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Abstract

:

Indoor radon exposure is raising concerns due to its impact on health, namely its known relationship with lung cancer. Consequently, there is an urgent need to understand the risk factors associated with radon exposure, and how this can be harmful to the health of exposed populations. This article presents a comprehensive review of studies indicating a correlation between indoor radon exposure and the higher probability of occurrence of health problems in exposed populations. The analyzed studies statistically justify this correlation between exposure to indoor radon and the incidence of lung diseases in regions where concentrations are particularly high. However, some studies also showed that even in situations where indoor radon concentrations are lower, can be found a tendency, albeit smaller, for the occurrence of negative impacts on lung cancer incidence. Lastly, regarding risk remediation, an analysis has been conducted and presented in two core perspectives: (i) focusing on the identification and application of corrective measures in pre-existing buildings, and (ii) focusing on the implementation of preventive measures during the project design and before construction, both focusing on mitigating negative impacts of indoor radon exposure on the health of populations.
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1. Introduction


World Health Organization (WHO) defines radon as an inert gas released during the decay of uranium (238U), and which is ubiquitous in indoor and outdoor air [1]. This report refers to numerous evidence from studies documenting radon as a cause of lung cancer in smokers and nonsmokers. In fact, there are several works, more or less from the same period, referring that radon should be potentially considered an important cause of lung cancer for the general population, which is permanently exposed through the contamination of indoor air by radon emanated from the soil and water, as presented by Samet & Hornung, or by Lowry [2,3].



This potential exposure to radon entails serious health risks for those exposed, with several studies indicating that radon exposure is the second leading cause of lung cancer, which in turn is the leading cause of cancer-related deaths worldwide [4,5,6,7,8]. These studies present radon itself as a risk factor, but also because of its ability to increase the risk of lung cancer in smokers [9]. However, calling attention to the risk of radon exposure was not initially assumed to be something of immediate and direct recognition, always starting as a theme naturally related to underground miners, as referred in the work presented by Field et al., where the authors state that exposure to high concentrations of radon progeny produces lung cancer [10]. This approach does not refer yet to the designation of “indoor radon concentration” and to its associated risks, as there still does not seem to be established a relationship, in these studies, between the concentration of indoor radon and the increased incidence of lung cancer.



The relationship between radon exposure and the incidence of lung cancer appears in the articles presented, for example, by Gaskin et al. or Ruano-Gavina et al., which refer to radon being the second most important cause of lung cancer worldwide, and that lung cancer is ranked by WHO as one of the leading causes of mortality [11,12]. These authors, based on an updated database of national radon exposures for 66 countries, presented a global burden of lung cancer mortality attributable to radon, concluding that lung cancer deaths resulting from radon exposure for these countries represent the percentile of 3.0% of total cancer deaths and that the evaluation models used confirmed that residential radon is responsible for a substantial proportion of lung cancer mortality worldwide. Vogeltanz-Holm & Schwartz presented a study in which they assessed the degree of perception about whether radon can cause lung cancer [13]. The authors reviewed 20 studies, having as their starting point the question “Have you heard about radon?”, concluding that many segments of the population, especially younger individuals, and those with less education, do not know what radon is. Another study, presented by Lopes et al., confirms the results presented by Vogeltanz-Holm & Schwartz, through a survey of the Portuguese population, and where a significant majority of respondents say they have never heard of radon, and even those who did, presented a huge lack of knowledge of aspects related to the risk of exposure and its consequences [14]. Thus, it seems that there is still no awareness on the part of populations for the real effects of radon exposure, especially when this exposure occurs in an indoor environment not related to the mining activity, although there are already many and diverse studies that address residential radon exposure, specifically dedicated to lung cancer risk. For example, Lorenzo-Gonzalez & Ruano-Ravina accused the relationship between residential radon exposure and lung cancer risk [15]. This study, which involved 3704 people, showed that the risk of lung cancer incidence increases with radon exposure, with a significant association at radon exposures above 50 Bq·m−3, and that, in the case of smokers, lung cancer risk increases markedly as radon concentration increases. Also, Rodríguez-Martínez et al., addressed the relationship between residential radon exposure and lung cancer occurrence, concluding that small cell lung cancer is the incident cancer type caused by radon exposure [16]. Thus, seems justified the need to find methodologies for assessing the relationship, so often referred, between residential radon exposure and lung cancer, so that it can be easily transmitted to populations, regarding the need to prevent exposure to high radon concentration, both in residential locations and in workplaces. The main objectives of this article are to carry out a review of the historical process of the relationship between indoor radon exposure and the incidence of lung cancer, to then proceed with an analysis of the different methodologies used to establish this relationship.




2. Materials and Methods


To carry out this study, a systematic search was carried out using the database provided by Web of Science Core Collection (Clarivate), where the following keywords were used: “radon”; “lung cancer”; “radon risk assessment”; “radon mitigation measures”; “natural radiation”; “radiation effects on health”; “radon effects on the environment”; “radon sources”; “radon mutagenic effects”; “indoor radon potential”; “radon detection equipment”; “radon current developments”; and “radon-induced diseases”. Subsequently, articles were selected for their relevance, specifically, considering as the most relevant works published in journals indexed in Web of Science and Scopus, as the first selection factor, and for the number of citations for the article, as the second selection criterion. When searching the database using only the term “radon” as part of the title/abstract/keywords, the result obtained for the number of publications was 26,167. However, when this search is restricted to using the term “radon” as part of the title, the result obtained for the number of publications is substantially reduced to 13,858. In view of this difference, the search for keywords was carried out in the database always as part of the title/abstract/keywords, to avoid discarding publications that do not contain the keywords directly in the title. The obtained results are presented in Table 1.



With the selected articles, the themes were reviewed in the light of the perspective that the authors have on the subject, to be able to fulfill the objective proposed for the present work, which is to establish and substantiate a relationship between the incidence of lung cancer and the exposure to high indoor radon concentrations. Figure 1 presents the flow diagram of the full literature screening process.




3. State-of-the Art


3.1. Definition and Framework


Radon is a noble gas that occurs naturally in soils, rocks, water, and air, which is formed through the decay of radioactive elements such as uranium [8]. It is a radioactive, colorless, odorless, and practically chemically inert gas, although it forms some compounds such as clathrates and complex fluorides [17]. Radon is soluble in cold water, and this solubility significantly decreases with increasing water temperature [18]. In fact, this feature contributes to the release of radon during hot water use processes, such as bathing, laundry, or dishwashing activities using hot water. Radon is also the heaviest of noble gases and has the highest melting point as well as the highest boiling point, the highest critical temperature, and the highest critical pressure [19]. Twenty-seven radon isotopes are known, ranging from 200Rn to 226Rn, and which have half-lives, that is, the time for the one-half of the radioactive isotopes to decay, shorter than one hour, except for 222Rn, 210Rn, and 211Rn, which show, respectively, 3.8 days, 2.5 h, and 14.7 h [20]. From all these radon isotopes the most relevant one is 222Rn, comprising approximately 80% of all radon exposure [21,22]. Figure 2 presents the uranium decay sequence and the radon progeny.



In this way, radon, being radioactive, when released into the air starts its spontaneous decay, giving rise to atoms of new elements, called radon progeny, which are electrically charged and can be associated with indoor dust particles [26]. This is precisely where the danger to human health lies, as these dust particles can be inhaled, and inside the lungs, they adhere to the mucous membranes of the lungs. These radon atoms will then have their decay process inside the human body, where they will emit a type of radiation called α (alpha) radiation, which can damage lung cells, since radiation α can damage the DNA of these cells, and if the process continues, it can lead to cancer [27]. However, radiation α can only travel very short distances inside the body, so this radiation α cannot reach other organs than the lungs [28]. Thus, most likely, lung cancer is the only potentially important cancer hazard posed by radon in indoor air [1,29,30].




3.2. Radon as an Air Contaminant and Its Health Impacts


Radioactive contamination, whether of natural or anthropogenic origin (usually accidental, or caused by human activity, such as the use of radioactivity or ionizing radiation for diagnostic, therapeutic purposes, or because of industrial activity or production) represents a significant hazard affecting the environment and human health [1,8]. Of all the radioactive products that can directly affect mankind and the environment, radon represents a very significant portion, being the main source of natural radioactivity to which populations are exposed. In some situations, such is the case of many locations in the United States, artificial radiation can surpass natural radiation, potentiating even more the exposed populations to the effects of natural radiation [31]. For this reason, it is also expected that the impacts on human health deriving from radon exposure are more important and consequential than those that may be caused by other sources of radiation, even occasionally, especially in the case of exceptional situations arising from causes anthropogenic events, such as accidents, this radiation can be occasionally stronger and more harmful to man and the environment [1]. For example, Bersimbaev & Bulgakova describe in their study that high radon levels can suffer from a cumulative effect if associated with long-term and large-scale mining of uranium, and where the authors relate to residential radon exposure of humans in uranium mining and milling areas in the North and East areas of Kazakhstan [32]. This radon exposure is, on average, corresponding to more than 50% of the average human dose to which populations are subject, and may also be increased by the dose resulting from other sources, which are potentially dangerous if they have the cumulative effect, contributing for harmful effects on the human body, namely and consequently carries a risk of radiation-induced cancer. If this exposure also occurs with the presence of another type of radiation, then, as verified by Bersimbaev & Bulgakova, the results indicate an increased frequency of chromosomal aberrations in blood lymphocytes, but many other types of anomalies may occur as well.



Popp et al., in the study they carried out on miners from the former German Democratic Republic, who were subjected to extremely high radiation exposures, present to be at high risk for lung carcinogenesis, with the annual incidence rates increasing significantly [33]. This study also aimed to test the range of biomarkers for DNA damage and inflammation in leukocytes and bronchoalveolar fluid for their ability to detect biological effects, having detected high frequencies of chromosomal aberrations in blood lymphocytes and an increased prevalence of both fibronectin and tumor necrosis α factor in the bronchoalveolar fluid. Thus, from the studies presented by Bersimbaev & Bulgakova and by Popp et al., which were confirmed in two studies by Darby et al., the risk of occurrence of lung cancer rises significantly if other factors, such as tobacco consumption, are cumulatively verified [8,34]. In fact, the impact of radon-related cancers worldwide, according to the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), radon can be responsible for about 20% of all lung cancer diseases, with an impact of approximately 21,000 new cases in the USA, as presented by Neri et al., and with Milner et al., reporting 1400 annual deaths for the United Kingdom, victims of radon-induced lung cancer [35].




3.3. Perception of Radon Impact on Human Health


Sabbarese et al., give particular importance to radon transport models, as these authors understand that they are responsible for the distribution of different concentrations in different types of dwellings, thus allowing to assess indoor radon concentration while understanding the mechanisms behind the circulation and transport of radon [36]. The authors assume that the indoor radon concentration is directly related to the construction factors, since buildings located on the same lithological and geological substrate, but with different construction factors, may also present different indoor radon concentrations. Thus, during the investigation, the authors concluded that, in addition to the nature of the soil, the position of the lower floor of dwellings plays a significant role in determining the amount of radon entry into buildings, definitively confirming the need for assessing the health hazards coming from radon accumulation in living environments.



This approach, focusing on the constructive aspects of buildings, was studied by Khan et al., in an attempt to demonstrate the impacts that the changes introduced in residential build practices have on the reduction of indoor radon concentrations [37]. For this, the authors compared long term radon tests and buildings from 25,489 Canadian and 38,596 Swedish residential properties constructed after 1945, demonstrating that the provisions in the 2010 Canada Build Code have not significantly reduced innate radon risks, highlighting the urgency of novel code interventions to achieve systemic radon reduction and cancer prevention. Additionally, the authors also concluded that the introduction of energy efficiency measures (such as heat recovery ventilation) in the respective building codes of each country are independent of radon fluctuations over time.



This concern currently focused on the risk that populations may be subject to, in fact, has been the motto for the development of works describing methodologies for the estimation of residential radon exposure, and the definition of radon priority areas based on expected lung cancer incidence, as, for example, in the study presented by Elío et al. [38]. These authors used data collected from 32,000 indoor radon measurements, collected in Ireland, with which to calculate the effective doses, which ranged within the range 0.8 to 13.3 mSv·y−1. Subsequently, they calculated the radon-related lung cancer incidence using the dose-effect model and obtained an incidence per million people per year between 15 and 239 cases. Based on these results, the authors estimated that of the 2300 lung cancer cases that are diagnosed annually in Ireland, around 280 may be directly related to radon exposure, concluding that although it is still necessary to refine the prediction models through the inclusion of other factors, such as tobacco consumption and other occupational diseases, the spatially presented approach defines areas with the expected highest incidence of radon-related lung cancer, even though indoor radon concentrations for these areas may be moderate or low, and recommend that both indoor radon concentration and population density by small area are considered when establishing national radon action plans.



The development of continuous monitoring equipment that enables permanent monitoring of indoor air quality parameters also began to include the assessment of radon. There are already several projects that followed this approach, such as the work presented by Alvarelhos et al., in which the authors describe the automatic low-cost air quality control system [39]. In this specific case, the system, in addition to monitoring the air quality, with radon included, determines the operation of the ventilation system, so that it can automatically correct the concentrations verified, back to the desired values. Also, in this perspective, Lopes et al. and Martins et al. presented the RnMonitor project, where they describe the development of a WebGIS-based platform for a straightforward in situ deployment of IoT edge devices and effective radon risk management [40,41]. These approaches already allow us to foresee a set of home automation integration solutions to solve existing problems, but also to be integrated even in the pre-constructive project phase of new buildings.




3.4. Radon Risk Assessement


The risk associated with indoor radon has been proven through the publication of several works, which present the results obtained in the measurements carried out inside services or intended for housing. Figure 3 shows how radon usually enter buildings. Many of these studies have shown that the risk can even be higher in residential buildings than in public buildings, with this difference being justified by the fact that the spaces’ ventilation processes contribute to aeration, and thus promote the dilution of indoor radon concentration. In fact, the procedures associated with the cleaning of public buildings, which normally follow previously defined protocols, which include the aeration of spaces, as well as the existence of HVAC systems that promote the complete renewal of the air, complying with temporary cycles, contribute significantly and effectively to reduce the concentration of indoor radon in these spaces. On the other hand, in residential buildings, this air renewal may not take place for long periods, such as during the night in the winter period, or during the day, when residents are away for work. Chen proves precisely this situation, determining, in the study carried out using data obtained from several radon surveys, that the radon progeny concentrations in Canadian homes can be up to three times higher than in school buildings, 4.7 times higher than other public buildings and indoor workplaces, and 12 times that of outdoor air [42]. This author also lists the time citizens spend in these spaces, presenting results that indicate that Canadians spend 70% of their time at home, 20% indoors away from home, and 10% outdoors. These results indicate that, due to the relatively high indoor radon concentration in residential homes, and the longer time spent indoors at home, this exposure contributes to 90% of the radon-induced lung cancer risk.



Whether this exposure occurs at home or work, what is important to mention is that, in the end, all exposure moments will contribute to the effective dose to which each person was subjected so that all efforts to assess the risk are important and contribute to the knowledge of the real conditions to which people are exposed, which is very likely the main reason that has led to such a large number of works on radon risk assessment. These studies, which initially took place in Europe and the USA, with abundant studies throughout the 21st century, quickly spread to other territories, which also began to pay attention to the theme of indoor radon concentrations, and some of them contributed interesting conclusions. For example, Teiri et al., in the study they conducted in the buildings of a university campus in central Iran, where they determined the effective dose to which the occupants are exposed, the authors also looked at the distribution of concentration on the different floors of the buildings, as well as the seasonal variability of indoor radon concentration [47]. In this specific case, the authors concluded that indoor air ventilation, the typology, and architecture of buildings, as well as construction materials, are, together with the geological structure of the ground, certainly the main factors influencing the concentration of radon inside the buildings.



The use of a dosimetric approach for effective risk assessment and subsequent management has allowed for a more integrated and comprehensive analysis, which leads to the implementation of exposure risk mitigation measures through the implementation of preventive and/or corrective measures. An example is presented in the work by Curado et al., where the authors analyze the high occupancy rate of the fan elementary school building that was retrofitted, with low energy consumption, and in the central climatization systems for heating, cooling, and ventilation [48]. The authors concluded that, based on the results, there is evidence that the risk associated with the exposure to radon gas in indoor environments does not depend only on its concentration on the monitored locations, but on the number of occupants, period of occupancy, ventilation rate, and the location of the room in the building.




3.5. Mitigation Measures


The implementation of mitigation measures to reduce the risk of radon exposure indoors has been the object of study interest, mainly because these measures meet the anxieties of populations, especially from the moment they become aware of the risk to which they may potentially be exposed, and, as seen in the previous section, with this exposure to define the degree of risk, following the other factors that contribute to the calculation of the exposure dose, and thus, the risk assessment [13,49,50]. Thus, there are several studies that present mitigation measures that contribute to the reduction of risk, on the one hand, but also effectively to the reduction of cases of radon-induced cancers, namely, lung cancer [51]. Within the mitigation measures proposed in the various works, these can include different types of measures, which can be divided into different groups [52]. For example, constructive measures include the application of insulation materials, such as special paints and screens, which prevent the passage of radon from the ground to indoor spaces and that can be used in the renovation of pre-existing buildings and in new buildings during the construction phase, or even the construction of airboxes between the ground and the floors/walls when possible [53,54]. On the other hand, measures related to the ventilation of indoor spaces are related to the installation of systems that renew the air, and which may or may not be associated with complex systems for continuous monitoring of air quality parameters, or simply, without permanent monitoring, protocols for manual ventilation of spaces may be implemented, with the establishment of routines for opening doors and windows to create air circulation circuits [55,56,57].





4. Discussion


As seen in the previous sections, exposure to indoor radon is identified by the WHO as the second cause of lung cancer, immediately after tobacco consumption, so the risk assessment of radon exposure is assumed to be a factor of concern for populations, as it has negative and significant impacts on their health. Thus, over the last decades, several methodologies have been used to somehow quantify the population risk of radon-induced lung cancer. The methodologies presented in the many works available point towards a preferential use of data obtained in radon surveys, of the grab sampling method type, on which an analysis is subsequently carried out on the number of occurrences of lung cancer within the sample for which a survey was carried out, inferring a probability of occurrence, or a percentage of cases attributable to radon. An example of a study with a methodology similar to the one described is the one presented by Chen et al., which was based on a radon survey carried out in the late 1970s in 19 cities in Canada [58]. This survey observed the radon concentration in 14,000 dwellings, with the results following a log-normal distribution, with a geometric mean of 11.2 Bq·m−3 and a standard deviation of 3.9. The study authors, based on the results obtained, estimated that approximately 10% of lung cancers in Canada resulted from indoor radon exposure. The study proceeded with a new survey, this time carried out in 2009, using long-term measurements, also in 14,000 homes located in different regions of Canada. The results also followed, as expected, a log-normal distribution, with a geometric mean of 41.9 Bq·m−3 and a standard deviation of 2.8. The theoretical estimate showed that 16% of lung cancer deaths among Canadians are attributable to indoor radon exposure. Given the results obtained, the authors concluded that there is a huge need to create a monitoring program at a government level, which brings together all stakeholders so that measures are taken to reduce the risk from indoor radon exposure.



In fact, this seems to be the major conclusion reached by all the studies, regardless of the methodologies used, as is also proven by the work carried out by Peterson et al. [59]. In this study, also carried out in Canada, in the province of Ontario, the authors calculated the population attributable risk percentage, excess lifetime risk ratio, life-years lost, the number of lung cancer deaths due to radon, and the number of deaths that could be prevented if all homes above various cut-points were effectively reduced to background levels. The results obtained an estimate that 13.6% of lung cancer deaths can be attributed to radon, in the region under study, which corresponds to 847 lung cancer deaths each year, with a very significant weight of 84% of these in ever-smokers. The authors also state that if all homes above 200 Bq·m−3 (which was the Canadian guideline at the time of the study) were remediated to background levels, it was estimated that 91 lung cancer deaths could be prevented yearly, and 233 if remediation was conducted to 100 Bq·m−3. In the end, once again, the authors pointed out the need for risk assessment as a measure to support the decision of public authorities, as a measure of allocating resources and implementing preventive measures.



Indoor spaces can concentrate significant amounts of radon gas, and in this way, increase the risk of exposure of their occupants, who, as seen so far in the previous sections, also have an increased risk of lung cancer. In fact, this exposure to indoor radon seems to be a problem on which the need to find ways of mitigation becomes evident, as several studies prove the increased risk associated with this radon exposure. A very recent study conducted by Simms et al., states categorically that younger North Americans are exposed to more radon gas due to occupancy biases within the residential built environment [60]. The authors used data collected from 18,971 Canadian households and calculated the annual particle radiation dose rates due to long-term residential radon exposure, and these rates were later analyzed as a function of occupancy. Based on this procedure, they determined that the current particle radiation dose rate to lungs is 4.08 mSv·y−1 from 108.2 Bq·m−3, with approximately 23.4% receiving 100–2655 mSv doses that are known to elevate human cancer risk. The study also revealed that homes built in the present century are mostly inhabited by younger people, who seem to be exposed to greater radiation dose rates (5.01 mSv·y−1), while homes built in the last century tend to be occupied by people older, where they are exposed to lower radiation dose rates (3.45–4.22 mSv·y−1). Thus, it appears that the most recent houses also have a greater number of children, pregnant women, and a higher number of residents in the houses, than what is found in older houses, justified by the fact that most couples young people tend to still find themselves in the process of family construction and have all their dependents in their care, while older couples, in most cases, and from a certain stage of life, have already seen their children leave from home to form their households. The authors understand that this issue is of particular importance since as a younger age-of-exposure to radon equates to greater lifetime lung cancer risk, the data collected reveal the existence of a worst-case scenario of exposure bias, which, for the authors, is a matter of great concern, since if there are cases of permanent and continuous exposure, serious future increases in radon-induced lung cancer in younger people can be expected.



This concern with the concentration of indoor radon comes precisely in the same line of thought presented in several works carried out in Spain, precisely to try to demonstrate that the risk associated with the incidence of lung cancer, although it is higher when the concentrations are much higher, continues to exist, as demonstrated by the conclusions of the work presented by Barros-Dios et al., where the authors state that even at concentrations far below the official guideline levels, radon may lead to a 2.5-fold rise in the risk of lung cancer [61]. However, this concern continues, and more recently, Ruano-Ravina et al. carried out a study in a region with a high concentration of indoor radon to analyze the correlation between esophageal cancer relative risk and the indoor radon concentration exposure, concluding that the results obtained suggest a possible effect on esophageal cancer mortality, recommending the performance of more robust epidemiological studies, of the case-control studies type [62]. In fact, it seems to be possible to refer to a growing concern with effects other than the incidence of lung cancer, since in addition to esophageal cancer, there is also a study by Barbosa-Lorenzo et al. and another one presented by Messin & Serre, where the two groups of researchers try separately to relate stomach cancer with radon exposure [63,64]. The results obtained in the studies seem, however, not to allow a direct and definitive association between these types of cancer and exposure to radon yet. Although the results are still incipient, all studies suggest that case-control or cohort studies should be performed to confirm this probable association, and that, if confirmed, additional preventive actions directed to mitigate or reduce radon exposure should be enforced. Also, the role of radon on other diseases is being studied and is a subject of current concern [65,66,67,68].



This seems to be the motto for other approaches, since, once the risks associated with exposure to indoor radon are understood, as well as the processes that lead to the accumulation of gas inside buildings, the development of methodologies that contribute to the mitigation of the problem permanently and actively. In the case of existing built spaces, the procedures allow, in a first phase, to assess the level of indoor radon concentration, leading to decision-making on the measures to be applied, and that, in a second phase, allows the monitoring of the effectiveness of the implemented measures. For example, using the methods described by Lopes et al. and developed within the scope of the RnMonitor project, which, using IoT edge devices, allows an effective radon risk management approach [40]. However, the ideal situation seems to prevent exposure in new residential spaces, which is possible if the assessment of radon potential is carried out still in the design phase, before the construction of the buildings. Thus, the use of a pre-diagnosis model, as presented by Silva et al., where, through an expeditious method, the need for further studies to confirm the radon potential indicated by the model is assessed, so that the best decisions can be taken concerning the implementation of mitigation measures that ensure the safety of the occupants of the interior spaces [69]. Mitigation of indoor radon concentration, both from a corrective and from a preventive perspective, seems to be the way forward to reduce the impact that the natural occurrence of this radioactive gas has on the health of populations.



In this way, in the systematic review presented in this article, it is possible to perceive an evolution in the perspective of how the topic is approached. As can be seen in Figure 4, at the time of the discovery of radioactivity and radioactive elements, the focus was entirely on the knowledge about chemical elements, their characteristics, their potential for use, among others, but always within the field of fundamental science. However, with the passage of time and with the deepening of the knowledge on radon science, the focus slowly shifted to the impacts that the chemical element can have on the environment and on health, still in a mix of fundamental science and applied science. Currently, the focus is predominantly on the safety of the people and the impacts that radon has on their health, and, above all, on how these negative impacts can be minimized. In other words, the focus was completely transferred to people.




5. Conclusions


Radon is a noble gas naturally occurring from the decay of radioactive elements such as uranium, listed by the WHO as the second leading cause of lung cancer after tobacco. The emanation of this gas from soils and rocks into the environment does not present significant problems. However, when this release occurs in indoor and occupied environments, such as a dwelling or working places, the need to assess the risks and impacts on health is highly recommended. The prolonged use of these indoor environments contributes to the exposure of occupants to a cumulative dose of α radiation, whose negative impact depends both on the daily average indoor radon concentration and the daily average occupation period. The studies analyzed in this work reinforce this perspective while indicating the need to implement remediation measures. Many of these measures were presented in several national action plans already implemented and currently in use. These measures, e.g., the realization of national assessment campaigns that aim to identify radon occurrence potential, allow the implementation of remediation measures, such as the development of intelligent ventilation mechanisms, or the application of passive protection measures, forming a blocking barrier to radon gas, lessening the admission of radon in indoor environments.
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Figure 1. Flow diagram of the full literature screening process. 
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Figure 2. Uranium decay sequence and the radon progeny (adapted from [23,24,25]). 






Figure 2. Uranium decay sequence and the radon progeny (adapted from [23,24,25]).



[image: Ijerph 19 03929 g002]







[image: Ijerph 19 03929 g003 550] 





Figure 3. Radon can enter into buildings through cracks in the building structure after being released from rocks to soils and water. Water can transport radon into the buildings, as being highly soluble in cold water, this solubility is highly reduced in hotter water, being immediately released, for example, during showering (adapted from [43,44,45,46]). 
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Figure 4. Summary of the main achievements concerning the evolution of radon science. 
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Table 1. Results obtained from the database provided by Web of Science Core Collection (Clarivate).
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	Keywords
	Results

(Nr. of Indexed Publications)





	“Radon” + “lung cancer”
	2659



	“Radon risk assessment”
	835



	“Radon mitigation measures”
	155



	“Radiation effects on health”
	8423



	“Radon effects on the environment”
	339



	“Radon sources”
	3003



	“Radon mutagenic effects”
	30



	“Indoor radon potential”
	514



	“Radon detection equipment”
	28



	“Radon current developments”
	77



	“Radon induced diseases”
	70
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