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BACKGROUND: Despite reductions in exposure for workers and the general public, radon remains a leading cause of lung cancer. Prior studies of
underground miners depended heavily upon information on deaths among miners employed in the early years of mine operations when exposures
were high and tended to be poorly estimated.

OBJECTIVES: To strengthen the basis for radiation protection, we report on the follow-up of workers employed in the later periods of mine operations
for whom we have more accurate exposure information and for whom exposures tended to be accrued at intensities that are more comparable to con-
temporary settings.

MEeTHODS: We conducted a pooled analysis of cohort studies of lung cancer mortality among 57,873 male uranium miners in Canada, Czech
Republic, France, Germany, and the United States, who were first employed in 1960 or later (thereby excluding miners employed during the periods
of highest exposure and focusing on miners who tend to have higher quality assessments of radon progeny exposures). We derived estimates of excess
relative rate per 100 working level months (ERR/100 WLM) for mortality from lung cancer.

REesuLTs: The analysis included 1.9 million person-years of observation and 1,217 deaths due to lung cancer. The relative rate of lung cancer
increased in a linear fashion with cumulative exposure to radon progeny (ERR/100 WLM = 1.33; 95% CI: 0.89, 1.88). The association was modified
by attained age, age at exposure, and annual exposure rate; for attained ages <55 y, the ERR/100 WLM was 8.38 (95% CI: 3.30, 18.99) among min-
ers who were exposed at >35 years of age and at annual exposure rates of <0.5 working levels. This association decreased with older attained ages,
younger ages at exposure, and higher exposure rates.

DiscussIon: Estimates of association between radon progeny exposure and lung cancer mortality among relatively contemporary miners are coherent

with estimates used to inform current protection guidelines. https://doi.org/10.1289/EHP10669

Introduction

Following World War II, the development of technologies for nu-
clear weapons, power generation, and propulsion led to a surge in
demand for uranium.! Asa result, hundreds of thousands of miners
have been engaged in uranium mining over the last 75 y.*
Exposure to radon and its progeny is an occupational hazard of
underground mining and an established cause of lung cancer.’®
Exposure to radon is also a problem for the population generally
because it is ubiquitous in indoor environments, sometimes reach-
ing concentrations as high as those encountered in mines.* To
guide policies and regulations to protect both the public and
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workers, the epidemiological studies of underground miners have
been used to derive risk models, beginning in the 1980s.

A major update to these models was reported in the Biological
Effects of Tonizing Radiation (BEIR) VI report released in 1999.°
The report’s models were based on analyses of an international
pooled study of lung cancer among underground miners that
included cohorts of uranium, as well as tin, iron, and fluorspar,
miners from Australia, Canada, China, Czech Republic, France,
Sweden, and the United States.® These BEIR VI risk models have
been influential for setting residential and occupational radiation
protection standards and guidelines for radon and its progeny.>’ !
In the decades since that pooled study, many of the uranium miner
cohorts have been updated,">™"* and a new large German cohort
study of uranium miners was established."®™® The resulting data
from this expanded set of uranium miner cohorts provides an op-
portunity to update radon risk models and address critical sources
of uncertainty regarding the risks of contemporary occupational
and residential radon exposures.

The Pooled Uranium Miners Analysis (PUMA) brings together
data from cohorts of uranium miners from Canada, Czech
Republic, France, Germany, and the United States. These are
among the largest and most informative cohorts of uranium miners
in the world."” A first article analyzed causes of death in regard to
national mortality rates,”® and analyses of the association between
cumulative exposure to radon progeny and mortality are ongoing.
Here, we report on the results of an analysis of miners first
employed in 1960 or later, thereby excluding miners employed
during the periods of highest exposure and focusing on those
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miners who tend to have higher-quality assessments of radon prog-
eny exposures that occurred at lower exposure rates. This is impor-
tant because residential, as well as most contemporary occupational,
exposures to radon progeny occur at low rates [annual exposure
rates <1 working level (WL)],**! and the availability of results
derived from studies of individuals with low exposure rates is of
substantial interest for radiation protection.'’ Therefore, our focus
in the present analysis is on estimates of the risk of lung cancer after
exposure to low-level radon progeny, which is the setting of primary
concern in contemporary radiation protection.

Materials and Methods

The protocol for pooling the data from participating cohorts has
been previously described.'® The PUMA project was established
to undertake combined analyses of cohorts of uranium miners,
including open pit, underground, and surface workers.'” People
who were only ever employed as millers are not included in the
study. The PUMA is restricted to cohorts of uranium miners; con-
sequently, the PUMA project does not include the three non-
uranium miner cohorts that were included in the report from the
U.S. National Academies of Sciences BEIR VI committee,G’22
namely tin miners from China,> fluorspar miners from Canada,*
and iron miners from Sweden.”>?® The PUMA project only
includes cohorts of uranium miners for which there are quantita-
tive estimates of exposure to radon progeny and for which there
are peer-reviewed 1published results, as well as an ongoing active
research program.'® Thus, the Radium Hill cohort in Australia
was excluded, although it was part of the earlier pooled analysis.”
Only a few cohorts included women and their total number in the
PUMA study was small (n=4,798)."Y We therefore restricted
this study to male miners in the PUMA project. The PUMA pro-
ject pools information from seven cohorts of uranium miners
(Table 1).

Data were obtained for miners employed by the Eldorado
Mining and Refining Company at the Port Radium mine in the
Northwest Territories, Canada, at the Beaverlodge uranium mine
in Saskatchewan, Canada, and miners from Ontario, Canada;27’28
Western and Central Bohemia, Czech Republic;'* miners employed
by the Commissariat a I’'Energie Atomique—Compagnie Générale
des Maticres Nucléaires (CEA-COGEMA) primarily working in
the regions of Limousin, Vendée, Forez, and Hérault, France;13 min-
ers employed by the Wismut company in the regions of Saxony and
Thuringia, Germany;'® and miners in New Mexico and in the
Colorado Plateau region of the United States.'*** Worker informa-
tion was taken from existing records, with no direct contact with any
cohort member; because there is minimal risk to cohort members,
the associated institutional review boards waived requirements for
informed consent. All aspects of the study protocol were approved
by the institutional review boards of the University of North
Carolina at Chapel Hill, North Carolina.

Vital status was ascertained through linkages with either
registration offices, local health offices, death registries, employer
and tax records, and Social Security Administration records,
depending on the cohort. The underlying cause of death was
coded according to the International Classification of Diseases.
The outcome of interest in these analyses is death due to lung
cancer (International Classification of Diseases, Ninth Revision
code 162).

Cumulative exposure to radon decay products, expressed as
working level months (WLMs), was calculated as the product of
time in a workplace (in units of working months) and concentration
of radon decay products in the workplace air (in units of working
levels), where 1 WL denotes the total potential alpha energy con-
tained in 1 L of air upon complete decay of the short-lived radon
progeny. Individual annual estimates of WLM are available for all
miners and are the estimates of WLM used in prior analyses of
each of the participating cohort studies. Individual estimates of ra-
don exposure were primarily based on ambient measurements of
radon decay products in each mine and, in some cases, personal
portable monitoring, supplemented in some of the earlier cohorts
by estimation. '

For the present analysis, we restricted the study to miners first
employed in 1960 or later. These are miners who typically encoun-
tered low concentrations of radon progeny in the workplace and for
whom estimates of the concentration of radon decay products in
the workplace air are based primarily on contemporaneous area
monitoring of radon decay products and individual measurements.
A major factor contributing to the relatively low-level exposures to
radon progeny experienced by uranium miners employed in 1960
or later was the introduction of mechanical ventilation of uranium
mines for air exchange that occurred around 1955 in the Czech,*
German,16 and French mines'® and around 1960 in the Canadian
and U.S. mining industry; these interventions were often accompa-
nied by improvements in exposure monitoring for radiation protec-
tion purposes.”**** More than 90% of the employed working
years in 1960 or later involved exposures to radon progeny at an-
nual exposure rates of <1 WL.

Statistical Methods

Person-years and lung cancer deaths were tabulated in categories
defined by the cross-classification of cumulative exposure to ra-
don progeny, attained age, calendar year, study cohort, and
employment duration. Attained age and calendar year were cate-
gorized in 5-y intervals, seven categories of study cohort were
defined, and employment duration was defined in three categories
(<5, 5-<10, and >10 years). Cumulative radon progeny expo-
sure was treated in a time-dependent fashion and was calculated
as the sum of annual estimates of WLM that were recorded on a
calendar year basis. In all analyses, cumulative exposures were
tabulated under a minimal 5-y lag assumption to allow for the de-
velopment of death from cancer and to facilitate comparison with

Table 1. Description of individual study cohorts in the present analysis. Pooled Uranium Miners Analysis (PUMA) of uranium miners in Canada, Czech
Republic, France, Germany, and the United States, male miners hired in 1960 or later.

Average duration Mean cumulative  Mean annual ex-

Period of Average age at of employment  Average duration exposure posure rate
Study Location follow-up Miners first exposure (y) ) of follow-up (y) [WLM (max)] [WL, (max)]
Eldorado®’ Canada 1960-1999 6,593 212 2.0 25.0 6.6 (768.6) 0.2 (26.1)
Ontario®® Canada 1960-2007 15,810 215 5.8 29.5 6.2 (232.3) 04 (2.4)
Czech Republic'*  Czech Republic  1960-2014 5,532 243 6.4 353 6.6 (91.9) 0.2 (0.8)
France™ France 1960-2007 2,159 273 16.9 289 12.1 (118.3) 0.1 (0.6)
Wismut'® Germany 1960-2013 25,067 212 10.0 36.2 18.4 (334.8) 0.3 (4.6)
New Mexico™ USA 1960-2012 2,537 26.8 6.2 37.6 38.5 (461.7) 4.7 (156.6)
Colorado Plateau'® USA 1960-2005 175 28.6 22 35.1 192.8 (1,849.9) 7.5 (135.1)

Note: max, maximum; WL, working level; WLM, working level months.
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other studies of lung cancer among underground miners.™'® Age
at exposure was assigned to annual exposure estimates based on
a miner’s age at the midpoint of each calendar year. Annual ex-
posure rate (in units of WL) was assigned to annual exposure
estimates based on the estimated number of working months that
a miner was employed in a calendar year. Cumulative exposure
groups were defined as 0, -5, —10, —20, -30, 40, =50, —60, —70,
—-80, -90, 100, -125, -150, —175, -200, -250, =300, —500, —750,
-1,000, -1,250, —1,500, and >1,500 WLM. Cumulative expo-
sures were calculated in two age-at-exposure windows (<35 or
>35 y), three time-since-exposure windows (5-14, 15-24, or
>25y), and three annual exposure-rate windows (<0.5, 0.5-<1,
or >1 WL). In each cell of the table (defined by the cross-
classification of categories of covariates and cumulative expo-
sure) the person-time weighted mean value of the cumulative
exposures was calculated and used for estimation of exposure—
response coefficients.** Methods were applied for the analysis of
grouped cohort data based on maximum likelihood estimation of
Poisson regression models for mortality rates.>*>**> Adjustment
for potential confounding by attained age, calendar year, study
cohort, and employment duration was obtained by background
stratification.® Cumulative exposure—lung cancer mortality asso-
ciations were quantified using a model under which the relative
rate of lung cancer mortality was a function of 1+ BD, where B
represents the excess relative rate per 100 working level months
(ERR/100 WLM), and D represents the cumulative exposure to
radon progeny. Departure from linearity in the effect of cumula-
tive exposure was evaluated by fitting a model that included a
higher-order polynomial function of that exposure. Heterogeneity
of cumulative exposure—lung cancer mortality associations across

D™ =vs5_14, <05+ Pavs14,05-<1 + Vavs_14,>1 + P1vis04, <05 +
193v1504,05-<1 + V1Uavisoa, > 1 + Vavsos, <05 + Da¥aveos05-<1 +
Vo4vs0s, > 1, Where v, ., index cumulative exposure in windows
defined by time since exposure fse and annual exposure rate er.

Effect measure modification by temporal factors was assessed
with regard to the change in deviance upon inclusion of the addi-
tional terms in the regression model. Noting the reduced power
of such tests to detect a statistical interaction (relative to the
power to detect main effects), we allowed for a type I error proba-
bility of 0.2, favoring an increase in model complexity if addi-
tional terms were unnecessarily included in the model over
elimination of modifiers that could undermine validity and obscure
important patterns of modification.*”

We undertook sensitivity analyses in which we restricted
analyses to the person-time and events at lower cumulative expo-
sures (<50 WLM), and lower annual exposure rates (<1 WL).
Sensitivity analyses were undertaken in which older miners (i.e.,
attained age >75 y) were excluded owing to concerns about the
accuracy of death certification at older ages. Sensitivity analyses
were undertaken in which person-time and events contributed by
miners with short terms of employment were excluded (i.e., those
with employment durations of <1 or <5 y).

Estimates of excess relative rate of lung cancer per 100 WLM
were derived using the SAS statistical software package (version
9.2) (SAS Institute Inc.) and the Epicure software package (Risk

Table 2. Distribution of lung cancer deaths and person-year by categories of
baseline covariates. Pooled Uranium Miners Analysis (PUMA) of uranium
miners in Canada, Czech Republic, France, Germany, and the United States,
male miners hired in 1960 or later.

study cohorts was assessed by .inclusion of product terms Categories Lung cancer deaths Person-years
between study cohort and cumulative radon exposure. We also
. . . Study cohort
classified cphorts as either quth American or European and Eldorado, Canada 91 164487
assessed evidence of heterogeneity between these groups. Ontario, Canada 299 466,968
Prior analyses suggest modification of the ERR/100 WLM Czech Republic 228 195,348
by temporal factors.”®**33 To allow for modification of the France 19 62,447
ERR/100 WLM with attained age, we fitted a model of the form VPRI, GEE +0 8313
4 i . New Mexico, USA 94 95,291
1 i BDexp (3_;_; ¢;%;), where parameters ¢; dqscrlbe modifi- Colorado Plateau, USA 16 8238
cation of the ERR/100 WLM, x; index categories defined by Attained age (y)
attained age (<55, 55-64, 65-74, >75 y), and @, =0 by defini- <30 0 389,602
tion for attained age <55 y. To allow for modification of the 30-34 4 242,794
ERR/100 WLM across the two age-at-exposure windows, we fitted 550 15 28T 2Lk
» % 40-44 43 256,061
a model of the form 1+ BD*, where D* =wsy35 + 6y w.35, where 4549 99 232 433
the parameter 8; describes modification by age at exposure, and D 5054 141 189.375
is partitioned into temporal exposure windows with w.ss and ws3s 55-59 218 142,030
defining the cumulative exposures accrued at ages <35 and 60-64 272 92,862
>35 y. To further allow for modification of the ERR/100 WLM 65-69 217 50,056
with annual exposure rate, that model was extended such that 4075 s 22,653
% __ 0 0 0 75-79 56 8,151
D" =ws35, <05+ 9aws35.05-<1 +U3ws35 51 + O1wass, o5 + 80-84 15 2,783
0102w3s5,05-<1 + 6103wess, > 1, where 6, and 63 describe modifi- >85 3 1,076
cation by annual exposure rate, and D is partitioned into exposure Calendar year period
windows W.ss, <05, W<35,05-<1, W<35,21, W>35,<05, W23505 <1, 19601964 0 16,330
and wy3s »1 defining the cumulative exposures accrued at ages 1968*1962 1‘; 18?833
<35y at annual exposure rates of <0.5, 0.5-<1, and >1 WL, 13;5:13;9 1 172’892
and cumulative exposures accrued at ages >35 y at annual expo- 19801984 51 241 895
sure rates of <0.5, 0.5—< 1, and >1 WL, respectively. 1985-1989 89 267,255
To allow for modification of the ERR/100 WLM across 1990-1994 146 270,309
the three time-since-exposure windows, we fitted a model of the 1995-1999 191 262,268
form 1 + BD**, where D is partitioned into temporal exposure win- 20002005 450 223,778
. ; < 2005-2009 275 181,722
dows with vs_14, V1524, and vsps defining the cumulative expo- 2010_2014 161 94259
sures accrued 5-14, 15-24, or 225y prior to the current Duration of employment (y) ’
attained age, such that D** =vs5 14 + ¥1vi5.04 + Pavsrs, where <5 529 979 454
the parameters ¥; and ¥, describe modification by time since 5-<10 174 367,064
exposure. To further allow for modification of the ERR/100 WLM 210 514 540,574
with annual exposure rate, that model was extended such that ol LAY LEgnib
Environmental Health Perspectives 057010-3 130(5) May 2022



Sciences International).”®* We present 95% likelihood-based
confidence intervals (Cls) for estimated ERR/100 WLM
coefficients.

Results

Table 1 describes the cohort-specific distribution of miners, expo-
sures, duration of employment, and follow-up. The study cohorts
included 57,873 male uranium miners who provided 1.9 million
person-years of observation and 1,217 deaths due to lung cancer
(Table 2). The Wismut and Ontario cohorts contributed the most
information to the combined analysis; the French and Colorado
cohorts contributed the least information. Few lung cancer deaths
were observed at <40 or >75 years of age. Approximately 40% of
the lung cancer deaths and 30% of person-years were contributed
by people who were employed as uranium miners for >10 y.

The estimate from a simple linear model for lung cancer mor-
tality per cumulative exposure to radon progeny, lagged 5 y, was
ERR/100 WLM =1.33 (95% CI: 0.89, 1.88). The distribution of
lung cancer deaths by categories of cumulative exposure is indicated
in Figure 1 (category-specific estimates are reported in Table S1). A
linear model describing the association fitted the data well [Figure 1;
linear fitted line displays ERR/100 WLM =1.33 (95% CI: 0.89,
1.88)]; and, a linear-quadratic model for the association led to negligi-
ble improvement in model goodness of fit compared with a simple lin-
ear model [likelihood-ratio test (LRT) =1.1, 1 degree of freedom
df), p=0.29; Table S2]. We investigated heterogeneity between
study cohorts in the association between cumulative exposure to ra-
don progeny and lung cancer mortality; a formal test for heterogeneity
in a simple linear model by study cohort was rejected (LRT=6.5,
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Figure 1. Excess relative rate of lung cancer mortality (circles) and observed
number of lung cancer deaths (numbers), by categories of cumulative expo-
sure to radon progeny (category-specific estimates of excess relative rate of
lung cancer mortality are reported in Table S1). Simple linear model for the
association between cumulative exposure, lagged S y, and lung cancer mor-
tality [dashed line: ERR/100 WLM=1.33 (95% CL 0.89, 1.88)].
Background stratified by study cohort, attained age, calendar period, and du-
ration of employment as a uranium miner. Pooled Uranium Miners Analysis
(PUMA) of uranium miners in Canada, Czech Republic, France, Germany,
and the United States, male miners hired in 1960 or later. Note: CI, confi-
dence interval; ERR, excess relative rate; WLM, working level months.
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6 df, p =0.37; Table S2). We also investigated heterogeneity in the
association between cumulative exposure to radon progeny and lung
cancer mortality between North American and European cohorts
(LRT=2.2,1df,p=0.14).

A model that allowed for modification of the association by
attained age fitted the data better than a simple linear model for the
association between cumulative exposure and lung cancer mortality
(LRT =12.6, 3 df, p <0.01; Table S2). At attained ages <55 y, the
ERR/100 WLM was 3.24 (95% CI: 1.58, 5.91), and this association
decreased monotonically with increasing attained age. Allowing
modification by attained age and age at exposure provided addi-
tional improvement in fit compared with a model that allowed for
modification of the association by attained age (LRT=2.6, 1 df,
p=0.10; Table S2); the estimated magnitude of association dimin-
ished with increasing attained ages and diminished when radon
progeny exposures occurred at younger ages (<35 y). Further
allowing for effect modification by annual exposure rate provided a
substantial additional improvement in fit compared with a model
that allowed for modification of the association by attained age and
age at exposure (LRT =11.2, 2 df, p < 0.01; Table S2). For attained
ages <55y, the ERR/100 WLM was 8.38 (95% CI: 3.30, 18.99)
among miners who were exposed at >35 years of age and at annual
exposure rates <0.5 WL. This estimated association decreased with
older attained ages, younger ages at exposure, and when the annual
exposure rate was >1 WL (Table 3).

In a sensitivity analysis of person-time and events restricted to
<50 WLM, <1 WL, or attained age <75 y, the estimated ERR/
100 WLM, as well as estimated coefficients describing effect mea-
sure modification, were comparable to the estimate obtained over
the full range of cumulative exposure (Table 4). Similar results
were obtained in a sensitivity analysis restricted to person-time
and events observed among miners with a duration of employment
of >1 or >5 y (Table S3). In a sensitivity analysis, we excluded
from analysis the person-time and events accrued among miners
employed for a duration of <5 y and obtained estimates of ERR/
100 WLM similar to (albeit slightly smaller than) those obtained
using information for the full study base with adjustment for cate-
gories of employment duration (Table S3).

Finally, we fitted an alternative model for the cumulative radon
exposure—lung cancer mortality association that allowed for modi-
fication by time since exposure (Table S4). In the period 5-14 y af-
ter exposure, the ERR/100 WLM was 2.86 (95% CI: 0.47, 6.71)
and the magnitude of the estimate of association decreased with
increasing time since exposure. However, a model that allowed for
modification of the association by time since exposure did not fit as
well as a model that allowed for modification of the association by
attained age (Table S2, model 7). A model that allowed for modifi-
cation by attained age, time since exposure, and exposure rate
describes a set of effect measure modifiers that is similar to the
BEIR VI model®; the estimated ERR/100 WLM was highest in the
earliest window of time since exposure (5-14 y after exposure),
youngest attained age category (attained age <55 y), and at lower
annual exposure rates (annual exposure rates <1 WL). The esti-
mated magnitude of association between exposure to radon prog-
eny and lung cancer mortality diminished at older attained ages,
diminished when radon progeny annual exposure rates were >1
WL, and diminished with increasing time since exposure (Table 5).
However, that model did not fit the data better than a model that
allows for effect modification by attained age, age at exposure, and
annual exposure rate, and required a larger number of estimated
model parameters (Table S2).

Discussion
Despite reductions in exposure for workers and the general Jpepa-
lation, radon remains a leading cause of lung cancer.” The
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Table 3. Regression estimates of the excess relative rate (ERR) of lung can-
cer mortality per 100 working level months (WLMs) with effect modifica-
tion by attained age, age at exposure, and exposure rate. Pooled Uranium
Miners Analysis (PUMA) of uranium miners in Canada, Czech Republic,
France, Germany, and the United States, male miners hired in 1960 or later.

Parameters Estimate 95% CL
ERR/100 WLM 8.38 (3.30, 18.99)
Age at exposure (y)

>35 1 —

<35 0.59 (0.30, 1.20)
Attained age (y)

<55 1 —

55-64 0.55 (0.24, 1.30)

65-74 0.20 (0.06, 0.53)

>75 0.14 (n.d., 0.64)
Exposure rate (WL)

<0.5 1 —

0.5-<1 1.23 0.49,2.77)

>1 0.33 (0.13,0.75)
Note: Background stratified by attained age, calendar period, study cohort, and duration
of employment as a uranium miner. —, not applicable; CI, confidence interval; n.d.,

lower bound not determined; WL, working level.

potential for relatively high occupational exposure still occurs in
metal and nonmetal underground mines, particularly phosphate,
fluorspar, talc, and slate mines, where concentrations of airborne
radon progeny can reach or exceed the radon levels typically
encountered in uranium mines.***! Internationally, there are
almost 1 million workers employed in underground metal and
nonmetal mines.*> Aside from underground mining, there are
other workplaces where radon can pose a significant hazard,
including workplaces below ground, such as subways, tunnels,
utility service ducts, underground parking, tourist caves, and
waste repositories. In addition, there are many above-ground
workplaces where high levels of radon progeny may occur,
including groundwater treatment facilities and workplaces where
large quantities of materials with elevated radium concentrations
are stored or processed, such as phosphate fertilizer plants and
monazite sands mining, oil refineries, and natural gas and oil pip-
ing facilities.*®* Exposure to radon progeny also occurs in residen-
tial settings, where concentrations are typically low but may
vary markedly depending upon geology, building construction,

ventilation, and heating.*® Policies to reduce indoor radon have
been controversial, in part because of uncertainties concerning
risks at typical indoor radon levels. The PUMA project provides
a foundation for addressing these uncertainties in a new genera-
tion of risk models.

Since the report by the BEIR IV Committee in 1988, which
pooled four miner studies,? one of the primary quantitative sources
of information regarding the association between exposure to radon
progeny and lung cancer has been the epidemiological studies of
miners.>**** Many of those studies drew heavily on deaths among
miners employed in the early years of mine operations when expo-
sures were highest.™®** Recently, however, new cohorts of uranium
miners have been enumerated, existing cohorts have been expanded,
and follow-up has been extended substantially.'' We now have
long-term follow-up of workers employed in more contemporary
periods of mine operation for whom we have better exposure infor-
mation and for whom exposures tended to be accrued at lower
intensities more relevant to contemporary settings.

The PUMA study provides clear evidence of positive associa-
tions between protracted low-level radon progeny exposure and
lung cancer mortality. The association appears linear in the low ex-
posure range (Figure 1), consistent with theoretical and experimen-
tal work that suggests a linear exposure—response pattern for radon
exposure and lung cancer at low annual exposure rates.” It has been
posited that exposures to low concentrations of radon progeny result
in a higher excess risk of lung cancer per unit exposure than expo-
sures to higher concentrations of radon progeny (a so-called inverse
dose rate effect).” Findings from our analyses of contemporary min-
ers, who primarily experienced exposures to low concentrations of
radon progeny, support current risk estimates that were derived
from earlier epidemiological studies of underground miners; our
findings directly address questions regarding effects of low-level
exposures that are of primary concern today.'****” Qur subcohort
analyses restricted to <1 WL annual exposure rate further focus the
analysis on effects observed at low radon exposure rates.

The reduced measurement error in radon exposure assess-
ments, as a consequence of our restriction to more recent employ-
ment periods, is a strength of our analysis. In the early years of
operations, working conditions in uranium mines were poor and
exposures were high and often poorly characterized.>®**** For
example, prior to 1955 in French and German uranium mines and

Table 4. Sensitivity of regression estimates of the excess relative rate (ERR) of lung cancer mortality per 100 working level months (WLMs) to restrictions
based on attained age, cumulative exposure, or exposure rate. Pooled Uranium Miners Analysis (PUMA) of uranium miners in Canada, Czech Republic,

France, Germany, and the United States, male miners hired in 1960 or later.

Person-time and events restricted to: Attained age <75 y* <50 WLM® <1 WL*
Estimate (95% CD) Estimate (95% CI) Estimate (95% CI)

ERR/100 WLM 7.82 (2.95, 17.99) 7.97 (2.43, 16.25) 7.56 (2.58, 22.62)
Age at exposure (y)

>35 1 — 1 — 1 —

<35 0.61 (0.31, 1.29) 0.59 (0.26, 1.40) 0.62 (0.24, 1.66)
Attained age (y)

<55 1 — 1 — 1 —

55-64 0.55 (0.24, 1.29) 0.83 (0.30, 2.72) 0.75 (0.24, 2.64)

65-74 0.20 (0.06, 0.54) 0.19 (0.04, 0.86) 0.12 (0.01, 0.63)

>75 — 0.12 (0.00, 1.22) 043 (0.06, 2.44)
Exposure rate (WL)

<0.5 1 — 1 — 1 —

0.5-<1 1.26 (0.49, 2.88) 0.97 (0.17, 2.59) 0.79 (0.04,2.37)

>1 0.37 (0.15, 0.85) 0.30 (-0.17, 1.14) — —
Lung cancer deaths (n) 1,143 — 1,000 — 962 —
Person-years (x10°) 18.75 — 17.93 — 17.43 —
Note: Adjusted for attained age, calendar period, study cohort, and duration of employment as a uranium miner. —, not applicable; WL, working level.

“Restricted to person-time and events for which attained age <75 y.

PRestricted to person-time and events for which cumulative exposure, lagged 5 y, <50 WLM.

“Restricted to person-time and events for which annual exposure rate <1 WL.
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Table 5. Comparison of reported estimates for the exposure—age—concentra-
tion model shown in the U.S. National Academy of Science’s BEIR VI com-
mittee report (without restriction by calendar period of hire) with those
estimates obtained fitting a similar model to the Pooled Uranium Miners
Analysis (PUMA) of uranium miners in Canada, Czech Republic, France,
Germany, and the United States, male miners hired in 1960 or later.

BEIR VI report® PUMA®
Estimate (SE)° Estimate (95% CI)

ERR/100 WLM 7.68 (1.94) 6.98 (1.97, 16.15)
Time since exposure (y)

5-14 1. 1. —

15-24 0.78 0.64 (0.17,2.43)

>25 0.51 0.89 (0.34,3.01)
Attained age (y)

<55 1.00 1.00 —

55-64 0.57 0.64 (0.25, 1.68)

65-74 0.29 0.22 (0.06, 0.67)

>75 0.09 0.17 (nd., 0.85)
Mean exposure rate (WL)

<0.5 1. — —

0.5-1.0 0.49 — —

1.0-3.0 0.37 — —

3.0-5.0 0.32 — —

5.0-15.0 0.17 — —

>15.0 0.11 — —
Annual exposure rate (WL)

<05 — 1. —

0.5-1.0 — 1.00 (0.38, 2.36)

>1.0 — 0.29 (0.11, 0.68)

Note: Cohorts of uranium miners in Canada, Czech Republic, France, and the United
States are included in both the BEIR VI report and the PUMA analysis. —, not applica-
ble; BEIR VI, Biological Effects of [onizing Radiation VI; ERR/100 WLM, excess rela-
tive rate per 100 working level months; n.d., not determined; SE, standard error; WL,
working level.

“Adjusted for attained age, calendar period and study cohort.

®Adjusted for attained age, calendar period, study cohort, and duration of employment
as a uranium miner.

“Approximate standard error; in the BEIR VI report this is reported as exp[sqrt(var
[log B)].

prior to 1950 in the Colorado Plateau mines, there was no sys-
tematic exposure assessment. Annual radon exposure estimates
for these early periods were reconstructed by expert ratings.
Subsequently, ambient measurements were taken, and in France,
for example, personal dosimetry was introduced in 1983. The
size of measurement errors decreased over time and became rela-
tively small in the 1960s and later when compared with the early
years of operation when contemporaneous measurements often
were entirely lacking.*>*®* The impact of exposure measure-
ment error, particularly associated with the early years of opera-
tion, has been a major concern in prior studies of radon exposure
and lung cancer among underground miners. There also have
been concerns that trends in data quality could influence not only
an estimate of the overall radon-associated lung cancer risk coef-
ficient but also estimates of parameters that describe the relation-
ship of excess risk with time-related variables, such as exposure
rate and time since exposure.>**

Of course, restriction of the PUMA cohort to miners hired in
1960 or later reduces person-years when compared with analyses
of the full PUMA cohort, with small contributions made by
cohorts that are predominately constituted by miners employed in
earlier periods. Restriction to the relatively shorter follow-up of
more contemporary miners also may limit characterization of
temporal modifiers of the association. However, in the current
analysis, we have information derived from decades of follow-up
for those employed since 1960, and this restriction to more con-
temporary workers may strengthen inference about temporal
modifiers because it reduces concern about the influence of
uncertainties in exposure estimates on parameters that describe
time-related modifiers of the association of interest.
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Characterization of temporal modifiers of radon-associated
lung cancer risks is important for risk assessments for both work-
ers and the general population. Models that imply that effects di-
minish with attained age and age at exposure, for example, imply
markedly different projections of population attributable risk than
models that do not. For miners hired in 1960 or later, a model that
allows for effect measure modification by attained age, age at ex-
posure, and annual exposure rate fitted better, and required fewer
estimated model parameters than a model that allowed effect mea-
sure modification by time since exposure, attained age, and expo-
sure rate (such as employed in the report of the BEIR VI
committee, a prior pooled analysis of Czech and French miners,!
and an analysis of German miners'”) (Table S2). Although prior
work has suggested that a model that allows for effect modification
by age at exposure should be adjusted for time since expo-
sure, 43130 (arelated, albeit slightly different, timescale to attained
age), we note that age at exposure plus attained age defines time
since exposure. With continued follow-up of these cohorts, the in-
formation available to understand temporal modifiers of the asso-
ciation between radon and lung cancer among miners hired in
1960 or later is expected to increase substantially.

We lack individual-level information for many miners in the
PUMA project on smoking and occupational risk factors, such as
silica, arsenic, and diesel exhaust. These exposures might confound
or modify the association between radon progeny and lung cancer.
Prior analyses of individual cohorts in the PUMA project have
assessed confounding by smoking based on smoking history infor-
mation collected for miners hired in 1960 or later in the Wismut,
Colorado Plateau, and New Mexico cohorts, as well as information
collected for nested case—control subsamples of the Czech,
Canadian, and French cohorts. Those prior analyses indicate mini-
mal evidence of confounding of the radon progeny-lung cancer
association by smoking in the Wismut,”'”* Colorado Plateau,"
New Mexico,”” Czech,” Canadian Beaverlodge,54 and French™->°
cohorts. Prior case—control analyses of European uranium miners
suggested that the ERR/100 WLM was larger for nonsmokers than
smokers, and a marginal estimate was weighted toward the associa-
tion among smokers, reflecting the high prevalence of smoking
among miners.>~® We could not assess effect measure modification
by tobacco smoking in the PUMA project; consequently, our results
reflect a weighted average of associations for smokers and non-
smokers, and given the high prevalence of smokers in the PUMA
project,” will tend to be weighted toward the radon—lung cancer
association among smokers. We therefore suggest caution when
transporting estimates between populations with differing smoking
distributions. Prior work suggests that neither arsenic nor diesel
exhaust are strong confounders,” in part due to their relatively
weak associations with lung cancer and in part due to weak associa-
tions with cumulative radon exposure. For example, diesel engine—
powered equipment was used infrequently in the Beaverlodge mines
in Canada because the vehicles there were primarily powered by
electricity, and diesel engine—powered equipment was not used in
the Czech mines because most ore transport was done manually in
the Jachymov mines, and electric locomotives were used in the
Pribram mines. Our previous report on standardized mortality analy-
ses of the PUMA project compared cause-specific mortality in the
cohort with that of the general population, which further contextual-
izes our results: Relative excesses of mortality due to cancers of the
lung, liver and gallbladder, stomach, and pleura were observed, as
well as deaths due to external causes and silicosis. Although excess
silicosis mortality was observed, prior assessments of silica expo-
sure suggest minimal positive confounding (i.e., away from the
null) of the cumulative radon—lung cancer association.'?="®

Our study outcomes were assessed using information on under-
lying cause of death as recorded on death certificates. One limitation
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of relying upon death certificates is that we do not have the ability to
describe associations by histological subtypes. Moreover, death cer-
tificates are known to have imperfect sensitivity and specificity as a
tool for ascertainment of cancers, including lung cancer,”®® and the
accuracy of cause of death coding may be particularly poor for
deaths that occur at the oldest attained ages. To indirectly address
the latter concern, we undertook sensitivity analyses that excluded
person-time and events in the oldest attained age group and found
similar results to that obtained without such exclusion. In addition,
given trends in the diagnosis of lung cancer, we anticipated more
accurate identification of deaths from lung cancer during the more
recent follow-up time.

The United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) has regularly reviewed the litera-
ture on effects of exposure to radon.””' The most recent
UNSCEAR report included a meta-analysis of published estimates
of the radon-lung cancer association (without effect measure
modifiers) in analyses restricted to miners employed in recent peri-
ods (or miners having low exposure to radon). The corresponding
estimate of ERR/100 WLM = 1.53 (95% CI: 1.11, 1.94) is consist-
ent with our linear estimate of the ERR/100 WLM = 1.33 (95%
CI: 0.89, 1.88) under a 5-y lag assumption.® That UNSCEAR
report also included a meta-analysis of published estimates of
ERR/WLM derived from the full miner cohorts (i.e., with no
restrictions based on period of employment or exposure).® The ra-
tio between the two meta-estimates was about a factor of two,
with an estimated ERR/WLM that was higher when derived from
analyses restricted to recent periods of employment/low radon ex-
posure. Given that these meta-analyses did not include effect
modifiers such as time since exposure, attained age, and exposure
rate, the interpretation was considered limited and preference was
therefore given to models that include effect modifiers for better
comparability across studies and for improved risk transfer to
specified combinations of modifying factors.® This underscores
the importance of results from the PUMA project, which allow ex-
amination of effect modification in pooled analyses based on com-
mon criteria applied to all constituent cohorts (Tables 3 and 4).

Characterization of the association between exposure to radon
progeny and lung cancer is a foundation for risk assessments that
inform public health decision-making and cancer prevention
strategies.®" Improved knowledge of the relationship between
lung cancer and radon at low exposure rates is needed for lifetime
risk calculation and conversion of radon concentration into
effective dose for contemporary occupational settings.**®* The
PUMA project substantially strengthens the quantitative esti-
mates needed for radon risk assessments, and the present analy-
sis, with its focus on relatively contemporary miners, notably
allows us to directly address questions about the low-level expo-
sures to radon that typically occur in contemporary workplaces
and homes. The coherence of our findings with the models based
on the earlier analyses that currently inform radiation protection
guidelines for radon exposure reduces uncertainty and strength-
ens conclusions regarding the adequacy of those standards.
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