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Abstract

:

Simple Summary


Lung cancer is one of the most frequently diagnosed cancers worldwide. Radon is a radioactive gas whose concentrations can accumulate indoors. The long-term exposure to radon is considered carcinogenic to humans and is an important risk factor for lung cancer. Our epidemiological study investigated the impact of indoor radon exposure on the incidence of lung cancer in Slovenia over a period of 40 years. Around 60 newly diagnosed cases of lung cancer per year (out of a population of around 2 million) can be attributed to radon exposure in residential environments in the period 1978–2017, which corresponds to 5.5% of all lung cancer cases. The most important information that needs to be communicated to the Slovenian public and decision-makers about the health risk and about support for preventive measures is that living in areas with elevated radon levels is associated with a higher risk of lung cancer.




Abstract


Indoor radon is an important risk factor for lung cancer, as 3–14% of lung cancer cases can be attributed to radon. The aim of our study was to estimate the impact of indoor radon exposure on lung cancer incidence over the last 40 years in Slovenia. We analyzed the distribution of lung cancer incidence across 212 municipalities and 6032 settlements in Slovenia. The standardized incidence ratios were smoothed with the Besag–York–Mollie model and fitted with the integrated nested Laplace approximation. A categorical explanatory variable, the risk of indoor radon exposure with low, moderate and high risk values, was added to the models. We also calculated the population attributable fraction. Between 2.8% and 6.5% of the lung cancer cases in Slovenia were attributable to indoor radon exposure, with values varying by time period. The relative risk of developing lung cancer was significantly higher among the residents of areas with a moderate and high risk of radon exposure. Indoor radon exposure is an important risk factor for lung cancer in Slovenia in areas with high natural radon radiation (especially in the southern and south-eastern parts of the country).
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1. Introduction


Lung cancer is the most commonly diagnosed cancer and the leading cause of cancer-related deaths in men worldwide. In women, lung cancer is the second type of cancer both in newly diagnosed cancers and as the cause of cancer-related deaths [1]. In Slovenia, a Central European country with a population of around 2 million, lung cancer is the third most commonly diagnosed cancer. In 2020, 1554 new cases of lung cancer were diagnosed, which corresponds to 12.5% of all cancer cases in both sexes combined [2]. Smoking is the most important risk factor for lung cancer in the general population [3], and it is estimated that 85–90% of lung cancer cases are attributable to smoking [4].



Radon is a radioactive gas without smell, color, or taste, which is produced by the radioactive decay of uranium and radium in the earth’s crust. Uranium and its decay product radium are found in soil, rock, water, and building materials. The radon concentration in the outdoor air is low and not harmful to health, but the radon concentration can increase indoors [5]. The main source of indoor radon is the infiltration of radon from the soil through cracks and structural gaps in buildings [6]. The concentration of radon and its decay products depends on the structure of the earth’s crust, the soil parameters, and the weather conditions; indoors, it also depends on the construction and ventilation of buildings [7]—all of which influence the risk of lung cancer.



Radon and its decay products are deposited in the respiratory tract and emit ionizing radiation, which directly and indirectly damages the DNA in the epithelium of the respiratory tract and can lead to lung diseases and lung cancer [6,8]. The relation between the dose of radon radiation and the health effects appears to be linear and has no threshold value [9]. The International Agency for Research on Cancer has evaluated the evidence for the carcinogenicity of radon and classified radon as carcinogenic to humans in 1988 [10]. It is estimated that 3–14% of lung cancer cases can be attributed to radon [3]. To date, not many studies have been conducted on the geographical distribution of lung cancer incidence in Slovenia. In the 1980s, an epidemiological study was conducted using data from the Slovenian Cancer Registry to investigate the relation between the incidence of lung cancer and the Žirovski vrh uranium mine. Between 1981 and 1985, an increased incidence was found in men and women in settlements near the uranium mine, but a causal relationship could not be confirmed (it could not be determined whether this was due to exposure to radon, tobacco smoke, or chance) [11,12].



The Jožef Stefan Institute carried out the first radon measurements in Slovenia in 1969, at the Žirovski vrh uranium mine [13]. The Slovenian radon program was launched in 1990, and, since then, measurements have been carried out in kindergartens, schools, homes, and workplaces [13,14]. Since 2010, radon measurements have also been carried out in the soil near buildings with high indoor radon concentrations [15]. The results of the measurements of radon concentration and soil properties were used to create the Slovenian radon map [15,16], in which settlements and municipalities were categorized into areas of a low, moderate, and high risk of indoor radon exposure, with a threshold value of 200 Bq/m3 for a moderate risk and 300 Bq/m3 for a high risk [15]. High radon concentrations are mainly found in the Karst region in the south and south-east of Slovenia. Out of the 6032 settlements, the risk of indoor radon exposure is high in 1235 (21%) and moderate in 611 (10%) settlements. Out of 212 Slovenian municipalities, the risk of indoor radon exposure is high in 24 (11%) and moderate in 27 (13%) municipalities [15].



As the high risk of radon exposure has been demonstrated in some parts of Slovenia, the aim of our study was to investigate the association between indoor radon exposure and lung cancer incidence at the national level over a 40-year period and to find out how many lung cancer cases per year are attributable to radon exposure.




2. Materials and Methods


In our geographical descriptive correlational epidemiological study, four consecutive 10-year periods from 1978 to 2017 were analyzed. Two levels of geographical division were applied. To reduce heterogeneity, the smallest possible geographical areas were selected for the principal analysis—6032 settlements in Slovenia according to the 2017 definition. As several settlements have been renamed, changed their boundaries, or split into two new settlements over time, all older addresses had to be correctly reclassified into the settlements valid in 2017. Analyses by settlement were only possible for the 30-year period 1988–2017. In order to include the data for the period 1978–1987, for which only municipality-level data was available, all analyses were also repeated at the municipality level.



Three datasets were linked in the study at the level of the settlements: the risk of indoor radon exposure, the lung cancer incidence, and the background population. The information on radon exposure was provided by the Slovenian Radiation Protection Administration. As reported by Vaupotič and Gregorič [15], the indoor radon spatial activity concentration was measured in residential and working environments and averaged over the same lithological units (areas with the same physical properties of the rock) and settlements with more than two measurement points. The average radon concentration in the lithological units and settlements was divided into five radon concentration categories. The first category contained the units/settlements with an average radon concentration below 100 Bq/m3, the second those with a concentration between 100–200 Bq/m3, the third 200–300 Bq/m3, the fourth 300–600 Bq/m3, and the fifth category contained units/settlements with an average radon concentration above 600 Bq/m3. The polygons of the settlements were divided into a 50 m × 50 m grid, and each cell was assigned a lithological unit with a corresponding category. The average category across all the cells in the settlement was calculated. In this way, the average category of the settlement was calculated based on the lithological properties of the settlement. If there were two or more measurement points for the radon concentration in the settlement, the radon concentration category was determined based on the category of an average radon concentration in the settlements. The final radon concentration category of the settlement was the average of the average category based on the lithological properties and the category based on the average radon concentration in the settlement. Based on the categories, the settlements were categorized into three groups for the risk of indoor radon exposure—low (category of an average radon concentration 1 to 3), moderate (category 3 to 3.5), and high (category 3.5 to 5). The polygons of the municipalities were also divided into a 50 m × 50 m grid, where each cell was assigned the corresponding average category of radon concentration in the respective settlement, and the average category was calculated over all cells of the municipality. The average category was used to categorize the municipalities into three groups for indoor radon exposure risk, which were used for the analysis.



From the Slovenian Cancer Registry, we obtained data on lung cancer cases defined as C33–C34 according to the tenth revision of the International Classification of Diseases. The data on lung cancer cases were reported by sex, 5-year age groups, and place of residence at the time of diagnosis. The data on the population size in the settlements by sex and 5-year age groups were obtained from the Slovenian Statistical Office. We used data from the 1981, 1991, and 2002 censuses. For the period 2008–2017, data was available for each calendar year.



The number of new cancer cases depends heavily on the size and age structure of the population, which varies over time and space. To overcome this variation, the indirect method of standardization was applied, and the standardized incidence ratios (SIRs) were calculated by dividing the observed and expected cases [17]. A SIR of 1 means that the incidence in the geographical area being studied is the same as expected based on the incidence in the reference population, i.e., the Slovenian population in the same calendar period. A SIR above 1 is interpreted as the relative risk of developing lung cancer. The Slovenian national age-specific incidence rates were used to calculate the expected number of lung cancer cases. Analyses based on small geographical areas could lead to unreliable observations, as cancer is a rare disease and there are only a few or even zero cases in several units. To smooth the observed values and to account for spatial correlation and sampling variability, we used one of the Bayesian hierarchical spatial models, the Besag–York–Mollie (BYM) model fitted by the integrated nested Laplace approximation (INLA). The model proposed by Besage et al. [18,19,20] is as follows:


    ln  ⁡      O   i       E   i     =   ln  ⁡    E   i   + a +   H   i     +   S   i       ,  



(1)




where     O   i     and     E   i     represent the observed and expected number of the lung cancer cases in the i-th geographic area and   a   is the baseline relative risk of lung cancer in the entire analyzed area. The model also contains two types of random effects.     H   i     represents the geographically independent heterogeneous component and has a normal distribution with mean zero and precision     τ   h    .     S   i     represents the spatial autocorrelation component. We evaluated the clustering of the smoothed SIRs across the Slovenian municipalities and settlements based on the ratio between the precision of the spatial autocorrelation component (    τ   s    ) and the precision of the heterogeneous component (    τ   h    ). If the       τ   s    /    τ   h       ratio is less than 1, it indicates that the spatial autocorrelation component is more important than the heterogeneous component, as the variability of the spatial autocorrelation component is smaller than the variability of the heterogeneous component.



We included the risk of indoor radon exposure as an explanatory variable in the BYM model and thus excluded the effect of radon exposure in the smoothed SIRs. We calculated the proportion of cancer cases attributable to indoor radon exposure, the so-called Population Attributable Fraction (PAF) [21,22], as follows:


  P A F = 1 −   1     ∑  1   3      p   i   ∗   S I R   i       ,  



(2)




where pi is the proportion of the population in the i-th category of risk of indoor radon exposure and SIRi is the smoothed relative risk of lung cancer in each of the three i- categories of risk of indoor radon exposure.



We combined the areas with a moderate and high risk of indoor radon exposure and analyzed the relative risk of lung cancer in the areas with a low and moderate/high risk of indoor radon exposure. We calculated the SIRs and interpreted the results as the relative risk of lung cancer.



The analysis was conducted using the cancer incidence mapping tool CanMapTool (version 1.1) [20] and Rstudio (version 4.0.2; Posit Software, PBC, Boston, MA, USA) with the R package dplyr (version 1.0.2) for the data preparation. The shape files of the municipalities and settlements were provided by the Slovenian Surveying and Mapping Authority.




3. Results


3.1. The Burden of Lung Cancer in Slovenia


In the 40-year period 1978–2017, 8.1% of the Slovenian population lived in settlements with a high risk of indoor radon exposure and 7.3% with a moderate risk, making 15.4% of the population in total living in areas with a moderate or high risk of indoor radon exposure (Table 1).



In the 40-year period 1978–2017, there were 41,255 cases of lung cancer in Slovenia (Table 1). The place of residence at the time of the diagnosis was known for all lung cancer patients in the 40-year period analyzed, but the quality of this information is better for the period 1998–2017 than for earlier years.



The relative risk of developing lung cancer was higher for the residents of the coastal (in the south-west), the south-east, the central, and the north-west regions of Slovenia, as well as on the northern border from Koroška to Maribor and on the eastern border around Murska Sobota. In the period 2008–2017, the relative risk of lung cancer was statistically significantly higher than the Slovenian average for the residents of eleven settlements and six municipalities (Figure 1). The values of the ratio       τ   s    /    τ   h       were below 1 for all four 10-year periods analyzed (between 0.0004 and 0.43 for the analysis by settlement and between 0.001 and 0.026 for the analysis by municipality), indicating that the random spatial component has a greater influence on the smoothed SIR distribution than the random heterogeneous component, i.e., maps of the smoothed SIRs of lung cancer across settlements (Figure 1) and municipalities show a geographical clustering.




3.2. The Burden of Lung Cancer in Slovenia and Indoor Radon Exposure


In the BYM models, we included the risk of indoor radon exposure as an explanatory variable. The smoothed SIRs remained geographically clustered, as the value of the       τ   s    /    τ   h       ratio in the analyses at the level of settlements and municipalities was less than 1 (between 0.001 and 0.06) in all four 10-year periods analyzed. The relative risk remained higher for the residents in the northern, central, and south-eastern parts of the country, even when we excluded the effect of radon exposure (Figure 2), confirming that radon exposure is not the main risk factor for lung cancer.



Depending on the time period, between 1.2% and 5.6% of the lung cancer cases in Slovenia could be attributed to exposure to radon in the residential environment when analyzed by settlement and between 2.8% and 6.5% when analyzed by municipality (Table 2). According to municipality-level analysis, 2278 lung cancer cases in Slovenia during the entire 40-year period were attributable to indoor radon exposure, which accounted for 5.5% of all lung cancer cases in Slovenia during this period.



The relative risk of developing lung cancer was higher among the residents of the areas with a moderate or high risk of indoor radiation exposure in all 10-year periods analyzed from 1978 to 2017 (Table 3). More specifically, the relative risk was 5% (95% confidence interval (CI): 0–11%) higher in the period 1978–1987, 7% (95% CI: 2–12%) higher in the periods 1988–1997 and 1998–2007, and 5% (95% CI: 0–9%) higher in the period 2008–2017.



In men living in the areas with a moderate or high risk of indoor radon exposure, the relative risk was statistically significantly higher in all periods analyzed. The relative risk was 7% (95% CI: 1–13%) higher in the period 1978–1987, 9% (95% CI: 3–15%) higher in the period 1988–1997, 8% (95% CI: 3–14%) higher in the period 1998–2007, and 5% (95% CI: 0–13%) higher in the period 2008–2017. Among women, the relative risk of developing lung cancer was not statistically significantly increased in areas with a moderate or high risk of indoor radon exposure in the 10-year periods 1978–1987, 1988–1997, and 1998–2007, but an increased relative risk of developing lung cancer could not be excluded, as shown by the upper limits of the 95% CI, which were above one.





4. Discussion


The aim of our study was to assess to what extent indoor radon exposure influences lung cancer incidence. The results showed that in Slovenia, for all four analyzed 10-year periods between 1978 and 2017, the map of the smoothed SIR of lung cancer is geographically clustered across municipalities and settlements and remains similarly distributed even when we had excluded the effects of indoor radon exposure in the models. The risk of lung cancer is higher in the northern, central, south-eastern, and coastal parts of the country.



Although indoor radon exposure is not the main risk factor in the general population, it is a significant health risk for people who live, work, or go to school in regions with a high risk of indoor radon exposure [3,10]. According to our analysis by municipality, almost 2300 lung cancer cases in Slovenia in the 40-year period 1978–2017 could be attributed to living in an area with a moderate or high risk of indoor radon exposure, which corresponds to 5.5% of lung cancer cases. In the most recent 10-year period 2008–2017, 4.3% of the lung cancer cases in Slovenia can be attributed to living in an area with a moderate or high risk of indoor radon exposure, as a more detailed analysis by settlement shows, which corresponds to about 570 cases. Our PAF results are in line with the WHO estimates of 3–14% of lung cancer cases being attributable to indoor radon exposure [3]. The percentage varies depending on geological properties and how governments and people respond to the increased risk of indoor radon exposure. For example, it is estimated that 8% and 5% of the lung cancer cases in Switzerland and Germany [23], as well as 4.7% of the lung cancer cases in 2010 in the UK, are attributable to radon exposure. In the UK, it is additionally estimated that 6% of lung cancer deaths per year are due to indoor radon exposure [24].



In order to reduce the health risks to individuals and populations, the World Health Organization has recommended a national reference level for radon concentrations in residential buildings of 100 Bq/m3, which must not exceed 300 Bq/m3 [25]. Researchers are not entirely in agreement about the threshold level of radon concentration in the air at which the risk of radon-induced lung cancer is lowest [26]. One of the assumptions is that the relationship between radon concentration and risk of radon-induced lung cancer is linear and that there is no threshold, meaning that the risk of radon-induced lung cancer is lowest at 0 Bq/m3 [9]. Some research results indicate that the radon-induced risk of lung cancer is lowest at a minimally elevated radon concentration of around 50 Bq/m3 [26,27]. In our study, the lowest exposure category was defined as 0–100 Bq/m3, which meant that it was not possible to distinguish between the two views.



A higher risk of lung cancer due to indoor radon exposure was found in a meta-analysis of seventeen case-control studies, in which the pooled odds ratio at an indoor radon concentration of 150 Bq/m3 was 1.24 (95% CI: 1.11–1.38) [28]. Another meta-analysis of case-control studies showed that the pooled relative risk for lung cancer at an indoor radon concentration of 150 Bq/m3 was 1.14 (95% CI: 1.0–1.3) [29]. In the case-control study in eastern Germany, an odds ratio of 1.30 (95% CI: 0.88–1.93) was reported for indoor radon concentrations greater than 140 Bq/m3, compared with indoor radon exposure up to 50 Bq/m3 [30]. In the presented investigation, the indoor radon concentration on an individual level was not available. However, in our additional analysis of the relative risk of developing lung cancer by settlements (1988–2017) and municipalities (1978–1987), which were divided into two categories according to the risk of indoor radon exposure, we showed that the relative risk of developing lung cancer in the 40-year period 1978–2017 was 5% to 7% higher among the residents of the areas with a moderate or high risk of indoor radon exposure. A sub-analysis of our dataset where the moderate and high risk areas were distinguished has been performed as well. There was no significant difference in the relative risk of high or moderately exposed settlements. Our study showed that, from a public health perspective, ongoing efforts are needed in Slovenia in order to further reduce lung cancer incidence attributable to radon exposure.



We should also emphasize that our analysis is most reliable for the more recent 20-year period 1998–2017 at the settlement level due to the reliability of the information on residence at the time of diagnosis and the availability of data on the population. Another limitation of descriptive epidemiological geographical studies is using a person’s place of residence as a surrogate indicator of exposure in a study, since it might be a source of potential biases. In our research, it was not possible to account for daily mobility or migration, so using the residential address as an indicator of exposure is not an exact measure of exposure, especially if exposure occurs at the place of work or in educational institutions [31]. In addition, individuals can be exposed to environmental factors in various locations throughout the day, and some patients may have a reported residence that is different from where they actually live.



A probable risk factor is living near the uranium mine in Žirovski vrh (a settlement in the western part of Slovenia). For the period 1981–1985, an increased incidence was found in men and women in the settlements near the uranium mine [11,12]. In our analyses, we found no clusters corresponding to the uranium mine in Žirovski vrh. The most important confounding factor is smoking. It is estimated that 84% of lung cancer deaths per year in Slovenia are attributable to tobacco [32]. As an improvement to this presented study, information on smoking could be included in the analysis, because it is reported that the risk of lung cancer increases significantly with the joint effect of two risk factors: radon exposure and smoking [33,34,35,36]. In this present analysis, it is not possible to determine to what extent our results exclusively reflect the risk of indoor radon exposure and to what extent they rather reflect smoking behavior, as indoor radon exposure and smoking behavior are not geographically independent and also influence each other [33,34,35]. However, no data on smoking are available for Slovenia on a small geographical level, which imposes a severe limitation on our study. We have tried to include information on smoking by including indirect information that is available. For this reason, we have conducted an additional analysis using the SI-EDI (Slovenian version of the Socio-Economic Deprivation Index [37]) as an explanatory variable in the models to adjust the results for socioeconomic status. But the results did not provide additional insight into the topic under study, so we did not include them in the reporting of the results. This supports our earlier findings that social segregation and stratification in Slovenia is low, meaning there are no strong and extended areas where only affluent or deprived inhabitants would live [37]. The World Factbook [38] ranks Slovenia 153rd out of 157 countries, which means that the country’s income distribution is almost equal.




5. Conclusions


Indoor radon exposure is an important risk factor for lung cancer in Slovenia in areas with high natural radon radiation (especially in the southern and south-eastern parts of the country). In the 40-year period 1978–2017, the relative risk for lung cancer was 5–7% higher in areas with a moderate or high risk of indoor radon exposure. This resulted in 60 lung cancer cases per year on average attributable to the risk of indoor radon exposure in the residential environment, which corresponds to 4.9% of lung cancer cases (according to the analysis by settlement).



It is known that the geology in some parts of Slovenia is the cause for the increased risk of indoor radon exposure. In recent decades, many measures have been implemented in building regulations and in efforts to educate people about the hazards and about preventive behavior. Nevertheless, our study showed that, from a public health perspective, ongoing efforts are needed in Slovenia in order to further reduce lung cancer incidence attributable to radon exposure.







Author Contributions


Conceptualization, V.Z. and T.Ž.; methodology, T.Ž.; software, T.Ž. and M.B.; validation, V.Z., S.T. and A.M.; formal analysis, M.B., T.Ž. and M.M.; investigation, V.Z., S.T. and A.M.; resources, V.Z.; data curation, K.L. and A.M.; writing—original draft preparation, M.B. and T.Ž.; writing—review and editing, V.Z.; visualization, M.B. and N.B.; supervision, V.Z.; project administration, V.Z.; and funding acquisition, V.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by the Slovenian Radiation Protection Administration (C2717-21-232013) and the Slovenian research program for comprehensive cancer control, SLORApro (P3-0429).




Institutional Review Board Statement


This is not applicable, since research using the national cancer registry data has a legal background in Slovenia.




Informed Consent Statement


This is not applicable, since the patients are not identifiable (the data are anonymous).




Data Availability Statement


Detailed results are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 191–280. [Google Scholar] [CrossRef] [PubMed]

	



Zadnik, V.; Žagar, T. SLORA: Slovenia and Cancer. Epidemiology and Cancer Registry. Istitute of Oncology Ljubljana. Available online: www.slora.si/en (accessed on 15 September 2023).

	



World Health Organization. WHO Handbook on Indoor Radon: A Public Health Perspective, 1st ed.; Zeeb, H., Shannoun, F., Eds.; WHO Press: Genova, Switzerland, 2009; pp. 3–20, 41–56. [Google Scholar]

	



Freedman, N.D.; Leitzmann, M.F.; Hollenbeck, A.R.; Schatzkin, A.; Abnet, C.C. Cigarette smoking and subsequent risk of lung cancer in men and women: Analysis of a prospective cohort study. Lancet Oncol. 2008, 9, 649–656. [Google Scholar] [CrossRef] [PubMed]

	



International Atomic Energy Agency. Protection against Exposure Due to Radon Indoors and Gamma Radiation from Construction Materials: Methods of Prevention and Mitigation, 1st ed.; IAEA: Vienna, Austria, 2021. [Google Scholar]

	



Grzywa-Celinska, A.; Krusinnski, A.; Mazur, J.; Szewczyk, K.; Kozak, K. Radon—The Element of Risk. The Impact of Radon Exposure on Human Health. Toxics 2020, 8, 120. [Google Scholar] [PubMed]

	



Riudavets, M.; Garcia de Herreros, M.; Besse, B.; Mezquita, L. Radon and Lung Cancer: Current Trends and Future Perspectives. Cancers 2022, 14, 3142. [Google Scholar] [CrossRef] [PubMed]

	



Eidy, M.; Tishkowski, K. Radon Toxicity. In Treasure Island; StatPearls: St. Petersburg, FL, USA, 2023. [Google Scholar]

	



Darby, S.; Hill, D.; Auvinen, A.; Barros-Dios, J.M.; Baysson, H.; Bochicchio, F.; Deo, H.; Falk, R.; Forastiere, F.; Hakama, M.; et al. Radon in homes and risk of lung cancer: Collaborative analysis of individual data from 13 European case-control studies. BMJ 2004, 330, 223. [Google Scholar] [CrossRef]

	



International Agency for Research on Cancer. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; IARC: Lyon, France, 2004; Volume 43. [Google Scholar]

	



Pompe-Kirn, V. Spremljanje incidence pljučnega raka v vplivnem območju Rudnika urana Žirovski vrh. Poročevalec Skupščine Repub. Slov. 1990, 16, 65–68. [Google Scholar]

	



Pompe-Kirn, V.; Ferligoj, A. Študija Regionalne Problematike raka v SR Sloveniji z Ozirom na Možnosti Primarnih in Sekundarnih Preventivnih Ukrepov: (Uporaba Multivariantnih Metod Razvrščanja v Skupine); Institute of Oncology Ljubljana: Ljubljana, Slovenia, 1984. [Google Scholar]

	



Vaupotič, J. Indoor Radon in Slovenia. Nucl. Technol. Radiat. Prot. 2003, 2, 36–42. [Google Scholar] [CrossRef]

	



Jovanovič, P. Sistematično Pregledovanje Delovnega in Bivalnega Okolja 2020; Center za fizikalne meritve: Ljubljana, Slovenia, 2020. [Google Scholar]

	



Vaupotič, J.; Gregorič, A. Priprava Radonskega Zemljevida Slovenije na Ravni Naselij; Jožef Stefan Institute: Ljubljana, Slovenia, 2017. [Google Scholar]

	



Vaupotič, J.; Kobal, I.; Križman, M.J. Background outdoor radon levels in Slovenia. Nukleonika 2010, 55, 579–582. [Google Scholar]

	



dos Santos Silva, I. Cancer Epidemiology: Principles and Methods; IARC: Lyon, France, 1999. [Google Scholar]

	



Morrisa, M.; Wheeler-Martinb, K.; Simpsonc, D.; Mooneyd, S.J.; Gelmane, A.; DiMaggiob, C. Bayesian hierarchical spatial models: Implementing the Besag York Mollié model in stan. Spat. Spatiotemporal Epidemiol. 2019, 31, 100301. [Google Scholar] [CrossRef]

	



Besag, J. Spatial Interaction and the Statistical Analysis of Lattice Systems. J. Roy. Stat. Soc. Ser. B 1974, 36, 192–236. [Google Scholar] [CrossRef]

	



Žagar, T.; Korat, S.; Zadnik, V. CanMapTool for Mapping Cancer Incidence Data (Prepared as a Report to the WASABY Project); Cancer Registry of Republic of Slovenia: Ljubljana, Slovenia, 2021. [Google Scholar]

	



Laaksonen, M. Population Attributable Fraction (PAF) in Epidemiologic Follow-Up Studies. Academic Dissertation, University of Tampere, Helsinki, Finland, 18 June 2010. [Google Scholar]

	



Greenland, S. Concepts and pitfalls in measuring and interpreting attributable fractions, prevented fractions, and causation probabilities. Ann. Epidemiol. 2015, 25, 155–161. [Google Scholar] [CrossRef] [PubMed]

	



Menzler, S.; Piller, G.; Gruson, M.; Schaffrath Rosario, A.; Wichmann, H.E.; Kreienbrock, L. Population attributable fraction for lung cancer due to residential radon in Switzerland and Germany. Health Phys. 2008, 95, 179–189. [Google Scholar] [CrossRef] [PubMed]

	



Darby, S.; Hill, D.; Doll, R. Radon: A likely carcinogen at all exposures. Ann. Oncol. 2001, 12, 1341–1351. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Radon. Available online: https://www.who.int/news-room/fact-sheets/detail/radon-and-health (accessed on 15 May 2023).

	



Robertson, A.; Allen, J.; Laney, R.; Curnow, A. The Cellular and Molecular Carcinogenic Effects of Radon Exposure: A Review. Int. J. Mol. Sci. 2013, 14, 14024–14063. [Google Scholar] [CrossRef] [PubMed]

	



Busby, C. Ionizing radiation and cancer: The failure of the risk model. Cancer Treat. Res. Commun. 2022, 31, 100565. [Google Scholar] [CrossRef]

	



Pavia, M.; Bianco, A.; Pileggi, C.; Angelillo, I.F. Meta-analysis of residential exposure to radon gas and lung cancer. Bull. World Health Organ. 2013, 81, 732–738. [Google Scholar]

	



Lubin, J.H.; Boice, J.D. Lung Cancer Risk from Residential Radon: Meta-analysis of Eight Epidemiologic Studies. J. Natl. Cancer Inst. 1991, 89, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Kreuzer, M.; Heinrich, J.; Wölke, G.; Schaffrath Rosario, A.; Gerken, M.; Wellmann, J.; Keller, G.; Kreienbrock, L.; Wichmann, H.E. Residential Radon and Risk of Lung Cancer in Eastern Germany. Epidemiology 2003, 14, 559–568. [Google Scholar] [CrossRef] [PubMed]

	



Žagar, T.; Zadnik, V.; Primic-Žakelj, M. Local standardized incidence ratio estimates and comparison with other mapping methods for small geographical areas using Slovenian breast cancer data. J. Appl. Stat. 2011, 38, 2751–2761. [Google Scholar] [CrossRef]

	



Koprivnikar, H.; Zupanič, T. Tobaku Pripisljiva Umrljivost v Sloveniji 1997–2019; Nacionalni inštitut za javno zdravje: Ljubljana, Slovenija, 2021. [Google Scholar]

	



Reddy, R.; Conde, C.; Peterson, C.; Nugent, K. Residential radon exposure and cancer. Oncol. Rev. 2022, 16, 558. [Google Scholar] [CrossRef]

	



Puskin, J.S. Smoking as a confounder in ecologic correlations of cancer mortality rates with average county radon levels. Health Phys. 2003, 84, 526–532. [Google Scholar] [CrossRef] [PubMed]

	



Wichmann, H.E. Krebsprävention durch Radon? Hier irrt der Physiker. Dtsch. Arztebl. 1999, 96, C-2213. [Google Scholar]

	



Gray, A.; Read, S.; McGale, P.; Darby, S. Lung cancer deaths from indoor radon and the cost effectiveness and potential of policies to reduce them. BMJ 2009, 338, a3110. [Google Scholar] [CrossRef] [PubMed]

	



Lokar, K.; Žagar, T.; Zadnik, V. Estimation of the Ecological Fallacy in the Geographical Analysis of the Association of Socio-Economic Deprivation and Cancer Incidence. Int. J. Environ. Res. Public. Health 2019, 16, 296. [Google Scholar] [CrossRef] [PubMed]

	



The World Factbook 2016–17. Available online: https://www.cia.gov/the-world-factbook/field/gini-index-coefficient-distribution-of-family-income/country-comparison/ (accessed on 3 January 2019).








[image: Cancers 16 01445 g001] 





Figure 1. Smoothed standardized incidence ratio (SIR) of lung cancer by settlement in three consecutive 10-year periods. 
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Figure 2. Smoothed standardized incidence ratio (SIR) of lung cancer by settlement in three consecutive 10-year periods. The effect of radon exposure is excluded. 
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[image: Cancers 16 01445 g002]







 





Table 1. Incidence of lung cancer, average annual incidence of lung cancer, average annual population size, and the percentage of the population living in settlements with a moderate or high risk of indoor radon exposure over four consecutive 10-year periods.
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	10-Year

Period
	Incidence
	Average

Annual

Incidence
	Average

Annual

Population
	% of Population Living in Areas with a Moderate or High Risk of Indoor Radon Exposure





	1978–1987
	7201
	720
	1,891,864
	15.1% *



	1988–1997
	9426
	943
	1,965,986
	15.1%



	1998–2007
	11,324
	1132
	1,978,897
	15.5%



	2008–2017
	13,304
	1330
	2,052,376
	15.9%



	1978–2017
	41,255
	1031
	1,972,281
	15.4%







* Calculated for municipalities since data on settlement level is not available for period 1978–1987.













 





Table 2. Incidence of lung cancer for consecutive 10-year periods from 1978 to 2017 and the population attributable fraction (PAF) to radon exposure according to the analysis by settlement and municipalities.






Table 2. Incidence of lung cancer for consecutive 10-year periods from 1978 to 2017 and the population attributable fraction (PAF) to radon exposure according to the analysis by settlement and municipalities.





	

	

	
Settlements

	
Municipalities




	

	
Incidence

	
PAF

	
Attributable Incidence

	
PAF

	
Attributable Incidence






	
2008−2017

	
13,304

	
4.3%

	
572

	
6.5%

	
865




	
1998−2007

	
11,324

	
5.6%

	
634

	
6.2%

	
702




	
1988−1997

	
9426

	
1.2%

	
113

	
2.8%

	
264




	
1978−1987

	
7201

	
/ *

	
/ *

	
6.2%

	
447








* Data not available on settlement level.













 





Table 3. Standardized incidence ratio (SIR) with a 95% confidence interval for lung cancer by sex and by areas for indoor radon exposure in consecutive 10-year periods from 1978 to 2017 in Slovenia.
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