization on
age and calendar time was accom-
plished using the calculated Korean
mortality age-, calendar-, and gen-
der-specific rates as a multiplier of
person-years (offset) which yields
models of SMRs. The intercept in
these models is an estimate of the
(log) SMR for workers without the
specified exposures. This method
permits internal comparisons on ex-
posures externally adjusted for age,
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etc; however, bias can arise from
age-exposure interactions. In other
models, direct or internal adjustment
was achieved by “stratification,” a
procedure in EPICURE in which cat-
egorical classifying variables such as
age, year, and gender (and all inter-
actions) are included in the model
but parameter estimates not pre-
sented. These directly standardized
rate ratios (SRRs) allowed unbiased
comparisons across exposure and
other descriptive variables. For can-
cer admissions only directly (inter-

nally) SRRs were calculated because
appropriate reference rates were not
available.

Results

Demographics of
Mortality Cohort

Of 82,926 radiation workers iden-
tified, 3247 (3.9%) were excluded
because they had exposure data from
1983 and were potentially exposed
before 1983. About 79,679 radiation
workers (69,279 men, 10,400 women)

and 51,195 automobile workers
(43,535 men, 7660 women) were fol-
lowed for a total 633,159 and 141,090
person years, respectively (Table 1).
Radiation workers employed in manu-
facturing industry (n � 30,147) con-
tributed the most observation time
(255,163 P-yrs) followed by nuclear
power plants (n � 27,322; 230,233
P-yrs), education and research insti-
tutes (n � 14,641; 86,923 P-yrs), med-
ical institutes (n � 6735; 54,152
P-yrs), and others (n � 834; 6689
P-yrs) (Table 1). The mean age at first

TABLE 1
Demographic Characteristics of Radiation Workers and Comparison Group: Automobile Workers

Radiation Workers

Medical
Institutes

Nuclear
Power

Education
and Research Industry Others Total Automobile

N 6735 27,322 14,641 30,147 834 79,679 51,195

P-Yrs 54,152 230,233 86,923 255,163 6689 633,159 141,090

n % n % n % n % n % n % n %

Gender
Men 3660 54.3 26,878 98.4 9512 65.0 28,514 94.6 715 85.7 69,279 86.9 43,535 85.0
Women 3075 45.7 444 1.6 5129 35.0 1633 5.4 119 14.3 10,400 13.1 7660 15.0

Yr first exposed*
1984–89 1433 21.3 6972 25.5 938 6.4 5199 17.2 146 17.5 14,688 18.4 8650 16.9
1990–99 3225 47.9 13,792 50.5 6388 43.6 17,409 57.7 449 53.8 41,263 51.8 18,335 35.8
2000–04 2077 30.8 6558 24.0 7315 50.0 7539 25.0 239 28.7 23,728 29.8 24,210 47.3

Cumulative exposure†
(mSv, unlagged)

0.00 232 3.4 10,620 38.9 1622 11.1 522 1.7 63 7.6 13,059 16.4 — —
0.01 to 9.99 5680 84.3 12,886 47.2 12,797 87.4 23,455 77.8 712 85.4 55,530 69.7
10.00 to 49.99 762 11.3 2889 10.6 216 1.5 5311 17.6 58 7.0 9236 11.6
50.00� 61 0.9 927 3.4 6 0.0 859 2.8 1 0.1 1854 2.3

Cumulative exposure†
(mSv, 5 yr lag)

0.00 254 5.0 8583 39.4 1320 14.7 719 3.0 19,396 97.3 30,272 38.0 — —
0.01 to 9.99 4142 82.2 9597 44.1 7512 83.8 18,165 75.8 498 2.5 39,914 50.1
10.00 to 49.99 608 12.1 2844 13.1 122 1.4 4155 17.3 42 0.2 7771 9.8
50.00� 35 0.7 745 3.4 8 0.1 932 3.9 2 0.0 1722 2.2

Age at first exposure‡
Mean � SD 28.7 � 6.1 30.4 � 8.7 28.2 � 6.4 27.2 � 6.5 33.4 � 7.4 28.7 � 7.4 28.7 � 8.9
Median 27.2 27.7 26.4 26.1 32.0 26.8 25.8

Duration under radiation
surveillance

Mean � SD 4.1 � 4.7 4.0 � 5.5 3.1 � 3.7 3.5 � 4.3 3.6 � 3.9 3.6 � 4.7 —
Median 2.00 1.01 2.00 2.00 2.0 2.0

Cumulative exposure
(mSv, unlagged)

Mean � SD 4.7 � 9.7 6.6 � 20.2 1.5 � 2.9 8.1 � 15.4 3.2 � 5.5 6.1 � 15.7
Median 1.4 0.2 0.7 2.9 1.2 1.2 —

*For reference population (autoworkers): year of hire.
†Cumulative exposure at the end of follow-up; lagged observation time with unknown sector identity (prior to observation) classified as

“others.”
‡For reference population (autoworkers): age at hire.
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exposure was 28.7 years and about
two-thirds were first exposed between
the ages of 20 and 30. The mean
cumulative exposure was 6.06 mSv,
which is quite low compared with
existing standards (the maximum al-
lowed over mean duration of fol-
low-up was: 633159/79,679 � 20
mSv/yr � 159 mSv).

Mortality by Type of Institution
The overall mortality of radiation

workers (935 deaths, SMR � 0.58,
95% CI � 0.54–0.62) and automo-
bile workers (206 deaths, SMR �
0.66, 95% CI � 0.57–0.75) was low
compared with the Korean general
population (Table 2). Total cancer
mortality of radiation workers (256
deaths, SMR � 0.73, 95% CI �
0.64–0.82) and automobile workers
(53 deaths, SMR � 0.70, 95% CI �
0.53–0.90) was also lower than that
of Korean population, but mortality
from non-Hodgkin lymphoma was
greater than expected (10 deaths,
SMR � 1.26, 95% CI � 0.63–2.22)
in radiation workers, concentrated in

nuclear utility workers (seven deaths,
SMR � 1.98, 95% CI � 0.85–3.82).
Overall mortality and cancer mortal-
ity were less than expected for radi-
ation workers in all five sectors.
Mortality from lung cancer (38
deaths, SMR � 0.77, 95% CI �
0.55–1.05) and leukemia (nine
deaths, SMR � 0.59, 95% CI �
0.28–1.06) in radiation workers were
also less than expected but nonsig-
nificantly (Table 2), but lung cancer
mortality in automobile workers was
(nonsignificantly) greater than ex-
pected (11 deaths, SMR � 1.12, 95%
CI � 0.58–1.92). Compared with
automobile workers, radiation work-
ers overall displayed decreased all-
cause mortality except for workers at
nuclear power plants who had higher
(but statistically not significant)
all-cause and all-cancer mortality
(Table 2).

Mortality by Cumulative
Exposure: SMR

Compared with the Korean popu-
lation, overall mortality in four strata

of (lagged) cumulative dose was sig-
nificantly less than expected (in in-
creasing dose levels: SMR � 0.61,
0.54, 0.68, and 0.46) (Table 3). All-
cancer mortality was also less than
expected (SMR � 0.75, 0.70, 0.80,
and 0.75, respectively). Lung cancer
and leukemia exhibited similar pat-
terns and non-Hodgkin lymphoma
showed a not significant doubling of
mortality at both the unexposed (five
cases) and 10.00 to 49.99 mSv (two
cases) dose levels (Table 3) com-
pared with the Korean general
population.

Based on internal comparisons ad-
justing for age, calendar time, and
gender, regression models of the de-
pendence on lagged dose compared
with workers with 0 mSv exposure,
suggested elevated mortality at the
10.00 to 49.99 mSv dose level for
all-causes (SRR � 1.16, 95% CI �
0.92–1.45), and for all-cancer
(SRR � 1.11, 95% CI � 0.69–1.72)
(Table 4). At the highest dose level,
there was a three-fold excess of leu-
kemia deaths but based on just one

TABLE 2
Standardized Mortality Ratio by the Type of Institution

Radiation Workers

Automobile
Workers

Medical
Institute

Nuclear
Power Plants

Education
& Research Industry Others Total

P-yrs 54,152 230,233 86,923 255,163 6689 633,159 141,090

Total death
Death 25 536 58 310 6 935 206
SMR 0.23 0.72 0.31 0.56 0.27 0.58 0.66
95% CI 0.15–0.33 0.66–0.78 0.24–0.40 0.50–0.63 0.11–0.55 0.54–0.62 0.57–0.75

Total cancer
Death 9 151 24 72 0 256 53
SMR 0.36 0.84 0.58 0.71 0.0 0.73 0.70
95% CI 0.18–0.66 0.72–0.98 0.38–0.85 0.56–0.89 0.0–0.57 0.64–0.82 0.53–0.90

Lung cancer
Death 0 26 5 7 0 38 11
SMR 0.0 0.93 0.90 0.59 0.0 0.77 1.12
95% CI 0.0–1.02 0.61–1.33 0.32–1.93 0.26–1.15 0.0–4.08 0.55–1.05 0.58–1.92

Leukemia
Death 1 4 0 4 0 9 0
SMR 0.84 0.65 0.0 0.69 0.0 0.59 0.0
95% CI 0.05–3.69 0.20–1.50 0.0–1.57 0.21–1.59 0.0–16.8 0.28–1.06 0.0–0.95

NHL
Death 0 7 1 2 0 10 1
SMR 0.0 1.98 1.06 0.73 0.0 1.26 0.56
95% CI 0.0–5.31 0.85–3.82 0.06–4.66 0.12–2.24 0.0–28.6 0.63–2.22 0.03–2.47

Unlagged classification; reference: Korean general population.
NHL indicates non-Hodgkin’s lymphoma.
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case. Analyses of trends (using cumu-
lative exposure as a term in linear
relative rate model) found all to be
positive but small and not statistically
significant (Table 4). For all lympho-
hematopoietic cancer mortality, ERR
was 15 per Sv (15% per 10 mSv; 90%
CI � �21 to 81) (data not shown).

Cancer Admission by Type of
Institution and Cumulative Dose

Overall cancer admission rates in
radiation workers, compared with
automobile workers, exhibited defi-
cits except possibly for power plant
workers (SRR � 1.13, 95% CI �
0.94–1.36), and all radiation groups
had lung cancer incidence rates
lower than autoworkers’ (Table 5).
Colon cancer and leukemia rates
were nonsignificantly higher in all
radiation groups versus autoworkers,
as was female breast cancer in four
out of five radiation groups. There
were no cases of chronic lympho-
cytic leukemia. Thyroid cancer rates
were generally higher than for other
outcomes across the types of institu-
tions (SRR � 1.35–2.59) and were
statistically significant in the case of
nuclear plant workers (SRR � 2.59,
95% CI � 1.33–5.13). Among
women, there was a statistically sig-
nificant excess in all three categories
of institution where there were sub-
stantial numbers of women workers:
medical institutes (SRR � 2.90, 95%
CI � 1.05–7.94), education and re-
search institute (SRR � 3.91, 95%
CI � 1.36–11.0 and manufacturing
industry SRR � 5.07, 95% CI �
1.53–15.6) (Table 5). Other major
cancer sites in radiation workers in-
cluded stomach (51 cases) and liver/
gallbladder related cases (74 cases),
which are among the leading sites of
cancer in Korea, as well as smaller
numbers of cases of pancreas (13),
kidney (9), oral/lip (4), and other/
unspecified (8) cancer.

Comparing the two lowest strata
of cumulative radiation dose (0.01–
9.99 versus 10.0–49.9), SRRs in-
creased with increasing dose except
for cancer of the breast and lung

TABLE 3
Standardized Mortality Ratio in Radiation Workers by Cumulative Exposure

mSv 0 0.01–9.99 10–49.99 >50
P-yr 321,381 248,149 52,273 11,257

Total death
Death 447 383 92 13
SMR 0.61 0.54 0.68 0.46
95% CI 0.55–0.67 0.49–0.59 0.55–0.83 0.25–0.76

Total cancer
Death 115 114 23 4
SMR 0.75 0.70 0.80 0.75
95% CI 0.62–0.90 0.58–0.83 0.52–1.18 0.23–1.73

Lung cancer
Death 14 21 3 0
SMR 0.65 0.90 0.78 0.0
95% CI 0.37–1.06 0.57–1.35 0.19–2.02 0.0–5.02

Leukemia
Death 2 5 1 1
SMR 0.56 0.54 0.51 2.35
95% CI 0.09–1.72 0.19–1.15 0.03–2.26 0.13–10.3

NHL
Death 5 3 2 0
SMR 2.50 0.63 2.07 0.0
95% CI 0.90–5.37 0.16–1.64 0.34–6.39 0.0–14.3

Lagged; reference: Korean general population.
NHL, non-Hodgkin’s lymphoma.

TABLE 4
Mortality Standardized Rate Ratios Comparing SRRs by Categorical and
Continuous Cumulative Exposure

ContinuousmSv
P-yr

0.01–9.99
394,240

10–49.99
82,286

>50
18,409 ERR* P*

Total death
Death 383 92 13
SRR 0.92 1.16 0.84 1.7 0.28
95% CI 0.80–1.06 0.92–1.45 0.46–1.40 –4–7

Total cancer
Death 114 23 4
SRR 0.96 1.11 1.06 7.2 0.11
95% CI 0.74–1.25 0.69–1.72 0.32–2.54 –5–21

Lung cancer
Death 21 3 0
SRR 1.42 1.15 0.0 1.2 0.47
95% CI 0.72–2.88 0.26–3.56 0.0–4.31† –5–52

Leukemia
Death 5 1 1
SRR 0.95 0.77 3.46 16.8 0.28
95% CI 0.20–6.70 0.04–8.15 0.16–37.1 –34–149

NHL
Death 3 2 0
SRR 0.27 0.821 0.0 17.6 0.27
95% CI 0.06–1.17 0.11–4.05 0.0–5.78 –32–135

Lagged; reference: radiation workers with cumulative exposure � 0.0 mSv.
*ERR evaluated as excess risk per Sv (same as ERR percent per 10 mSv); 90% CI �

displayed for ERR but lower bound not reliably estimated; one-tailed P-value.
†95% CI � calculated using estimate of expected Poisson variate based on expected �
death/SRR in 0.01–9.99 column and multiplied by ratio of person-yrs:18409/394240.
NHL, non-Hodgkin’s lymphoma.
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(Table 6). For thyroid cancer, the
upward trend continued across all
three levels and was marginally sta-
tistically significant (P � 0.086, one-
tailed test); the ERR was 14.7 per Sv
(90% CI � �7 to 50). Analyses using
unexposed workers in the radiation co-
hort as the reference produced unsta-
ble baseline rate estimates because
there was relatively little observation
time available for this group, arising
largely as the result of lagging. In-
cluding the autoworker cohort in the
unexposed stratum substantially in-
creased the numbers of cases there:
from 10 to 31 for thyroid cancer, and
from 1 to 15 for breast cancer (Table 6).

A somewhat stronger increasing trend
was then observed for thyroid cancer
(ERR � 20.4/Sv, 90% CI � �8 to 60;
one-tailed P � 0.049), and the deficit for
breast cancer was diminished. For all
lymphopoietic cancer, the trend on
lagged dose was positive correspond-
ing to an ERR of 32.0 per Sv dose
(90% CI � �32 to 107), and this trend
was marginally significant (one-tailed
P � 0.08) (data not shown).

Discussion

Strength and Limitations
Quite complete mortality ascer-

tainment was made possible by the

low rate of migration of Koreans to
other countries. Foreign workers,
usually with specialized skills, do not
have RRNs and were excluded from
this study. However, in this study,
cancer morbidity may have been
overestimated because cancer cases
came from NHICD rather than from
the National Cancer Registry (NCR).
The NCR has greater than 95% as-
certainment of cancer morbidity but
also very high validity. The NHICD
has high ascertainment (99%) but
much lower validity (77%) (Park BJ.
Report on accuracy of disease cod-
ing in NHICD. Seoul National Uni-
versity, School of Medicine, Seoul,

TABLE 5
Cancer Morbidity (SRR) as Hospital Admissions (Adms) by the Type of Organization

Medical Institute Power Plant Education and Research Industry Others
Automobile Workers

(Reference)
P-yr* 35,215 143,953 70,551 161,267 4312 190,816

Total cancer
Adms 50 283 60 165 6 254
SRR 0.90 1.13 0.73 0.96 0.70 1.0
95% CI 0.65–1.22 0.94–1.36 0.54–0.97 0.78–1.18 0.28–1.45 —

Lung cancer
Adms 2 28 3 13 0† 27
SRR 0.46 0.68 0.34 0.63 0.0 1.0
95% CI 0.07–1.55 0.39–1.19 0.08–0.97 0.31–1.21 0.00–5.45 —

Colon cancer
Adms 2 15 3 9 1 9
SRR 1.33 1.51 1.23 1.53 3.37 1.0
95% CI 0.20–5.39 0.64–3.81 0.27–4.28 0.58–4.15 0.18–18.57 —

Breast cancer in women
Adms 7 1 7 2 1 14
SRR 1.21 1.22 1.28 0.75 3.94 1.0
95% CI 0.41–3.30 0.07–6.28 0.40–3.78 0.11–3.15 0.21–21.21 —

Thyroid cancer
Adms 13 24 10 14 0 21
SRR 2.05 2.59 1.51 1.35 0.0 1.0
95% CI 0.95–4.27 1.33–5.13 0.65–3.30 0.64–2.82 0.0–10.8 —

Thyroid cancer in women
Adms 9 0 9 6 0 10
SRR 2.90 0.0 3.91 5.07 0.0 1.0
95% CI 1.05–7.94 0.0–2.84 1.36–11.00 1.53–15.60 0.0–94.8 —

Leukemia
Adms 2 5 2 5 0 5
SRR 1.95 1.03 1.14 1.14 0.0 1.0
95% CI 0.26–9.65 0.28–3.86 0.16–5.44 0.31–4.17 0.0–25.6 —

NHL
Adms 0 6 0 5 0 5
SRR 0.0 1.22 0.0 1.04 0.0 1.0
95% CI 0.0–2.86 0.37–4.25 0.0–1.43 0.29–3.73 0.0–23.4 —

Unlagged; reference: automobile workers.
*Person-yr free of prior cancer admission (since 1989).
†95% CI � calculated using estimate of expected Poisson variate based on expected � death/SRR in industry column and multiplied by

ratio of person-yrs: 4312/161267.
NHL, non-Hodgkin’s lymphoma.
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2002) and thus a higher false-
positive rate. For this reason, we
used cancer cases diagnosed only by
tertiary care hospitals (university
hospitals) and with more than 3 days
admission. This would increase va-
lidity of diagnosis. Furthermore, the
validity of NHICD diagnoses has
improved since 2000, owing to con-
siderable effort by the Korean Health
Insurance Review and Assessment
Service to improve diagnoses, such
that the validity in tertiary hospitals

is now believed to be close to that of
the NCR registry. Differential detec-
tion bias of cancer at admission is
not expected to be large when com-
paring radiation and automobile
workers who all have universal
health care.

The small numbers of deaths re-
flected the young age of the cohort
and small number of years of follow-
up. Excluding workers with 1983
exposure because radiation exposure
records before 1983 were not available

should not bias exposure associa-
tions but did further reduce statistical
power particularly among long dura-
tion radiation workers, and may have
obscured some excess cancer mortal-
ity. Furthermore, workers with im-
portant radiation exposure that ended
before 1983 could have been in-
cluded in this study misclassified as
unexposed or more recently exposed
only.

In occupational cohort mortality
studies, the healthy worker effect

TABLE 6
Cancer Morbidity (SRR) as Hospital Admissions by Categorical and Continuous Cumulative Exposure

Continuous
mSv
P-yr

0.01–9.99
192,384

10–49.99
34,515

>50
7048 ERR* P*

Total cancer
Admissions 294 49 7
SRR 1.00 1.13 0.85 2.6 0.23
95% CI 0.84–1.20 0.82–1.54 0.36–1.68 �4–10

Lung cancer
Admissions 30 4 0†
SRR 1.87 1.61 0.0 �2.5 0.42
95% CI 0.98–3.81 0.45–4.64 0.0–5.10 �6–38

Colon cancer
Admissions 12 4 0
SRR 0.64 1.41 0.0 4.7 0.42
95% CI 0.29–1.40 0.40–3.99 0.0–4.36 �3–56

Breast cancer in women
Admissions 9 0 0
SRR 0.66 0.0 0.0 �12.2 0.27
95% CI 0.25–1.77 0.0–1.22 0.0–6.00 �12–79

(Ref: auto wkrs)
SRR‡ 0.84 0.0 0.0 �12.2 0.29
95% CI 0.35–1.88 0.0–1.56 0.0–7.64 �13–89

Thyroid cancer
Admissions 42 7 2
SRR 1.22 1.39 2.72 14.7 0.09
95% CI 0.63–2.60 0.50–3.66 0.41–10.5 �7–50

(Ref: auto wkrs)
SRR‡ 1.60 1.74 3.24 20.4 0.049
95% CI 0.98–2.65 0.69–3.85 0.52–11.1 �8–60

Leukemia
Admissions 7 3 0
SRR 0.62 1.39 0.0 15.8 0.27
95% CI 0.18–2.42 0.27–6.54 0.0–7.25 �31–108

NHL
Admissions 4 4 0
SRR 0.48 2.17 0.0 49.5 0.10
95% CI 0.10–2.44 0.47–11.16 0.0–9.82 �35–235

Lagged; reference: radiation workers with cumulative exposure � 0.0 mSv.
*ERR evaluated as excess risk per Sv (same as ERR percent per 10 mSv); 90% CI � displayed for ERR but lower bound not reliably

estimated; one-tailed P-value.
†95% CI � calculated using estimate of expected Poisson variate based on expected � death/SRR in 0.01–9.99 column and multiplied by

ratio of person-yrs: 7048/192384.
‡Reference: radiation workers with cumulative exposure � 0.0 mSv together with auto workers.
NHL, non-Hodgkin’s lymphoma.

798 Cancer in Korean Radiation Workers • Ahn et al



(HWE) arising largely from employ-
ment selection factors is widely ac-
knowledged.9–17 Although previous
study10–13 has shown that cancer has
a smaller healthy worker effect than
some other diseases such as respira-
tory or cardiovascular disease, the
healthy worker effect for cancer is
not absent.10,11,14,17 This cohort with
short follow-up periods and a high
proportion of active workers exhibits
a large healthy worker effect for
cancer. About 88% of the workers in
this cohort were still actively em-
ployed at the start of their follow-up
that lasted at most 13 years, and thus
were highly selected for good health.
The strong HWE observed in all-
cause mortality (SMR � 0.58, 95%
CI � 0.54–0.62) and in all-cancer
mortality (SMR � 0.73, 95% CI �
0.64–0.82) for this radiation cohort
supports this conjecture and may
well have caused excess mortality
related to radiation exposure to be
underestimated, based on external
comparisons.

The workers of large-scale enterprises,
medical institutes, and education and
research institutes have relatively
high social class status and good
health. So, in this cohort, HWE is
greater than in most cohorts. To min-
imize the HWE and other confound-
ing factors, this study used control
groups selected among manufactur-
ers of motor vehicles, trailers and
semitrailers. Because workers’
health depends on company size, re-
flect socioeconomic status, control
groups were selected considering
company size. Automobile workers
were employed in both large- and
small-scale (affiliated company man-
ufacturing automobile accessory) en-
terprises as was this radiation cohort
(large-scale nuclear power plant and
mainly small-scale industry like
NDT firms). Also, the control groups
were nominally exposed just to
noise, so that occupational exposure
effects on cancer mortality are not
expected. Nevertheless, some differ-
ential HWE may have been present
comparing radiation and autowork-
ers, as suggested by SMR (Table 2)

mortality findings where radiation
workers often exhibited lower mor-
tality than autoworkers.

The proportion of total observa-
tion time (person years) allocated to
workers with greater than 10 mSv
cumulative exposure (lagged) was
just 10.1%, and the small number of
cancer deaths with more than 10
mSv (27 cases) limited the statistical
power of this study.

Concordance with
Previous Studies

Ionizing radiation has been the
subject of intense epidemiological
investigation. Studies have demon-
strated that exposure to moderate-to-
high levels can cause most forms of
cancer. Among radiation-induced
cancers, leukemia and cancers of the
breast, lung, and thyroid have been
shown to be particularly sensitive to
induction by radiation in previous
studies. Predominant among these
studies is the Life Span Study of the
cohort of survivors of the atomic
bombings of Japan in 1945.18 How-
ever, in reference to occupationally
exposed populations, a significant
excess of external radiation-induced
leukemia and solid cancers have
been found in very few studies ex-
cept where separate analyses have
been performed of subcohorts with
high dose radiation exposures in the
early years of their employment.
Also, the study subjects were limited
to radiologists and radiologic tech-
nologists,19–30 workers exposed to
mainly cosmic rays such as aircrew
and pilot,31–34 and workers in nu-
clear power plants and in nuclear
material processing for nuclear
weapon manufacturing and experi-
mentation, etc.2,35–44 Among these
groups, radiologists and radiologic
technologists employed before
194024–26,28,30 and workers in nuclear
weapons programs45,46 received rela-
tively high doses of radiation. The
studies based on these workers fre-
quently found a significant excess of
radiogenic cancers.

Among radiogenic cancers, leuke-
mia, thyroid, lung, and breast cancer
are well known. The risks of these
radiation-induced cancers have been
dramatically reduced as a result of
modern radiation protection stan-
dards such as the ICRP recommen-
dations. This situation is the same in
Korea. The Radiation Heath Re-
search Institute of the Korea Hydro
& Nuclear Power Co Ltd. has per-
formed research on the probability of
causation for (PC) to ascertain the
likelihood that a particular cancer
may be attributed to a particular prior
exposure to radiation in Korean
workers. A computing program is
being developed to calculate PC
based on the National Institute for
Occupational Safety and Health-
Interactive Radio Epidemiological
Program (NIOSH-IREP) model and
Korean baseline cancer incidence
rates NIOSH, Office of Compensa-
tion and Support, 2002: NIOSH-
IREP technical documentation: Final
report; Korea Hydro & Nuclear
Power Co Ltd., Radiation Heath Re-
search Institute, Seoul. 2004: Report
on model development for causation
probability of radiation-induced can-
cer in Korea.). The PC for four can-
cers (leukemia, thyroid, lung, and
breast) estimated by this computing
program were comparable to those
calculated by the NIOSH-IREP
model. The present study was pri-
marily intended to estimate mortality
from these four cancers. However,
there was just one breast cancer
death among 10,400 woman workers
(13.1% of radiation workers) and no
thyroid cancer deaths among these
radiation workers. Therefore, this
study estimated the mortality only of
all-cancer, lung cancer and lympho-
hematopoietic cancer including leu-
kemia and non-Hodgkin lymphoma.

Health effect studies of radiation
workers have been rare in Korea.
Until now just four studies1,42,47

(Jeong MS, Jin YW, Lim YK, Kim
SG, Lee BY, Jang YK, Sung SH, Lee
YJ, Park IK, Kim CS. 2006. Pro-
ceedings of Spring Conference for
Korea Association for Radiation Pro-

JOEM • Volume 50, Number 7, July 2008 799



tection: Epidemiologic study on
workers of nuclear power plant in
Korea. Suanbo-city, Korea) have
been conducted including a 15-
country study of nuclear workers in
which 7892 Korean workers individ-
ually monitored for external radia-
tion were followed for 36,227 person
years. A total of 58 deaths and 21
cancer deaths excluding leukemia
were observed. The authors were not
able to detect excess cancer risk in-
cluding leukemia in the Korean data.
The other Korean radiation study
involved workers at four nuclear util-
ities and followed workers employed
for up to 10 years between 1993 and
2002. A total of 58 incident cases of
cancer were observed. The standard-
ized incidence ratio (SIR) associated
with all-cancer was 0.94 (95% CI �
0.72 to 1.22) compared with the Ko-
rean general population. Also, using
an internal referent group, risk was not
increased with cumulative exposure
(P � 0.25). Our present investigation
included the workers in nuclear
power plants from the two study
populations mentioned above, but
also included all workers employed
in enterprises affiliated with the nu-
clear power industry and those in
medical institutes, research and edu-
cation institutes, and NDT firms, etc.
Few other studies have covered all
radiation workers employed in many
sectors in their country.

In this study, the SMR associated
with all-cause mortality was just 0.58
(95% CI � 0.54–0.62) in radiation
workers and 0.66 (95% CI � 0.57–
0.75) in automobile workers. This
result was very similar to those from
the French National Electricity
workers’ study44 and a nuclear
power plant study in United States,40

which observed a very substantial
healthy worker effect with short fol-
low-up periods, averaging 11.7 and
18 years, respectively. A Canadian
mortality study of radiation workers
was very similar to this study in
design, classification of occupation
categories and proportion of workers
with low cumulative exposure doses

(9.6% workers with greater than 10
mSv exposure versus 14.7% in
present study).48 This Canadian
study also showed a similar HWE for
all causes of death (SMR � 0.59,
90% CI � 0.57–0.60) and all cancer
deaths (SMR � 0.68, 90% CI �
0.64–0.71) in men. A cohort mortal-
ity study of UK radiation workers
also showed a smaller HWE for all
cause mortality (SMR � 0.82).49

In the present study, there was no
significant excess mortality of all
cancer or of individual cancers (lung,
leukemia, non-Hodgkin lymphoma
and all lymphohematopoietic cancer)
although a marginally significant
doubling of non-Hodgkin lym-
phoma mortality was observed
among nuclear utility workers. As-
sociations between radiation and
non-Hodgkin lymphoma have been
reported in a few studies, but re-
sults were inconsistent.50 –52

According to the previous study
results, exposure to moderate to
high-dose ionizing radiation is an
established risk factor for lung can-
cer, but the relationship between
lung cancer and chronic low dose
radiation remains uncertain. For ex-
ample, in 2004 Silver et al53 found
significantly elevated SMRs for
death from lung cancer using an
expanded cohort of all workers at
Portsmouth Naval Shipyard. How-
ever, this positive association was no
longer present after adjusting for so-
cioeconomic status (smoking surro-
gate) and welding fume and asbestos
exposures.54 Another study was re-
ported in 2006 using a U.S. cohort of
3864 workers at the Oak Ridge,
Tennessee Y-12 nuclear materials
fabrication plant. In this study, cu-
mulative external radiation dose un-
der a 5-year lag assumption was
positively associated with lung can-
cer mortality (0.54% increase in lung
cancer mortality per 10 mSv, SE �
0.16, likelihood ratio test � 5.84),
but cumulative internal radiation
dose exhibited a highly imprecise neg-
ative association with lung cancer
mortality.2 Recently, the 15-country

collaborative study including Korea
on cancer risk among radiation
workers in the nuclear industry
showed a significant excess of lung
cancer mortality (ERR/Sv � 1.86,
90% CI � 0.49–3.63) with low-dose
protracted exposures to ionizing
radiation.1

In the present study, lung cancer
mortality and hospital admission in
the radiation workers was observed
to be lower than that of automobile
workers. Autoworkers, however,
may be generally exposed to lung
carcinogens. In a large study of U.S.
autoworkers, elevated lung cancer
was observed55 in metalworking
(SMR � 1.21, 95% CI � 1.12–1.30)
and assembly operations (SMR �
1.11, 95% CI � 1.05–1.17), possibly
related to ambient exposures arising
from painting processes in the case
of assembly workers.56 However,
workers with specific exposures to
painting, foundry, forging, and heat
treat processes were excluded from
the comparison group in this study.
Thus the association between lung
cancer incidence and low dose radi-
ation remains unclear because of
possible confounding variables like
smoking and other workplace carcin-
ogens and the limited statistical
power of the study.

Recent studies have shown excess
leukemia2 and lung cancer46 mortal-
ity at 10 mSv cumulative exposure
but other, larger, studies have not
found leukemia elevation at low ex-
posure levels. When Schubauer-
Berigan et al57 conducted a nested
case-control study among workers
exposed to ionizing radiation at five
U.S. nuclear facilities, the relative
risk of leukemia for workers receiv-
ing more than 10 mSv was higher
compared with those receiving lower
or no dose. However, the increase in
risk was attenuated in the highest
exposure group. Also a recent 15-
country collaborative study showed
that the risk estimate of leukemia
excluding CLL was not significantly
different from risk in the unex-
posed.1 The apparent negative asso-
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ciation for breast cancer morbidity
and radiation exposure seems to re-
flect residual uncontrolled confound-
ing, such as by birth parity.

Thyroid cancer morbidity, as man-
ifest in admissions diagnoses, shows
significant associations with ionizing
radiation exposure in women and
nuclear power plant operations gen-
erally. The significant excesses in
thyroid cancer morbidity among
women across institutions suggests
that the excess in nuclear power
plants is not a chance finding or the
result of detection bias arising from
aggressive ultrasonography screen-
ing or health examination for goiter
(common in Korea). Given the prior
plausibility of this association,58–63

and the known high sensitivity of
thyroid cancer morbidity to external
radiation this finding deserves con-
siderable weight. The ERR for thy-
roid cancer incidence was about 20
per Sv, which is lower than the
estimate from a large pooled analysis
of thyroid cancer incidence from
seven studies: ERR � 77 per Gy.61

The Canadian cancer morbidity
study of radiation workers with 20
years follow-up found highly signif-
icant SIR for thyroid cancer SIR �
1.32, 90% CI � 0.97–1.75 in men;
SIR � 1.42, 90% CI � 1.19–1.69 in
women), but excess relative risk per
unit dose could not be estimated
from the available dose information.
In the Canadian study, the high SIR
was mainly because of medical
workers with the low doses com-
pared with those for industrial and
nuclear power workers, who do not
show a significantly high SIR. How-
ever, the present Korean study
showed significant excesses in thy-
roid cancer morbidity among women
across institutions including medical.
The Canadian study attributed the
high thyroid cancer SIR for medical
workers to external whole body
doses, internal doses from RIs, and
risk factors not related to radiation.
Internal exposure to radioactive iso-
topes is another possible explanation
for the elevated SIR for thyroid can-
cer in the present study, especially

exposure to compounds containing
thyroid-seeking iodine, used in med-
ical procedures in hospitals.64 The
exposure could occur through inha-
lation of volatile compounds of 131I
exhaled by patients who have re-
ceived therapeutic doses containing
this isotope. However, the Canadian
and Korean studies did not have
radioiodine exposure information
available. Further study is needed to
elucidate possible risk factors other
than external radiation.64

Conclusion
This study with short follow-up

periods displayed a strong HWE.
The all-cause mortality was around
half and all cancer mortality was
significantly low comparing to
Korean general population. Several
radiogenic cancers show limited
evidence of elevated incidence or
mortality but causal interpretation is
constrained by limited statistical
power due to small numbers of cases.
Thyroid cancer morbidity was most
clearly elevated, particularly among
women in medical/research institu-
tions and among nuclear power plant
employees. ERRs as high as 300 per
Sv (300% or 3.0 per 10 mSv) seem to
be ruled out for the cancers studied
in this population with regulated ex-
posure to ionizing radiation but
ERRs as high as 100 per Sv are not
excluded. More detailed investiga-
tion of confounding and future fol-
low-up of this cohort will better
define health risks in radiation
workers.
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