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(1) AOARP Collaboration Program in 2017

Necessity of Adjustment for Smoking
- Finding from Japanese Epidemiological Study among Nuclear
Workers (J-EPISODE) -

Shin’ichi Kudo
Head, Statistics section

Institute of Radiation Epidemiology, Radiation Effects Association, Japan

There is a great deal of uncertainty about the health effects of exposure to low
and protracted radiation, despite extensive world-wide studies on radiation
workers protractedly exposed to low-dose radiation. This uncertainty arises
from the fact that radiation health effects at low doses are difficult to detect
and likely to be distorted or biased by confounding factors.

The Institute of Radiation Epidemiology (IRE) of the Radiation
Effects Association commenced an epidemiological study of Japanese nuclear
workers in 1990. The IRE conducted lifestyle questionnaire surveys among
different samples of workers in 1997 and 2003 to obtain information on
factors confounding the relationship between radiation and mortality.

There are two requirements for a “confounding factor.” One is that the
factor itself is a risk of death, and the other is that it has a correlation with
radiation. We examined the extent of risks to cancer mortality, and
correlations between radiation exposure among smoking, alcohol, job, job
status, and years of education. As a result, smoking was demonstrated to be
the largest risk and to have the strong correlation to radiation. Consequently,
adjustments for smoking showed the largest effect on the reduction of
radiation risk estimates. This result suggests that smoking should be
adjusted when considering the relationship between radiation and cancer
mortality among nuclear workers. However, very few studies to date have
included adjustments for smoking. To quantify low-dose radiation risk

accurately, an adjustment for smoking is necessary.

keywords: cohort study, cancer mortality, confounding factor
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(4) 2nd European Radiation Protection Research Week

Dose-rate effects on cancer mortality risk
estimates for Japanese nuclear workers

Hiroshige Furuta', Shin’ichi Kudo', Jun’ichi Ishida', Keiko
Yoshimoto!, Fumiyoshi Kasagi’

1 Institute of Radiation Epidemiology, Radiation Effects Association, Japan

BACKGROUND

The Institute of Radiation Epidemiology, Radiation Effects Association (REA) has been
conducting the Japanese Epidemiological Study of Low-Dose Radiation Effects (J-EPISODE)
in nuclear industry workers since 1990, with a view to clarifying the low-dose radiation risk by
compiling individual recorded doses. following up vital status, and ascertaining the cause of
death. The fifth analysis report, based on the follow up until 2010, indicated that smoking might
be a strong confounder in the association with radiation and all-cancer mortality, and the report
therefore had no clear conclusion regarding low-dose radiation risk.

The LNT model used with atomic bomb survivors with high dose rates and acute irradiation was
not compatible with the results of J-EPISODE. Conversely, the knowledge of biology indicated
recovery effects for gene damage induced by radiation exposure, which might contribute to the
differences in radiation effects among these two cohorts with greatly differing dose rates.

The annual mean dose of J-EPISODE exceeded 3.5mSv in the late 1970s; however, the dose
reduction measures taken subsequently resulted in a sharp decline to below 1mSv, or less than
environmental radiation. The mean cumulative dose was 14mSv at the end of follow up.

ANALYSIS METHOD

We investigated the dose rate effects on mortality risk from low dose and low dose rate
radiation exposure. The study subjects were 34,976 employees of power companies, who were
selected from among the 204,103 participants in the fifth analysis to provide uniform
characteristics other than dose. The endpoint was cancer mortality, excluding leukaemia. The
individual annual recorded dose was supplied by the Radiation Dose Registry Center, REA.

The dose rate was defined using the annual dose as a proxy index, and the maximum annual
dose was used as the dose rate in the present analysis.

The results for logistics analysis at the end of follow up demonstrated that the death rate was
more affected by the dose rate than by the cumulative dose. We also tested the goodness of fit
between the LNT models estimated by Poisson regression, using the cumulative dose or the
dose rate as time dependent variables, and analyzed the dose rate effects on the excess relative
risk in relation to the cumulative dose.

Keywords: occupational cohort study, cancer mortality, dose rate
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J-EPISODE (Japanese Epidemiologic:

Study of Low
Testing the assumptions of the LNT model

Jose Radiation Effects)

Dose-rate effects on cancer mortality risk estimates

for Japanese nuclear workers
Hiroshige Furuta, Shin‘ichi Kudo, Jun‘ichi Ishida, Keiko Yoshimoto, Fumiyoshi Kasagi
Institute of Radiation Epidemiology, Radiation Effects Association, Japan

[Ohjectives of the present study

v The LNT model is based on the assumption that the excess
risk is proportional to the cumulative exposed dose,
regardless of the annual rate of exposed doses.

v The aim is to verify whether the assumption is valid
by using a time window approach.

p-

Do these two exposures with a
cumulative dose of 40mSy result ]
20msvly  mm in the same stochastic ik ?
during 2years 8 4

=

e | year

Trends of dose exposures in Japan

v Most nuclear workers have engaged in NPPs.

v Commercial NPPs have been in operation since 1966.

v The annual exposure dose at the 95th percentile was over
10mSv/y in the 1970s, but declined sharply, to less than the
natural radiation level (Fig. 1).

¥ The dose exposed during 1970-85 largely affected the
cumulative dose during the follow-up period of 1991-2010,
and consequently might be associated with cancer
mortality.

Methods and results:
Tweo dos
effects

+ Lagged cumulative doses were distributed into

wlndows, depending on the annual dose rate | (sae 'lhhle iy
3, Ho)= #40)= Y drce)

to identify dose rate

wwhare y; year and x; cut oint dase rate.

« Applied Poisson regression using an additive ERR model;
A=Ay(age, calendar year; reglon) (146, "dy+f1,°d,)

+ Tested whether B, and B, are identical by changing cut
point x from 2 to 20mSv/year.

= The results revealed that the estimates ofa._wmmgaﬂve,
/v;f;l: a((;mmsmear and smaller than By below 20mSv
9. 2).

Table 1 Tllustration of two dose-rate windows
(Far instance: cut polnt x=SmSv/year)

| Year 1974 72 73 74 75 76 77 78

e 24113 0 g 2

| Annual dose < SmSv. 1iis 4 2
Annual dose >= SmSv 6 10 8 6

A 20 2 3

o v ol R S R e

Cumulative dose recelved at

annual dose rate >= SmSvfyear dfy) 0 0 & 16 24 30 30 30

http://www.rea.orjp/ire/english/

Profile of the present study cohort

Follow-up period: 1991-2010

Size: 204,103 male nuclear workers

Mean age at the end: 55.6 years old

Total follow-up: 2.89 million person-years

Mean follow-up: 14.2 years/person

Mean cumulative dose: 9.4 mSv at the beginning
13.8 mSv the end

All death: 20,519

Caused by cancer, excluding leukemia: 7,929

Fig. 1 Trends of mean cumulative dose and annual dose at the 95th
percentile for those who started radiation work since 1970, 1980, and 1930,

a© respectively u=204,3031
" Fellow-up period
33 1991-2010.
_3 Mean cumulative dase for those
&5 starting raciation work sin
g 4 Annual dose at the 95th

percentile for these starting
15 radiation viork 70

1960 1965 1085

109 1905 o0 2005 2010
fear

r Dose exposure between1970 - 85 largeiy affected
= \ the cumulative dose during the follow-up period
k

Fig. 2 Results of Dose-rate Windows Approach by Changing Windows
ERRisy M . Faloaup: 19917010, Foc

: T T

i

A: *,*,ww

S tin
BL received at an annual exposure rate < X mAvjy.

15 * iy Estimatad ERR/Sv and 90%CI in relation to cumulative cose
received at.an annwal expOsUre rate >= X MSVlY

5 10 15 20
Cut point x to divide cumulative dose (mSv/year)

Conclusions

v A cumulative dose derived from an extremely low annual
dose rate suggests a different dose response than that from
a higher dose rate.

¥ We propose paying attention not only to cumulative doses,
but also to the exposure dose rate and duration of exposure,

¥ TO DO: it is necessary to consider the effects of
confounders such as smoking.

This study was funded by the Nuclear Reguiation Authority of the Government of Japan.
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(5) 2nd European Radiation Protection Research Week

Radiation risk estimates adjusted for smoking in a Japanese
nuclear worker cohort

Shin’ichi Kudo', Jun’ichi Ishida’, Keiko Yoshimoto', Sumio Ohshima’,
Hiroshige Furuta', Fumiyoshi Kasagi'

1 Institute of Radiation Epidemiology, Radiation Effects Association

Despite several radiation epidemiological studies, some uncertainty remains
regarding the health effects of exposure to low dose radiation. One reason for this
uncertainty is the possibility that radiation risk estimates are biased by confounding
factors, such as smoking. The J-EPISODE study (a Japanese epidemiological study
on low-dose radiation effects) initiated by the Radiation Effects Association in 1990,
undertook two lifestyle questionnaire surveys in 1997 and 2003 to obtain
information on potential factors confounding the relationship between radiation and
mortality.

Two requirements must be met for a factor to be confounding: it must itself
be a risk of death, and it must show a correlation with radiation exposure. We
examined the magnitude of risks to cancer mortality and correlations with
cumulative dose in conjunction with other factors, such as smoking, alcohol
consumption, job category, job title, and years of education. Smoking showed the
largest risk and a strong correlation with radiation exposure. Adjustments for
smoking resulted in the largest reduction in radiation risk estimates.

The third lifestyle questionnaire survey is currently ongoing, and we found
that, despite the current decreasing trends in the smoking rate in Japan, the
correlation between cumulative dose and smoking rate still remains. One reason for
this correlation was that blue collar workers who have high cumulative doses also
tend to smoke. These results suggest that even in a country with a low smoking rate,
the possibility of a correlation between radiation and smoking still exists.

We demonstrated that adjustment for smoking strongly decreased the
radiation risk estimates due to the large risk of smoking itself and its correlation
with radiation exposure. This suggests the importance of adjustment for smoking

when quantifying low-dose radiation risk among nuclear workers.

Keywords: cohort study, cancer mortality, confounding factor
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J-EPISODE (Japz demiological Study of Low-Dose Radiation Effects)

Why adjents for smoking ree ERRs.
Radiation risk estimates adjusted for smoking in a
Japanese nuclear worker cohort
Shin‘ichi Kudo, Jun'ichi Ishida, Keiko Yoshimoto, Hiroshige Furuta, Fumiyoshi Kasagi

Radiation Effects Association, JAPAN

ERRs with and without adjustment for smoking (N=71,733)
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Leukemia did not converge.

Question: Why does adjusting for smoking reduce ERRs?
Answer; — 1) Smoking is a risk factor.
(/ 2) Smoking has a correlation with cumulative dose.
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Question: Why does smoking correlate with cumulative dose?

Answer: ~ 1) Blue collar workers (with high doses) tend to smoke.

2) A correlation between smoking and cumulative dose
exists in each job category.

(It may reflect differences of SES by dose category

-)
{ajustes ‘/, ,g wirk) Rate of current smoker Rate of <13 years of education )
3 in each job category in each job category
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This study was funded by the Nuclear Regulation Authority of the Government of Japan.
http://www.rea.or.jp/ire/english/
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Abstract

Purpose: Toinvestigate the degree of any decreasing effects for excess relative risk (ERR) of radiation exposure
caused by adjusting for smoking and years of education.

Methods: In this cohort study, we assembled a cohort of 41,742 males who responded to a lifestyle questionnaire
survey performed in 2003, were registered in the Radiation Dose Registry as Japanese nuclear workers by the end
of March 1999. There were a total of 215,000 person-years, while the number of deaths for all cancers excluding
leukemia was 978. Poisson regression was used to quantify ERR per Sv and a comparison of ERRs was performed

before adjustment for smoking or years of education and after those adjustments.

Findings: For all cancers excluding leukemia, the ERR/Sv was 0.78 (90%Cl: -0.65, 2.20). However, it decreased
t0 0.31 (-1.03, 1.65) when adjusted for smoking and to 0.42 (-0.94, 1.79) when adjusted for years of education. When
adjusting for both smoking and years of education, it decreased to 0.08 (-1.22, 1.39).

Conclusion: Our results
estimating radiation risk.

ate the import:

of collecting lifestyle data and adjusting for them when

Keywords: Radiation epidemiology; Confounding factor; Cancer;
Smoking-related cancer

Introduction

Current radiation protection standards are based upon the
recommendations of the International Commission on Radiological
Protection (ICRP). The dose limits of the ICRP are mainly based on
the results of the studies of atomic bomb survivors who were acutely
exposed to high-dose rate radiation. However, the causal relationship
between low-dose rate radiation and health effects remains unclear
despite a number of epidemiological studies undertaken to obtain
scientific evidence on the health effects of low-dose and low-dose
rate of radiation exposure among radiation workers. One reason is
that the estimate of radiation risk is likely to be biased or distorted by
confounding factors, such as smoking which are known as one of major
risk factors that affect mortality. However, very few published studies
have adjusted for smoking.

The Institute of Radiation Epidemiology (IRE) of the Radiation
Effects Association (REA) initiated an epidemiological study of Japanese
nuclear workers in 1990 (J-EPISODE: Japanese epidemiological study
on low-dose radiation effects). The follow-up population consists of
nuclear workers of Japanese nationality who were registered with the
Radiation Dose Registration Center (RADREC) of the REA as of the
end of March 1999. A lifestyle questionnaire survey completed by a part
of the follow-up population provided information about lifestyle and
socio-economic status. We used this information to quantify the effects
of these factors on the radiation risk estimate.

Materials and Methods

The follow-up population consisted of workers of Japanese
nationality from all nuclear power plants, research institutes, and fuel
processing companies registered in the Radiation Dose Registration
Center (RADREC) as of the end of March 1999. We confirmed vital
status by requesting copies of the residence registration cards (RRCs) of
each subject from their municipalities. The RRCs were issued when the
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subjects were alive, and deleted RRCs were issued when subjects had
deceased or moved. The causes of death were obtained for those whose
deaths could be ascertained through the RRCs by linking the records
with death records approved for use and provided by the Ministry of
Health, Labor, and Welfare, Japan. Indices used for record linkage were
date of birth, date of death, sex, and municipality code of residence
[1]. The dose records supplied by RADREC to the IRE reported each
individual’s amount of radiation exposure according to fiscal year.
Doses below detectable levels were rated as 0 mSv in the present study.
Dose data were available for this study for the entire period from 1957
to 2010 and were used to calculate the cumulative radiation dose for
individual workers. Personal dose equivalent Hp (10) values were used
in the analysis.

The lifestyle questionnaire was distributed by mail to nuclear facility
workers who were 40 years old or more on July 1, 2003. Based on the
cumulative dose as of March 31, 2002, all workers exposed to 10 mSv or
more were surveyed, while 40 percent of workers with less than 10 mSv
exposure were sampled. The questionnaire was self-administered and
included questions about smoking, years of education, etc. Of those
who replied, 41,742 male workers were assembled as a cohort. Female
workers were also followed up but were not included in the analysis
because they were too few in number.
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We used the person-years method for the death rate denominator
and observed deaths for the death rate numerator. The person-years
is obtained by summing the number of observed years for each
member of the cohort. All individuals contributed person-years at risk,
excluding the first two years from the date of reply to the questionnaire
[2], until the earliest of (a) the date of last known vital status, (b) the
date of death, or (c) December 31, 2010. Poisson regression models
were applied to analyze radiation risks based on the number of deaths
and the person years cross-classified by the attained age (20-, 25-, ...
100+), area of residence (divided into eight areas within Japan), time-
dependent radiation dose (<0.005, 0.005-, 0.01-, 0.02-, 0.05-, 0.1+
Sv), smoking status (current, former, never, unknown), and years of
education (<10, 10-, 13+, unknown). No adjustment was made for
calendar period because the follow-up period was short (2005-2010).
Each stratum of the cross-classification included the number of deaths,
the number of person years, and the person-weighted mean values of
attained age, radiation dose. The model used to estimate radiation risks
was a linear excess relative risk (ERR) model:

A ﬂﬂ(a,r)cammzn(l+ pd)

where A is the death rate at dose, A, is the background death rate
(stratified by a: attained age and r: residence), d is the person-year
weighted cumulative dose in Sv, z, represents the category of smoking
status and z, represents the category of years of education in each
stratum. The parameters a, and a, represents the coefficient of z, and
z,, respectively. B is the ERR per Sv (ERR/Sv). ERR expressed as relative
risk (RR) minus one, is equal to a portion of the RR accounted for by
radiation dose. We calculated 90% Wald-based confidence intervals.
The cross-tabulation and model fitting were performed using the
Epicure statistical package [3]. We used this model to examine the
confounding effects of smoking and years of education by comparing
the ERRs of radiation risks with and without adjustment for smoking
and years of education. Cumulative doses were lagged by 10 years.

Results

Approximately 215,000 person-years were accumulated from 2005
to 2010 for 41,742 members of the cohort. The arithmetic mean and
standard deviation of age were 54.9 and 9.6 years respectively; the
mean cumulative dose was 25.6 mSv at the date on which responders
completed the questionnaire.

Regarding all cancers excluding leukemia, adjustment for only
attained age and residence (hereafter “basic adjustment”) gave an
ERR of 0.78. This value decreased to 0.31 when adjusted for smoking.
Adjustment for years of education also decreased the ERR value
similarly to smoking, to 0.42, and this value further declined to 0.08
with adjustment for both smoking and years of education (Table 1).

Regarding for smoking-related cancer, basic adjustment gave an
ERR of 0.68. Adjustment for smoking showed a large decrease to 0.08,
whereas adjustment for years of education gave an ERR of 0.35, and
adjustment for both smoking and years of education gave an ERR of
-0.09 (Table 1).

Discussion

The reduction in ERR following adjustment for smoking was due
to the correlation with radiation [4]. The correlation of radiation dose
with smoking reflected the differences in smoking rates among job
status groups. For example, the group of workers who were engaged in
maintenance or repair of pressure vessels, pumps, etc. made up a higher
proportion of the high-dose group and also had higher smoking rates.
Sterling et al. have reported the following strong pattern in smoking
behavior: smoking is much more prevalent among occupational
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All cancers excluding  Smoking-related

Adj (Obs=978)  cancer (Obs=704)
ERR/SV(90% Cl)  ERR/SV (90% CI)

078(-065,220)  0.68(-097,2.33)
031 (-1.03, 1.65) 0.08 (-1.44, 1.60)
042(:094,1.79)  035(1.24,1.94)

edicaticn 0.08(-1.22, 1.39) -0.09 (-1.58, 1.39)

Basic (Excluding lung cancer) ~ 0.19(-1.36,1.74)  -0.35(-217, 1.46)

“Buccal and pharynx, esophagus, stomach, liver, pancreas, nasal cavity, larynx,
lung, bladder, kidney, ureter.
*Adjusted only for attained age and residence.

Basic®
Basic+Smoking
Basic+Years of education
Basic+Smoking+Years of

Table 1: The excess relative risk (ERR) for all cancers, excluding leukemia and
smoking-related cancer, in nuclear facility workers in Japan.

groups (and social strata) that also have greater exposure to hazards
in the workplace, whereas it is much less prevalent among groups less
exposed to these hazards [5)]. The positive correlation between radiation
dose and smoking shown in the present study might therefore reflect
the fact that blue-collar workers were more likely to smoke.

An indirect method that excluded lung cancer from all cancers has
often been used as a surrogate for adjusting for smoking. However, the
ERRs obtained by excluding lung cancer from all cancers excluding
leukemia or smoking-related cancers were not similar to the ERRs
obtained by adjusting for smoking.

Adjustment for years of education also decreased the ERRs. This
reduction was caused by the correlation between radiation and years

of education. This correlation possibly arose due to differences in the
socioeconomic status of workers in each dose category.

Conclusion

We demonstrated the effect of adjustment for a confounding factor
on the reduction of radiation risk estimates. Our results indicate the
importance of collecting lifestyle data and adjusting for them when
estimating radiation risk.
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Differences in the Methods Used in Radiation Epidemiological Cohort Studies
among Nuclear Workers in Each Country

Shin’ichi Kuno,* Jun’ichi Isama,*! Keiko Yosamoro,* Hiroshige Furuta* and Fumiyoshi Kasaar*!

Although many radiation epidemiological studies have been carried out, there is still uncertainty about the health effects of
low dose and low dose-rate radiation in humans. One reason for this uncertainty is that the risk of radiation itself may be
too small to detect. Another possible reason is that the main components of cohorts or statistical method vary in each study.
Comparing the Excess Relative Risks (ERRs) with other studies is often one approach; however, few studies have denoted
the validity of comparing ERRs. To verify the differences in study methods, we summarized them and the results of radiation
epidemiological studies to date. Some of these studies targeted high background residents or patients who received CT scans.
In the present work, we focused on cohort studies among nuclear industry workers because they assured more accurate dose
measurements and had no possibility of reverse causation (i.e., patients who received CT scans had worse health conditions,
which prompted the need for the scans). In addition, we limited the studies to those that summarize derived excess relative
risks of mortality based on a linear model.

KEY WORDS: low dose radiation, radiation epidemiological study, method of analysis, adjusting variables.
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Abstract
A causal relationship between protracted exposure to low-dose rate radiation
and health effects remains unclear despite extensive international studies of
nuclear workers. One potential reason is that radiation epidemiological studies
that adjust for tobacco smoking, which heavily influences mortality, have been
limited. In the present study, we examined radiation-related cancer risk by
directly assessing the possible confounding effect of smoking, using data from
two questionnaire surveys performed among Japanese nuclear workers in 1997
and 2003. Mortality follow-up was carried out for 71 733 male respondents for
an average of 8.2 years during the observation period of 1999-2010. The mean
cumulative dose was 25.5 mSv at the end of the follow-up period. Estimates of
excess relative risk per Sv (ERRs/Sv) were obtained by Poisson regression.
By adjusting for smoking directly on the basis of a linear dose-response
model, we quantified the confounding effects of smoking on radiation risks.
Statistically significant ERRs/Sv were found for all causes, all diseases, all
non-cancer diseases, and liver cancer: 0.97 (90% confidence interval: 0.23,
1.78), 1.32(0.40, 2.34), 1.87 (0.47, 3.49), and 4.78 (0.09, 11.68), respectively,
without adjustment for smoking. However, the ERRs/Sv were no longer
statistically significant after adjustment for smoking: 0.45 (—0.22, 1.19), 0.77
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(—0.08, 1.72), 1.28 (—0.03, 2.79), and 3.89 (—0.46, 10.34), respectively. The
ERRs/Sv for all cancers excluding leukaemia and lung cancer were not sig-
nificant before adjustment for smoking, but declined after adjustment for
smoking. The present study demonstrates that in this cohort of workers,
smoking heavily distorts radiation risk estimates of mortality. The possibility
of confounding by smoking depends on how strongly smoking is correlated
with radiation exposure. If a correlation between smoking and radiation dose is
suggested, smoking is an important confounder when assessing the radiation
and health risks.

Supplementary material for this article is available online

Keywords: cohort study, cancer, confounding factor, smoking, radiation

Introduction

Risk estimation of low-dose radiation exposure remains a controversial issue to this day. The
uncertainty arises because radiation-related health effects at low doses are difficult to detect
and are thus much more vulnerable to distortion by bias or by confounding factors such as
smoking and socio-economic status, which are known to be important extrinsic factors that
affect mortality.

To obtain an accurate risk estimate, some cohort studies of nuclear workers have used
socio-economic status such as industrial classification or facility to identify or account for
potential confounding [1-3]. However, there are few studies estimating radiation risks that
have adjusted directly for smoking as a confounding factor [4, 5]. Wu et al reported that
cancer risk was heavily influenced by extrinsic factors [6], and smoking is well known as a
strong carcinogen [7, 8].

The United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) 2006 report [9] indicates that ‘[epidemiological studies of occupational expo-
sure] could provide useful information in [the] future,” adding that one limitation to such
studies is the fact that ‘lifestyle factors (e.g., smoking histories)’ are ‘generally not available.’

The Institute of Radiation Epidemiology (IRE) of the Radiation Effects Association
(REA) of Japan commenced an epidemiological study of Japanese nuclear workers in 1990.
The study results through 1997 have already been published as the first, second, and most
recent analyses [10-12], which reported the possibility of lifestyle factors confounding the
relationship between radiation dose and cancer mortality among nuclear workers in Japan. To
examine non-radiation factors among nuclear workers, the IRE conducted lifestyle ques-
tionnaire surveys among different samples of workers in 1997 and 2003, finding a positive
correlation between radiation doses and smoking rates [13]. This correlation means that
adjustment for smoking actually reduces radiation risk estimates.

Most of the findings to date about radiation risks among nuclear workers have been
derived from studies on largely Western populations; the studies to date focusing on Asian
nuclear workers are insufficient to draw reliable conclusions. The subjects in the present study
are Japanese nuclear workers, who might have different characteristics from Western workers
in terms of smoking rates, cancer mortality, circulatory disease mortality, etc [14-16].
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In the present study, we examine the confounding effects of smoking on radiation risk
estimates by utilizing smoking information obtained from individuals who completed ques-
tionnaire surveys distributed among Japanese nuclear workers.

Materials and methods

The study protocol was based on the Ethical Guidelines for Medical and Health Research
Involving Human Subjects established by Japan’s Ministry of Health, Labour and Welfare
and Ministry of Education, Culture, Sports, Science and Technology. It was reviewed and
approved by the Research Ethics Committee of the REA. This work was fully funded by
Japan’s Nuclear Regulation Authority. The funder had no role in the study’s design, data
analysis, or data interpretation or in the writing of this report. The authors have no conflicts of
interest.

Cohort definition and follow-up of vital status

A registry system of workers at nuclear facilities was established in Japan in 1977, operated
by the Radiation Dose Registration Center (RADREC) of the REA. There were two
requirements to meet the cohort definition. The first was to be a worker who was registered in
RADREC as of the end of March 1999. The second was to have Japanese nationality. The
present follow-up study was based on those who satisfied the two requirements within around
200 000 nuclear workers.

For follow-up of the study subjects, personal identification information was first obtained
from RADREC, including each individual’s registration number, name, sex, and date of birth.
Next, residential address information was obtained from the nuclear facilities at which the
individuals worked. Then, copies of their residence registration cards {(RRCs) were acquired
from local government offices to ascertain the vital status of each study subject. If any
resident had died or moved to another municipality, the information on date of death or
subsequent address, as appropriate, was maintained in the aforementioned municipality but
was deleted from the registration files after precisely 5 years. Due to the limited period of
maintenance of RRCs for those who died or moved away, inquiries with municipalities were
carried out at intervals of less than 5 years.

Lifestyle questionnaire surveys (described below) were conducted in 1997 and 2003
among different samples of workers in order to examine potential factors confounding the
radiation risk assessment of nuclear workers. In the first survey, the questionnaire was dis-
tributed in nuclear facilities, while the second survey questionnaire was distributed by mail to
those who were 40 years old or above on July 1, 2003. In the second survey, based on the
cumulative dose as of March 31, 2002, all workers exposed to 10 mSv or more were sur-
veyed, while 40% of workers with less than 10 mSv were sampled. When considering both
surveys, the questionnaire was distributed to a total of 116 000 workers, of whom 80 596
replied (69.5% response rate). Thus, the response rate was comparatively high. The higher-
dose group showed a higher response rate (68% <10mSv, while 85% were in the over
100 mSv category): we obtained data from more than two-thirds of those to whom the
questionnaire was distributed, and in particular gained more information from the higher-dose
group. The data gathered from the higher-dose group were sufficient to make it unlikely that
the validity of the data was compromised. Responses that were missing values of smoking
status or pack-years (described in the Statistical Analysis section below) were excluded from
analysis. Those who met the analysis criteria (71733 male workers—89% of those who
responded) were assembled as a cohort. Follow-up with female workers was also undertaken,
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but they were not included in the analysis because they were too few in number (387
workers).

For those whose deaths could be ascertained through RRCs, causes of death were
obtained by record linkage with the death records approved for use and provided by Japan’s
Ministry of Health, Labour and Welfare. The indices used for record linkage were date of
birth, date of death, sex, and municipality code of residence. Iwasaki er al reported a suc-
cessful determination of cause of death by means of this record linkage approach in 99.4% of
all subjects [17]. A process to obtain individual informed consent through an opt-out method
was performed from 2007-2009. The opt-out rate was approximately 7%. For those whose
data we obtained but who later refused participation, we stopped all follow-up efforts, but
included them among their cohort until the last day on which their vital statuses were known.
Causes of death were coded according to the International Classification of Diseases (ICD)
10th revision.

Dosimetry

Dose records for all workers in the cohort were comprised of individual doses monitored by
nuclear facilities, based on Japanese law. Each nuclear facility reports to RADREC the
amount of combined external and internal doses. Japanese workers with neutron exposure
were limited to those engaged in producing mixed oxide (MOX), which usually consists of
plutonium blended with uranium. The use of nuclear energy in Japan commenced in 1957 and
the first commercial power plant went online in 1966; the shielding technique had already
been established. The dose data that RADREC supplied to the IRE were annual individual
effective doses of radiation exposure, including photon, neutron, and internal doses. Neutron
doses and internal doses were recorded, but cases above the level to be recorded were so rare
that those doses may be negligible under normal operational circumstances in Japan.

Film badge dosimeters, thermoluminescence dosimeters, electronic personal dosimeters,
and, especially in recent years, fluoroglass dosimeters were used to determine external
radiation doses. Detectable levels, ranging from 0.01-0.1 mSv [18], were dependent on
dosimeter and time period. Doses below detectable levels were regarded to be O mSv for this
study. Although RADREC began registration in 1978, earlier dosimetry records of workers
maintained at specific nuclear facilities dating back to 1957 were provided to RADREC.
Consequently, dose data are available for this study for the entire period from 1957-2010;
they were used to calculate the cumulative radiation doses for individual workers. Personal
dose equivalent Hp (10) values, which are used as external dose and internal doses were used
in the analysis.

Lifestyle questionnaire survey

To examine factors potentially confounding the risk assessment of nuclear workers, lifestyle
questionnaire surveys were performed twice.

First survey (1997-1999). This questionnaire was distributed in nuclear facilities, including
electric power companies, research foundations, and fuel processing companies; almost all
respondents were still working at the time of this survey. The questionnaire was self-
completed and included questions about smoking status (current, former, never), age at
starting to smoke, cigarettes smoked per day, and age of smoking cessation for former
smokers, alcohol consumption, and history of engaging in work involving hazardous
materials such as asbestos, benzene, etc.
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Second survey (2003-2004). This questionnaire was distributed by mail to those who were
40 years old or above on July 1, 2003. Based on the cumulative dose as of March 31, 2002,
all workers exposed to 10 mSv or more were surveyed, while 40% of workers with less than
10 mSv were sampled. The questions were almost identical to those in the first survey, but
years of education and job status as a substitution for socio-economic status were added. For
those who answered both surveys, the first survey’s answers were used for analysis in the
present study.

Statistical analysis

The cohort for analysis consisted of respondents to the lifestyle surveys, excluding those
whose smoking status or pack-years were unknown. All individuals contributed person-years
at risk, excluding the first 2 years from the date of the reply to the questionnaire [19] until the
earliest of (a) the date of last known vital status, (b) the date of death, or {c) December 31,
2010. Poisson regression models were applied to analyse radiation risks based on the number
of deaths and person-years cross-classified by attained age (in 5-year intervals), calendar
period (in 5-year intervals), birth year (in 5-year intervals), residence, an indicator of part-
icular questionnaire survey, time-dependent radiation dose, pack-years, and years since the
cessation of smoking. Each individual’s last residence was used to stratify respondents into
eight regional categories within Japan. Given the differences between the characteristics of
respondents to the first and second lifestyle surveys, as described in the Lifestyle ques-
tionnaire survey section, a binary indicator was also used to indicate either the first or the
second survey. The pack-year was defined as follows: the number of cigarettes per day x (1
pack/20 cigarettes) X the number of years since the age at which at individual started to
smoke through the age on the survey date for current smokers, or until the age of smoking
cessation for former smokers. For former smokers, the years since the cessation of smoking
were defined as the years from age at the cessation of smoking until the age on the sur-
vey date.

Time-dependent radiation cumulative doses were categorised into 14 groups by mSv
levels: 0, >0, 1—, 2—, 3—, 5—, 7.5—, 10—, 15—, 20—, 25—, 50—, 100—, and 200+.
Cumulative radiation doses were updated every month, on the assumption that annual doses
were distributed uniformly over the year. Pack-years were categorised into eight groups: 0,
>0, 10—, 15—, 20—, 25—, 30—, and 50+. The years since cessation of smoking were
categorised into three groups: <5, 5—, and 10+. Each stratum of the cross-classification
includes the number of deaths, the number of person-years, and person-weighted mean values
of age attained, radiation dose, pack-years, and years since the cessation of smoking. The
model used to estimate radiation risks is a linear excess relative risk (ERR) model:

A= /\O(a, ;YT S)ealzl+a222+a323(1 i ﬁd),

where ) is the death rate at dose d, ), is the background death rate stratified by a (attained
age: 20—, 25—, ..., 100+), ¢ (calendar period: <2000, 2000-2004, and 2005-2010), y (year
of birth: <1920, 1920—, 1925—, ..., and 1970+), r (residence, divided into eight areas), s
(survey indicator: first or second), and d (person-year weighted cumulative dose in sieverts in
each stratum). 3 is the ERR per Sv (ERR /Sv), z1 represents pack-years for current smokers,
Z2 represents pack-years for former smokers, and z3 represents years since cessation of
smoking for former smokers. Finally, av1-a3 represent the respective coefficients of z1-z3. In
this model, A is regarded as the death rate of persons whose cumulative dose was 0 and pack-
years were 0 (never smoked). We calculated 90% confidence intervals (CIs) based on the
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Table 1. Number of subjects by smoking status, pack-year, and dose categories at the time of the survey among Japanese nuclear workers.

Dose categories (mSv)*

Smoking Pack ycar Total
status 0 =0 5— 10— 20— 50— 100— 200+
Never 0 4097 5336 1249 1678 1739 783 346 62 15290
(254%)  (239%)  @03%)  (18.5%)  (17.5%)  (156%)  (136%)  (107%)  (213%)
Current >0 2434 4528 1151 1151 965 350 124 19 10722
Former {15.1%) (20.3%) (18.7%) (12.7%) (9.7%) (7.0%) 4.9%) (14.9%)
10 2426 ji 1145 1646 1853 843 378 2120
(150%)  (169%)  (186%)  (182%)  (I86%)  (168%)  (149%) (16.9%)
20 2252 3007 953 1482 1866 1015 565 11269
(13.9%)  (135%)  (155%)  (164%)  (I88%)  Q03%)  (Q22%)  (224%)  (159%)
304 4939 5647 1667 3101 3518 2019 1127 314 22332
(GO6%)  (253%)  QT0%)  (342%)  (354%)  (403%)  (444%) (G1.1%)
Total 16148 22294 €165 9058 9941 5010 2540 77 71733
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
Proportion by dose category 22.5% 3L1% 8.6% 12.6% 13.9% 7.0% 3.5% 0.8% 100%

# Note; Parentaeses indicate percentage of pack-years wits
Some categorics are combined for clarification purposes.

o sach dose catopory.
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likelihood method. We also used Wald-based ClIs in cases in which we could not calculate
likelihood-based CIs.

Cross-tabulation and model fitting were performed using the Epicure statistical package
[20]. Using this model to examine the confounding effects of smoking, we compared the
ERRs of radiation risks with and without adjusting for smoking. Cumulative doses were
lagged by 2 years for leukaemia and by 10 years for other diseases [1-3] but not lagged for
the category of all causes and external causes.

Results

Approximately 591 000 person-years were accumulated from 1999-2010 by 71 733 members
of the cohort. The arithmetic mean and standard deviation of age at the date of the survey
response were 45.1 and 14.1 years, respectively: the mean follow-up period was 8.2 years.

Table 1 shows the number of subjects by pack-year and dose categories at the time of
survey response; it shows a significantly positive correlation between pack-years and radia-
tion dose (p < 0.0001, Mantel-Haenszel non-zero correlation [21]: degree of freedom = 1).
More than half the workers were in the <10 mSv dose class, while 4% were in the >100 mSv
dose class. The mean cumulative doses were 19.1 mSv at the time of the survey response and
25.5 mSv at the end of the follow-up period.

Table 2 shows the results of ERRs/Sv of radiation risks with and without adjustment for
smoking. All causes, all diseases, all non-cancer diseases, and liver cancer each showed
significantly high ERRs/Sv of 0.97 (90% CI 0.23, 1.78), 1.32 (0.40, 2.34), 1.87 (0.47, 3.49),
and 4.78 (0.09, 11.68), respectively, but their ERRs/Sv declined and did not show sig-
nificance after adjusting for smoking: 0.45 (—0.22, 1.19), 0.77 (—0.08, 1.72), 1.28 (—0.03,
2.79), and 3.89 (—0.46, 10.34), respectively. This study did not include 37 deaths caused by
in situ neoplasms, benign neoplasms, or neoplasms of uncertain or unknown behaviour for
both all cancers and all non-cancer diseases. The ERR/Sv for leukaemia excluding chronic
lymphocytic leukaemia could not be converged due to the small number of such deaths, but
the last estimate was negative. The ERR /Sv for all cancers excluding leukaemia decreased
after adjusting for smoking from 0.80 (—0.39, 2.19) to 0.29 (—0.81, 1.57).

The effect on ERR /Sv reduction by smoking adjustment was larger for smoking-related
cancers than for nonsmoking-related cancers. The ERR/Sv of smoking-related cancers
declined from 1.05 (—0.40, 2.79) to 0.36 (—0.95, 1.94) after adjusting for smoking, but for
nonsmoking-related cancers, it declined from —0.60 (—2.76, 1.56) to —0.76 (—2.85, 1.33).
While the ERR /Sv of smoking-related non-cancer diseases declined from 1.39 (—0.39, 3.56)
to 0.79 (—0.84, 2.80) after adjusting for smoking, for nonsmoking-related non-cancer dis-
eases, it declined from 0.26 (—1.73, 2.94) to —0.24 (—2.04, 2.25).

Discussion

The purpose of the present study was to examine whether direct adjustment for smoking
reduces radiation-related cancer mortality risk estimates among nuclear workers in Japan.
This was demonstrated by a 64% ERR /Sv reduction for all cancers excluding leukaemia, and
a 52% ERR/Sv reduction for lung cancer, although the reductions were not significant.

In our previous study [22], we examined adjustments for smoking by utilizing qualitative
information on smoking, namely, smoking status (current, former, never, unknown) obtained
from individuals who completed questionnaires distributed among Japanese nuclear workers.
In the present study, we demonstrate the adjusting effects of smoking by utilizing quantitative
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Table 2. ERR/Sv and 90% CI based on likelihood with and without adjustment for
smoking by cause of death among Japanese nuclear workers.

Causes of death ICD10 codes Observed ERR)Sv
Without adjustment for
Deaths smoking For smoking
All causes A00-299 3038 097 0.45
(023, 1.78) (~0.22, 1.19)
All diseases A00-R99 2635 132 0.77
(040, 2.34) (—-0.08, 1.72)
All non-cancer diseases A00-B99, 1228 187 1.28
D50-R99
(0.47, 3.49) (—0.03, 2.79)
All cancers C00-C97 1370 0.67 0.16
(—0.49, 2.00) (—0.90, 1.40)
All cancers excluding C00-C97 1326 0.80 0.29
leukaemia
except C91-C95 (—0.39, 2.19) (081, 1.57)
Oesophageal C15 87 0.15 -0.27
(—4.12, 4.42)° (—4.25,371)*
Stomach Cl6 218 0.36 -0.20
(—2.64, 3.36)" (—2.94, 2.55)*
Liver Cc22 138 478 3.89
(0.09, 11.68) (—0.46, 10.34)
Lung C33-C34 319 1.94 0.94
(—0.56, 5.26) (—1.24, 3.90)
Leukaemia excluding C91-C95 44 -195° -2.00°
chronic lymphocytic except C91.1 (—5.80, 1.803*° (—5.68, 1.68)
leukaemia
Smoking-related cancers® 952 1.05 0.36
(=040, 2.79) (—0.9s, 1.94)
Nonsmoking-related cancers® 322 —0.60 -0.76
(—2.76, 1.56) (—2.85, 133)
Smoking-related 624 139 0.79
non-cancer diseases® (—0.39, 3.56) (—0.84, 2.80)
Nonsmoking-related 380 0.26 -0.24
non-cancer diseases’ (-1.73, 2.94) (—2.04, 2.25)
Alcohol-related cancers® C00-C15, 430 1.65 1.16
C18-C22
(—0.48, 4.40) (—0.84, 3.74)
Extemnal causes V01-Y98 385 —0.04 —0.62
(—1.89, 1.80)" (~2.25, 1.01)
* Wald-based CL.

® Last estimate is denoted because the ERRs did not converge.

© Buccal and pharynx, oesophageal, stomach, liver, pancreas, nasal cavity, larynx, lung, bladder, kidney, ureter
C00-C16, €22, €25, €30.0, C31-C34, C64-C67.

4 All solid cancers other than smoking-related cancers C17-C21, C23-C24, C26-C29, C30.1-C30.9, C35-C63,
C68-C80.

© Ischaemic heart disease, o disease, aortic aneurysm, pneumonia, chroric obstructive
pulmonary disease, digestive ulcer 120-125, 160-169, 171.3, 171.4, J12-J18, J41-J44, K25-K27.

T Circulatory di piratory di and digestive di other than smoking-related non-cancers 100-119,
126-159, 170-171.2, 171.5-199, J00-J11, J19-J40, J45-J99, K00-K24, K28-K93.

£ Buccal and pharynx, oesophageal, colorectum, liver.
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Table 3. Summary of methods and results of previous and present studies among
Japanese nuclear workers.

Previous study [22]  Present study

Method

Size of original cohort 75442 75442

Exclusion by unknown smoking 3709

status

Size of the cohort used in analysis 75442 71733

Smoking adjustment variable Smoking status® Pack-year®

Results

All cancers excluding leukaemia

Without adjustment for smoking ERR/Sv 092 0.80
90% CI (—0.30, 2.16) (—0.39, 2.19)

With adjustment for smoking ERR/Sv 0.36 0.29
90% CI (-0.79, 1.50) (—0.81, 1.57)

Lung cancer

Without adjustment for smoking ERR/Sv 218 1.94
90% CI (—0.51, 4.88) (—0.56, 5.26)

With adjustment for smoking ERR/Sv 1.20 0.94

90% CI (—1.20, 3.61) (—1.24, 3.90)

b Current, former, never, unknown.

® The number of cigarettes per day x (1 pack/20 cigarettes) > the number of years since the age
at which at individual started to smoke through the age on the survey date for current smokers, or
until the age of smoking cessation for former smokers.

information, namely, pack-year and years since the cessation of smoking (only among former
smokers). In addition, we excluded those workers whose pack-years or years since stopping
smoking was unknown. Table 3 summarizes the methods and results of a previous study and
the present study. The decreasing effect of ERR /Sv, with an adjustment for smoking, was
verified in both studies’ results. In the previous study, we could not distinguish whether a
current smoker had a long or short period of smoking, so we thought that adjustment for
smoking status included some uncertainty. We have now used smoking as a quantitative
variable, namely pack-year and years since cessation of smoking (only among former smo-
kers). Although the results of the present study were similar to those of the previous study, we
could treat radiation and smoking as cumulative values in the present study.

The authors of INWORKS reported that the point estimate of ERR/Sv for solid cancers
other than lung was similar to that obtained for solid cancers [3]. This implies confounding by
smoking had very little effect in this study. The authors of the NRRW-3 study reported that
some evidence of an increasing trend with dose from all circulatory diseases may, at least
partly, be due to confounding by smoking [2]. Thus, the possibility of confounding by
smoking depends on how much smoking is correlated with radiation dose; this varies from
population to population. Our Japanese cohort showed a strong confounding effect of
smoking [12, 13].

The ERR reduction after adjusting for smoking shows that mortality associated with
radiation dose was confounded by smoking. Furthermore, the effects of ERR reduction when
adjusted for smoking were larger for smoking-related cancers than nonsmoking-related
cancers, supporting the conclusion that confounding effects of smoking exist among Japanese
nuclear workers. Therefore, in order to mitigate the possible distortion of radiation risk,
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Table 4. ERR and 90% CI for all cancers, excluding leukaemia, by dose category
among Japanese nuclear workers.

ERR without adjustment ~ ERR with adjustment

Dose category ~ Mean dose for smoking for smoking

0 0.0 0.00 0.00

>0 0.4 —0.06 (-0.18,0.06) —0.05 (-0.18, 0.06)
1- 1.4 —0.12  (-0.32,0.07) —0.13 (-0.32,0.07)
2- 24 -009 (-0.34,0.16) —0.07 (-0.34,0.16)
3- 3.9 -0.08 (-029,0.12) —0.08 (-0.29,0.12)
5— 6.2 0.26 (0.00, 0.51) 0.24 (0.00, 0.51)
75— 8.7 001  (-0.24,027) —001 (-0.24,0.27)
10— 123 006  (-0.11,0.23) 0.03 (-0.11, 0.23)
15— 17.3 0.04 (-0.15,0.24) 0.04 (-0.15,0.24)
20— 224 024 (-0.01, 0.50) 0.21 (-0.01, 0.50)
25— 357 0.08  (-0.06,0.23) 0.07  (-0.06, 0.23)
50— 70.6 0.26 (0.08, 0.44) 0.22 (0.08, 0.44)
100— 136.9 -0.17 (-037,0.03) -022 (-0.37,0.03)
200+ 261.9 041  (-0.11, 0.93) 027 (-0.11, 0.93)

adjustment for smoking is desirable whenever it is suspected that smoking might confound
the relationship between mortality and radiation exposure. Although adjustment for smoking
does have a greater effect on smoking-related non-cancers and cancers, it also has an effect on
nonsmoking-related non-cancers and cancers.

In short, there is a possibility of either the effects of smoking not being fully accounted
for or for further confounding by some factor(s) other than smoking.

Table 4 shows ERRs/Sv and 90% CIs for all cancers excluding leukaemia by dose
category.

To examine the non-linearity of the dose-response relationship, we fitted quadratic and
linear-quadratic models in addition to a linear model; we verified that these results indicated
that a quadratic term was not necessary. The fits of the linear, quadratic, and linear-quadratic
models were compared for all cancers excluding leukaemia. The quadratic model had a worse
fit than the linear or linear-quadratic models. The linear-quadratic model did not show a
significant difference in deviance compared to the linear model (p = 0.108). Comparing the
estimated ERR at 100 mSv for all cancers excluding leukaemia for the linear and non-linear
models, all models showed the effects of adjustment for smoking that reduced radiation risk
estimates (table 5).

Furthermore, we also examined the model for all cancers, excluding leukaemia with
effect modification for smoking as follows:

A= )\o(a’ C; Y, T S)ealzl+a212+a313(1 ik 6deﬁlzl+,6‘222+ﬁ’333).

The estimates of (3;, 3, and 35 were not significant, indicating that the model with effect
modification by pack-years and years since cessation of smoking are not acceptable: p-values
were >0.5 for 3, and (3, and 0.278 for f3;.

Therefore, we singled out the simple linear model because of the lack of evidence in the
data for non-linearity; this made it possible to evaluate radiation dose risk in a way that was
comparable with other studies. The results indicate that the ERR reduction supports the
importance of adjustment for smoking.

366

80



J. Radiol. Prot. 38 (2018} 357 S Kudo et af

Table 5. ERR at 100 mSv and a 90% CI for all cancers, excluding leukaemia, by linear
and non-linear models among Japanese nuclear workers.

Models Without adjustment ~ With adjustment
Linear model ERR at 100 mSv 0.08 0.03
90% CI (—0.04, 0.22) (—0.08, 0.16)
Quadratic model ERR at 100 mSv 0.01 —-0.01
90% CI (—0.0s, 0.06)" (—0.06, 0.04)"
Linear-quadratic ERR at 100 mSv 0.19 0.13
model
90% CI (—0.16, 0.54)* (—0.11, 0.37)*
# Wald-based CI.

Table 6. ERR/Sv and 90% CI for all cancers, excluding leukaemia, by various lag
assumptions among Japanese nuclear workers.

Lag Without adjustment ~ With adjustment
S years  ERR/Sv 091 0.39

90% CI (—0.20, 2.22) (—0.63, 1.59)
10 years ERR/Sv 0.80 029

90% CI (—0.39, 2.19) (—0.81, 1.57)
1S years ERR/Sv 0.86 0.38

90% CI (—045, 2.38) (—0.84, 1.81)

The minimum latent period for all cancers excluding leukaemia is often taken set at 5
years. Therefore, sensitivity analyses were performed under 5- and 15-year lag assumptions
for all cancers excluding leukaemia (table 6).

Before adjustment for smoking, the ERRs/Sv were 0.91 (—0.20, 2.22) and 0.86 (—0.45,
2.38), respectively, while after adjustment for smoking, the ERRs/Sv were 0.39 (—0.63,
1.59) and 0.38 (—0.84, 1.81), respectively. Thus, we could verify that adjustment for smoking
could reduce ERRs/Sv when lag assumptions were 5, 10, or 15 years.

Sensitivity analyses of various dose assumptions below the limit of detection (0.05 and
0.1 mSv; see table 7) were also performed for all cancers excluding leukaemia. Before
adjustment for smoking, the ERRs/Sv were 0.71 (—0.45, 2.06) and 0.58 (—0.54, 1.90),
respectively. After adjustment for smoking, the ERRs/Sv were 0.24 (—0.83, 1.50) and 0.17
(—0.88, 1.41), respectively. Thus, adjustment for smoking showed a large decreasing effect
for ERRs/Sv not only when doses below the limit of detection were assumed to be zero but
also when assumed to be 0.05 or 0.1 mSv.

Some radiation epidemiology studies used stratification by duration of employment
(DOE) to allow for a possible healthy worker survivor effect (HWSE) [1]. We have verified
the HWSE by job category and found that it varies in each job category (data not shown). As
a result, we think that adjusting for job category is necessary when adjusting for DOE.
However, we cannot adjust for this due to a lack of job category information for more than
half of the workers. We could only obtain job category information from the second ques-
tionnaire survey repliers, as these workers were employed for the longest period. Although
some uncertainty was included in the analysis, we examined stratification by DOE (supple-
mental table 1 is available online at stacks.iop.org/JRP/38/357 /mmedia). All causes of
death except stomach cancer showed larger ERRs than no stratification by DOE, however, all
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Table 7. ERR/Sv and 90% CI for all cancers, excluding leukaemia, by doses assumed
below the limit of detection among Japanese nuclear workers.

Dose assumptions below the limit Without
of detection, mSv adjustment With adjustment
0 ERR/Sv 0.80 0.29

90% CI (—0.39, 2.19) (—0.81, 1.57)
0.05 ERR/Sv 0.71 0.24

90% CI (—0.45, 2.06) (—0.83, 1.50)
0.1 ERR/Sv 0.58 0.17

90% CI (—0.54, 1.90) (—0.88, 1.41)

causes of death showed a decreasing effect for ERRs by adjustment for smoking. When DOE
was added to the adjusting variables, the ERR/Sv for all cancers, excluding leukaemia, was
1.55 (0.17, 3.20) before adjusting for smoking, and it decreased to 0.83 (—0.42, 2.32) after
adjusting for smoking. When DOE was not added to the adjusting variables, the ERR/Sv for
all cancers excluding leukaemia, was 0.80 (—0.39, 2.19) before adjusting for smoking, and it
decreased to 0.29 (—0.81, 1.57) after adjusting for smoking. Increases to ERRs/Sv caused by
adjustment for DOE were due to a reverse correlation; cumulative doses increased as DOE
increased, and mortality decreased as DOE increases through the HWSE. In particular, liver
cancer had a notable increase in regards to its ERR/Sv caused by adjustment for DOE. This
was potentially caused by a strong HWSE; however, a conclusive reason is unclear.

Generally, Asian countries that have nuclear power plants show higher male smoking
rates than INWORKS countries (USA, UK, France) [23]. So, the importance of adjustment
for smoking was considered pressing in Asian countries, while in INWORKS countries, the
importance of adjustment for smoking may be small, or at least smaller, although smoking
patterns may have been different in the past. Nevertheless, the key point is the degree of
correlation between smoking and radiation dose; this could be influenced by the fact that
blue-collar workers are more likely than white-collar workers to smoke [24, 25]. The cor-
relation of radiation dose with smoking in this study reflected the differences in smoking rates
among job status groups; the group of workers who ged in the maint e or repair of
nuclear reactor equipment—namely blue-collar workers—made up a higher proportion of the
high-dose group and had higher smoking rates. Sterling ez al reported the following strong
pattern in smoking behaviour [24]: smoking is much more prevalent among occupational
groups (and social strata) that also have greater exposure to hazards in the workplace, whereas
it is much less prevalent among groups less exposed to these hazards. The positive correlation
of radiation dose with smoking shown in this study might be at least partly attributable to the
fact that blue-collar workers are more likely to smoke. In addition, the group of workers who
had comparatively fewer years of education made up a higher proportion of the high-dose
group and had higher smoking rates.

Murata et al reported that heavy consumption of alcohol was related to radiation
exposure [12]. Their cohort consisted of repliers to the first questionnaire survey, namely,
48 281 workers. Akiba and Mizuno found a highly significant trend of alcohol-related cancers
with cumulative doses in the Japanese nuclear worker cohort and suggested confounding by
alcohol by the fact that the ERR/Sv for all cancers, excluding leukaemia, decreased from 1.26
(95% CIL: —0.27, 3.00) to 0.20 (—1.42, 2.09) when alcohol-related cancers were excluded
[26]. Their cohort was 200583 workers, including repliers to the first and second ques-
tionnaire surveys and followed through 2002. However, the correlation between radiation
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dose and alcohol consumption was not found in the present study. The ERR/Sv for alcohol-
related cancers was 1.65 (—0.48, 4.40) before adjustment for alcohol, and after adjustment for
alcohol, the ERR/Sv was 1.63 (—0.50, 4.37). Therefore, the ERR/Sv after adjusting for
alcohol was similar to what was obtained without adjusting for alcohol. The cohort of the
present study consisted of repliers to the first and second questionnaire surveys, namely,
71733 workers were followed through 2010. Conceming the quality of information of the
questionnaire, the response rate was 69.5%. Within the group that answered both surveys,
those who answered with the same smoking status was 83%, and those who showed dis-
crepant answers, such as ‘current smoker’ in the first survey and ‘never smoker’ in the second
survey, was 0.6%. Considering the reasonable quality of information, the divergence in
results between these studies was likely to be caused by differences in both the cohorts and
the follow-up periods. Almost all alcohol-related cancers are also smoking-related cancers, so
an ERR/Sv reduction after adjustment for smoking was shown in alcohol-related cancers
(table 2).

After adjusting for smoking, the ERR/Sv of liver cancer showed a smaller decrease than
other causes of death, suggesting the existence of other factors, such as the contribution of the
hepatitis virus, or that radiation itself may increase mortality outcomes in liver cancer or that
the observed increase in liver cancer risk may be caused by chance. However, the results of
similar studies in other countries show no significant increase in liver cancer with radiation
dose [1, 2, 27]. A third lifestyle questionnaire survey is now underway and includes questions
about individuals’ medical history of hepatitis virus, cirrhosis, and liver cancer. We will be
able to obtain more information about confounding factors by using this survey. The results of
this survey may produce a firmer conclusion in our study.

External causes also showed a decrease in ERR/Sv after adjusting for smoking. One half
of external causes was made up of suicide, and smoking is a known marker of depression
[28, 29]. The ERR/Sv reduction for external causes might be caused by a correlation between
smoking and suicide due to depression. We have tried to verify whether the ERR/Sv for
suicide decreases by adjusting for smoking or not; however, the ERR /Sv for suicide did not
converge.

Conclusion

We adjusted for smoking directly and quantified the confounding effects of smoking on
radiation risks among Japanese nuclear workers. Thus, smoking was shown to have a large
effect in estimating radiation risks, especially with regard to smoking-related cancers. But the
adjustment for smoking might not fully account for the confounding effect of smoking, and
other confounders may still be present.

Acknowledgments

This article is dedicated to the memory of the late Dr Shigenobu Nagataki for his enthusiastic
encouragement to publish the outcomes accumulated by the REA over a decade.

This study was commissioned by the Nuclear Regulation Authority of the Government of
Japan.

We would like to thank all REA committee members for their useful suggestions and
constructive discussions regarding this study. We are grateful to Dr Michiaki Kai, Dr Akihiro
Shima, Dr Tomotaka Sobue, Dr Hideo Tanaka, and Dr Takesumi Yoshimura for fruitful

369

83



J. Radiol. Prot. 38 (2018) 357 S Kudo et af

comments on the manuscript. Thanks also to all those many people who provided support in
developing and updating the cohort.

References

[1] Cardis E et al 2007 The 15-country collaborative study of cancer risk among radiation workers in
the nuclear industry: estimates of radiation-related cancer risks Radiat. Res. 167 396-416
[2] Muirhead C, O’Hagan J, Haylock R, Phillipson M, Wilcock T, Berridge G and Zhang W 2009
Mortality and cancer incidence following occupational radiation exposure: third analysis of the
National Registry for Radiation workers Br. J. Cancer 100 206-12
[3] Richardson D et al 2015 Risk of cancer from occupational exposure to ionizing radiation:
retrospective cohort study of workers in France, the United Kingdom, and the United States
(INWORKS) Br. Med. J. 351 h5359
[4] Gilbert E, Sokolnikov M, Preston D, Schonfeld S, Schadilov A, Vasilenko E and Koshumnikova N
2013 Lung cancer risks from plutonium: an updated analysis of data from the Mayak worker
cohort Radiat. Res. 179 332-42
[5] Jeong M, Jin Y, Yang K, Ahn Y and Cha C 2010 Radiation exposure and cancer incidence in a
cohort of nuclear power industry workers in the Republic of Korea, 1992-2005 Radiat.
Environ. Biophys. 49 47-55
[6] Wu S, Powers S, Zhu W and Hannun Y 2016 Substantial contribution of extrinsic risk factors to
cancer development Nature 529 43-7
[7] Doll R and Hill B 1950 Smoking and carcinoma of the lung BMJ 2 739-48
[8] Katanoda K, Marugame T, Saika K, Satoh H, Tajima K, Suzuki T, Tamakoshi A, Tsugane S and
Sobue T 2008 Population attributable fraction of mortality associated with tobacco smoking in
Japan: a pooled analysis of three large-scale cohort studies J. Epidemiol. 18 251-64
[9] UNSCEAR 2006 Effects of Ionizing Radiation United Nations Scientific Committee on the
Effects of Atomic Radiation 1
[10] Hosoda Y et al 1997 First analysis of mortality of nuclear industry workers in Japan, 1986-1992
J. Health Phys. 32 173-84
[11] Iwasaki T et al 2003 Second analysis of mortality of nuclear industry workers in Japan,
1986-1997 Radiat. Res. 159 228-38
[12] Kudo S, Ishida J, Yoshimoto K, Ohshima S, Furuta H and Kasagi F 2017 The adjustment effects
of confounding factors on radiation risk estimates: findings from a Japanese epidemiological
study on low-dose radiation effects (J-EPISODE) J. Mol. Genet. Med. 11 275
[13] Murata M ez al 2002 Life-style and other characteristics of radiation workers at nuclear facilities in
Japan: base-line data of a questionnaire survey J. Epidemiol. 12 310-9
[14] The American Cancer Society 2015 The Tobacco Atlas 5th edn (Atlanta: American Cancer Society
Inc.)
[15] IARC 2007 Cancer Incidence in Five Continents, Vol. IX. IARC Scientific Publication No. 160.
International Agency for Research on Cancer
[16] Ueshima H 2007 Explanation for the Japanese Paradox : Prevention of increase in coronary heart
disease and reduction in stroke J. Atheroscler. Thromb. 14 278-86
[17] Iwasaki T, Miyake T, Ohshima S, Kudo S and Yoshimura T 2000 A method for identifying
underlying causes of death in epidemiological study J. Epidemiol. 10 362-5
[18] REA 2015 Report of Reliability of Individual Dose Records Relating to the Epidemiological
Studies Among Nuclear Industry Workers in Japan (in Japanese) Radiation Effects Association
[19] Goodman M, Moriwaki H, Vaeth M, Akiba S, Hayabuchi H and Mabuchi K 1995 Prospective
cohort study of risk factors for primary liver cancer in Hiroshima and Nagasaki, Japan
Epidemiology. 6 36-41
[20] EPICURE [EpiWin]: [computer program]. Version 1.81. 2008 Seattle HiroSoft International
Corporation
[21] Bleslow E and Day E 1987 Statistical Methods in Cancer Research: Volume II—The Design and
Analysis of Cohort Studies International Agency for Research on Cancer
[22] Kudo S, Ishida J, Yoshimoto K, Mizuno S, Ohshima S, Furuta H and Kasagi F 2016 Fifth analysis
of mortality of nuclear industry workers in Japan, 1991-2010 Jpn. J. Health Phys. 51 12-8 (in
Japanese)
[23] World Health Statistics 2016 World Health Organization

370

84



J. Radiol. Prot. 38 (2018) 357 S Kudo et af

[24] Sterling T and Weinkam J 1990 The confounding of occupation and smoking and its consequences
Soc. Sci. Med. 30 457-67

[25] Higashibata T, Nakagawa H, Okada R, Wakai K and Hamajima N 2015 Trends in smoking rates
among urban civil servants in Japan according to occupational categories Nagoya J. Med. Sci.
77 417-23

[26] Akiba S and Mizuno S 2012 The third analysis of cancer mortality among Japanese nuclear
workers, 1991-2001: estimation of excess relative risk per radiation dose J. Radiol. Prot. 32
73-83

[27] Cardis E et al 1995 Effects of low doses and low dose rates of external ionizing radiation: cancer
mortality among nuclear industry workers in three countries Radiat. Res. 142 117-32

[28] Breslau N, Peterson E, Schultz L, Chilcoat H and Andreski P 1998 Major depression and stages of
smoking. A longitudinal investigation Arch. Gen. Psychiatry. 55 161-6

[29] Nakata A, Takahashi M, Ikeda T, Hojou M, Nigam J and Swanson N 2008 Active and passive
smoking and depression among Japanese workers Prev. Med. 46 451-6

371

85



