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Abstract

lonizing radiation is an established carcinogen, but its effects on non-malignant respiratory disease
(NMRD) are less clear. Cohorts exposed to multiple risk factors including radiation and toxic
dusts conflate these relationships, and there is a need for clarity in previous findings. This
systematic review was conducted to survey the body of existing evidence for radiation effects

on NMRD in global nuclear worker cohorts. A PubMed search was conducted for studies

with terms relating to radiation or uranium and noncancer respiratory outcomes. Papers were
limited to the most recent report within a single cohort published between January 2000 and
December 2020. Publication quality was assessed based upon UNSCEAR 2017 criteria. In total,
31 papers were reviewed. Studies included 29 retrospective cohorts, one prospective cohort, and
one longitudinal cohort primarily comprising White men from the U.S., Canada and Western
Europe. Ten studies contained subpopulations of uranium miners or millers. Papers reported
standardized mortality ratio (SMR) analyses, regression analyses, or both. Neither SMR nor
regression analyses consistently showed a relationship between radiation exposure and NMRD.
A meta-analysis of excess relative risks (ERRs) for NMRD did not present evidence for a dose-
response (overall ERR/Sv: 0.07; 95% CI: —0.07, 0.21), and results for more specific outcomes
were inconsistent. Significantly elevated SMRs for NMRD overall were observed in two studies
among the subpopulation of uranium miners and millers (combined n = 4229; SMR 1.42-1.43),
indicating this association may be limited to mining and milling populations and may not extend
to other nuclear workers. A quality review showed limited capacity of 17 out of 31 studies
conducted to provide evidence for a causal relationship between radiation and NMRD; the
higher-quality studies showed no consistent relationship. All elevated NMRD SMRs were among
mining and milling cohorts, indicating different exposure profiles between mining and non-mining
cohorts; future pooled cohorts should adjust for mining exposures or address mining cohorts
separately.
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INTRODUCTION

Radiation is well established as a carcinogen from studies of atomic bomb survivors (1,

2), radiotherapy patients (3), and nuclear workers (4). More recent studies have found
associations between radiation and increased risk of some non-cancer diseases, particularly
cardiovascular disease (5, 6). While the effects of radiation have been studied extensively in
Japanese atomic bomb survivors who were exposed to a single acute dose of radiation, risks
are less clear in populations more comparable to healthy U.S. workers exposed to chronic,
low-dose rates of radiation (7). To clarify these risks, the Million Person Study (MPS)

has constructed a population of individual U.S. nuclear worker cohorts (7, 8). However,
exposures to both radiation and dusts in many of these cohorts imply a need for clarification
in this topic (7, 9).

Non-malignant respiratory disease (NMRD) encompasses a broad range of infectious and
non-infectious acute and chronic diseases impacting millions of people worldwide. Influenza
and pneumonia are each transmissible, acute infections. Mortality from either cause is
relatively rare in healthy, working adults, with a U.S. mortality rate for their combined
burden in adults between 45-54 years of age of 4.7 per 100, 000 population in 2015.
However, toxins such as tobacco and smoke exposures can increase the burden of mortality
in these populations (10-13). Tuberculosis is an infectious, chronic disease responsible
globally for millions of deaths annually (14). Although the disease burden is low in the
U.S., occupational exposures that could cause weakened immune systems may increase the
burden of disease and mortality in working groups, particularly in vulnerable communities
(e.g., low-income populations) (15, 16). Chronic, non-infectious diseases such as chronic
obstructive pulmonary disease (COPD) represent a greater disease and mortality burden in
the U.S. than infections; the mortality rate from COPD in 2015 was 48.2 per 100, 000 (11).
COPD is described by the World Health Organization as “*an umbrella term used to describe
chronic diseases that cause limitations in lung airflow’” (17) and includes the sub-categories
emphysema, chronic bronchitis, and asthma (11, 17). Finally, pneumoconiosis describes a
set of chronic, non-infectious conditions known to arise after occupational exposures to
toxins such as silica and asbestos (18). While average U.S. mortality from these causes is
low, populations working with certain toxins are at increased risk (11, 18). Although risk
factors vary by type of NMRD disease, broad risk factors include smoking, aging, lower
socioeconomic status (SES), and occupational exposure to dusts and toxins (10, 12, 13, 15,
18, 19).

Increased NMRD mortality was observed in the atomic bomb survivors; however, this
increase has been attributed to poor living conditions and toxic exposures before and

after the bombings. Prior to the bombings, wartime conditions meant poor health for

many individuals in Japan. The bombings themselves increased toxic exposures in addition
to radiation, and the destruction meant many survivors were unhoused. The burden of
infectious diseases such as pneumonia and influenza has been higher than expected in
atomic bomb survivors, which is more likely attributable to these poor living conditions than
radiation (5). Furthermore, misclassification of malignant mortalities as NMRD accounts in
part for the increased rate at higher radiation doses in survivors (5, 20).
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While the evidence that radiation is causally associated with increased NMRD mortality is
unconvincing from the atomic bomb survivors’ studies, NMRD has been observed following
high doses of radiation received to the lungs during radiotherapy (21), and animal and
cellular models have shown epithelial changes from exposure to uranium and silica (22, 23).
Nuclear workers are exposed to multiple types of radiation at chronic rates, as well as other
toxins in the workplace such as uranium ore dust and silica (8). The exposure profile in

the nuclear workplace may increase the burden of both NMRD incidence and mortality in
nuclear worker populations.

As an initial step in assessing the potential burden of NMRD mortality in nuclear worker
cohorts, a systematic review was conducted to determine the current state of knowledge

of NMRD-associated mortality among global nuclear worker cohorts. This systematic
review addresses two questions: whether permanent employees and regular contractors in
the nuclear industry have an elevated risk of mortality from NMRD compared with a
representative background population, and whether nuclear workers exposed to higher doses
of uranium, radon, external photon radiation, and uranium ore dust have higher mortality
from NMRD than similar workers exposed to lower doses of the same materials. The

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2017
report addressed the necessity of systematic reviews in radiation epidemiology, particularly
regarding studies with low dose and low dose-rate exposures, as often seen in nuclear
workplaces. This report suggested that studies included in systematic reviews should be
assessed for quality in terms of validity, precision, and relevance to the review topic, and it
provided a quality review template (24). The present study therefore uses these UNSCEAR
quality review guidelines as a tool to address the aims of this systematic review.

METHODS

For the purposes of this review, exposure was defined as work experience as a permanent
employee or regular contractor in the nuclear industry with exposures to uranium, radon, or
external photon radiation, and the outcome was defined as mortality from NMRD or any
subcategory of NMRD, where NMRD is defined by International Classification of Disease
(ICD) 6-10 codes (Table 1).

Specific criteria were pre-specified for inclusion of papers in the review. To include

results for as many nuclear worker cohorts as possible, nuclear worker populations of any
country, ethnicity, and sex were included. To ensure at least some members of all included
populations had exposure, the study population had to be composed of only permanent
employees or regular contractors in the nuclear industry. Only the most recent publication
assessing non-cancer effects in a given population was included in the review to ensure the
most updated results from each cohort were used. Papers were limited to those published
in the years 2000-2020. Therefore, papers were included if they were the most recent
assessment of either permanent employees or regular contractors in the nuclear industry,
included an assessment of NMRD or any NMRD subcategory, and were published between
January 2000 and December 2020. Since some cohorts were included in pooled populations,
there is some crossover between studies. If an individual cohort was included as part of

a pooled analysis, both studies were included in descriptive analyses, forest plots, and
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quality assessment. Separate inclusion rules were established for the meta-analysis and are
described below.

Papers were selected using a three-step process: first, the National Center for Biotechnology
Information (NCBI) PubMed database (‘‘PubMed’’) (25) was used to search for articles.
Specific search terms were selected (see Table 2). The title, abstract, and key words

were required to include terms relating either to radiation or uranium to ensure nuclear
workers (and not other factory workers) were included. Likewise, noncancer outcomes were
specified to limit the number of papers reporting only cancerous outcomes.

The initial search returned 22 publications (Fig. 1). Papers were further excluded if

any members of the population were exposed to uranium or radiation in a purely non-
employment context. However, papers were retained if the population consisted of uranium
miners to compare these workers to others in the nuclear industry; the inclusion of uranium
miners in an initial review can justify their inclusion or exclusion in future systematic
reviews or meta-analyses.

Bibliographies within reviewed publications were examined for additional citations that
were added to the subsequent abstract review to maximize the number of relevant studies.
These citations were subject to the same criteria as the papers returned from the original
PubMed search.

After exclusions, all papers selected in the preceding steps were individually input into the
““Cited by’’ feature of Google Scholar (https://scholar.google.com/) to perform a forward
search. Articles citing the papers already included were selected per the same criteria as the
papers returned from the original PubMed search. At this time, all papers were reviewed
again to ensure no cohorts were duplicated unless they were part of a pooled study.

This search was performed independently by two reviewers: CMM and SCH. After the first
two steps, reviewers compared articles to ensure the same list entered the forward search
through Google Scholar. After the third step, reviewers compared their lists to ensure all
articles had been appropriately retained or excluded. In the event of disagreement at the
second and third steps, reviewers examined the article in question and determined together
whether it met inclusion criteria.

Meta-analysis of overall NMRD in all cohorts and all non-mining cohorts was conducted for
studies reporting excess relative risks (ERRs) per Sv or per 100 mSyv using a random effects
model with the heterogeneity estimate calculated using Mantel-Haenszel estimation (26).
Studies were included if they were the most recent assessment of a population. If two studies
were published in the same year, the larger study was selected. Results reported as ERR/100
mSv were scaled by a multiplier of 10 to ERR/Sv, assuming a linear model was used.

When only P values were reported, a 95% confidence interval was calculated using methods
described by Altman and Bland, assuming a normal distribution on the log scale (27).
Ninety percent confidence intervals were scaled to 95% confidence intervals assuming a
normal distribution. While meta-analysis was only conducted for NMRD ERRs, forest plots
were generated and heterogeneity in terms of Cochrane’s Q and I-squared was calculated

to compare overall NMRD excess relative risks (ERRS), NMRD standardized mortality
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ratios (SMRs), and COPD/emphysema SMRs across studies (confidence intervals were not
corrected for this process, but are reported in the forest plots). Heterogeneity was calculated
for all cohorts, cohorts excluding miners, and cohorts excluding miners and millers for
studies reporting relevant SMRs in their overall population. While an overall meta-analytic
estimate was calculated for ERRs, it was not estimated for SMRs since combining estimates
with different external comparisons was not considered meaningful. All statistical analyses
were conducted using Stata v15 (StataCorp LLC, College Station, TX).

Study quality was assessed by CMM and SCH using the criteria from the UNSCEAR
2017 report (24). In section 111 of this report, the committee describes the “*main features
affecting the quality of epidemiology studies,”” and in section 1V, they lay out guidelines
for assessing study quality in terms of study population, exposure and outcome assessment,
bias minimization, confounding control, analytical methods, uncertainty assessment, and
reporting. Their list of questions in this section was used to note the strengths and limitations
of each study included in the present review. Following this process for each study, a
quality score from 1-3 was assigned for dosimetry, epidemiology, and statistics, where 1
is low and 3 is high (24). Previous expert ratings using the UNSCEAR 2017 criteria from
NCRP Commentary 27 were applied to the extent possible in the present analysis to check
consistency and to minimize reviewer bias (28). An overall score from 1-3 was assigned
for the ability of the study to assess whether NMRD is correlated with radiation exposure,
which factored in both the quality scores for dosimetry, epidemiology, and statistics, as
well as the relevance of the included paper to the assessment of a causal association
between radiation exposure and NMRD mortality (24). A study was assigned a 3 only if
this relationship was investigated in detail and the average of the individual quality scores
was greater than 2.5. The overall ability of the study to assess NMRD was assigned a 1

if the study only calculated SMRs (i.e., did not contain at least one internal dose-response
analysis and could therefore not be used to assess a causal relationship between radiation
and NMRD). The overall ability of the study to assess NMRD could be no greater than the
mean of the lowest and highest quality scores in the other categories, rounding up.

Study Selection and Review

Figure 1 shows the selection process for studies in this review. In total, 37 unique articles
were found through the PubMed search and citation review. Of these, 14 were excluded
by title alone because they were either irrelevant or did not meet the search criteria, 3
were excluded by abstract because they included an identical population to a more recent
paper or did not comprise a worker population, and 2 were excluded during text review
because NMRD was not evaluated. Eighteen studies were input into Google Scholar for
the forward search, in which an additional 53 papers were identified by title and abstract.
Of these, 39 did not meet inclusion criteria. One of the original 18 studies selected was
excluded because a more recent follow-up was identified in the forward search. After these
selections and exclusions, 31 epidemiologic studies remained that matched the selection
criteria and were reviewed (6, 29-58). Table 3 describes the characteristics of the included
studies. Populations were largely from the U.S., Canada, and Western Europe, though the
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15-Country Study also included Australian and Eastern European subcohorts (32), and one
uranium mining population was from the Czech Republic (58). With the exception of the
female Sellafield cohort (29), a majority of individuals in each study were male; some
studies comprised all male populations. In 30 of 31 studies the cohorts were majority
White, including the prospectively collected cohort of Colorado Plateau miners, though this
study included over 700 Native Americans (38). Although 25 of the 31 studies did not
include miners, the Grants miners and millers cohort (33), the Colorado Plateau miners
(38), the Eldorado workers (40), the male Wismut miners (44), the male French Atomic
Energy Commission miners (48), and the Czech Republic Uranium Miners (58) included

at least a sub-population of uranium miners, though a separate NMRD effect measure

was not reported for the Eldorado mining subpopulation (40). Studies classified their
mortality outcome using the ICD version applicable at the time of death of cohort members.
All studies considered at least one NMRD endpoint, and most considered a variety of

other outcomes (e.g., site-specific cancers, CVD) not reported in this review. Only the

male Wismut miners study focused explicitly on NMRD (44). Eighteen studies considered
mortality from NMRD overall and its various subtypes (6, 30, 32, 33, 37, 40, 43-45, 47,
48, 50-52, 54, 56-58); however, 10 studies considered NMRD related mortality without
interrogating any subtypes (29, 31, 34-36, 39, 41, 42, 49, 53) and 3 studies reported only
NMRD subtype mortality (38, 46, 55).

Studies included SMR analyses, regression analyses, or a combination (described in Table
4). All SMR analyses adjusted for age and calendar year; when applicable, SMR studies also
adjusted for sex (30, 31, 33, 35, 36, 40, 43, 45, 49-52, 56) and race (33, 38, 43, 45, 52).
Some SMR analyses stratified by type of worker (radiation vs. other) (29, 43), job type (53),
location of workplace (52), categorical radiation dose (31, 38), duration of employment (30,
48, 49), sex (33, 49), SES (45), and smoking status (38) to model potential effects of these
exposures. Regression analyses included Cox regression, generating hazard ratios (HR) (43,
57), and Poisson (6, 31, 32, 34, 40, 41, 44, 46-48, 51, 54-56), logistic (45), and general
relative risk regression (29, 37, 52), generating excess relative risks (ERR) or relative risks
(RR) depending on the methods used. With the exceptions of SMR trends, several sensitivity
analyses conducted with Poisson regression using an external referent (48, 56), and a
Poisson analysis where the outcome was SMRs (35), regression analyses were conducted
using an internal referent and could adjust for more potential confounders than possible for
SMR analyses. These analyses more frequently considered potential confounders such as
employment duration, sex, and various types of exposures beyond the exposure of interest
for the regression. A few of these analyses stratified by potential effect modifiers, including
hourly vs. salaried position (34), age at risk (55), attained age (32), and non-radiation
exposures such as silica dust (45, 47).

Standardized Mortality Ratios

Supplementary Tables S1a—S5b (https://doi.org/10.1667/RADE-21-00014.1.S1) display the
results of each analysis in a given study by disease category, analysis type, and exposure
type, with studies listed in order of publication. SMR analyses were inconsistent with a
mix of population-equivalent, reduced NMRD mortality, and elevated NMRD mortality in
nuclear workers compared with respective background populations. NMRD SMRs were
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most frequently decreased compared with general populations, but this varied by study,
subpopulation, and specific outcome (29, 34-37, 39, 42, 43, 47, 49-53, 56-58). Figure 2
displays a forest plot comparing SMRs (with 95% confidence intervals) for each publication
reporting overall NMRD mortality risk. This figure highlights the predominantly decreased
SMRs and the inconsistency of reported SMRs across cohorts as shown by the Cochran’s Q
of 357.3 (P < 0.01) and the I-squared value of 93.6%. Three of the five elevated SMRs in the
plot occurred in mining cohorts, and one occurred in a milling cohort. Removing the mining
cohorts did not substantially change the heterogeneity of the reported SMRs; the Cochran’s
Q was 278.0 (P < 0.01) with an I-squared value of 93.9%. After removing the four milling
cohorts, the Cochran’s Q still indicated significant heterogeneity among results (Cochran’s
Q =237.4, P <0.01). Nonetheless, all point estimates are below 1 for the non-mining and
non-milling cohorts that reported SMRs (29, 34-37, 39, 42, 43, 49-52, 56, 57).

As study definitions of NMRD often include infectious diseases such as pneumonia and
influenza, forest plots were also constructed for COPD/emphysema to reduce potential bias
from outcomes not likely related to radiation (Fig. 3) (5). Heterogeneity is high when
miners are included (Cochran’s Q =194.7, P < 0.01). It is considerably reduced when
miners are excluded (Cochran’s Q = 57.5, P < 0.01) and further reduced when millers
are also excluded (Cochran’s Q = 49.7, P < 0.01), though SMRs remain significantly
heterogeneous. While elevated COPD is still only seen among miners and millers (30,
38), decreased SMRs are seen in several mining and milling populations as well (38, 47).
Although heterogeneity decreased when excluding mining and milling cohorts, there are
only five additional cohorts that reported COPD or emphysema estimates (not including
COPD/emphysema with bronchitis and asthma) (43).

Notable increased SMRs were seen among Grants miners and millers, which had an SMR
for NMRD of 1.64 (95% CI: 1.23, 2.13) (33) and for COPD only among workers with
mining experience of 2.16 (95% CI: 1.40, 3.19), Male Colorado Plateau Millers (30) which
had an SMR for emphysema of 1.96 (95% CI: 1.21, 2.99) and other respiratory diseases
of 1.43 (95% CI: 1.16, 1.73) in all workers versus the U.S. population (30), and in the
Colorado Plateau White miners, which had an SMR for COPD of 2.07 (95% CI: 1.79,
2.38) and for pneumonia of 1.43 (95% CI: 1.09, 1.84). The corresponding SMRs in Native
American miners were not significantly elevated (COPD SMR: 0.78; 95% CI: 0.36, 1.49
and pneumonia SMR: 1.33; 95% Cl: 0.91, 1.89). The COPD SMR among White miners
increased to 2.50 (95% CI: 2.16, 2.89) when the population was limited to ever smokers,
implying a large number of smokers in White but not Native American cohort members
(38). Finally, the Colorado Plateau miners also had an increased occurrence of tuberculosis
and other respiratory diseases, with SMRs for tuberculosis of 3.44 (95% ClI: 2.83, 5.99)
and 2.40 (95% CI: 1.31, 4.04) in White and Native American miners, respectively, and
SMRs for other respiratory diseases of 1.94 (95% ClI: 1.38, 2.65) and 2.79 (95% CI:

1.88, 3.98) in White and Native American miners, respectively (38). Several SMRs for
pneumoconiosis indicated elevated occurrence compared to the U.S. population, but with
wide confidence intervals (30, 38, 45, 48, 54, 58). In the male French Atomic Energy
Commission Miners cohort, the authors conducted tests of trend in SMRs over duration of
exposure as a surrogate for dose. While they found mixed results for NMRD overall, they
saw an increasing SMR over duration of exposure for pneumoconiosis (48). In the French
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Nuclear Workers (CEA & AREVA), a test for trend for NMRD SMR overdose category
found no consistent trend (31). The highest dose categories were associated with increased
NMRD SMRs in a test of trend conducted for the British National Registry for Nuclear
Workers; however, this trend reversed for COPD (37).

Dose-Response Analysis Results

In the regression analyses, several studies showed increased NMRD risks with increased
exposures. For NMRD overall, male French Atomic Energy Commission miners had an
ERR per working level month (WLM) in miners exposed to radon decay products of 0.35
(95% CI: 0.008, 0.90) using an external population referent (48); these results were similar
in the same cohort with the addition of a population of Jouac workers (48). The male British
Nuclear Fuels workers cohort had an ERR/Sv for external radiation doses among industrial
workers flagged for exposure to internal ionizing radiation of 0.94 (90% CI: 0.10, 2.14) and
an ERR/Sv among non-industrial workers not flagged for internal exposures of 1.41 (90%
Cl: -1.02, 6.71) (34). The British National Registry for Nuclear Workers had an ERR/Sv

of 0.799 (95% CI: -0.08, 2.01). The male German Uranium non-miners had an ERR/WLM
of 1.25 (95% ClI: -1.39, 3.89) from radon exposure, though no associations were seen

with other exposures (47). The French Cohort of Nuclear Workers had an overall ERR/Sv
of 1.20 (95% CI: 1.06, 4.68) (51). For COPD, male Wismut miners had an ERR/100

WLM of 0.043 (95% CI: 0.024, 0.062) in their analysis including both underlying and
contributing causes of death from death certificates to reduce underreporting of COPD on
death certificates. However, upon removing deaths with underlying causes from cancer or
silicosis, this relationship was no longer observed (ERR/100 WLM: 0.013; 95% CI: —0.003,
0.029), indicating it was driven by concurrent silica dust exposures or by a dose-response
for lung cancer that was not independent from COPD. Additionally, the silica-dust-adjusted
ERR per 100 WLM for NMRD as the underlying cause of death (excluding silicosis) in
this cohort was —0.004 (95% CI: —0.020, 0.011) (44). The Fernald cohort had a slightly
increased risk of COPD, with an ERR/100 mGy of 0.54 (95% CI: 0.0, 1.4) with increasing
external dose; however, their dose-response analysis over increasing internal dose did not
show an association (ERR/100 pGy = —0.006; 95% CI: —0.007, 0.00) (45). Significant
increases were seen in pneumoconiosis in male French Atomic Energy Commission Miners
and in the Male French Miners plus Jouac after exposure to radon decay products, which is
consistent with their SMR analyses. However, their confidence intervals were very wide and
sometimes inestimable, suggesting lack of model convergence or low disease incidence (48,
54).

Meta-Analysis Results

Figure 4a and 4b show meta-analyses of non-overlapping cohorts reporting an ERR/100
mSv or ERR/Sv for NMRD with and without mining cohorts, respectively. No milling
cohorts reported an ERR/100 mSv or an ERR/Sv for NMRD overall, and they were therefore
excluded from the meta-analysis. Unlike the SMR estimates, there was no heterogeneity
across studies; the analysis with and without the miners both had I-squared values of 0%.
The meta-analytic point estimate is identical with and without mining cohorts, with only

the upper bound increasing slightly when mining cohorts are removed (ERR: 0.09; 95%

Cl: -0.05, 0.22 in all cohorts; ERR: 0.07; 95% CI: —-0.07, 0.21 in non-mining cohorts).
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A funnel plot for these analyses is shown in Fig. 4c. Published study estimates are evenly
distributed around the mean, indicating publication bias was not present. There were too few
non-overlapping studies reporting ERRs to repeat this meta-analysis for COPD; however,
COPD estimates vary in direction more than results for NMRD overall (see Supplemental
Tables Sla and S2a; https://doi.org/10.1667/RADE-21-00014.1.S1).

Study Quality, Strengths, and Limitations

Tables 5 and 6 show assessments of strengths, limitations, and study quality conducted

for the present systematic review. A minority of studies were reviewed in NCRP
Commentary 27; one paper reviewed in NCRP Commentary 27 was used in the present
review (Rocketdyne Workers) (43), and two populations were consistent between NCRP
Commentary 27 and this review (INWORKS and the 15-Country Study), though the
reviewed publications were different from this review (6, 32, 59-61). For the Rocketdyne
Workers (43), INWORKS (6), and the 15-Country Study (32), NCRP quality ratings were
consulted and applied to the dosimetry, epidemiology, and statistics ratings. These ratings
were consulted when applying scores to the other cohorts for consistency across authors.
Individual ratings were considered alongside relevance to interpreting a possible causal
association between radiation and NMRD when assigning the overall quality. Of the 31
studies, all but the French Electric Company Staff study (41), Canadian and German
Uranium Processing Workers (55), INWORKS, and the Male Wismut Miners study (44)
conducted SMR analyses. Studies that only assessed NMRD using SMRs (29, 30, 33,

36, 38, 39, 49, 50, 53, 58, 62) were rated poor for considering a causal relationship
between radiation exposure and NMRD mortality regardless of their individual dosimetry,
epidemiology, and statistics quality ratings. Studies that conducted dose-response analyses
with an internal cohort comparison were assessed on their dosimetry, epidemiology, and
statistics to determine their ability to quantify the effects of interest. Studies with a high
percentage of follow-up and a rigorous methodology for determining organ doses, with
thorough SMR and dose-response analyses were graded highest (6, 34, 37, 41, 44, 45, 52,
56, 57, 59), while studies without individual dosimetry and with minimal adjustment for
potential confounders were graded lowest (29-31, 33, 35, 36, 38, 39, 47, 49, 50, 53, 58).
INWORKS (6) was the only study assigned 3 (high quality) in dosimetry, epidemiology,
and statistics, though the French Electric Company Staff study (41) was assigned 3 in
dosimetry and epidemiology and 2.5 in statistics. Due to their fully-adjusted assessments
of NMRD using Poisson regression, both of these studies were also assigned a 3 (high
quality) in their ability to directly study the effects of radiation on NMRD (6, 41). No
other studies were assigned a 3 (high quality) in their ability to assess NMRD. Eight
studies were assigned a 2.5 in their ability to assess the impact of radiation on NMRD;
these included the Male British Nuclear Fuels Workers (34), the British National Registry
for Nuclear Workers (37), the Male Wismut Miners (44), the Fernald Workers (45), the
French Cohort of Nuclear Workers (59), the US Uranium Gaseous Diffusion Workers (52),
the French Nuclear Fuel Production Workers (56), and the Male Mallinckrodt Workers
(57). These studies had minor limitations in dosimetry, epidemiology, and/or statistics but
overall represented a detailed analysis with a thorough dose-response analysis for at least
one NMRD outcome. Strengths and limitations are outlined in Table 5. One example of an
overall 2.5 rating is the Male Wismut Workers: although no individual dose monitoring was
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conducted, great detail was given to its reconstructed dosimetry, and the authors conducted
detailed dose-response analyses with attention to bias and confounding (44). Several studies
were assigned 2 (moderate quality) in their ability to assess the impact of radiation on
NMRD; these studies included the 15-Country Study (32), Rocketdyne Workers (43), Male
Port Hope Workers (46), and Canadian and German Uranium Processing Workers (55). Of
the analyses receiving moderate-high quality scores of 2, 2.5, or 3, Male British Nuclear
Fuels Workers, the British National Registry for Nuclear Workers, Male Wismut Miners, the
Fernald Workers, and the French Cohort of Nuclear Workers had elevated risks of NMRD
as detailed above (34, 37, 44, 45, 51). Yet, the Fernald Workers only showed increased

risks over increasing external radiation dose, with no association over increasing internal
dose (45). Further, the positive Wismut relationship was only seen in the sensitivity analysis
discussed previously that included lung cancer and silicosis as underlying causes of death
(with NMRD as a contributing cause of death) (44).

DISCUSSION

Our search found 90 published studies and 31 were fully reviewed for this systematic
review. Neither SMR nor regression analyses provided consistent evidence for increased
risk of NMRD following radiation exposure in the nuclear industry. Of the 24 studies

that reported SMRs for NMRD or COPD, only 5 suggested radiation workers have a
greater risk of NMRD than a general population (30, 33, 38, 48, 54). Two papers reporting
increased SMRs were mining cohorts that no longer had positive results when silicosis was
not included in the NMRD definition, implying the elevated SMR was due to silica dust
exposure rather than radiation (48, 54). Likewise, regression analyses and tests for trend
over SMR groups did not provide consistent evidence of a dose-response. Only 5 studies
with an overall quality assessment of at least 2 (moderate quality) for ability to assess

the effect of radiation on NMRD detected an elevated dose-response (34, 37, 44, 45, 51).
However, one of these was presumably due to bias from silica exposure among miners;

the silica dust-adjusted ERR/100 WLM for NMRD excluding silicosis was —0.004 (95%
Cl: -0.020, 0.011) (44). Another study detected an NMRD association for external but not
internal exposures (45). The two studies with the highest quality scores, INWORKS and
the French Electric Company Staff, did not provide evidence for increased risk of NMRD
following radiation exposure (6, 41). While INWORKS had an elevated ERR/Sv for *“other
respiratory diseases’’ of 0.52, the 95% confidence interval was fairly wide compared to the
magnitude of risk (-0.26, 1.53). The definition for *“‘other respiratory diseases’” excludes
COPD but includes pneumoconiosis and influenza, limiting relevance (6). The only SMR
studies reporting elevated NMRD (whether statistically significant or not) were cohorts of
uranium miners and millers (30, 33, 38, 48, 54), as shown in the forest plot in Fig. 2. Two of
the studies reporting elevated SMRs had overall quality scores of 1 (30, 33). Although these
scores reflect a lack of dose-response analyses rather than study flaws, studies reporting
only NMRD SMRs were assigned a 1 due to the limitations of SMRs. This metric reports
only a comparison between the study population and a frequently non-comparable general
population; furthermore, SMRs cannot adequately adjust for relevant confounders such as
smoking. In addition to only reporting SMRs, these two studies with quality scores of 1

as well as two others reporting elevated SMRs had considerable limitations in dosimetry
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and population tracing (30, 33, 48, 54). After removing the uranium miners and millers
from the forest plot, all cohorts reported SMRs below 1, exhibiting a difference between
miners and millers and other radiation-exposed professions in terms of overall NMRD risk
(29, 30, 33-35, 43, 47-49, 62). The remaining 9 moderate to high quality publications did
not observe elevated risk for NMRD. Although SMR increases were seen in some mining
and milling cohorts, others reported population-equivalent or even decreased NMRD SMRs.
For the mining and milling cohorts with increased SMRs, there was still inconsistency

in subtype analyses. Therefore, we observed little evidence for an association between
radiation exposures and NMRD in nuclear worker cohorts.

The meta-analysis conducted for NMRD based on dose-response analyses shows that the
studies with elevated risk taken together do not imply an increased risk of NMRD after
radiation exposure. The overall estimate was an ERR/Sv of 0.07 (95% CI: -0.07, 0.21)

and removing the mining cohorts did not impact overall results due to their low weights

in the meta-analysis (represented by large variances in their effect estimates). The funnel
plot in Fig. 4c shows that publication bias was not present, though few studies were
included in the meta-analysis. The potential for publication bias is complicated here by
inconsistency in reporting both effect-estimate types and units, as well as included studies’
greater focus on other outcomes (e.g., lung cancer, cardiovascular disease). A hesitancy

to report negative results does not appear to impact the meta-analysis. Five studies were
included in the meta-analysis (6, 35, 37, 40, 48, 57, 59), though ten others are represented
through their overlap with more recent studies (31, 32, 34-36, 39, 41, 49, 51, 63). However,
these results do not include every study; they only include the most recent (or largest, when
two studies were published in the same year) study reporting an overall NMRD estimate

in terms of ERR/100 mSv or ERR/Sv. Other papers reported relative risks, hazard ratios,
ERR/WLM results, or results for more specific respiratory outcomes, all of which were

too dissimilar to include in a meta-analysis (Supplementary Tables S1a—S5b; https://doi.org/
10.1667/RADE-21-00014.S1) (42, 43). One study reported an ERR/mGy which could not
be appropriately scaled to ERR/Sv; linear extrapolation resulted in effect estimates that
appeared an order of magnitude high (52).

Results were inconsistent, even among studies with a quality score of at least 2. Likely,

this inconsistency arose from studies’ differences in NMRD (or subtype) definition,
analysis type, and confounding adjustment. Only one of the studies in this review focused
specifically on NMRD; most studies did not assess NMRD as thoroughly as other outcomes
such as lung cancer or cardiovascular disease. Additionally, if NMRD is radiogenic,
magnitude of this risk may be small, limiting studies’ ability to assess this relationship

in the presence of competing risks.

Due to limitations in power to detect significant effects in studies with small sample sizes
or narrow dose ranges, magnitude of results may be more informative than statistical
significance (64); therefore, these results have focused predominantly on effect estimate
size. However, magnitude of NMRD and individual disease point estimates were not
consistent, with some studies reporting decreased mortality, other studies reporting no
difference in mortality, and still further studies reporting increased mortality in both

SMR and regression analyses, as shown in Supplementary Tables S1a-S5b (https://doi.org/
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10.1667/RADE-21-00014.S1) and in Fig. 2. The forest plots in Fig. 2 highlight the
heterogeneity across reported SMRs for overall NMRD, as indicated by the large Cochran’s
Q of 367.3 and the high value of I-squared (93.6%). This heterogeneity was maintained not
only after removing mining cohorts from this analysis, but also after removing the remaining
milling cohort.

Results did not only vary by study, but also within subgroups in individual studies.
Furthermore, where risk magnitude was large, confidence intervals tended to be wide. For
instance, male French Atomic Energy Commission Miners had an ERR/WLM for silicosis
in all cohort members of 13.57 with a 95% CI from 2.52-236.0 (48). An SMR with a wide
confidence interval was also presented for silicosis in Native American Colorado Plateau
Miners in the follow-up period from 1991-2005 (SMR: 10.0; 95% ClI: 4.00-21.4) (38).
Therefore, the magnitude of these results, regardless of their statistical significance, suggests
there may be an association between mining exposures and NMRD, while exposure to
ionizing radiation only has minimal evidence of correlation to NMRD.

Some studies made efforts to adjust for potential occupational confounding factors such

as dust. Dust exposure could confound the radiation-NMRD response and partly account
for the conflicting associations seen between non-mining cohorts and NMRD. Silica dust
exposure can also at least partially explain the high SMRs seen in mining cohorts, as
silicosis is more common among miners than workers in other radiation-exposed professions
due to these dust exposures (44). Furthermore, different types of radiation were assessed
differently between studies; radon decay products, an internal exposure, was generally
evaluated and assessed independently from external exposures to assess separate effects (33,
40, 43-45, 47, 48, 54, 55). In future analyses of nuclear workers, efforts should be made to
control in this manner for competing exposures to distinguish potential toxins such as dust
and radon decay products from external ionizing radiation.

Two studies of Mound and Mayak workers were excluded due to unique source exposure in
Polonium-210 (65) and lack of mortality analyses (66). In the Mound worker study, mean
dose received was 100.1 mSv but doses were highly skewed, with a maximum reported
dose of 17, 500 mSv. The Mayak study assessed bronchitis incidence but not mortality.

The Mound study reported similar SMRs to our findings while the Mayak study found
some association with alpha radiation and bronchitis (ERR/Gy: 1.19; 95% ClI: 0.32, 2.53).
However, the majority of results from this study found no association between radiation and
NMRD, consistent with the present systematic review (66).

The American Cancer Society Cancer Prevention Study cohort was used to conduct an
ecologic COPD mortality study that focused on domestic exposures and was therefore
excluded from this review (67). This study has a large sample size (n = 811, 961) spanning
the United States with county-level average radon concentrations ranging from 6.3 to 265.7
Bg*m™3, though only 11.9% of the cohort was exposed to concentrations =30 Bg*m=3. Cox
proportional hazards models adjusted for an array of individual-level risk factors including
smoking. They found an elevated hazard ratio per 100 Bq*m=3 for NMRD of 1.08 (95%
Cl: 1.03, 1.13) that was largely driven by an elevated hazard ratio per 100 Bq*m™3 for
COPD (HR: 1.13; 95% CI: 1.05, 1.21). These results were robust to a number of sensitivity
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analyses. It is possible that the relatively high power of this study was sufficient to detect

an association where lower powered nuclear worker studies could not. Further, the ability to
adjust for confounders was much better than most nuclear worker cohorts due to a plethora
of confounder information, which could have contributed to the robustness of their estimates
(67).

Of note, the 2017 UNSCEAR quality review criteria (24, 68) was used in this review.

A series of papers was published in 2020 in the Journal of the National Cancer

Institute Monographs, detailing separate quality assessments for dosimetry, epidemiology,
confounding analyses, and other aspects of radiation epidemiology studies (50-55). The
UNSCEAR 2017 criteria have been used successfully in the past to characterize studies in
larger reviews (68—71), and we believe they are adequate for this analysis. Future reviews
may consider employing these newer criteria.

The results of this review are subject to the limitations of each study. These individual study
limitations are considered in this review, and show that of 31 studies, only 2 had a quality
score of 3 (high quality) (6, 41), 8 had a quality score of 2.5 (moderate-high quality) (34,
37,44, 45, 52, 56, 57, 59), and 4 had qualities scores of 2 (moderate quality) (32, 43,

46, 55) to assess a causal relationship between radiation exposure and NMRD. The large
number of papers with lower ratings reflect several elements of these studies. Notably, they
do not imply poor quality of a study, but rather showcase the difficulties inherent in radiation
epidemiology (24). For instance, lack of population-specific information in retrospective
cohort studies implies an inability of most studies to control for potential behavioral or
environmental confounders such as socioeconomic status; smoking; or exposure to non-
radiation, occupation-related toxins, which are characterized in the study specific strengths
and limitations description (Table 5). Due to difficulties in worker cohorts to complete a

full dosimetry profile and to verify cause of death, dosimetry and outcome classification
errors are likely present (Table 4) even in the one prospective cohort study (38). Often, SMR
analyses alone or dose reconstructions were necessary due to missing dose information in
retrospective cohorts.

Radiation epidemiology studies can be underpowered to detect effects if their dose
distribution is narrow and if their population is small. The Life Span Study (LSS) of atomic
bomb survivors is often referred to as the gold standard of radiation epidemiology studies,
with over 100, 000 individuals and a considerable proportion of people who received doses
over 1 Gy (1). However, the LSS is not an occupational cohort. Sufficient power is difficult
to achieve to detect the small level of risk expected for most long-term health outcomes
following doses expected in occupational settings, particularly for noncancer outcomes since
expected effect sizes are smaller than for cancer outcomes (71). Accordingly, many of

these studies likely had insufficient power to detect a radiation effect on NMRD. While the
15-Country Study, INWORKS, the British National Registry for Nuclear Workers each had
sample sizes over 100, 000 (6, 32, 37), these populations did not include as high a proportion
of doses >1 Gy as the atomic bomb survivors, so that the power was lower compared with
the LSS. A number of studies had small population sizes or limited dose distributions (29,
30, 33, 35, 36, 38, 39, 42, 45-48, 50, 53-57) and therefore lower statistical power than the
LSS to detect potential differences in risk. More pooled studies of similar nuclear worker
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cohorts such as INWORKS (6) will be required to increase the statistical power to detect
these risks, should a clinically significant risk exist for radiation-induced NMRD (6, 7, 72).

Several overall limitations existed in this review. Studies did not always report results using
the same outcome, exposure, or effect estimate type. The present regression estimates are
not comparable enough to include in a single forest plot, and the meta-analysis conducted
could only consider overall NMRD for a handful of cohorts. Due to the limited pool of
studies assessing NMRD, several cohorts are included multiple times: on their own and
within pooled cohorts. As a result of this overlap, the meta-analysis had to exclude several
cohorts providing relevant information. Additionally, different studies included different
ICD codes in their overall NMRD definition, which may have inappropriately affected

the findings of this meta-analysis. A meta-analysis of a more specific outcome such as
COPD would likely be more informative and valid but could not be conducted here since
there were not enough studies reporting results with the same dose estimate methodology,
effect measure estimate, and type of units (e.g., WLM, mSv). The forest plots are limited
in that they only represent results from papers that included SMRs of NMRD or COPD/
emphysema overall, which were the most consistently reported outcomes throughout the
studies. Moreover, exposures varied, with some populations experiencing either external
exposure or internal exposure, and others experiencing both. SMR analyses did not typically
distinguish between internal and external exposures, which further complicates these results.
Different exposure sources are applicable to different sites; notably, in these studies, only
the Sellafield plant had plutonium present (29, 34), while the remainder recorded only
uranium-related and external photon exposures (6, 30-41, 43-58). Finally, effect estimate
metrics varied, partly by necessity as exposure and outcome differed, and partly due to
differences in analytic methods and software. These differences between studies limit the
ability to compare them to one another and to make overall inferences.

Overall, this systematic review provides a useful understanding of the scope of the literature
at the present time and highlights the low level of evidence for radiation exposure impacting
NMRD by thoroughly assessing nuclear worker cohorts studied between 2000 and 2020.
Additional meta-analyses, particularly of COPD, are warranted in the future, which would
increase the power to detect associations or dose responses between radiation and NMRD
outside of mining and milling occupations.

CONCLUSION

Our review of the present literature provides little evidence for an association between
radiation exposures and NMRD in nuclear worker cohorts. The meta-analytic estimate of
NMRD did not support an increased ERR per Sv for NMRD even when mining and milling
cohorts were included. However, the increased SMRs seen in some individual cohorts would
not be anticipated in the presence of the healthy worker effect. All elevated NMRD SMRs
were among mining and milling cohorts. This review suggests regression analyses and
analyses with pooled cohorts should adjust for mining exposures or address mining cohorts
separately.
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PubMed: 22
Citations Search: 15
Total unique articles: 37
I Articles rejected by title: 14
P -Irrelevant
l -Did not meet search criteria
[ Candidate Abstracts: 23 ]
I Articles rejected by abstract: 3
P -Was not a worker population
l -Contained repeat population
[Candidate Studies: 20 }
I > Articles rejected on text review: 2
l -Did not study NMRD

Input into forward search: 18
Identified in forward search: 53

Articles rejected on text review: 40
-Was not a worker population

-Did not study NMRD

-Contained repeat population

>

A 4
[Studies in review: 31 ]

FIG. 1.
Article selection flow chart.
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SMR and 95% CI for NMRD

Page 21

Study

Female Sellafield Workers” (29)

Male Colorado Plateau Millers (30)

Grants Miners# (33)

Grants Millers (33)

Male British Nuclear Fuels Workers (34)
French Nuclear Contract Workers (35)
French Nuclear Fuel Company Cohort~ (36)
British National Registry for Nuclear Workers (37)
French Uranium Processing Workers (39)
Sellafield Windscale Accident Workers (42)
Rocketdyne Workers* (43)

Male German Uranium Non-Miners (47)

Male French Atomic Energy Commission Miners**# (.
TRACY Cohort (49)

French Uranium Enrichment Workers (50)

French Cohort of Nuclear Workers (51)

US Uranium Gaseous Diffusion Workers (52)
F-Millers Cohort (53)

Male French Miners plus Jouac V¥ (54)

Male French Miners plus Jouac**# (54)

French Nuclear Fuel Production Workers (56)

Male Mallinckrodt Workers (57)

Czech Republic Uanium Miners# (58) .
NOTE: Weights are from random effects analysis

SMR (95% Cl)

Male French Atomic Energy Commission MinersAA# (48)

18)

0.90 (0.00, 2.50)
1.43 (1.16, 1.73)
1.64 (1.23, 2.13)
1.07 (0.69, 1.58)
0.64 (0.61, 0.67)
0.49 (0.19, 0.99)
0.25 (0.17, 0.37)
0.60 (0.56, 0.64)
0.29 (0.15, 0.53)
0.68 (0.46, 0.98)
0.80 (0.68, 0.94)
0.82 (0.66, 0.97)
1.11 (0.91, 1.33)
0.85 (0.67, 1.06)
0.51 (0.41, 0.63)
0.64 (0.47, 0.84)
0.41 (0.36, 0.47)
0.85 (0.80, 0.90)
0.57 (0.35, 0.88)
1.10 (0.90, 1.32)
0.84 (0.67, 1.05)
0.75 (0.54, 1.02)
0.94 (0.81, 1.09)
0.89 (0.75, 1.02)

ANo confidence interval given in text; plot
bounds used for figure

~90% confidence interval

*Not including flu and pneumonia

AANot including silicosis

**Including silicosis

#Cohort includes miners

FIG. 2.

Cochran's Q df
All cohorts 357.3 23
Without miners 278.0 17
Without miners
& millers
Dashed line represents unity

237.4 13

I
25

p-value I-squared

0.00 93.6%
0.00 93.9%
0.00 94.5%

Forest plot showing standardized mortality rate for overall non-malignant respiratory disease

by study, including miners.
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Study

Male Colorado Plateau Millers* (30)

E

1
1
1
1
1
1
'
1
'
1
1
'
1
1
'
1
1
1
'
'
1
1
'
'
1

SMR (95% Cl)

1.96 (1.21, 2.99)

White Colorado Plateau Miners/# (38) —_— 2.07 (1.79, 2.38)
Native American Colorado Plateau Miners/# (38 ag 0.78 (0.36, 1.49)
Eldorado Workers*# (40) . 0.37 (0.30, 0.47)
Rocketdyne Workers* (43) — 0.96 (0.65, 1.37)
Male German Uranium Non-miners” (47) — 0.77 (0.54, 0.99)
French Uranium Enrichment Workers A(50) —— 0.66 (0.39, 1.04)
French Cohort of Nuclear Workers” (51) - ! 0.41 (0.32, 0.52)
US Uranium Gaeous Diffusion Workers” (52) - 0.83 (0.77, 0.90)
French Nuclear Fuel Production Workers” (56) + . 0.63 (0.33, 1.51)
NOTE: Weights are from random effects analysis .
T T T T T T
0 .5 1 15 2 25 3
*SMR for emphysema Cochran's Q df p-value I-squared
ASMR for COPD All cohorts 194.7 9 0.00 95.4%
#Cohort includes miners Without miners 57.5 6 0.00 89.6%
Without miners
49.7 4 0.00 91.9%

FIG. 3.

& millers
Dashed line represents unity

Forest plot showing standardized mortality rate for overall COPD & emphysema by study,

including miners.
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a ERR and 95% CI for NMRD with Overall Estimate

For all workers in cohort including miner cohorts

%
Study ERR/Sv(95%Cl)  Weight
French Nuclear Contract Workers? (35) 2 1.50 (-3.00, 6.00) 0.10

Eldorado WorkersA¥# (40) 0.12 (:0.65,262) 072

Male French Atomic Energy Commission Miners# (48) - -2.10(-3.00,600)  0.10
INWORKS" (6) —— 0.13(-0.23,054)  13.28
Male Mallinckrodt Workers (57) - 0.06(-0.09,021) 8581
Overall (I-squared = 0.0%, p = 0.845) ) 007 (:0.07,021)  100.00

NOTE: Weights are from random effects analysis

AERR scaled up from ERR/100 mSv. No confidence interval

given in text (lack of convergence); plot bounds used Cochran's Q df p-value I-squared
Anconfidence interval estimated from p-value (citation) 1.4 4 0.85 0.0%
*95% confidence interval esti d from 90% idence interval

#Cohort includes miners Solid linerepresents unity. Dashed line

represents ERR/Sv mean across studies,
weighted by number of NMRD cases.

b ERR and 95% CI for NMRD with Overall Estimate
For all workers in cohort excluding miner cohorts
%
Study ERR/SV (95% Cl) Weight
French Nuclear Contract Workers (35) 1.50 (-3.00, 6.00) 0.10
INWORKS"* (6) —|0— 0.13 (-0.23, 0.54) 13.39
Male Mallinckrodt Workers (57) -~ 0.06 (-0.09, 0.21) 86.51
Overall (I-squared = 0.0%, p = 0.779) > 0.07 (-0.07, 0.21) 100.00
NOTE: Weights are from random effects analysis
— T T T T T T T
3 2 4 0 1 2 3 4 5 6
AERR scaled up from ERR/100 mSv. No confidence interval
given in text (lack of convergence); plot bounds used Cochran's Q df p-value I-squared
AnConfidence interval estimated from p-value (citation) 0.5 2 0.78 0.0%
*95% confidence interval estimated from 90% confidence interval
#Cohort includes miners Solid linerepresents unity. Dashed line

represents ERR/Sv mean across studies,
weighted by number of NMRD cases.
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Standard error

1.5

25

Page 24

Funnel Plot
For all workers in cohort including miner cohorts

| *

I I I I I

-4 -2 0 2 4
ERR per Sv

Pseudo 95% CI ® Nonmining cohorts
Estimated REM- Mining cohorts

NMRD: Nonmalignant respiratory disease
ERR: Excess relative risk

Cl: Confidence interval

REML: Restricted maximum likelihood

FIG. 4.
Panel a: Forest plot showing ERR for overall non-malignant respiratory disease by study,

including miners. Panel b: Forest plot showing ERR for overall non-malignant respiratory
disease by study, excluding miners. Panel c: Funnel plot for all workers including miner
cohorts.
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TABLE 1
Non-Malignant Respiratory Disease as Defined by ICD Versions 6-10

ICD version 1CD6 ICD7 1CD8 ICD9 1CD10

Codes 241,470-527  241,470-527 460-519 460-519 JO0-J99
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