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Abstract

The radioactive gas radon is one of the most important risk factors for lung cancer after smoking. This article aims to estimate
the annual number of lung cancer deaths attributable to residential radon exposure in Germany and its federal states using
updated data and an advanced calculation method. Data on lung cancer mortality (2018-2022), smoking behavior (2017), and
on the estimated distribution of radon concentration based on a radon residential study (2019-2021) in Germany are used.
The risk model employed is derived from the pooled European residential radon study, indicating that excess relative risk for
lung cancer increases by 16% per 100 becquerels per cubic meter (Bq/m?) of corrected long-term radon concentration. It is
estimated that a total of around 2800 lung cancer deaths per year (95% confidence interval (CI) 900-5100) are attributable
to residential radon in Germany. This represents a population attributable fraction of 6.3% (95% CI 2.1-11.4%). Notably,
radon-attributable lung cancer deaths occur not only among current (41%) but also significantly among former smokers
(41%) and those who have never smoked (19%). The results confirm that radon in homes is an important risk factor for lung
cancer, highlighting the need for protective measures against radon for all population groups in Germany.

Keywords Population-attributable fraction (PAF) - Residential radon - Lung cancer - Burden of disease - Health impact
assessment

Since then, some of the parameters used in calculating these
attributable deaths have changed. For instance, between
2018 and 2022, an annual average of 44,900 people (17,200
women and 27,700 men) died from lung cancer in Germany.
In contrast, the numbers used by Menzler et al. (2008), based
on mortality data from 1996 to 2000, indicated about 37,700
annual lung cancer deaths (9200 women and 28,600 men).
More recent statistics are also available regarding smoking
behavior and the risk of lung cancer due to smoking; these

Introduction

The radioactive gas radon is a human carcinogen (IARC
1988) and is one of the most important risk factors for lung
cancer after smoking (WHO 2023). An illustrative way of
describing the lung cancer risk of residential radon is to give
the so-called attributable lung cancer deaths caused by radon
in homes. This indicator is valuable as it aids policymakers
and the public in understanding the health impacts of radon

exposure.

In 2006, it was estimated for the first time for reunified
Germany that 1900 lung cancer deaths per year were attrib-
utable to radon exposure in homes (Menzler et al. 2008).
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have to be considered as radon and smoking interact and
mutually increase lung cancer risk. New findings are also
available on the radon distribution in Germany.

Thus, the objective of this study is to update the popu-
lation-attributable fraction (PAF) and the number of lung
cancer deaths attributable to residential radon in the German
population. These indicators are calculated separately for
six subpopulations—defined by sex and smoking. Contrary
to the PAF approximation formula commonly used in the
literature, which considers only the calculated mean radon
exposure in a population, we adopt and refine the approach
of Menzler et al. (2008). This method takes into account the
entire distribution of radon exposure, yielding more precise
results. Additionally, this detailed approach enables us to
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estimate the number of lung cancer deaths that could poten-
tially be prevented through radon mitigation programs.

Data and methods

The methodological approach primarily follows that of
Menzler et al. (2008), incorporating updated data and some
minor conceptual changes. All calculations and visualiza-
tions are performed using the R software (R Core Team
2022) and the programming environment RStudio (Posit
team 2022).

Mortality data

Like Menzler et al. (2008) and as is commonly done in the
literature, we use mortality data instead of incidence data.
This allows for the inclusion of un-diagnosed cases of lung
cancer (death-certificate-only cases) and ensures consistency
and comparability with previous analyses. The number of
deaths from lung cancer (ICD-10: C33 malignant neoplasm
of trachea and C34 malignant neoplasm of bronchus and
lung), mortality rates for lung cancer and all causes of death
were obtained from the causes of death statistics combined
with population data, provided by the Federal Health Moni-
toring of Germany (GBE 2023). These data are available for
Germany and its 16 federal states, and are divided by sex,
age class (0, 1-14, 15-19,..., 85-89, 90+ years), and cal-
endar year. The averages of the last five years (2018-2022)
are used for the calculations in this publication. During
this period, on average, 44,900 people (17,200 women and
27,700 men) died from lung cancer annually in Germany.

Radon exposure data

As in Darby et al. (2005), radon exposure is defined as the
long-term time-weighted radon concentration over a period
of 30 years. For the distribution of radon in Germany
(shown in Fig. 1, dashed line) and its 16 federal states we
use the results of Petermann et al. (2024). They predicted
the radon distributions for each floor level of each residen-
tial building in Germany. These predictions were based
on a modeling approach that utilizes environmental and
building data, supplemented by 14,000 one-year measure-
ments taken in 7500 households between 2019 and 2021
(Kemski et al. 2022).

The same methodology as in Darby et al. (2005) and
Menzler et al. (2008) is employed to correct for measure-
ment uncertainties. One of the primary sources of these
uncertainties is the variability in one-year radon measure-
ments, which can differ from year to year. Consequently, a
1-year measurement exhibits greater variability compared
to a 30-year measurement. Therefore, the correction for
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Fig. 1 Density function of the corrected (solid line) and uncorrected
radon concentration (dashed line) on a logarithmic scale for Germany

measurement uncertainties leads to a lower arithmetic mean
and to a shift of extreme values towards the mean (Table 1,
Fig. 1).

Relative risk for lung cancer by radon

To describe the relationship between lung cancer risk and
residential radon exposure, the linear excess relative risk
(ERR) model from the pooled European case—control study
(Darby et al. 2005) is utilized. This study is the largest and
most informative one worldwide to investigate the link
between lung cancer and radon in homes. According to this
model, the relative risk of lung cancer increases by 16%
(95% confidence interval (CI) 5-31%) per 100 becquerels
per cubic meter (Bq/m?) of long-term residential radon con-
centration x after adjustment for radon measurement uncer-
tainties. In this study, the exposure period was considered
to be the period in the 5-34 years prior to the lung cancer
diagnosis or the interview and thus a latency period of at
least 5 years was assumed. Since people under the age of 35
years cannot have been exposed to radon for so long, their
radon-induced lung cancer risk is lower:

ERR,(x) = f(ay) - x

0, a, <5 |
Blay) =4 “=2-0.16, 5 <a, <35 M
0.16, a, > 35

Here, a, denotes the midpoint of the age group k. Equa-
tion (1) was applied for all smoking groups as the ERR did
not vary significantly among these groups in the European
case—control study (Darby et al. 2006). This consistency
suggests a multiplicative interaction effect between radon
exposure and smoking on lung cancer risk (UNSCEAR
2020).
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Table 1 Characteristic values of the population-weighted radon distribution before (Petermann et al. 2024) and after correction for measurement

uncertainties

Radon distribution ~ Means [Bg/m?]

Quantiles [Bq/m?]

Exceedance frequencies [%]

Arithmetric Geometric 50% 90% 95% 100 Bg/m? 300 Bg/m’® 600 Bg/m? 1000 Bg/m?
Before correction 63 41 36 115 180 12.5 2.2 0.7 0.3
After correction 55 43 39 98 141 9.8 1.0 0.2 0.1

Combined effect of smoking and radon

In contrast to Menzler et al. (2008), we differentiate among
three smoking groups (current smokers, former smokers,
and never smokers) to capture the interactions between
radon and smoking on lung cancer risk more precisely.
The categorization of smoking groups was based on the
German microcensus (Destatis 2018): Individuals who
currently smoke (whether regularly or occasionally) are
classified as current smokers (S). Former smokers (F) are
those who no longer smoke, and never smokers (N) are
individuals who have never smoked, neither regularly nor
occasionally. The distribution of lung cancer mortality
rates and the number of lung cancer deaths among these
smoking groups is conducted in accordance with common
practices in the literature (Menzler et al. 2006; Bochicchio
et al. 2013; Ajrouche et al. 2018; Kurkela et al. 2023). This
split is applied to both male and female lung cancer rates
as well as the number of deaths per age group. For this
analysis, we use data on smoking behavior, separated by

federal state, sex, and age group, from the German micro-
census in 2017 (Destatis 2018) (Table 2).

Like Ajrouche et al. (2018) and Simonetto et al. (2021),
we utilize data from the SYNERGY study (Pesch et al.
2012) for information on the risk of lung cancer due to
smoking. The SYNERGY study combines data from nine
case—control studies, with approximately 29% of lung can-
cer deaths and control persons sourced from Germany.
This study provides in Table S10 (Pesch et al. 2012) spe-
cific information on the relative risks (RR) for lung can-
cer risk among current smokers compared to never smok-
ers for the age group of 35-59 years, separately by sex:
RR¢ = 21.1 for men (25.5 for men aged 60 and over) and
RR = 8.1 for women (7.8 for women aged 60 and over).
Corresponding relative risks for former smokers for the
age group 35-59 years can also be derived from Table S10
(Pesch et al. 2012): RRy = 6.1 for men (9.8 for men aged
60 and over) and RR, = 3.3 for women (3.6 for women
aged 60 and over).

Table 2 Smoking status

Age group [years] Women Men

percentages [%] for women and

men by age group in Germany Never Former Current Never Former Current

(Destatis 2018) smoker smoker smoker smoker smoker smoker
0-14 100 0 0 100 0 0
15-19 90 9 86 1 13
20-24 75 5 20 65 5 30
25-29 64 12 24 55 10 35
30-34 58 17 25 48 15 37
35-39 58 18 24 46 18 36
40-44 61 15 23 48 19 33
45-49 59 16 25 47 21 32
50-54 56 19 26 45 24 32
55-59 55 21 25 42 27 30
60-64 57 22 21 42 32 26
65-69 64 21 15 45 36 19
70-74 70 21 10 46 40 14
75+ 84 12 4 53 40 7
Total 66 16 19 51 23 27
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Calculation of PAF and attributable deaths

In general, the PAF describes the fraction of risk in a popula-
tion that is attributable to a specific exposure (Levin 1953)
and can be expressed as follows (Miettinen 1974):

R-R,
PAF = ) )
R

In our analysis, the denominator is the lifetime risk R of
death from lung cancer in a population subjected to the pre-
vailing residential radon exposure conditions. The numera-
tor represents the potential reduction in risk that could be
achieved if radon exposure were eliminated. However,
since complete elimination of radon is not feasible, we use
an alternative baseline concentration, x,, which is based on
the population-weighted outdoor radon concentration (10
Bg/m? in Germany), instead of 0 Bg/m?, to calculate the
baseline lifetime risk R, for lung cancer mortality *without’
radon exposure. In accordance with the WHO’s concept of
the global burden of disease, the lifetime risk R is adjusted
according to the distribution of radon exposure within the
population (Priiss-Ustiin et al. 2003).

. w
R= / ROOf(x)dx ~ Z RO)F(x)). 3)
0 i=0

The relative frequencies f(x;) of radon exposures x; are
derived from the radon distribution of Petermann et al.
(2024). W represents the highest possible radon category.
Our method for calculating the PAF is similar to that of
Menzler et al. (2008) and employs life table methods (Stein-
dorf and Becher 1994) to estimate the lifetime risks R(x) of
dying from lung cancer due to various radon exposures x.
For more detailed information, please refer to Appendix.

The PAF is computed individually for six demographic
subgroups in Germany, divided according to sex (men and
women) and the three distinct smoking categories. These
calculated PAFs are then multiplied by the annual number
of lung cancer deaths in each subgroup to determine the
number of deaths attributable to residential radon exposure
per year. The sum of these attributable deaths—divided by
the total number of annual lung cancer deaths—yields the
overall PAF for Germany. In the same way, this calculation
method is applied to determine the PAF for each of the 16
federal states of Germany.

When calculating the confidence intervals, we follow the
approach of Menzler et al. (2008) and Ajrouche et al. (2018),
assuming that all uncertainties in the PAF estimates stem
from statistical uncertainties in the parameter estimates of
the ERR model. The 95% CI for the PAF is computed by
substituting the value of 0.16 in Eq. (1) with both the lower
and the upper limits of its 95% CI, namely 0.05 and 0.31.
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Mitigation potential analyses

For radiation protection policy purposes, it is interesting to
evaluate how many lung cancer deaths could potentially be
prevented by radon mitigation programs. One considered
mitigation program aims to reduce home radon levels by
remedying dwellings where the radon concentration exceeds
a designated threshold. The thresholds considered for action
include 100 Bg/m? (recommended by WHO (Zeeb and Shan-
noun 2009)), 200 Bg/m? (the action level in countries like
Ireland, Canada, and the UK (Ruano-Ravina et al. 2017)),
300 Bg/m? (the reference value in the German Radiation
Protection Act), and 1000 Bg/m3. We explore two scenarios
in this context: Scenario 1 assumes that the post-mitigation
radon concentration will align randomly with values from
the distribution under the threshold. For example, if the
threshold value is 300 Bq/m3, the new radon concentration
assumes a random value between 0 and 300 Bq/m?>. In Sce-
nario 2, the new radon concentration in a dwelling matches
the baseline concentration x, = 10 Bq/m?. For example, if
the threshold value is 300 Bq/m3, all radon concentrations of
more than 300 Bg/m? are reduced to 10 Bq/m? by remedia-
tion. In a third scenario, the effect of reducing radon expo-
sure in all homes by a certain factor (10%, one third, 50%) is
investigated. The calculations are performed similar to that
described in the previous section, with a key modification in
Eq. (5): the lifetime risks are weighted with the respective
assumed radon distribution.

Sensitivity analysis

To investigate the impact of the assumptions made on PAFs
due to residential radon exposure and on deaths from lung
cancer attributable to radon we repeated the calculations
with variations in specific components. The scenarios con-
sidered include:

Split of total lung cancer deaths to smoking groups

In the main analysis, we employ the splitting method to allo-
cate lung cancer deaths across the three smoking groups,
applying it separately for each sex and age group. By aggre-
gating results across age groups, we derive the totals for lung
cancer deaths among never smokers, former smokers, and
current smokers, categorized by sex. However, these totals
could alternatively be obtained by applying the splitting
method—separately for each sex—to the overall lung cancer
death counts, rather than to age-specific lung cancer death
counts. This alternative approach of splitting the total lung
cancer deaths, as used by Menzler et al. (2008), is explored
in a sensitivity analysis.



Radiation and Environmental Biophysics (2024) 63:505-517

509

Smoking specific ERRs due to radon

We repeat our calculations using smoking group-specific
ERRs due to radon for the three smoking groups, rather
than employing a uniform ERR of 0.16 per 100 Bq/m?
corrected long-term radon concentration. For this purpose,
we utilize the estimated ERRs provided by Darby et al.
(2006): an ERR = 0.1(95% CI < —0.03 to 0.38) for current
smokers, an ERR = 0.22 (95% CI 0.02-0.57) for former
smokers, and an ERR = 0.2 (95% CI 0.02-0.52) for never
smokers. These estimates were not found to be statistically
significantly different from one another.

Approximation of the PAF

We also calculate the PAF using the commonly applied
approximation formula based on the average radon
exposure x (Darby et al. 2005; Gaskin et al. 2018; Gred-
ner et al. 2018). For the linear no-threshold risk model
RR(x) = 1 + fx, one obtains

RR(®) = RR(xy) _ - (% = xp)

PAF ~ - —.
RR(X) 1+4p8-%

“

2006 radon distribution

We repeat the calculations with the 2006 radon distribu-
tion used by Menzler et al. (2008), to estimate the impact
of the new radon distribution data.

1996-2000 mortality data

The impact of mortality data is analyzed by employing
the same lung cancer mortality and all-cause mortality
data for the years 1996-2000 that was used by Menzler
et al. (2008).

Never smokers vs. ever smokers

Instead of three, we consider only two smoking groups
(never smokers and ever smokers) as Menzler et al. (2008).

RR for lung cancer due to smoking

The relative risks for lung cancer due to smoking in the
age groups 35-54, 55-64, 65-74, and 75+ from the US
Surgeon General’s report are utilized (U.S. Department of
Health and Human Services 2014). While the estimated

relative risks for women are slightly higher than in the
SYNERGY study, they are relatively similar for men.

Smoking behavior

We assume varying smoking behaviors based on data from
the years 1992, 2005, 2009, and 2013 (Menzler et al. 2008;
Destatis 2006, 2010, 2014). It is noteworthy that the per-
centage of smokers in Germany has steadily declined over
these years. Specifically, the proportion of current male
smokers, which was 40% in 1992, decreased to 31% by
2005 and further to 26% by 2017. Among women, the
rates also declined, although starting from a lower initial
point and with less substantial decreases (from 27% in
1992 to 22% in 2005, and 19% in 2017). Conversely, the
proportion of male never-smokers saw a considerable rise
(from 27% in 1992 to 44% in 2005, and 51% in 2017),
which was higher compared to the increase among women
(from 56% in 1992 to 64% in 2005, and 66% in 2017), yet
the proportions for men still have not reached the level
observed among women.

Future scenarios

We aim to determine the impact of an aging population on
the number of lung cancer deaths attributable to radon. For
this purpose, we utilize the population forecast provided
by the German Federal Statistical Office for the year 2070,
assuming moderate settings for birth rates, life expectancy,
and migration balance (Destatis 2024). Two hypothetical
scenarios are considered: In the first scenario, we assume
that age-specific lung cancer rates will remain constant
compared to data from 2018-2022. This implies main-
taining the same conditions concerning smoking behavior,
radon distribution, and levels of medical care. In the sec-
ond scenario, we explore the potential effects if smoking
proportions decrease significantly. Here, we hypothesize
an extreme case where, by 2070, the population consists
entirely of never smokers. For this group, we apply an
ERR of 0.2 per 100 Bg/m? for corrected long-term radon
concentration, as estimated by Darby et al. (2006). Since
it is estimated that at least 80% of lung cancer deaths are
attributable to smoking in Germany (Mons et al. 2018),
we reduce the number of age-specific lung cancer deaths
by 80% and also reduce the total number of age-specific
deaths by 3.6% (representing 80% of the 4.5% proportion
of lung cancer deaths among total deaths). These scenar-
ios are designed to evaluate how demographic shifts and
changes in smoking prevalence might influence lung can-
cer mortality associated with residential radon exposure
over time.
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Results
Main results

It is estimated that in Germany approximately 2800 lung can-
cer deaths per year (95% CI 900-5100) can be attributed to
residential radon exposure (Table 3). This represents a PAF of
6.3% (95% CI1 2.1-11.4%). Of these 2839 radon-attributable
lung cancer deaths, 61% were men and 39% women. 19%
occurred among never smokers, 41% among former smokers,
and 41% among current smokers. PAFs are highest among
never smokers and lowest among current smokers.

Table 4 displays the number of radon-attributable lung cancer
deaths, PAFs, and mean radon concentrations for the 16 federal

states in Germany (Petermann et al. 2024). The lowest PAFs are
observed in the city states of Berlin (3.2%), Hamburg (3.3%),
and Bremen (3.3%), while the PAF is highest in Thuringia
(10.0%), followed by Saxony (9.5%).

Results of the mitigation potential analyses

The upper part of Table 5 illustrates how many lung cancer
deaths could be avoided if all dwellings with a radon con-
centration above a threshold were remediated to a random
radon concentration below the threshold (Scenario 1). For
example, remediation of homes with radon levels above 300
Bq/m? could prevent 421 lung cancer deaths, representing
14.8% of radon-induced lung cancer deaths. Additionally,

Table 3 Numbers (N) and

Sex Smoking group LCD Rn-LCD Rn-PAF
percentages (%) of annual lung
cancer deaths (LCD) and annual N (%) N (%) 95% CI % 95% C1
radon-attributable lung cancer
deaths (Rn-LCD), as well as Men Never smokers 1802 (4) 121 (4) 40-218 6.7 2.2-12.1
PAFs due to residential radon Former smokers 13,144 (29) 847 (30) 281-1522 6.4 2.1-11.6
(Rn-PAF) in Germany Current smokers 12,730 (28) 753 (26) 250-1352 59  2.0-106
Total 27,676 (62) 1721 (61) 571-3092 6.2 2.1-11.2
Women Never smokers 6087 (14) 408 (14) 135-734 6.7 2.2-12.1
Former smokers 4787 (11) 313 (11) 104-563 6.5 2.2-11.8
Current smokers 6344 (14) 397 (14) 132-714 6.3 2.1-11.3
Total 17,216 (38) 1118 (39) 371-2011 6.5 2.2-11.7
Total 44,892 (100) 2839 (100) 942-5103 6.3 2.1-11.4
The LCD data correspond to the 5-year average for the years 2018-2022
Table4 Mean radon Federal State T LCD Rn-LCD Rn-PAF
concentrations (Rn), number
of annual lung cancer deaths Bg/m3 N N 95% CI % 95% CI
(LCD), number of annual
radon-attributable lung cancer Baden-Wiirttemberg 72 4465 317 106-565 7.1 2.4-12.7
deaths (Rn-LCD), and PAFs due Bavaria 85 5234 424 143-746 8.1 2.7-14.3
to residential radon (Rn-PAF) Berlin 31 2030 64 22-122 3.2 1.1-6.0
g’;ﬁ;ﬁf federal states of Brandenburg 48 1560 78 24-140 50 15290
Bremen 32 449 15 6-28 33 1.3-6.2
Hamburg 30 1034 34 12-66 33 1.2-6.4
Hesse 64 3060 193 65-347 6.3 2.1-11.3
Mecklenburg-Western Pomerania 65 1089 71 23-129 6.5 2.1-11.8
Lower Saxony 40 4726 187 61-346 4.0 1.3-7.3
North Rhine-Westphalia 48 11,504 525 171-962 4.6 1.5-8.4
Rhineland-Palatinate 81 2366 195 65-344 8.2 2.7-14.5
Saarland 65 721 47 15-85 6.5 2.1-11.8
Saxony 100 1951 186 64-318 9.5 3.3-16.3
Saxony-Anhalt 82 1545 126 41-222 8.2 2.7-14.4
Schleswig-Holstein 47 2053 98 32-179 4.8 1.6-8.7
Thuringia 103 1132 113 39-194 10.0 3.4-17.1
Germany 63 44,892 2839 942-5103 6.3 2.1-11.4
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Table 5 Mitigation potential analysis: the number of avoidable lung
cancer deaths (LCD) in Germany by reducing radon concentrations
in dwellings with different goals for conducting mitigation measures

Scenario Reduction of Thresh-  Avoidable  Fraction of all
radon concentra- old [Bq/ LCD per Rn-LCD [%]
tions m?] year

1 above the 100 966 34.0

threshold to a 200 590 20.8
random value 300 01 14.8

below the
threshold 1000 115 4.1
2 above the 100 1197 422
threshold to 10 5 687 242

3

Bg/m 300 475 167
1000 123 4.3

3 by 10% 272 7.9
by 1/3 937 27.4
by 50% 1442 42.1

remediating all homes with radon levels above 100 Bg/m?
could prevent as many as 966 lung cancer deaths, or 34.0% of
radon-induced lung cancer deaths. Further reductions could
be achieved under Scenario 2, where radon concentrations
are hypothetically reduced to the baseline level of 10 Bg/m?
(middle part of Table 5). Of the 2839 radon-attributable lung
cancer deaths, 57.8% occur in homes with radon concentra-
tions below 100 Bg/m?, 18.0% in the range of 100 to 200 Bq/
m?, and 24.2% above 200 Bq/m?>.

If alternatively radon concentrations in all dwellings in
Germany were reduced by a certain percentage (Scenario
3), a 10% reduction in radon concentrations reduces the
number of attributable lung cancer deaths due to radon by
7.9% (lower part of Table 5). Furthermore, this number can
be reduced by 27.4% and 42.1% if the radon concentra-
tions in all homes were reduced by one third and one half
respectively.

Results of the sensitivity analyses

Table 6 presents results from the sensitivity analyses. The
scenarios ‘Approximation formula’, ‘Never vs. ever smok-
ers (Menzler et al. 2008)’, ‘RR due to US smoking’, and
‘1992 smoking behaviour (Menzler et al. 2008) show
relatively similar results compared to the main analysis.
However, notable differences arise in other scenarios:
The analyses for the ‘2006 Rn distribution (Menzler
et al. 2008)” and ‘1996-2000 mortality (Menzler et al.
2008)’ reveal markedly lower numbers of radon-attribut-
able lung cancer deaths, approximately 2,200 and 2,300
respectively, compared to the main analysis. The PAF
for ‘2006 Rn distribution (Menzler et al. 2008)’ is sig-
nificantly lower at 4.9%, while the PAF for ‘1996-2000
mortality (Menzler et al. 2008)’ is similar to the main

analysis at 6.2%. Further changes are expected under the
assumed scenarios in the future. If lung cancer mortal-
ity rates remain constant, radon-attributable lung cancer
deaths could increase to around 3300 by the year 2070.
If there were only never-smokers by 2070, the number
of radon-attributable lung cancer deaths is estimated to
decrease by 70% to approximately 900. The total number
of radon-attributable deaths in ‘Smoking specific ERRs
due to Rn’ is similar to that of the main analysis. How-
ever, a larger number of deaths are observed among never
smokers and former smokers.

When the total number of lung cancer deaths (‘Total
LCD split by smoker groups’), rather than age-specific
lung cancer death counts (‘Main analysis’), is distributed
among the smoking groups, lung cancer deaths among cur-
rent smokers increase by 55% for women and 60% for men
(Fig. 2). Conversely, lung cancer mortality is estimated to
be lower among former smokers (women: by 38%; men: by
57%) and never smokers (women: by 27%; men: by 8%).
The same pattern is observed for radon-attributable lung
cancer deaths among smoking groups (‘Total LCD split by
smoker groups’ in Table 6). Nonetheless, the PAFs, when
separated by sex and smoking status, remain consistent
across both splitting methods since the calculations only
include age- and sex-specific lung cancer rates, and not
the actual numbers of lung cancer deaths. Overall, similar
totals of radon-attributable lung cancer deaths are reported,
regardless of the method used to allocate lung cancer
deaths among smoker groups.

Discussion

Based on an updated and more precise radon distribution and
other updated data the proportion of lung cancer deaths in
Germany attributable to radon is calculated to be 6.3% (95%
CI2.1-11.2%) (Table 3). This PAF corresponds to approxi-
mately 2800 lung cancer deaths (95% CI 900-5100) annu-
ally. Therefore, the number of annual deaths from radon-
induced lung cancer in Germany may be roughly equivalent
to the total number of annual deaths from malignant mela-
noma of the skin (ICD10: C43, average = about 2900 for
2016-2020) (ZfKD 2024) or traffic accidents (average =
about 2900 for 2018-2022) (Destatis 2024).

The assessment of PAF results at the federal state level
in Table 4 reveals significant variations among the German
federal states. This is primarily attributed to the differing
radon conditions in these states, i.e. the higher the mean
radon concentrations the higher the PAFs.
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Fig.2 Allocation of lung cancer deaths (LCD) across three smoking
groups by sex in Germany using two different methods: splitting the
total LCD and splitting age-specific LCD followed by summation

Comparison with previous findings and other
countries

Our approach is similar to Menzler et al. (2008); however, it
diverges in two significant ways in addition to some meth-
odological details (see Appendix) and to using new data on
radon distribution, lung cancer mortality, smoking behav-
ior, and updated insights on lung cancer risk from smoking.
Firstly, we consider three smoking groups instead of two,
and secondly, we utilize age-specific data to estimate lung
cancer deaths by sex and smoking group. Our current analy-
sis shows a slightly higher PAF and a noteworthy higher
number of radon-induced lung cancer deaths in Germany
compared to Menzler et al. (2008). The slightly higher PAF
(6.3% versus 5.0%) is mainly due to improved knowledge
about residential radon distribution in Germany (Peter-
mann et al. 2024), which leads to higher radon values. This
is evidenced in the sensitivity analysis using the same radon
distribution as in Menzler et al. (2008) (‘2006 Rn distribu-
tion’ in Table 6), which resulted in a PAF of 4.9%, almost
identical to that in Menzler et al. (2008). Sensitivity analysis
‘1996-2000 mortality (Menzler et al. 2008)” indicates that
the mortality data, on the other hand, have a negligible effect
on the PAF values. Both employing the 2006 Rn distribu-
tion (Menzler et al. 2008)’ and the ‘1996-2000 mortality
(Menzler et al. 2008)’ demonstrate that the higher radon
levels, coupled with the rise in the annual number of lung
cancer deaths over time in Germany, result in an increased
number of radon-attributable lung cancer deaths in the cur-
rent analyses compared to those reported by Menzler et al.
(2008).

Other published, rougher estimates for PAF and the num-
ber of radon-attributable lung cancer cases in Germany with
the approximation formula showed the following pattern:
Using incidence data, a similar PAF was calculated with
a slightly higher number of radon-attributable cases (e.g.

Gredner et al. (2018)). The Global Burden of Disease Study
calculated also 2800 (95% CI — 1200 to 8100) radon-attrib-
utable lung cancer deaths despite a slightly lower PAF of 5%
(95% CI — 2 to 16%) (GBD 2024). However, due to differ-
ent methodologies and older data used, the results of these
studies are difficult to compare with our analysis. Gaskin
et al. (2018) reported considerably higher values, e.g. a PAF
of 14.9% (95% CI 3.6-29.8%) and 6500 radon-attributable
lung cancer deaths (95% CI 1500-13,000) using the BEIR
VI risk model.

It is worth noting that PAF estimates derived from risk
models based on uranium miner studies, as employed by
Gaskin et al. (2018), provide considerably higher values than
those based on residential radon studies (Martin-Gisbert
et al. 2022).

Estimates of the PAF attributable to radon have also been
reported for several other countries, including the United
States, Canada, China, South Korea, and Europe. There are
three reviews on this subject (Kim et al. 2016; Ajrouche et al.
2017; Martin-Gisbert et al. 2022). In the most recent review,
Martin-Gisbert et al. (2022) found that the PAF attribut-
able to radon varied between 3% and 12% in high-quality
publications that used residential radon risk models. Since
this systematic scoping review, a PAF of 3-8% for Finland
(Kurkela et al. 2023) and a PAF of 2.8-6.5% for Slovenia
(Birk et al. 2024) have also been published. The differences
in the PAF values for different countries are primarily due
to differences in the country-specific radon concentrations.

Effect of smoking

Among never smokers, a slightly higher proportion of lung
cancer deaths is attributable to radon (6.7% for both men
and women) compared to former smokers (6.4% for men,
6.5% for women) and current smokers (5.9% for men, 6.3%
for women). The differences are relatively small. One might
expect a substantially higher proportion of lung cancer
deaths attributable to radon among never smokers compared
to other smoking categories, since smoking, the predominant
risk factor for lung cancer, is not relevant for them. The rea-
son for this discrepancy is primarily due to the application
of a uniform ERR of 16% per 100 Bg/m? for all smoking
groups, assuming a multiplicative model for the interac-
tion of smoking and radon on lung cancer risk (UNSCEAR
2020), and the use of a uniform radon distribution for all
subpopulations.

Since the PAF values in the subpopulations are relatively
similar, the distribution of radon-attributable lung cancer
deaths by smoking status and sex closely mirrors the dis-
tribution of all lung cancer deaths across these groups. If
smoking group-specific ERRs from Darby et al. (2006),
which are not statistically significantly different, were used,
there would be much higher PAFs among never and former
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smokers compared to current smokers, indicating even more
pronounced differences in radon-attributable lung cancer
deaths across smoking groups and by sex. Using these
smoker-specific parameters, among men, radon-attributable
lung cancer deaths are distributed as follows: 8% among
never smokers, 28% among current smokers, and, at 64%,
predominantly among former smokers. Among women,
the majority of radon-attributable lung cancer deaths occur
among never smokers (43%), followed by former smokers
(36%) and current smokers (22%) (as noted in ‘Smoking
specific ERRs due to Rn’ in Table 6). Despite these varia-
tions, the total number of attributable lung cancer deaths and
the PAF remain relatively similar to those calculated with
a uniform ERR. However, the smaller data base across the
three smoking groups leads to more uncertainty and wider
confidence intervals for ERR, PAF, and the number of attrib-
utable deaths. When alternative data for smoking behavior,
such as for 1992 (see ‘1992 smoking behaviour (Menzler
et al. 2008)’ in Table 6), as well as for the years 2005, 2009,
and 2013 (not shown), are used, and when relative risks for
lung cancer due to smoking from the US Surgeon Gener-
al’s report are considered, the results are relatively similar
to those in the main analysis (‘RR due to US smoking’ in
Table 6)

Examining three rather than two smoking categories
reveals very similar outcomes for PAF and the number of
lung cancer deaths attributable to radon (as shown in ‘Never
vs. ever smokers’ of Table 6). However, this division per-
mits deeper exploration into the interactions between radon
and smoking. It is particularly crucial when analyzing cur-
rent and former smokers separately, to take into account the
age dependencies of smoking behaviors (Table 2) and the
risks of lung cancer associated with smoking when estimat-
ing lung cancer deaths among smoking groups. Neglecting
these age dependencies, as in the “Total LCD split by smoker
groups’ method outlined in Table 6, leads to significantly
skewed estimates of both the number of lung cancer deaths
and radon-attributable lung cancer deaths in these subpop-
ulations. For example, the radon-attributable lung cancer
deaths among current smokers are overestimated by more
than half.

Mitigation potential analyses

The methodological approach applied here not only ena-
bles the calculation of the proportion and number of lung
cancer deaths attributable to radon in Germany but also to
assess the potential effects of different mitigation measures.
Assuming that the radon concentration after mitigation falls
at a random value below the threshold, it is estimated that
between 115 and 966 lung cancer deaths could be prevented
with threshold values ranging from 1000 to 100 Bq/m?,
respectively. If we consider the rather unrealistic scenario

@ Springer

where all radon concentrations after mitigation drop to 10
Bg/m3—approximately equivalent to outdoor radon levels—
the number of preventable lung cancer deaths could vary
from 123 to 1197 for the same threshold values. By reducing
radon concentrations in all homes by a third, 27% of radon-
attributable lung cancer deaths could be avoided.

Most radon-attributable lung cancer deaths were assigned
to individuals living in homes with radon concentrations
below 100 Bg/m? since these low radon concentrations are
much more common than higher ones and still have a low
but non-negligible risk of lung cancer. This low risk is a con-
sequence of the assumed linear risk model without a thresh-
old, which is well supported by residential studies (Darby
et al. 2005; UNSCEAR 2020).

A reference level of 300 Bg/m? for the radon concentra-
tion in workplaces and living spaces is set out in the Ger-
man Radiation Protection Act 2021. In homes exceeding this
value measures to reduce the radon concentration should be
carried out (BfS 2021). If radon concentrations are below
this value people are also advised to examine whether the
radon concentration can be reduced with reasonable effort
or at reasonable expense. Our results give support to these
recommendations.

Future scenarios

Assuming no changes in radon conditions, smoking behav-
ior, and medical care, an increase in the number of radon-
attributable lung cancer deaths is to be expected in the
future. Since lung cancer primarily occurs in old age, an
aging population leads to more lung cancer deaths overall
(estimate for 2070: 19,100 women and 34,400 men). As
discussed in the context of sensitivity analysis ‘19962000
mortality (Menzler et al. 2008)’, lung cancer mortality data
have a negligible effect on the PAF values. Thus, the PAF
values remain also unchanged in this scenario. The same
PAF values lead to more radon-attributable lung cancer
deaths (estimate for 2070: 3400 according to ‘2070: Smok-
ing unchanged’ in Table 6) with more lung cancer deaths
occurring.

On the other hand, if everyone were to quit smoking and
not start again, the number of lung cancer deaths would dras-
tically decrease. Albeit this would also lead to a decrease in
the number of radon-attributable deaths, the estimate would
still be 900 deaths according to the scenario ‘2070: Only
never smokers’ in Table 6, and the PAF for never-smokers
would increase to 8.0%.

Strengths and limitations

The main strength of our analyses is that by utilizing new
data on radon distribution, lung cancer mortality, and
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smoking behaviour in Germany, our estimates for the PAF
and the number of radon-attributable lung cancer deaths are
up-to-date.

Another strength is that our calculation method considers
the entire distribution of radon exposure instead of only the
mean radon exposure as in the approximation formula (4)
often used in the literature (Darby et al. 2005; Gaskin et al.
2018; Gredner et al. 2018). Generally, Eq. (2) combined
with Eq. (3) can be transformed into Eq. (4) if ERR, (x) were
age-independent and if the probability of reaching a certain
age group k is independent of radon exposure x. However,
due to existing dependencies, this approximation results in
a slight overestimation of the PAF. Indeed, for Germany,
the PAF increases from 6.3 to 6.7% with the average radon
concentration X = 63 Bg/m? and the baseline radon concen-
tration x, = 10 Bq/m?, leading to an increase in the number
of radon-attributable lung cancer deaths from approximately
2800 to 3000.

Additionally, our method uses age-specific data on lung
cancer mortality, smoking behavior, and lung cancer risk
due to smoking. This leads to a more accurate allocation
of attributable lung cancer deaths across different smoking
groups.

However, both the calculated number of radon-attrib-
utable lung cancer deaths and the calculated correspond-
ing fraction have relatively large confidence intervals. In
addition, these estimates are associated with uncertainties
related to several factors: the assumed risk model for the
relationship between lung cancer risk and residential radon
exposure (Darby et al. 2006), the presumed multiplicative
interaction between radon and smoking on lung cancer risk,
the estimated prevalence of smoking, the assumed lung can-
cer risks due to smoking, and the assumption that other lung
cancer risk factors such as particulate matter, asbestos or
secondhand smoke do not modify the effect of radon on lung
cancer (ICRP 2007).

Conclusion

The results, based on updated data and refined methodol-
ogy, confirm that radon in homes is a significant risk factor
for lung cancer, with 2800 radon-attributable lung cancer
deaths per year and a radon-attributable fraction of 6.3%.
These findings underscore the importance of implementing
protective measures against radon across Germany for all
population groups. A substantial number of radon-attrib-
utable lung cancer deaths could be avoided by reducing
radon exposure in all homes, including those with radon
concentrations below the reference value, as far as practi-
cably achievable with reasonable effort and cost.

Appendix: Calculation of PAF: details

The PAF is determined similar to Menzler et al. (2006)
using Eqs. (2) and (3). The lifetime risk R(x) of death from
lung cancer due to radon exposure x can be expressed as a
function of the age-specific lung cancer mortality rates m,
and the age-specific mortality rates for all causes of death
m; using the ERR in Eq. (1):

k-1

K K k-1
ko~ Y a0 [0 -a~ Y 2D 0w [T - g .
J=1 j=1

k=1 = m
| + ERR, ()
1+ ERR,(®)
my(x) = my — ny + my(x)

;) = 1 = exp(=l; - m(x))

my(x) = my, -

Here, g (or m) is the probability (or rate) of dying from lung
cancer in age group k, given it was reached. The superscript
* denotes the corresponding probability of death or mortal-
ity rate for all causes of death. The lung cancer mortality
rate for mean radon exposure m,(X) corresponds to the gen-
eral lung cancer mortality rate in the population m,. Here,
we deviate from the calculation method by Menzler et al.
(2006), which uses the general lung cancer mortality rate
my, as the baseline risk for lung cancer m,;(0). This different
approach has a negligible effect on PAF, but a substantial
effect on the calculation of the lifetime risk R. The formula
for g (x) is a generalization of Menzler et al. (2006) for arbi-
trary lengths of age classes ;.

For calculating the lifetime risk R, a fictive radon
exposure distribution f* is assumed in which all cor-
rected long-term radon concentrations above the radon
class I containing the baseline radon concentration x;, was
reduced to this class in all dwellings:

1
Ry~ ) RG)f*(x). ©)
i=0

Again, we differ from Menzler et al. (2008)’s calculation
approach, which uses R, = R(x;). However, our somewhat
more intuitive approach leads to practically the same result.
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