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Abstract. The association between the lung cancer and indoor radon exposure in Russian population was
investigated. The average indoor radon concentration for each region was estimated using the annual reports
issued by the Saint-Petersburg Ramzaev Research Institute of Radiation Hygiene for the period 2008-2013. The
average standardized lung cancer mortalities among males and females were estimated using the reports of the
Moscow Hertzen Cancer Research Institute for the period 2008-2012. The relative risk (RR) was estimated as
a ratio between the average mortality within seven exposure intervals and background mortality. The slope fac-
tors of linear dependence between the indoor radon exposure and lung cancer RR are 0.026 (-0.11+0.17) and
0.83 (0.52-1.12) per radon concentration 100 Bq/m? for males and females, respectively (with 90% confidence
interval). The obtained results can be explained by the confounding effect of tobacco smoking. Significant excess
risk of lung cancer in female population can be associated with radon exposure and low prevalence of smoking.
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Introduction

Cohort studies of uranium miners and case control
studies of indoor radon and lung cancer conducted
in the recent decades have provided strong evidence
that radon exposure causes lung cancer [1]. The epi-
demiological observations of uranium miners in the
1980s and 1990s revealed lung cancer as the main
health effect associated with radon progeny inhala-
tion. According to the joint analysis of 11 cohort
studies performed by Lubin et al. [2], the risk of lung
cancer depends on the radon exposure with regard to
either rate of exposure or duration of exposure the
following factors modify the risk as well: sex, time
since exposure, age at the beginning of exposure,
and attained age. A comparison of detriment due to
radon exposure of miners with known health effects
of whole body external exposure (life-span study of
A-bomb survivors [3] and other studies) was applied
to estimate the dose coefficient using the conversion
convection [4]. While the findings of miners’ cohort

L. V. Yarmoshenko™, G. P. Malinovsky studies were obtained for an exposure range higher
Institute of Industrial Ecology UB RAS, than the indoor radon levels, radon-induced risks
20 Sophy Kovalevskoy Str., Ekaterinburg 620219, for population were estimated by extrapolation of
Russia, miners data to the range of low radon concentration.
Tel.: +7 343 3623393, Fax: +7 343 3743771, Later, a case-control design of the epidemiologi-
E-mail: ivy@ecko.uran.ru cal analysis was applied to investigate lung cancer

risks due to indoor radon exposure. The main ad-
Received: 24 November 2015 vantages of case-control and cohort studies are as

Accepted: 23 March 2016 follows:



264

I. V. Yarmoshenko, G. P. Malinovsky

- individual data on radon exposure (both concen-
tration and duration),

- individual data on smoking,

— individual data on other carcinogens,

— possibility to perform meta-analysis and pooling
analysis.

At the same, it appeared that a single case-control
residential study has insufficient statistical power to
obtain reliable results on the risk of radon-induced
health effects. The point estimates of excess rela-
tive risk (ERR) of lung cancer were both negative
and positive in different studies, while 95% con-
fidential intervals included negative and positive
values in all studies. However, the meta-analyses
of published data have produced significant ERR
>1 at a relatively low indoor radon concentration
[5-7]. The most reliable data on lung cancer risk
associated with indoor radon were gained after
pooling analysis of residential studies, which utilizes
the advantages of case-control type of study and
provides higher statistical power. According to the
pooling of European residential case-control studies,
ERR = 1.16 (95% confidence interval 1.05-1.31) at
radon concentration 100 Bg/m® [8]. Basing on the
pooling analyses of residential studies in Europe
and Northern America [9], WHO concluded that
radon is second after smoking cause of lung cancer
in general population [10]. ICRP considered these
results as reliable arguments for justification of
protection strategy and a basis for establishing the
national-derived reference levels of the indoor radon
concentration below 300 Bg/m* [1, 11].

Another type of study of the dose-effect relation-
ship is ecological or geographical correlation one.
This type is cheap and rapid. It allows generaliza-
tion, exploration of time trends, and generating of
hypothesis. But, there are strong limitations associ-
ated with the aggregated data. The use of standard
epidemiological precautions is necessary when
interpreting the results of the ecological study.

The most cited ecological study was conducted by
Cohen in the USA [12]. Cohen estimated the correla-
tion between the average indoor radon concentration
and lung cancer mortality in 1601 USA counties
and found a strong negative dependence. The find-
ings of this study that contradict to the dose-effect
relationship observed among the miners provoked
remarkable scientific discussion. Most of special-
ists criticized the design of ecological study, which
is unable to account for individual smoking status
[7, 13]. Thoroughly evaluating all epidemiological
data, UNSCEAR and ICRP concluded that there is
a strong scientific base to apply linear non-threshold
dependence (LNTD) for lung cancer risk and indoor
radon exposure [1, 7].

In the last decades in Russia, considerable prog-
ress was achieved in indoor radon measurements.
The measurements of radon concentration at homes
are conducted in most of regions of the country.
More than 400 measurements are performed in the
half of the 83 regions annually. The total number
of indoor radon EEC measurements amounts to
several hundreds of thousands. The level of medi-
cal care ensures reliable diagnosing of lung cancer

cases and medical statistic recording as well. Thus,
it is possible to compare lung cancer mortality and
indoor radon by regions of Russia, using the eco-
logical design study. Such analysis is not intended
to test LNTD, while individual control of smoking
could not be enabled. On the contrary, the aim is to
investigate the confounding effect of smoking in the
ecological study. The results of the ecological study
in Russia are compared with the results of pooling
analysis of European residential case-control stud-
ies as well.

Materials and methods

The average indoor radon concentration in each re-
gion of Russia was reconstructed basing on the data
in the Integrated State System for Doses Control
and Registration — so-called Form DOZ Number 4.
This form is included in the annual reports issued by
the Saint-Petersburg Institute of Radiation Hygiene
[14-19]. An annual report for each region provides
the value of average indoor radon equilibrium
equivalent concentration and the number of mea-
surements by three main type of buildings: wooden
house, one-storey stone house (constructed using
stone, brick, concrete, and so on), and multi-storey
stone house. Totally, information of more than
400 000 measurements of indoor radon equivalent
equilibrium concentration in 83 regions of Russia was
used. The standardization of radon measurements
is ensured by meeting the requirements of the state
metrological system. According to the estimations,
the radon concentration lies in the range from 20
to 80 Bg/m® in most of the regions, and the average
indoor radon concentration in Russia is 48 Bq/m°®.
In more detail, the approach to reconstruction of
national distribution of indoor radon concentration
in Russia is presented in [20]. The regional average
radon concentrations are presented in Table 1 and
their distribution is shown in Fig. 1.

Information on malignant neoplasm in Russia is
collected by the Moscow Hertzen Cancer Research
Institute, which issues its reports annually as well
[21-25]. The regional 5-year average standardized
lung cancer mortality of females and males is pre-
sented in Table 1 and its distribution is shown in
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Fig. 1. Distribution of the regional average radon con-
centration.
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Fig. 2. Distribution of the regional annual lung cancer
mortality.

Fig. 2. The difference between males and females is
large — order of magnitude. The mean value is 52 per
100 000 males and 5.8 per 100 000 females.

Due to remarkable climatic and socio-economic
inconsistency with other regions of Russia, some
arctic regions, mountain regions, and capital
city were excluded from the analysis: Dagestan,
Kamchatka Krai, Altai Republic, Komi Republic,
Sakhalin Oblast, North Ossetia, Tyumen Oblast,
Khanty-Mansi Autonomous Okrug, Chukotka
Autonomous Okrug, Yamalo-Nenets Autonomous
Okrug, Magadan Oblast, and Moscow.
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Fig. 3. Tobacco use prevalence in Russia according to [26].
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Fig. 4. The regional lung cancer mortality vs. the average
regional radon concentration.

Information of tobacco smoking in the Russian
population was obtained from the results of the
Global Adult Tobacco Survey [26] conducted in
Russia in 2009. The tobacco use prevalence in Russia
in periods 1980-1989, 1990-1999, 2000-2009 for
males and females are presented in Fig. 3.

The relative risk (RR) of lung cancer was esti-
mated as a ratio between the observed mortality and
mortality expected for zero indoor radon concentra-
tion. To analyse the dependence of ERR = RR-1 on
exposure, the regional indoor radon concentration
estimated using an equilibrium factor 0.4 were
divided into seven intervals: <37, 37-46, 47-58,
59-65, 66-76, 77-95, and >95 Bg/m*. Each interval
contains 8-10 values.

Results

Dependences between 5-year average lung can-
cer mortalities among males and females and the
regional average indoor radon concentration are
presented in Fig. 4. A simple linear model is applied
to fit the observed relationship:

M(Rn) = M, + b'Rn,

where, M(Rn) is the observed mortality (per 10°)
at the indoor radon concentration Rn [Bg/m?]; M,
is the intercept factor equal to mortality at Rn = 0
(per 10°); b is the slope factor of linear dependence,
10~/ (Bg/m?).

A positive significant correlation between the
indoor radon and lung cancer was found for the
female population, while for males, it appeared
insignificant (Table 2).

For further analysis, we estimated the RR as a
ratio between the observed mortality and mortal-
ity estimated for zero indoor radon concentration
(RR = M/M,). The estimated values of RR for seven
intervals of the indoor radon concentrations with
90% confidence interval are presented in Fig. 5 for
females and males, respectively. The 90% confidence
interval for RR is estimated taking into account both
variation of M within the intervals of the radon
concentration and M,. The dependence of RR on the
average indoor radon concentration in the intervals
is fitted using the following model equation:

RR = 1+ B-Rn,

where, the risk coefficient B = 0.52 (0.27-0.77) per
100 Bg/m? and 0.03 (-0.06+0.13) per 100 Bg/m? for
females and males, respectively (with 90% confidence
intervals).

Table 2. Coefficients of linear regression between the
regional lung cancer mortality and the average regional
indoor radon concentration

b-100
Mo [Ba/m’]
Male 50 + 4 2.1 +57
Female 4.3 +0.7 2412
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Fig. 5. Relative risk vs. radon concentration.
Discussion

The results of the ecological study should be analysed
taking into account the confounding effect of tobacco
smoking. To analyse the influence of smoking, we ap-
plied the results of the Global Adult Tobacco Survey
[26] conducted in Russia in 2009 (Fig. 3). As can be
seen in the figure, the prevalence of smoking among
males is very high — above 50%. Female smoking rises
during 30 years from 5 to 20%. It is necessary to note
that 20 years before 2009, the smoking prevalence
among women was relatively low in Russia.

We suppose that the risk of lung cancer induced
by indoor radon exposure can be hidden behind the
confounding effect of tobacco smoking. Consequent-
ly, a possibility to obtain significant RR associated
with radon is higher when tobacco smoking is lower.
The effect of radon exposure in females appears
under low prevalence of the smoking in the Rus-
sian female population 20 years before. Taking into
account 10-20 years latent period for lung cancer,
the contribution of smoking to female lung cancer
mortality in Russia in period from 2009 to 2012 is
expected to be low by an absolute value and consid-
erably lower than the contribution to the lung cancer
mortality in males. The effect of radon exposure of
male population of Russia cannot be found due to
the high level of tobacco smoking between males.

The results of the geographical correlated analy-
sis of indoor radon and lung cancer in the Russian
regions are compared with the pooling of European
case-control study performed by Sarah Darby with
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Fig. 6. Excess RR per 100 Bq/m® (European pooling — after
correction for uncertainties [8]).

colleagues [8]. Figure 6 shows the estimations of
ERR per 100 Bg/m® obtained in the pooling analysis
for all persons — mixture of smokers and non-smok-
ers, and our results for females and males. The ten-
dency for higher radon-induced risk for low-smoking
population can be suggested from the comparison of
Russian female data and European mixture popula-
tion. It may result in underestimation of risk for the
low-smoking population. The higher value of ERR for
Russian female low smoking population may relate to
different radon-induced ERR for smokers and non-
-smokers. The results of ERR estimations for smokers
in the European pooling study and for high-smoking
Russian males can be considered similar. However,
the central estimation of ERR in European pooling
is higher that can be associated with the application
of individual data on smoking in the analysis.

Comparing ERR obtained in the European pol-
ing for mixture of males and females, smokers and
non-smokers, and the result of ecological study in
Russia suggests that ERR from the pooling analysis
of case-control studies can be accepted for radon risk
estimations in Russia. Such estimation is necessary
for justification of protection against radon exposure
at home.

Conclusion

The general conclusions of the study are as follows:

- Assessment of lung cancer risk induction due to
indoor radon exposure in Russia can be based
on the results of pooled analysis of European
case-control studies.

— Unusual proportion of smokers and non-smokers
in male and female population is a significant
source of uncertainty for risk projection.

— Interaction with smoking is still a challenging
research task.
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