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Abstract

There have been some concerns about the influence of medical X rays in dose-response analysis of 

atomic bomb radiation on health outcomes. Among atomic bomb survivors in the Life Span Study, 

the association between atomic bomb radiation dose and exposures to medical X rays was 

investigated using questionnaire data collected by a mail survey conducted between 2007–2011, 

soliciting information on the history of computed tomography (CT) scans, gastrointestinal 

fluoroscopy, angiography and radiotherapy. Among 12,670 participants, 76% received at least one 

CT scan; 77%, a fluoroscopic examination; 23%, an angiographic examination; and 8%, 

radiotherapy. Descriptive and multivariable-adjusted analyses showed that medical X rays were 

administered in greater frequencies among those who were exposed to an atomic bomb radiation 

dose of 1.0 Gy or higher, compared to those exposed to lower doses. This is possibly explained by 

a greater frequency in major chronic diseases such as cancer in the ≥1.0 Gy group. The frequency 

of medical X rays in the groups exposed to 0.005–0.1 Gy or 0.1–1.0 Gy did not differ significantly 

from those exposed to <0.005 Gy. An analysis of finer dose groups under 1 Gy likewise showed no 

differences in frequencies of medical X rays. Thus, no evidence of material confounding of atomic 

bomb effects was found. Among those exposed to atomic bomb doses <1 Gy, doses were not 

associated with medical radiation exposures. The significant association of doses ≥1 Gy with 

medical radiation exposures likely produces no substantive bias in radiation effect estimates 

because diagnostic medical X-ray doses are much lower than the atomic bomb doses. Further 

information on actual medical X-ray doses and on the validity of self-reports of X-ray procedures 

would strengthen this conclusion.
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INTRODUCTION

The Life Span Study (LSS) of survivors of atomic bombings in Hiroshima and Nagasaki in 

1945 has provided valuable information about the health effects of radiation exposures (1–

3). Individual radiation doses from the bombings, estimated by systematic calculation (4, 5), 

provide reasonably good precision to estimate radiation health risks, because of the wide 

dose range and evidence that the dose uncertainties are small (4, 6, 7). However, there is a 

potential for biased risk estimates due to lifestyles, socioeconomic status, health 

consciousness and access to medical care, although it has been shown that a variety of 

lifestyle and socioeconomic variables have inconsequential effects on the risk estimates for 

mortality from noncancer diseases (8). Another source of potential bias comes from medical 

X rays that atomic bomb survivors have received (9). Survivors had a dose-dependent 

increase in risk of radiation-associated diseases, so they might also have a dose-dependent 

increase in cause and opportunity to receive medical care, which may result in more 

diagnostic and therapeutic medical X-ray procedures. Thus, there is a potential for 

confounding bias in risk estimates, which is the focus of our study. However, medical X rays 

administered in the course of diagnosis or treatment of a disease would likely have no causal 

role in the pathogenesis of that disease and would therefore not affect the dose-response 

analysis of atomic bomb radiation. In contrast, medical X rays administered apart from the 

outcome in the analysis, e.g., screening X rays, could possibly distort estimates of risks. 

Moreover, in the low-dose ranges, adjustment for medical X-ray exposures has the potential 

to increase the signal-to-noise ratio, thereby increasing the precision of the risk estimates (9, 

10).

Medical radiation exposures were assessed by the Atomic Bomb Casualty Commission 

(ABCC) and Radiation Effects Research Foundation (RERF) from the 1960s through the 

mid-1980s among participants in the Adult Health Study (AHS), a clinical subset of the 

LSS, as well as among general populations in Hiroshima and Nagasaki (11–15). They 

reported that medical X-ray examinations increased more slowly in Hiroshima and Nagasaki 

than those for all of Japan from the end of World War II until 1970 (13, 14). Moreover, they 

found no differences in mean diagnostic medical X-ray doses among the “in-city” survivors 

with low, moderate and high atomic bomb radiation doses, but did find higher doses for the 

survivors than for those who were “not in city” (15). It is unclear whether these previous 

findings still hold true in recent periods when modern medical X-ray procedures such as 

computed tomography (CT) scans are commonly used (16) and survivors have reached ages 

where diseases occur frequently. However, more recent information on medical radiation 

exposures has not been obtained for the AHS and medical radiation exposures have not been 

investigated among the general LSS subjects prior to this study.

A self-administered questionnaire survey was conducted among the LSS subjects around the 

year 2008 (the LSS Mail Survey 2008) to obtain updated information about medical 

radiation exposures. The objective of the current study was to determine whether atomic 

bomb radiation dose was associated with medical radiation exposures among the LSS 

subjects, using the latest data collected from the survey. The findings would help assess 

whether medical radiation exposures may affect atomic bomb risk estimates. In particular, 
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the issue of possible confounding by medical irradiation is important to the investigation of 

risks from low-dose atomic bomb radiation.

METHODS

The Life Span Study

The detailed methods of the LSS and the AHS are described elsewhere (1, 17). In brief, the 

LSS is a cohort study of 120,321 subjects, which comprises 93,741 atomic bomb survivors 

who were exposed within 10 km of the hypocenter in Hiroshima and Nagasaki (in-city 

subjects) and 26,580 subjects who were not in either city at the time of the bombings (not-

in-city subjects). Approximately 22,000 LSS subjects (including 5,000 not-in-city subjects) 

were selected as members of the AHS. Subjects of the AHS have been invited to the clinics 

at ABCC/RERF every two years to undergo clinical examinations, in which interviews about 

medical radiation exposures have been included.

Participants in the Current Study

ABCC and RERF have conducted a series of questionnaire surveys since the 1960s to obtain 

information such as demographic factors, lifestyles, socioeconomic status and reproductive 

factors (18), which could confound or modify atomic bomb risk estimates. The LSS Mail 

Survey 2008 was the sixth questionnaire survey. Eligible individuals for the survey were in-

city LSS subjects who had responded to the previous mail survey conducted in 1991. In this 

survey, we identified 24,640 eligible individuals who were alive as of July 1, 2007 and 

whose current address was available. Eligible individuals included 3,956 AHS subjects 

selected prior to the current survey. A self-administered questionnaire was mailed to eligible 

individuals between July 2007 and March 2011. Recipients were asked to complete the 

questionnaire and return it to RERF by mail. Among the questionnaires sent to the eligible 

individuals, 18,300 were successfully delivered, but 6,340 questionnaires could not be 

delivered because of incorrect address (5,564), or the recipients were incapacitated (327) or 

recently deceased (449). Among those successfully delivered, 3,962 persons gave no 

response, and 248 persons refused to participate in the survey. We obtained 14,090 eligible 

responses (77% of the 18,300 persons who received questionnaires), but 272 of them were 

excluded from the analysis because a pilot questionnaire that did not include questions about 

medical radiation exposures was used. We also excluded 1,148 subjects whose atomic bomb 

radiation doses were unknown, because they are excluded from most of the risk estimate 

analyses in the LSS. This resulted in 12,670 participants for the analysis. Figure 1 

summarizes how the participants were selected.

Information about Medical Radiation Exposures, Demographics and Medical Histories

Questions about both diagnostic and therapeutic medical radiation exposures were included 

in the questionnaire. We focused on medical X-ray procedures that involve relatively high-

dose exposures to radiation. For responses to questions about diagnostic X rays, the 

cumulative number of examinations were categorized (0, 1–2, 3–5 or 6 or more times) for 

CT scans of the head, chest and abdomen, fluoroscopy examinations of upper and lower 

gastrointestinal (UGI and LGI) tracts and angiography examinations of cerebral, coronary 

and hepatic arteries. Questions about radiation therapy consisted of the number of 
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treatments, reason for therapy and age at therapy. The questionnaire also asked about 

medical histories such as having experienced cancer, stroke, cardiovascular diseases and 

chronic hepatitis. Information about demographics such as sex, date of birth and city at the 

time of the bombings (Hiroshima or Nagasaki) was already collected as part of baseline 

surveys for the LSS.

Atomic Bomb Radiation Doses (DS02R1)

Individual organ doses from atomic bomb radiation were estimated based on the Dosimetry 

System 2002 Revision 1 (DS02R1) (5), in which individual doses were updated from the 

Dosimetry System 2002 (DS02) (4). Individual weighted absorbed doses, which are the sum 

of doses from gamma ray and ten times those from neutrons, were used in the analysis. We 

used doses to the colon as a representative dose for all parts of the body. We grouped 

subjects into four categories according to weighted absorbed colon dose: <0.005 Gy; 0.005 

to <0.1 Gy; 0.1 to <1.0 Gy; and ≥1.0 Gy.

Statistical Analyses

Statistical summaries—Demographic factors and atomic bomb radiation doses were 

summarized for three groups: participants in the survey; eligible subjects for the mail survey; 

and the total in-city members of the LSS cohort. Among the 12,670 participants, differences 

in demographic factors, medical histories and the number of medical radiation exposures 

were evaluated among the aforementioned atomic bomb radiation dose categories. To 

provide overall information about exposures to medical X rays, we showed the numbers of 

total CT, fluoroscopy and angiography examinations as well as those of individual 

procedures. Categories for the numbers of individual procedures were 0, 1–2, 3–5 and 6 or 

more times. When computing total CT procedures, the combination of individual procedure 

categories resulted in total categories of 0, 1–5 and 6 or more times. The same was true for 

total fluoroscopy and total angiography procedures. For items with no response (not more 

than 8.2% and 10.8% of history of exposures and number of exposures, respectively, for any 

of the nine items), we excluded those data in individual item analyses. When computing 

totals, missing items were assumed to be 0, except when frequencies of all individual 

procedures were unknown.

Although we did not have sufficient data to estimate precise doses from medical X rays, we 

calculated approximations of medical X-ray doses from CT scans and UGI fluoroscopy 

examinations. We used data on frequency of individual procedures collected by the current 

survey and information about mean bone marrow doses estimated by previously published 

studies among atomic bomb survivors (19). Because the frequency of procedures was 

categorized, we assigned 1.5 to the category 1–2 times, 4 to 3–5 times and 6 to 6 or more 

times. Mean bone marrow doses were 4.08 mGy per examination for head CT scan, 7.28 

mGy for chest CT scan, 10.32 mGy for whole abdominal CT scan and 1.75 mGy for UGI 

fluoroscopy (19). We did not calculate doses from LGI fluoroscopy and angiography 

examinations and radiotherapy because no appropriate source of information about mean 

doses was available.
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Inferential analyses—For each medical X-ray procedure, odds ratios (ORs) of medical 

radiation exposure (never, ever) dependent on categorized atomic bomb radiation dose 

(<0.005 Gy, 0.005 to <0.1 Gy, 0.1 to <1.0 Gy and ≥1.0 Gy) were estimated using logistic 

regression, which adjusted for these potential confounding factors: city (Hiroshima or 

Nagasaki); sex; age at the time of the bombings (<10 years, 10 to <20 years or ≥20 years); 

and the AHS membership (yes, no). To evaluate trends of medical radiation exposures with 

atomic bomb radiation doses, we treated atomic bomb radiation dose as a continuous 

variable. The potential confounding factors in the subsequent models were the same as the 

above. We report the linear coefficient on atomic bomb radiation dose as the trend statistic. 

In addition, we modeled categorical numbers of head and chest CT scans and UGI 

fluoroscopy examinations with multinomial (polytomous) logistic regression models (20). 

Substantial proportions of participants underwent these medical radiation procedures 

frequently; the increased variability (compared to other medical radiation procedures) 

among categorized medical radiation exposures warranted examination as multinomial 

dependent variables. The multinomial logistic regressions accounted for categorized or 

continuous atomic bomb radiation dose and the aforementioned potentially confounding 

factors. Although ordinal logistic regression models could also be used for these ordinal 

outcomes (21), testing for the proportional odds assumption did not support the use of 

ordinal logistic regression models. Some radiologic procedures may have been diagnostic or 

therapeutic in nature; this is “reverse causation,” i.e., the disease “causes” the radiologic 

procedure. Unfortunately, we did not have the dates of reported radiologic procedures. 

Therefore, we further employed logistic regression models, which were additionally adjusted 

for medical histories of cancer as well as noncancer diseases such as stroke (in the models 

for head CT scan and cerebral angiography), cardiovascular diseases (in the models for 

coronary angiography) or chronic hepatitis (in the models for hepatic angiography) to 

explore the possibility that these medical histories could explain the relationship of atomic 

bomb radiation doses with exposures to medical X rays (22). We also estimated ORs of 

medical radiation exposures via logistic regression stratified by absence/presence of medical 

histories of cancer, stroke, heart diseases or chronic hepatitis. Lastly, we investigated the 

association between atomic bomb radiation doses and medical radiation exposures among 

subjects restricted to atomic bomb radiation doses less than 1.0 Gy using finer atomic bomb 

radiation dose categories: <0.005 Gy, 0.005 to <0.1 Gy, 0.1 to <0.2 Gy, 0.2 to <0.5 Gy and 

0.5 to <1.0 Gy. Logistic models with adjustment for city, sex, age at the time of the 

bombings and the AHS membership were used. The models were further adjusted for 

medical histories of cancer as well as noncancer diseases.

Stata 14 (StataCorp LLC, College Station, TX) was used in the statistical analyses. We 

present 95% confidence intervals (CIs) for parameters of interest. Two-sided statistical tests 

were performed, with P ≤ 0.05 considered as statistically significant.

Power Analyses

For a given medical exposure, coded as “never/ever,” valid responses from 12,670 

participants would allow detection of ORs of size 1.06 for a 1 Gy increase in atomic 

radiation dose with 0.90 power on a two-tailed, 0.05 level test. This calculation assumes the 

overall proportion of an “ever” is 0.50 for the entire sample. If the overall proportion of an 
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“ever” is as low as 0.10 (or 0.90 by symmetry), the detectable OR would be 1.10 for a 1 Gy 

increase in atomic bomb radiation dose. These calculations assume atomic bomb radiation 

dose is not related to the other factors in the model and is normal in distribution. (For our 

study, other factors were city, sex, age at the time of bombing and AHS membership.)

Ethical Considerations

This research was based on RERF Research Protocols 1–75 and 2–08, which were approved 

by the Institutional Ethical Review Board of the RERF.

RESULTS

Basic characteristics of the participants compared to those who were eligible for the mail 

survey and with the in-city subjects of the LSS cohort are shown in Table 1. Note that those 

with unknown atomic bomb radiation doses were included in Table 1 to allow for 

comparison of distribution of radiation doses and that they were excluded from the 

subsequent analyses. Reflecting the fact that the participants were selected among those who 

were alive as of 2007, the participants were younger at the time of the bombings compared 

to the full LSS cohort. Approximately 20% of the participants were AHS cohort members, 

which was comparable with the proportions in the potential mail survey subjects and the 

total in-city LSS cohort members. The distribution of atomic bomb radiation doses was 

similar among the three groups.

Table 2 shows demographic factors and self-reported medical histories by atomic bomb 

radiation dose category in the participants. Mean ages both at the time of the atomic 

bombings and the survey were similar among dose categories. Those exposed to higher 

atomic bomb radiation doses were more likely to be AHS cohort members; this is not due to 

self-selection, but because survivors with higher atomic bomb radiation doses were 

oversampled in the AHS to allow for detection of radiation effects (17). This dose-related 

increase in the proportion of the AHS also exists in the full in-city LSS cohort. The 

proportions of those who reported a medical history of cancer, stroke or chronic hepatitis 

were highest among those exposed to ≥1.0 Gy atomic bomb radiation.

Overall, 92% of the participants received at least one CT, fluoroscopy or angiography 

examination. By procedure, 76%, 77% and 23% of the subjects received at least one CT 

scan, fluoroscopy, and angiography examination, respectively and 8% of the subjects 

underwent radiotherapy (data not shown). CT scans were one of the major sources of 

medical radiation in this population. Supplementary Table S1 (http://dx.doi.org/10.1667/

RR15054.1.S1) shows prevalence of self-reported medical histories among those who 

received medical X rays. Note that these histories were not necessarily underlying 

conditions of medical X-ray procedures. Overall, prevalence of chronic diseases was higher 

among those who received angiography examinations and radiotherapy. Heart diseases were 

the most common medical conditions among those who received CT scans, fluoroscopy 

examinations, and cerebral and coronary angiography examinations. Chronic hepatitis was 

the most common among those who received hepatic angiography, and cancer was the most 

common among those who received radiotherapy.
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Associations of the number of medical radiation exposures with demographics and medical 

history are shown in Supplementary Tables S2 and S3 (http://dx.doi.org/10.1667/

RR15054.1.S1). Men were more likely to undergo any medical X-ray procedures. Those 

who were older at the time of the bombings were more likely to receive some type of 

medical X rays, except for UGI fluoroscopy. The medical history of cancer was strongly 

associated with all of the medical X-ray procedures. Histories of stroke, cardiovascular 

diseases and chronic hepatitis were also associated with specific medical X-ray procedures 

(data not shown), which were frequently used to diagnose or follow up on these conditions.

The associations between atomic bomb radiation dose and the number of medical radiation 

exposures are shown in Table 3. The proportions with various X-ray procedures were greater 

in the group receiving ≥1.0 Gy for several types of medical exposures, but there were no 

considerable differences among the dose groups <0.005, 0.005 to <0.1 and 0.1 to <1.0 Gy. 

This was the case for head, chest, abdominal CT, LGI fluoroscopy, cerebral, coronary and 

hepatic angiography. In contrast to other procedures, the proportion of those who ever 

received UGI fluoroscopy was smallest in the highest atomic bomb dose category (≥1.0 Gy). 

The proportion of those who ever underwent radiotherapy was highest in the highest atomic 

bomb dose category.

The associations between atomic bomb radiation dose and medical radiation exposures 

presented as ORs adjusted for potential confounding factors (Table 4–1) were consistent 

with the above-mentioned findings. Compared to the control radiation group (<0.005 Gy), 

each of the two radiation groups <1.0 Gy had ORs near unity. In contrast, among those 

exposed to ≥1.0 Gy atomic bomb radiation, the ORs of all procedures were greater than that 

for the control group. Particularly, ORs of head and abdominal CT scans, LGI fluoroscopy, 

cerebral and coronary angiography examinations, and radiotherapy were significantly higher 

for the ≥1.0 Gy group. There were several significant trends in the probability of medical X-

ray procedures when treating atomic bomb radiation dose as continuous; the largest effect 

observed was an OR of 1.43 (95% CI: 1.15 to 1.77) for cerebral angiography.

For head and chest CT scans and UGI fluoroscopy examination, ORs of the categorical 

number of examinations rather than ever/never were also calculated (Supplementary Table 

S4; http://dx.doi.org/10.1667/RR15054.1.S1). Exposures to ≥1.0 Gy atomic bomb radiation 

were significantly associated with larger numbers of head and chest CT examinations. There 

was no significant association between atomic bomb radiation doses and the number of UGI 

fluoroscopy examinations.

The ORs estimated by logistic models additionally adjusted for medical histories are 

presented in Table 4–2. ORs for atomic bomb radiation dose categories less than 1.0 Gy 

changed little from ORs when we did not adjust for medical histories. However, after 

adjusting for medical histories, the ORs for the ≥1.0 Gy group decreased notably in all of the 

procedures; only the OR of abdominal CT scan remained significant (compare Tables 4–1 

and 4–2). These results suggested that more frequent medical radiation exposures among 

those who were exposed to ≥1.0 atomic bomb radiation were possibly mediated by receiving 

the procedures to diagnose or monitor radiation-associated diseases. Results of stratified 

analyses by those with and without medical histories of cancer, stroke, heart diseases or 
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chronic hepatitis are shown in Supplementary Table S5 (http://dx.doi.org/10.1667/

RR15054.1.S1). ORs for 0.005 to <0.1 Gy and 0.1 to <1.0 Gy groups were near unity in 

both strata with and without medical histories. Among those without medical histories, ORs 

of those receiving head and abdominal CT scans, LGI fluoroscopy, and cerebral, coronary 

and hepatic angiography were increased for the group receiving ≥1.0 Gy doses. Among 

those with medical histories, ORs of those receiving chest and abdominal CT scans, LGI 

fluoroscopy, cerebral angiography and radiotherapy were increased for the group with ≥1.0 

Gy atomic bomb radiation doses. Doses from atomic bomb were not associated with 

exposures to UGI fluoroscopy, regardless of medical history.

The associations of low atomic bomb radiation dose with medical radiation exposures using 

finer dose groups were also assessed (Supplementary Table S6–1; http://dx.doi.org/10.1667/

RR15054.1.S1). There were no statistically significant increases in ORs of any medical X-

ray procedures for any radiation dose categories compared to the reference group (<0.005 

Gy). Again, no significant dose response in probabilities of receiving any medical X-ray 

procedures with atomic bomb radiation doses was found, except for coronary angiography 

(OR 1.40; 95% CI: 1.00 to 1.96). These associations were unchanged after adjustment for 

histories of cancer and other chronic diseases (Supplementary Table S6–2).

We compared calculated mean bone marrow doses from CT scans and UGI fluoroscopy 

examinations between categories with <1.0 Gy and ≥1.0 Gy of atomic bomb radiation doses. 

Mean dose from CT scans among those with ≥1.0 Gy atomic bomb radiation dose was 

significantly higher by 5.6 mGy (95% CI for mean difference: 2.1–9.1) from the mean of 

24.4 mGy for those with <1.0 Gy atomic bomb radiation dose; whereas the mean dose from 

UGI fluoroscopy among the ≥1.0 Gy group was significantly lower by 0.7 mGy (95% CI for 

mean difference: 0.2–1.2) from the mean of 4.3 mGy in the <1.0 Gy group.

DISCUSSION

This study demonstrated that exposures to medical X rays were more frequent among those 

who were exposed to ≥1 Gy atomic bomb radiation. Although these participants received 

medical X rays more frequently than those exposed to lower atomic bomb radiation doses, 

there is little possibility that medical X rays could affect risk estimate analysis, because 

diagnostic medical X-ray doses were much lower than those from atomic bomb radiation 

among those exposed to high atomic bomb doses. For example, according to a nationwide 

survey of CT practice in Japan in 2000 (23), the effective doses per examination were 2.4 

mSv, 9.1 mSv and 12.9 mSv for head, chest and abdomen CT scans, respectively. Doses 

from radiotherapy are quite high to the target tissue: 50–60 Gy for solid tumors (16), but 

radiotherapy is primarily used to treat malignant diseases, which are usually the outcomes of 

interest in atomic bomb radiation studies, so radiotherapy is also less likely to affect the risk 

estimates of malignant diseases. Nevertheless, we should note the possibility that 

radiotherapy could impact risk estimates of noncancer diseases. History of radiotherapy 

should be taken into consideration when assessing risks for noncancer diseases associated 

with atomic bomb radiation. On the other hand, the probability of receiving medical X rays 

was not associated with atomic bomb radiation doses among those who were exposed to 
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<1.0 Gy. Therefore, we have no evidence that medical X-ray exposures have caused 

appreciable bias in the atomic bomb risk estimates.

In contrast to our findings that frequency of medical X-ray procedures were higher among 

those with higher atomic bomb radiation doses, in an early study of AHS participants, there 

was no significant difference in mean cumulative bone marrow doses from diagnostic 

medical X rays received from 1964 through 1982 by atomic bomb radiation dose: the mean 

dose was 11.7 mGy, 12.6 mGy and 11.8 mGy in atomic bomb dose categories of <100 mGy, 

100–999 mGy and >1,000mGy, respectively (15). Medical radiation exposures have possibly 

increased over the past several decades, particularly among those who were exposed to high 

atomic bomb radiation doses, due to an increase in the type and the number of medical X-

ray procedures (16) and to an increase in morbidity as the cohort ages. According to the 

latest cancer incidence study in the LSS, approximately one half of the incident solid cancer 

cases that were ascertained between 1958 and 2009 occurred after the late 1980s (3). It was 

also reported that absolute risks (i.e., excess rates) of solid cancers associated with atomic 

bomb radiation increased with increasing attained age, although relative risks decreased.

Most of the ORs significantly greater than 1 for medical radiation exposures among those 

with ≥1.0 Gy atomic bomb radiation were attenuated by adjustment for medical histories, 

suggesting that those with high doses were likely to develop more diseases associated with 

atomic bomb radiation and therefore had more opportunities to receive medical X rays. 

Although self-reported medical history data in the current study were subject to 

misclassification, results from analyses stratified by medical histories (Supplementary Table 

S5; http://dx.doi.org/10.1667/RR15054.1.S1) provided additional insight into the 

associations between atomic bomb radiation dose and medical radiation exposures. We 

found that exposures to head and abdominal CT scans, LGI fluoroscopy and any 

angiography were associated with ≥1.0 Gy atomic bomb radiation among those without 

medical histories. These procedures might be related to radiation-associated diseases that 

were not considered in the current study. It was also possible that exposures to ≥1.0 Gy 

atomic bomb radiation were directly associated with these procedures. We can generally 

assume that those with medical histories receive medical X-ray procedures independently of 

doses from atomic bomb radiation, and this assumption was supported by the finding that 

the doses were not associated with exposures to most of the procedures among those with 

medical histories. However, among those having medical histories, participants with ≥1.0 Gy 

atomic bomb radiation were significantly more likely to receive abdominal CT scan and 

radiotherapy. For reasons that remain unclear, these procedures were more intensively 

administered to those with higher doses.

Nevertheless, other mechanisms that produce spurious association between atomic bomb 

radiation and medical X rays might exist. Confounding of the association by health 

consciousness among those who were exposed to higher doses of atomic bomb radiation 

may partly explain them. Although survivors know where they were at the time of the 

bombings, they generally do not know their estimated doses because ABCC/RERF has never 

informed study participants of individual doses. In addition, a difference in recall of medical 

radiation exposures by atomic bomb radiation dose could bias the association. Since atomic 

bomb doses were positively associated with the probability of being selected for the AHS, in 
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which interviews about medical radiation exposures have been conducted, those who 

participated in the AHS might have recalled medical radiation exposures more accurately. 

However, AHS membership was adjusted for in the multivariate analyses to remove that 

potential bias. No obvious source of other confounding factors was identified in the current 

study.

Use of medical X rays is not limited to clinical practice. Screening examinations with the 

use of X rays are common today. Screening X rays have the potential to affect risk estimates 

of atomic bomb radiation, because screening is usually aimed at healthy individuals and 

therefore is possibly performed apart from the occurrence of atomic bomb radiation-

associated diseases. Although we did not specifically ask questions about medical radiation 

exposures received for screening purposes, the findings of the current study suggested that 

substantial proportions of UGI fluoroscopy examinations might have been for screening 

purposes: approximately 20% of the subjects reported six or more UGI fluoroscopy 

examinations. Men and those who were younger at the time of the bombings, in more recent 

birth cohorts, were more likely to undergo the examinations, but atomic bomb doses were 

not associated with the number of the examinations among those with and without medical 

histories of major chronic diseases.

To further delineate the use of UGI fluoroscopy for screening, we investigated the medical 

histories of those who received UGI fluoroscopy examination as well as other diagnostic 

medical X-ray procedures (Table S1; http://dx.doi.org/10.1667/RR15054.1.S1). We assumed 

that the reported medical radiation exposures were for screening purposes if there was no 

medical history of major chronic diseases (cancer, heart diseases, stroke and chronic 

hepatitis). History of a major chronic disease was more frequent among those who 

underwent angiography (77.7%) and radiotherapy (73.1%), reflecting the fact that 

angiography is used to make a definite diagnosis and radiotherapy is used to treat malignant 

diseases. In contrast, the chronic disease occurrence was lower among those who received 

CT (50.1%) and UGI fluoroscopy (45.1%), likely due to their possible uses in screening. In 

Japan, where stomach cancer was the most common cancer site until recently (24), one of 

the most common screening X-ray examinations has been the UGI fluoroscopy (25). UGI 

fluoroscopy has been included in the cancer screening program for the certified atomic 

bomb survivors. In addition, municipal governments and employers have provided screening 

opportunities for stomach cancer. Effective doses from UGI fluoroscopy averaged over 

countries with high healthcare level were reported as 8.9, 7.2 and 3.6 mSv per examination 

for the periods 1970–1979, 1980–1990 and 1991–1996, respectively (26). The findings from 

the current study indicated that characteristics of exposures to screening X rays were 

different from those of other medical X-ray procedures used in clinical settings. Although 

there was no significant dose-response relationship (OR 1.22; 95% CI: 0.93 to 1.61) between 

atomic bomb radiation doses and the probability of UGI fluoroscopy examinations in the 

low-dose ranges <1.0 Gy, given their high frequency and higher estimated doses from UGI 

fluoroscopy compared to those exposed to ≥1.0 Gy atomic bomb radiation, more detailed 

study of UGI and other screening X-ray procedures may be warranted.

There were some limitations in this study. First, we did not collect information about time at 

and reasons for examinations for diagnostic X rays. The current study suggested that those 
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who were exposed to high atomic bomb radiation were more likely to receive medical X 

rays perhaps due to medical practice for diseases associated with atomic bomb radiation, but 

it is difficult to determine the temporal sequence of the disease and exposure to diagnostic X 

rays. In addition, medical X-ray doses changed over time, but we could not incorporate that 

into our analyses.

Next, subjects of the current study did not necessarily represent the full LSS cohort. 

Although basic characteristics such as atomic bomb radiation doses in the participants were 

similar to those in the in-city LSS cohort, only approximately 15% of the in-city LSS cohort 

subjects participated in the current survey and not-in-city subjects, who would serve as a 

source of information about general populations, were not included. Since the study 

participants belong to the later birth cohorts within the LSS (earlier cohorts are deceased) 

and they had greatly benefited from modern medical X-ray procedures as well as from the 

welfare program for atomic bomb survivors, this study best serves as a source of information 

on relatively recent medical radiation exposures.

The third limitation is that we could not validate the self-reported data on medical radiation 

exposures due to the unavailability of medical records. Several studies have assessed the 

validity of self-reported medical X-ray histories and found over-reporting among those who 

received fewer medical X-ray examinations, but under-reporting among those who received 

frequent medical X-ray examinations (27–29). In a general Japanese population, over-

reporting of screening history was demonstrated, particularly among those who had medical 

history and family history associated with the target disease of the screening (30). However, 

most studies assessing the validity of self-reported medical X-ray history found non-

differential misclassification (27–29), which generally alters the exposure-outcome 

association toward the null.

Another limitation is that the questionnaire did not cover several types of medical X-ray 

procedures: plain radiographs, nuclear medicine and interventional radiology. Doses from 

these procedures could affect the risk estimate analysis of exposures to low-dose atomic 

bomb radiation if they were administered apart from atomic bomb radiation-associated 

conditions. However, plain radiographs usually deliver much lower doses than CT, 

fluoroscopy or angiography, and nuclear medicine and interventional radiology are less 

common than the procedures targeted here.

To obtain full and accurate information about medical radiation exposures depending only 

on a single source of information is difficult, especially about procedures administered in 

early periods. Combining the current questionnaire data with the data collected in earlier 

periods would give a better picture of the full effect of medical X rays. An attempt is 

underway to assemble and link those data to our questionnaire information.

In conclusion, this questionnaire survey, conducted more than 60 years after the atomic 

bombings, showed that there were relatively more medical radiation exposures among those 

who were exposed to atomic bomb radiation of ≥1.0 Gy, perhaps due to high frequency of 

radiation-associated diseases, but for that group, medical X-ray doses were much lower than 

atomic bomb doses. Therefore, medical radiation exposure is not thought to appreciably 
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affect the risk estimates of atomic bomb radiation at high-dose ranges. On the other hand, no 

positive association of atomic bomb radiation dose with medical radiation exposure was 

seen in the ranges below 1.0 Gy, notably in the low-dose range of 0.005 to <0.1 Gy, 

compared to the reference group of <0.005 Gy. Although further information on the actual 

medical X-ray doses would more definitively clarify the extent to which medical radiation 

exposures affect the accuracy of the risk estimate analysis, the current study provides a 

reasonable preliminary indication that medical X rays have had little or no effect on risk 

estimates of atomic bomb radiation among those exposed to atomic bomb doses of 

approximately <1 Gy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Schematic of participant selection process.
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