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Abstract 
 

Background: Exposure to ionizing radiation has been primarily linked with the development 

of cancer, but in recent decades it has also been recognized to be a risk factor for circulatory 

diseases (CDs). High doses of ionizing radiation above 500mGy are associated with damage of 

the circulatory system and increased mortality from circulatory diseases (CD). The biological 

mechanism is hypothesized to include inflammation, oxidative stress, changes in platelet activity, 

DNA damage, endothelial dysfunction and cell death. However, the risks of occupational 

exposure to low protracted doses of medical ionizing radiation on CD mortality are not well 

understood. The risk of CD is also influenced by an individual’s social environment, and this may 

modify the effect of occupational exposures like ionizing radiation. Most studies on the 

association between neighborhood context and coronary heart disease found increased risk of this 

disease among residents of neighborhoods of lower socioeconomic status. The socio-biological 

mechanism of this relationship is multifactorial, and it includes the physical environment, 

availability of services, neighborhood social interactions, experiential perceptions, spread of 

disease, stress levels, health behaviors and other shared factors.  

To understand the effect of cumulative ionizing radiation and the neighborhood context on 

CD, we used longitudinal data from the US Radiologic Technologists (USRT) study and the US 

Census Bureau. The USRT is a large national historical cohort of 146,022 radiation technologists 

that has followed participants since 1982 through four comprehensive study waves. It is known 

that the average participation rate across these four questionnaires was 68%, but the 

characteristics of participants and non-participants have not been compared to date. If non-

participation and attrition are not a random process, this could introduce bias to any effect 

estimates calculated with this data, including estimates of CD incidence and mortality. 
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Objective: The overall aim of the current thesis was to investigate the effect of protracted 

exposure to low doses of occupational radiation on CD incidence and mortality and assess if these 

associations are influenced by the residential neighborhood socioeconomic status (nSES) or by 

sequential participation bias.  

Manuscript 1: Aim: Examine the dose-response relationship between low chronic doses of 

occupational radiation exposure and CD mortality in a large cohort of radiologic technologists. 

Methods: 109,300 radiologic technologists in the US were followed for mortality from 

completion of baseline surveys during 1983-89 or 1994-98 through 2012. Using discrete time 

hazard models, HR and 95%CI were estimated for the association between cumulative ionizing 

radiation (as badge and organ doses) and mortality from any CD, ischemic heart disease (IHD) 

and cerebrovascular disease (CeVD). Calendar year was included as a time scale and adjusted for 

age as a time-varying covariate, sex, race, ethnicity, BMI and smoking.  Results: We found 

evidence of increased risk of CD mortality with increased cumulative exposure to occupational 

radiation. For every 100mSv increase in cumulative badge dose, the risk of mortality from any 

CD increased in 3% (95% CI 2-4%) adjusted for age, sex, race, ethnicity, BMI and smoking. For 

every 100mGy increase in heart dose, the HR for IHD mortality was 1.07 (95% CI 1.02 – 1.13) 

and the hazard ratio per 100mGy increase in brain dose was 1.39 (95%CI 1.14 – 1.64) for CeVD. 

Categorical analyses supported this linear trend for all outcomes. There was evidence of effect 

modification by gender for CD and IHD mortality (p-value for interaction < 0.001 for both), but 

not by BMI or certification year. 

Manuscript 2: Aim: Determine whether the association between cumulative occupational 

radiation exposure on CD incidence and mortality is confounded or modified by residential nSES. 

Methods: Tertiles of nSES were created from an nSES index calculated for each block-group in 

the U.S. using 6 components from the 1990 Census and assigned it to participants by geocoding 

their 1990 mailing address.  The confounding role of nSES tertiles was assessed by including it in 
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discrete time hazard models along radiation exposure and adjusting for educational attainment. 

To determine the presence of effect modification by nSES tertiles, we tested a two-way 

multiplicative interaction between nSES tertiles and radiation, and assessed an additive 

interaction using the relative excess risk due to interaction (RERI).  Results: Compared to 

residents from the top tertile of nSES, technologists from low-nSES areas had an elevated risk of 

overall CD mortality, IHD mortality and incidence, and CeVD incidence with (HRs ranging from 

1.21 to 1.31), but not for CeVD mortality (HR: 0.97, 95%CI: 0.80-1.18). We found no evidence 

of confounding by nSES on the association between radiation and any CD outcomes. There was 

evidence of a multiplicative interaction between nSES tertiles and radiation exposure for all 

mortality outcomes (p-value for interaction: <0.001 for overall CD, 0.003 for IHD and 0.004 for 

CeVD), but not for incidence. People from high nSES had higher HRs for mortality than low-

nSES residents for the same radiation dose. 

Manuscript 3: Aim: Compare the characteristics of participants and non-participants of each 

survey and estimate the impact of low chronic exposure to radiation on incidence and mortality 

from ischemic heart disease (IHD) and cerebrovascular disease (CeVD) adjusting for possible 

selection bias. Methods: Our main exposure was cumulative radiation exposure estimated for 

110,374 technologists. After identifying predictors of participation from baseline and survey 

information, we created inverse probability weights (IPW) of participation to account for 

selection bias and included them in discrete time hazard models of the association of radiation 

and circulatory outcomes. Results: Being younger, female, white, married, non-smoker, having a 

normal BMI, reporting good health status, and living in a rural area was associated higher 

probability of participating in any survey. The difference between our estimates with or without 

IPWs ranged between 1-4%-points for IHD incidence, IHD mortality and CeVD mortality and 

supported evidence of increased risk of disease with higher chronic radiation exposure. For CeVD 
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incidence, the weighted estimate was 15%-points lower than the unweighted estimate, but it still 

suggested an increased risk of CeVD incidence from chronic exposure to ionizing radiation.  

Conclusion: This study of medical radiation technologists who were chronically exposed to 

low-doses of radiation found consistent evidence of radiation-induced circulatory effects below 

the current 0.5Gy threshold. In addition, we found that nSES was independently associated with 

CD mortality and incidence in a group of US technologists occupationally exposed to low-doses 

of radiation, but there was no consistent evidence that it confounded the association between 

radiation and CD outcomes. We found a multiplicative two-way interaction between radiation 

and nSES, where residents of high nSES areas had higher risk of CD mortality than residents of 

low nSES exposed to the same radiation dose. In terms of our selection bias analysis, we found 

only a small impact of selection bias on our estimates of the association of cumulative radiation 

exposure and CD outcomes despite consistent differences in the characteristics of participants and 

non-participants.  
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Organization 

 

This dissertation is organized in five chapters. The first chapter provides background 

information followed by three chapters containing independent manuscripts and a last chapter with 

concluding remarks. Because the three manuscripts in chapters 2-4 are in preparation for peer-

review, there may be some redundancy in the content. 
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Chapter 1 
 

Introduction 
 

Ionizing radiation and circulatory disease  

Since the discovery of the X-ray by Roetgen in 1895, the use of radiation in medical 

applications has increased exponentially, particularly in the last few decades (1). Indeed, 

exposure to medical radiation increased 7-fold between 1980 and 2006 (2). A recent study 

analyzed Medicare data between 2009 and 2015 reported that, per 1,000 beneficiaries, the use of 

chest radiography nearly doubled in this period and the use of CT in 2015 was almost 60 times 

larger than in 2009 across the US (3). While these radiation-based technologies have improved 

diagnosis and treatment for patients, the risks from radiation exposure to patients and workers 

continue to be explored to date. Radiologic technologists are healthcare professionals that 

perform diagnostic or therapeutic procedures including X-ray, MRI, computed tomography (CT), 

fluoroscopy, or sonography equipment(4). It is estimated that 75% of the 9.8 million workers 

around the world who are exposed to man-made sources of radiation are medical workers (1,5).  

Despite this, most of the current knowledge about occupational exposure to radiation comes from 

studies on nuclear workers.  

 

Cancer risks have dominated the landscape of radiation-related health effects and in most 

recent years, the dose at which these effects can directly be seen has been gradually lowered to 

reach about around 10–50 mSv for acute exposures and 50–100 mSv for chronic exposures (6). 

The mechanism through which radiation leads to cancer is generally well-understood, and it is 

centered on targeted and non-targeted mutational effects on DNA structures (7). Current evidence 

shows that exposure to ionizing radiation from occupational and environmental sources may also 

lead to other chronic diseases beyond cancer, including circulatory diseases (CD). Indeed, CDs 
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account for more than a third of deaths among groups exposed to radiation including patients, 

nuclear workers and atomic bomb survivors (8–10).  Studies of patients with Hodgkin’s 

lymphoma who had received high doses of radiotherapy reported an increased risk of 

cardiovascular disease outcomes (including myocardial infarction and heart disease mortality) at 

doses ranging between 42 and 45 Gy. Similarly, among irradiated breast cancer female patients, 

incidence of circulatory disease was elevated including all heart disease (8%), higher ischemic 

heart disease (ERR/Gy 0.10, 95%CI=0.05, 0.15) and cerebrovascular disease (ERR/Gy 0.20, 

95%CI=0.14, 0.25), but not for other circulatory diseases (11).  

 

However, as radiation doses decrease, the relationship between circulatory endpoints and 

exposure to ionizing radiation becomes less clear and consistent across studies. For example, in a 

cohort from UK Atomic workers, there was a marginally significant trend between increased 

cumulative badge dose and circulatory mortality but not so in a cohort of German uranium 

miners. The 15-country study of nuclear workers, a multinational retrospective cohort, combined 

data from multiple occupational cohorts and found an elevated risk of radiation on circulatory 

disease mortality (ERR/Sievert of 0.09, 95%CI: -0.43, 0.70) and for cerebrovascular diseases 0.88 

(95%CI= -0.67, 3.16) with no evidence of a dose-response (8).  

 

Shimizu et al evaluated whether there was a dose-response association between radiation 

exposure and the risk of heart disease and stroke among Japanese atomic bomb survivors after 53 

years of follow up (12). They found an estimated excess relative risk (ERR) per gray of 9% 

(95%CI= 1%-17%) but this was not statistically significant below 1Gy. In terms of heart disease, 

the ERR/gray was 14% (95%CI= 6%-23%) and the dose-response relationship followed a linear 

trend even at doses below 1Gy. Specifically, the ERR/gray under 1Gy was 18% (95%CI= 3%-

33%)(12). A meta-analysis summarized data from various epidemiological studies with low-to-

moderate radiation doses (≤0.2Gy) and found evidence of a statistically significant excess relative 
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risk (ERR) for ischemic heart disease (ERR/Sv 0.10, 95%CI=0.05, 0.15) and cerebrovascular 

disease (ERR/Sv 0.20, 95%CI=0.14, 0.25), but not for other circulatory diseases. However, the 

considerable variability among these studies has made it challenging to reach a consensus on the 

non-cancer effects of radiation exposure. After reviewing existing data until 2013, the 

International Commission on Radiological Protection (ICRP) considered that there was strong 

evidence that radiation is associated with CD mortality at doses above 0.5mGy, but at levels 

below that, evidence was weak and inconsistent (13). 

 

The biological mechanism of ionizing radiation on CD is not entirely understood, but it has 

been hypothesized that radiation may promote atherosclerosis which in turn may lead to heart and 

vascular disease. Evidence from in vivo and in vitro studies indicated that radiation doses above 

1-2 Sv lead to cardiovascular damage including inflammation, oxidative stress, changes in 

platelet activity, DNA damage, endothelial dysfunction and cell death(14). Overall, the 

mechanism of radiation-induced vascular damage includes a combination of inflammatory 

alterations(7,14)  (high levels of cytokine interleukin 6 (IL6), C-reactive protein (CRP), and cell 

adhesion molecules including ICAM1, VCAM1 and ELAM1), procoagulant alterations(14) (Von 

Willebrand expression, tissue factor levels, thrombomodulin downregulation), oxidative 

stress(7,14) (reactive oxygen species, eNOS downregulation, NFkB activation, mitochondria 

dysregulation) and genetic instability(7,14) (DNA damage, vascular senescence, apoptosis). 

Studies on the Japanese atomic bomb survivors have reported high levels of pro-inflammatory 

cytokines IL6, CRP, TNF-α, and INF-γ, IgG, IgA, and total immunoglobin levels (but also high 

levels of anti-inflammatory cytokine IL10 (15).  

 

While it is possible that these multipronged mechanisms through which ionizing radiation can 

lead to circulatory damage are also relevant at low doses, there is limited and inconsistent 

evidence on this issue. In 2010, the Advisory Group in Ionising Radiation (AGIR) evaluated 
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evidence of radiation-induced biological damage on the circulatory system and concluded that 

many the inflammatory biomarkers found at high levels of ionizing radiation may have a different 

dose-response relations below 0.5Gy (16). Other studies observed markers of cardiovascular 

damage and other biological changes at an average dose of 93mGy (45-495mGy) including 

increased wall thickness and stenosis of the carotid arteries, increased arterial stiffness, and 

reductions in ejection fractions (14). More recently, a pilot study reported that the total 

microparticle content, a marker of cellular damage, was approximately 5 times higher in the 

blood of healthy medical workers occupationally exposed to low doses of radiation than in 

healthy controls(17). These results suggest that radiation may induce systemic inflammation and 

vascular damage which may in turn be prospectively associated with circulatory disease, but this 

remains particularly unclear at low doses. 

 

Due to this uncertainty regarding CD effects from low protracted doses of ionizing radiation 

and the exponential increase in the use of medical radiation, it is particularly relevant to 

investigate this association among radiologic technologists who are chronically exposed to low-

doses of ionizing radiation. The U.S. Radiologic Technologist (USRT) study is the largest 

longitudinal study of medical occupational radiation exposure to date (18). The cohort was 

enumerated in 1982 from the lists of the American Registry of Radiologic Technologists (ARRT) 

and was initially comprised of 146,022 radiologic technologists who resided in any US state or 

territory (19). Since then, more than 110,000 technologists have completed at least one of the four 

comprehensive questionnaire surveys regarding demographic characteristics, health status, 

employment history and exposure information (20). Current analyses from this cohort are 

consistent with a positive trend between increased chronic exposure to ionizing radiation and 

circulatory diseases, but results are unclear at low doses. Hauptmann et al. reported that 

technologists who were first employed before 1950 (who had higher cumulative radiation doses) 

had increased risk of mortality from circulatory diseases compared to post-1960(21). A more 
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recent study found a 34% increase in stroke incidence in technologists who worked with 

fluoroscopically guided interventional procedures compared to those who did not (22). These 

studies also explored incidence and mortality of other circulatory diseases, but they did not find 

clear associations. In manuscript 1, we examine the dose-response relationship between low 

chronic doses of occupational radiation exposure and CD mortality in a large cohort of radiologic 

technologists.  

 

Neighborhood context and circulatory disease 

As with any multifactorial chronic diseases, individual risk factors of CD have been 

insufficient to explain the entire burden of disease. Among ecologic (or group-level) determinants 

of disease, the neighborhood context has been previously recognized as an important contributor 

to health and wellbeing. Neighborhoods have physical and social attributes that may impact 

human health, including environmental exposures such as air pollution, food and recreational 

services, the characteristics of the built environment, quality of housing, perceptions of safety and 

violence, social cohesion and network connections. All of these may impact health directly or 

indirectly through behavioral, physical and stress-related mediation(23). In addition, 

neighborhood structure is strongly patterned by race, ethnicity and social position which are 

recognized determinants of disease themselves.   

 

Oftentimes, studies have bundled these neighborhood attributes into a single proxy variable: 

neighborhood socioeconomic status, or socioeconomic position (nSES). No single standard 

definition of nSES exists but it is commonly defined as a composite index from several census-

level variables. Evidence suggests that this composite index is associated with specific 

neighborhood attributes. For example, Roblin found that nSES was associated with presence of 

sidewalks, street lights available at night, presence of walking/cycling paths nearby, and 

perception of safety from crime, or whether dogs are a problem(24).  In turn, nSES has been 
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associated with health outcomes including mortality(25,26), cardiovascular risk factors(27), 

hypertension(28), and coronary heart disease(29).  Winkleby et al combined the National Health 

Interview Survey, the 1990 census data and the National Death Index to determine if nSES was 

related to mortality. With approximately 60,000 participants from around the US, they found that 

living in a neighborhood with low nSES increases the risk of mortality beyond individual (25) 

socioeconomic status (iSES). A later study of 8,000 participants from 4 Californian cities further 

examined whether the influence of nSES on mortality differed by iSES. The study reported the 

highest mortality rates among individuals of low iSES living in neighborhoods of high nSES 

which suggests that income inequality is a key health determinant.  

 

Circulatory diseases (CDs), which include all diseases of the heart and circulatory system, 

have been the main cause of death around the world for the past three decades (30). Like other 

chronic diseases, CDs are multifactorial in nature and are influenced by various biological, 

lifestyle and contextual factors, including the neighborhood environment (23). Indeed, there is 

extensive evidence that supports the association of increased CD morbidity and mortality among 

residents of neighborhoods of low nSES versus neighborhoods of high nSES (31). By 2009, over 

40 studies had evaluated the association between neighborhood deprivation and coronary heart 

disease (CHD) (32). Most of the studies found increased risk of heart disease among individuals 

residing in low nSES areas compared to those living in more affluent areas(32). Using data from 

the Atherosclerosis Risk in Communities Study and the U.S. Census, the Diez-Roux and 

colleagues examined the association between nSES and incidence of CHD in communities in 

North Carolina, Mississippi, Minnesota and Maryland (29). They found that hazard ratios for 

CHD among low-income people living in disadvantaged neighborhoods were 3 times higher than 

high-income people in neighborhoods of high nSES even after controlling for personal income, 

education and occupation. 
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Similarly, Dragano and colleagues examined the association between risk factors of CD and 

neighborhood characteristics in a cross-national design with data from 9 industrial towns in 

Germany and Czech Republic(27). They found that smoking, obesity, and low physical activity, 

were significantly more common in deprived neighborhoods even after adjusting for individual 

characteristics. Morenoff et al estimated the effect of nSES disparities in the prevalence, 

awareness, treatment and control of hypertension using the Chicago Community Adult Health 

Study(28). The authors reported that hypertension was significantly negatively associated with 

neighborhood affluence and gentrification even after adjusting for individual risk factors. 

Although most studies of neighborhood influence on health come from observational studies, a 

major example of an experimental study is the Moving to Opportunity Study. This is a 

randomized housing mobility experiment that explored the effects of a voucher system to enable 

families from disadvantaged neighborhoods to move into more affluent communities(33). After 

10-15 years of follow up, the study found that obesity and diabetes were, respectively, 4.61% and 

4.31% lower among the voucher group than in the control(34). 

 

Physical characteristics of the environment and health 

Given the complexity of the neighborhood context and the distal nature of its relation to 

health it is difficult to ascertain a single sociobiological mechanism through which neighborhoods 

are related to CD morbidity and mortality. Therefore, multifactorial mechanisms have been 

proposed which include a variety of physical, social, biological determinants, and their 

interaction. Diez Roux and Mair argued that the physical environment and health are related 

through land use patterns, density, access to destinations, street connectivity and transportation 

systems, features of urban design, access to healthy food and recreational resources, 

neighborhood physical decay(23). The Multiethnic Study of Atherosclerosis (MESA) 

Neighborhood Study provided further evidence that: 1) density of recreational resources around 

participant’s home was associated with greater probability of being physically active, 2) greater 
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neighborhood availability of healthy foods was consistently associated with better quality diet, 

and 3) better physical activity and food environments were associated with significantly lower 

BMI, insulin resistance and diabetes after adjustment for multiple measures of socioeconomic 

position and race/ethnicity (reviewed in Diez Roux & Mair, 2010). Roblin examined the 

association between nSES and neighborhood residential characteristics and found that nSES was 

statistically significantly associated with presence of sidewalks, street lights available at night, 

presence of walking/cycling paths nearby, and perception of safety from crime, or whether dogs 

are a problem. Taken together, these observations indicate that nSES is associated to specific 

physical neighborhood attributes, which have been individually linked to CD and/or their risk 

factors(24). 

 

Social characteristics of the environment and health 

In addition to physical attributes of neighborhoods, social characteristics have also been seen 

to influence development of CD.  In a 2009 review, Chaix discusses several components of social 

environments that may impact development of coronary heart disease and include social 

cohesion, social fragmentation, social disorder; neighborhood identities as sources of reward or 

stigma; neighborhood norms and capital of knowledge; and neighborhood affective, cognitive, 

and relational experiences(32). Similarly, Diez Roux and Mair argue that elements of social 

cohesion and related elements may impact health through the transmission of health behaviors 

and norms, and by increasing or buffering stress levels among neighbors(23). These constructs 

have been more commonly associated with mental outcomes, but can also impact BMI, self-rated 

health and several circulatory outcomes. Specifically, greater levels of neighborhood social 

cohesion and social capital were significantly associated with lower cardiovascular disease 

incidence and mortality in two out of three studies. Finally, social and physical attributes of 

neighborhoods are likely to interact with each other (and with individual characteristics) to 

further impact development of CD. For example, stress may induce smoking and overeating, 
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potentiated by easily available unhealthy food sources; or urban design/street connectivity 

impacting on walkability and perceived safety from crime, which in turn may affect walkability.  

 

Studies in occupational epidemiology, like the USRT study, have focused mostly on those 

exposures found in the workplace, and have only more recently considered the social, 

demographic and economic context surrounding the worker (35). Currently, there is little research 

on the influence of the neighborhood of residence on the effect of occupational exposures on 

disease, including medical radiation. Within the USRT and other occupational cohorts of ionizing 

radiation, the influence of the socioeconomic context of the workers has not been explored with 

respect to CD incidence and mortality. In addition, it is not yet known whether the effect of 

protracted low-doses of ionizing radiation may be confounded or modified by the nSES of 

residence. In manuscript 2 we assess: 1) the effect of residential nSES on CD morbidity and 

mortality within the cohort, and 2) whether the previously described association between 

protracted low-dose occupational radiation exposure is either confounded or modified by 

neighborhood socio-economic status.  

 

Potential connection of nSES with the association of occupational ionizing radiation and CD  

No previous studies have assessed the impact of the residential neighborhood context on the 

link between ionizing radiation and CD. Thus, the mechanism for this potential confounding or 

moderating effect of nSES, is indirectly derived from parallel literature. Daniel et al proposed a 

direct-contextual path and an indirect-cognitive path connecting neighborhood context and 

cardiometabolic disease(36). The first component includes many of the physical attributes of 

neighborhoods previously described such as presence of green spaces, safe walking paths, 

availability of healthy food stores and density of fast-food establishments. These attributes have 

been linked to more direct risk factors of CD including physical activity, BMI, cholesterol and 

blood pressure. The second path accounts for behavioral and social attributes of neighborhoods 
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like social networks, group norms and behaviors. Through both paths, an area of low nSES may 

result in increased levels of chronic stress among residents which results in chronic activation of 

the hypothalamic-pituitary-adrenocortical (HPA) axis and dysregulation of sympathetic-adrenal-

medullary (SAM) system (36). Among other functions, these systems regulate levels of 

inflammation and other stress-related biomarkers such as fibrinogen, interleukin-6, C-reactive 

protein, and cell-adhesion molecule which are also involved in the mechanism of radiation-

induced circulatory disease. Indeed, Clark et al. examined the association between state-level 

socioeconomic conditions and inflammatory biomarkers in a nation-wide cohort of 26,000 

women(37). They found an association between affluent socioeconomic conditions and lower C-

reactive protein, after adjustment for individual income. Because both exposures, occupational 

ionizing radiation and nSES are mediated by stress and inflammation, it is likely that we will see 

higher levels of CD morbidity and mortality among USRT participants that reside in 

neighborhoods of low nSES for similar cumulative exposures of radiation. 

 

Impact of nSES and other subject characteristics on selection bias 

Selection bias is a common phenomenon in epidemiology that occurs when methods of 

subject recruitment and follow-up result in selection of a sample that is not representative of the 

target population. When the exposure and the outcome, or factors affecting either one, have 

causal effects on study participation, restricting analysis to subjects who participate in the study 

can create, weaken, or strengthen an association between the exposure and outcome. In 

longitudinal cohort studies, non-participation is the proportion of people who refuse to participate 

at baseline (nonresponse) and the proportion of people who enter the study initially, but do not 

complete one or more of the follow-up steps(38–40). Thus, the resulting sample may not 

accurately represent the source population and, if attrition continues at each wave, the final 

sample might not even represent the original cohort.  
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This issue has been extensively studied and most studies report that non-participants are more 

likely to be younger, male, and non-white compared to subjects who participate at baseline and/or 

at follow-up waves(41–43). In addition, there are several health factors associated with increased 

participation including never smoking(44–47), having a normal BMI(44,47), and being generally 

healthier(41). According to these studies, the most important determinant of participation is a 

higher socioeconomic status and higher educational level. For example, a large nation-wide 

occupational study found that subjects in managerial positions (a proxy for high SES) were 3.15 

times more likely to participate in the study than blue-collar workers(41). A smaller study in the 

U.S. also reported that subjects from low socioeconomic households were 1.33 and 1.74 times 

more likely to be lost-to-follow-up at 12 and 24 months, respectively(42). Fewer studies have 

explored the influence of neighborhood context on study participation. Namely, Chaix et al. 

found that the rate of study participation is higher among neighborhoods with higher levels of 

educational attainment, high median income, and high mean property value after controlling for 

individual education(48). These results suggest that the neighborhood context, the rate of 

participation and the onset of chronic diseases may be associated but have not been sufficiently 

explored.  

 

The historical USRT cohort has not been immune to attrition and other selection processes. 

Over the three decades of the USRT study, participation among living eligible cohort members 

across study waves was 68% on average(49). If the characteristics of the radiologic technologists 

who decided to participate and remain in the study are systematically different from those who 

did not participate or were lost-to-follow-up, this might introduce bias to risk estimates. This 

might be problematic in this cohort because, although mortality outcomes are obtained through 

linkage with federal sources, exposure estimation and incidence of disease are dependent on 

questionnaire completion. Thus, conditioning on participation might be introducing selection bias 

to this historical cohort. The pattern of participation in the USRT cohort since its conception in 
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1982 and the potential impact of selection bias on risk estimates have not yet been explored. In 

response to this concern, manuscript 3 has two main objectives: 1) describe the characteristics of 

participants and non-participants as they relate to completing the questionnaires at each of the 

four study waves of the USRT cohort, and 2) estimate the association between occupational 

radiation and circulatory disease (CD) morbidity and mortality, adjusting for possible selection 

bias using marginal structural models. 
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Chapter 2 
 

Manuscript 1. Effects of low-to-moderate chronic radiation 

exposure on circulatory disease mortality in a large cohort of 

radiologic technologists 
 

 

Introduction 

 

It is well recognized that acute high doses of ionizing radiation, such as those received by the 

atomic bomb survivors, can lead to cancer and other fatal diseases (12,50). These risk estimates 

coming from radiation doses above 1000mGy have been extrapolated to low doses to set 

occupational limits of radiation exposure around the world (51). In the US, for example, the 

Occupational Safety and Health Administration (OSHA) limits occupational radiation doses to 

5rems (50mSv) in any given year (52). However, since most occupational radiation exposures 

today are low-to-moderate protracted doses accumulated over time (53), limits based on acute 

exposures may not appropriately protect workers considering current working conditions. 

Existing studies on radiation health effects have not consistently identified the dose-response 

relationship between radiation exposure and disease at low protracted doses. 

 

While cancer is a well-recognized outcome of radiation exposure, circulatory diseases (CD) 

account for more than a third of deaths among groups occupationally exposed to radiation (8,9).  

The International Commission on Radiological Protection (ICRP) considered that there was 

strong evidence to show that radiation is associated with CD mortality at doses above 500mGy of 

weighted colon dose (12), but evidence from low levels of radiation was weak and inconsistent 

(13). A meta-analysis summarized data from various studies with low-to-moderate radiation 

doses (≤500mSv) and found evidence of excess risk for ischemic heart disease (excess relative 

risk per sievert [ERR/Sv]=0.10, 95%CI=0.05, 0.15) and cerebrovascular disease (ERR/Sv= 0.20, 
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95%CI=0.14, 0.25), but not for other circulatory diseases (11). However, there was considerable 

variation between the included studies which highlighted the need for additional research. 

 

Similarly, data from in vivo and in vitro studies have also shown that radiation doses above 

1000mSv may lead to cardiovascular damage including inflammation, oxidative stress, changes 

in platelet activity, DNA damage, endothelial dysfunction and cell death (14). Altered levels of 

various biomarkers have been observed in populations exposed to radiation including cytokine 

interleukin 6 (IL6), C-reactive protein (CRP), Von Willebrand factor, reactive oxygen species, 

mitochondria dysregulation and genetic instability (7,14,15). Together, these studies suggest that 

radiation-induced systemic inflammation is a potential biological mechanism for circulatory 

disease but this remains unclear at low chronic doses (14,16).  

 

The majority of occupational epidemiologic studies investigating the impact of radiation on 

CD are focused on nuclear workers. However, it is estimated that 75% of the 9.8 million workers 

around the world who are exposed to man-made sources of radiation are medical workers (1,5).  

Thus, it is particularly relevant to investigate the effect of radiation exposure on CD mortality 

among a population occupationally exposed to medical radiation. The U.S. Radiologic 

Technologist (USRT) study is the largest longitudinal study of medical occupational radiation 

exposure to date (18). Previous analyses from the USRT are consistent with a positive trend 

between increased chronic exposure to ionizing radiation and CD, but dose estimations have not 

been used in connection with CD mortality in this cohort (21,22). In this paper, we examine the 

dose-response relationship between low chronic doses of occupational radiation exposure and CD 

mortality in a large cohort of radiologic technologists.  

 

Methods 

Study design, setting and population 
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The USRT study is a longitudinal cohort study that started in 1982 with the enumeration of 

146,022 radiation technologists who were certified for at least two years between 1926 and 1982 

by the American Registry of Radiologic Technologists (ARRT). Data was collected through four 

extensive mail surveys. The first questionnaire (Q1) was completed between 1983 and 1989, the 

second questionnaire (Q2) between 1994 and 1998. Respondents to at least one of the first two 

questionnaires were mailed a third questionnaire (Q3) between 2003 and 2005, and a fourth 

questionnaire (Q4) between 2012 and 2013. For the purpose of this analysis, technologists were 

included if they completed Q1 and/or Q2 (110,374 participants). A total of 73,793 technologists 

(66.9% of participants) completed both questionnaires; 19,234 (17.4%) completed Q1 only and 

17,347 (15.7%) completed Q2 only. The remaining 35,648 technologists registered with ARRT in 

1982 (24.4%) did not complete either questionnaire so they were excluded from the analysis 

because estimates of occupational radiation exposure were not available. Additionally, 1,074 

certified radiologic technologists who reported that they never worked and therefore were 

excluded from the analysis.  

 

Circulatory disease (CD) mortality 

The outcomes tested in this study include mortality from all circulatory diseases combined 

and the more specific conditions of, ischemic heart disease, and cerebrovascular disease. Vital 

status for all participants was determined from baseline until December 31st, 2012. For decedents, 

underlying causes of death were obtained from NDI-Plus using ICD 8, 9 and 10 codes (22). 

Specific outcomes evaluated were mortality from: all circulatory diseases (ICD-8 390–458; ICD-

9 390–459; ICD-10 I00–I99), ischemic heart disease (ICD-8 410–414; ICD-9 410–414; ICD-10 

I20–I25), and cerebrovascular diseases (ICD-8 430-438; ICD-9 430-438; ICD-10 I60-I69). Other 

CD subtypes were also considered but are not presented in this paper. Decedents from other 

underlying causes of death were classified as non-CD mortality cases.  
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Cumulative ionizing radiation exposure 

Cumulative exposure to ionizing radiation has been estimated for 110,374 participants as 

previously described (54,55). Briefly, personal annual exposure and organ specific absorbed 

doses estimated for the years 1916-1997 using information from personnel monitoring badge 

records, years working as radiation technologists, individual employment practices based on the 

first three surveys (e.g. frequency of performing certain procedures, shielding, holding patients), 

individual apron usage from the second and third surveys (Q2 and Q3), and literature-reported 

measurements for years when badge doses were not available. In this study, two main metrics of 

cumulative radiation exposure were used in the analysis: 1) the estimated effective badge dose to 

the whole body (mSv) which is used in occupational health monitoring, and 2) cumulative 

absorbed radiation doses to the heart, brain and thyroid (mGy) to characterize the biological 

relation between radiation and CD. 

 

Covariates 

Potential confounders of the association between ionizing radiation and circulatory disease 

development were specified based on directed acyclic graphs (DAGs) (Figure 2 [Supplemental 

Figure S1]). The following variables were self-reported at baseline (Q1, or Q2 if Q1 was not 

completed): age, sex, race, Hispanic ethnicity, education level, smoking habits, and BMI. In 

addition, diagnoses of hypertension, diabetes and high cholesterol were included as covariates; 

they were self-reported in Q2 and considered to be baseline conditions since they had not been 

previously inquired in Q1. 

 

Data Analysis 

Circulatory disease mortality risks were estimated using discrete time hazard models with 

calendar year as a time scale and age as a time-varying covariate. Follow-up started in 1983 and 

ended at the earliest of the following events: year of death, year of loss-to-follow-up (censored) or 
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2012 when the latest mortality data were ascertained (censored). Cumulative annual badge dose 

and organ doses were treated as time- varying variables. At each time point, a person’s exposure 

was the sum of all yearly doses up to and including that year. Additionally, several exposure lag 

periods were considered in sensitivity analyses: 0, 5, 10 and 15 years. For instance, a lag time of 

10 years meant that the cumulative radiation exposure in 1990 was the sum of all the yearly doses 

up to and including 1980.  

 

Radiation dose was included in the model as continuous variables and also divided into four 

categories (cumulative badge dose: >0-49.9, 50-149.9, 150-399.9, and 400+ mSv; cumulative 

thyroid dose: >0-24.9, 25-99.9, 100-199.9, and 200+ mGy; cumulative heart dose: >0-9.9, 10-

99.9, 100-199.9, and 200+ mGy; and cumulative brain dose: >0-9.9, 19-24.9, 25-99.9, and 100+ 

mGy). The cut points were selected considering the skewed distribution of the data and after 

modeling the crude association between radiation exposure and CD-mortality with quadratic 

splines. A test for linearity was conducted by modeling these categories ordinally.  

Three models were tested to account for confounding and selection bias. Specifically, model 

1 adjusted only for age, model 2 added sex, race, ethnicity, smoking habits and BMI as collected 

in either Q1 or Q2 to model 1, and model 3 added diagnoses of hypertension, diabetes and high 

cholesterol to model 2 which were only available for respondents of Q2. To assess the presence 

of effect modification by gender, BMI and year of certification, an interaction term was included 

in the model and stratified analysis was presented separately. Hazard ratios and 95% confidence 

intervals adjusted for age and cohort effects are presented as measures for the impact of radiation 

exposure on CD mortality. Missing data were not imputed in this analysis.   

 

Results 

A total of 109,300 technologists who responded to the baseline questionnaire, reported 

working for at least one year between 1926 and 1997 and had annual dose estimates were 
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included in this study. The median follow-up time was for this sample was 27 years. At the end of 

follow-up in 2012, there were a total of 14,896 deaths among this group (13.6%). From these, 

4,458 (30.0%) had circulatory disease as the underlying cause of death. Table 1 describes 

demographic, occupational and health characteristics of the sample. In general, the cohort was 

predominately female, white, non-Hispanic, and the average birth year was 1946 (range: 1890-

1966).  In terms of occupational characteristics, 32% of CD cases had worked as radiation 

technologists for more than 30 years compared to 25.7% of decedents from non-CD causes and 

11.1% of those who were alive in 2012. The distribution of cumulative radiation exposure was 

highly skewed in this cohort with a median of 46.0 mSv (range: 0 – 2972 mSv). Technologists 

who died from CD causes had a median cumulative badge dose of 154 mSv, those who died of 

other causes 102mSv, and technologists alive in 2012 had a median dose of 43mSv. Finally, 

participants who died of CD causes had a worse health profile at baseline than participants who 

were alive at the end of follow-up (including a higher proportion of obese or overweight people, 

current heavy smokers, and those with a diagnosis of hypertension, diabetes or high cholesterol).  

 

[Table 1] 

 

Out of 4,581 CD deaths, 2,328 (50.8%) were classified as ischemic heart disease (IHD) and 

754 (16.5%) were classified as cerebrovascular disease (CeVD) (Table 2). Other CD subtypes are 

detailed in this table but were not examined separately.  

 

[Table 2] 

 

Treating cumulative radiation doses as continuous, we found evidence of increased risk of 

CD mortality with increased exposure to occupational radiation (Table 3). Although the specific 

magnitude of the effect estimates varied depending on whether badge dose or organ dose was 
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used as a measure of exposure, and which covariates were included in the model, all hazard ratio 

point estimates had a consistent harmful direction. For instance, for every 100mSv increase in 

cumulative badge dose, the risk of mortality from any CD increased in 3% (95% CI 2-4%) after 

adjusting for age, sex, race, ethnicity, BMI and smoking. In terms of CD subtype, the hazard ratio 

per 100mGy increase in heart dose for IHD was 1.07 (95% CI 1.02 – 1.13), adjusting for age, sex, 

race, ethnicity, BMI and smoking. Adjusting for the same covariates, the hazard ratio per 

100mGy increase in brain dose was 1.39 (95%CI 1.14 – 1.64) for CeVD. Different lag periods 

were considered during sensitivity analyses to model the delayed effect of radiation exposure on 

the circulatory system. Considering a 5-, 10- and 15-year lag period, we did not find differences 

in effect estimates between the four lag periods (Table 6 [Supplemental Table S1]). This was also 

the case for models using organ doses and subclassifications of disease (not shown). 

 

[Table 3] 

 

Categorical analysis suggested a linear dose-response trend between cumulative exposure to 

occupational medical radiation and CD mortality. Figure 1 shows the estimated hazard ratios of 

CD mortality for categories of radiation exposure using badge and organ doses using calendar 

year as a time scale and adjusted for age, sex, race, ethnicity, BMI and smoking at baseline. 

Compared to technologists who accumulated less than 50mSv of radiation exposure, 

technologists who accumulated over 400mSv of radiation had a HR of 1.60 (95%CI 1.39, 1.84, p 

trend <0.001). For IHD mortality, the HR among technologists with more than 200mGy of 

radiation to the heart was 1.67 times larger than the risk for those with a cumulative heart dose 

less than 10mGy (95%CI 1.30, 2.15, p trend <0.001). Similarly, the HR for CeVD mortality was 

1.62 times larger among technologists with more than 100mGy of radiation to the brain than 

those with less than 10mGy (95%CI 1.23, 2.12, p trend=0.003). 
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[Figure 1] 

 

To better understand the risk of CD mortality at low doses of cumulative radiation exposure, 

we restricted the analysis by excluding participants below and above a range of radiation badge 

doses (Table 4). Exclusively including observations above 500mSv of cumulative badge doses 

(N=1,167) in the model, the HR and 95%CI for a 100mSv increase in cumulative dose was close 

to the null for all mortality outcomes (HR: 1.01, 95%CI: 0.99 - 1.04 for overall CD mortality, 

HR: 1.01, 95%CI: 0.98 - 1.04 for IHD mortality,  and HR: 1.01, 95%CI: 0.97-1.07 for CeVD 

mortality). In contrast, the risk estimates for a 100mSv increase in cumulative badge dose were 

consistently elevated for all CD mortality even when restricting the dose range below 500mSv. 

For instance, for cumulative doses between >0 and 300mSv, the HR of mortality for a 100mSv 

increase in cumulative badge dose was 1.18 (95%CI: 1.11, 1.24) for overall CD mortality, 1.19 

(95%CI: 1.10, 1.28) for IHD mortality and 1.15 (95%CI: 1.00, 1.31) for CeVD mortality. 

 

[Table 4] 

 

Analysis of effect modification by gender, BMI and certification year is summarized in Table 

5. There was only evidence of a multiplicative interaction between gender and cumulative badge 

dose for CD and IHD mortality (p<0.001 for both), but not for CeVD mortality (p=0.66). 

Specifically, the risk estimates for CD mortality for a 100mSv increase in exposure were slightly 

higher for women (HR=1.03, 95%CI 1.02, 1.05) than men (HR=1.02, 95%CI 1.00, 1.05). In 

terms of BMI at baseline, people with normal weight had the lowest hazard ratio estimates for all 

CD combined and for IHD mortality, but there was no statistical evidence of effect modification 

by BMI. Similarly, we did not find statistical evidence to support a multiplicative interaction 

between certification year and cumulative badge dose.  
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[Table 5]  

 

Discussion 

We observed a dose-response relationship between cumulative occupational medical 

radiation exposure and circulatory disease mortality in radiologic technologists. Independent of 

whether badge dose or organ doses were considered, there was consistent evidence that higher 

doses of cumulative radiation increased the risk of death from all types of CD combined and from 

IHD and CeVD alone. Categorical analysis of radiation doses on CD outcomes was consistent 

with the continuous models suggesting that higher levels of cumulative medical radiation increase 

the risk of CD, IHD and CeVD mortality. Analyses with different lengths of lag time did not 

change the direction or magnitude of the effect of radiation on CD mortality. Finally, analysis of 

effect modification showed that there was evidence of an interaction between gender and 

cumulative badge dose in which women had slightly higher estimates than men. We did not find 

evidence that risk estimates of radiation on CD mortality varied by BMI or certification year.  

 

The findings of this study must be interpreted in light of some limitations. First, the exact 

dose of radiation that participating technologists received each year was not directly measured, 

but estimated through dosimetry reconstruction (54). While some uncertainty remains around the 

specific exposure estimates, the comprehensive nature of the dose reconstruction was effective at 

ranking cumulative dose within the cohort. These dosimetry estimates were validated by 

analyzing the rate of chromosomal translocations in bone marrow for a subset of samples which 

showed a correlation between dose estimates and chromosomal changes (56). It is possible that 

our results are impacted by the healthy worker effect because technologists who were sick may 

have worked less and accrued less cumulative exposure than their healthier counterparts. To 

avoid introducing further healthy worker bias, we excluded technologists who did not work 

between 1926 to 1982 (and therefore accrued no occupational radiation) from our analysis.  
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Second, it is possible that the underlying cause of death obtained from NDI-Plus may have 

not been appropriately coded. Studies have reported that CD diagnoses tend to be overreported as 

the underlying cause of death in death certificates which may result in overestimating the number 

of CD cases (57,58). There is no evidence that this misclassification bias of the outcome is related 

to radiation exposure, so the impact on these results may be negligible, but undetermined. The 

measurement of co-morbid conditions was limited to what was available from the second survey. 

Consequently, a large proportion of the cohort had missing data for these potentially important 

confounding factors. Although the magnitude of the effect was higher when including all 

covariates in the model, it did not change the direction of the effect. Finally, for many 

technologists, exposure began many years before the cohort started in 1982 so all participants 

were survivors to this date. Thus, our results may suffer from some degree of survival-related 

selection bias that should be further investigated in future studies.  

 

Previous analyses from this cohort are consistent with a positive trend between increased 

chronic exposure to ionizing radiation and CD, but dose estimations have not been used in 

connection with CD mortality in this cohort. Hauptmann et al. reported that technologists who 

were first employed before 1950 (who had higher cumulative radiation doses) had increased risk 

of mortality from circulatory diseases compared to technologists starting post-1960 (21). A more 

recent study found a 34% increase in stroke incidence in technologists who worked with 

fluoroscopically guided interventional procedures compared to those who did not (22). The 

current study incorporated radiation dose estimates for 109,300 technologists and found evidence 

of a linear increase in CD mortality risk of 3% (95% CI 1-4%) for every 100mSv increase in 

cumulative badge dose. 
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Our results contribute to the growing body of evidence supporting an elevated risk of CD 

mortality even at low protracted doses of ionizing radiation. Two meta-analyses have summarized 

the existing evidence of low-dose radiation-induced circulatory disease including occupationally, 

therapeutically and environmentally exposed samples (11,59). Taken together, results from these 

analyses provide evidence to support a linear-no-threshold relationship between radiation and 

circulatory disease at cumulative doses under 0.5Gy. Restricting the analysis to studies of low-

dose rate of radiation exposure, this meta-analysis found an excess relative risk per Gy (ERR/Gy) 

of 0.114 (95%CI=-0.003, 0.232) for IHC mortality and an ERR/Gy of 0.175 (95%CI=-0.058, 

0.408) for CeVD mortality(59). 

 

Among the studies included in these reviews, the Life Span Study (LSS) evaluated the 

relation between radiation exposure and the risk of stroke and heart disease (HD) mortality 

among Japanese atomic bomb survivors after 53 years of follow up (12). For all HD mortality, the 

ERR/Gy was 0.14 (95%CI= 0.06, 0.23) with evidence of a linear dose-response relationship 

below 1 Gy. However, this increased risk was not evident when restricting the analysis to doses 

below 0.5 Gy. A more recent publication from this cohort reported an elevated risk of HD 

mortality even when restricting the analysis to doses below 0.7Gy without an evident threshold 

(ERR/Gy= 0.25, 95%CI=0.08, 0.43) (60). The direction of our estimates is consistent with LSS 

results but may not be directly compared due to differences in the mode and length of radiation 

exposure. While atomic bomb survivors experienced high acute doses of ionizing radiation, 

medical radiation technologists in the USRT were exposed to low protracted doses across their 

life.  

 

The pattern of exposure to radiation experienced by medical technologists more closely 

resembles the pattern of other groups occupationally exposed to radiation, such as nuclear 
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workers (61–63). A recent analysis of non-cancer outcomes among 308,297 nuclear workers from 

France, the United Kingdom, and the US (INWORKS cohort) reported an elevated mortality risk 

for all CD mortality, IHD and CeVD (62). At cumulative doses below 0.7 Sv, the ERR/Sv was 

0.22 (90%CI 0.08, 0.37) for all CD mortality combined, 0.18 (90%CI 0.004, 0.36) for IHD 

mortality and 0.50 (90%CI 0.12, 0.94) for CeVD. The categorical model supported a linear dose-

response association between radiation and CD mortality, but this was not entirely consistent 

when analyzing IHD or CeVD separately. Our estimated risk of CD mortality per 1 Sv increase in 

cumulative radiation dose was 30% (95%CI: 10, 40%) which is similar in size and direction to 

the INWORKS results. However, the exact magnitude of the effect estimate cannot be directly 

compared due to differences in model choice and measure of effect.  

 

We found evidence of a dose-response relationship between cumulative radiation exposure 

and CD mortality even when restricting the analysis to doses below 0.5Sv. Indeed, the risk for 

each additional 100mSv in cumulative badge dose was steeper for doses below 500mSv than 

doses above this level. This plateauing effect of cumulative radiation on CD mortality is likely 

due to survival bias; early workers accumulated the highest levels of radiation but if they survived 

long enough to participate in the study, they were likely more resistant to the effects of radiation 

than the average radiation worker.  

 

Other studies of cumulative occupational exposure to radiation reported similar results when 

restricting dose ranges. Gillies et al reported excess relative risks estimates for CD mortality that 

excluded zero down to a restricted maximum dose of 300mSv (ERR/Sv=0.28, 90%CI 0.03, 0.53) 

(62). For IHD mortality, the linear ERR/Sv among these nuclear workers was only consistently 

above 0 when limiting the analysis to doses below 500mSv but was not clear when limiting to 
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400mSv (62). In our analysis of medical radiation technologists, we found evidence of a 

consistently elevated risk of CD mortality even when we restricted the analysis to doses below 

200mSv of cumulative radiation exposure. A sub-analysis focused on UK radiation workers 

restricted the analysis to different doses and showed that risk of HD mortality was consistently 

elevated for cumulative doses up 200mSv but not if the analysis was restricted to doses below 

100mSv (63). For CeVD mortality, we did not find evidence of a linear dose-response below 

300mSv while Gillies et al reported an elevated risk of death even when restricting to doses 

below 100mSv (ERR/Sv of 2.07, 90%CI: 0.43, 3.80) (62). A study of tuberculosis fluoroscopy 

patients in Canada and Massachusetts found evidence of a positive dose-response association 

between radiation levels below 0.5Gy and CD mortality (64). For all CD mortality, the ERR/Gy 

was 0.246 (95%CI=0.036, 0.469) at doses between 0 and 0.5Gy. This effect was consistent when 

restricting the analysis to doses below 0.4Gy and 0.3Gy with some loss of statistical power at 

lower doses. Similarly, there was an elevated risk of IHD mortality (ERR/Gy = 0.268, 95%CI= 

0.003, 0.552) at doses below 0.5 Gy but not for CeVD (ERR/Gy = 0.441, 95%CI= -0.119, 1.090). 

 

In this study, our results did not change when considering the lag period between cumulative 

occupational exposure and CD mortality outcomes which is both consistent (61,65) and 

discrepant (8) with existing research. Some studies have found that linear effect estimates tend to 

moderately increase with longer lag periods, but this is not entirely consistent across CD 

subclassification (62,63). In contrast, other studies have reported a decreasing trend in mortality 

risk for longer lag periods (64).  

 

We found evidence of an interaction between gender and exposure to radiation in relation to 

CD and IHD mortality which aligns with some studies (62,66), but not others (8,60). Consistent 
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with our findings, the INWORKS study of nuclear workers reported higher risk estimates for both 

IHD and CeVD among women than men (62).  When we stratified by certification year, we only 

observed an elevated mortality risk that excluded the null among radiation technologists who 

were certified before 1950. However, there was no statistical evidence to support the interaction 

between certification year and radiation. Other studies of radiation-related CD effects have 

reported some cohort effects, but the direction was not entirely consistent among them (8,61–63). 

 

This study of medical radiation technologists in the US contributes evidence to support a 

dose-response between cumulative radiation exposure and CD mortality at doses below 0.5Sv. 

Our results are consistent with many other studies of long-term exposure to low-doses of ionizing 

radiation such as those with nuclear workers. In addition, this study uniquely focuses on 

occupational exposure to radiation in a medical setting as opposed to nuclear power plants. 

Although medical radiation use has steeply increased around the world in the recent decades (67), 

this particular worker population has been underrepresented among radiation-related studies. Our 

results indicate an association between CD mortality and occupational ionizing radiation 

exposures below the current radiation protection standards.  (52). 

 

Conclusions 

There is an ongoing debate regarding the non-cancer effects of ionizing radiation exposure at 

low doses. This study of medical radiation technologists who were chronically exposed to low-

doses of radiation provides evidence of radiation-induced circulatory effects below the current 

annual 0.5Sv threshold. Further follow-up of this cohort will help clarify the potential effect 

extending to persons certified after 1950.   
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Tables and figures 

Table 1. Demographic, occupational and health characteristics of 109,300 radiation technologists 

 

Characteristic n % n % n %

Total 4,458 100.0 10,438 100.0 94,404 100.0

Demographic

Birth year

<1930 2,439 54.7 3,735 35.8 2,766 2.9

1930-39 973 21.8 2,728 26.1 11,019 11.7

1940-49 740 16.6 2,569 24.6 32,597 34.5

1950+ 306 6.9 1,406 13.5 48,022 50.9

missing 0 0.0 0 0.0 0 0.0

Sex

male 1,934 43.4 3,651 35.0 20,812 22.0

female 2,524 56.6 6,787 65.0 73,592 78.0

missing 0 0.0 0 0.0 0 0.0

Race

white 4,141 92.9 9,768 93.6 89,019 94.3

black 170 3.8 403 3.9 2,934 3.1

other 135 3.0 244 2.3 2,374 2.5

missing 12 0.3 23 0.2 77 0.1

Ethnicity

non-Hispanic 4,327 97.1 10,172 97.5 91,662 97.1

Hispanic 92 2.1 193 1.8 2,408 2.6

missing 39 0.9 73 0.7 334 0.4

Educational attainment

Vocational, Highschool or less 583 13.1 930 8.9 3,837 4.1

Radiation Technology 1,565 35.1 3,976 38.1 41,791 44.3

Some college 1,535 34.4 3,545 34.0 30,958 32.8

missing 775 17.4 1,987 19.0 17,818 18.9

Occupational 

Certification year

<1950 1,034 23.2 1,369 13.1 679 0.7

1950-59 1,572 35.3 3,364 32.2 8,176 8.7

1960-69 1,170 26.2 3,305 31.7 26,809 28.4

1970-79 651 14.6 2,261 21.7 52,911 56.0

1980+ 31 0.7 139 1.3 5,829 6.2

missing 0 0.0 0 0.0 0 0.0

Years working as Rad-tech

>0-10yrs 876 19.7 2,366 22.7 18,272 19.4

11-20yrs 982 22.0 2,474 23.7 26,144 27.7

21-30yrs 1,132 25.4 2,856 27.4 39,450 41.8

>30yrs 1,468 32.9 2,742 26.3 10,538 11.2

missing 0 0.0 0 0.0 0 0.0

Cumulative radiation dose (mSv)

Median (range) 154 (0.5 - 2972) 102 (0.5 - 2777) 43 (0.5 - 1912)

>0-49.9mSv 718 16.1 2,687 25.7 55,053 58.3

50-149.9mSv 1,456 32.7 4,075 39.0 34,378 36.4

150-399.9mSv 1,496 33.6 2,743 26.3 4,754 5.0

400+ mSv 788 17.7 933 8.9 219 0.2

missing 0 0.0 0 0.0 0 0.0

Circulatory disease Other cause of death Alive in 2012
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Table 1. (continued) 

 
 

  

Characteristic n % n % n %

Health at baseline

BMI

underweight 141 3.2 357 3.4 2,906 3.1

normal weight 1,955 43.9 5,473 52.4 60,213 63.8

overweight 1,532 34.4 3,006 28.8 21,948 23.2

obese 830 18.6 1,602 15.3 9,337 9.9

missing 0 0.0 0 0.0 0 0.0

Smoking status

never 1,437 32.2 3,335 32.0 46,675 49.4

ex-smoker, <=20p-yr 726 16.3 1,639 15.7 22,166 23.5

ex-smoker, >20p-yr 1,210 27.1 2,575 24.7 11,563 12.2

current, <=20p-yr 231 5.2 620 5.9 7,299 7.7

current, >20p-yr 828 18.6 2,233 21.4 6,501 6.9

missing 26 0.6 36 0.3 200 0.2

Hypertension 

no 1,631 36.6 4,719 45.2 67,767 71.8

yes 1,127 25.3 1,920 18.4 10,541 11.2

missing 1,700 38.1 3,799 36.4 16,096 17.1

Diabetes

no 2,411 54.1 5,985 57.3 76,478 81.0

yes 347 7.8 654 6.3 1,830 1.9

missing 1,700 38.1 3,799 36.4 16,096 17.1

High cholesterol

no 2,205 49.5 5,601 53.7 70,568 74.8

yes 553 12.4 1,038 9.9 7,740 8.2

missing 1,700 38.1 3,799 36.4 16,096 17.1

Circulatory disease Other cause of death Alive in 2012
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Table 2. Classification of circulatory disease (CD) mortality among 109,300 radiation 

technologists who responded to questionnaire 1 (Q1) or questionnaire 2 (Q2) and reported 

working for at least one year 

 
  

Outcome classification N % of CD

Circulatory disease mortality 4,458

All heart disease 3,520 79.0

Rheumatic diseases 33 0.7

Hypertensive diseases 236 5.3

Ischemic heart diseases (IHD) 2,265 50.8

Acute myocardial infarction (AMI) 876 19.6

Other IHD 1,389 31.3

Pulmonary heart disease 99 2.2

Other heart disease 887 19.9

Cerebrovascular disease (CeVD) 735 16.5

Stroke 638 14.3

Other CeVD 97 2.2

Other circulatory disease 203 4.6
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Table 3. Estimated hazard ratios⁋ of circulatory disease (CD) mortality using different 

continuous metrics of cumulative exposure to occupational radiation and covariate adjustment 

 
⁋ HR and 95% CI are estimated using discrete time hazard models with calendar year as a time 

scale and age as a time-varying covariate for an increase of 100mSv in badge dose, 100mGy 

increase in thyroid and heart doses, and 100mGy increase in brain dose. Follow-up started in 

1983 and ended in 2012.  

Model 1 adjusted only for age and calendar year  

Model 2 added sex, race, ethnicity, smoking habits and BMI as collected in either Q1 or Q2 to 

model 1 

Model 3 added diagnoses of hypertension, diabetes and high cholesterol to model 2 which were 

only available for respondents of Q2.  

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease 

 

 

  

Radiation metric

HR 95% CI HR 95% CI HR 95% CI 

All circulatory disease (CD)

Cumulative badge dose (100mSv) 1.03 (1.01, 1.04) 1.03 (1.02, 1.04) 1.06 (1.03, 1.09)

Cumulative thyroid dose (100mGy) 1.04 (1.02, 1.06) 1.04 (1.02, 1.06) 1.08 (1.04, 1.11)

Ischemic heart disease (IHD)

Cumulative badge dose (100mSv) 1.02 (1.01, 1.04) 1.03 (1.01, 1.04) 1.07 (1.03, 1.11)

Cumulative heart dose (100mGy) 1.06 (1.02, 1.11) 1.07 (1.02, 1.13) 1.20 (1.08, 1.34)

Cerebrovascular disease (CeVD)

Cumulative badge dose (100mSv) 1.04 (1.01, 1.06) 1.04 (1.01, 1.07) 1.05 (0.99, 1.10)

Cumulative brain dose (100mGy) 1.40 (1.15, 1.65) 1.39 (1.14, 1.64) 1.47 (0.99, 1.99)

Model 1 Model 2 Model 3

n=109,300 n=108,583 n=68,037
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Table 4. Effect of restricting dose ranges on linear mortality estimates for all circulatory disease, 

ischemic heart disease and cerebrovascular diseases (HR/100mSv increase in badge dose) 

 
*HR and 95% CI estimated using discrete time hazard models with calendar year as a time scale 

and age as a time-varying covariate for an increase of 100mSv in badge dose adjusted by sex, 

race, ethnicity, BMI and smoking at baseline. 

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease 

 

 
  

Dose range Total

N HR* 95%CI HR* 95%CI HR* 95%CI

Overall (>0-2972 mSv) 108,583 1.03 (1.02, 1.04) 1.03 (1.01, 1.04) 1.04 (1.01, 1.07)

Restricting dose range

≥500 - 2972mSv 1,167 1.01 (0.99, 1.04) 1.01 (0.98, 1.04) 1.01 (0.97, 1.07)

<500mSv 107,416 1.13 (1.09, 1.16) 1.12 (1.07, 1.18) 1.10 (1.02, 1.20)

<400mSv 106,704 1.15 (1.10, 1.20) 1.15 (1.08, 1.22) 1.15 (1.04, 1.28)

<300mSv 105,472 1.18 (1.11, 1.24) 1.19 (1.10, 1.28) 1.15 (1.00, 1.31)

<250mSv 104,411 1.17 (1.10, 1.25) 1.18 (1.07, 1.29) 1.13 (0.97, 1.32)

<200mSv 102,538 1.19 (1.09, 1.29) 1.18 (1.05, 1.33) 1.19 (0.97, 1.46)

<150mSv 98,934 1.17 (1.04, 1.32) 1.20 (1.01, 1.42) 1.11 (0.84, 1.48)

<100mSv 90,892 1.26 (1.03, 1.53) 1.21 (0.92, 1.60) 1.68 (1.02, 2.77)

All CD mortality IHD mortality CeVD mortality
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Table 5. Stratified risk of cumulative radiation badge dose (per 100mSv increase) for circulatory 

disease (CD) mortality among 109,300 radiation technologists 

 
*HR and 95% CI estimated using discrete time hazard models with calendar year as a time scale 

and age as a time-varying covariate for an increase of 100mSv in badge dose adjusted by sex, 

race, ethnicity, BMI and smoking at baseline. 

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease 

  

Badge dose (100mSv) HR* 95% CI HR* 95% CI HR* 95% CI

Sex

Male 1.02 (1.00, 1.05) 1.02 (0.99, 1.05) 1.04 (0.99, 1.10)

Female 1.03 (1.02, 1.05) 1.03 (1.01, 1.05) 1.04 (1.01, 1.07)

p-value interaction <0.001 <0.001 0.66

BMI

Underweight 1.08 (1.02, 1.13) 1.10 (1.01, 1.19) 1.07 (0.96, 1.18)

Normal weight 1.02 (1.00, 1,04) 1.01 (0.99, 1.04) 1.04 (1.01, 1.07)

Overweight 1.04 (1.01, 1.07) 1.04 (1.00, 1.07) 1.05 (1.00, 1.11)

Obese 1.03 (0.98, 1.08) 1.05 (0.98, 1.11) 0.97 (0.88, 1.08)

p-value interaction 0.07 0.37 0.69

Year certified

<1950 1.04 (1.02, 1.06) 1.04 (1.02, 1.07) 1.05 (1.01, 1.09)

1950-59 1.02 (0.99, 1.05) 1.02 (0.98, 1.06) 0.99 (0.93, 1.06)

1960-69 1.00 (0.93. 106) 0.98 (0.91, 1.05) 1.03 (0.95, 1.12)

1970-79 1.09 (0.93, 1.28) 0.98 (0.80, 1.20) 1.41 (0.90, 2.20)

1980+ 1.75 (0.77, 3.97) 2.32 (0.87, 6.20) 0.09 (0.01, 1.36)

p-value interaction 0.84 0.67 0.49

All CD combined IHD CeVD
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A) All CD mortality, badge dose 

 

B) All CD mortality, thyroid dose 

 
C) IHD mortality, badge dose 

 

D) IHD mortality, heart dose 

 

E) CeVD mortality, badge dose 

 

F) CeVD mortality, brain dose 

 

Figure 1. Estimated hazard ratios of circulatory disease (CD) mortality for categories of 

radiation exposure using badge and organ doses.  

HRs and 95% CI estimated using discrete time hazard models with calendar year as a time scale and 

adjusted for age, sex, race, ethnicity, BMI and smoking. Left panels use cumulative badge doses 

(mSv) as the exposure metric, right panels use specific organ doses. The first row shows HR for all 

p for trend = 0.003 p for trend < 0.001 

p for trend < 0.001 p for trend < 0.001 

p for trend < 0.001 p for trend < 0.001 
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circulatory (CD) mortality combined, the second row for ischemic heart disease (IHD) and the third 

for cerebrovascular disease (CeVD). 

 

 
Figure 2. [Supplemental Figure S1] Directed Acyclic Graph (DAG) of confounders of the 

association between cumulative exposure to occupational radiation on circulatory disease (CD) 

mortality among radiologic technologists 
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Table 6. [Supplemental Table S1] Estimated hazard ratios of circulatory disease (CD) mortality 

by different lag periods of cumulative radiation exposure (per 100mSv of badge dose) 

 
*HR and 95% CI estimated using discrete time hazard models with calendar year as a time scale 

and adjusted by age, sex, race, ethnicity, BMI at baseline and smoking at baseline 

 

  

All CD mortality HR* 95%CI LL

Cumulative badge dose (100mSv)

0-yr lag 1.0298 (1.0162, 1.0435)

5-yr lag 1.0299 (1.0162, 1.0436)

10-yr lag 1.0300 (1.0163, 1.0437)

15-yr lag 1.0297 (1.0160, 1.0435)
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Chapter 3 
 

Manuscript 2. Influence of the neighborhood socioeconomic status on 

the association between ionizing radiation and circulatory disease 

morbidity and mortality 
 

 

Introduction 

Studies in occupational epidemiology have focused mostly on exposures found in the 

workplace, and have only more recently considered the social, demographic and economic 

context surrounding the worker (35). Currently, there is little research on the influence of the 

neighborhood of residence on the effect of occupational exposures on disease. Neighborhoods 

have physical and social attributes that may impact human health, including environmental 

exposures such as air pollution, food and recreational services, characteristics of the built 

environment, quality of housing, perceptions of safety and violence, and social cohesion and 

network connections (23). These attributes of the neighborhood context may impact health 

directly or indirectly through behavioral, physical and stress-related mediators, or they may act as 

effect modified of the associations between workplace exposures and health outcome.  

 

These neighborhood attributes are closely related with the socioeconomic status of the area, 

where lower income neighborhoods tend to have higher concentration of damaging exposures 

(68). Neighborhood socioeconomic status (nSES) has been commonly defined as a composite 

index from several census-level variables such as percent of population employed, median 

housing value or percent poverty. This composite factor may capture processes that run with the 

socioeconomic composition of household in the area, may reflect individual income of the 

residents and may also serve as proxy for other more specific neighborhood attributes such as 

financial and health resources, green spaces, air pollution, and social networks (68,69). For 

example, Roblin found that nSES was associated with presence of sidewalks, street lights 
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available at night, presence of walking/cycling paths nearby, and perception of safety from crime 

(24).  In turn, nSES has been associated with a wide range of health outcomes as previously 

reviewed (70). More recently, studies have found that nSES is associated with mortality (25,26), 

cardiovascular risk factors (27), hypertension (28), and coronary heart disease (29).  Winkleby et 

al. combined data from the National Health Interview Survey, the 1990 Decennial US Census and 

National Death Index (NDI) and found that living in a neighborhood with low nSES increased the 

risk of mortality beyond individual socioeconomic status (25).  

 

Circulatory diseases (CDs), which include all diseases of the heart and circulatory system, 

have been the main cause of death around the world for the past three decades (30). Like other 

chronic diseases, CDs are multifactorial in nature and are influenced by various biological, 

lifestyle and contextual factors, including the neighborhood environment (23). Indeed, there is 

extensive evidence that supports the association of increased CD morbidity and mortality among 

residents of neighborhoods of low nSES versus neighborhoods of high nSES (31). By 2009, over 

40 studies had evaluated the association between neighborhood deprivation and coronary heart 

disease(32). Most of the studies found increased risk of heart disease among individuals residing 

in low nSES areas compared to those living in more affluent areas(32). A study conducted by 

Diez Roux and colleagues found that hazard ratios for coronary heart disease among people living 

in disadvantaged neighborhoods were 3 times higher than people in neighborhoods of high nSES, 

even after controlling for individual income, education and occupation (29). Similarly, Morenoff 

et al. estimated that hypertension was negatively associated with neighborhood affluence even 

after adjusting for individual risk factors (28).  

 

At the same time, there is evidence increasingly showing that exposure to ionizing radiation 

can damage heart and vascular tissue and lead to development of CDs (11,59). Studies of 

radiologic technologists, professionals who perform medical diagnostic and therapeutic 
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procedures with radiation, have found that increased exposure to ionizing radiation is associated 

with CD mortality (21,22). A recent analysis of the US Radiologic Technologist (USRT) study 

found that radiation technologists who were chronically exposed to low-doses of radiation have 

elevated risks of CD mortality even at low doses below 0.5Gy (71). Within this and other 

occupational cohorts of ionizing radiation, the influence of the socioeconomic context of the 

workers has not been explored with respect to CD incidence and mortality. In addition, it is not 

known whether the attendant associations with ionizing radiation exposure may be confounded or 

modified by residential nSES. In this paper we assess: 1) the effect of residential nSES on CD 

incidence and mortality within the cohort, and 2) whether the previously described association 

between protracted low-dose occupational radiation exposure is either confounded or modified by 

nSES. To address this objective, the study combined neighborhood socioeconomic characteristics 

from the US Census Bureau with data from the USRT study, the largest longitudinal study of 

medical occupational radiation exposure to date.  

 

Methods 

Study design, setting and population 

The US Radiologic Technologist (USRT) study is a longitudinal study of radiologic 

technologists living across the US that were certified for at least two years between 1926 and 

1982 by the American Registry of Radiologic Technologists (ARRT). A total of 146,022 

technologists were eligible to participate and were sent the first questionnaire (Q1) between 1983 

and 1989, and the second questionnaire (Q2) between 1994 and 1998. A total of 70,851 

technologists (48.5%) completed both questionnaires; 19,417 (13.3%) completed Q1 only, 17,347 

(13.8%) completed Q2 only. 110,374 participants who completed either Q1 or Q2 were 

subsequently sent the third and fourth surveys (Q3 between 2003 and 2005, and Q4 between 2012 

and 2013). These four comprehensive surveys inquired about demographic information, exposure 

to ionizing radiation and other risk factors, incidence of disease and general health status.  
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Neighborhood socioeconomic status (nSES) 

To better understand the contextual socioeconomic environment of participants, we relied on 

the contact addresses that were used to send Q2 in 1994 since addresses used to send Q1 were no 

longer available at time of geocoding. As a result, 1994 was the earliest start of follow-up in this 

analysis. Participants who completed Q1 and not Q2 were still included in the analysis if they 

were alive in 1994 and had a valid address used to send Q2 (regardless of Q2 completion). We 

geocoded participants’ mailing addresses using ESRI’s USA Composite Geocoding service in 

ArcGIS® to a 1990 block-group within the US. We used census block-groups as proxies for 

neighborhoods because they are the smallest administrative unit from which socioeconomic 

tabular information is available from the US Census. A total of 145,006 contact addresses were 

available in 1994 for Q2 distribution. From these, 76.4% were geocoded to a specific street 

address and 22.8% were mapped to the centroid of a zip-code because low address quality 

prevented ArcGIS® from precisely locating the street address. The remaining 0.8% of addresses 

were could not be geocoded due to poor address quality and were excluded from analysis. 

 

Similar to other studies testing the effect of nSES on health, we constructed a composite 

nSES index for all block-groups in the US using 1990 decennial census data which most closely 

corresponded to the date when Q2 was sent (24–26,29). We downloaded tabular 

sociodemographic data from the 1990 US Census at the block-group level from the Minnesota 

Population Center: National Historical Geographic Information System (72). We created an nSES 

index using 6 components previously identified by Diez Roux et al. via principal component 

analysis: 1) regionally-adjusted median household income, 2) regionally-adjusted median housing 

value, 3) percent of households with interest/income, 4) percent of adults who completed high 

school, 5) percent of adults who completed college, and 6) percent of employed persons in 

managerial occupations (29). To adjust median household income and median housing value, we 
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used the average measures for the corresponding metropolitan statistical area (MSA) in 1990. If a 

block-group did not have a corresponding MSA (e.g. for rural areas), we used the state average to 

regionally adjust income and housing value. To combine the 6 components into an overall nSES 

index score, an individual z score was calculated for each component within each block group 

and then summed for an overall nSES index score as detailed below. 

Z scores for each component j were calculated using the mean and standard deviation among 

all block-groups in the US: 

𝑧𝑖𝑗 = (𝑥𝑖𝑗 − 𝑥�̅�) 𝑠𝑑𝑗⁄  for each block-group i and component j. 

The nSES index for all 1990 US block-groups (nSESij) was constructed by summing the z 

scores of each of the six components:  

𝑛𝑆𝐸𝑆𝑖 =  ∑ 𝑧𝑗
6
𝑗=1  for each block-group i 

In general, USRT participants lived in areas of higher nSES compared to the average US 

block-group. Considering all US block-groups in 1990, only 9% of USRT participants lived in 

the lowest nSES quintile and 31% lived in the most affluent quintile. Finally, we standardized the 

nSES index using the mean nSESUSRT calculated using only the neighborhoods in the US where 

USRT participants lived, m:  

𝑛𝑆𝐸𝑆𝑠𝑚 =  
𝑛𝑆𝐸𝑆𝑚

𝑛𝑆𝐸𝑆𝑈𝑆𝑅𝑇
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅⁄  for each USRT block-group m 

Higher nSESsm scores denote higher neighborhood socioeconomic advantage within the 

cohort. For this paper, nSESsm was divided into tertiles (cut at -0.43 and at +0.40 of nSESsm).  

 

Individual socioeconomic status  

To account for confounding of the effect of nSES on CD outcomes, we used educational 

attainment at baseline as a measure of individual socioeconomic status. Educational attainment at 

baseline was inquired in Q1 (but not in Q2) and was divided into 3 categories: 1) vocational, high 

school or less, 2) radiation technology, and 3) some college. A total of 89,638 people provided 
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this information (84% of eligible participants). During sensitivity analyses, we also considered 

annual household income as a measure of individual socioeconomic status, but this was only 

available in 2003 from a limited subset of Q3 respondents. Household annual income was 

inquired only in Q3 (<$50,000, $50,000-74,999, $75,000-99,999, and ≥$100,000) and a total 

54,303 people provided this information (51% of eligible participants). 

 

Circulatory disease (CD) outcomes  

CD mortality 

Vital status for all USRT participants was determined through December 31st, 2012. For 

decedents, the underlying cause of death was obtained from the National Death Index (NDI-Plus) 

and coded using the ICD version in effect at the time of death (22). Specific mortality outcomes 

evaluated in this study were: all circulatory diseases (ICD-8 390–458; ICD-9 390–459; ICD-10 

I00–I99), ischemic heart disease (ICD-8 410–414; ICD-9 410–414; ICD-10 I20–I25) and 

cerebrovascular diseases (ICD-8 430-438; ICD-9 430-438; ICD-10 I60-I69).  

 

CD incidence 

Self-reported incidence of ischemic heart disease, myocardial infarction, and stroke were 

obtained from responses in Q3 and Q4. In each of these surveys, participants were asked to select 

any medical conditions that they had been diagnosed with by a doctor and report the first year (or 

age) of diagnosis. To unify conditions across questionnaires, we included myocardial infarction 

as part of ischemic heart disease (IHD) and stroke as part of cerebrovascular diseases (CeVD). 

People who reported multiple CD comorbidities were included in the analysis for each condition.  

 

Cumulative ionizing radiation 

Personal annual doses of ionizing radiation were estimated for 110,374 technologists for the 

years 1916-1997 as previously described (54,55). Briefly, individual annual doses were derived 
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for each year worked using several sources of information including recorded badge doses from 

monitoring devices, length and type of work as a radiation technologist, usage of personal 

protective equipment, other individual employment practices reported in the second and third 

questionnaires (Q2, and Q3) and literature-reported exposure measurements for years when badge 

doses were not available. Badge doses (in mSv) were converted to organ absorbed doses (in 

mGy) using dosimetry factors that accounted for engineering changes in radiologic technology, 

reported use of protective equipment and body mass index. To best capture the biological impact 

of radiation on each CD outcome, we used cumulative thyroid dose for all CD mortality 

combined, cumulative heart dose for IHD, and cumulative brain dose for CeVD as measures of 

radiation exposure.  

 

Data analysis 

Inclusion and exclusion criteria 

Participants were included in the mortality analyses if they were alive in 1994, had 

information on educational attainment in Q1, reported working as radiologic technologists for at 

least one year between 1916 and 1997, and had an address on record (n=86,147). During 

sensitivity analysis, we excluded individual educational attainment from the model and evaluated 

the effect of nSES and radiation on the full eligible cohort (n=105,802). Participants were 

included in the incidence analyses if they were alive and CD-free in 1994, had information on 

educational attainment in Q1, reported working as radiologic technologists for at least one year 

between 1916 and 1997, had an address on record, and completed a follow-up questionnaire (Q3 

and/or Q4). We excluded participants if: 1) they reported having any of the following conditions 

in either Q1 or Q2: myocardial infarction (Q1 & Q2), stroke (Q2), angina pectoris (Q2), or a 

coronary bypass (Q2), or 2) they reported a year of diagnosis earlier than 1994 (earliest 

availability of nSES) or did not report a year. A total of 76,055 participants were included in the 
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main analysis but as part of sensitivity analysis we excluded education from the model and 

evaluated the effect of nSES and radiation on the full eligible cohort (n=88,989). 

 

Follow-up 

For mortality outcomes, follow-up started when Q2 was completed (or 1994 if Q1 was 

completed instead of Q2) and ended at the earliest of the following events: year of death, year of 

lost-to-follow-up (censored) or 2012 when the latest mortality data were ascertained (censored).  

 

For CD incidence, start of follow-up was the year when Q2 was completed (or 1994 if Q1 

was completed instead of Q2) and follow-up ended at the earliest of the following events: year of 

first diagnosis or year when the latest questionnaire was completed (Q4, or Q3 if Q4 was 

missing). Cumulative organ doses of radiation were treated as continuous time-varying factors 

such that, at each time point, a person’s exposure was the sum of all yearly doses up to and 

including that year.  

 

Model specification 

Hazard ratios (HR) and 95% confidence intervals (CI) were calculated as effect estimates of 

the association between radiation, nSES tertiles and CD incidence and mortality. HR and 95%CI 

were estimated using discrete time hazard models with calendar year as the time scale adjusted 

for age as a time-varying factor, sex (M/F), self-reported race (white, black, other), ethnicity 

(Hispanic/non-Hispanic), smoking habits and body mass index (BMI) at baseline. Smoking habits 

at baseline were categorized as: never smoker, light ex-smoker (≤20 pack years), heavy ex-

smoker (>20 pack years), light current smoker (≤20 pack years) and heavy current smoker (>20 

pack years). Baseline BMI was categorized using standard definition: underweight (<18kg/m2), 

normal weight (18 to <25 kg/m2), overweight (25 to <30 kg/m2) and obese(≥30 kg/m2)(73).  
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Five models were evaluated to assess the impact of confounding and effect modification by 

nSES. All the discrete time hazard models detailed below used calendar year as a time scale, 

adjusted by baseline covariates (age as a time-varying covariate, sex, race, ethnicity, BMI and 

smoking). 

1. Model 1: baseline covariates + cumulative radiation organ dose 

2. Model 2: baseline covariates + nSES tertiles 

3. Model 3: baseline covariates + cumulative radiation organ dose + nSES tertiles 

4. Model 4: baseline covariates + cumulative radiation organ dose + nSES tertiles + 

educational attainment  

5. Model 5: baseline covariates + cumulative radiation organ dose + nSES tertiles + 

educational attainment + (cumulative radiation organ dose * nSES tertiles) 

Based on our study objectives, Models 1 and 2 evaluate the independent effect of radiation 

and nSES on CD outcomes, respectively; Models 3 and 4 evaluate the joint effect of radiation and 

nSES on CD outcomes (with and without adjusting for individual education); and Model 5 

evaluates a multiplicative interaction between radiation and nSES. To facilitate interpretation of 

the potential modifying effect of nSES on radiation-CD estimates, we present the HR and 95% 

for a 100mGy increase in cumulative organ dose on each CD outcome stratified by nSES.  

 

To evaluate the presence of an additive interaction between nSES and radiation on CD 

outcomes, we calculated a relative excess risk due to interaction (RERI) (74). To estimate the 

RERI between nSES tertiles and radiation on all CD outcomes, we dichotomized radiation 

exposure using the median cumulative organ dose among participants (cumulative thyroid dose 

was cut at 40mGy, heart dose at 11mGy and brain dose at 8mGy). We estimated the RERI by 

comparing high (≥median) and low (<median) cumulative radiation exposure between the highest 

and lowest tertile of nSES. Because discrete time hazard models did not allow bootstrapping 

analyses to calculate the 95% CI for the RERI, we approximated the RERI and its 95% CI using 
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Cox proportional hazard models with year as a time scale, and adjusted for birth year, sex, race, 

ethnicity, smoking habits and BMI at baseline. 95% CI were estimated using bootstrapping with 

400 repetitions.   

 

Additional sensitivity analysis was conducted to determine the effect of individual household 

income on CD mortality and incidence. To gage the confounding impact of this variable beyond 

selective inclusion of respondents with available information, we first re-ran the models without 

income on a subset of participants with this information (Models 4† and 5‡). All analyses were 

performed using Stata/IC v.14.2. 

• Model 4†: same as Model 4, but restricted to 45,506 participants with 

information on household income in Q3 

• Model 5‡: same as Model 5, but restricted to 45,506 participants with 

information on household income in Q3 

6. Model 6: cumulative radiation organ dose and nSES tertiles together, adjusted 

for educational attainment and household income 

7. Model 7: cumulative radiation organ dose, nSES tertiles, educational attainment 

and a multiplicative two-way interaction between radiation and nSES tertiles, 

adjusted for household income 

 

Results 

Characteristics of the sample 

The average birth year among participants was 1946. Around 76% were female and 94% 

were white. The sample had a mean baseline BMI of 24.1 kg/m2 and an average cumulative 

thyroid dose of 60.2mGy. Table 7 presents the characteristics of these participants across tertiles 

of nSES. 62.6% of black participants of this cohort lived in neighborhoods of low nSES while 

only 31.5% of whites resided in these neighborhoods. Among participants with some college 
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education, 29.8% lived in low nSES and 36.5 lived in high nSES areas.  A higher proportion of 

current heavy smokers lived in neighborhoods of low nSES than in high nSES (37.0% versus 

29.5%, respectively).  

 

There was a total of 3,743 deaths with CD as an underlying cause of death among 105,802 

eligible participants; 1,873 (50.0%) were ischemic heart disease (IHD) and 625 (16.7%) were 

cerebrovascular disease (CeVD) cases (Table 7). A higher proportion of IHD cases occurred 

among people in low nSES areas compared to high nSES neighborhoods (40.8% versus 28.9%, 

respectively). Meanwhile, CeVD deaths were evenly distributed across tertiles of nSES. In terms 

of CD incidence, there was a total of 3,634 non-fatal cases of IHD and 1,796 cases of CeVD 

among 88,989 eligible participants. A higher proportion of incidence of IHD and CeVD were 

reported among low nSES residents than high nSES residents (36.8% vs. 29.9% for IHD, and 

35.4% vs. 32.6% for CeVD). 

 

[Table 7] 

 

Independent Effects of Radiation and nSES on CD mortality 

Table 8 presents the HR and 95% CI for the estimated effect of cumulative radiation exposure 

and nSES on CD mortality. The effect of nSES and radiation was considered separately, jointly, 

and adjusted by educational attainment at baseline. Considering a 100mGy increase in cumulative 

organ dose, we found a 6% increase in the hazard ratio of all CD mortality combined (95% CI 3-

9%); a 13% increase in the HR of IHD mortality (95% CI 5-22%) and a 48% increase in the HR 

of CeVD mortality (95% CI 6-107%) without including nSES in the models. There was an 

elevated risk of all CD mortality combined for people living in neighborhoods of low nSES 

compared to those living in high nSES places (HR: 1.19, 95%CI: 1.08-1.30). This was also the 

case for IHD mortality (HR: 1.26, 95%CI: 1.12-1.43) but not for CeVD mortality (HR: 0.95, 
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95%CI: 0.77-1.18). These estimates did not change when both variables, radiation and nSES, 

were included in the models simultaneously (Model 3) or when educational attainment was 

included as a confounder (Model 4). Education itself was not associated with any of the mortality 

outcomes. The effect estimates for nSES and radiation did not substantially change when the full 

eligible cohort was included in the analysis (n=105,802) and educational attainment was not 

included as a confounder during sensitivity analysis (Table 11 [Supplemental Table S2]). 

 

[Table 8] 

 

Interaction between radiation and nSES on CD mortality 

While there was no evidence that educational attainment influenced the association of nSES 

and radiation in a confounding model, we observed a consistent two-way interaction between 

radiation and nSES when adjusting for education (Table 8, Model 5). Adjusting for educational 

attainment, the p-value for the two-way interaction between radiation and nSES for all CD 

mortality combined was <0.001, for IHD mortality 0.003, and for CeVD mortality 0.004). For all 

these mortality outcomes, we found a more harmful effect of radiation among people living in 

high nSES areas compared to low and middle nSES when adjusting for education. For all CD 

mortality combined, residents of high nSES areas had a HR of 1.13 (95%CI: 1.09, 1.17) per 

100mGy of thyroid dose while residents of low nSES areas had a HR of 1.03 (95%CI: 0.99, 1.06) 

for the same increase in exposure. For IHD mortality, residents of high nSES areas had a HR of 

1.31 (95%CI: 1.17, 1.46) per 100mGy of heart dose while residents of low nSES areas had a HR 

of 1.05 (95%CI: 0.97, 1.14) for the same increase in exposure. Finally, for CeVD mortality, 

residents of high nSES areas had a HR of 2.71 (95%CI: 1.75, 4.18) per 100mGy of brain dose 

while residents of low nSES areas had a HR of 1.08 (95%CI: 0.68, 1.73) for the same increase in 

radiation exposure.  
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Independent Effects of Radiation and nSES on CD incidence 

Similar analyses were conducted for incidence of IHD and CeVD (Table 9). Without 

considering the neighborhood of residence or education, we found a HR of 1.27 (95% CI: 1.12, 

1.44) in incidence of non-fatal for a 100mGy increase in cumulative heart dose, after adjusting for 

calendar year, age, sex, race, ethnicity, BMI and smoking. Adjusting for the same covariates, the 

HR for a 100mGy increase in cumulative brain dose was 1.51 (95%CI: 0.95, 2.38) for CeVD 

incidence. When nSES was included in the model without radiation, the hazard ratio of IHD 

incidence was 1.22 (95%CI: 1.11, 1.34) for the lowest nSES compared with people in the highest 

nSES. For CeVD incidence, the HR in the lowest nSES tertile was 1.23 (95%CI: 1.07, 1.41) 

times larger than the estimate for the highest nSES tertile. The estimates for both, radiation and 

nSES tertiles, remained consistent when both variables were included together in the model as 

confounders of each other. Education itself was not associated with incidence of CD, and it did 

not confound the association between nSES and radiation and CD incidence. The effect estimates 

for nSES and radiation did not substantially change when the full eligible cohort was included in 

the analysis (n=88,989) and educational attainment was not included as a confounder (Table 12 

[Supplemental Table S3]). 

 

Interaction between radiation and nSES on CD incidence 

We did not find any statistical evidence to suggest a multiplicative interaction between 

radiation and nSES tertiles on their relationship with incidence of IHD and CeVD, adjusting for 

educational attainment (p-value for interaction: 0.73 and 0.48, respectively) (Table 9).     

 

[Table 9] 

 

Additive interactions between radiation and nSES for CD mortality and incidence 
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The relative excess risk due to interaction (RERI) estimates are summarized in Table 10 for 

all CD outcomes. Most RERIs were positive, suggesting that people in high nSES neighborhoods 

have a higher risk of all CD outcomes evaluated compared to people in low nSES areas, assuming 

similar cumulative radiation doses and baseline characteristics. However, all the confidence 

intervals included the null so this possible interaction should be interpreted with caution. 

 

[Table 10] 

 

Sensitivity analysis: Individual household income as a potential confounder of these 

associations 

Information about individual household income was only inquired on Q3 and completed by 

45,506 participants eligible for mortality analysis (Table 13 [Supplemental Table S4]) and 45,102 

eligible for incidence analysis (Table 14 [Supplemental Table S5]). In this subset of Q3 

respondents, we observed moderate changes in the HRs of radiation or nSES and CD mortality 

and loss of precision of the confidence intervals (Models 4† and 5‡). Once we included income in 

the model (Models 6 and 7), we did not observe substantial changes in the point estimates or 

confidence intervals for radiation, nSES or the two-way interaction between them. Finally, we 

found an inverse association between reported household income and all CD mortality combined 

and IHD mortality, after adjusting for radiation, nSES, education and other risk factors (Table 13 

[Supplemental Table S4]).  

 

In terms of incidence of CD (Table 14 [Supplemental Table S5]), we found that the effect of 

nSES in the sub-cohort with income information (Model 4†) was similar to that reported in Table 

9 with some loss in precision (Model 4). However, the estimates of cumulative radiation were 

larger in the subset of participants with income data than those without this information. Once we 

included income in the model (Models 6 and 7), we did not observe substantial changes in the 
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point estimates or confidence intervals for radiation, nSES or the two-way interaction between 

them. We also found an inverse association between household income and incidence of IHD 

after adjusting for radiation, nSES, education and other risk factors. 

 

 

Discussion 

   

In this longitudinal study of occupational exposure to low protracted doses of medical 

radiation, we found that a lower socioeconomic status of the neighborhood of residence was 

associated with increased risk of CD incidence and mortality independently of radiation. 

Specifically, radiation technologists from low nSES neighborhoods had between 20 and 30% 

increased risk of all CD mortality combined, IHD mortality and incidence, and CeVD incidence 

(but not mortality) compared to their counterparts living in high nSES areas across the US. At the 

same time, we showed that increased levels of cumulative radiation exposure were associated 

with CD incidence and mortality, even after accounting for nSES.  

 

We observed a multiplicative interaction between cumulative exposure to radiation and 

nSES, particularly when education was included in the model, but this was not consistent for all 

outcomes and the pattern of interaction across tertiles was not clear. In the cases where we found 

statistical evidence of a multiplicative interaction (all CD mortality combined, IHD mortality and 

CeVD mortality), stratified analysis showed that the harmful effect of radiation on these 

outcomes was slightly higher among people from high nSES neighborhoods compared to other 

areas. In terms of additive interactions, our results indicated that people in high nSES 

neighborhoods have higher risks of radiation compared to people from low nSES areas exposed 

to similar cumulative organ doses. Among a subset of participants who provided income 

information in questionnaire 3, technologists from low income household had a higher risk of all 

CD outcomes compared to more affluent people. However, individual income generally did not 

confound or modify the association between nSES, radiation and CD outcomes.  
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These results must be interpreted considering some limitations in our study. First, our 

definition of neighborhood boundaries and use of a standardized nSES index as proxies for the 

true neighborhood construct might have introduced misclassification bias to our study.  In 

general, neighborhoods can be defined at different scales. Defining neighborhoods along 

administrative boundaries such as census block-groups is a useful tool for large studies, but it 

may not accurately capture the spaces that individuals consider their neighborhoods. Future 

studies should consider alternative approaches to define neighborhood boundaries such as using a 

circular buffer around the individual’s address and calculating a weighted nSES average from all 

census block-groups surrounding the individual(75). In addition, we did not model more specific 

neighborhood attributes that could be more causally related to CD incidence and mortality such as 

food outlets(76), air pollution(68,77,78), and availability of green space(79), among others. Given 

that the USRT is a historical and national cohort, it would have been difficult to gather 

comparable data on these specific attributes for all neighborhoods where members resided in 

1990. However, there is reviewed evidence supporting the connection between nSES index and 

neighborhood attributes (68).  

 

In this study, we had limited information on individual socioeconomic status because baseline 

education level was missing for ~20% of participants and household income was missing for 

almost 50% of eligible participants. Our sensitivity analysis comparing estimates between 

participants with and without data on individual education, showed negligible differences. This 

suggests that our estimates are likely unbiased from this missing data. However, in terms of 

individual household income, a total of 1,470,696 of person-years were lost when the start of 

follow-up changed from 1994 to 2003 and only the participants with this variable are included in 

the study (48% of the 3,060,125 person-years included in the main analysis). Combined, this 

missing data may have introduced some level of selection bias and uncontrolled confounding that 
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could impact our estimates. To avoid making inappropriate comparisons across models with 

different number of participants, we present our main results by restricting our analysis to those 

participants with complete variable information. In general, our estimates for the effects of 

radiation and nSES on CD outcomes remain consistent across all subset of participants. 

 

Our findings contribute to the current literature of the neighborhood-level effects on CD 

incidence and mortality. Neighborhoods are complex systems that embody several social, 

physical and economic factors that impact CD development and mortality (80). Even in a 

relatively homogenous group of radiologic technologists -in terms of gender, race, and 

occupation-, neighborhood disparities were consistently associated with overall CD mortality, 

IHD mortality, IHD incidence and CeVD incidence, after adjusting for recognized risk factors. 

Many other studies have also reported this area-level disparity in the risk of CVD (reviewed by 

Chaix, 2009; A. V. Diez Roux et al., 2001). However, there is a gap in knowledge on the 

influences of nSES within an occupational cohort like the USRT, so we are limited on our 

comparisons with the broader literature. 

 

In our study, we showed that residents of affluent neighborhoods had increased risk of CD 

mortality compared to similarly exposed technologists in less affluent neighborhoods, after 

adjusting for educational attainment. This observation was contrary to our initial hypothesis of a 

double burden between radiation exposure and a deprived neighborhood context. Because we did 

not collect more detailed information on specific neighborhood attributes more closely linked to 

CD development (such as food outlets, air pollution, green space, among others), we are unable to 

fully explain this observation. In addition, there are only limited studies evaluating influences of 

socioeconomic disparities on worker’s health (81–83). A study in the Netherlands evaluated if 

occupational class was related to perceived health and concluded that health perception was 

mostly attributed to unequal distribution of work-place hazards, and not social class itself (81). 
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After accounting for specific job title and industry, a cross-sectional analysis in the US found that 

levels of occupational exposures varied by sociodemographic characteristics(82). Like us, they 

initially expected to find an inverse relationship between socioeconomic status and damaging 

occupational exposures, but the pattern was not clear across professions.   

 

Based on this limited literature on the influence of individual-level social disparities on the 

impact of occupational exposures, we propose two possible explanations for our observations 

described below. First, incident and mortality cases occurring among radiologic technologists 

residing in deprived neighborhoods are likely caused by the strong influence of specific 

neighborhood-level attributes such as poverty, air pollution, lack of health resources, unhealthy 

food stores and lack of green space (77,78,84). In this context, occupational radiation is likely 

playing a small role in the causal pathway of CDs. In contrast, in affluent neighborhoods, where 

the characteristics of the built environment tend to be protective of CD outcomes, radiation 

becomes a more influential factor of disease in the absence of others. 

 

In a recent study, Hussein et al investigated whether inequalities in incident cardiovascular 

disease (CVD) are mostly rooted in unequal exposures or unequal vulnerability (85). They 

showed that the major contributor to CVD disparities is unequal distribution of harmful exposures 

across the nSES gradient. The disproportionate burden of harmful exposures in deprived 

neighborhoods is the major cause of disease instead of a higher level of biological vulnerability 

among low-nSES residents. In light of these observations, our results suggest that residents of low 

nSES are not more sensitive to radiation exposures, as was initially hypothesized. That said, we 

do not propose that high income residents are more vulnerable to radiation, but that by limiting 

our analysis of neighborhood influences to the nSES, we are not accounting for the critical causes 

of CD in low-income neighborhoods. 

 



55 

 

Second, there might be differences in reporting of information related to exposure 

reconstruction, risk factors and incidence outcomes between workers in different social classes 

(83). Although this is a less likely explanation than the one discussed above, it is possible that 

low-nSES residents might be misreporting information on contributors to exposure estimates -like 

apron usage- such that their radiation exposure was overestimated. To exemplify this point, say 

we observed 20 CD mortality cases in the lowest nSES group and 30 cases in the highest nSES 

for a 100mGy increase in cumulative radiation dose. If those from low-nSES have an 

overestimated exposure dose while those in high-nSES areas do not, those 20 observed cases in 

low nSES could have been caused by a 50mGy increase (erroneously estimated as 100mGy). In 

this counterfactual scenario, we would expect to see 40 cases for a 100mGy increase in radiation 

exposure (assuming perfect linearity), which would flip the risk difference by nSES. That said, 

we are unable to conclusively explain why we observed a higher risk of CD mortality from 

exposure to radiation among high nSES residents compared to low nSES residents. 

 

Various aspects of the neighborhood have been associated with worse CD outcomes 

including the built environment, social networks, and the availability and affordability of 

resources. One of the major contributors of CD and other metabolic diseases is low access to 

healthy foods. Since the 1990s, areas of low economic resources and poor access to healthy 

foods, have been called ‘food desserts’(76). Although nSES and these physical attributes of the 

neighborhood -such as healthy food availability- are closely intertwined, a recent study concluded 

that adverse cardiovascular outcomes are mainly driven by nSES rather than access to healthy 

food options (86). This suggests that a construct such as the nSES might act independently of the 

specific attributes that are often bundled under the nSES proxy.  Indeed, a recent study on the 

neurobiological pathways from socioeconomic disparities to CVD reported that residents of lower 

SES had increased amygdalar activity (a key component of the stress network), arterial 

inflammation and a higher prevalence of a major cardiac event(87). This contributes to the 
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previous evidence supporting a biological mechanism between neighborhood deprivation and 

CVD including stress and inflammation(36). 

 

Conclusion 

In a large cohort of workers occupationally exposed to medical radiation, we showed that 

residing in an area of low nSES was consistently associated with increased risk of overall CD 

mortality, IHD mortality, IHD incidence and CeVD incidence compared to residents of more 

affluent areas. At the same time, we found an independent harmful effect of cumulative radiation 

exposure on all CD outcomes after adjusting for baseline covariates, educational attainment and 

nSES. There was evidence suggesting the presence of a multiplicative interaction between 

cumulative exposure to radiation and nSES for overall CD mortality, IHD mortality and CeVD 

mortality. Indeed, we observed that the harmful effect of radiation on these outcomes was slightly 

higher among people from high nSES neighborhoods compared to other areas. Future studies 

should consider this result and further investigate its causes.   
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Tables and Figures 

Table 7. Characteristics of 105,802* US radiologic technologists by socioeconomic status of their 

neighborhood of residence in the 1990s 

 
*Depending on the outcomes and covariates included in the model, the number of participants 

included changed but 105,802 was the maximum number of technologists considered in this 

paper (see Data analysis for details) 

Neighborhood socioeconomic status (nSES) was standardized for the cohort and divided into 

tertiles. 

Percents are calculated for each row. Some variables have missing information, so the totals vary 

by covariate. 

SD= standard deviation; CD: circulatory disease; p-yr: packs-per-year 

  

Baseline continuous factors mean SD mean SD mean SD mean SD

Birth year 1946 10.3 1947 9.8 1946 9.6 1946 9.9

Years worked as Rad. Tech. 21.0 9.4 20.7 9.4 19.4 9.7 20.4 9.5

Cumulative thyroid dose (mGy) 63.0 84.1 59.9 79.5 57.8 74.5 60.2 79.5

BMI at baseline (kg/m2) 24.7 4.8 24.1 4.4 23.6 4.2 24.1 4.5

Years of follow-up 25.5 5.0 25.9 4.2 25.7 4.3 25.7 4.5

Baseline categorical factors N % N % N % N %

Gender

Male 9,134 36.4 8,736 34.8 7,227 28.8 25,097 100

Female 25,364 31.4 27,165 33.7 28,176 34.9 80,705 100

Race

White 31,424 31.5 34,317 34.4 33,997 34.1 99,738 100

Black 2,095 62.6 750 22.4 504 15.1 3,349 100

Other 933 35.6 812 31.0 873 33.4 2,618 100

Educational level

Vocational, high school or less 1,765 35.4 1,663 33.3 1,561 31.3 4,989 100

Radiologic technology 15,742 34.0 16,082 34.8 14,445 31.2 46,269 100

Some college 10,409 29.8 11,791 33.7 12,771 36.5 19,573 100

Smoking status

never 16,466 32.9 17,236 34.4 16,407 32.7 50,109 100

ex-smoker, <=20p-yr 7,168 29.7 8,141 33.7 8,813 36.5 24,122 100

ex-smoker, >20p-yr 4,712 32.3 4,719 32.4 5,135 35.3 14,566 100

current, <=20p-yr 2,802 35.3 2,770 34.9 2,355 29.7 7,927 100

current, >20p-yr 3,267 37.0 2,959 33.5 2,610 29.5 8,836 100

Outcome distribution by 2012

Circulatory disease mortality

All CD combined 1,446 38.6 1,189 31.8 1,108 29.6 3,743 100

Ischemic heart disease 765 40.8 567 30.3 541 28.9 1,873 100

Cerebrovascular disease 210 33.6 204 32.6 211 33.8 625 100

Circulatory disease incidence

Ischemic heart disease 1,336 36.8 1,211 33.3 1,087 29.9 3,634 100

Cerebrovascular disease 635 35.4 576 32.1 585 32.6 1,796 100

Low nSES Middle nSES High nSES Total
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Table 8. Associations between cumulative radiation exposure and nSES on circulatory disease 

mortality after adjusting for educational attainment among 86,147 radiologic technologists 

 
All hazard ratios (HR) and 95% confidence intervals (CI) were estimated using discrete time 

hazard models with calendar year as a time scale, adjusted by baseline covariates (age as a time-

varying covariate, sex, race, ethnicity, BMI and smoking). Follow-up started in 1994 and ended 

in 2012. All estimates for radiation are for a 100mGy increase in organ dose. 

Model 1: baseline covariates + cumulative radiation organ dose  

Model 2: baseline covariates + nSES tertiles  

Model 3: baseline covariates + cumulative radiation organ dose + nSES tertiles 

Model 4: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment 

Factors and outcomes

All CD mortality HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Thyroid dose (per 100mGy) 1.06 (1.03, 1.09) 1.06 (1.03, 1.08) 1.06 (1.03, 1.09) 1.13 (1.09, 1.17)

nSES tertile

Low 1.19 (1.08, 1.30) 1.18 (1.08, 1.29) 1.18 (1.08, 1.29) 1.39 (1.24, 1.57)

Middle 1.03 (0.94, 1.13) 1.03 (0.93, 1.12) 1.02 (0.93, 1.12) 1.18 (1.04, 1.33)

High Ref. Ref.

Education level 

Vocational, high school or less 0.98 (0.87, 1.11) 0.98 (0.87, 1.10)

Radiologic technology 1.01 (0.93, 1.10) 1.01 (0.93, 1.10)

Some college Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.03 (0.99, 1.06)

Middle 1.04 (1.00, 1.08)

High 1.13 (1.09, 1.17)

p-value for interaction <0.001

IHD mortality HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Heart dose (per 100mGy) 1.13 (1.05, 1.22) 1.13 (1.05, 1.21) 1.13 (1.05, 1.22) 1.31 (1.17, 1.46)

nSES tertile

Low 1.26 (1.12, 1.43) 1.25 (1.11, 1.42) 1.25 (1.11, 1.42) 1.46 (1.26, 1.71)

Middle 0.98 (0.86, 1.12) 0.97 (0.85, 1.11) 0.97 (0.85, 1.11) 1.08 (0.91, 1.28)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 0.95 (0.81, 1.12) 0.95 (0.81, 1.12)

Radiologic technology 1.02 (0.91, 1.14) 1.02 (0.91, 1.14)

Some college Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.05 (0.97, 1.14)

Middle 1.12 (0.98, 1.27)

High 1.31 (1.17, 1.46)

p-value for interaction 0.003

CeVD mortality HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Brain dose (per 100mGy) 1.48 (1.06, 2.07) 1.49 (1.07, 2.10) 1.47 (1.05, 2.07) 2.71 (1.75, 4.18)

nSES tertile

Low 0.95 (0.77, 1.17) 0.93 (0.75, 1.15) 0.92 (0.75, 1.15) 1.25 (0.94, 1.67)

Middle 0.93 (0.75, 1.15) 0.92 (0.74, 1.14) 0.91 (0.73, 1.13) 1.26 (0.86, 1.55)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 1.12 (0.86, 1.47) 1.12 (0.85, 1.47)

Radiologic technology 1.11 (0.91, 1.34) 1.09 (0.90, 1.33)

Some college Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.08 (0.68, 1.73)

Middle 1.30 (0.77, 2.20)

High 2.71 (1.75, 4.18)

p-value for interaction 0.004

Model 1 Model 2 Model 3 Model 4 Model 5
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Model 5: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + (radiation * nSES interaction) 

ꭝEffect of cumulative radiation organ doses stratified by nSES tertile using postestimation 

commands 

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease 
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Table 9. Associations between cumulative radiation exposure and nSES on circulatory disease 

incidence after adjusting for educational attainment among 76,055 radiologic technologists 

 
All hazard ratios (HR) and 95% confidence intervals (CI) were estimated using discrete time 

hazard models with calendar year as a time scale, adjusted by baseline covariates (age as a time-

varying covariate, sex, race, ethnicity, BMI and smoking). Follow-up started in 1994 and ended 

in 2012. All estimates for radiation are for a 100mGy increase in organ dose. 

Model 1: baseline covariates + cumulative radiation organ dose  

Model 2: baseline covariates + nSES tertiles  

Model 3: baseline covariates + cumulative radiation organ dose + nSES tertiles 

Model 4: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment 

Model 5: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + (radiation * nSES interaction) 

ꭝEffect of cumulative radiation organ doses stratified by nSES tertile using postestimation 

commands 

IHD: ischemic heart disease, CeVD: cerebrovascular disease 

 

  

Factors and outcomes

IHD incidence HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Heart dose (per 100mGy) 1.27 (1.12, 1.44) 1.26 (1.11, 1.43) 1.26 (1.11, 1.43) 1.33 (1.11, 1.59)

nSES tertile

Low 1.22 (1.11, 1.34) 1.22 (1.10, 1.34) 1.21 (1.10, 1.33) 1.24 (1.10, 1.39)

Middle 1.03 (0.94, 1.14) 1.03 (0.93, 1.14) 1.03 (0.93, 1.13) 1.05 (0.93, 1.18)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 1.02 (0.87, 1.20) 1.02 (0.87, 1.20)

Radiologic technology 1.05 (0.96, 1.14) 1.05 (0.96, 1.14)

Some college Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.21 (1.00, 1.47)

Middle 1.24 (1.26, 1.50)

High 1.33 (1.11, 1.59)

p-value for interaction 0.73

CeVD incidence HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Brain dose (per 100mGy) 1.51 (0.95, 2.38) 1.44 (0.91, 2.28) 1.45 (0.91, 2.30) 1.98 (1.00, 3.94)

nSES tertile

Low 1.23 (1.07, 1.41) 1.23 (1.07, 1.41) 1.23 (1.07, 1.41) 1.31 (1.09, 1.58)

Middle 1.10 (0.96, 1.25) 1.09 (0.95, 1.25) 1.09 (0.95, 1.25) 1.17 (0.97, 1.42)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 0.98 (0.78, 1.23) 0.98 (0.78, 1.23)

Radiologic technology 0.99 (0.88, 1.12) 0.99 (0.88, 1.12)

Some college Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.28 (0.67, 2.44)

Middle 1.22 (0.61, 2.43)

High 1.98 (1.00, 3.94)

p-value for interaction 0.48

Model 1 Model 2 Model 3 Model 4 Model 5
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Table 10. Relative excess risk due to interaction (RERI) and 95% CIs evaluating an additive 

interaction between cumulative occupational radiation and nSES tertiles on CD mortality and 

incidence 

 
Relative risks were estimated using Cox proportional hazard models with year as a time scale, 

birth year, sex, race, ethnicity, smoking habits, BMI at baseline and educational attainment. 95% 

CI were estimated using bootstrapping with 400 repetitions.  

*The RERI compares the risk difference of high cumulative radiation exposure between the 

highest nSES tertile and the lowest nSES tertile. Positive estimates indicate that people in high 

nSES areas have an additional risk of exposure to similar doses of radiation than those in low 

nSES areas. 

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease; p50: 

median cumulative dose 

 

  

Outcome Binary cumulative radiation RERI* 95%CI

Mortality

Any CD Thyroid dose (p50: 40mGy) 0.18 (-0.01, 0.38)

IHD Heart dose (p50: 11mGy) 0.23 (-0.04, 0.51)

CeVD Brain dose (p50: 8mGy) 0.40 (-0.11, 0.92)

Incidence 

IHD Heart dose (p50: 11mGy) 0.15 (-0.01, 0.31)

CeVD Brain dose (p50: 8mGy) 0.08 (-0.17, 0.33)
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Supplemental Tables 

Table 11. [Supplemental Table S2] Associations between cumulative radiation exposure and 

nSES on CD mortality including 105,802 eligible participants (without education in the model 

 
All hazard ratios (HR) and 95% confidence intervals (CI) were estimated using discrete time 

hazard models with calendar year as a time scale, adjusted by baseline covariates (age as a time-

varying covariate, sex, race, ethnicity, BMI and smoking). Follow-up started in 1994 and ended 

in 2012. All estimates for radiation are for a 100mGy increase in organ dose. 

Model 1: baseline covariates + cumulative radiation organ dose  

Model 2: baseline covariates + nSES tertiles  

Model 3: baseline covariates + cumulative radiation organ dose + nSES tertiles 

Model 5*: baseline covariates + cumulative radiation organ dose + nSES tertiles + (radiation * 

nSES) 

ꭝEffect of cumulative radiation organ doses stratified by nSES tertile using postestimation 

commands  

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease 

  

Factors and outcomes+A1:I25

All CD mortality HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Thyroid dose (per 100mGy) 1.05 (1.02, 1.07) 1.05 (1.02, 1.07) 1.08 (1.04, 1.13)

nSES tertile

Low 1.24 (1.14, 1.34) 1.23 (1.14, 1.34) 1.35 (1.21, 1.50)

Middle 1.05 (0.96, 1.14) 1.04 (0.96, 1.13) 1.14 (1.02, 1.28)

High Ref. Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.03 (1.00, 1.06)

Middle 1.03 (0.99, 1.07)

High 1.08 (1.04, 1.13)

p-value for interaction 0.06

IHD mortality

Heart dose (per 100mGy) 1.10 (1.04, 1.17) 1.10 (1.04, 1.17) 1.18 (1.06, 1.30)

nSES tertile

Low 1.31 (1.17, 1.47) 1.31 (1.17, 1.47) 1.43 (1.24, 1.64)

Middle 1.01 (0.89, 1.14) 1.01 (0.89, 1.14) 1.07 (0.92, 1.24)

High Ref. Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.05 (0.97, 1.13)

Middle 1.08 (0.97, 1.21)

High 1.18 (1.06, 1.30)

p-value for interaction 0.14

CeVD mortality

Brain dose (per 100mGy) 1.42 (1.07, 1.89) 1.43 (1.07, 1.89) 1.99 (1.36, 2.90)

nSES tertile

Low 0.97 (0.80, 1.18) 0.96 (0.79, 1.17) 1.14 (0.89, 1.48)

Middle 0.95 (0.78, 1.16) 0.94 (0.77, 1.15) 1.11 (0.86, 1.44)

High Ref. Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.17 (0.76, 1.81)

Middle 1.20 (0.76, 1.89)

High 1.99 (1.36, 2.90)

p-value for interaction 0.08

Model 1 Model 2 Model 3 Model 4
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Table 12. [Supplemental Table S3] Associations between cumulative radiation exposure and 

nSES on CD incidence including 88,989 eligible participants (without education in the model) 

 
All hazard ratios (HR) and 95% confidence intervals (CI) were estimated using discrete time 

hazard models with calendar year as a time scale, adjusted by baseline covariates (age as a time-

varying covariate, sex, race, ethnicity, BMI and smoking). Follow-up started in 1994 and ended 

in 2012. All estimates for radiation are for a 100mGy increase in organ dose. 

Model 1: baseline covariates + cumulative radiation organ dose  

Model 2: baseline covariates + nSES tertiles  

Model 3: baseline covariates + cumulative radiation organ dose + nSES tertiles 

Model 5*: baseline covariates + cumulative radiation organ dose + nSES tertiles + (radiation * 

nSES) 

ꭝEffect of cumulative radiation organ doses stratified by nSES tertile using postestimation 

commands  

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease 

 

  

Factors and outcomes

IHD incidence HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Heart dose (per 100mGy) 1.16 (1.06, 1.28) 1.16 (1.05, 1.27) 1.19 (1.04, 1.37)

nSES tertile

Low 1.21 (1.12, 1.32) 1.21 (1.12, 1.32) 1.24 (1.13, 1.37)

Middle 1.05 (0.97, 1.15) 1.05 (0.97, 1.14) 1.06 (0.96, 1.17)

High Ref. Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.10 (0.96, 1.28)

Middle 1.17 (1.02, 1.35)

High 1.19 (1.04, 1.37)

p-value for interaction 0.69

CeVD incidence

Brain dose (per 100mGy) 1.72 (1.20, 2.47) 1.69 (1.17, 2.43) 2.38 (1.44, 3.93)

nSES tertile

Low 1.16 (1.03, 1.30) 1.15 (1.02, 1.29) 1.27 (1.09, 1.48)

Middle 1.01 (0.90, 1.14) 1.01 (0.90, 1.13) 1.08 (0.92, 1.27)

High Ref. Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.30 (0.78, 2.16)

Middle 1.52 (0.86, 2.69)

High 2.38 (1.44, 3.93)

p-value for interaction 0.16

Model 1 Model 2 Model 3 Model 4
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Table 13. [Supplemental Table S4] Associations between cumulative radiation exposure and 

nSES on circulatory disease mortality after adjusting for educational attainment and individual 

household income among 45,506 radiologic technologists 

 
 

  

Factors and outcomes

All CD mortality HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Thyroid dose (per 100mGy) 1.16 (0.97, 1.39) 1.18 (0.84, 1.64) 1.15 (0.96, 1.37) 1.14 (0.82, 1.59)

nSES tertile

Low 1.36 (1.08, 1.71) 1.32 (0.90, 1.93) 1.25 (1.00, 1.58) 1.19 (0.81, 1.74)

Middle 0.93 (0.73, 1.19) 1.01 (0.66, 1.53) 0.89 (0.69, 1.13) 0.95 (0.62, 1.44)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 1.22 (0.86, 1.72) 1.22 (0.86, 1.73) 1.17 (0.83, 1.64) 1.17 (0.74, 1.54)

Radiologic technology 1.10 (0.89, 1.35) 1.10 (0.89, 1.35) 1.05 (0.85, 1.29) 1.05 (0.63, 1.44)

Some college Ref. Ref. Ref. Ref.

Household income in Q3

<$50,000 1.85 (1.28, 2.68) 1.86 (1.29, 2.69)

$50,000-74,999 1.29 (0.90, 1.85) 1.30 (0.91, 1.85)

$75,000-99,999 0.90 (0.59, 1.36) 0.90 (0.59, 1.36)

≥$100,000 Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.22 (0.97, 1.52) 1.22 (0.97, 1.52)

Middle 1.07 (0.79, 1.44) 1.05 (0.78, 1.41)

High 1.18 (0.84, 1.64) 1.14 (0.82, 1.59)

p-value for interaction 0.8 0.70

IHD mortality HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Heart dose (per 100mGy) 1.20 (0.67, 2.14) 1.66 (0.59, 4.66) 1.17 (0.65, 2.11) 1.52 (0.54, 4.31)

nSES tertile

Low 1.37 (0.99, 1.90) 1.57 (0.97, 2.52) 1.22 (0.88, 1.69) 1.35 (0.84, 2.17)

Middle 0.97 (0.69, 1.37) 1.09 (0.66, 1.81) 0.90 (0.63, 1.27) 1.00 (0.60, 1.65)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 1.15 (0.70, 1.91) 1.15 (0.70, 1.91) 1.08 (0.66, 1.78) 1.08 (0.66, 1.78)

Radiologic technology 1.28 (0.96, 1.73) 1.29 (0.96, 1.73) 1.19 (0.89, 1.60) 1.19 (0.89, 1.60)

Some college Ref. Ref. Ref. Ref.

Household income in Q3

<$50,000 3.07 (1.76, 5.35) 3.05 (1.75, 5.31)

$50,000-74,999 1.72 (0.98, 3.02) 1.71 (0.98, 3.00)

$75,000-99,999 1.38 (0.74, 2.59) 1.38 (0.74, 2.58)

≥$100,000 Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.02 (0.47, 2.24) 1.06 (0.48, 2.34)

Middle 1.09 (0.42, 2.84) 1.05 (0.40, 2.75)

High 1.66 (0.59, 4.66) 1.52 (0.54, 4.31)

p-value for interaction 0.7 0.82

Model 4† Model 5‡ Model 7Model 6
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Supplemental Table S4. continued 

 
All hazard ratios (HR) and 95% confidence intervals (CI) were estimated using discrete time 

hazard models with calendar year as a time scale, adjusted by baseline covariates (age as a time-

varying covariate, sex, race, ethnicity, BMI and smoking). Follow-up started in 1994 and ended 

in 2012. All estimates for radiation are for a 100mGy increase in organ dose. 

Model 4†: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment (among 45,506 participants with information on household income in Q3) 

Model 5‡: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + (radiation * nSES interaction) (among 45,506 participants with information on 

household income in Q3) 

Model 6: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + household income 

Model 7: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + household income + (radiation * nSES) 

ꭝEffect of cumulative radiation organ doses stratified by nSES tertile using postestimation 

commands  

CD: circulatory disease, IHD: ischemic heart disease, CeVD: cerebrovascular disease 

 

  

Factors and outcomes

CeVD mortality HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Brain dose (per 100mGy) 1.16 (0.16, 8.24) 1.57 (0.09, 26.5) 1.14 (0.16, 8.15) 1.53 (0.09, 25.7)

nSES tertile

Low 0.96 (0.54, 1.67) 0.93 (0.42, 2.08) 0.94 (0.53, 1.66) 0.92 (0.40, 2.05)

Middle 0.79 (0.44, 1.41) 0.95 (0.38, 2.34) 0.78 (0.44, 1.39) 0.94 (0.38, 2.31)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 1.20 (0.48, 3.03) 1.20 (0.48, 3.03) 1.19 (0.48, 2.97) 1.19 (0.48, 2.99)

Radiologic technology 1.35 (0.81, 2.25) 1.35 (0.81, 2.25) 1.34 (0.80, 2.24) 1.34 (0.80, 2.24)

Some college Ref. Ref. Ref. Ref.

Household income in Q3

<$50,000 1.07 (0.45, 2.57) 1.08 (0.45, 2.57)

$50,000-74,999 0.97 (0.44, 2.15) 0.97 (0.44, 2.16)

$75,000-99,999 0.75 (0.30, 1.93) 0.75 (0.30, 1.93)

≥$100,000 Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.76 (0.11, 27.0) 1.76 (0.11, 26.9)

Middle 0.46 (0.01, 26.0) 0.45 (0.01, 25.3)

High 1.57 (0.09, 26.5) 1.53 (0.09, 25.7)

p-value for interaction 0.8 0.84

Model 4† Model 5‡ Model 7Model 6
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Table 14. [Supplemental Table S5] Associations between cumulative radiation exposure and 

nSES on circulatory disease incidence after adjusting for educational attainment and individual 

household income among 45,102 radiologic technologists 

 
All hazard ratios (HR) and 95% confidence intervals (CI) were estimated using discrete time 

hazard models with calendar year as a time scale, adjusted by baseline covariates (age as a time-

varying covariate, sex, race, ethnicity, BMI and smoking). Follow-up started in 1994 and ended 

in 2012. All estimates for radiation are for a 100mGy increase in organ dose. 

Model 4†: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment (among 45,506 participants with information on household income in Q3) 

Factors and outcomes

IHD incidence HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Heart dose (per 100mGy) 1.94 (1.33, 2.82) 1.60 (0.88, 2.94) 1.97 (1.35, 2.86) 1.63 (0.89, 2.99)

nSES tertile

Low 1.23 (1.05, 1.44) 1.15 (0.93, 1.43) 1.18 (1.00, 1.39) 1.11 (0.89, 1.38)

Middle 0.97 (0.83, 1.14) 0.93 (0.75, 1.17) 0.95 (0.81, 1.12) 0.91 (0.73, 1.14)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 1.06 (0.80, 1.40) 1.06 (0.80, 1.40) 1.03 (0.79, 1.37) 1.03 (0.78, 1.37)

Radiologic technology 1.01 (0.88, 1.16) 1.01 (0.88, 1.16) 0.99 (0.86, 1.14) 0.99 (0.86, 1.14)

Some college Ref. Ref. Ref. Ref.

Household income in Q3

<$50,000 1.34 (1.09, 1.65) 1.35 (1.10, 1.65)

$50,000-74,999 1.16 (0.96, 1.41) 1.17 (0.96, 1.41)

$75,000-99,999 0.94 (0.76, 1.15) 0.94 (0.76, 1.15)

≥$100,000 Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 2.24 (1.28, 3.90) 2.27 (1.30, 3.97)

Middle 1.96 (1.08, 3.57) 1.98 (1.08, 3.60)

High 1.60 (0.88, 2.94) 1.63 (0.89, 2.99)

p-value for interaction 0.70 0.71

CeVD incidence HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Brain dose (per 100mGy) 1.76 (0.63, 4.90) 2.35 (0.49, 11.3) 1.70 (0.61, 4.74) 2.24 (0.46, 10.9)

nSES tertile

Low 1.34 (1.07, 1.68) 1.47 (1.04, 2.07) 1.24 (0.99, 1.55) 1.35 (0.96, 1.91)

Middle 1.18 (0.94, 1.47) 1.18 (0.85, 1.65) 1.12 (0.89, 1.40) 1.13 (0.81, 1.57)

High Ref. Ref. Ref. Ref.

Education level 

Vocational, high school or less 0.94 (0.63, 1.41) 0.94 (0.63, 1.41) 0.91 (0.61, 1.36) 0.91 (0.61, 1.36)

Radiologic technology 0.95 (0.78, 1.15) 0.95 (0.78, 1.15) 0.91 (0.75, 1.11) 0.91 (0.75, 1.11)

Some college Ref. Ref. Ref. Ref.

Household income in Q3

<$50,000 1.76 (1.30, 2.37) 1.75 (1.30, 2.37)

$50,000-74,999 1.48 (1.11, 1.97) 1.47 (1.10, 1.97)

$75,000-99,999 1.09 (0.79, 1.51) 1.09 (0.79, 1.50)

≥$100,000 Ref. Ref.

Radiation effect by nSES tertileꭝ

Low 1.14 (0.22, 5.82) 1.14 (0.22, 5.77)

Middle 2.20 (0.51, 9.48) 2.10 (0.49, 8.97)

High 2.35 (0.49, 11.3) 2.24 (0.46, 10.9)

p-value for interaction 0.76 0.78

Model 4† Model 6Model 5‡ Model 7
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Model 5‡: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + (radiation * nSES interaction) (among 45,506 participants with information on 

household income in Q3) 

Model 6: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + household income 

Model 7: baseline covariates + cumulative radiation organ dose + nSES tertiles + educational 

attainment + household income + (radiation * nSES) 

ꭝEffect of cumulative radiation organ doses stratified by nSES tertile using postestimation 

commands  

IHD: ischemic heart disease, CeVD: cerebrovascular disease 
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Chapter 4.  

Manuscript 3. Impact of sequential selection in a large occupational 

cohort of medical radiation on estimates of circulatory disease 

morbidity and mortality: The US Radiologic Technologist (USRT) 

study 
 

 

Introduction 

 

The U.S. Radiologic Technologist (USRT) study is the largest longitudinal study of medical 

occupational radiation exposure to date(18). A total of 146,022 radiologic technologists across the 

US who had been certified for at least two years by the American Registry of Radiologic 

Technologists (ARRT) in 1982 were invited to participate (19). The main goal of this cohort was 

to investigate the effect of protracted exposure to low-dose occupational ionizing radiation on 

cancer, circulatory disease (CD) and other chronic conditions. More than 110,000 technologists 

completed at least one of the four comprehensive questionnaire surveys regarding demographic 

characteristics, health status, employment history and exposure information (20). Over the three 

decades of the USRT study, participation among living eligible cohort members across study 

waves was 68% on average(49). If the characteristics of these participants are systematically 

different from those who did not participate, this might introduce bias to risk estimates through 

selective mortality and attrition. This might be problematic in this cohort because, although 

mortality outcomes are obtained through linkage with federal sources, exposure estimation and 

incidence of disease are dependent on questionnaire completion. Thus, conditioning on 

participation might be introducing selection bias to this historical cohort.  

 

Selection bias is a common phenomenon in epidemiology that occurs when methods of 

subject selection (perhaps, recruitment and follow-up) result in a sample of participants for which 

the effect of interest is different than in the general population(38,40,88). In longitudinal cohort 

studies, non-participation is the proportion of people who refuse to participate at baseline 
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(nonresponse) and the proportion of people who enter the study initially, but do not complete one 

or more of the follow-up steps (attrition)(38). Nonresponse and attrition are ways the analytical 

sample may not accurately represent the source population and, if attrition continues at each 

wave, the final sample might not even represent the original cohort.  

 

This issue has been extensively studied, and several demographic, socioeconomic, 

occupational and health characteristics have been found to differ between people who choose to 

participate and those who do not. Although not entirely consistent, previous studies show that 

individual-level characteristics such as participants are more likely to be female(42,45,89,90), 

white (vs. other races/ethnicities)(45,89), married (vs. other marital status)(41,44,45,47,89,91), 

have a higher educational level(41,42,45,47,48,89,91), and a higher individual income(42,91). In 

terms of age, participation appears to increase with age until mid-adulthood (40-50 years) and 

then declines with increasing age(41,42,44,45,47,48,89–93). Some occupational factors that are 

associated with participation are higher skilled job grade (vs. manual, or less skilled jobs)(41,93) 

and more years worked(41,91). In addition, there are several health factors associated with 

increased participation including never smoking(44,45,47,89), having a normal body mass index 

(BMI),(44,47) and being generally healthier(41).  

 

Meanwhile, neighborhood or contextual factors have been less frequently studied in relation 

to participation. Namely, Chaix et al. found that the rate of study participation is higher among 

neighborhoods with higher levels of educational attainment, high median income, and high mean 

property value after controlling for individual education(48). A Dutch study reported that 

participation rates increased with urbanity level and household income(93). However, 

neighborhood predictors of participation have not been thoroughly explored to date. In general, 

the pattern of participation in the USRT cohort since its conception in 1982 and the potential 

impact of selection bias on risk estimates have not yet been explored. In response to this concern, 
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this paper has two main objectives: 1) describe the characteristics of participants and non-

participants as they relate to completing the questionnaires at each of the four study waves of the 

USRT cohort, and 2) estimate the association between occupational radiation and circulatory 

disease (CD) morbidity and mortality, adjusting for possible selection bias using marginal 

structural models. 

 

Methods 

Study population 

To be eligible to participate in the USRT study, radiation technologists had to be certified for 

at least two years by the American Registry of Radiologic Technologists (ARRT) by 1982 when 

the cohort was enumerated. The first questionnaire (Q1) was mailed between 1983 and 1990 to all 

enumerated members alive and the second questionnaire (Q2) was mailed between 1994 and 

1998 to all living USRT members regardless of completion of Q1. A total of 110,374 participants 

responded to one or both questionnaires (Q1/Q2 respondents). The third questionnaire (Q3) was 

mailed only to Q1/Q2 respondents who were alive between 2003 and 2005, and the fourth 

questionnaire (Q4) was sent between 2012 and 2014 to Q1/Q2 respondents alive at that time 

(regardless of Q3 completion).  These surveys inquired about demographic information, exposure 

to ionizing radiation and other risk factors, incidence of disease and general health status. People 

who responded to each questionnaire were considered participants of that survey. A person was 

considered a non-participant if they were eligible and alive on the first year of each questionnaire 

but did not complete the survey, or if they died before answering the questionnaires.  

 

Circulatory disease (CD) outcomes 

CD mortality 

Vital status of all the original 146,022 ARRT members was determined through annual 

renewals with ARRT and through linkage with National Death Index (NDI), Social Security 
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administration and National Change of Address(18) until December 31st, 2012. For all those who 

died, specific date of death and underlying cause were obtained from NDI-Plus using ICD 8, 9 

and 10 codes (22). Specific outcomes evaluated were mortality from ischemic heart disease (ICD-

8 410–414; ICD-9 410–414; ICD-10 I20–I25) and cerebrovascular diseases (ICD-8 430-438; 

ICD-9 430-438; ICD-10 I60-I69). Participants were included in the mortality analyses if they 

were alive in 1983, reported working for at least a year between 1916 and 1997, and completed 

Q1 and/or Q2. No additional exclusions were made. 

 

CD morbidity 

Self-reported incidence data for ischemic heart disease (IHD), myocardial infarction, and 

stroke were obtained from responses in Q3 and Q4. In each survey, participants were asked to 

select any medical conditions that they had been diagnosed with by a doctor and report the first 

year (or age) of diagnosis. Unlike with mortality data, where the exact date of death was known, 

year of morbidity is only known at the time of survey completion. To unify conditions across 

questionnaires (with wording differences), we included myocardial infarction as part of ischemic 

heart disease and stroke as part of cerebrovascular disease (CeVD). Participants who reported 

multiple CD comorbidities were included in the analysis for each condition. Participants were 

included in the morbidity analyses if they were alive and CD-free in 1983, reported working for 

at least a year between 1916 and 1997, completed either Q1 and/or Q2, and completed either Q3 

and/or Q4. We excluded participants if: 1) they reported having any of the following conditions in 

the baseline questionnaire: myocardial infarction, stroke, angina pectoris, or a coronary bypass, or 

2) they reported a year of diagnosis earlier than their first questionnaire date or did not report a 

year of diagnosis. 

 

Cumulative ionizing radiation 
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Individual cumulative exposure to ionizing radiation was estimated for 110,374 radiation 

technologists as described elsewhere (54,55). In brief, personal annual doses were estimated for 

the years 1916-1997 based on data from personnel monitoring badge records, time working as 

radiation technologists, individual employment practices based on the first three surveys, 

individual apron usage from the second and third questionnaires (Q2 and Q3), and literature-

reported exposure measurements for years when badge doses were not available. Specific annual 

organ doses (in mGy) for each technologist were estimated using organ dose factors, reported use 

of personal protective equipment, and body mass index. For the current analyses, we used 

cumulative heart dose for IHD incidence and mortality, and cumulative brain dose for CeVD 

outcomes as continuous measures of cumulative radiation exposure. 

 

Predictors of participation at each of the four surveys 

Very little information was available regarding technologists who did not participate in this 

study and consisted only of basic demographic information from ARRT registration (birth year, 

sex, race and certification year). Survey information gathered from questionnaires was used to 

identify potential predictors of participation in subsequent waves. These potential predictors were 

considered a priori based on published studies on selection bias (41–43) and they include: birth 

year, sex, race, certification year, ethnicity, marital status, educational background (highest 

degree achieved), smoking status, alcohol use, body mass index, hypertension, diabetes, high 

cholesterol, self-reported health status, and individual household income. 

 

Neighborhood socioeconomic status (nSES) 

In addition, we considered rural status and neighborhood socioeconomic status (nSES) of the 

place of residence as potential predictors of participation. As previously described (94), we used 

US census block-groups as a proxy for neighborhoods and created a standardized nSES using US 

census data. Similar to other studies of the effect of nSES on health (24–26,29), we constructed a 
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composite nSES index for all block-groups in the US for 1990, 2000 and 2010 to correspond with 

each study wave where addresses are available (Q2, Q3, and Q4). We downloaded tabular 

sociodemographic data at the block-group level from the Minnesota Population Center: National 

Historical Geographic Information System(72). Specifically, sociodemographic data were 

obtained from the 1990 US Census to calculate nSESQ2, the 2000 US Census for nSESQ3 and the 

2008-2012 American Community Survey (ACS) for nSESQ4.  

 

To create the nSES index for each wave, we adapted a procedure utilized by Diez Roux et 

al.(29) that combined 6 components of nSES: regionally-adjusted median household income, 

regionally-adjusted median housing value, percent of households with interest/income, percent of 

adults who completed high school, percent of adults who completed college, and percent of 

employed persons in managerial occupations. A z score for each component j was calculated 

using the mean and standard deviation among all block-groups i in the US 𝑧𝑖𝑗 = (𝑥𝑖𝑗 − 𝑥�̅�) 𝑠𝑑𝑗⁄  

for each block-group i and component j. The nSES index for all US block-groups at each time 

point, Qn, was calculated by summing the z scores for each of the 6 components (nSESQn). An 

nSES index for each time point was assigned to each participant by geocoding their 

corresponding mailing addresses using ESRI’s USA Composite Geocoding service in ArcGIS® 

to a block-group.  Across all three time points, more than 99% of the addresses were successfully 

geocoded to a latitude and longitude in the US map. The index was then standardized 

(𝑛𝑆𝐸𝑆𝑄𝑛𝑠𝑡𝑑) using the mean nSES index from neighborhoods where USRT participants lived at 

each point (𝑛𝑆𝐸𝑆𝑈𝑆𝑅𝑇𝑄𝑛
) 

𝑛𝑆𝐸𝑆𝑄𝑛𝑠𝑡𝑑 =  
(∑ 𝑧𝑗

6
𝑗=1  )

𝑛𝑆𝐸𝑆𝑈𝑆𝑅𝑇𝑄𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅⁄  for each USRT block-group and each time point Qn. 

Higher 𝑛𝑆𝐸𝑆𝑄𝑛𝑠𝑡𝑑 scores denote higher neighborhood socioeconomic advantage within the 

cohort. Finally,  𝑛𝑆𝐸𝑆𝑄𝑛𝑠𝑡𝑑 was divided into tertiles for each year. Rural status was defined if 

more than 50% of the blocks within each block-group were categorized as rural for each year. 
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Data analysis 

Participation at each study wave 

Characteristics of participants and non-participants were summarized in contingency tables 

for each of the four study waves (Q1-4). For each characteristic, we calculated risk differences 

(RD) of participation and 95% confidence intervals (CI) using generalized linear models (GLM) 

with binomial distribution and an identity link. Due to convergence issues with this model, 

adjusted RDs and 95%CI were calculated using the marginal probabilities estimated with a GLM 

model with a logit link. Specifically, for participation in Q1 we calculated the probability of 

participation conditional on the ARRT variables (birth year, race, ethnicity and certification year). 

For participation in Q2, we calculated two sets of adjusted probabilities of participating: one for 

people who participated only in Q2 (not in Q1) compared with technologists who did not 

participate in either Q1 or Q2. No information was available for these groups from Q1, so the 

adjusted models only included birth year, gender, race, ethnicity, certification year, nSES and 

rural status (which was available for all technologists who were sent Q2 regardless of their 

participation in either questionnaire). The second set of RDs compared technologists who 

participated in both Q1 and Q2 with technologists who only participated in Q1 (but did not return 

Q2) and were estimated by adding information from Q1 (education level, marital status, smoking, 

alcohol use and BMI) to the first model.  

 

Being eligible to participate in Q3 was conditional on completion of either Q1 or Q2, so we 

estimated RDs for participation in this survey using ARRT characteristics (birth year, race, 

ethnicity, and certification year), neighborhood factors (rurality and nSES) along with 

information collected on Q1/Q2 (education level, marital status, smoking, alcohol use, BMI, 

hypertension, diabetes, high cholesterol, and self-reported health status). For participation in Q4, 
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we calculated the probability of participation using the same covariates as in Q3 and adding 

household annual income to the crude model.  

 

Impact of radiation on CD mortality and morbidity 

CD morbidity and mortality hazard risks (HR) and 95% confidence intervals (CI) from 

exposure to occupational ionizing radiation were estimated using discrete time hazard models 

with calendar year as the time scale adjusted for birth year, sex, race, ethnicity, smoking habits 

and BMI at baseline. Calendar year was included in the model as an indicator variable to estimate 

the baseline risk of morbidity or mortality at each year. For mortality outcomes, follow-up started 

in 1983 and ended at the earliest of the following events: year of death, year of lost-to-follow-up 

(censored) or 2012 when the latest mortality data were ascertained (censored). For incident 

outcomes, start of follow-up was the year when the baseline questionnaire was completed (Q1, or 

Q2 if Q1 was missing) and follow-up ended at the earliest of the following events: year of first 

diagnosis or year when the latest questionnaire was completed (Q4, or Q3 if Q4 was missing). 

Cumulative organ doses were treated as time-varying variables such that, at each time point, a 

person’s exposure was the sum of all yearly doses up to and including that year.  

 

Marginal structural models 

We used marginal structural models to adjust for the potential effect of selection bias. To 

model participation at each study wave, we calculated inverse probability weights (IPW) based on 

a logistic model of participation (yes/no). In Appendix A, we listed the specific variables that 

were included to model participation at each stage and provided details of the construction of the 

final weights. Individual survey weights were stabilized using the overall probability of 

participation calculated using an intercept-only logistic model for participation at each study visit. 

Final weights were calculated by multiplying individual survey weights (wQ1, wQ2, wQ3, wQ4). A 

person’s participation IPW varied across the four study waves. For example, for outcomes 
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occurring between Q1 and Q2 (1983-1993) the combined weight for each participant was wQ1 x 

wQ2; for outcomes occurring between Q2 and Q3 (1994-2002) the final weight was calculated 

considering the probability of participating in Q1, Q2 and Q3 (wQ1 x wQ2 x wQ3); and for outcomes 

occurring between Q3 and Q4 (2003 and 2014) the final weight was wQ1 x wQ2  x wQ3 x wQ4.   

 

To construct participation IPWs, we evaluated different marginal structural models that 

accounted for different number of predictors of participation (Appendix A). When more variables 

were included, we obtained more information about sequential selection in this cohort at the cost 

of dropping participants out of the model if they were missing information on any of those 

predictors. In the end, we prioritized including as many participants in the model as possible and 

selected the following set of covariates: birth year, race, ethnicity, certification year, rural 

residence, nSES, marital status, smoking, BMI at baseline, and participation in previous study 

waves. To check the distribution of the stabilized weights at each wave among the study 

population, we used descriptive statistics (average, minimum and maximum) (Appendix A, Table 

19). Specifically, for the untruncated stabilized IPWs the mean was 0.72 (SD: 1.28), the 

minimum was 0.20, the 1st percentile was 0.22, the 99th percentile was 4.09, and the maximum 

value was 214.8. To account for extreme values at each side of the weight distribution, final 

weights were trimmed to the 1st and 99th percentile to eliminate extreme values (people weighing 

too much or too little in terms of participation).  

 

Other models that accounted for more predictors were also evaluated in relation to the 

association between cumulative ionizing radiation and CD outcomes and the results are included 

in Appendix B. The effect of selection bias was estimated by comparing HRs and 95%CIs 

estimated from models (adjusted for birth year, sex, race, ethnicity, smoking habits and BMI at 

baseline as described in the previous section) with and without selection weights. All analyses 

were performed using Stata/IC v.14.2. 
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Results 

Among eligible living technologists at each time point, participation was 64% for Q1, 73% 

for Q2, 71% for Q3 and 61% for Q4. Figure 3 provides further detail regarding number of 

participants, non-respondents and decedents at each of the four study surveys among those 

eligible at each time point.  

 

[Figure 3] 

 

The differences in the probability of participation according to demographic, occupational, 

residential and health characteristics of radiologic technologists for each of the four USRT 

questionnaires are summarized in Tables 15-18. The overall characteristics of participants were 

generally consistent across the four surveys in the crude and adjusted models. Being younger, 

female, married, and having a normal BMI was associated with higher probability of 

participating. On the other hand, being a smoker at baseline, having lower education levels 

(vocational, high school or less) and being black or other non-white race was associated with a 

lower probability of participating. In terms of neighborhood-level factors, living in a rural area 

was associated with a moderate increase in the probability of participating compared to urban 

areas. Living in the highest tertile of nSES was also associated with increased probability of 

participating versus the lowest tertile, but there was no clear pattern across nSES tertiles in the 

adjusted models.  People who reported having a fair or poor health status in Q2 were less likely to 

participate in either Q3 or Q4. Finally, a lower household income reported in Q3 was associated 

with decreased probability of participating in Q4.  

 

[Tables 15-18] 

 



78 

 

From the 146,022 original sample, there were a total of 4,719 deaths from ischemic heart 

disease (IHD) but 2,391 cases were excluded from the analysis because they did not complete 

either Q1 or Q2, and 63 were excluded because they occurred among technologists who did not 

work (1,074). There were 2,265 cases of IHD mortality among 109,300 participants included in 

the mortality analyses. Thus, the prevalence of IHD mortality among non-respondents of Q1/Q2 

was 6.7% and 2.1% among Q1/Q2 respondents. Similarly, a total of 1,511 deaths from 

cerebrovascular disease (CeVD) were observed among 146,022 ARRT registrants but 757 were 

excluded because they did not complete Q1 or Q2, and 19 were excluded because they reported 

they never worked as radiation technologists. Thus, a total of 735 cases of CeVD mortality were 

observed during follow-up. Therefore, the prevalence of CeVD mortality among non-respondents 

of Q1/Q2 was 0.019% and 0.002% among Q1/Q2 respondents. In terms of morbidity, there were 

3,695 incident cases of IHD among respondents who were CD-free at baseline during 2,005,111 

person-years of follow-up. During this period, there were 1,824 incident cases of CeVD reported 

by participants after excluding for baseline conditions.  

 

Figure 4 shows the hazard ratios and 95% CI for a 100mGy increase in cumulative heart dose 

for IHD mortality and incidence. Without considering participation weights, the HR for IHD 

mortality was 1.07 (95%CI 1.01-1.13) adjusting for age, sex, race, ethnicity, smoking habits and 

BMI at baseline (models 1 and 2). When adjusting for predictors of sequential participation 

through inclusion of IPWs in the model (model 3), the HR decreased 3% points compared to the 

estimate that did not account for effects of selection (HR: 1.04, 95%CI 0.97 - 1.20). When we 

used weights truncated to the 1st and 99th percentile, the HR was 1% point smaller than the 

original estimate (HR: 1.06, 95%CI 1.01, 1.12). A similar pattern was observed for IHD 

incidence but with more variation in the 95% CI. Specifically, in the model with truncated 

participation weights, the HR was 4% points smaller than the estimate without selection weights 

(HR:1.17, 95%CI 1.06 – 1.29 versus HR: 1.13, 95%CI 1.00, 1.28, respectively). 
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[Figure 4] 

 

In terms of CeVD mortality and incidence, we observed more variation in the effect estimates 

and wider confidence intervals across all models than for IHD outcomes (Figure 5). Among 

eligible participants with a final weight available, the HR for CeVD mortality was 1.54 (95%CI: 

1.19, 1.99) for 100mGy increase in cumulative brain dose adjusted for age, sex, race, ethnicity, 

smoking habits and BMI at baseline without adjusting for selection bias (model 2). When IPWs 

truncated to the 1st and 99th percentile were included in the model, the HR was 4% points smaller 

(HR:1.50, 95%CI 1.10, 2.01) (model 4). For CeVD incidence, the HR was 1.71 (95% CI: 1.18, 

2.48) when weights were not included (model 2), and this decreased in 15% points to an effect 

estimate of 1.56 (95%CI 0.98, 2.47) if truncated participation weights were included.  

 

[Figure 5] 

 

During sensitivity analysis, we evaluated the effect of different selection weights that 

included a larger set of covariates related to participation. The effect estimates resulting from the 

application of each set of weights on the association between cumulative radiation exposure and 

CD outcomes are detailed in Appendix B. Table 20 in Appendix B shows some differences in 

estimates depending on the specification of the participation models, but the direction of the 

association between radiation exposure and CD outcomes remained consistent. In general, the 

results showed a small percent decrease in the effect estimates when selection weights truncated 

to the 1st and 99th percentile were used. Effect estimates from untruncated weights showed larger 

differences from the models without weights and had wider confidence intervals.  

 

Discussion 
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In this national cohort of radiologic technologists, we found that the pattern of participation, 

non-response and attrition was not a random process but that it was related to several 

demographic characteristics. Generally, we found that participation in all surveys was higher 

among women, whites, married people, technologists in their 50s and 60s at each of the four 

surveys, those certified after 1950, non-smokers, people with a normal BMI at baseline and those 

who reported a better health status. Although nSES was not consistently associated with 

participation, we found that technologists with rural addresses were more likely to complete each 

questionnaire compared to people in urban areas. Additionally, we found that IHD mortality was 

3 times higher in never-participants than ever-participants and CeVD mortality was 10 times 

higher in never-participants versus ever-participants.  

 

Despite all these differences in the distribution of mortality and risk characteristics of 

participants and non-participants, we found only a small impact of selection bias on our estimates 

of the association of cumulative radiation exposure and CD outcomes. After including IPWs of 

sequential participation in our models, we found a 1%-point difference in the HR of IHD 

mortality for a 100mGy increase in cumulative heart dose and a 4%-point difference in the 

estimate of IHC incidence. In terms of CeVD, we found a 4%-point difference in the HR of 

CeVD mortality for a 100mGy increase in cumulative brain dose and a 15%-point reduction in 

the HR of CeVD incidence after adjusting for age, sex, race, ethnicity, smoking and BMI. After 

addition of IPW in the models, the confidence intervals of mortality outcomes remained 

consistently narrow, while they because visibly wider among incident outcomes.  

 

Consistent with other published studies, USRT participants were more likely to be 

white(45,89), female(42,45,89,90), married(41,44,45,47,89,91), of higher income(42,91), never 

smokers(44,45,47,89) and with a normal BMI(44,47). These characteristics are generally related 

to more socially and economically stable conditions, and being generally healthier(41) which in 
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turn might influence the likelihood of participating and continuing in a study.  In terms of age, we 

found a slight increase in participation up to 60 years of age and then a decline with increasing 

age across the study waves which is in agreement with other studies(41,42,44,45,47,48,89–93). 

Other studies have reported that a longer length of work was associated with increased 

participation(41,91). Among this group of radiologic technologists, we found that the earliest 

occupational cohort (certified before 1950) was less likely to complete any of the questionnaires 

compared to later cohorts, but there was no pattern of increased participation with later 

certification years.  

 

In terms of neighborhood characteristics, we found that living in more affluent neighborhoods 

was associated with increased likelihood of participating in all surveys, but this association 

disappeared after we adjusted for other predictors. Contextual predictors of participation have not 

been extensively studied, but there is limited evidence to suggest that participation rates increase 

with neighborhood affluence and urbanity level(48,93,95,96). Unlike these studies, we found that 

rural residence was consistently associated with increased participation across all time points 

compared to urban residence after adjusting for other factors. Greater urbanity levels are 

oftentimes associated with increased access and proximity to resources which encourages 

participation in studies and other activities(97). Since this is an occupational cohort of mostly 

employed people, it is possible that technologists residing in rural areas had a better 

socioeconomic position than their neighbors which might influence their ability to participate. 

However, we do not have more information on the contextual environment of these participants, 

so we cannot speculate on the causes of participation.  

 

Using marginal structural models to assess the impact of selection bias on the association 

between radiation and CD outcomes, we found limited evidence of selection bias. In general, we 

found that higher chronic exposure to ionizing radiation increased the risk of IHD and CeVD 
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incidence and mortality after adjusting for age, sex, race, ethnicity, smoking, BMI and potential 

selection bias. Depending on the specific set of weights and parameters included in the selection 

model, the precision of the confidence intervals differed and sometimes included the null, but the 

HR remained consistently above 1. Although we found little evidence of selection bias in our 

estimates for CD outcomes, this might not necessarily be true for other outcomes in this cohort 

such as cancer. 

 

A systematic review of participation bias in cohort studies reviewed several studies that 

evaluated the impact of this phenomenon on circulatory disease outcomes(98). In general, these 

studies found similar differences in the characteristics of participants and non-participants as 

those in the USRT cohort. In addition, most studies reported higher prevalence of CD mortality 

among non-participants than participants consistent with our findings. Despite these differences, 

we found a negligible impact of selection bias on our estimates of the risk of exposure on CD 

outcomes consistent with articles summarized in this systematic review. However, only a few 

studies have quantified the effect of selection processes on the risk estimates of chronic disease 

using non-simulated data(46,96,99).  

 

A study of various risk factors for cardiovascular disease (CVD) found that HRs for most 

baseline risk factors (older age, manual social class, obesity, current smoking, heavy drinking, no 

exercise and history of CVD) were larger among participants than non-participants(99). Although 

they did not report statistical significance for the interaction between participation status and risk 

factors on CVD mortality, the results suggest that if non-participants would have been included in 

the study, the associations reported would have been attenuated. A recent study by Long et al (96) 

conducted a very similar application of IPWs to assess the presence and impact of selection bias 

on the effect of racial disparities on stroke risk factors. The authors considered several selection 

models with increasing number of predictors of participation (like those included in this analysis) 
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and found only a 1-2%-point change in the relative risk of incident hypertension and left 

ventricular hypertrophy when stabilized weights were included in their models.    

 

Implementation of IPWs to account for selection in this cohort required us to make some 

assumptions and considerations. First, we had to strike a balance between inclusion of more 

predictors of participation and the risk of violating the positivity assumption (i.e. a nonzero 

possibility of finding participants with all combinations of covariates included in the selection 

model)(96,100). To avoid this latter issue, we included a simple set of covariates in the marginal 

structural models that maximized the number of participants in the risk models while accounting 

for sequential selection. However, this meant that we did not include in our final selection model 

some characteristics that were associated with participation in our study and others. For example, 

although self-reported health status was strongly associated with participation in Q3 and Q4, we 

did not include it in the IPW prediction model because only Q2 respondents provided this 

information. In addition, other studies have consistently reported higher education level as a 

predictor of participation level(41,42,45,47,48,89,91), but this was not entirely consistent in our 

cohort and was only inquired in Q1 and not Q2. To test our choice of selection model, we 

considered the effect of including a more comprehensive set of predictors of participation and 

found a similar impact on effect estimates as shown in the Appendixes. That said, it is possible 

that additional predictors of participation that were not considered in the analysis could still be 

introducing selection bias in our results.  

 

Beyond the limits of IPW, this study had some additional limitations. First, there could be a 

degree of misclassification bias for radiation exposure, CD outcomes, and other covariates 

considered. Specifically, annual radiation exposure was not directly measured, but estimated 

through dosimetry reconstruction (54). Although these dosimetry estimates effectively ranked 

cohort members with respect to relative radiation exposure, they depended largely on 
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questionnaire data. Similarly, incidence of IHD and CeVD was determined through questionnaire 

response and did not include fatal forms of these diseases. We decided to keep fatal and non-fatal 

cases separated in the analysis because they inform different levels of disease severity.  

 

Conclusion 

In conclusion, we show that the pattern of participation and attrition in the USRT cohort was 

associated with demographic, health and contextual characteristics across the 30 years of follow 

up. These observations reported here have implications for past and future analyses from this 

cohort, and other similar occupational studies. The application of IPW in our estimates of the 

effect of radiation on CD outcomes allowed us to assess the presence and magnitude of selection 

bias in this study. The results of this analysis of selection bias in the USRT provide further 

support for the observed elevated risk of CD mortality at low chronic levels of radiation 

exposure(71). This study shows that the association between low radiation exposure and CD 

outcomes cannot be attributed to selection processes.  
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Tables and Figures 

 

 
 

Figure 3. Participation flowchart for each of the four study waves in the US Radiologic Technologists (USRT) study (Q1-4). 

The USRT cohort was first enumerated from the American Registry of Radiologic Technologists (ARRT) across the US. 146,022 technologists 

who had been certified by at least two years in 1982 were sent Q1 and/or Q2. 110,374 participants completed at least one of these two 

questionnaires (Q1/Q2) and were sent Q3 and Q4. The remaining 35,648 technologists who did not complete Q1 or Q2 were excluded from 

subsequent waves.   
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Table 15. Characteristics of 146,022 radiologic technologists by participation status in 

Questionnaire 1 (Q1), and risk differences (RD) of participating according to these covariates 

 
Risk differences (RD) and 95% confidence intervals (CI) were calculated using a generalized linear model 

(GLM) with a binomial distribution and an identity link.  

* Adjusted simultaneously for all variables  

CD: Circulatory disease 

‡PT: Proportion of participants among people of that strata. 

  

Total

n n PT‡ RD 95%CI RD 95%CI

Total 146,022 90,268 0.62

Basic demographics

Birth year

<1930 18,010 7,601 0.42 Ref. Ref.

1930-39 20,113 11,826 0.59 0.17 (0.16, 0.18) -0.03 (-0.04, -0.02)

1940-49 46,651 29,446 0.63 0.21 (0.20, 0.22) -0.01 (-0.02, 0.00)

1950+ 61,209 41,395 0.68 0.25 (0.25, 0.26) 0.02 (0.00, 0.03)

missing 39 0 0.00

Gender

male 39,069 20,766 0.53 Ref. Ref.

female 106,953 69,502 0.65 0.12 (0.11, 0.12) 0.04 (0.04, 0.05)

missing 0 0 0.00

Race

white 127,912 85,588 0.67 Ref. Ref.

black 6,176 2,395 0.39 -0.28 (-0.29, -0.27) -0.13 (-0.15, -0.12)

other 3,435 2,274 0.66 -0.01 (-0.02, 0.01) 0.02 (0.01, 0.04)

missing 8,499 11 0.00

Hispanic

no 107,250 88,248 0.82 Ref. Ref.

yes 2,709 1,947 0.72 -0.10 (-0.12, -0.09) -0.09 (-0.10, -0.07)

missing 36,063 73 0.20

Certification year

<1950 8,006 2,685 0.34 Ref. Ref.

1950-59 19,142 10,774 0.56 0.23 (0.21, 0.24) -0.01 (-0.03, 0.01)

1960-69 40,973 25,868 0.63 0.30 (0.28, 0.31) -0.01 (-0.02, 0.01)

1970-79 70,457 46,057 0.65 0.32 (0.31, 0.33) -0.03 (-0.05, -0.01)

1980+ 7,444 4,884 0.66 0.32 (0.31, 0.34) -0.04 (-0.06, -0.02)

missing 0 0 0.00

Vital status in 1983

alive 141,339 90,268 0.64

dead from CD 1,689 0 0.00

dead from other cause 2,994 0 0.00

Participants

Participated in Q1 (1983-1990)

Crude RD Adjusted* RD
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Table 16. Characteristics of 146,022 radiologic technologists by participation status in Questionnaire 2 (Q2), and risk differences (RD) of 

participating according to these covariates 

 

Total

n n PT‡ n PT‡ RD 95%CI RD 95%CI RD 95%CI RD 95%CI 

Total 146,022 20,196 0.14 70,851 0.49

Basic demographics

Birth year

<1930 18,010 1,607 0.09 4,800 0.27 Ref. Ref. Ref. Ref.

1930-39 20,113 3,111 0.15 9,407 0.47 0.17 (0.16, 0.18) 0.17 (0.14, 0.19) 0.26 (0.25, 0.27) 0.10 (0.08, 0.11)

1940-49 46,651 6,812 0.15 23,539 0.50 0.17 (0.16, 0.18) 0.14 (0.11, 0.17) 0.30 (0.29, 0.31) 0.09 (0.08, 0.11)

1950+ 61,209 8,576 0.14 33,105 0.54 0.18 (0.18, 0.19) 0.10 (0.07, 0.14) 0.33 (0.33, 0.34) 0.09 (0.07, 0.11)

missing 39 0 0.00 0 0.00

Gender

male 39,069 5,888 0.15 15,084 0.39 Ref. Ref. Ref. Ref.

female 106,953 14,218 0.13 55,767 0.52 0.03 (0.03, 0.04) 0.00 (-0.01, 0.01) 0.15 (0.14, 0.15) 0.06 (0.05, 0.07)

missing 0 0 0.00 0 0.00

Race

white 127,912 18,340 0.14 67,731 0.53 Ref. Ref. Ref. Ref.

black 6,176 1,149 0.19 1,627 0.26 -0.05 (-0.07, -0.04) 0.07 (0.05, 0.10) -0.29 (-0.31, -0.28) -0.09 (-0.10, -0.07)

other 3,435 510 0.15 1,493 0.43 -0.04 (-0.06, -0.02) -0.20 (-0.23, -0.18) -0.11 (-0.13, -0.09) -0.15 (-0.18, -0.13)

missing 8,499 107 0.01 0 0.00

Hispanic

no 107,250 18,961 0.18 69,288 0.65 Ref. Ref. Ref.

yes 2,709 760 0.28 1,556 0.57 0.16 (0.13, 0.19) 0.27 (0.23, 0.31) 0.01 (-0.00, 0.03) 0.08 (0.06, 0.09)

missing 36,063 385 0.01 7 0.00

Certification year

<1950 8,006 509 0.06 1,524 0.19 Ref. Ref. Ref. Ref.

1950-59 19,142 2,582 0.13 8,205 0.43 0.16 (0.15, 0.17) 0.10 (0.06, 0.12) 0.29 (0.28, 0.30) 0.09 (0.07, 0.11)

1960-69 40,973 5,785 0.14 20,717 0.51 0.21 (0.20, 0.22) 0.09 (0.06, 0.12) 0.38 (0.38, 0.40) 0.09 (0.06, 0.11)

1970-79 70,457 10,101 0.14 36,536 0.52 0.22 (0.21, 0.23) 0.10 (0.07, 0.14) 0.40 (0.39, 0.41) 0.08 (0.05, 0.10)

1980+ 7,444 1,129 0.15 3,869 0.52 0.24 (0.22, 0.25) 0.13 (0.08, 0.17) 0.41 (0.39, 0.42) 0.08 (0.05, 0.10)

missing 0 0 0.00 0 0.00

Vital status in 1994

alive 135,817 20,106 0.15 79,851 0.59

dead from CD 3,584 0 0.00 0 0.00

dead from other cause 6,621 0 0.00 0 0.00

Q1 and Q2 vs. Q1 only

Crude RD Adjusted* RD

Participation in Q2 (1994-1998)

Adjusted* RDQ2 only Crude RDQ1 and Q2

Q2 only vs. non-participant
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Table 16. continued. 

 

Total

n n PT‡ n PT‡ RD 95%CI RD 95%CI RD 95%CI RD 95%CI 

Neighborhood of residence

Tertiles of nSES in 1990

low nSES 47,431 6,287 0.13 22,080 0.47 Ref. Ref. Ref. Ref.

middle nSES 47,431 6,241 0.13 24,513 0.52 0.02 (0.02, 0.03) 0.00 (-0.01, 0.01) 0.06 (0.05, 0.07) 0.01 (-0.00, 0.01)

high nSES 47,430 6,589 0.14 23,942 0.50 0.03 (0.02, 0.04) 0.01 (0.00, 0.03) 0.05 (0.04, 0.06) 0.00 (-0.01, 0.01)

missing 3,730 989 0.27 316 0.08

Rural status in 1990

urban 121,602 16,583 0.14 58,711 0.48 Ref. Ref. Ref. Ref.

rural 20,702 2,535 0.12 11,824 0.57 0.02 (0.01, 0.03) -0.03 (-0.04, -0.01) 0.09 (0.08, 0.10) 0.01 (0.00, 0.02)

missing 3,718 988 0.27 316 0.08

Data collected in Q1 

Education level in Q1

vocational or less 5,421 0 0.00 3,994 0.74 0.07 (0.05, 0.08) 0.01 (0.00, 0.03)

radiation technology 47,803 0 0.00 38,394 0.80 0.03 (0.02, 0.05) 0.01 (0.00, 0.02)

some college 36,414 0 0.00 28,058 0.77 Ref. Ref.

missing 56,384 20,106 0.36 450 0.01

Marital status in Q1

never 10,792 0 0.00 7,999 0.74 Ref. Ref.

married 67,766 0 0.00 54,228 0.80 0.06 (0.05, 0.07) 0.05 (0.04, 0.06)

widowed 1,641 0 0.00 1,041 0.63 -0.11 (-0.13, -0.08) -0.03 (-0.05, -0.01)

div/sep 9,060 0 0.00 6,850 0.76 0.01 (0.00, 0.03) 0.01 (-0.00, 0.02)

missing 56,763 20,106 0.35 733 0.01

Smoking status in Q1

no 42,360 0 0.00 34,253 0.81 Ref. Ref.

yes 47,756 0 0.00 36,503 0.76 -0.04 (-0.05, -0.04) -0.04 (-0.05, -0.04)

missing 55,906 20,106 0.36 95 0.00

Alcohol use in Q1

none 16,209 0 0.00 12,280 0.76 Ref. Ref.

<1 per week 36,344 0 0.00 28,979 0.80 0.04 (0.03, 0.05) 0.03 (0.02, 0.04)

1-2 per week 13,930 0 0.00 11,126 0.80 0.04 (0.03, 0.05) 0.04 (0.03, 0.04)

3-6 per week 13,335 0 0.00 10,449 0.78 0.03 (0.02, 0.04) 0.03 (0.02, 0.04)

≥7 per week 9,826 0 0.00 7,544 0.77 0.01 (0.00, 0.02) 0.03 (0.02, 0.04)

missing 56,378 20,106 0.36 473 0.01

BMI in Q1

underweight 3,082 0 0.00 2,371 0.77 -0.03 (-0.04, -0.01) -0.03 (-0.04, -0.01)

normal weight 57,982 0 0.00 46,125 0.80 Ref. Ref.

overweight 19,721 0 0.00 15,217 0.77 -0.02 (-0.03, -0.02) 0.00 (-0.01, 0.01)

obese 9,483 0 0.00 7,138 0.75 -0.04 (-0.05, -0.03) -0.02 (-0.03, -0.01)

missing 55,754 20,106 0.36 0 0.00

Q2 only vs. non-participant Q1 and Q2 vs. Q1 only

Q2 only Q1 and Q2 Crude RD Adjusted* RD Crude RD Adjusted* RD
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Risk differences (RD) and 95% confidence intervals (CI) were calculated using a generalized linear model (GLM) with a binomial distribution and an identity link. 

Due to convergence issues, adjusted RDs and 95%CI were estimated using the marginal probabilities estimated with a GLM model with a logit link. The middle 

columns present comparisons between technologists who participated only in Q2 (not in Q1) versus technologists who did not participate in either Q1 or Q2. No 

information was available for them from Q1, so the adjusted models only include birth year, gender, race, ethnicity, certification year, nSES and rural status (which 

was available for all technologists who were sent Q2 regardless of their participation in Q1). The right columns present comparisons between technologists who 

participated in both Q1 and Q2 versus technologists who participated in Q1 but not Q2. All variables in the column were included in the adjusted model.    

*Adjusted simultaneously for all variables  

CD: Circulatory disease; nSES: neighborhood socioeconomic status 

‡PT: Proportion of participants among people of that strata. 
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Table 17. Characteristics of 110,374 radiologic technologists who responded to either Q1 or Q2 

by participation status in Questionnaire 3 (Q3), and risk differences (RD) of participating according 

to these covariates 

 

Total
n n PT‡ RD 95%CI RD 95%CI

Total 110,374 73,614 0.67

Basic demographics

Birth year

<1930 9,208 3,399 0.37 Ref. Ref.

1930to39 14,937 9,933 0.66 0.30 (0.28, 0.31) 0.17 (0.15, 0.19)

1940to49 36,258 25,343 0.70 0.33 (0.32, 0.34) 0.19 (0.17, 0.21)

1950+ 49,971 34,939 0.70 0.33 (0.32, 0.34) 0.17 (0.14, 0.19)

missing 0 0

Sex

male 26,654 15,755 0.59 Ref. Ref.

female 83,720 57,859 0.69 0.10 (0.09, 0.11) 0.06 (0.05, 0.07)

missing 0 0

Race

white 103,928 69,922 0.67 Ref. Ref.

black 3,544 1,982 0.56 -0.11 (-0.13, -0.10) -0.04 (-0.06, -0.02)

other 2,784 1,658 0.60 -0.08 (-0.10, -0.06) -0.01 (-0.03, -0.01)

missing 118 52 0.44

Hispanic

no 107,209 71,598 0.67 Ref. Ref.

yes 2,707 1,777 0.66 -0.01 (-0.03, 0.01) 0.01 (-0.01, 0.03)

missing 458 239 0.52

Certification year

<1950 3,194 941 0.29 Ref. Ref.

1950-59 13,356 7,907 0.59 0.30 (0.28, 0.32) 0.09 (0.06, 0.11)

1960-69 31,653 21,750 0.69 0.39 (0.38, 0.41) 0.09 (0.06, 0.12)

1970-79 56,158 38,870 0.69 0.40 (0.38, 0.41) 0.09 (0.06, 0.12)

1980+ 6,013 4,146 0.69 0.39 (0.38, 0.41) 0.09 (0.06, 0.12)

missing 0 0 0.00

Vital status in 2003

alive 103,440 73,614 0.71

dead from CD 2,171 0 0.00

dead from other cause 4,763 0 0.00

Previous participation

Q1 only 19,417 6,358 0.33 Ref. N/A N/A

Q2 only 20,106 12,023 0.60 0.27 (0.26, 0.28) N/A N/A

Q1 and Q2 70,851 55,233 0.78 0.45 (0.44, 0.46) N/A N/A

Neighborhood of residence

Tertiles of nSES in 2000

low nSES 33,950 21,520 0.63 Ref. Ref.

middle nSES 38,021 25,851 0.68 0.06 (0.05, 0.07) 0.01 (0.00, 0.02)

high nSES 38,085 26,084 0.68 0.07 (0.06, 0.08) 0.00 (-0.00, 0.02)

missing 318 159 0.50

Rural status in 2000

urban 89,159 58,770 0.66 Ref. Ref.

rural 20,899 14,686 0.70 0.04 (0.04, 0.05) 0.02 (0.01, 0.02)

missing 316 158 0.50

Adjusted* RD
Participated in Q3 (2003-2006; N=110,374 eligible)

Participants Crude RD
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Table 17. continued. 

 
Risk differences (RD) and 95% confidence intervals (CI) were calculated using a generalized linear model 

(GLM) with a binomial distribution and an identity link. Due to convergence issues, adjusted RDs and 95%CI 

were estimated using the marginal probabilities estimated with a GLM model with a logit link.  

*Adjusted simultaneously for all variables  

CD: Circulatory disease; nSES: neighborhood socioeconomic status 

‡PT: Proportion of participants among people of that strata. 

 

 

  

Total
n n PT‡ RD 95%CI RD 95%CI

Data collected in Q1 or Q2

Education level at baseline

vocational or less 5,421 3,209 0.59 -0.08 (-0.09, -0.06) -0.01 (-0.02, 0.00)

radiation technology 47,803 33,608 0.70 0.03 (0.03, 0.04) 0.00 (-0.01, 0.00)

some college 36,414 24,388 0.67 Ref. Ref.

missing 20,736 12,409 0.60

Marital status at baseline 0

never 9,099 4,981 0.55 Ref. Ref.

married 80,586 55,525 0.69 0.14 (0.13, 0.15) 0.05 (0.04, 0.07)

widowed 8,076 5,184 0.64 0.09 (0.08, 0.11) 0.00 (-0.01, 0.03)

div/sep 12,095 7,711 0.64 0.09 (0.08, 0.10) 0.02 (0.00, 0.03)

missing 518 213 0.41

Smoking status at baseline

no 51,940 36,135 0.70 Ref. Ref.

yes 58,153 37,349 0.64 -0.05 (-0.06, -0.05) -0.03 (-0.03, -0.02)

missing 281 130 0.46

Alcoholic drinks at baseline

none 16,209 12,280 0.76 Ref. Ref.

<1 per week 36,344 28,979 0.80 0.06 (0.05, 0.07) 0.02 (0.01, 0.03)

1-2 per week 13,930 11,129 0.80 0.06 (0.05, 0.08) 0.03 (0.02, 0.04)

3-6 per week 13,335 10,449 0.78 0.04 (0.03, 0.05) 0.02 (0.01, 0.03)

≥7 per week 9,826 7,544 0.77 0.00 (-0.01, 0.01) 0.02 (0.00, 0.03)

missing 56,378 20,579 0.37

BMI at baseline

underweight 3,454 2,229 0.65 -0.04 (-0.06, -0.03) -0.03 (-0.05, -0.02)

normal weight 68,269 47,114 0.69 Ref. Ref.

overweight 26,740 17,184 0.64 -0.05 (-0.05, -0.04) 0.00 (-0.00, 0.01)

obese 11,911 7,087 0.59 -0.10 (-0.10, -0.09) -0.02 (-0.03, -0.01)

missing 0 0 0.00

Self-reported health status

excellent 24,140 18,827 0.78 Ref. Ref.

good 55,276 41,315 0.75 -0.03 (-0.04, -0.03) -0.02 (-0.03, -0.02)

fair 9,898 6,317 0.64 -0.14 (-0.15, -0.13) -0.09 (-0.11, -0.08)

poor 1,063 450 0.42 -0.36 (-0.39, -0.33) -0.28 (-0.32, -0.24)

missing 19,997 6,705 0.34

Participants Crude RD Adjusted* RD
Participated in Q3 (2003-2006; N=110,374 eligible)
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Table 18. Characteristics of 110,374 radiologic technologists who responded to either Q1 or Q2 by 

participation status in Questionnaire 4 (Q4), and risk differences (RD) of participating according to these 

covariates 

 

Total

n n PT‡ RD 95%CI RD 95%CI

Total 110374 58,434 0.53

Basic demographics

Birth year

<1930 9,208 1,523 0.17 Ref. Ref.

1930to39 14,937 7,421 0.50 0.33 (0.32, 0.34) 0.24 (0.22, 0.26)

1940to49 36,258 20,912 0.58 0.41 (0.40, 0.42) 0.31 (0.29, 0.33)

1950+ 49,971 28,578 0.57 0.41 (0.40, 0.42) 0.30 (0.27, 0.33)

missing 0 0

Sex

male 26,654 12,109 0.45 Ref. Ref.

female 83,720 46,325 0.55 0.10 (0.09, 0.11) 0.03 (0.02, 0.04)

missing 0 0

Race

white 103,928 55,657 0.54 Ref. Ref.

black 3,544 1,422 0.40 -0.13 (-0.15, -0.12) -0.06 (-0.08, -0.04)

other 2,784 1,319 0.47 -0.06 (-0.08, -0.04) 0.02 (-0.01, 0.04)

missing 118 36 0.31

Hispanic

no 107,209 56,893 0.53 Ref. Ref.

yes 2,707 1,388 0.51 -0.02 (-0.04, 0.00) 0.00 (-0.02, 0.03)

missing 458 153 0.33

Certification year

<1950 3,194 372 0.12 Ref. Ref.

1950-59 13,356 5,475 0.41 0.29 (0.28, 0.31) 0.07 (0.04, 0.10)

1960-69 31,653 17,633 0.56 0.44 (0.43, 0.45) 0.06 (0.03, 0.10)

1970-79 56,158 31,573 0.56 0.45 (0.43, 0.46) 0.05 (0.01, 0.09)

1980+ 6,013 3,381 0.56 0.45 (0.43, 0.46) 0.04 (0.01, 0.08)

missing 0 0

Vital status in 2012

alive 95,995 58,434 0.61

dead from CD 4,348 0 0.00

dead from other cause 10,031 0 0.00

Previous participation

Q1 and/or Q2 only 36,760 7,143 0.19 Ref. Ref.

Q1 or Q2, and Q3 15,439 9,048 0.59 0.39 (0.38, 0.40) NA NA

Q1, Q2 and Q3 58,175 42,243 0.73 0.53 (0.53, 0.54) 0.45 (0.44, 0.45)

Neighborhood of residence

Tertiles of nSES in 2010

low nSES 34,084 16,391 0.48 Ref. Ref.

middle nSES 38,014 20,719 0.55 0.06 (0.06, 0.07) 0.01 (0.00, 0.02)

high nSES 38,045 21,232 0.56 0.08 (0.07, 0.08) 0.02 (0.01, 0.02)

missing

Rural residence in 2010

urban 91,370 47,512 0.52 Ref. Ref.

rural 18,784 10,834 0.58 0.04 (0.03, 0.05) 0.01 (0.00, 0.02)

missing 220 88 0.40

Adjusted* RD

Participated in Q4 (2012-2014; N=110,374 eligible)

Participants Crude RD
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Table 18. Continued. 

 
Risk differences (RD) and 95% confidence intervals (CI) were calculated using a generalized linear model 

(GLM) with a binomial distribution and an identity link. Due to convergence issues, adjusted RDs and 95%CI 

were estimated using the marginal probabilities estimated with a GLM model with a logit link. *Adjusted 

simultaneously for all variables, except household income because this was only available for 54,303 people.  

CD: Circulatory disease; nSES: neighborhood socioeconomic status; ‡PT: Proportion of participants among 

people of that strata. 

Total

n n PT‡ RD 95%CI RD 95%CI

Data from previous surveys

Education level at baseline

vocational or less 5,421 2,412 0.44 -0.10 (-0.12, -0.09) -0.02 (-0.03, -0.01)

rad-tech 47,803 26,876 0.56 0.02 (0.01, 0.02) -0.02 (-0.03, -0.01)

some college 36,414 19,886 0.55 Ref. Ref.

missing 20,736 9,260 0.45

Marital status at baseline

never 9,099 3,724 0.41 Ref.

married 80,586 44,608 0.55 0.14 (0.13, 0.15) 0.04 (0.03, 0.05)

widowed 8,076 4,144 0.51 0.10 (0.09, 0.12) 0.03 (0.01, 0.04)

div/sep 12,095 5,812 0.48 0.07 (0.06, 0.08) 0.01 (-0.01, 0.02)

missing 518 146 0.28

Smoking status at baseline

no 51,940 29,745 0.57 Ref. Ref.

yes 58,153 28,591 0.49 -0.08 (-0.09, -0.08) -0.05 (-0.05, -0.04)

missing 281 98 0.35

Alcoholic drinks at baseline

none 16,203 8026 0.50 Ref.

<1 per week 36,332 20769 0.57 0.08 (0.07, 0.09) 0.03 (0.02, 0.04)

1-2 per week 13,921 7998 0.57 0.08 (0.07, 0.09) 0.03 (0.02, 0.04)

3-6 per week 13,333 7475 0.56 0.07 (0.05, 0.08) 0.04 (0.03, 0.05)

≥7 per week 9,823 4878 0.50 0.00 (-0.01, 0.01) 0.01 (0.00, 0.03)

missing 69,908 58434 0.84

BMI at baseline

underweight 3,454 1,787 0.52 -0.04 (-0.06, -0.02) -0.02 (-0.04, -0.00)

normal weight 68,269 37,986 0.56 Ref. Ref.

overweight 26,740 13,375 0.50 -0.06 (-0.06, -0.05) 0.00 (-0.00, 0.01)

obese 11,911 5,286 0.44 -0.11 (-0.12, -0.10) -0.02 (-0.03, -0.01)

missing 0 0

Self-reported health status

excellent 24,140 15,828 0.66 Ref. Ref.

good 55,276 32,997 0.60 -0.06 (-0.07, -0.05) -0.03 (-0.04, -0.02)

fair 9,898 4,520 0.46 -0.20 (-0.21, -0.19) -0.09 (-0.11, -0.08)

poor 1,063 261 0.25 -0.41 (-0.44, -0.38) -0.22 (-0.26, -0.18)

missing 19,997 4,828 0.24

Household annual income 

< $25,000 2,638 1,582 0.60 -0.17 (-0.19, -0.15) N/A N/A

$25,000 - $49,999 9,732 7,093 0.73 -0.04 (-0.05, -0.03) N/A N/A

$50,000 - $74,999 14,641 11,180 0.76 -0.01 (-0.02, 0.00) N/A N/A

$80,000 - $99,999 12,021 9,421 0.78 0.01 (0.00, 0.02) N/A N/A

>$100,000 15,271 11,795 0.77 Ref.

missing 56,071 17,363 0.31

Participants Crude RD Adjusted* RD

Participated in Q4 (2012-2014; N=110,374 eligible)
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Figure 4. Effect estimates and 95% confidence intervals for IHD mortality and incidence for 

a 100mGy increase in cumulative heart dose. 

HRs and 95%CI were estimated using discrete time hazard models with calendar year as the time 

scale adjusted for birth year, sex, race, ethnicity, smoking habits and BMI at baseline. Model 1 

includes all eligible observations and does not include participation weights. Model 2 restricts this 

analysis to participants with available weights but does not add participation weight to the model. 

Model 3 includes untruncated participation weights and Model 4 used weights truncated to the 1st 

and 99th percentile. Final participation weights included: birth year, sex, certification year, race, 

ethnicity, marital status, smoking status, BMI at baseline, neighborhood socioeconomic status and 

rural status and participation status in the previous questionnaire. 
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Figure 5. Effect estimates and 95% confidence intervals for CeVD mortality and incidence 

for a 100mGy increase in cumulative brain dose. 

HRs and 95%CI were estimated using discrete time hazard models with calendar year as the time 

scale adjusted for birth year, sex, race, ethnicity, smoking habits and BMI at baseline. Model 1 

includes all eligible observations and does not include participation weights. Model 2 restricts this 

analysis to participants with available weights but does not add participation weight to the model. 

Model 3 includes untruncated participation weights and Model 4 used weights truncated to the 1st 

and 99th percentile. Final participation weights included: birth year, sex, certification year, race, 

ethnicity, marital status, smoking status, BMI at baseline, neighborhood socioeconomic status and 

rural status and participation status in the previous questionnaire. 
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General discussion 
 

 

In this longitudinal cohort of radiologic technologists exposed to chronic low-to-moderate 

levels of ionizing radiation, we found a dose-response relationship between cumulative exposure 

to radiation and CD mortality and incidence. This association was robust to adjustment by 

residential nSES and selection bias. In manuscript 1, there was consistent evidence that higher 

doses of cumulative radiation increased the CD mortality, independent of whether badge dose or 

organ doses were used in the model. Categorical analysis of radiation doses on CD outcomes was 

consistent with the continuous models suggesting that higher levels of cumulative medical 

radiation increase the risk of CD, IHD and CeVD mortality. Restricting our analysis to lower 

doses, we found that cumulative radiation was associated with increased CD mortality at doses 

below 200mSv of badge dose. 

 

Our results contribute to the expanding literature supporting an elevated risk of CD mortality 

from low protracted doses of ionizing radiation below 0.5Gy. Two meta-analyses provided 

evidence to support a linear-no-threshold relationship between radiation and circulatory disease at 

cumulative doses under 0.5Gy consistent with our results (11,59). Among Japanese atomic bomb 

survivors, there was evidence of a linear dose-response association for all heart disease mortality 

(ERR/Gy: 0.14, 95%CI= 0.06, 0.23) (60). More relevantly for this occupational cohort, studies of 

populations occupationally exposed to radiation, such as nuclear workers, found similar evidence 

of a dose-response relationship between cumulative radiation and CD outcomes even below 

0.7Sv (61–63).  

 

In addition to the consistent association between radiation and CD incidence and mortality, in 

manuscript 2 we found that a lower socioeconomic status of the neighborhood of residence was 
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associated with a 20 – 30% increase in the risk of CD incidence and mortality independently of 

radiation. The association between neighborhood deprivation and CD outcomes has been 

extensively studied in the general population, with results that are similar in magnitude and 

direction to those reported in the USRT cohort (23,31,101). Our study uniquely contributes to the 

existing neighborhood literature because it shows that area-level disparities are linked to CD 

outcomes even in of relatively homogenous cohort in terms of demographics and occupation.  

 

Statistical evidence of multiplicative interaction between cumulative exposure to radiation 

and nSES, suggested that the harmful effect of radiation on CD mortality was slightly higher 

among people from high nSES neighborhoods compared to other areas. There is a striking 

knowledge gap regarding how the social and economic context of workers may influence the 

impact of occupational exposures (81–83). Based on this limited literature, we proposed that CD 

cases occurring among radiologic technologists residing in deprived neighborhoods are likely 

caused by the strong influence of specific neighborhood-level attributes such as poverty, air 

pollution, lack of health resources, unhealthy food stores and lack of green space (77,78,84). In 

this context, occupational radiation is likely playing a small role in the causal pathway of CDs. In 

contrast, in affluent neighborhoods where the characteristics of the built environment tend to be 

protective of CD outcomes, radiation becomes a more influential factor of disease in the absence 

of other harmful exposures. Future studies on this and other occupational cohorts should explore 

the specific neighborhood attributes that might be accounting for this difference in sensitivity to 

radiation between affluent and deprived neighborhoods.  

 

Finally, in manuscript 3, we reported that the pattern of non-participation and attrition was 

not a random process but that it was related to several demographic characteristics. Consistent 

with previous studies, USRT participants were more likely to be white (45,89), female 

(42,45,89,90), married (41,44,45,47,89,91), of middle age(41,42,44,45,47,48,89–93), of higher 
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income (42,91), never smokers (44,45,47,89) and with a normal BMI (44,47). Despite all these 

differences in risk characteristics of participants and non-participants, we found only a small 

impact of selection bias on our estimates of the association of cumulative radiation exposure and 

CD outcomes after including participation IPWs.  

 

Conclusions 

Although medical radiation use has steeply increased around the world in the recent decades 

(67), this particular worker population has been underrepresented among radiation-related studies. 

Our results from the USRT cohort indicate an association between CD mortality and occupational 

ionizing radiation exposures below the current radiation protection standards.  In addition, nSES 

was independently associated with CD mortality and incidence in a group of US technologists 

occupationally exposed to low-doses of radiation, but there was no consistent evidence that it 

confounded the association between radiation and CD outcomes. Furthermore, there was a 

multiplicative two-way interaction between radiation and nSES, where residents of high nSES 

areas had higher risk of CD mortality than residents of low nSES exposed to the same radiation 

dose. In terms of our selection bias analysis, we observed only a small impact of selection bias on 

our estimates of the association of cumulative radiation exposure and CD outcomes despite 

consistent differences in the characteristics of participants and non-participants. 
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Appendix A.  

Inverse Probability Weighting (IPW)- Specific variables included in the 

logistic models used to predict the probability of participating in each of the 

four questionnaires.  
 

With the exception of participation in Questionnaire 1, two weights were created for participation 

in each study survey: weights A included a minimum set of covariates available for the majority 

of technologists eligible for each survey, while weights B included more predictors of 

participation that were available only for respondents of the previous survey(s). Specific variables 

are listed below. 

 

Questionnaire 1 (Q1) 

• Weight 1A: birth year, sex, race, and certification year 

o Predicted probabilities were calculated for all ARRT members with this information 

available (n=137,523) 

Questionnaire 2 (Q2) 

• Weight 2A: birth year, sex, race, certification year, participation in Q1, nSES in 1990, and 

rural status in 1990. 

o Predicted probabilities were calculated for all ARRT members with this information 

available (n=135,065) 

• Weight 2B: birth year, sex, race, ethnicity, certification year, participation in Q1, nSES in 

1990, rural status in 1990, education level, marital status, ever smoke, alcohol consumption, 

and BMI reported in Q1 

o Predicted probabilities were calculated only for Q1 participants with this available 

information (n=88,221) 

Questionnaire 3 (Q3) 

• Weight 3A: birth year, sex, race, ethnicity, certification year, participation in Q1 and/or Q2, 

nSES in 1990, rural status in 1990, nSES in 2000, rural status in 2000, marital status, ever 

smoke, and BMI reported in either Q1 or Q2 

o Predicted probabilities were calculated for people who completed either Q1 or Q2 

and had this information available (n=107,644) 

• Weight 3B: birth year, sex, race, ethnicity, certification year, participation in Q1 and/or Q2, 

nSES in 1990, rural status in 1990, nSES in 2000, rural status in 2000, marital status, ever 

smoke, alcohol consumption, BMI reported in Q1 or Q2, education level, diagnosis of 

hypertension, diagnosis of diabetes, diagnosis of high cholesterol, and self-reported health 

status 

o Predicted probabilities were calculated only for people who participated in both Q1 

AND Q2 (n=67,384) 

o Education level and alcohol consumption were collected only in Q1; self-reported 

health status and diagnoses of diabetes, cholesterol, and hypertension were collected 

only in Q2 

Questionnaire 4 (Q4) 

• Weight 4A: birth year, sex, race, ethnicity, certification year, participation in Q1 and/or Q2, 

participation in Q3, nSES in 1990, rural status in 1990, nSES in 2000, rural status in 2000, 

nSES in 2010, rural status in 2010, marital status, ever smoke, and BMI reported in either Q1 

or Q2 

o Predicted probabilities were calculated for people who completed either Q1 or Q2, 

regardless of Q3 participation, and had this information available (n=107,524) 



106 

 

• Weight 4B: birth year, sex, race, ethnicity, certification year, participation in Q1 and/or Q2, 

participation in Q3, nSES in 1990, rural status in 1990, nSES in 2000, rural status in 2000, 

nSES in 2010, rural status in 2010, marital status, ever smoke, and BMI reported in either Q1 

or Q2, education level, diagnosis of hypertension, diagnosis of diabetes, diagnosis of high 

cholesterol, self-reported health status and individual annual household income reported in 

Q3 

o Predicted probabilities were calculated only for people who participated in all 

previous questionnaires (Q1, Q2 and Q3) and reported this information (n=38,499) 

o Education level and alcohol consumption were collected only in Q1; self-reported 

health status and diagnoses of diabetes, cholesterol, and hypertension were collected 

only in Q2; household annual income only collected in Q3 

 

Final weights  

Final weights were calculated by multiplying individual survey weights (wQ1, wQ2, wQ3, wQ4). A 

person’s weight varied over time such that for outcomes occurring between Q1 and Q2 (1983-

1993) the combined weight for each participant was wQ1 x wQ2; for outcomes occurring between 

Q2 and Q3 (1994-2002) the final weight was calculated considering the probability of 

participating in Q1, Q2 and Q3 (wQ1 x wQ2 x wQ3); and for outcomes occurring between Q3 and 

Q4 (2003 and 2014) the final weight was wQ1 x wQ2  x wQ3 x wQ4.   

 

• Final weights A – they maximized people with weights, at the cost of variable inclusion. ** 

This weight was presented in the main analysis 

o Final weight for years between first questionnaire completion and 1994: 

wt_q1a*wt_q2a  

o Final weight for years between 1994 and 2003: wt_q1a*wt_q2a*wt_q3a  

o Final weight for years after 2003: wt_q1a*wt_q2a*wt_q3a*wt_q4a 

o Total people with weights A: 107,080 

 

• Final weights B – they maximized variable inclusion, at the cost of including participants in 

the analyses. 

o Final weight for years between first questionnaire completion and 1994: 

wt_q1b*wt_q2b  

o Final weight for years between 1994 and 2003: wt_q1b*wt_q2b*wt_q3b  

o Final weight for years after 2003: wt_q1b*wt_q2b*wt_q3b*wt_q4b 

o Total people with weights B: 87,284 

 

• Final weights C – A combination of the final weights A and B which used weights B for 

people with these weights available and weights A if they were missing information in any of 

the parameters in weight B 

o Final weight for years between first questionnaire completion and 1994: 

wt_q1a*wt_q2a  

▪ If available: wt_q1b*wt_q2b 

o Final weight for years between 1994 and 2003: wt_q1a*wt_q2a*wt_q3a  

▪ If available wt_q1b*wt_q2b*wt_q3b  

o Final weight for years after 2003: wt_q1a*wt_q2a*wt_q3a*wt_q4a 

▪ If available wt_q1b*wt_q2b*wt_q3b *wt_q4b 

o Total people with weights A: 105,979 
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Table 19. Characteristics of the final Inverse Probability Weights (IPW) and IPW truncated to the 

1st and 99th percentile 

 
Obs: number of observations, SD: standard deviation, Min: minimum, P1: 1st percentile, P99: 99th 

percentile, Max: maximum 

  

Final weights

A 2,519,475 0.72 1.28 0.20 0.22 4.06 214.8

B 1,753,218 0.56 0.31 0.16 0.17 1.74 9.80

C 2,313,837 0.70 1.12 0.16 0.17 3.47 214.8

Truncated 

A_trunc 2,519,475 0.68 0.54 0.22 0.22 4.06 4.06

B_trunc 1,753,218 0.56 0.28 0.17 0.17 1.74 1.74

C_trunc 2,313,837 0.66 0.47 0.17 0.17 3.47 3.47

Obs Mean SD P1 MaxMin P99
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Appendix B.  

Models with alternative Inverse Probability Weights 
 

Table 20. Incidence and mortality risk estimates from cumulative radiation exposure using 

different sets of Inverse Probability Weights (IPW) 

 
HRs and 95%CI were estimated using discrete time hazard models with calendar year as the time 

scale adjusted for birth year, sex, race, ethnicity, smoking habits and BMI at baseline. For each 

outcome, we calculated the HR (and 95%CI) for all eligible observations (obs.) regardless of 

availability of IPW of participation. For each set of weights, we first recalculated the HR and 

95%CI without weights but only among observations who had a final weight available. We also 

included the effect estimates after including in the model untruncated weights and weights 

truncated to the 1st and 99th percentile.  

Specific variables included in each final weight are detailed in Appendix 1. Briefly, final 

participation weights A included: birth year, sex, certification year, race, ethnicity, marital status, 

smoking status, BMI at baseline, neighborhood socioeconomic status and rural status and 

participation status in the previous questionnaire. Final participation weights B included: birth 

n HR 95% CI n HR 95% CI

All obs., no weights 108,583 1.07 (1.02, 1.13) 108,583 1.47 (1.15, 1.87)

Only obs. with Weight A

No weights in the model 107,080 1.07 (1.01, 1.13) 107,080 1.54 (1.19, 1.99)

Untruncated weight A 1.04 (0.97, 1.12) 1.20 (0.78, 1.84)

Truncated weight A 1.06 (1.01, 1.12) 1.50 (1.11, 2.01)

Only obs. with Weight B

No weights in the model 87,284 1.12 (1.04, 1.21) 87,284 1.34 (0.90, 1.99)

Untruncated weight B 1.16 (1.07, 1.25) 1.36 (0.87, 2.12)

Truncated weight B 1.13 (1.05, 1.22) 1.38 (0.90, 2.10)

Only obs. with Weight C

No weights in the model 105,979 1.08 (1.03, 1.14) 105,979 1.36 (1.04, 1.78)

Untruncated weight C 1.03 (0.96, 1.10) 1.00 (0.64, 1.59)

Truncated weight C 1.06 (1.00, 1.12) 1.26 (0.93, 1.71)

n HR 95% CI n HR 95% CI

All obs., no weights 89,604 1.17 (1.06, 1.28) 89,604 1.69 (1.18, 2.43)

Only obs. with Weight A

No weights in the model 88,516 1.17 (1.06, 1.29) 88,516 1.71 (1.18, 2.48)

Untruncated weight A 1.13 (0.94, 1.37) 2.19 (0.86, 5.55)

Truncated weight A 1.13 (1.00, 1.28) 1.56 (0.98, 2.47)

Only obs. with Weight B

No weights in the model 75,307 1.20 (1.08, 1.33) 75,307 1.72 (1.12, 2.63)

Untruncated weight B 1.09 (0.94, 1.27) 1.54 (0.94, 2.54)

Truncated weight B 1.08 (0.96, 1.22) 1.57 (0.96, 2.59)

Only obs. with Weight C

No weights in the model 88,128 1.19 (1.08, 1.32) 88,128 1.79 (1.21, 2.66)

Untruncated weight C 1.13 (0.94, 1.36) 1.77 (1.06, 2.94)

Truncated weight C 1.08 (0.95, 1.23) 1.64 (1.03, 2.62)

(per 100mGy increase in heart dose) (per 100mGy increase in brain dose)

IHD incidence CeVD incidence

IHD mortality CeVD mortality 

(per 100mGy increase in heart dose) (per 100mGy increase in brain dose)
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year, sex, race, ethnicity, certification year, participation in Q1 and/or Q2, participation in Q3, 

nSES in 1990, rural status in 1990, nSES in 2000, rural status in 2000, nSES in 2010, rural status 

in 2010, marital status, ever smoke, and BMI reported in either Q1 or Q2, education level, 

diagnosis of hypertension, diagnosis of diabetes, diagnosis of high cholesterol, self-reported 

health status and individual annual household income reported in Q3. Final participation weights 

C were created by giving everyone weights A and replacing them with weights B, if they were 

available at each stage.  

 

 


