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kemia and cancers of breast, stomach, colon, lung, ovary,
urinary bladder and thyroid (1). The UNSCEAR findings
were based on epidemiological studies among atomic bomb
survivors [Life Span Study; LSS (2–4)] and people who
received medical diagnostics (5) or therapeutic (6) radiation
exposures. However, the appropriate method for extrapolating from risk assessments for acute high-dose-rate exposures to those for low-dose-rate exposure remains to be
determined.
In late 1982 an unknown amount of 60Co was recycled
into at least one steel mill in northern Taiwan and then
reprocessed into steel billets (7) that were used for the manufacture of reinforcing rods. In 1983 and 1984, over 200
buildings in Taiwan, including dozens of school complexes,
were constructed with these 60Co-contaminated steel rods,
resulting in the protracted low-dose-rate ionizing radiation
exposure of more than 10,000 citizens and students (8–10).
These radiocontaminated buildings were first identified in
August 1992, and exposure rates of 0.5 to 270 Gy/h to
the occupants were demonstrated. There have been several
reports concerning the radiation effects on the exposed population, including cytogenetic analysis that showed increased micronucleus frequencies in peripheral lymphocytes in the exposed population (11), increases in acentromeric and single or multiple centromeric cytogenetic damages (12), and higher frequencies of chromosomal
translocations, rings and dicentrics (13). Other analyses
have shown persistent depression of peripheral leucocytes
and neutrophils (14), increased eosinophils, altered distributions of lymphocyte subpopulations (15), increased frequencies of lens opacities (16), delays in physical development among exposed children (17), increased risk of thyroid abnormalities (18), and late consequences in hematopoietic adaptation in children (19).
In a recent study employing standardized incidence ratio
(SIR) analyses of the registered residents of radiocontaminated buildings for the period from 1983 to the end of 2002
(20), we reported significantly elevated SIR for leukemia
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Radiation effects on cancer risks in a cohort of Taiwanese
residents who received protracted low-dose-rate ␥-radiation
exposures from 60Co-contaminated reinforcing steel used to
build their apartments were studied, and risks were compared
to those in other radiation-exposed cohorts. Analyses were
based on a more extended follow-up of the cohort population
in which 117 cancer cases diagnosed between 1983 and 2005
among 6,242 people with an average excess cumulative exposure estimate of about 48 mGy. Cases were identified from
Taiwan’s National Cancer Registry. Radiation effects on cancer risk were estimated using proportional hazards models
and were summarized in terms of the hazard ratio associated
with a 100-mGy increase in dose (HR100mGy). A significant radiation risk was observed for leukemia excluding chronic lymphocytic leukemia (HR100mGy 1.19, 90% CI 1.01–1.31). Breast
cancer exhibited a marginally significant dose response
(HR100mGy 1.12, 90% CI 0.99–1.21). The results further
strengthen the association between protracted low-dose radiation and cancer risks, especially for breast cancers and leukemia, in this unique cohort population. 䉷 2008 by Radiation Research
Society

INTRODUCTION

The association between cancer rates and exposure to
high-dose ionizing radiation is well documented. The most
recent comprehensive report of the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR 2000) indicated significant radiation effects for leu1
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in men (3.6) and thyroid cancers in women (2.6) compared
to a reference population with the same temporal and geographic characteristics in Taiwan (20).
The purpose of the current study was to further assess
the excess risks for various types of cancers in this cohort
with follow-up extended to the end of 2005. With approximately 23,000 more person-years of follow-up and 34%
more cancer cases than were available at the time of our
previous study (20). Incident cases of cancer among cohort
members were identified by means of computerized record
linkage to the National Cancer Registry of Taiwan (NCRT).
These data were used to assess the evidence for radiation
effects on incidence rates for all cancers, all solid cancers,
and selected sites. Radiation effects were modeled in terms
of the hazard ratio associated with a 100-mGy increase in
dose (HR100mGy). Our estimates for this cohort were compared to those observed among atomic bomb survivors (2,
3) and in other exposed cohorts (21–24) that included large
numbers of men and women with a wide age distribution
who received a broad range of radiation doses.
MATERIALS AND METHODS
Study Population
The methods used to assemble the cohort are summarized briefly here;
details can be found in ref. (20). The radioactive contamination event in
Taiwan was brought to public attention by an article in a major local
newspaper (9) in August 1992. After the discovery of these radiocontaminated buildings, the Atomic Energy Council (AEC; the nuclear regulatory authority in Taiwan), the Department of Health, and a designated
research team began to establish a registry of all residents and students
who had lived in these buildings from household and school registration
records. A questionnaire survey was conducted through personal interview, which included questions on medical history, occupation, education
and detailed exposure history with exact dates of residence and summaries of daily activities in the radiocontaminated buildings. The cohort
includes 7,262 people who were registered as having lived in a radiocontaminated building. Follow-up began on the date an individual was
registered as moving into a radiocontaminated building and continued
until the earliest of the date of cancer diagnosis, death or the end of 2005.
The study design was approved by the University IRB as well as the IRB
of the National Health Research Institution in Taiwan, which had supported the program project during 1995–2000.
Ascertainment of Cancer Cases
Cancer cases were ascertained through computerized linkage with the
National Cancer Registry of Taiwan (NCRT) that was established by the
Department of Health since 1979 and has been continuously well maintained. For each registered case, the NCRT contained the individual’s
unique national identification number (NIN), name, gender and date of
birth as well as the date of diagnosis, location and histology of the cancer.
The NIN was used as the primary key for linking cohort members to the
NCRT. These data have been used in several other cancer epidemiology
studies (e.g. 25, 26). Topography, morphology and behavior coding are
based on the International Classification of Disease for Oncology (ICDO, First Edition).
The minimum latent period for radiation-associated cancers was taken
as 2 years for leukemia and 10 years for solid cancers, in accordance
with the International Commission on Radiological Protection (ICRP)
recommendations (27). A total of 178 cancer cases were identified in the

cohort between 1983 and 2005; however, 128 of these cases occurred
after the assumed minimum latent periods.
Exposure Evaluation
An exposure assessment system known as the Taiwan Cumulative Dose
(TCD) was developed to reconstruct the exposures for individual cohort
members. The TCD combined the time-activity analysis recommended
by the U.S. National Institute for Occupational Safety and Health Advisory Committee (28) with a highly-occupied-zone (HOZ) model (29).
Standardized interviews and questionnaires were used to reconstruct the
amount of time spent in each room of the contaminated apartment in
which a cohort member had stayed (29). This information was used to
define time-dependent occupancy patterns in contaminated areas that were
then combined with area-specific whole-body exposure-rate estimates to
develop individual dose estimates throughout their residence in these radiocontaminated buildings. Exposure rates were estimated on the basis
of measurements of representative locations in each room. Excess cumulative exposures were corrected for radioactive decay half-lives. In this
study, the term excess cumulative exposure indicates exposure dose resulting from time spent in a radiocontaminated building excluding background radiation. In earlier reports we demonstrated a strong association
between the exposure assessed by the biodosimetric measurements and
TCD dose estimates (30). However, due to incomplete or missing occupancy pattern data, TCD exposure assessment and dose estimates were
available for only 6,242 of the cohort members.
Statistical Methods
Relative risks of cancer associated with an increase of 100 mGy exposure were estimated using Cox proportional hazard models in which
the radiation effect was taken as log-linear in dose. The results are summarized by the estimated hazard ratio for a 100-mGy increase in the
excess cumulative dose (HR100mGy). Thus, for example, an HR100mGy of 1.5
means that the risk associated with a cancer is 50% higher for individuals
who received excess cumulative exposures of 100 mGy than those who
received 0 mGy and that the risk increases by 50% for each 100-mGy
increase in excess cumulative exposure (31). Many studies of radiation
effects report results based on excess relative risk (ERR) estimates. To
compare the risk estimates obtained in this study to those from studies
presenting ERR estimates, we convert reported ERR estimates to the ERR
for a dose of 100 mGy (ERR100mGy ⬃ HR100mGy ⫺ 1). Because of the low
doses in this study and the non-linearity of HR model-based ERR estimates, we feel that this is more appropriate than comparison of HR and
ERR estimates for a 1-Gy exposure.
The hazard function was modeled as
h(t 円 X1, X2, X3) ⫽ h0(t)exp[␤1I(X1 ⫽ M) ⫹ ␤2X2 ⫹ ␤3X3],
where h0(t) is the baseline hazard function with the time scale being years
since coming to stay in a radiocontaminated building, X1 is a gender
variable, X2 indicates birth cohort, and X3 is excess cumulative exposure
(continuous; unit: 100 mGy). The function I(X1 ⫽ M) is defined as 1 for
men and 0 for women The HR100mGy estimate is given by exp(␤3) (31,
32).
Duration of follow-up was calculated from the date a person first came
to stay in a contaminated building until the date of death, the date of
cancer diagnosis, or December 31, 2005, whichever came first. The 90%
confidence intervals (CI) for the HR100mGy and the P values were calculated on the basis of partial likelihood. A test was considered statistically
significant if its two-tailed P value was less than 0.10; this was equivalent
to a threshold for a one-sided P value less than 0.05 to test for an increased risk. All statistical analyses were carried out using SAS for Windows.

RESULTS

Information on the number of incident cancers and other
characteristics of the cohort is presented in Table 1. Among
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TABLE 1
Characteristics of the Radiocontaminated Building Cohort
TCDa exposure estimates available

Number of cancer cases
Cases with latent periods
more than the minimal latent periods as recommended by ICRPb
Follow-up time (years)
Attained age (years)
Age at initial exposure
(years)
Excess cumulative exposure
(TCD; mGy)

Male (n ⫽ 2,967)

Female (n ⫽ 3,275)

Total (n ⫽ 6,242)

TCD exposure estimates
unavailable (n ⫽ 1,020)

63
50

102
67

165
117

13
11

18.9 ⫾ 4.3 (0–25)
35.8 ⫾ 17.7 (0–103)
16.9 ⫾ 16.5
(Intrauterine –87)
47.7 (⬍1–2,363)

19.7 ⫾ 3.9 (4–23)
32.1 ⫾ 16.4 (⬍8–91)
12.6 ⫾ 15.8
(Intrauterine –80)
—

18.8 ⫾ 4.3c (0–25)
35.1 ⫾ 17.9 (0–94)
16.2 ⫾ 16.6
(Intrauterine –83)
48.8 (⬍1–2,206)

18.9 ⫾ 4.3 (0–25)
36.5 ⫾ 17.4 (0–103)
17.6 ⫾ 16.3
(Intrauterine –87)
46.7(⬍1–2,363)

Estimates of exposure by Taiwan Cumulative Dose.
Minimum latent periods recommended in ICRP 60 (27): 2 years for leukemia, 10 years for other cancers.
c
Mean ⫾ standard deviation (range in parentheses).
a
b

the 6,242 subjects with exposure estimates, the average excess cumulative exposure at the end of follow-up was 48
mGy (median 6.3 mGy, range from ⬍1 to 2,363 mGy).
The average length of follow-up was 19 years (median 21.3
years). The mean age of initial exposure and attained age
at the end of follow-up were 17 ⫾ 17 years (mean ⫾ SD;
range from intrauterine to 87 years old) and 36 ⫾ 18 years
(mean ⫾ SD; range ⬍1 to 103 years old), respectively.
There were 128 cohort members who developed cancers
with latent periods more than the minimum latent period
for radiation-inducible cancers recommended by ICRP
(27). Analyses were based on 117 cases diagnosed among
the 6,242 cohort members with exposure history data.
The adjusted hazard ratios for all cancers and the specific
cancers with more than five cases are shown in Table 2.
There was no indication of a statistically significant increase in risk for all cancers as a group (P ⫽ 0.3) or for

all cancers other than leukemia (P ⬎ 0.5). However, a significant dose response was observed for leukemia excluding
CLL (HR100mGy ⫽ 1.19, 90% CI 1.01–1.31, P ⫽ 0.08) and
a marginally significant dose response for breast cancer
(HR100mGy 1.12, 90% CI 0.99–1.21, P ⫽ 0.13). There were
no indications of statistically significant increased risks for
any of the other cancers considered (Table 2).
DISCUSSION

Cancer risk evaluation from low-dose radiation exposures is largely based on extrapolation from risks observed
in populations with a significant number of people with
acute high-dose radiation exposures. The radiocontaminated building cohort includes men and women of all ages
who received protracted low-dose-rate radiation exposure
between 1983 and 1992. The risks observed in this cohort

TABLE 2
Adjusted Hazard Ratios of Cancers for the Radiation-Contaminated Building Cohort
Cancer site
All cancers
All cancers excluding leukemia
All solid cancers
Selected solid cancers (with case numbers ⬎5)
Female breast
Cervix uteri
Lung
Thyroid glands
Liver
Stomach
Rectum
Leukemia excluding chronic lymphocytic leukemia

Number of
cancersa

HR100mGyb

90% CI of HRb

P valueb

117
111
106

1.04
1.02
1.03

(0.97, 1.08)
(0.95, 1.08)
(0.96, 1.09)

0.32
0.57
0.50

17
16
12
8
8
8
6
6

1.12
0.95
1.09
0.81
1.03
1.10
0.48
1.19

(0.99,
(0.64,
(0.96,
(0.21,
(0.76,
(0.88,
(0.02,
(1.01,

0.13
0.70
0.21
0.52
0.81
0.41
0.27
0.08

1.21)
1.13)
1.19)
1.15)
1.19)
1.25)
1.10)
1.31)

a
Cases with latent periods more than the minimum latent period as recommendation in ICRP 60 [2 years for
leukemia, 10 years for other cancers (27)].
b
Estimated relative risk (hazard ratio) of cancer with 100-mGy increase in exposure dose adjusting for gender
and birth cohorts, using Cox models with the attained age as the time-scale. The confidence intervals and P values
are partial likelihood-based.
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provide useful estimates of low-dose, low-dose-rate radiation effects in a human population. It is also important to
compare radiation risk estimates from the radiocontaminated building cohort with other cohorts with different environmental or occupational exposures.
Our previous study reported significantly elevated standardized incidence ratios (SIRs) for all leukemia in men
(3.6), and thyroid cancers in women (2.6) and a suggestion
of an increased SIR for breast cancer in comparison with
Taiwan’s population rates (20). In our current analyses with
more cancer cases and extended follow-up, we were able
to make use of individual dose estimates to test for evidence of a radiation dose response based on internal comparisons. As indicated above, the results suggest that prolonged low-dose-rate radiation exposure increased risks for
leukemia excluding CLL and breast cancer.
For all solid cancers combined, the HR100mGy estimate
was 1.04 (90% CI 0.97, 1.08), which corresponds to an
ERR100mGy estimate of 0.04 (90% CI ⫺0.03, 0.08). This
estimate is slightly less than the estimated risks at 100 mGy
based on studies of the atomic bomb survivors [ERR100mGy
⫽ 0.063, 95% CI 0.052, 0.074 (3)], nuclear workers in 15
countries [ERR100mGy ⫽ 0.087, 95% CI 0.003, 0.188 (22)],
the Techa River Cohort [ERR100mGy ⫽ 0.092, 95% CI 0.02,
0.17 (33)], and those in the Chernobyl accident [ERR100mGy
⫽ 0.113, 95% CI 0.014, 0.213 (23)].
The hazard ratio for leukemia excluding CLL (HR100mGy
⫽ 1.19, 90% CI 1.01–1.31) was statistically significant.
This estimate is slightly less than an estimate of the risk at
100 mGy based on the LSS data in ref. (2), ERR100mGy ⫽
0.31 (90% CI 0.25, 0.38).
Exposure to high-dose ionizing radiation is associated
with increased risk of breast cancer incidence in female
atomic bomb survivors (3). Among atomic bomb survivors
the ERR100mGy estimate is 0.16 for all ages combined (3),
with ERR100mGy estimates of 0.32 for those less than 10
years old, 0.26 for those between 10 and 19 years old, 0.12
for those between 20 and 39, and 0.06 for those more than
40 years old. While it was widely believed that age at exposure was an important modifier of the risks of radiationinduced breast cancers, the recent results in cancer incidence in A-bomb survivors indicate that attained age may
be more important than age at exposure (34). Studies from
the Massachusetts TB fluoroscopy cohort (35, 36) also
showed an increased risk in breast cancers, with particularly
high risks when exposures occurred between the ages of 15
and 24.
In the present study, there was a marginally significant
increase in risk for breast cancers (HR100mGy 1.12, 90% CI
0.99, 1.21). In view of the relatively young age at initial
radiation exposure in the radiocontaminated building cohort
(mean ⫾ SD 17 ⫾ 16.5 years old with 60% of the women
initially exposure before age 20, 30% between 20 to 40,
and only 10% after age 40), the risk estimate seems somewhat less than that for female atomic bomb survivors of a

similar ages. Further follow-up is necessary to clarify the
risk of breast cancer among women in this cohort.
A radiation dose response for thyroid cancers was observed in the LSS (3). Individuals exposed at younger ages
had significantly elevated risks, while there was no indication of an increase in risk for people who were over 40
years of age at exposure. Other studies have shown that the
most sensitive group was in children less than age 15 at
exposure, while the highest ERR was observed 15–29 years
after their exposure (37). We reported previously that the
prevalence of simple goiter was related to the exposure with
an exposure-dependent relationship for males of all ages
and for females aged ⱕ15 at examination (18), and significantly increased thyroid cancer incidence risk [SIR ⫽ 2.6
(20)]. However, there was no significant excess risk for thyroid cancers [HR100mGy ⫽ 0.81, 90% CI 0.21, 1.15; an estimate of HR-based ERR ⫺0.19 (90% CI ⫺0.79, 0.15)] in
the present analysis (Table 2).
The LSS study also indicated that there was significantly
increased excess relative risk for cancers of the stomach
(ERR100mGy ⫽ 0.032, 95% CI 0.016, 0.05) and lung
[ERR100mGy ⫽ 0.1, 95% CI 0.06, 0.136 (3)]. A study of
exposed workers at the Mayak plant also showed that there
was an increased risk for lung cancer (38). The 15-country
nuclear worker study indicated an increased lung cancer
risk [ERR100mGy ⫽ 0.19, 95% CI 0.026, 0.4 (22)] from protracted low-dose-rate exposures. On the other hand, the
study of the Canadian fluoroscopy cohort did not show increased risk of lung cancer (39) after highly fractionated
exposures. Smoking is the strongest risk factor for lung
cancer and is responsible for approximately 90% of lung
cancer cases (40). A joint analysis of smoking and radiation
among atomic bomb survivors indicated that the effects of
smoking and radiation on lung cancers were consistent with
an additive model (41). While the point estimates of the
stomach (HR100mGy ⫽ 1.10) and lung (HR100mGy ⫽ 1.10) cancer in these analyses of the radiocontaminated building cohort were generally consistent with the LSS and nuclear
worker studies, these estimates were not statistically significant. Future analysis with additional follow-up will provide more precise estimates of the risk for these cancers.
In addition, detailed information on smoking, alcohol consumption, and diet should help clarify the nature of the
radiation risk at these sites in the radiocontaminated building cohort.
The strengths of the present study include being a population-based study, drawing cancer cases from a comprehensive cancer registration system with virtually complete
follow-up, and the availability of individual exposure estimates based on information collected through detailed exposure assessment. The limitations are related to the small
number of cases, which is a consequence of the relative
youth and currently short follow-up time of the cohort. In
conclusion, this quantitative analysis of cancer incidence
using data from the Taiwan radiocontaminated building cohort provides limited evidence of a cumulative-exposure-
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dependent association between cancer rates and low-dose,
low-dose-rate ionizing radiation exposure for breast cancer
and leukemia excluding CLL, for which other studies have
suggested particularly high risks. Follow-up of this cohort
is ongoing, and as the number of cancer cases increases,
more stable and precise risk estimates will be expected.
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