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Abstract: Among the physical pollutants affecting indoor air, the radioactive gas radon may turn
out to be the most hazardous. Health effects related to radon exposure have been investigated
for several decades, providing major scientific evidence to conclude that chronic exposures can
cause lung cancer. Additionally, an association with other diseases, such as leukemia and cancers
of the extra-thoracic airways, has been advanced. The implementation of a strategy to reduce
the exposure of the population and minimize the health risk, according to the European Directive
59/2013/Euratom on ionizing radiations, is a new challenge in public health management. Starting
from an understanding of the general state-of-the-art, a critical analysis of existing approaches
has been conducted, identifying strengths and weaknesses. Then, a strategy for assessing the
radon exposure of the general population, in a new comprehensive way, is proposed. It identifies
three main areas of intervention and provides a list of hazard indicators and operative solutions to
control human exposure. The strategy has been conceived to provide a supporting tool to authorities
in the introduction of effective measures to assess population health risks due to radon exposure.

Keywords: radon assessment; indoor radon; radon in building materials; environmental radon;
radon exposure; health risk of radon; radon and public health

1. Introduction

Air pollution causes serious harm to human health [1]. Many epidemiological studies,
over the decades, have demonstrated how human health can be strongly influenced by en-
vironmental factors, including exposure to physical, chemical, biological, and radiological
contaminants in the environment. Protecting human health from environmental pollutants
is an urgent mission for public health authorities. Thus, the assessment and control of
health risk from air pollution plays a very crucial role in any realistic roadmap for achieving
public health and well-being. Generally, air pollution health risk assessment (AP-HRA) [2]
mainly focuses on outdoor air, such as the monitoring of chemical compounds and PM
pollutants, especially in urban areas. However, AP-HRA should be more strongly extended
to indoor air, too, since air pollution in confined spaces is likewise one of the leading risk
factors for deaths globally.

Commonly, HRA in indoor air principally pays attention to chemical and biological
agents or ergonomics, lighting, and microclimate factors, since they more frequently affect
closed environments, often neglecting one of the most hazardous physical agents: the
carcinogenic naturally occurring radioactive gas radon (222Rn) [3,4]. It is well established,
in fact, that there is a clear connection between indoor exposure, by inhalation, to radon
and the incidence of lung cancer [3]. Furthermore, positive correlations between radon
and other harmful indoor pollutants are emerging from the most recent and accurate
investigations, as it has been observed in the case of phthalates for children [5].
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Radon short-lived alpha-emitting daughter progeny (218Po, 214Pb and 214Po) (Radon
Daughter Progeny, RDP), once inhaled, can be deposited in the lungs and the respiratory
tract in general and thereby be the cause of high doses from the high linear energy transfer
(LET) alpha particle radiation emitted, determining a so-called ‘internal exposure’.

Due to its carcinogenicity, radon is a public health concern, and its monitoring in
indoor environments for protection against the dangers arising from exposure to ionizing
radiation is recommended by national and international authorities [6]. Thus, a widespread
interest has grown in recent decades about an understanding of the complex phenomena
of indoor radon accumulation and in the development of policies and methods to monitor
and reduce human exposure to ‘safety’ levels. Interest has grown in recent years after
the publication of the last European Directive 59/2013/Euratom [7] which, according to
new epidemiological studies, introduces more stringent measures for protection, including
for private households, and extends control to all possible sources of radon in a confined
environment. Therefore, the implementation of an effective strategy for HRA to radon
exposure is an urgent challenge in public health management.

Systematic reviews on the matter, in the past years, have shown a lack of harmonized
methodologies to assess this risk and the absence of a general strategy to be implemented
in different scenarios [8]. To be successful, a strategy needs to be comprehensive and
scientifically sound and able to be implemented in the specific conditions of the country,
including, for example, outdoor climate, building design, types of building material used,
and knowledge and behavior patterns of the occupants.

Therefore, the scope of this paper is to propose a novel general strategy for the control
of radon exposure at the national and regional level, according to the most recent regulatory
advances and scientific results gathered over the past decades. The proposed approach
is based on the definition of control indicators for each potential source of the hazard,
ranked in classes according to the severity of the impact. This preliminary proposal aims
to constitute the basis for the future development of a health risk model (HRM) based on
the calculation of an exposure score (ES), able to determine and predict the global exposure
of the population to indoor radon [9].

2. The Framework

The assessment and control of indoor radon is a public health risk management
matter [10,11]. The proper modeling of a general strategy for the managing of a public
health matter firstly requires an accurate definition of the global framework in order to
understand who the target population is, where the risk can occur, what the effects are on
health, and the main determinants responsible for an increasing risk [12].

Many studies have been carried out on the detection and interactions among the
determinants that outline a general public health risk. It is largely accepted that the
framework is based on three basic sets (Figure 1) of population health determinants [13]:

(a) biology and genetic endowment;
(b) environment and occupation;
(¢c) social and behavioral factors.

Applying the conceptualization of Figure 1 to depict the issue, it is possible to under-
stand the relationships and interactions among radon and the different determinants.
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Figure 1. Three basic sets of health risk science. The arrows, in gray, indicate the mutual interaction
among determinants.

(a) Biology and genetic endowment. Feeble biological structure and genetic vulner-
ability make some people more susceptible to some environmental stressors than others.
Susceptibility to radon varies according to the age, sex, and habits. For example, children
can be more affected than adults due to higher respiration rates, smokers or past smokers
can be exposed to a synergistic effect of radon-tobacco smoke, and men seem to have a
higher baseline risk than women, in terms of developing lung or blood cancer [14-16].

(b) Environmental and occupational. The radioactive gas radon, decay product of
radium (*?°Ra), member of the uranium series (>3®U), is abundantly and ubiquitously
naturally produced in the earth’s crust. Once released from soil pores, due to its half-life
(3.82 days), it can migrate within rocky materials, where it has been produced (emana-
tion process) and transported across the near-surface soils by fluid carriers (as water, air,
CO2, CH4) through advective and diffusive mechanisms, favored by the soil mechanical
characteristics (porosity, permeability, and structure) and the environmental conditions.
After reaching the external atmosphere (exhalation process) it can enter and accumulate
in closed spaces under particular conditions (poor ventilation, presence of cracks in the
basement, etc.). Therefore, radon diffuses and degrades in the environment at different
speeds in different geological, seasonal, and meteorological conditions.

As naturally present in the soil, capable of dissolving in water used for human
consumption and accumulating in a closed environment, it constitutes an environmental
and occupational problem at the same time.

(c) Social and behavioral. There are clear socio-economic differences in radon-related
awareness, risk perception, and behavior between rural and urban areas. Lifestyle is
different, too. Adults in urban areas spend about 93.75% of their time indoors, either
working, studying, playing, or maintaining a sedentary lifestyle, mainly in the long winter
season in the Nordic countries, whereas an increased mobility experienced in summertime
decreases the extent of exposure [17].

Regarding the interactions with other determinants, referring to Figure 1, the environment-
occupational determinant is connected to the others with the following interactions:

1.  Biology-environment. Radon exposure occurs mostly in old, damaged houses where
cracks in the basement and walls represent entry points of radon from soil. Oftentimes,
these houses are poorly ventilated, favoring gas accumulation, with quite a lot of dust,
aerosols, and combustion by-products, which can attract radon daughter progeny
(RDP), which, once inhaled, settles in the lung mucosa. In this example of environmen-
tal context, lung cancer susceptibility is related to the individual functional capability
to signal, via ubiquitination processes, DNA damage and to repair radiation-induced
double-strand breaks. Therefore, genetic factors are significant contributors to the
pathogenesis of lung cancer due to the exposure to the radon pollutant.
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2. Environment-social. Individual behavior to risk responses such as smoking, a seden-
tary life, closing windows for personal protection against burglary or smog, or the
habit to sleep in the basement to avoid traffic noise may increase the level of exposure,
as very poorly ventilated environments contribute to radon accumulation, and smok-
ing has a synergistic effect. Therefore, social habits could determine an amplification
of the exposure.

All of this assumed, a strategy for the assessment and control of the radon hazard
should aim to estimate the risks of current and future exposure, as well as changes that
may result from modifications of the conditions, and be able to correctly assess:

(i) the amount of radon present in the air (i.e., the activity concentration);

(ii) the amount of exposure of the targeted population;

(iii) how harmful the concentration is for human health, i.e., the resulting health risks to
the exposed population [2].

In the next section, the main methodological steps for a strategy that models, in a
more complete way, the resulting health risks to the exposed population from all the radon
sources are described.

3. The Method

In the management of a risk (Figure 2), in compliance with the ISO standard 31000:2018 [18],
it is important to identify the sources and the consequent effects in order to determine the
risk priority.

Among the most common techniques for the analysis of exposure to polluting agents,
the definition of indexes represents a very useful tool to easily describe the quality of
the environment. Based on experimental measurements, the approach using indicators
realizes a quantitative and qualitative picture of the ‘health status’ of the environment.
For this reason, it is considered to be one of the most transparent and efficient tools to
support decisions and actions for competent control authorities and to communicate with
public opinion [19].

R e CEET SR

Risk attitude

Figure 2. Logic workflow of the proposed strategy [20]. (Reproduced with permission from Mancini S., PhD thesis, 2018).

Therefore, in the management of the health risk due to exposure to environmental
radon, it is first important to categorize the main sources of radon influencing the global
indoor accumulation dynamics. Then, methods and indicators to control the risk of
exposure must be defined.

The dynamics of indoor radon accumulation is a complex phenomenon [21], de-
termined by the interaction of many parameters, which, in the most general situations,
can be time- and space-dependent (Figure 3). Therefore, it is more practical to operate a
simplification focusing only on the major influencing sources, processes, and factors.
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Figure 3. Diagram of the sources (brown square boxes), processes (green round boxes), and parameters that a global

dynamic radon model must consider. The time-dependent parameters are in blue [20].

In this way, a general simplified scheme (Figure 4) was realized by one of the au-
thors [20]. As shown in the figure, radon can reach an indoor environment by coming
mainly from the geogenic compartment (soil) and the anthropogenic compartment (build-
ing materials, water, and gas supplies). Stratigraphy and geological and hydrogeological
features are the most relevant factors influencing high radon activity concentrations in the
soil. The structural and plant features of the building influence the accumulation of indoor
radon. Regarding radon in water, for simplicity, we are neglecting the risk due to ingestion
(which is not so universally established by the scientific community) and considering only
that due to inhalation.

geogenic compartment

[ SOURCES I INFLUENCING FACTORS > TRANSPORT MECHANISM
« STRATIGRAPHY + ADVECTION

* SOIL * GEOLOGY
+ WATEF *HYDROLOGY

anthropic compartment

SOURCES INFLUENCING FACTORS TRANSPORT MECHANISM
* BUILDING MATERIALS +« CONVECTION
* WELL/'WATER SUPPLY * STRUCTURES
* GAS SUPPLY *+ PLANT

Figure 4. Environmental-occupational determinant: identifying risk and categorizing sources.

The second step is to identify practical tools to assess the probability of the risk.
Indicators are valid instruments for this purpose. Typically grouped into ranges, according
to defined classes describing the magnitude of the impact, indicators easily communicate
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the environmental conditions, since according to the severity of the impact, a descriptor as
a colour code or a standardized public health advisory is assigned.

In this paper, the development of three indicators describing the grade of the potential
hazard from each source of radon in an indoor environment is proposed. The work is
conceived as a useful tool for authorities to identify buildings requiring intervention to
improve the sustainability of the building’s behaviour to radon, to support urban planners
in the identification of radon-prone areas [22], to support professionals in the design of
new sustainable structures, etc.

4. Results and Discussion

Even if conceptually simple, the development of indicators requires facing some
problems. First of all, the definition is not easily internationally common, since it varies
reflecting the governmental directions in terms of respecting national reference or action
level values and the quality standards adopted [23]. Then, the choice of a unique index
requires the identification and assessment of a number of variables, calculation methods,
and the definition of different categories of risk. In this context, after having analysed
the procedures, standards, and indicators used in different countries or proposed in the
scientific literature, the main ones were selected by the authors and summarized in Table 1.

Table 1. Assessment of predictability and probability. Selection of the main indexes, from the
literature, for each source (water, building materials (BM), soil).

Soil BM Water
Selected index GRI! IRP112Rn 2 Cy 3
Authorshi Cinelli G. et al. Trevisi et al. Nazaroff W. et al.
p 2020 [24] 2013 [23] 1987 [25]

1 Geogenic radon risk index; 2 Activity index for construction materials expressed in Bq/kg; 3 Radon activity
concentration in water (Cy) in Bq/L.

Then, the pros and cons of the selected indexes (Table 2) were identified, and new
revised ones were proposed (Table 3). For water, no adjustment has been considered for
the calculation of the Cw parameter since it is, by itself, sufficiently exhaustive on the basis
of the general knowledge of the contribution of de-gassed radon from water to the indoor
environment. Therefore, the work has been restricted only to the definition of Cw.

Table 2. Assessment of predictability and probability. Analysis of pros and cons of the selected indexes.

Soil BM Water
GRI IRP112Rn Cw
Geogenic approach. Simple
PROS Technically simple. Y + x-exposure controlled. pre-
Accurate. Quite accurate.
Many input Not internationally harmonized.
CONS quantities. E 4 measurement technique 3
Predictive capacity based on radium activity
not as expected. concentration measurements.

4 E = exhalation rate.
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Table 3. Proposed indexes.

Soil BM
index GRC ! [26] Y+

Geogenic approach.

Technically simpl. Technically simple.

PROS echucatly stmpre. E measurements technique based on
Few input parameters. radon activity concentrations
Good predictive capacity. y '

CONS Neglected y radiation Necessity to standardize E technique.
background.

! Geogenic RadCampania.

Instead, for soil and building materials, adjustments or new calculations have been
proposed (Table 3). As reported in Table 3, the new proposed indexes attempt to overcome
the limitations (cons) of the previous ones.

For the soil, one of the most important limitations of the GRI, reported by the authors
themselves [24], concerns the predictive capacity being not as expected, despite the accuracy
of the calculation. This limitation results in thinking that in the assessment of a complex
phenomenon, some simplification could be considered in order to facilitate applications.
Since, despite the accuracy, the predictive capacity is not much better than that resulting
from a simplified approach, here, a more simplified index is proposed on the basis of a
previous investigation done by the authors [26]. Based on field measurements, the easy
to perform and technically simple Geogenic Rad-Campania (GRC) approach enables one
to redact quite accurate cartographies of the radon potential from soils, from small to
large scales. This method has already been successfully applied at provincial and local
scales [26,27]. The level of risk is expressed in classes, from very low to very high, as a
combination of the level of exposure and hazard. Then, the GRC index is defined as the ratio
between the radon activity concentration measured in the soil-gas and the smaller limit
of the radon activity concentration characterizing the very high class (i.e., corresponding
to 500,000 Bq/ m? as defined in [26]). This definition ensures that 1 turns out to be the
maximum reference level of risk.

An important remark concerns the choice of the reference value. In fact, depending on
its value, the indices could be greater or less than 1 (more or less than the reference value).
In this way, a well-defined global quantity, easily and clearly interpreted, can be obtained.
The class of the index is instead described using a table of colours. This important step
moves from the certainty that a unique general index would be easily understood by the
public to a calculation in a simpler manner using reasonable assumptions and descriptors
(Table 4). Then, according to the class, actions could be mandatorily required. Actions
regard the mandatory application of mitigation systems inside the building foundations
(application of radon barriers, pumps and sumps, etc.).

Table 4. Soil index classes with indication of the acronym, level, descriptor by color, index value and
required actions.

Classn.  Acronym Level Descriptor Index Value Action
0 S0 null 0 none
1 S1 very low Is <04 none
2 S2 low P 04<Ig<06 none or some
3 S3 medium 06<Is<0.8 some
4 S4 high 08<Ig<1 almost 2
5 S5 very high _ Is>1 more than 2

Of course, the practical potentiality of a radon potential cartography lies in its capabil-
ity to identify, in each province, the districts with a high susceptibility to radon exhalation
from soil and, for each district, the portions of the municipal territory which exhibit or
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could exhibit high radon concentrations, with the possibility of imposing preventive ac-
tions on buildings. However, in addition to being an important tool for strategic urban
planning, it could be combined with the other tools defined here to assess the indoor radon
health risk.

Regarding the construction of an index for the assessment of the risk from BM, the
principal limitation is related to the fact that the radiological characterization of the mate-
rials, in many countries, contemplates only the y exposure. Moreover, its calculation in
different countries [23] refers to different models and different standards. In particular,
concerning the different formulas used internationally, the index is defined in terms of
radium content. From a radioprotection point of view, the content of radium represents, of
course, an index of the potential hazard, but, in practical terms, it could be more suitable to
also refer to another parameter: the radon exhalation rate. If the radium yield gives a direct
measure of the potential hazard (the larger the yield, the higher the probability to release
radon, of course), the exhalation rate, instead, also better represents a sort of ‘efficacy’ of the
hazard. The specific exhalation rate is related to the radon flux emitted from the building
material per mass unit (per surface unit). It is a reference parameter, generally used in sci-
entific literature, to identify the contribution of the building materials to indoor radon. The
radon exhalation rate of a building material is influenced not only by the radium content
but also by porosity, water content, permeability, emanation power or fraction, surface
preparation, and covering. For this reason, considering it could be more representative
of the real hazard related to the alpha exposure. By such measurements, the exhalation
rate can be calculated by referring to the absolute dimensions (the amount of material)
as well as the real shape (surface-to-volume ratio) of the sample and can complete the
‘technical radiological information sheet’ of the material sample. In this direction, an index
was proposed by Trevisi et al. in 2013 [23], but the cons related to this proposal concern the
calculation of the exhalation rate that would be better determined not by means of radium
content but by means of appropriate measurements through accumulation chambers [28].
This solution enables having a more accurate knowledge of the effective radon exhalated
from samples made of multiple layers of different building materials, for example.

The calculation of the index, also in this case, comes from direct measurements of
the samples and then the application of a formula according to which the index varies
from O up to values >1. Since 1, also in this case, is the reference limit, some restrictions
could occur in the utilization of the building materials for indoor use. Therefore, we can
build, as in the case of soil, a class of levels by color to indicate the quality of the BM for
indoor use (Table 5). Then, according to the class, restrictions in the quantity or in the
use could be mandatory. In this direction, the application of a voluntary label to certify
building materials as ‘radon tested” could be important in the context of the promotion of
sustainability in construction.

Table 5. BM index classes with indication of the acronym, level, descriptor by color, index value and
required restrictions for its use.

Classn.  Acronym Level Descriptor Index Value Restrictions
0 BMO null 0 None

1 BM1 very low Igm <04 None
2 BM2 low P 04<Igy <06 None or some
3 BM3 medium 0.6 <Igy <08 Some
4 BM4 high 08<Igy <1 Several
5

. Indoor use not
BM5 very high - Tem > 1 recommended
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Then, to determine the total health impact to an indoor environment due to the
presence of radon sources from soil and building materials, a combination of the two above
introduced indexes is proposed as follows:

Liot = (als) (bIpm)

where a and b are dimensionless weights amplifying or reducing the contribution of the
BM and soil sources in the total indoor radon accumulation phenomenon.

The utility of a global index lies in the fact that it could be possible to choose one
building material rather than another according to the class of the soil, in order not to
contribute further to the accumulated indoor radon. Another use of this index is related to
the possibility of easily identifying the buildings more susceptible to high indoor radon
according to the structural features of the building and the geological characteristics of the
soil underneath.

All of this assumed, the new indicators for a sort of early warning analysis having been
discussed, revised, and proposed, the methodology is graphically represented in Figure 5.

RADON MANAGEMENT

Building

materials
HAZARD
INDICATOR
APPROACH . quality risk based

geogenic -
assurance thinking

TECHNICAL Radon potential voluntary real time Radon
SOLUTION map certification sensor system

Figure 5. Logic scheme of the proposed strategy.

In particular, three areas of interventions have been defined: soil, building materials,
and indoor environment. Indeed, since indoor radon accumulation is not only due to
the transport, driven by pressure differences, from the terrain to the building through
the basement, but it is also due to the direct exhalation from building materials, existing
buildings should be renovated through opportune interventions of mitigation or equipped
with a real-time radon sensor network system. The installation in buildings of a radon
sensor system able to launch an instant alert in the case of exceeding concentrations and to
report the average measured levels represents a cost-effective solution to prevent the risk of
excess exposure. The advantages of this solution are related to reduced environmental costs
(compared with standard technologies), an instant alert system in the case of exceeding
concentrations, the provision of periodic reports, more reliable measurements than standard
solutions (such as the use of passive dosimeters, which does not avoid the tampering with
measurements, especially in workplaces and public places), and the prompt execution of
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mitigation action through the activation of HVAC systems only in case of exceeding radon
levels, with obvious economic savings. Furthermore, it is able to provide to the occupants
with information about the real radon levels of exposure well in advance with respect to
the annual duration of a standard monitoring prescribed by the valid legislation. In this
way, public awareness with respect to the radon issue can be largely improved, making
people aware of the phenomenon.

The control of radioactivity induced by BM is crucial for new buildings or restored
ones. Since modern society promotes a new philosophy in building construction based
on the concept of ‘sustainability’, many international voluntary labels have been created
with the purpose to certify the non-toxicity of building materials and of indoor air and
already consider the control of natural radioactivity. All the above-mentioned protocols
and voluntary labels refer to the calculation of the gamma dose due to building materials,
ignoring the alpha dose, which is more dangerous than gamma for human health because
it is related to ‘internal” exposure. Therefore, the future goal is the proposal of a label
accompanying the different materials used in construction, similar to the certificate of
origin and tracking accompanying food found on department stores’ shelves, capable of
exhibiting in a simple, understandable, and transparent way the potential hazard associated
with the exposure to radon exhaled by these materials, integrating the standard control
on the gamma dose required by the regulations. The innovation of this idea consists of
the fact that the volunteer label provides for target businesses operating in the field a
single information and communication tool, essential for enhancing the features of the
bio-sustainability of its products, and a reliable and accredited safety protection and public
health safeguard, thus increasing the satisfaction and trust of the customer and the end user.

The idea of developing a certificate measuring radon emission, in terms of evaluating
the human health risk, in reference to current regulations, has to be supported by the
definition of standardized techniques and methods in order to publish the label. First of all,
the measurement should be realized on a sample of standardized dimensions of building
materials for indoor environment use. Each sample should be representative of the different
raw materials and origins. The exhalation rate of radon from building materials can be
determined by studying the growth of radon activity concentrations in closed vessels
containing samples of them. Indeed, among all the possible measurement techniques,
the radon chamber technique is simple and low cost and widely used to determine the
exhalation rates [29].

Regarding the control of the hazard coming from soil, radon potential maps are an
efficient basic tool for territorial planning.

The practical potentiality of a radon potential cartography lies in its capability to
identify in each province the districts with a high susceptibility to radon exhalation from
soil and, for each district, the portions of municipal territory which exhibit or could
exhibit high radon concentrations, with the possibility to program, in a specific way, a
monitoring campaign or to impose preventive action on buildings included in those areas.
The recent European Directive [7] also provides for these cases the possibility of including
in the national building codes the obligation to already adopt preventive measures in the
construction phase of new buildings.

To integrate all these technical solutions, a global radon certification of buildings could
definitely be introduced.

In some highly developed countries, real estate market purchase and sale transactions
of homes require a certification concerning typical indoor radon levels and the adoption
or not of mitigation remedies [30]. As is already the case for energy consumption and
energy efficiency mitigation actions, the promotion of radon certifications conducted
by independent and qualified experts and subsidies to cover up to half the costs of the
mitigation for the homeowners could be a boost for general control.

Certification software should be based on algorithms modeling the indoor radon
dynamics. Then, a classification of houses in ‘Radon classes’, from high to low, and the
design of a structural and technical solution to prevent radon entry into buildings should
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be provided. The conceived software [31] should be able to simulate typical concentrations
in the detected houses. Regarding this prevision, comparing the results with the defined
classes of concentrations, a classification of the houses in low, medium, and high radon
potential could be produced based on the certification. A possible measure of action for
the reduction of radon entry and exposure can be included in the certificate with the
simulation of future indoor radon concentration after the configured scenario. A software
of this kind is practical and effective, as opposed to the performance of operative direct
measurements in the buildings integrated in a year and to be repeated periodically. This
kind of certification can be added to traditional software for the energy certification of
buildings and be CAD-based, because it requires the introduction of some data already
required for the energy classification.

All the proposed solutions identify the radon potential from soil, building materials,
and indoors ranked in classes from low to high based on the value of the hazard indicated.
In this way, they not only give a practical idea of the impact of the radon potential but
also constitute the basis of a qualitative measure of the risk, which can be defined through
different methods, such as the risk matrix or indicator-based approach, etc.

5. Conclusions

The development of methodologies for early warning analysis, control of the risk, and
optimization of the solutions is an important task in the management of every issue. From
food safety to energy consumption [32,33], the construction of the right process approach is
very important for any effective, efficient, and successful operative program. As it regards
the radon issue, several strategies have been implemented, including mapping, testing of
homes, etc., with a large investment of efforts and human and financial resources, but the
lack of a unique integrated methodology for management risk has so far led to the waste of
resources and not yet to an achieved awareness among authorities and the general public
about the related health risks.

In this paper, a comprehensive strategy and the specific activities for managing the
radon issue in a practical and effective way have been proposed. The strengths of the
proposed methodology are the practical tools proposed for the management of the radon
potential from soil (through maps) and from building materials (through voluntary labels),
as well as the remote control of indoor radon levels (through real-time sensor systems) and
the integration of all these data in a radon certification for buildings.

The development of strategies and solutions is not regulated, but the proposed solution
could be a starting point for a general harmonized methodology for long-term management
plans. Providing public information and education on radon gas and potential remediation
options is also an important first step to manage the social and behavioral factors, similar to
human biomonitoring for the genetic and biological factors [34]. Further studies will focus
on completing the methodology by modeling an integrated approach to manage the other
determinants, by revising and optimizing public information and education programs
to manage the social and behavioral factors, and by proposing new research on human
biomonitoring for the control and monitoring of the genetic and biological factors.

Author Contributions: Conceptualization and methodology, M.G. and S.M.; writing—original draft
preparation, S.M.; writing—review and editing, S.M. and M.G.; supervision, M.G. and M.V,; All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Salerno, Italy, through the grant UNISA FARB2017.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: One (S.M.) of the authors thanks the warm hospitality and the logistical support
provided by the Institute of Construction Technology, Faculty of Civil Engineering, Riga Techni-
cal University (RTU), Riga, Latvia, during the time spent there writing her doctoral thesis. The



Int. J. Environ. Res. Public Health 2021, 18, 8089 12 of 13

authors would like to thank Domenico Guida and Albina Cuomo for their valuable support and
fruitful interactions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. Strategic Approaches to Indoor Air Policy-Making; WHO European Centre for Environment and Health:
Bilthoven, The Netherlands, 2006.

2. World Health Organization. Health Risk Assessment of Air Pollution; WHO Regional Office for Europe UN: Copenhagen, Denmark,
2016; ISBN 978-92-890-51316.

3. Groves-Kirkby, C.J.; Denman, A.R.; Woolridge, A.C.; Phillips, P.S.; Phillips, C. Environmental Radon Gas and Degenerative
Conditions—An Overview. In Proceedings of the 2nd IRPA European Congress, Paris, France, 16-19 May 2006.

4. Smith, B.J.; Zhang, L.; Field, R.W. Iowa Radon leukaemia study: A hierarchical population risk model for spatially correlated
exposure measured with error. Statist. Med. 2007, 26, 4619-4642. [CrossRef]

5. TIARC. Man-Made Mineral Fibres and Radon IARC Monographs on the Evaluation of the Carcinogenic Risks to Humans; World Health
Organization (WHO): Geneva, Switzerland, 1988; Volume 43.

6. Kwan, W.S,; Nikezic, D.; Roy, V.A.L.; Yu, K.N. Multiple Stressor Effects of Radon and Phthalates in Children: Background
Information and Future Research. Int. |. Environ. Res. Public Health 2020, 17, 2898. [CrossRef]

7. EURATOM. Council Directive 2013/59/Euratom. Basic Safety Standards for the Protection of the Population and Workers from
the Dangers Arising from Exposure to Ionizing Radiation. Official Journal of the European Union L 13/1. Available online:
https:/ /eur-lex.europa.eu/legal-content/EN/TXT /?uri=0J:L:2014:013:TOC (accessed on 26 December 2020).

8. Ajrouche, R;; Ielsch, G.; Cléro, E.; Roudier, C.; Gay, D.; Guillevic, ].; Laurier, D.; Le Tertre, A. Quantitative Health Risk Assessment
of Indoor Radon: A Systematic Review. Radiat. Prot. Dosim. 2017, 177, 69-77. [CrossRef]

9. Larrafiaga, M.D.; Karunasena, E.; Holder, HW.; Althouse, E.D.; Straus, D.C. An Exposure Model for Identifying Health Risk due
to Environmental Microbial Contamination in the Healthcare Setting. In Chemistry, Emission Control, Radioactive Pollution and
Indoor Air Quality; InTech: London, UK, 2011; ISBN 978-953-307-316-3.

10. Bochicchio, F; Hulka, J.; Ringer, W.; Rovenska, K.; Fojtikova, I.; Venoso, G.; Bradley, E.J.; Fenton, D.; Gruson, M.; Arvela, H.; et al.
National Radon programmes and policies: The RADPAR recommendations. Rad. Prot. Dos. 2014, 160, 14-17. [CrossRef]
[PubMed]

11.  Asere, AM.; Ajayi, L.R. Exposure to Radon as a Public Health Issue—A Review. J. Sci. Res. Rep. 2015, 8, 1-7. [CrossRef]

12.  Briggs, D.J. A framework for integrated environmental health impact assessment of systemic risks. Environ. Health 2008, 7, 61-77.
[CrossRef]

13.  Krewski, D.; Hogan, V.; Turner, M.C.; Zeman, P.L.; McDowell, I.; Edwards, N.; Losos, J. An Integrated Framework for Risk
Management and Population Health. J. Human Ecol. Risk Assess. 2007, 13, 1288-1312. [CrossRef]

14. Salih, N.E; Jafri, Z.M.; Aswood, M.S. Measurement of radon concentration in blood and urine samples collected from female
cancer patients using RAD?. J. Radiat. Res. Appl. Sci. 2016, 9, 332-336. [CrossRef]

15.  Bochicchio, F. Radon and cancer. Eur. J. Cancer. Prev. 1996, 5, 383-384.

16. Meenakshi, C.; Mohankumar, M.N. Synergistic effect of radon in blood cells of smokers—An in vitro study. Mutat. Res. 2013, 757,
79-82. [CrossRef]

17.  Makedonska, G.; Djounova, J.; Ivanova, K. Radon Risk Communication in Bulgaria. Rad. Prot. Dos. 2018, 181, 26-29. [CrossRef]
[PubMed]

18. ISO. ISO Standard Risk Management—Guidelines; ISO: Geneva, Switzerland, 2018.

19. Mancini, S.; Guida, M.; Graziuso, G.; Quartieri, J.; Guarnaccia, C. Development of an Environmental Quality Index to Assess
Physical Agents Pollution. In Journal of Physics: Conference Series; IOP Publishing Ltd.: Bristol, UK, 2020; Volume 1603, pp. 1-5.

20. Mancini, S. Development of an Adaptive Hierarchical Multiscale Approach for the Assessment, Planning and Prevention of the
Impact, on Anthropic and Natural Environments, Due to the Exceeding of Radon Gas Concentrations from Threshold Values and
the Corresponding Risk Associated to Indoor Radon Exposures. Ph.D. Thesis, University of Salerno, Fisciano, Italy, 2018.

21. Font, L.; Baixeras, C. The RAGENA dynamic model of radon generation, entry and accumulation indoors. Sci. Total Environ. 2003,
307, 55-69. [CrossRef]

22.  Guida, D.; Guida, M.; Cuomo, A.; Guadagnuolo, D.; Siervo, V. Assessment and Mapping of Radon-prone Areas on a regional scale
as application of a Hierarchical Adaptive and Multiscale Approach for the Environmental Planning. Case Study of Campania
Region, Southern Italy. WSEAS Trans. Sys. 2013, 12, 105-120.

23. Trevisi, R.; Nuccetelli, C.; Risica, S. Screening tools to limit the use of building materials with enhanced/elevated levels of natural
radioactivity: Analysis and application of index criteria. Constr. Build. Mater. 2013, 49, 448-454. [CrossRef]

24. Bossew, P; Cinelli, G.; Ciotoli, G.; Crowley, Q.G.; De Cort, M.; Medina, ].E.; Gruber, V.; Tollefsen, T. Development of a Geogenic
Radon Hazard Index—Concept, History, Experiences. Int. ]. Environ. Res. Public Health 2020, 17, 4134. [CrossRef]

25. Nazaroff, WW.; Doyle, S.M.; Nero, A.V.; Sextro, R.G. Potable Water as a Source of Airborne 222Rn in U-S. Dwellings: A Review
and Assessment. Health Phys. 1987, 52, 281-295. [CrossRef]

26. Mancini, S.; Guida, M.; Cuomo, A.; Guida, D. A geogenic approach for the Radon monitoring and the exposure assessment at a

regional scale: The results of the Rad_Campania Project. Adv. Geosci. 2020, 52, 87-96. [CrossRef]


http://doi.org/10.1002/sim.2884
http://doi.org/10.3390/ijerph17082898
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:L:2014:013:TOC
http://doi.org/10.1093/rpd/ncx152
http://doi.org/10.1093/rpd/ncu099
http://www.ncbi.nlm.nih.gov/pubmed/24748489
http://doi.org/10.9734/JSRR/2015/18779
http://doi.org/10.1186/1476-069X-7-61
http://doi.org/10.1080/10807030701655798
http://doi.org/10.1016/j.jrras.2016.02.002
http://doi.org/10.1016/j.mrgentox.2013.06.018
http://doi.org/10.1093/rpd/ncy096
http://www.ncbi.nlm.nih.gov/pubmed/29901758
http://doi.org/10.1016/S0048-9697(02)00462-X
http://doi.org/10.1016/j.conbuildmat.2013.08.059
http://doi.org/10.3390/ijerph17114134
http://doi.org/10.1097/00004032-198703000-00002
http://doi.org/10.5194/adgeo-52-87-2020

Int. J. Environ. Res. Public Health 2021, 18, 8089 13 of 13

27.

28.

29.

30.

31.

32.

33.

34.

Gerundo, R;; Grimaldi, M.; Marra, A. Il Rischio da Radon nella Pianificazione Urbanistica. Edizioni Scientifiche Italiane Spa.
Available online: https://www.edizioniesi.it/ pubblicazioni/libri/fotografia_arti_figurative_grafica_architettura_arte_storia_
dellarte_urbanistica_cartografia_-_1/architettura_urbanistica_e_cartografia_-_1_-_05/il-rischio-da-radon-nella-pianificazione-
urbanistica.html (accessed on 20 June 2021).

Ishimori, Y.; Lange, K.; Martin, P.; Mayya, Y.S.; Phaneuf, M. Measurement and Calculation of Radon Releases from NORM Residues;
International Atomic Energy Agency: Vienna, Austria, 2013.

Lei, Z.; Lei, X.; Guo, Q.; Wang, S.; Ma, X,; Shi, H. Accurate measurement of the radon exhalation rate of building materials using
the closed chamber method. J. Radiol. Prot. 2012, 32, 315.

Mjones, L. Measurement Protocols for Radon in Dwellings in Sweden; Thirteen Years of Experience. Available online: https:
/ /aarst.org/proceedings/1993/1993_04_Measurement_Protocols_For_Radon_In_Dwellings_in_Swed.pdf (accessed on 20 June 2020).
Mancini, S.; Guida, M.; Cuomo, A.; Guida, D.; Ismail, A.H. Modelling of indoor radon activity concentration dynamics and its
validation through in-situ measurements on regional scale. AIP Conf. Proc. 2018, 1982, 020043.

Geng, Z.; Liu, F; Shang, D.; Han, Y,; Shang, Y.; Chu, C. Early warning and control of food safety risk using an improved AHC-RBF
neural network integrating AHP-EW. J. Food Eng. 2021, 292, 110239. [CrossRef]

Geng, Z.; Song, G.; Han, Y.; Chu, C. Static and dynamic energy structure analysis in the world for resource optimization using
total factor productivity method based on slacks-based measure integrating data envelopment analysis. Energy Convers. Manag.
2021, 228, 113713. [CrossRef]

Mancini, S.; Guida, M.; De Caro, E; Moccia, G.; Turco, C. Human Bio-Monitoring and Bio-Indicators for Health Risk Management
Associated to Chronic Exposures in High Radon Concentration Environments: A Review. In Radionuclides: Properties, Behavior and
Potential Health Effects; New York Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2020; ISBN 978-1-53617-379-6.


https://www.edizioniesi.it/pubblicazioni/libri/fotografia_arti_figurative_grafica_architettura_arte_storia_dellarte_urbanistica_cartografia_-_1/architettura_urbanistica_e_cartografia_-_1_-_05/il-rischio-da-radon-nella-pianificazione-urbanistica.html
https://www.edizioniesi.it/pubblicazioni/libri/fotografia_arti_figurative_grafica_architettura_arte_storia_dellarte_urbanistica_cartografia_-_1/architettura_urbanistica_e_cartografia_-_1_-_05/il-rischio-da-radon-nella-pianificazione-urbanistica.html
https://www.edizioniesi.it/pubblicazioni/libri/fotografia_arti_figurative_grafica_architettura_arte_storia_dellarte_urbanistica_cartografia_-_1/architettura_urbanistica_e_cartografia_-_1_-_05/il-rischio-da-radon-nella-pianificazione-urbanistica.html
https://aarst.org/proceedings/1993/1993_04_Measurement_Protocols_For_Radon_In_Dwellings_in_Swed.pdf
https://aarst.org/proceedings/1993/1993_04_Measurement_Protocols_For_Radon_In_Dwellings_in_Swed.pdf
http://doi.org/10.1016/j.jfoodeng.2020.110239
http://doi.org/10.1016/j.enconman.2020.113713

	Introduction 
	The Framework 
	The Method 
	Results and Discussion 
	Conclusions 
	References

