
Radiation Exposure and the Risk of Mortality from
Noncancer Respiratory Diseases in the Life Span Study,
1950–2005

Authors: Pham, Truong-Minh, Sakata, Ritsu, Grant, Eric J., Shimizu,
Yukiko, Furukawa, Kyoji, et al.

Source: Radiation Research, 180(5) : 539-545

Published By: Radiation Research Society

URL: https://doi.org/10.1667/RR13421.1

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 14 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



RADIATION RESEARCH 180, 539–545 (2013)
0033-7587/13 $15.00
�2013 by Radiation Research Society.
All rights of reproduction in any form reserved.
DOI: 10.1667/RR13421.1

Radiation Exposure and the Risk of Mortality from Noncancer Respiratory
Diseases in the Life Span Study, 1950–2005

Truong-Minh Pham,a Ritsu Sakata,a Eric J. Grant,a Yukiko Shimizu,a Kyoji Furukawa,b Ikuno Takahashi,a Hiromi
Sugiyama,a Fumiyoshi Kasagi,c Midori Soda,d Akihiko Suyama,d Roy E. Shoree and Kotaro Ozasaa,1

Departments of a Epidemiology and b Statistics, and e Vice Chairman and Chief of Research, Radiation Effects Research Foundation, 5-2 Hijiyama
Park, Minami-ku, Hiroshima, 732-0815, Japan; d Department of Epidemiology, Radiation Effects Research Foundation, 1-8-6 Nakagawa, Nagasaki,

850-0013, Japan; and c Institute of Radiation Epidemiology, Radiation Effects Association, 1-9-16, Kaji-cho, Chiyodaku, Tokyo, 101-0044, Japan

Pham, T-M., Sakata, R., Grant, E. J., Shimizu, Y.,
Furukawa, K., Takahashi, I., Sugiyama, H., Kasagi, F., Soda,
M., Suyama, A., Shore, R. E. and Ozasa. K. Radiation
Exposure and the Risk of Mortality from Noncancer
Respiratory Diseases in the Life Span Study, 1950–2005.
180, 539–545 (2013).

An apparent association between radiation exposure and
noncancer respiratory diseases (NCRD) in the Life Span
Study (LSS) of atomic bomb survivors has been reported, but
the biological validity of that observation is uncertain. This
study investigated the possibility of radiation causation of
noncancer respiratory diseases in detail by examining
subtypes of noncancer respiratory diseases, temporal associ-
ations, and the potential for misdiagnosis and other
confounding factors. A total of 5,515 NCRD diagnoses listed
as the underlying cause of death on the death certificate were
observed among the 86,611 LSS subjects with estimated
weighted absorbed lung doses. Radiation dose-response
analyses were conducted using Cox proportional hazard
regression for pneumonia/influenza, other acute respiratory
infections, chronic obstructive pulmonary disease and asth-
ma. The linear excess relative risks (ERR) per gray (Gy) were
0.17 (95% CI 0.08, 0.27) for all NCRD and 0.20 (CI 0.09, 0.34)
for pneumonia/influenza, which accounted for 63% of non-
cancer respiratory disease deaths. Adjustments for lifestyle
and sociodemographic variations had almost no impact on
the risk estimates. However, adjustments for indications of
cancer and/or cardiovascular disease decreased the risk
estimates, with ERR for total noncancer respiratory diseases
declined by 35% from 0.17 to 0.11. Although it was
impossible to fully adjust for the misdiagnosis of other
diseases as noncancer respiratory diseases deaths in this
study because of limitations of available data, nevertheless,
the associations were reduced or eliminated by the adjust-
ment that could be made. This helps demonstrates that the
association between noncancer respiratory diseases and
radiation exposure in previous reports could be in part be
attributed to coincident cancer and/or cardiovascular diseas-
es. � 2013 by Radiation Research Society

INTRODUCTION

The Life Span Study (LSS) cohort of survivors of the
atomic bombings in Hiroshima and Nagasaki has provided
comprehensive evaluations of the health risks of exposure to
ionizing radiation (1). Excess risks of both cancer incidence
and mortality have been documented (2–4). In recent years,
there has been increasing interest in examining possible
associations of radiation exposure and subsequent non-
cancer diseases (5–7). Recent LSS mortality studies have
shown associations of radiation exposure with several
noncancer diseases, including elevated risks of both stroke
and heart disease (8). Further, associations of radiation with
other noncancer conditions, such as benign thyroid
neoplasms, chronic liver disease, cataract, uterine myoma
and calculus of the kidney have also been reported (9).

With regard to noncancer respiratory diseases (NCRD),
significant excess relative risks of respiratory deaths have
been reported in the LSS cohort (3–6), however these
analyses were based on all subtypes combined and did not
examine the possibility of artifactual associations. Results
from other radiation-exposed cohorts (7, 10–18) have been
inconclusive, as summarized in the Discussion section of
this article.

The fact that subtypes of noncancer respiratory diseases
differ in their risk factors and in their etiology and
pathogenesis suggested the need for an in-depth examina-
tion of the risks of radiation exposure by subgroups. Since
some types of noncancer respiratory diseases (e.g.,
pneumonia) are often the end-of-life condition caused by
other disease processes (cancer or cardiovascular disease,
for instance), we will examine the impact upon the
radiation-noncancer respiratory diseases associations of
potential death certificate misdiagnosis. The potential for
confounding by lifestyle and sociodemographic variations
will also be examined, as will temporal variations in the
associations.

In the current study, we examined the risks of radiation
exposure associated with finer categories of noncancer
respiratory diseases among atomic-bomb survivors in
Hiroshima and Nagasaki, from 1950–2005. We also
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considered the effects of potential confounding factors as

well as misdiagnoses of coexistent cancer and cardiovascu-

lar disease (CVD) on the radiation risks. Cardiovascular

disease was added as a potential misdiagnostic factor

because cardiovascular disease mortality is apparently

associated with radiation exposure in the LSS (8) although

the detailed dose-response or causal nature of the

relationship has not been fully elucidated.

MATERIALS AND METHODS

Study Subjects

The study subjects were members of the LSS cohort (1), which was

originally defined on the basis of the 1950 Japanese National Census
and associated surveys between 1950–1953. The present analyses

were based on 86,611 atomic bomb survivors whose estimated lung
doses were available. This study was approved by the Human
Investigation Committee of the Radiation Effects Research Founda-
tion and the collection of vital status and cause of death of the subjects
was approved by the Ministry of Justice and the Ministry of Health,
Labour and Welfare of Japan.

Outcome Determination

Mortality follow-up from 1950 until the end of 2005 used the
Japanese national family registration system (koseki). Cause of death
was ascertained from the death certificates. Underlying causes of death
were coded using the International Classification of Diseases and
Injuries (ICD), 7th Revision (ICD-7) for deaths in 1950–1968, ICD-8
in 1969–1978, ICD-9 in 1979–1997 and ICD-10 in 1998–2005. Table
1 shows the detailed descriptions of noncancer respiratory diseases
according to several ICD Revisions. In the ICD-10 Revision, the codes
for all noncancer respiratory diseases were defined as J00–J99.

TABLE 1
Description of Codes for Noncancer Respiratory Diseases from the ICD-7 to ICD-10 Revisions

Causes of death ICD-7 codes ICD-8 codes ICD-9 codes ICD-10 codes

All noncancer respiratory diseases 470–527, 241 460–519 460–519 J00–J99
Acute respiratory infections 470–475, 500 460–466 460–466 J00–J06, J20–J22
Pneumonia/Influenza 480–483, 490–493 470–474, 480–486 480–487 J10–J18
Chronic obstructive pulmonary disease 501–502, 526, 527 490–492, 518 490–492, 494, 496 J40–J44, J47
Asthma 241 493 493, 495 J45–J46
Other respiratory diseases 510–525 500–517, 519 470–478, 500–519 J30–J39, J60–J99

TABLE 2
Characteristics of 86,611 Study Subjects and Numbers of Deaths from Noncancer Respiratory Diseases, 1950–2005

Characteristics
Number of

subjects Person-years

Number of deaths (death rate per 10,000 person-years)

All noncancer
respiratory

diseases

Acute
respiratory
infection

Pneumonia/
Influenza

Chronic
obstructive
pulmonary

disease Asthma

Other
respiratory

diseases

Sex

Men 35,687 1,307,515 2547 (19.48) 84 (0.64) 1501 (11.48) 377 (2.88) 260 (1.99) 325 (2.49)
Women 50,924 2,058,466 2968 (14.42) 117 (0.57) 1970 (9.57) 299 (1.45) 215 (1.04) 367 (1.78)

City

Hiroshima 58,495 2,242,073 3770 (16.81) 149 (0.66) 2333 (10.41) 463 (2.07) 336 (1.50) 489 (2.18)
Nagasaki 28,116 1,123,908 1745 (15.53) 52 (0.46) 1138 (10.13) 213 (1.90) 139 (1.24) 203 (1.81)

Age at the time
of bombings

,10 17,832 942,026 102 (1.08) 4 (0.04) 50 (0.53) 5 (0.05) 14 (0.15) 29 (0.31)
10– 17,564 874,356 372 (4.25) 5 (0.06) 219 (2.50) 34 (0.39) 23 (0.26) 91 (1.04)
20– 10,891 505,188 618 (12.23) 10 (0.20) 385 (7.62) 74 (1.46) 40 (0.79) 109 (2.16)
30– 12,270 465,949 1487 (31.91) 30 (0.64) 978 (20.99) 173 (3.71) 76 (1.63) 230 (4.94)
40– 13,504 365,383 1532 (41.93) 47 (1.29) 1036 (28.35) 179 (4.90) 105 (2.87) 165 (4.52)
50þ 14,550 213,079 1404 (65.89) 105 (4.93) 803 (37.69) 211 (9.90) 217 (10.18) 68 (3.19)

Weighted
absorbed
lung dose

,0.005 37,713 1,468,898 2,353 (16.02) 82 (0.56) 1,478 (10.06) 274 (1.87) 209 (1.42) 310 (2.11)
0.005– 29,695 1,158,582 1,917 (16.55) 79 (0.68) 1,200 (10.36) 261 (2.25) 151 (1.30) 226 (1.95)
0.1– 6,232 242,122 418 (17.26) 16 (0.66) 262 (10.82) 50 (2.07) 44 (1.82) 46 (1.90)
0.2– 6,418 246,070 411 (16.70) 12 (0.49) 260 (10.57) 40 (1.63) 38 (1.54) 61 (2.48)
0.5– 3,696 141,733 215 (15.17) 8 (0.56) 147 (10.37) 24 (1.69) 14 (0.99) 22 (1.55)
1.0– 2,029 77,732 141 (18.14) 4 (0.51) 88 (11.32) 23 (2.96) 12 (1.54) 14 (1.80)
2.0þ 828 30,844 60 (19.45) 0 (0.00) 36 (11.67) 4 (1.30) 7 (2.27) 13 (4.21)
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Among these, subtypes included acute upper respiratory infections and
acute bronchitis (J00–J06, J20–J22); pneumonia/influenza (J10–J18);
chronic obstructive pulmonary disease (COPD, J40–J44, J47); asthma
(J45–J46); and other diseases of the respiratory system (J30–J39; J60–
J99). The risk of noncancer respiratory disease was estimated by the
follow-up period of 1950–1964, 1965–1979 and 1980–2005.

Radiation Exposure and Other Variables

We used weighted absorbed lung dose (gamma dose plus ten times
the neutron dose) in Gy according to DS02 (4). The cohort covered a
large range of doses, however more than 90% of subjects were
exposed to less than 0.5 Gy of absorbed lung dose. To consider
confounding factors, information on sociodemographic and lifestyle
factors was collected through four mail surveys carried out between
1965–1991, and through clinical interviews performed in the 1960s
among members of the Adult Health Study (AHS), a clinical study of
a subset of the LSS. About 60% of the study subjects (n¼ 55,132) had
provided information for assessing potential confounding variables,
which were determined as follows: smoking habits were identified as
last known smoking status with categories of never smoker, past
smoker and current smoker. Alcohol consumption was documented as
grams of ethanol per week. Body mass index was computed as weight
in kilograms divided by the square of height in meters (kg/m2).
Educational level was classified as primary school or less, secondary
school and college/university. Diabetes mellitus was a yes/no variable.
Occupational histories were classified as professional/technical,
clerical/sales, farmer/craftsman, transportation/service and other
occupation categories. Those variables were included in an analysis
that adjusted for potential confounding factors.

Statistical Analysis

Partial-likelihood survival analyses (19) were conducted using a
variant form of the Cox model to estimate the excess relative risk
(ERR) for mortality from noncancer respiratory diseases. Age at risk
(i.e., attained age) was used as the primary time scale in the models
(20). We used the PEANUTS program in the Epicure software
package (19) to estimate the ERR per gray of radiation. The model for
the expected hazard took the form:

k0ðc; s; bÞ½1þ ERRðd; s; eÞ�
where k0(.) is the background death rate, depending on city (c), sex (s)
and birth year (b). The ERR(.) is described as a function of the form
q(d)x(s,e), in which q(d) is a radiation dose-response function, and
x(s,e) is an exponential function of the effect modifier terms for sex

(s) and age at exposure (e). Confidence intervals (CIs) for the risk
estimates were based on the maximum likelihood profile. Because the
relative risk [1 þ ERR(.)] should not be negative, the dose parameters
in this linear model should be larger than�1/maximum dose. Due to
this restriction, negative lower confidence bounds could sometimes
not be estimated, which were then designated as ‘‘,0’’ (see for
example in Table 3). To examine the linearity or curvature of the ERR
function, we used the following models:

qðdÞ ¼ bd linear model

qðdÞ ¼ bd þ cd2 linear � quadratic model

To examine the effects of potential misdiagnosis and/or misclassifi-
cation of other major causes of death (cancer and cardiovascular
disease) with noncancer respiratory diseases, we performed an
analysis that censored persons who had previously been diagnosed
with cancer from tumor registry data as of the date of cancer diagnosis.
Those with diagnoses of cancer and/or cardiovascular disease listed
anywhere on the death certificate also were censored at two years prior
to the date of death.

We used Stata (version 9.2) to estimate the radiation risk when
performing the analysis adjusting for potential confounders among the
subset of 55,132 subjects with information available from mail
surveys or clinical interviews. Adjustments for the potential effect of
cancer and/or cardiovascular disease were also conducted in this
subanalysis. For these analyses, person-years were counted from the
time of a subject’s first mail survey. We identified some proportions of
missing variables among the respondents of surveys/interviews,
ranging from 1.5% for smoking habit to 8.6% for drinking habit. To
account for such missing data in the analyses, we applied a multiple
imputation approach (21) in Stata (ice command for multiple
imputation by chained equations). Then the Cox proportional hazard
regression was used to estimate the hazard ratio (HR) of radiation risk
and mortality of noncancer respiratory diseases, adjusted for the
potential confounding factors.

RESULTS

Over the course of more than 50 years of follow-up
among 86,611 subjects, we observed 5,515 people whose
primary cause of death was listed as some form of
noncancer respiratory disease. Table 2 shows the numbers
of subjects, persons-years of follow-up, number of deaths

TABLE 3
Excess Relative Risk (ERRa) Estimates per Gy and 95% Confidence Interval (95% CI) for Noncancer Respiratory Disease Deaths,

1950–2005

Causes of death

For both sexes For men For women

Deaths ERR (95% CI) P Deaths ERR (95% CI) P Deaths ERR (95% CI) P

All noncancer respiratory
diseases 5515 0.17 (0.08; 0.27) ,0.01 2547 0.14 (0.03; 0.27) 0.01 2968 0.22 (0.08; 0.37) ,0.01

Acute respiratory
infections 201 –0.16 (,0;b 0.40) 0.38 84 0.10 (,0;b 1.18) .0.50 117 –0.22 (,0;b 0.35) 0.27

Pneumonia/Influenza 3471 0.20 (0.09; 0.34) ,0.01 1501 0.14 (�0.01; 0.31) 0.06 1970 0.30 (0.11; 0.51) ,0.01
Chronic obstructive

pulmonary disease 676 0.08 (�0.14; 0.37) .0.50 377 0.20 (�0.09; 0.60) 0.2 299 –0.12 (,0;b 0.33) .0.50
Asthma 475 0.16 (�0.10; 0.52) 0.27 260 0.22 (�0.11; 0.71) 0.23 215 0.05 (,0;b 0.66) .0.50
Other respiratory 692 0.20 (�0.01; 0.48) 0.07 325 0.06 (�0.18; 0.41) .0.50 367 0.37 (0.02; 0.85) 0.04

a ERR was estimated using the linear-dose model without effect modifiers, in which the background rates included sex, city, age at exposure,
but sex was not included for sex-specific risk estimates.

b Less than zero (,0) was designated for the lower confidence bounds, when these could not be estimated (see Materials and Methods).
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and death rates per 10,000 person-years by sex, city, age at
the time of the bombings and weighted absorbed lung dose
categories. The most common subtype was pneumonia/
influenza, accounting for about two thirds of all noncancer
respiratory disease deaths, followed by COPD and asthma.
The category ‘‘other respiratory disease’’ represents a large
variety of diseases, many of which are rare. For example,
diffuse interstitial lung diseases represent many different
entities including interstitial pneumonia (22).

Table 3 shows the ERR/Gy estimates of noncancer
respiratory disease associated with lung dose for the entire
follow-up period. The ERR estimates were 0.17 (95% CI:
0.08; 0.27) for all NCRD and 0.20 (0.09; 0.34) for the
pneumonia/influenza subtype. The ERR estimates of total
noncancer respiratory diseases were significant for both
men and women, and those for pneumonia/influenza also
were significant for women but were marginal for men.

Table 4 shows radiation risks by follow-up periods.
Increased ERR estimates were apparent in the late periods
(1980–2005), while ERR estimates for the early (1950–
1964) and the middle period (1965–1979) were smaller and
did not reach statistical significance. Figure 1 graphically
depicts period-specific dose-responses for all noncancer
respiratory diseases using linear-quadratic models and by
categorical estimates. In the early period, a linear-quadratic
model fit better than a linear model (P , 0.01), but not for
the middle and late periods. No increased risks among low-
dose survivors were observed in the early and middle
periods, but a mostly linear increase in risk appeared in the
late period.

One major question was the degree to which the apparent
association between radiation and noncancer respiratory
disease may be due to cancer or cardiovascular disease being
misdiagnosed as noncancer respiratory disease on the death
certificate. About 10% of noncancer respiratory disease cases
also had been diagnosed with any cancer and about another
20% with cardiovascular disease. When adjusting for the
records of cancer by censoring those with cancer incidence
and/or cancer comorbidity on the death certificate, the
radiation risk estimates were decreased by about 35% for
all noncancer respiratory diseases, by about 15% for
pneumonia/influenza and by about 56% for asthma but the
statistical significance did not change (Table 5). However,
further adjustment for cardiovascular disease comorbidity did
not substantially change the ERR estimates (Table 5).

Table 6 shows radiation risks adjusted for potential
confounding factors, and additionally adjusted for comor-
bidity due to cancer and/or cardiovascular disease in the
subset of 55,132 subjects with information on lifestyle
factor. Hazard ratio estimates that were adjusted for the six
potential confounding factors related to lifestyle or
sociodemographics tended to be slightly lower for most of
the noncancer respiratory disease subtypes compared with
estimates that were not adjusted, but the patterns of the
associations remained. For instance, the HR for all
noncancer respiratory diseases decreased slightly from

FIG. 1. Dose response of excess relative risk for all noncancer
respiratory diseases by periods based on the changes in disease
structure of noncancer respiratory disease in Japan. The closed circles
and bars represent point estimates of ERR and 95% confidence
intervals for the dose categories without effect modifiers, in which the
background rates included sex, city and age at exposure. Solid line
shows dose-response curve based on the linear-quadratic model.
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1.22 (95% CI: 1.13; 1.33) to 1.19 (1.09; 1.29) after

adjustment for confounding factors. Similarly, the HR

estimates for subtypes such as pneumonia/influenza, asthma

and other respiratory disease groups were reduced after

adjustment but remained significant.

However, the radiation risks were remarkably reduced

when additionally adjusted for the records of cancer and

cardiovascular disease using the same method as in shown

Table 5. Consequently, the HR for all NCRD fell to 1.12

(1.00; 1.25) after performing those adjustments (Table 6).

The risk for only pneumonia/influenza remained significant

with a HR estimate of 1.18 (1.04; 1.35), while the risks for

the remaining subtypes lost their significance.

DISCUSSION

In the current study we examined the association between

radiation and the mortality risks from noncancer respiratory

diseases among the LSS survivors up to 60 years after the

detonation of the atomic bombs. For the whole period, the

results showed a significant dose-response association for

total noncancer respiratory diseases when there was no

adjustment for cancer or cardiovascular disease comorbid-

ity. However, the radiation association appeared to vary by

finer disease subtypes as well as by gender and follow-up
periods.

The patterns of associations of ionizing radiation with
noncancer respiratory disease mortality were different by
calendar periods (see Table 4 and Fig. 1). Noncancer
respiratory disease as a whole and most subtypes showed
stronger unadjusted associations in the late period, during
which both pneumonia/influenza and asthma appeared to be
associated with significant risks, although those associations
were greatly attenuated or eliminated when adjustments for
cancer and cardiovascular disease were made. The lesser
associations in the earlier time period might reflect a healthy
survivor effect, which others have indicated may have been
more operative in the early years after the bombings (23).

Over the long follow-up period, the background disease
structure of respiratory diseases has changed due to factors
such as aging, hygiene, socioeconomic status and medical
care availability. The national trend of mortality rates from
noncancer respiratory diseases based on the vital statistics
for all of Japan (24) between 1950–2005 suggested two
distinct causal pathways, especially for pneumonia/influen-
za. The high rates in the early decades are probably
associated predominantly with influenza epidemics and with
other respiratory infections that could not be adequately
treated in that era and no association with radiation would

TABLE 5
Excess Relative Risk (ERRa) Estimates per Gy Adjusted for the Records of Cancer and Cardiovascular Disease (CVD)

Cause of death

Not adjusted for cancer or CVD Adjusted for cancerb Adjusted for cancer and/or CVDc

3,365,981 person-years 3,273,363 person-years 3,260,476 person-years

Deaths ERR (95% CI) P Deaths ERR (95% CI) P Deaths ERR (95% CI) P

All noncancer respiratory
diseases 5515 0.17 (0.08; 0.27) ,0.01 4935 0.11 (0.02; 0.21) 0.01 3978 0.11 (0.01; 0.22) 0.04

Pneumonia/Influenza 3471 0.20 (0.09; 0.34) ,0.01 3115 0.17 (0.04; 0.30) ,0.01 2439 0.17 (0.04; 0.33) 0.01
Asthma 475 0.16 (�0.10; 0.52) 0.27 455 0.07 (�0.17; 0.42) .0.50 411 0.05 (�0.19; 0.40) .0.50

a ERR was estimated using the linear-dose model without effect modifiers, in which the background rates included sex, city and age at exposure.
b Subjects with the records of incidence/comorbidity of cancer were censored (see Materials and Methods).
c Subjects with the records of incidence/comorbidity of cancer and/or comorbidity of CVD were censored (see Materials and Methods).

TABLE 4
Excess Relative Risk (ERRa) Estimates per Gy and 95% Confidence Interval (95% CI) for Noncancer Respiratory Disease Deaths

by Calendar Year Periods

Cause of death

Calendar years 1950–1964 Calendar years 1965–1979 Calendar years 1980–2005

Deaths ERR (95% CI) P Deaths ERR (95% CI) P Deaths ERR (95% CI) P

All noncancer respiratory
disease 849 0.11 (�0.08; 0.36) 0.30 1149 0.08 (�0.09; 0.29) 0.39 3517 0.21 (0.10; 0.34) ,0.01

Acute respiratory
infections 59 –0.24 (,0;b 1.28) .0.50 70 0.26 (,0;b 1.59) .0.50 72 –0.22 (,0;b 0.36) 0.25

Pneumonia/Influenza 407 0.20 (�0.09; 0.61) 0.20 697 0.09 (�0.12; 0.37) 0.42 2367 0.23 (0.08; 0.40) ,0.01
Chronic obstructive

pulmonary disease 116 0.29 (�0.22; 1.24) 0.36 183 –0.15 (,0;b 0.44) .0.50 377 0.09 (�0.17; 0.47) .0.50
Asthma 211 –0.01 (,0;b 0.44) .0.50 124 0.13 (,0;b 0.91) .0.50 140 0.76 (0.04; 1.90) 0.04
Other respiratory disease 56 –0.18 (,0;b 0.96) .0.50 75 0.14 (,0;b 1.14) .0.50 561 0.23 (�0.01; 0.55) 0.07

a ERR was estimated using the linear-dose model without effect modifiers, in which sex, city, age at exposure were included in the background
rates.

b Less than zero (,0) was designated for the lower confidence bounds, when these could not be estimated (see Materials and Methods).
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be evident. In more recent decades, as acute respiratory
infections became more treatable and deaths from pneumo-
nia among the elderly increased, deaths designated as
noncancer respiratory disease often represent the terminal
stage of other lethal conditions such as cancer and
cardiovascular disease. As such, the association of radiation
with death-certificate diagnoses of noncancer respiratory
disease may be attributed to death certificate misdiagnosis.

Coexistent cancer or cardiovascular disease that was
misclassified or misdiagnosed as noncancer respiratory
disease apparently increased the nominal noncancer respi-
ratory disease radiation risk estimates. A previous compar-
ison of death certificates and autopsy reports among LSS
subjects showed a large amount of diagnostic misclassifi-
cation, such that only 28% of death certificates with
noncancer respiratory disease listed as the underlying cause
were attributed to noncancer respiratory disease at autopsy
(25). These figures, based on deaths primarily before the
mid-1970s, indicate that death certificate attribution of
noncancer respiratory disease was both erroneous and
incomplete; however, death certificates may be more
accurate in recent decades. In this study, the association
with radiation decreased appreciably by adjusting for
indications of concomitant cancer and/or cardiovascular
disease on the death certificate or for a prior incident cancer
recorded in the tumor registry. The censoring that might
have eliminated the radiation effect on cancer/cardiovascu-
lar disease cases, might subsequently lower the power of
detecting radiation effects for noncancer respiratory disease.
The risk of pneumonia/influenza was also reduced, although
it was the sole subtype whose risk remained significant after
such adjustment (see Tables 5 and 6).

However, the misdiagnosis adjustment that was possible
to perform may have been an under-adjustment for several
reasons: (1) the recording of contributing causes of death on
death certificates by physicians is irregular and incomplete:
some death certificates list no contributing causes while
others list several; (2) there may be other conditions besides
cancer and cardiovascular disease which are misdiagnosed
as noncancer respiratory disease on the death certificate and
which were not investigated; (3) the cancer incidence data
are incomplete because such data did not begin until 1958,
whereas mortality data began in 1950, and the incidence
data do not cover cancer diagnoses occurring outside of
Hiroshima or Nagasaki prefectures. If those missed due to
the intrinsic methodological limitations could be ascer-
tained, they might further reduce the noncancer respiratory
disease radiation risk estimates. Hence, it is unclear whether
there would still be an association of radiation with
pneumonia/influenza if ascertainment of other potential
underlying causes of death were complete, so the results of
the present study require some caution in interpretation. In
contrast, other lifestyle risk factors for noncancer respiratory
disease had little impact as confounders of the radiation
risks (see Table 6).

Subtypes of noncancer respiratory diseases have different
physiological and pathological features. Our results indicate
that noncancer respiratory diseases subtypes do not share the
same degree of association with radiation. Once adjustment
was made for cancer misdiagnosis, the categories acute
respiratory infections, chronic obstructive pulmonary disease,
asthma, and other respiratory disease were not associated with
radiation (see Table 6). However, the most common subtype,
pneumonia/influenza, was still statistically significant. The

TABLE 6
Hazard Ratios (HR) at 1 Gy and 95% Confidence Intervals (95% CI) for Noncancer Respiratory Disease Deaths Adjusted for

Both Potential Confounding Factors and The Records of Cancer and Cardiovascular Disease (CVD)

Not adjusted for cancer or CVDa Adjusted for cancera,b Adjusted for cancer and/or CVDa,c

1,252,159 person-years 1,182,124 person-years 1,172,628 person-years

Cause of death Deaths HR1 (95% CI) P HR2 (95% CI) P Deaths HR2 (95% CI) P Deaths HR2 (95% CI) P
All noncancer

respiratory

diseases 3292 1.22 (1.13; 1.33) ,0.01 1.19 (1.09; 1.29) ,0.01 2850 1.12 (1.02; 1.24) 0.02 2216 1.12 (1.00; 1.25) 0.05

Acute respiratory

infections 78 0.65 (0.27; 1.56) 0.34 0.64 (0.27; 1.57) 0.34 68 0.53 (0.18; 1.56) 0.25 41 0.93 (0.35; 2.42) 0.88

Pneumonia/

Influenza 2157 1.23 (1.11; 1.37) ,0.01 1.19 (1.07; 1.33) ,0.01 1882 1.17 (1.04; 1.31) 0.01 1445 1.18 (1.01; 1.35) 0.01

Chronic

obstructive

pulmonary

disease 379 1.06 (0.81; 1.39) 0.67 1.00 (0.76; 1.31) 0.98 322 0.92 (0.66; 1.28) 0.62 266 0.93 (0.64; 1.33) 0.68

Asthma 161 1.47 (1.08; 2.00) 0.01 1.43 (1.04; 1.96) 0.03 147 1.30 (0.90; 1.87) 0.16 120 1.28 (0.86; 1.88) 0.23

Other respiratory

disease 517 1.31 (1.07; 1.60) ,0.01 1.28 (1.04; 1.57) 0.02 431 1.08 (0.83; 1.40) 0.56 344 0.92 (0.66; 1.28) 0.61

Notes. HR1 was adjusted for sex, city and birth year. HR2 was adjusted for the variables for HR1 plus 6 potential confounding factors
(smoking, alcohol consumption, body mass index, education, diabetes and occupation).

a Analyses were conducted among a subset of 55,132 subjects with the information of lifestyle factor.
b Subjects with the records of incidence/comorbidity of cancer were censored (see Table 5).
c Subjects with the records of incidence/comorbidity of cancer and/or comorbidity of CVD were censored (see Table 5).
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nature of diseases in this category was thought to change from
acute infectious diseases in the earlier years to mostly the
terminal conditions in the elderly in recent decades, which
might imply a different potential for association with radiation
over time. Given the limitations of the comorbidity data
(above) this association may not be genuine. But, if it is, it
may reflect infections associated with diminished immune
competence as a function of radiation dose (26, 27).

With regard to studies among other radiation-exposed
cohorts that examined noncancer radiation risks, study
subjects were mostly workers at nuclear facilities (7, 10–18)
who were typically exposed at chronic low-dose levels.
Most studies have shown no association of noncancer
respiratory disease with radiation (7, 10, 12–18), although a
study of UK radiation workers reported an elevated ERR of
0.8 (90% CI: 0.04; 1.8) with respiratory diseases not related
to smoking (11).
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