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Abstract
UNSCEAR recently recommended that future research on the lung cancer risk at low radon exposures or exposure rates 
should focus on more contemporary uranium miners. For this purpose, risk models in the German Wismut cohort of uranium 
miners were updated extending the follow-up period by 5 years to 1946–2018. The full cohort (n = 58,972) and specifically the 
1960 + sub-cohort of miners first hired in 1960 or later (n = 26,764) were analyzed. The 1960 + sub-cohort is characterized by 
low protracted radon exposure of high quality of measurements. Internal Poisson regression was used to estimate the excess 
relative risk (ERR) for lung cancer per cumulative radon exposure in Working Level Months (WLM). Applying the BEIR VI 
exposure-age-concentration model, the ERR/100 WLM was 2.50 (95% confidence interval (CI) 0.81; 4.18) and 6.92 (95% CI 
< 0; 16.59) among miners with attained age < 55 years, time since exposure 5–14 years, and annual exposure rates < 0.5 WL 
in the full (n = 4329 lung cancer deaths) and in the 1960 + sub-cohort (n = 663 lung cancer deaths), respectively. Both 
ERR/WLM decreased with older attained ages, increasing time since exposure, and higher exposure rates. Findings of the 
1960 + sub-cohort are in line with those from large pooled studies, and ERR/WLM are about two times higher than in the 
full Wismut cohort. Notably, 20–30 years after closure of the Wismut mines in 1990, the estimated fraction of lung cancer 
deaths attributable to occupational radon exposure is still 26% in the full Wismut cohort and 19% in the 1960 + sub-cohort, 
respectively. This demonstrates the need for radiation protection against radon.
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Introduction

The United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) has recently reviewed the 
radon-related lung cancer risk in epidemiological studies 
(UNSCEAR 2020). They concluded that in miners studies 
the relationship between cumulative exposure to radon and 
relative risk of lung cancer is approximately linear and that 
the linear increase is additionally modified by time since 
exposure, attained age and exposure rate. The preferred risk 
model is thus a model including these three modifiers. The 
lifetime excess absolute risk (LEAR) of lung cancer per 
WLM was calculated for several cohort studies of miners 
based on the BEIR VI exposure-age-concentration model, 
using a mixed male/female population and exposure scenario 

of 2 WLM from age 18 to 64 years (UNSCEAR 2020). The 
resulting LEARs ranged from 2.4 (Wismut cohort) to 7.5 
(Eldorado cohort) × 10−4 per WLM, and represent an impor-
tant database for the epidemiological approach for radon 
dose conversion. The variability of LEARs across the stud-
ies offers different possibilities of dose conversion, which 
led to some controversial discussions in the International 
Commission on Radiological Protection (ICRP) (Harrison 
et al. 2020, 2021; Laurier et al. 2020; Marsh et al. 2021). 
The LEARs from epidemiological studies depend—among 
other factors—to a large extent on the risk model derived 
from the different studies of miners. In order to improve 
risk models, UNSCEAR (2020) recommended that future 
research on the lung cancer risk at low radon exposure or 
exposure rates should focus on time periods with the best 
available exposure assessment to reduce measurement error 
and should consider age- and time-related effect modifiers, 
exposure rate and, if possible, potential confounders.

For this purpose, the 1960 + sub-cohort of German ura-
nium miners (Wismut miners) was updated; this sub-cohort 
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includes only miners hired in 1960 or later with protracted 
exposure to low radon concentrations, which has been 
assessed based on radon measurements. In previous risk 
analyses this sub-cohort (Kreuzer et al. 2015, 2018) was 
characterized by a relatively young age, which hampered a 
valid estimation of effect modifiers at older ages or longer 
times since exposure. Due to the extended mortality follow-
up by 5 years to the end of 2018, the proportion of deceased 
individuals in this sub-cohort increased from 19.3% to 
25.1%, and the number of lung cancer deaths from 495 to 
663. The larger number of deaths, longer time since expo-
sure and older attained age together with the availability of 
data on important confounders (e.g. smoking, occupational 
exposure to silica dust and external gamma radiation) allow 
to further improve risk models at low exposures and expo-
sure rates. Two types of risk models were estimated for the 
1960 + sub-cohort and for comparison with previous results 
also for the full cohort: (1) parametric models including 
time since median exposure and age at median exposure as 
continuous variables and exposure rate as categorical vari-
able (Tomasek et al. 2008; Kreuzer et al. 2018), (2) the cat-
egorical BEIR VI exposure-age-concentration model as used 
in the pooled study of the 11 miners cohorts (NRC 1999), 
UNSCEAR (2009, 2020) and the new PUMA study (Pooled 
Uranium Miners Analysis) (Richardson et al. 2022; Kelly-
Reif et al. 2023). For both types of models, the relative risk 
was predicted for the exposure scenario of 2 WLM at age 18 
to 64 over attained age up to 94 years as in other publications 
(Tirmarche 2010; UNSCEAR 2020) and the correspond-
ing LEARs were calculated. In addition, differences in risk 
estimates between the full cohort and the 1960 + sub-cohort 
were discussed.

Methods

Study population

The German cohort of uranium miners has been described 
previously (Kreuzer et  al. 2010, 2018). The full cohort 
includes 58,972 men employed for at least 180 days in 
the Wismut company in former Eastern Germany in the 
operation period from 1946 to 1990, the 1960 + sub-cohort 
includes 26,764 men hired for the first time in 1960 or later. 
Mortality follow-up has been extended by 5 years to the 
end of 2018 (i.e., 31/12/2018). Vital status was provided 
by local registration offices. Causes of death were obtained 
from death certificates and autopsy files from the Wismut 
pathology archive. In addition to new follow-up data, 359 
previously missing causes of death from 1955 to 2013 were 
successfully traced through extensive searches in archival 
documents, many of them from the 1960s. In the present 
analyses, the cohort entry date was defined as the date of 

first employment plus 180 days (inclusion criterion), and 
the exit date was defined as the earliest date of death, loss to 
follow-up, or end of follow-up.

The early period of mining (1946–1955) at the Wismut 
company was characterized by high radon exposures due 
to lack of radiation protection measures and lack of radon 
measurements. In 1955, ambient air measurements of radon 
gas started in the different mines and from 1955 to 1958 
the radon concentrations sharply decreased due to introduc-
tion of ventilation measures in the mines (Appendix Fig. 1). 
Annual cumulative exposure to radon progeny in Working 
Level Months (WLM: concentration of short-lived radon 
progeny per litre of air that gives rise to 1.3 × 105 MeV of 
alpha-particle energy after complete decay for 1 month 
(170 h) = 3.5 mJ h m−3) was retrospectively assessed for 
each miner via a comprehensive job-exposure matrix (JEM). 
For each mining facility, workplace (underground, open pit, 
milling or surface) and calendar year the exposure to radon 
progeny in WLM was determined by an expert group for 
scientific purposes (HVBG 2005). The JEM was based on 
ambient measurements, if available, or, for years without 
measurements (particularly for the early mining period from 
1946 to 1954), on expert ratings considering the first avail-
able ambient measurements of radon gas in later years, ura-
nium deposit and delivery, ventilation and mine architecture 
over time.

Information on smoking habits were extracted from the 
Wismut health archives, mainly based on data from the regu-
lar medical check-ups which had been introduced in 1970. 
In these documents, the current smoking habits were given 
in predefined categories for each year. This only allows the 
definition of three rough smoking categories for risk analy-
ses in the 1960 + sub-cohort: “non-smoker” (in all years 
“non-smoker”), “moderate/heavy smoker” (if in any year 
the classification “more than 5 years of smoking or more 
than 10 cigarettes smoked per day” was indicated) and “light 
smoker” (for all other specifications such as “occasional 
smoker”, “less than 5 years or less than 10 cigarettes smoked 
per day”, “cigar/pipe smoked”). In order to be comparable 
to previous risk analyses (Kreuzer et al. 2015, 2018) and 
due to the small number of lung cancer deaths among non-
smokers, the categories non-smoker and light smoker were 
combined. Data on smoking were available for 56% of the 
1960 + sub-cohort.

Statistical modelling

Typical statistical methodology was applied to model radon-
related lung cancer risks by internal Poisson regression 
(NRC 1999; Kreuzer et al. 2018; Richardson et al. 2022; 
Tomasek et al. 2008; Walsh et al. 2010), and two different 
model types were fitted: parametric models with continu-
ous age- and time-related effect-modifying variables and the 
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BEIR VI exposure-age-concentration model. For this pur-
pose, individual data was first converted into grouped data-
sets to tabulate person-years at risk and lung cancer deaths 
in categories. Two grouped datasets were created, one for 
each model type. The following basic cross-classifications 
were used in both datasets: age a in 16 categories (0–14, 
15–19, 20–24, …, 85 + years), calendar year in 15 catego-
ries (1946–1949, 1950–1954, …, 2005–2009, 2010–2014, 
2015–2018), duration of employment d in three categories 
(0− < 5, 5– < 15, ≥ 15 years) calculated in a time-varying 
way, and start of employment in two categories (1946–1959, 
1960–1989) to allow separate modelling of the 1960 + sub-
cohort. Further categorization was model-specific and is 
described below.

For both model types, lung cancer mortality rates were 
assumed to follow an excess relative risk (ERR) model with 
the general structure:

Here, the mortality rate r(a,y,d,w,…) depends on attained 
age a, calendar year y, cumulative 5 year lagged exposure to 
radon progeny w, and potential further variables (indicated 
by “…”). It is expressed as the internal baseline mortality 
rate r0 (a,y,d) stratified by age, calendar year and duration 
of employment, multiplied by an excess relative risk term 
ERR(w,…). Note that technically an excess relative rate is 
modelled here, which is called excess relative risk in the 
following for simplification purposes. This term varied 
according to complexity and type of considered models. 
95% Wald-type confidence intervals were calculated for the 
model parameters. All models were fitted for both, the full 
cohort and the 1960 + sub-cohort. Grouping of the datasets 
and statistical modelling was performed with the Epicure 
software.

Parametric models

In the first type of models, age- and time-related effect modi-
fication was modelled based on continuous variables. The 
grouped dataset was additionally cross-classified by cumu-
lative 5 year lagged exposure to radon progeny w in nine 
categories (0, > 0– < 10, 10– < 50, 50– < 100, 100– < 200, 
200– < 500, 500– < 1,000, 1,000– < 1,500, ≥ 1,500 WLM), 
exposure rate er in six categories (0– < 0.5, 0.5– < 1, 1– < 2, 
2– < 4, 4– < 10, ≥ 10 WL), age at median exposure e in 
nine categories (0–19, 20–24, …, 55 + years), and time 
since median exposure t in 10 categories (0– < 5, 5– < 10, 
10– < 15, …, ≥ 45 years) as in Kreuzer et al. (2018). Age at 
median exposure and time since median exposure referred 
to the point in time when one-half of the exposure cumu-
lated up to a given date was reached and thus varied over 
time. Exposure rate was calculated as the total cumulative 

r(a, y, d,w, ...) = r0(a, y, d) × [1 + ERR(w, ...)]

exposure (with a lag) divided by the total individual duration 
of exposure in months up to a given date, and thus repre-
sented a time-varying “average” exposure rate. In each cell 
of the grouped dataset, person-time weighted mean values 
of cumulative exposure, age at and time since median expo-
sure were calculated and used as continuous variables in the 
parametric models.

Parametric models of different complexity were fitted:

In all models, ß quantifies the excess relative risk per unit 
of cumulative exposure to radon progeny w (and is in the fol-
lowing abbreviated with ERR/WLM or, in case of other scal-
ing, with ERR/100 WLM). Model 1 denotes the “simple” 
linear ERR model. Model 2 contains exponential modifying 
effects for age at median exposure e (centered at 30 years) 
and time since median exposure t (centered at 20 years), 
with choice of centering values for comparability with pre-
vious results. Model 3 additionally contains exposure-rate 
specific estimates ßj for cumulative exposure split based on 
six categories of exposure rate, these were defined by binary 
variables erj for j = 1,…,6. The models were selected and 
compared based on their deviances and likelihood ratio tests, 
as for example described in Richardson et al. (2022).

BEIR VI exposure‑age‑concentration model

The BEIR VI exposure-age-concentration model is based 
on categorical effect-modifying variables. For this model 
type, the grouped dataset contained cumulative 5  year 
lagged exposure to radon progeny split into four variables 
w5–14, w15–24, w25–34 and w35+, each with nine categories 
(0, > 0– < 10, 10– < 50, 50– < 100, 100– < 200, 200– < 500, 
500– < 1000, 1000– < 1500, ≥ 1500 WLM), reflecting cumu-
lative exposures received 5–14, 15–24, 25–34 and 35 and 
more years prior to a considered date, respectively. Exposure 
rate er was calculated in a similar way as described above, 
and classified in six categories (0– < 0.5, 0.5– < 1, 1– < 3, 
3– < 5, 5– < 15, ≥ 15 WL) as in the pooled BEIR VI study 
(NRC 1999).

The following model was fitted:

where ß represents the ERR/WLM in the reference category, 
since θ1 = 1 by definition. Parameters θ2, θ3 and θ4 quantify 

(Model 1)ERR(w) = � w

(Model 2)
ERR(w, e, t) = � w × exp [� ( e − 30) + � (t − 20)]

(Model 3)
ERR(w, er, e, t) =

∑6

j=1
�j erj w × exp [� (e − 30) + �(t − 20)]

( Model 4)

ERR(w, a, er) =� (�1 w5−14 + �2 w15−24 + �3 w25−34

+ �4 w35+)�age �rate
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effect modification by time since exposure. The parameters 
ϕage and γrate denote effect-modifying factors based on the 
representation of categorical variables with multiple binary 
variables and describe effects of categories of attained age 
(< 55, 55–64, 65–74 and 75 + years) and of exposure rates, 
respectively.

LEAR calculations

The lifetime excess absolute risk (LEAR) is the difference 
in lifetime risks for an individual from an exposed popula-
tion LRE compared with an individual from an unexposed 
population LR0 and is here approximated by

where S
�

a�amin
�

= exp(−
∑a−1

u=amin
q0(u)) is the probability to 

survive until age a given survival to age amin with all-cause 
mortality rates q0(a) at age a . r0(a) is the baseline lung can-
cer mortality rate at age a in absence of exposure. Likewise, 
rE(a) corresponds to the lung cancer mortality rate at age a 
under exposure.

For the calculation of LEARs, attained age amin is set to 0 
to account for the full lifetime of an individual. The baseline 
lung cancer mortality rates r0(a) and all-cause mortality rates 
q0(a) are taken from the ICRP Euro-American-Asian mixed 
population (ICRP 2007) with amax = 94 . The exposure sce-
nario is 2 WLM from age 18 to 64 with a lag of L = 5 years 
between age at exposure and age at actual risk amplification 
as used in Tomasek et al (2008). The terms for ERR(⋅) were 
chosen as described above. Note that the total LEAR can be 
obtained by multiplying the value for the LEAR per WLM 
with 94. All LEAR calculations were performed with the 
statistical software R (R Core Team 2022).

Interaction of radon and smoking

As in previous analyses (Kreuzer et al. 2018; UNSCEAR 
2020; Leuraud et al. 2011), the following geometric mixture 
model (GMM) was fitted:

where γ describes the parameter associated with smoking 
category s. Depending on the choice of the mixing parameter 
λ, this model incorporates an additive (λ = 0) and a multi-
plicative model (λ = 1), as well as supra-additive/sub-multi-
plicative models (0 < λ < 1) and supra-multiplicative models 
(λ > 1). Here, models for a grid of values 0 ≤ λ ≤ 1.5 were 
compared based on the model deviances.

LEAR = LRE − LR0 ≈

amax
∑

a=amin

rE(a)S
(

a|amin
)

−

amax
∑

a=amin

r0(a)S
(

a|amin
)

r(a, y, d,w, s) = r0 (a, y, d) × [(1 + � w) exp (� s)]� × [� w + exp (� s)]1−�

Sensitivity analyses

Sensitivity analyses in the models of the full cohort and the 
1960 + sub-cohort considered (1) restriction to duration of 
employment for at least 5 years and (2) exclusion of open pit 
miners and millers. Potential confounding in the 1960 + sub-
cohort was investigated by adjustment for cumulative expo-
sure to external gamma radiation in mSv in an additive way 
and for smoking in a multiplicative way (Kreuzer et al. 
2018). For sensitivity analyses, grouped datasets contained 
additional cross-classifications for workplace (four catego-
ries), 5 year lagged cumulative exposure to gamma radia-
tion (eight categories) and smoking (three categories, as 
described above).

Results

Table 1 provides a description of the cohorts. The mean 
duration of follow-up was 41.7 years and 39.6 years and cor-
responding person-years at risk 2,461,269 and 1,058,712 in 
the full cohort and 1960 + sub-cohort, respectively. While in 
the full cohort 57% of all cohort members were deceased by 
end of follow-up, this proportion was 25% in the 1960 + sub-
cohort. The number of lung cancer deaths in the full cohort 
is appreciably higher than in the 1960 + sub-cohort (4329 
versus 663). Notable is the more than fifteen times higher 
mean cumulative radon exposure in the full cohort compared 
to the 1960 + sub-cohort (280 WLM versus 17 WLM). This 
is mainly due to the extremely high average annual radon 
exposures in the years of operation before 1960 as illustrated 
in Appendix Fig. 1.

In Table 2, risk estimates based on parametric models 
(models 1–3) are given. Using a simple linear model, the 
ERR/100 WLM is 0.18 (95% CI 0.16; 0.21) in the full cohort 
and 1.34 (95% CI 0.75; 1.93) in the 1960 + sub-cohort, 
respectively. There is no overlap in both confidence inter-
vals, indicating heterogeneity. The same holds true when 
model 2 was applied that takes additionally the two modi-
fiers age at and time since median exposure into account. 
Model 2 provides a statistically significantly better fit than 
the simple linear model in both cohorts and is thus preferred. 
The ERR/WLM decreased with increasing age at median 
exposure and time since median exposure. Additional con-
sideration of exposure rate in six categories in model 3 pro-
vides the best fit in the full cohort and is the finally preferred 
model for the full cohort, while no improvement of fit was 
found in the 1960 + sub-cohort, indicating that model 2 is 
the finally preferred model for the 1960 + sub-cohort. The 
inclusion of exposure rate has a strong influence on the lung 
cancer risk due to radon in the full cohort, showing a clear 
decrease in the ERR/100 WLM with increasing exposure 
rate, the so-called “inverse exposure-rate effect”. Although 
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Table 1   Description of the 
full Wismut cohort and the 
1960 + sub-cohort of miners 
first hired in 1960 or later, 
1946–2018

WLM working level months
a Time-varying average exposure rate, calculated as the total cumulative exposure (without lag) divided by 
the total individual duration of exposure in months up to a given date

Variable Full cohort 1960 + sub-cohort

Persons, n 58,972 26,764
Person-years at risk 2,461,269 1,058,712
Mean duration of employment in years 13.4 10.1
Mean age at death in years 68 58
Mean age at end of follow-up 67 61
Mean duration of follow-up in years 41.7 39.6
Vital status, n (%)
 Alive at end of follow-up 23,330 (39.6) 19,457 (72.7)
 Deceased 33,794 (57.3) 6719 (25.1)
 Lost to follow-up 1848 (3.1) 588 (2.2)

Availability of cause of death, n (%) 32,411 (95.9) 6534 (97.2)
Lung cancer deaths, n 4329 663
Radon exposed miners, n (%) 50,759 (86.1) 22,571 (84.3)
 Mean (Max) cumulative exposure in WLM 280 (3224) 17 (334)
 Mean (Max) exposure ratea in WL 2.95 (26.66) 0.23 (4.65)

Table 2   Radon-related lung 
cancer risk estimates according 
to parametric models applied 
to the Wismut full cohort and 
1960 + sub-cohort

Values of LEAR per WLM (× 104) (bold)
ERR excess relative risk, CI confidence interval, WLM working level months, WL working level
p-value of likelihood ratio test between two nested models
LEAR lifetime excess absolute risk (exposure of 2 WLM from age 18 to 64 years, maximum age 94 and 
ICRP Euro-American-Asian mixed population)
Baseline stratified by attained age, calendar year and duration of employment
a ERR/100 WLM for age at median exposure of 30 years and time since median exposure of 20 years

Parameter Full cohort 1960 + sub-cohort

Lung cancer deaths 4329 663
Person-years at risk 2,461,269 1,058,712
Model 1
 ERR/100 WLM (95% CI) ß 0.18 (0.16; 0.21) 1.34 (0.75; 1.93)
 LEAR per WLM (× 104) 0.82 6.09

Model 2
 ERR/100 WLMa (95% CI) ß 0.53 (0.40; 0.66) 4.66 (1.71; 7.62)
 Age at median exposure exp(10α) 0.64 (0.54; 0.76) 0.74 (0.44; 1.26)
 Time since median exposure exp(10ε) 0.53 (0.46; 0.61) 0.47 (0.30; 0.73)
 p-value (Model 2 vs. 1)  < 0.001  < 0.001
 LEAR per WLM (× 104) 0.79 7.13

Model 3
 ERR/100 WLM (95% CI)
   < 0.5 WL ß1 2.83 (1.57; 4.09) 5.38 (1.76; 8.99)
  0.5–1 WL ß2 1.58 (0.91; 2.25) 4.66 (1.08; 8.23)
  1–2 WL ß3 1.13 (0.74; 1.52) 2.87 (< 0; 6.02)
  2–4 WL ß4 0.90 (0.63; 1.16) –
  4–10 WL ß5 0.75 (0.55; 0.96) –
  10 + WL ß6 0.48 (0.33; 0.63) –

 Age at median exposure exp(10α) 0.60 (0.51; 0.72) 0.70 (0.41; 1.21)
 Time since median exposure exp(10ε) 0.48 (0.41; 0.55) 0.47 (0.30; 0.74)
 p-value (Model 3 vs. 2)  < 0.001 0.417
 LEAR per WLM (× 104) 3.62 7.83
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not statistically significant, this effect was also indicated 
in the 1960 + sub-cohort. The use of model 3 reduces het-
erogeneity between full cohort and 1960 + sub-cohort. The 
ERR/100 WLM at < 0.5 WL, centred at age at median expo-
sure 30 years and time since median exposure 20 years is 
2.83 (95% CI 1.57; 4.09) in the full cohort and 5.38 (95% CI 
1.76; 8.99) in the 1960 + sub-cohort; both confidence inter-
vals overlap, but the risk estimates differ by a factor of two. 
The LEARs per WLM for the finally preferred models are 
3.62 × 10–4 (model 3) versus 7.13 × 10–4 (model 2) for the 
full and the 1960 + sub-cohort, respectively. The correspond-
ing risk predictions for the exposure scenario of 2 WLM per 
year from age 18 to 64 years are given in Fig. 1.

Table 3 shows the results of the risk analyses using 
the BEIR VI exposure-age-concentration model (model 
4). The ERR/100  WLM at 5–14  years since expo-
sure, < 55 years of attained age and < 0.5 WL exposure 
rate was 2.50 (95% CI 0.81; 4.18) in the full cohort com-
pared to 6.92 (95% CI < 0; 16.59) in the 1960 + sub-
cohort. The ERR/100 WLM decreased with increasing 
time since exposure, attained age and exposure rate in both 
cohorts. However, in the full cohort more than 25 years 
after exposure and more than 65 years of attained age no 
further decrease in risk was observed. This is also illus-
trated in Fig. 1. In the 1960 + sub-cohort, the confidence 
intervals of parameter estimates were very wide and did 
not indicate statistical significance. The estimated LEAR 
per WLM was about two times higher in the 1960 + sub-
cohort compared to the full cohort with 6.10 × 10–4 and 
3.13 × 10–4, respectively.

Table 4 provides information on the estimated fraction of 
lung cancer deaths attributable to occupational radon among 
exposed miners by category of cumulative radon exposure, 

Fig. 1   Excess relative risk 
predicted for different mod-
els in the full cohort and the 
1960 + sub-cohort for the 
exposure scenario of 2 WLM 
from age 18 to 64 up to age 
94 assuming a 5 year lag with 
corresponding total LEAR in 
brackets in figure legend (para-
metric full cohort: model 3, 
parametric 1960 + sub-cohort: 
model 2, BEIR VI full cohort 
and 1960 + sub-cohort: model 
4, exposure-age-concentration 
model)

Table 3   Radon-related lung cancer risk according to BEIR VI expo-
sure-age-concentration model (model 4) applied to the Wismut full 
cohort and 1960 + sub-cohort

Baseline stratified by attained age, calendar year and duration of 
employment
Values of LEAR per WLM (× 104) (bold)
ERR excess relative risk, CI confidence interval, WLM working level 
months, WL working level, LEAR lifetime excess absolute risk (expo-
sure of 2 WLM from age 18 to 64 years, maximum age 94 and ICRP 
Euro-American-Asian mixed population)

Full cohort 1960 + sub-cohort

Lung cancer deaths 4329 663
Person-years at risk 2,461,269 1,058,712
ERR/100 WLM (95% CI) 2.50 (0.81; 4.18) 6.92 (< 0; 16.59)
Time since exposure (years)
 5–14 1.0 1.0
 15–24 0.96 (0.47; 1.46) 0.95 (< 0; 2.40)
 25–34 0.64 (0.30; 0.97) 0.36 (< 0; 0.92)
 35 +  0.61 (0.27; 0.94)

Attained age (years)
  < 55 1.0 1.0
 55–64 0.44 (0.27; 0.70) 0.83 (0.24; 2.84)
 65–74 0.33 (0.20; 0.55) 0.34 (0.08; 1.52)
 75 +  0.34 (0.19; 0.60) 0.09 (0.01; 5.89)

Exposure rate (WL)
  < 0.5 1.0 1.0
 0.5–1.0 0.60 (0.36; 0.99) 0.90 (0.50; 1.64)
 1.0–3.0 0.40 (0.26; 0.61) 0.57 (0.20; 1.62)
 3.0–5.0 0.34 (0.22; 0.53) –
 5.0–15 0.28 (0.18; 0.44) –
 15 +  0.15 (0.08; 0.26) –

LEAR per WLM (× 104) 3.13 6.10
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calendar year of death and attained age based on the BEIR 
VI model. In the full cohort, a total of 47% of all lung cancer 
deaths are estimated to be attributable to occupational radon 
exposure, i.e. 1853 out of 3956 lung cancer deaths could 
have been avoided without this exposure. In the 1960 + sub-
cohort the attributable fraction is 31%. The attributable frac-
tion increases with increasing cumulative radon exposure; 
for example, in the exposure category 1500 WLM or more 
91% of the observed lung cancer deaths are estimated to be 
attributable to occupational radon. There is a clear decrease 
of attributable lung cancer deaths with increasing calendar 
year of death and increasing age in both, the full cohort 
and the 1960 + sub-cohort, reflecting the decrease in risk 
with increasing time since exposure and attained age. Impor-
tantly, 1 in 4 lung cancer deaths in the full cohort (26%) 
are still estimated to be attributable to occupational radon 
exposure and 1 in 5 lung cancer deaths of miners first hired 
in 1960 or later (19%) (see Appendix Fig. 2).

Some information on smoking is available for 56% of the 
1960 + sub-cohort. Among those with known smoking sta-
tus, 42% were non-/light smokers and 58% moderate/heavy 
smokers, the corresponding numbers among lung cancer 
deaths were 10% (n = 33), and 90% (n = 297), respectively. 
In a separate analysis among both groups, with the simple 
linear model, the ERR/100 WLM was 1.77 (95% CI < 0; 
5.04) and 1.06 (95% CI 0.28; 1.85) among non-/light and 
moderate/heavy smokers, respectively. The slightly higher 
ERR/100 WLM for non/-light smokers compared to moder-
ate/heavy smokers indicates a sub-multiplicative interaction 
of radon and smoking. The nature of this interaction was 
investigated in more detail by fitting GMM models for dif-
ferent values of the mixing parameter λ that determines the 
type of interaction as in Kreuzer et al. (2018). The minimum 
deviance was achieved for λ = 0.6, indicating a sub-multipli-
cative interaction (Fig. 2).

Table 4   Estimated excess lung 
cancer deaths due to radon 
exposure according to the BEIR 
VI exposure-age-concentration 
model (model 4) applied to 
the full cohort and 1960 + sub-
cohort

WLM working level months
a 5 year lagged
b Small deviations in totals possible due to rounding

Full cohort 1960 + sub-cohort

Lung cancer deaths Excess nb Observed n Attributa-
ble fraction

Excess nb Observed n Attribut-
able frac-
tion

0 WLM 0 373 – 0 112 –
 > 0 WLMa 1853 3956 46.8 171 551 31.0
Cum. radon exp. (WLM)
 > 0–10 12 442 2.7 15 179 8.4
 10–50 63 442 14.3 75 230 32.6
 50–100 59 242 24.4 51 98 52.0
 100–500 387 912 42.4 30 44 68.2
 500–1000 602 964 62.4 – – –
 1000–1500 430 623 69.0 – – –
 1500 +  300 331 90.6 – – –

Calendar year of death
  < 1960 8 15 53.3 – – –
 1960–1970 145 197 73.6 – – –
 1970–1980 378 577 65.5 5 8 62.5
 1980–1990 453 816 55.5 17 29 58.6
 1990–2000 432 949 45.5 36 71 50.7
 2000–2010 290 838 34.6 65 191 34.0
 2010–2018 146 564 25.9 48 252 19.0

Attained age (years)
  < 45 72 113 63.7 14 27 51.9
 45–55 309 461 67.0 34 80 42.5
 55–65 566 1166 48.5 79 218 24.8
 65–75 566 1391 40.7 40 183 21.9
 75 +  339 825 41.1 3 43 7.0
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Discussion

The updated findings of the Wismut cohort of uranium 
miners confirmed the previously observed linear relation-
ship between the relative lung cancer risk and cumulative 
exposure to radon progeny, which was modified by time 
since exposure, attained age and exposure rate in the full 
cohort (Kreuzer et al. 2018). The ERR/WLM decreased 
with increasing time since exposure, attained age and expo-
sure rate, both for parametric and BEIR VI-type models. 
For the first time, a statistically significant effect modifica-
tion of the ERR/WLM by attained age and time since expo-
sure was found in the 1960 + sub-cohort. Notably the ERR/
WLM and corresponding LEAR per WLM were about two 
times higher in the 1960 + sub-cohort compared to the full 
cohort in models including effect modifiers. For example, 
when the BEIR VI exposure-age-concentration model was 
applied, the ERR/100 WLM among miners with attained 
age < 55 years, time since exposure 5–14 years, and annual 
exposure rates < 0.5 WL was 2.50 (95% CI 0.81; 4.18) com-
pared to 6.92 (95% CI < 0; 16.59) in the full cohort and in 
the 1960 + sub-cohort, respectively. The same was true for 
the parametric model (model 3). Here, the ERR/100 WLM 
was 2.83 (95% CI 1.57; 4.09) compared to 5.38 (95% CI 
1.76; 8.99), respectively, for exposure rates below 0.5 WL, 
30 years of age at median exposure and 20 years of time 
since median exposure.

Comparison with previous Wismut findings

Previous estimates of lung cancer risk in the Wismut cohort 
had been slightly lower compared to those of the current 

analyses for both the full cohort and the 1960 + sub-cohort 
(Kreuzer et al. 2015, 2018). One of the reasons for this is 
that previously no baseline stratification for duration of 
employment was applied. Consistent with findings in the 
PUMA analyses (Kelly-Reif et al. 2023; Richardson et al. 
2022) this stratification was added in the current analyses 
and led also here to an increase in risk estimates. For exam-
ple, for the BEIR VI model in the full cohort, the refer-
ence ERR/100 WLM with and without additional stratifi-
cation was 2.50 versus 1.62 and the corresponding LEAR 
per WLM 3.13 × 10–4 versus 2.08 × 10–4, respectively (see 
Appendix Table 1). This effect was also present in the 
1960 + sub-cohort, here the ERR/100 WLM in the simple 
linear model was 1.34 (95% CI 0.75; 1.93) versus 0.94 (95% 
CI 0.51; 1.37) with and without stratification for duration of 
employment (Appendix Table 2), and the LEAR per WLM 
in the finally preferred parametric model 2 (including two 
modifiers) 7.13 × 10–4 and 4.12 × 10–4, respectively. An 
explanation for the strong effect of stratification by duration 
of employment could be the healthy worker survivor effect 
(Keil et al. 2015), which means that healthy workers are 
more likely to work for a long time underground and thus 
accumulate high radon exposures compared to those who 
have health problems and change their workplace, e.g. from 
underground to surface or elsewhere. This could artificially 
lead to lower risks among long-term workers compared to 
short-term workers. The Wismut cohort is characterized by 
a wide range of employment durations, around 25% of the 
cohort members worked for more than 20 years and 13% for 
more than 30 years in the company.

Due to the young age of the 1960 + sub-cohort, no statis-
tically significant effect modification of the ERR/WLM by 
attained age or time since exposure has been found previ-
ously (Kreuzer et al. 2015, 2018). Such an effect modifi-
cation was demonstrated in the large PUMA 1960 + sub- 
cohort (Richardson et al. 2022), and now also in the current 
extended follow-up until 2018 in the Wismut 1960 + sub-
cohort. However, even in the current follow-up there are only 
43 lung cancer deaths among radon exposed miners with an 
age above 75 years (see Table 4), therefore risk estimates for 
longer times since exposure and higher attained ages involve 
uncertainties. There is some evidence that exposure rate 
might be an additional modifier in the 1960 + sub-cohort, 
although the model including this factor was not statisti-
cally significantly better than the model without this factor 
(Table 2, model 3 vs. model 2).

Differences in risk between full Wismut cohort 
and 1960 + sub‑cohort

There are two to three times higher risk estimates at low 
exposures and exposure rates in the 1960 + sub-cohort com-
pared to the full cohort, which require further clarification. 

Fig. 2   Deviance obtained when modelling the interaction of radon 
exposure and smoking related to lung cancer mortality depending on 
mixing parameter λ, based on geometric mixture models (GMM)
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Several reasons may account for this. Firstly, uncertainties in 
the assessment of radon exposure in the early years may have 
led to an underestimation of the true risk in the full cohort. 
The job-exposure matrix was based on expert rating rather 
than measurements in the early years of mining in the Wis-
mut company, thus bias due to exposure measurement error 
is of concern. In some uranium miners cohort studies risk 
estimates were higher when focussing on miners in more 
recent years compared to earlier years (Tomasek et al. 2008; 
UNSCEAR 2020; Lane et al. 2019). This fact has sometimes 
been attributed to lower quality of exposure assessment and 
a potentially higher impact of measurement error on the risk 
estimation in the early years. Currently, a research project 
(Küchenhoff et al. 2018; Ellenbach et al. 2023) is running 
to investigate sources, magnitude and potential effects of 
exposure measurement error in the Wismut cohort. Similar 
investigations have been performed in the Colorado Plateau 
(Stram et al. 1999), Ontario (Navaranjan et al. 2019) or 
French (Hoffmann et al. 2017) cohort of uranium miners.

Secondly, the mortality follow-up was rather incomplete 
in the early years. For example, the proportion of loss to 
follow-up was 10% versus 2% for those with end of employ-
ment before 1960 or later, respectively; this was mainly 
because the persons could no more be identified by the regis-
tration offices under the last known address from the 1950s. 
The proportion of missing causes of death before 1970 was 
44% compared with 3.5% later; the main reason was that 
copies of death certificates from before 1970 were often no 
more available. For the early years in the full cohort, the 
incomplete mortality follow-up concerned particularly min-
ers with young age at death and short time of follow-up—the 
factors associated with the highest risk. Thirdly, in the early 
mining years, exposures to both silica dust and radon were 
extremely high, therefore the risk of lung cancer may be 
underestimated in the full cohort due to the competing risk 
of dying from silicosis (e.g. a total of 1,067 miners died from 
silicosis as underlying cause of death in the full cohort, in 
contrast to only 11 silicosis deaths in the 1960 + sub-cohort).

Another reason for differences in risk estimates between 
the full and 1960 + sub-cohort could be overestimation of 
risk in the 1960 + sub-cohort. Time since exposure turned 
out to be a strong modifier in most studies of miners, show-
ing that the ERR/WLM is highest 5–15 years after exposure 
and decreases with increasing time since exposure (NRC 
1999; UNSCEAR 2009, 2020). In the 1960 + sub-cohort, the 
duration of follow-up is shorter than for miners hired prior 
to 1960. In addition, average age is appreciably younger 
(Table 1). Consequently, the decrease in risk with increas-
ing time since exposure and attained age cannot be com-
pletely described by the data of the 1960 + sub-cohort. This 
is illustrated in the 1960 + sub-cohort when risk estimates 
from the BEIR VI model are compared for end of follow-up 
by 2013 and 2018. In analyses with end of follow-up in 2013 

an increase in risk is observed in age category 75 + years 
(Appendix Table 3), which is also seen in risk predictions 
in Appendix Fig. 4. These findings indicate that the higher 
LEAR per WLM of 9.22 × 10–4 in analyses based on data 
with end of follow-up in 2013 compared to 6.10 × 10–4 with 
end of follow-up in 2018 (Appendix Table 3), resulted from 
a lack of decrease in risk after 75 years of age.

Comparison with PUMA findings

The PUMA study includes seven uranium cohorts of miners 
from Europe and North America, among them the Wismut 
cohort with mortality follow-up by end of 2013 excluding 
millers (Rage et al. 2020; Richardson et al. 2021). Two 
papers on the lung cancer risk by radon have been published 
by now, one on the full cohort (Kelly-Reif et al. 2023) and 
one on the 1960 + sub-cohort (Richardson et al. 2022). In 
the full PUMA cohort, a reference ERR/100 WLM of 4.68 
(95% CI 2.88; 6.96) was observed for the BEIR VI exposure-
age-concentration model (Kelly-Reif et al. 2023). However, 
a statistically significant heterogeneity between cohorts was 
present, which was in part attributable to the comparably 
lower risk in the full Wismut cohort, which forms about half 
of the PUMA cohort. The PUMA 1960 + sub-cohort did not 
show such heterogeneity between study cohorts, here the 
corresponding reference ERR/100 WLM was 6.98 (95% CI 
1.97; 16.15) (Richardson et al. 2022), which is consistent 
to the estimates of the updated Wismut 1960 + sub-cohort 
of 6.92 (95% CI< 0, 16.59), of the pooled 11 miners study 
of 7.68 (NRC 1999) and others (Lane et al. 2010, 2019). 
Lifetime risk calculations for lung cancer and radon within 
PUMA are planned by the PUMA consortium in a separate 
paper.

Interaction of radon and smoking

The present analysis indicated a sub-multiplicative inter-
action of radon and smoking in the 1960 + sub-cohort via 
GMM modelling. This finding is supported by the results of 
a simple linear model separately for both smoking groups, 
here the ERR/100 WLM in non-/light smokers was slightly 
higher compared to moderate/heavy smokers (1.77 versus 
1.06). Previous analyses based on the last Wismut follow-
up (Kreuzer et al. 2018) also found higher ERR/100 WLM 
among non-/light smokers compared to moderate/heavy 
smokers (2.0 versus 1.2), however at that time GMM model-
ling indicated rather a multiplicative to supra-multiplicative 
interaction. Statistical uncertainty due to a small number of 
lung cancer deaths among non-/light smokers (n = 33) is still 
of concern. Further follow-up may bring more insights into 
the interaction of radon and smoking. A sub-multiplicative 
interaction is compatible with the findings from most other 
miner studies, while in residential radon studies, no obvious 
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deviation from a multiplicative interaction has been consist-
ently observed (UNSCEAR 2020).

Strengths and weaknesses of the study

The Wismut cohort is unique due to its large size, long fol-
low-up period from 1946 to 2018, wide range of exposures 
and availability of individual data not only on radon expo-
sure, but also on silica dust, long-lived radionuclides and 
external gamma radiation as well as in the 1960 + sub-cohort 
in part on rough data on smoking. Detailed investigation 
of potential confounding of the radon-related lung cancer 
risk by these factors have been performed previously in the 
full cohort (Walsh et al. 2010) and in a nested case–control 
study on lung cancer with smoking data (Schnelzer et al. 
2010). Overall, none of the above-mentioned variables led 
to major confounding, except for silica dust, here a 25% 
decrease in lung cancer risk estimates was observed after 
including silica dust in the risk model (Walsh et al. 2010). In 
the 1960 + sub-cohort, confounding could be even more rel-
evant due to the lower occupational radon exposure and thus 
smaller radon-related lung cancer risk. As shown in Appen-
dix Table 2 additional adjustment for smoking and external 
gamma radiation in model 2 resulted in slight decreases in 
the risk estimates and thus no major confounding. The mean 
cumulative occupational silica dust exposure was 1.0 mg/
m3-years in the 1960 + sub-cohort in contrast to 6 mg/m3-
years in the full cohort or even 12 mg/m3-years among min-
ers first hired between 1946 and 1954, and is thus far below 
the threshold of 10 mg/m3, above which a silica dust related 
lung cancer risk was observed in the full Wismut cohort 
(Sogl et al. 2012).

The Wismut study includes next to underground and sur-
face workers also millers and open pit miners, which differ 
by working conditions and are characterised by very low 
radon exposures. Exclusion of millers and open pit miners 
did not lead to a major change in risk, as shown in the sen-
sitivity analysis presented in Appendix Table 1. Short-term 
workers (< 5 years of duration of employment) may differ 
in risk from long-term workers, as reflected by the healthy 
worker survivor effect. In addition to baseline stratification 
by duration of employment, excluding this group in sensitiv-
ity analyses showed virtually no change in risk (Appendix 
Tables 1 and 2). Exposure measurement error in the early 
years is an issue, as noted above, and the potential influence 
on risk is currently investigated.

Conclusion

The updated Wismut cohort study shows an increased 
lung cancer risk by radon for former miners even 20 to 
30 years after the mines were closed and occupational radon 

exposures ended. The estimated lifetime excess absolute 
risk (LEAR per WLM) to die from lung cancer per unit of 
cumulative radon exposure in WLM varies between 3 and 
7 × 10–4 depending on model and (sub-) cohort, i.e. among 
100 people with a cumulative occupational radon exposure 
of 100 WLM between 3 and 7 additional (excess) lung can-
cer deaths would occur due to this exposure during lifetime. 
The 1960 + sub-cohort is characterized by low protracted 
radon exposure of high quality and provides now, through 
the extension of follow-up to end of 2018, a good basis for 
the estimation of lung cancer risks at low radon exposures 
and low exposure rates. Risk estimates from the 1960 + sub-
cohort are consistent with those from 1960 + sub-cohorts 
of large pooled studies. The Wismut 1960 + sub-cohort is 
thus preferred to the full Wismut cohort in order to esti-
mate lung cancer risks at low protracted exposure rates for 
more contemporary miners, although the statistical power 
is lower than in the full cohort. Further follow-up of the 
Wismut 1960 + sub-cohort and pooled analyses of updated 
individual cohorts of PUMA will increase precision, par-
ticularly for attained ages above 75 years and longer times 
since exposure, this will lead to a better understanding of the 
lung cancer risk at low radon exposures and exposure rates.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00411-​023-​01043-2.

Author contributions  M.K. and N.F. wrote the main manuscript and 
M.S. did the statistical analyses and prepared the figures. All authors 
reviewed the manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data availability  Access to the data can be obtained after a positive 
evaluation of the proposal by the Steering Committee on the German 
Uranium Mining Studies of the German Radiation Protection Com-
mission (SSK) and the German Federal Office for Radiation Protec-
tion (BfS). The procedure of opening of the Wismut data to external 
researchers is described here: https://​www.​bfs.​de/​EN/​bfs/​scien​ce-​resea​
rch/​proje​cts/​wismut/​wismut-​cohort-​propo​sals.​html.

Declarations 

Competing interests  The authors have no relevant financial or non-
financial interests to disclose.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

https://doi.org/10.1007/s00411-023-01043-2
https://www.bfs.de/EN/bfs/science-research/projects/wismut/wismut-cohort-proposals.html
https://www.bfs.de/EN/bfs/science-research/projects/wismut/wismut-cohort-proposals.html
http://creativecommons.org/licenses/by/4.0/


425Radiation and Environmental Biophysics (2023) 62:415–425	

1 3

References

Ellenbach N, Rehms R, Hoffmann S (2023) Ermittlung der Unsi-
cherheiten der Strahlenexpositionsabschätzung in der Wismut-
Kohorte—Teil II / Determination of uncertainties of radiation 
exposure assessment in the Wismut cohort Part II in Ressort-
forschungsberichte zum Strahlenschutz. Bundesamt für Strahl-
enschutz/Federal Office for Radiation Protection, Germany

Harrison JD (2021) Lung cancer risk and effective dose coefficients for 
radon: UNSCEAR review and ICRP conclusions. J Radiol Prot. 
https://​doi.​org/​10.​1088/​1361-​6498/​abf547

Harrison JD, Marsh JW (2020) ICRP recommendations on radon. Ann 
ICRP 49:68–76

Hoffmann S, Rage E, Laurier D, Laroche P, Guihenneuc C, Ancelet S 
(2017) Accounting for Berkson and Classical measurement error 
in radon exposure using a Bayesian structural approach in the 
analysis of lung cancer mortality in the French cohort of uranium 
miners. Radiat Res 187(2):196–209

HVBG, BBG (2005) Belastung durch ionisierende Strahlung, Staub 
und Arsen im Uranerzbergbau der ehemaligen DDR (Version 
08/2005). Gera Bergbau BG (BBG), St. Augustin: Hauptverband 
der gewerblichen Berufsgenossenschaften (HVBG).

ICRP (2007) The 2007 recommendations of the International Com-
mission on Radiological Protection. ICRP publication 103. Ann 
ICRP 37:2–4

Keil AP, Richardson DB, Troester MA (2015) Healthy worker survivor 
bias in the Colorado Plateau uranium miners cohort. Am J Epide-
miol 181(10):762–770

Kelly-Reif K, Bertke S, Rage E, Demers PA, Fenske N, Deffner V, 
Kreuzer M, Samet JM, Schubauer-Berigan MK, Tomasek L, 
Zablotska LB, Wiggins C, Laurier D, Richardson DB (2023) 
Radon and lung cancer in the Pooled Uranium Miners Analy-
sis (PUMA): highly-exposed early miners and all miners. Occup 
Environ Med 80:385–391

Kreuzer M, Schnelzer M, Tschense A, Walsh L, Grosche B (2010) 
Cohort profile: the German uranium miners cohort study (WIS-
MUT cohort), 1946–2003. Int J Epidemiol 39:980–987

Kreuzer M, Fenske N, Schnelzer M, Walsh L (2015) Lung cancer risk 
at low radon exposure rates in German uranium miners. Br J Can-
cer 113:1367–1369

Kreuzer M, Sobotzki C, Schnelzer M, Fenske N (2018) Factors 
modifying the radon-related lung cancer risk at low exposures 
and exposure rates among German uranium miners. Radiat Res 
189:165–176

Küchenhoff H, Deffner V, Aßenmacher M, Neppl H, Kaiser C, Güthlin 
D (2018) Ermittlung der Unsicherheiten der Strahlenexposition-
sabschätzung in der Wismut-Kohorte—Teil I / Determination 
of uncertainties of radiation exposure assessment in the Wismut 
cohort part I in Ressortforschungsberichte zum Strahlenschutz. 
Bundesamt für Strahlenschutz/Federal Office for Radiation Pro-
tection, Germany

Lane RS, Frost SE, Howe GR, Zablotska LB (2010) Mortality (1950–
1999) and cancer incidence (1969–1999) in the cohort of Eldo-
rado uranium workers. Radiat Res 174:773–785

Lane RS, Tomášek L, Zablotska LB, Rage E, Momoli F, Little J (2019) 
Low radon exposures and lung cancer risk: joint analysis of the 
Czech, French, and Beaverlodge cohorts of uranium miners. Int 
Arch Occup Environ Health 92:747–762

Laurier D, Marsh JW, Rage E, Tomasek L (2020) Miner studies and 
radiological protection against radon. Ann ICRP 49:57–67

Leuraud K, Schnelzer M, Tomasek L, Hunter N, Tirmarche M, Grosche 
B, Kreuzer M, Laurier D (2011) Radon, smoking and lung cancer 
risk: results of a joint analysis of three European case-control 
studies among uranium miners. Radiat Res 176(3):375–387

Marsh JW, Tomasek L, Laurier D, Harrison JD (2021) Effective 
dose coefficients for radon and progeny: a review of ICRP and 
UNSCEAR values. Radiat Prot Dosimetry 195:1–20

Navaranjan G, Chambers D, Thompson PA, Do M, Berriault C, Vil-
leneuve PJ, Demers PA (2019) Uncertainties associated with 
assessing Ontario uranium miners’ exposure to radon daughters. 
J Radiol Prot 39(1):136–149

NRC (1999) Health effects of exposure to radon - BEIR VI report 
(Committee on Health Risks of Exposure to Radon, Board 
on Radiation Effects Research). National Academy Press, 
Washington

R Core Team (2022) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna

Rage E, Richardson DB, Demers PA, Do M, Fenske N, Kreuzer M, 
Samet J, Wiggins C, Schubauer-Berigan MK, Kelly-Reif K, 
Tomasek L, Zablotska LB, Laurier D (2020) PUMA—pooled 
uranium miners analysis: cohort profile. Occup Environ Med 
77(3):194–200

Richardson DB, Rage E, Demers PA, Do MT, DeBono N, Fenske N, 
Deffner V, Kreuzer M, Samet J, Wiggins C, Schubauer-Berigan 
MK, Kelly-Reif K, Tomasek L, Zablotska LB, Laurier D (2021) 
Mortality among uranium miners in North America and Europe: 
the Pooled Uranium Miners Analysis (PUMA). Int J Epidemiol 
50:633–643

Richardson DB, Rage E, Demers PA, Do MT, Fenske N, Deffner V, 
Kreuzer M, Samet J, Bertke SJ, Kelly-Reif K, Schubauer-Berigan 
MK, Tomasek L, Zablotska LB, Wiggins C, Laurier D (2022) 
Lung cancer and radon: pooled analysis of uranium miners hired 
in 1960 or later. Environ Health Perspect 130:57010

Schnelzer M, Hammer GP, Kreuzer M, Tschense A, Grosche B (2010) 
Accounting for smoking in the radon-related lung cancer risk 
among German uranium miners: results of a nested case-control 
study. Health Phys 98(1):20–28

Sogl M, Taeger D, Pallapies D, Brüning T, Dufey F, Schnelzer M, 
Straif K, Walsh L, Kreuzer M (2012) Quantitative relationship 
between silica exposure and lung cancer mortality in German ura-
nium miners, 1946–2003. Br J Cancer 07:1188–1194

Stram DO, Langholz B, Huberman M, Thomas DC (1999) Correcting 
for exposure measurement error in a reanalysis of lung cancer 
mortality for the Colorado Plateau Uranium Miners cohort. Health 
Phys 77(3):265–275

Tirmarche M, Harrison JD, Laurier D, Paquet F, Blanchardon E, Marsh 
JW (2010) ICRP publication 115. Lung cancer risk from radon 
and progeny and statement on radon. Ann ICRP 40:1–64

Tomasek L, Rogel A, Tirmarche M, Mitton N, Laurier D (2008) Lung 
cancer in French and Czech uranium miners: radon-associated risk 
at low exposures and modifying effects of time since exposure and 
age at exposure. Radiat Res 169:125–137

UNSCEAR (2009) Effects of ionizing radiation. United Nations Scien-
tific Committee on the Effects of Atomic Radiation. UNSCEAR 
2006 Report Volume II, annex E. Sources-to-effects assessment 
for radon in homes and workplaces. United Nations, New York

UNSCEAR (2020) UNSCEAR 2019 Report, Annex B, Lung cancer 
from exposure to radon. Report of the United Nations Scientific 
Committee on the Effects of Atomic Radiation. United Nations, 
New York

Walsh L, Tschense A, Schnelzer M, Dufey F, Grosche B, Kreuzer M 
(2010) The influence of radon exposures on lung cancer mortality 
in German uranium miners, 1946–2003. Radiat Res 173:79–90

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1088/1361-6498/abf547

	Updated risk models for lung cancer due to radon exposure in the German Wismut cohort of uranium miners, 1946–2018
	Abstract
	Introduction
	Methods
	Study population
	Statistical modelling
	Parametric models
	BEIR VI exposure-age-concentration model
	LEAR calculations
	Interaction of radon and smoking
	Sensitivity analyses


	Results
	Discussion
	Comparison with previous Wismut findings
	Differences in risk between full Wismut cohort and 1960 + sub-cohort
	Comparison with PUMA findings
	Interaction of radon and smoking
	Strengths and weaknesses of the study

	Conclusion
	Anchor 20
	References




