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Abstract

Measuring indoor radon concentrations is essential for ensuring good air quality in build-
ings and protecting public health, but significant regulatory and methodological fragmen-
tation still exists at the international level. This study analysed scientific articles published
in the last five years, aiming to critically map the technical choices adopted in measuring
radon in different indoor environments. The results show that regulatory fragmentation
continues to generate inconsistent practices with regard to measurement protocols, sam-
pling durations, devices used, and normative references used to interpret the results. In
many cases, the protocols cannot be readily classified according to major technical stan-
dards as specific interpretation criteria are required, such as the sampling frequency and
the overall duration of the strategy. These results highlight the importance of standardising
measurement methods in order to improve the accuracy of exposure assessments and
enable comparisons between studies.

Keywords: indoor radon measurement; indoor radon concentration; radon survey; radon
legislation; measurement protocols

1. Introduction

Radon gas is classified as a Group 1 carcinogen by the International Agency for Re-
search on Cancer (IARC) [1] and is the second leading cause of lung cancer after smoking [2].
Despite the wide scientific agreement on the health risks associated with indoor radon
exposure, the practical implementation of international recommendations on measurement
methods, exposure limits, and mitigation strategies remains inconsistent. Existing guide-
lines and regulations are often applied differently across countries, leading to significant
variations in threshold values, measurement methodologies, and intervention requirements.
In some cases, the guidelines themselves lead to multiple interpretations, further limiting
global harmonisation.

The World Health Organization (WHO), in its 2009 technical report, recommends a
reference value of 100 Bq/m3, with the possibility of raising it to a maximum of 300 Bq/m?
in cases where it is technically difficult to further reduce the concentration [2]. However,
these recommendations are not mandatory, and according to the WHO report (2021),
many countries have not yet defined a National Reference Level (NRL) or have adopted
thresholds above 300 Bq/ m?3 for workplaces (e.g., Turkey, Serbia, Lithuania, Georgia, China,
Brazil, Belarus, Australia) [3].

In Europe, Directive 2013/59/Euratom requires Member States to provide national
action plans to reduce the risk from exposure to radon, setting a maximum reference
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level of 300 Bq/m? for both homes and workplaces [4]. However, the implementation of
the directive has generated a heterogeneous regulatory framework, as highlighted by a
report by the Joint Research Centre (JRC) within the MetroRADON project [5], based on
a literature review of national indoor radon surveys conducted in Europe. The adopted
methodologies vary significantly, and many sources do not report key information on
the design of the surveys, compromising the reliability and reproducibility of the results.
The result is a complexity in developing a consistent map of the radon distribution across
the continent [6]. Nevertheless, the authors acknowledge that, while methodological
heterogeneity is an important issue, the main challenges in creating a continent-wide radon
map derive primarily from the limited availability of data and the significant variability
that can exist even between neighbouring buildings.

Unlike Europe, the United States adopts an “action level” concept instead of a binding
reference level, set by the Environmental Protection Agency (USEPA) at 4 pCi/L (approx.
148 Bq/m?), but without imposing any regulatory requirements for existing buildings [7,8].

Furthermore, existing guidelines provide recommendations that are open to interpreta-
tion and lack uniformity. This is evident in the case of the sampling duration: the expression
“long-term measurement” is variably defined. ISO 11665-1:2019 defines long-term mea-
surements as over two months [9]; however, organisations such as the USEPA (through the
Indoor Environments Association (IEA) and American National Standards Institute (ANSI)
standards) [10], Health Canada [11] and the WHO [2] recommend durations of at least
90 days (preferably up to one year), while the Chinese National Standard GB/T 18883-2022
specifies that the exposure period of Solid-State Nuclear Track Detectors (SSNTDs) must
not be less than three months, preferably during winter [12]. The indication of “more
than three months” may encompass a wide range of exposure periods. Consequently, the
common classification of “long-term measurements” includes widely varying durations
(from 90 days to over a year), often without explicit methodological justification.

Although international frameworks provide reference levels and methodological
guidance, regulatory heterogeneity and ambiguity complicate radon risk management,
hindering the adoption of consistent prevention strategies across countries. Indeed, recent
publications continue to apply heterogeneous methodologies, such as the measurement
duration and the type of devices used, making international data incomparable. It should
be noted that recent proposals, such as the Rational Method [8], offer a promising pathway
toward addressing these inconsistencies. While still under development, such approaches
could complement descriptive reviews by providing a conceptual basis for harmonisation
and standardisation. Even though international standards exist, and efforts could be made
to harmonise guidelines across countries, the main challenge is that these recommendations
are not always rigorously applied or clearly reported in practice. This lack of rigorousness
undermines repeatability, which is a fundamental requirement of experimental activity, and
consequently compromises the comparability of results, even before taking into account
regulatory fragmentation.

This review aims to examine how indoor radon has been measured in recent studies
(2020-2024), focusing on direct measurements conducted for various purposes. These
include, for example, mapping campaigns and surveys aimed at exploring correlations
between indoor radon levels and various influencing factors. The objective is to analyse
recent evidence by considering the following:

1. Indoor environments in different countries;
2. Measurement methodologies, sampling durations, and types of devices employed.

The central review questions are as follows: How do recent studies measure indoor
radon in terms of methodological approaches, sampling durations, and types of devices?
What consequences does this have for international comparability and risk management?
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A scoping review approach was deemed appropriate to explore the range of ex-
isting methodologies, capture the diversity of practices, and highlight areas requiring
greater harmonisation.

2. Materials and Methods

To study recent trends in indoor radon measurement, articles were retrieved from the
Scopus Database using the following search string “(indoor AND radon AND monitoring)
OR (indoor AND radon AND measurement) OR (indoor AND radon AND detection) OR
(indoor AND radon AND concentration)”. The selection was limited to studies published
between 2020 and 2024. The choice of this time frame was motivated by the increased
attention on indoor air quality following the COVID-19 pandemic, evidenced by the
growing number of publications on the topic. Although several studies published during
this period may be based on measurements conducted before the pandemic, the year 2020
was chosen as a starting point because it represents a turning phase in both the scientific
and societal awareness of indoor environments. Furthermore, the results have been filtered
to select English-language papers published as final articles within the disciplinary areas of

“Environmental Science”, “Physics and Astronomy”, “Engineering”, “Earth and Planetary

Sciences”, and “Chemical Engineering”. Studies from the medical and chemical fields were
not included, as they tend to focus on health effects or instrumentation optimisation rather
than direct measurement.

After applying the predefined filters, the records were screened based on their titles
and abstracts to assess their relevance. Potentially eligible articles were then evaluated
by reading the full text to confirm their inclusion or exclusion. Excluded from the review
were works dealing primarily with statistical or predictive analyses; studies relying on
data from previous measurement campaigns conducted by third parties; investigations of
radon exhalation from building materials; or measurements carried out in water, soil, and
natural subsurface environments. Also omitted were articles dedicated to the performance
evaluation of specific devices, contributions addressing humanistic aspects, and studies
based on test chamber experiments. This review instead concentrates on methodologies
adopted for measuring indoor radon concentrations in indoor environments, including
dwellings, schools (ranging from kindergartens to universities), hospitals, and workplaces.
No formal protocol was registered for this scoping review.

Figure 1 shows the PRISMA flowchart, which summarises the selection phases.

All included studies were organised into a database, which provides, for each analysed
article, a set of structured information: general data (title, authors, university/institution of
affiliation, year of publication, scientific journal), geographical details related to the location
of the radon measurements, the type and duration of sampling (discrete, continuous, time-
integrated, short- or long-term), and characteristics of the detectors used (passive/active,
sampling and detection method, model name). The complete database is reported in the
Supplementary Data. Based on this information, a systematic analysis of the data was
conducted to identify the most frequently adopted sampling methods and the most used
detector models in the international scientific literature.
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Figure 1. PRISMA flow diagram. * Applying the selection filters previously exposed. ** According to

the exclusion criteria.

During the database compilation phase, some critical issues emerged regarding the
classification of radon detectors. Although the commonly adopted distinction between
“active” and “passive” detectors is based on the sampling method and the use of electrical
power, this classification can be ambiguous. According to the EN ISO 11665-1 standard
(which refers to the IEC 61577-1:2006, 3.2.22 definition) [9], active sampling requires the use
of a mechanism, such as a pump, to convey air to the detector. However, electronic devices
like the Corentium Home, generally considered active, use a passive diffusion chamber
and, therefore, based solely on the sampling method, fall into the category of passive
devices. The ANSI/AARST protocols confirm this ambiguity, classifying as passive even
some electronic devices that do not automatically record a retrievable hourly time series
(“continuous monitoring devices that are not set to or capable of automatically recording a
retrievable time series of one-hour measurements”).

Another critical issue that emerged from the literature review concerns the tempo-
ral classification of radon measurements, that is the distinction between short-term and
long-term measurements. In this study, the authors decided to deviate from the defini-
tion provided by ISO 11665-1:2019, adopting a duration greater than three months as the
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threshold for long-term measurements. This criterion is consistent with practice and recom-
mendations from international bodies such as the USEPA, Health Canada, the WHO, as well
as the Chinese standard GB/T 18883-2022, which indicate a minimum duration of 90 days as
a requirement to better represent seasonal variations in radon concentrations [3,10-12].

3. Results and Discussions
3.1. Selected Articles

The following section provides a brief description of the identified articles, categorising
them according to their main topic.

3.1.1. Mapping

As for the selected articles, studies [13-19] conducted city survey investigations, with
the aim, in the case of [15,18,19], of examining the health effects of radon exposure. In
particular, Ref. [15] identified the number of buildings with average radon concentrations
above the recommended threshold; Ref. [18] analysed the relationship between indoor and
soil radon concentrations; and Ref. [19] investigated the various factors influencing indoor
radon levels. The analysis of influencing factors was also conducted by study [14], while
study [17] focused on the creation of a map of the indoor radon concentration (IRC).

In addition to [17], studies [20-24] also carried out IRC measurements to create con-
centration or risk maps. Among these, Refs. [20,22-24] focused on the health impact of
radon exposure. Moreover, Ref. [20] explored the link between indoor radon and geological
and geomorphological features, identifying priority areas for action; Ref. [24] investigated
potential influencing factors; and Ref. [23] developed a new methodology for conducting
nationwide surveys.

Along with study [23], studies [25-29] also conducted national surveys. Study [25]
assessed the health impact on residents, while studies [26,27] focused on influencing factors.
Study [27] also identified priority areas for intervention.

At the sub-national level, surveys were conducted by studies [30,31] (governorate
level), [32] (provincial level), and [33,34] (regional level). All these studies considered
health effects, except for [34], which focused exclusively on influencing factors.

3.1.2. Geological and Geomorphological Influence

In addition to study [20], Refs. [35-41] also analysed the relationship between the IRC
and the geological or geomorphological characteristics of the site. Studies [35,38] identified
high-risk areas, while study [38] further examined the variation in the IRC in relation to
meteorological and environmental conditions. Study [36], on the other hand, also focused
on the analysis of the radon diffusion process from the soil into buildings. Additional
investigations were carried out in studies [40,41]: Ref. [40] examined the combined impact
of ventilation systems and occupant activities, while study [41] also assessed the health
effects associated with radon exposure.

3.1.3. Environmental and Meteorological Influence

The relationship between the IRC and environmental or meteorological parameters
was analysed in studies [7,42-50]. Among these, Refs. [44,49,50] also evaluated health
effects, with [50] specifically examining workplaces and [44] also analysing the relationship
between radon and other pollutants.

The combined effects of radon and other pollutants were also studied in works [51,52]:
the former examined the temporal variation in the radon concentration and influencing
factors, while the latter focused on assessing the health impact of co-exposure.
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3.1.4. Fluctuation

The temporal variation in the IRC was also analysed in studies [42,53-60]. Of
these, [54,55,58,60] also evaluated health effects; in particular, studies [54,60] also explored
the analysis of impact factors. Studies [53,59] also examined various influencing factors,
and [53] also investigated the spatial distribution of indoor radon.

The spatial distribution of radon was also addressed in studies [61,62]: Ref. [61]
carried out measurements in school environments, assessing risks for students and staff
and analysing various influencing factors; Ref. [62] explored the relationship between
indoor and outdoor radon, considering the factors affecting its variability.

3.1.5. School and Work Environments

School environments were also the focus of studies [42,61,63-74]. Many of these
studies ([64,66-69,74]) focused on the assessment of health effects, while [64] also examined
the relationship with the geological characteristics of the site. Like [61], studies [66-68] also
investigated influencing factors. Studies [63,65] analysed the relationship between the IRC
and building characteristics and construction materials, with [63] also evaluating the effect
of ventilation. Study [42] focused instead on meteorological and environmental conditions,
while [72] compared different measuring instruments and assessed the impact of occupant
activities. Study [73] was limited to the analysis of potential influencing factors.

Workplace environments were the subject of numerous studies ([50,75-81]). In par-
ticular, in addition to [50], studies [75,77-79,81] mainly focused on health risk assessment.
Specifically, Ref. [75] also explored the relationship between the IRC and geological char-
acteristics; Ref. [78] analysed the relationship between indoor radon and concentrations
in water, while [81] focused on the study of influencing factors. Study [80] assessed the
impact of influencing factors, while [76] investigated the effects of building renovations on
the IRC, also considering the influence of the materials used.

3.1.6. Building Influence

Similarly to study [76], studies [82,83] analysed the effects of building interventions
and the relationship between the IRC and building characteristics, confirming the impor-
tance of materials and construction techniques. This topic was addressed more accurately in
studies [84-95]. Some of these ([86-88]) also considered the geological component, with [88]
also evaluating health effects and identifying at-risk buildings. The health impact is also
central in studies [89,91-94], while [89,90,94] also analysed potential influencing factors.
Study [92] also investigated the relationship between the IRC and soil radon concentration,
which is the main topic of studies [96-98].

3.1.7. Health Risk

In addition to those mentioned above, [99-120] also measured the IRC to assess
the health effects of radon exposure. In particular, study [101] examined whether the
IRC exceeded the recommended values; studies [100,109,119] also evaluated potential
influencing factors; study [120] evaluated the health radon exhalation rate; and study [106]
evaluated residents’ awareness about radon. These studies were conducted across diverse
geographic regions, including Europe, Asia, and Africa, reflecting a global interest in the
potential health effects of radon exposure.

3.1.8. Mitigation Techniques

Several studies have proposed indoor radon mitigation techniques. Studies [121-126]
explored various strategies: study [121] focused on health effects; Ref. [125] investigated the
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use of air purifiers; Ref. [126] examined passive soil pressurisation; and studies [123,124]
analysed different ventilation systems.

3.1.9. Additional Influencing Factors

The impact of ventilation on the radon concentration was also discussed in study [127],
while study [128] examined the relationship with radon presence in water. Studies [129,130]
analysed the relationship with shale gas and biomass burning activity, respectively, while
studies [131,132] investigated the influence of proximity to mines and mine tailings.

Studies [133,134] investigated the potential link between radon and seismic events,
with study [134] developing a new predictive methodology.

Study [135] analysed the relationship between the indoor radon concentration (IRC)
and building occupant activities, while study [136] investigated radon kinetics and influ-
encing factors. Study [137] focused on identifying the contribution of radon sources.

3.1.10. New Measurement and Forecasting Approaches

Study [138] measured the IRC to compare different measurement methodologies. Fi-
nally, new measurement and forecasting approaches were developed in studies [7,139,140].
Studies [7,139] also analysed the factors that influence the IRC, with study [7] exploring
the link with meteorological conditions in more detail. Study [140] focused on the health
impacts of the IRC.

3.2. Data Synthesis
3.2.1. The Purpose of the Papers

The analysis of the examined articles made it possible to identify several macro-
categories related to the research objectives followed by the authors. As previously
observed, a study is rarely driven by a single motivation: multiple aims often coexist.
Considering, for simplicity, only the most frequent primary objectives, it is possible to
outline the main motivations behind these studies. Table 1 presents the main objectives
identified in the reviewed articles, along with references to the specific studies that address
each objective.

The predominant theme, found in 66 articles, concerns the health effects of exposure
to indoor radon. Another common objective, identified in 32 articles, is the investiga-
tion of factors that may influence the radon concentration. However, in these studies,
the analysis of such factors plays a secondary role, mostly limited to the simple observa-
tion of correlations that emerged during data collection, without constituting the core of
the research.

In contrast, in another group of articles, the analysis of one (or more) specific influenc-
ing factor represents the primary objective of the study. In these cases, the investigations
focused more systematically on one or more determinants of the radon concentration. In
some studies, the initial focus was on a single factor, but over the course of the investiga-
tion, other elements were also considered, even if with less detail. Among the influencing
factors, the most frequently analysed are building characteristics and construction materials
(18 articles), geological or geomorphological characteristics of the site (14), meteorological
conditions or environmental parameters (11), and ventilation systems (6).
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Table 1. Main objectives identified in the reviewed articles, with corresponding references to the specific studies addressing each goal.
Subdivision of Articles According to Their Main Purpose
IRC and
Radiation Study in Study in IRC ar'ld Environmental IR.C an d IRC and . Spatial
. Geological/ Building R Potential Temporal . .
Health School Working . Parameters/ . Ventilation R Diffusion/
. . Geomorphological . Materials/ Impact Factor Variation e .
Impacts Environments Environments i Meteorological . System Distribution
Characteristics o Characteristics
Conditions
[15,18-20,22— [7,14,19,24,26,
25,30-33,41,44,

27,34,51,53,54,

49,50,52,54,55, 59-62,66—68
o 58,60,61,64,66—  [42,61,63,65- [20,35— [48,63,65,76, [40,63,95,123, e oo o [36,46,53,61,
n 69,74,75,77—- 74] [50,75-81] 41,45,64,75,86-88] [7,38,42-50] 82-95] 124,127] 73,80,81,89,90,  [48,51,53-60] 62]
94,100,106,109,
79,81,88,89,91—
119,126,131,
94,99-121,130, 136,137.139]
133,134,140] e
tot 66 13 8 14 11 18 6 32 10 5
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As for the context of the measurements, 13 studies were conducted in school or
university environments, and 8 were conducted in workplaces.

Finally, 10 articles examined the temporal variability of the radon concentration, from
daily to seasonal scales, while 5 studies analysed the spatial distribution of the gas.

3.2.2. Radon Survey Design

The data analysis revealed significant heterogeneity in the measurement protocols
adopted across the various studies. Table 2 shows the distribution of the analysed articles
based on the sampling duration (long-term, short-term, or both) and the type of device
used (passive, active, or both), highlighting the frequency with which each combination
was employed in the analysed studies and the wide methodological variability found in
the literature.

Table 2. The classification of the reviewed articles according to the sampling method (long-term LT,
short-term ST, or both LT/ST) and the type of device used (active A, passive P, or both A/P).

Subdivision of Articles According to Sampling Duration and Device Used

LT-P LT-A LT-A/P ST-P ST-A ST-A/P LT/ST-P  LT/ST-A  LT/ST-P/A
[13,15,17,20-22,24-28 30~ [7,23,38,42— (16192935, 1834405567,
33,39,41,52,54,58,60-63,69— 44,46,47, 49— 27"45 Togr, 6872747580, a e
n°  71,77,78,82-85,88-91,93-95,97-  51,53,57,59,64,81,89,  [48,56] o ie 104,105,110, T [14] [66] [36,65,86]
99,101,106-109,111-115,117— 96,102,103,124,126, 1201391 122,123,125, o
119,121,129,130,134,140] 128,133,136-138] o 127,131]
tot 60 27 2 13 18 4 1 1 3

In several cases, a single sampling method or time window was not employed. For
example, in [14] a single type of device was used for measurements conducted over different
time intervals, while others used multiple devices while keeping the type of measurement
(long-term or short-term) constant, varying the specific sampling duration ([48,56,73,76]) or
maintaining it ([132,135]). In other cases, both active and passive devices were employed,
conducting both short-term and long-term measurements [36,65,66,86].

It should be noted, however, that in most cases these choices are justified: often the
reason is the intention to use passive devices for long-term monitoring, alongside active
devices used as confirmation or to obtain precise measurements at specific times, depending
on the purpose of the survey.

In general terms, a tendency can be observed toward the use of passive devices for
long-term measurements and active devices for short-term ones. This trend, observed
across the different geographical and application contexts examined, reflects a methodolog-
ical convergence toward approaches that ensure greater temporal representativeness and
operational simplicity.

Both sampling methods, however, have limitations. Short-term measurements, while
allowing for the rapid acquisition of high-precision data, do not guarantee an accurate
representation of the annual average radon concentration due to daily and seasonal fluctua-
tions. Therefore, short-term measurements are more suitable for assessing the effectiveness
of mitigation interventions or for studying concentration variations in relation to ventilation
conditions or occupant activities.

Long-term measurements, on the other hand, while offering a more representative
average value of annual conditions, have the limitation of integrating all radon concentra-
tion variations during the sampling period, without allowing the observation of short-term
fluctuations. This method is therefore ideal for verifying compliance with the exposure
limits established by current regulations.
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For both short- and long-term measurements, sampling is generally recommended
during the winter period. This follows the pessimistic principle of radiological protection,
which considers the worst-case scenario of the highest radon concentrations.

3.2.3. Relationship Between Study Purpose and Measurement Methodology

Table 3 summarises the relationship between the primary research purposes (Table 1)
and the corresponding measurement protocols in terms of the sampling duration and
device type (Table 2). Only the articles listed in Table 1 associated with the most frequent
purposes were considered.

Table 3. The distribution of reviewed articles according to the study purpose and measurement
approach. The classification includes only the articles reported in Table 1, based on the most frequent
purposes identified.

Article Counts by Purpose Category and Measurement Approach

LT-P LT-A LT-A/P ST-P ST-A ST-A/P  LT/ST-P  LT/ST-A LT/ST-P/A

Radjiation health impacts 41 9 6 9 1
Study in school 5 1 4 1 1 1
environments
Study. in working 5 ’ 1 ’ 1
environments
IRC and geological/
geomorphological 4 2 4 2 2
characteristics
IRC and environmental
parameters/meteorological 9 1 1
conditions
IRC and bulldmg r_naterlals / 12 1 5 1 5
characteristics
IRC and ventilation system 2 1 3
Potential impact factor 13 8 3 1 1 1
Temporal variation 3 4 2 1
Spatial 9 ’ 1

diffusion/distribution

Correlating the data indicates that a long-term measurement approach using passive
devices is predominantly adopted for the assessment of health effects. In school environ-
ments, both long- and short-term approaches are employed, although the most frequently
observed combination is “long-term /passive device” and “short-term/active device”. To
investigate the correlation between indoor radon and environmental parameters or meteo-
rological conditions, long-term assessments using active devices are favoured to ensure
accurate measurements and analyse variations over extended periods. For evaluating
potential impact factors, long-term measurements using passive and active devices are
favoured. Generally, long-term measurements are favoured for studying spatial and tem-
poral variations. For other categories, no specific preference is evident, and the different
methods are applied roughly equally.

3.2.4. Sampling Duration

The sampling duration represents a crucial element in the measurement of the radon
activity concentration in indoor environments. However, from the analysis of the reviewed
literature, a scarcity of clarity in the description of this methodological aspect frequently
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emerges, despite it being one of the fundamental elements in the presentation of the
measurement protocol. Moreover, in several cases, the adopted protocols did not clearly
fall into any of the standard categories defined by major guidelines, as the measurements
were neither continuous over the entire investigation period, time-integrated, nor spot
measurements. For example, in [96] sampling was carried out for about 2 min per day
for six months; in [102] it was carried out for one hour per day over the course of a year;
in [103] sampling was conducted for one hour per month, again for a year; in [128] it was
conducted for two weeks per year, repeated over five years; in [38] sampling was carried
out for one hour per day for six months; and in [50] it was carried out for 24 h, five times a
month for four months.

During the classification phase, the challenge was to determine whether such protocols
could be considered long-term or, rather, repeated short-term measurements over time.
Since the main guidelines do not specify a classification for hybrid protocols with short but
repeated measurements, it was necessary to introduce an operational criterion based on the
sampling frequency and total duration of the survey, in order to ensure a consistent and
meaningful classification of the available data.

In the case of [38,96,102], despite the short duration of each session (from a few
minutes to an hour), the high frequency (daily measurements) and the long overall duration
of the protocol led us to consider these strategies as long-term measurements, as they
could potentially provide a reliable representation of the temporal trend of the radon
concentration. However, it should be noted that, although these daily short measurements
are considered long-term according to our operational criteria, they inherently carry a
higher degree of uncertainty than continuous measurements. Conversely, in studies such
as [50,103,128,132], the low sampling frequency (ranging from once a month to two weeks
per year) was considered insufficient to meaningfully represent the annual variability
of the radon concentration. Consequently, these approaches were classified as repeated
short-term measurements over time and not as true long-term protocols.

In cases of annual or multiyear monitoring, such as in [56,60,108], the measuring
devices were regularly replaced every 3—6 months with the same type of detector, so as
to ensure the continuity of the measurement method. However, in order to highlight
the scope and objectives of long-term monitoring programmes, the overall duration of
the campaign was considered, rather than that of the individual devices used. In other
cases, such as in [27,86], since these were extensive surveys conducted on large samples
of buildings, the campaigns extended over several years, but the measurement duration
in each building ranged between 3 and 6 months. In these cases, the actual measurement
duration per building was considered, as the overall temporal extension did not reflect
continuous monitoring on a single residential unit.

The analysis of the duration of long-term measurements, reported in Figure 2, high-
lights high variability, with campaigns ranging from a minimum of three months up to
more than two years.

Measurements lasting less than one year constitute 68% of the total. In 38% of the
studies the devices were used for three months, thus representing the minimum time to
classify the measurement as long term.
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Figure 2. Number of long-term radon measurements conducted across different time intervals (t).

Guidelines generally recommend a minimum duration of three months, preferably
during the winter season when radon concentrations are higher on average. Although it is
not always simple to determine whether a measurement falls entirely within the winter
period, as it may overlap with autumn or spring in some cases, it was possible to establish
that 61.5% of long-term analyses were conducted during the winter season. This percentage
includes studies performed throughout the year (thus covering the winter months), studies
that explicitly report winter season coverage, studies conducted specifically during the
winter months, and studies that start in autumn and extend into winter. For studies
conducted in the Northern Hemisphere, winter was defined as December-February, and
for studies conducted in the Southern Hemisphere, the corresponding winter months
(June—August) were used. In the remaining cases, either the months of measurement were
not specified or monitoring was limited to the spring and summer.

However, this marked heterogeneity in sampling times leads to measurements lasting
longer than three months but with widely varying durations. This creates a sense of
disorder and the impression that a specific protocol is not being followed. Furthermore, the
choice of measurement duration is often not justified, leaving the reader feeling uncertain.
Such variability in sampling periods makes the direct comparison of results between studies
conducted in different geographical contexts complex, especially when the objective is to
analyse the seasonal trend of radon concentrations or identify possible correlations with
climatic, building, or behavioural factors at an international level.

Regarding short-term measurements, Figure 3 illustrates the percentage distribution
of durations adopted for short-term radon measurements in the analysed studies.
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1 month <t <3 months 29% t<1day

15% 8%

1day <t<2days

t=1month 21%

11%

1 week < t<1 month

13% 2 days <t<1week

t=1week 19%

11%

Figure 3. Number of short-term radon measurements conducted across different time intervals (t).
Note: n/s = not specified.

Measurements lasting less than one week (almost 50% when combining the first three
categories) highlight a tendency to prefer quick approaches, which are often easier to
manage logistically but may be less representative of the time variation of radon. The
significant presence of durations close to the lower limit of long-term periods (up to
3 months) also suggests that, in some cases, short measurements are extended to improve
the reliability of the results, while still being classified as short-term.

3.2.5. Type of Device

The choice between active and passive devices for indoor radon measurement is
often influenced by economic, logistical, and operational considerations. Passive devices,
especially SSNTDs based on CR-39, are particularly suitable for large-scale monitoring
campaigns (at the municipal, regional, or national level). As highlighted by the International
Atomic Energy Agency (IAEA) in the document “National and Regional Surveys of Radon
Concentration in Dwellings: Review of Methodology and Measurement Techniques”, these
devices meet key requirements for such surveys: low unit costs, compact sizes, and the
ability to perform sampling for durations between 3 and 12 months [141].

Another operational advantage of passive devices is that they do not require electrical
power and must be kept in a fixed position for the entire sampling period. These features
make them easier to use in citizen science programmes and measurement campaigns
involving the direct participation of residents, through the distribution of measurement
kits for home use. In contrast, active devices, while offering the advantage of real-time
measurements through integrated displays and electronic processing systems, are generally
intended for professional or research use. They require the presence of qualified personnel
for management and are mainly used in short-term surveys that demand a high resolution.

The data collected in this study show a clear predominance of passive devices, which
can be divided into three categories: SSNTDs, activated charcoal, and electret. Among
these, SSNTDs were used 74 times, accounting for 87.1% of the total. Next are detectors
using activated charcoal for sampling, used eight times (9.4%), and, finally, electret-based
detectors were used only three times (3.5%), as shown in Figure 4.
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Figure 4. Distribution of passive radon detectors across the three main categories: SSNTD, activated
charcoal, and electret. Note: n/s = not specified.

Within the SSNTDs, CR-39 (in green) is the most frequently used material with a
frequency of 79%, while LR-115 (in orange) appears in 20% cases. In only 1% of the
studies it was not possible to determine the type of detector used due to a lack of specific
information (in grey). However, in most cases, only the type of plastic material is reported
(e.g., CR-39), without specifying the manufacturer or the exact model of the detector.
Regarding CR-39, the green colour gradation shows the distribution of models used, as
indicated in the various articles examined. Moreover, it should be noted that in a significant
portion of cases (36%), the manufacturer was not specified. Among the most frequently
mentioned models are Radtrak® (Radonova, Inc., Lombard, IL, USA), used in 21% of
cases, and RSKS by Radosys Ltd. (Budapest, Hungary), with a frequency of 17%. In a
further 4% of the studies, the brand Radosys was mentioned without specifying the exact
model. This data reflects a certain variability in device selection but also a lack of detail in
experimental descriptions, which can represent a limitation in terms of the reproducibility
and comparability of results.

Active devices can also be classified into four main technology categories, according
to ISO 11665-1:2019 [8]: ionisation chambers, solid-state sensors, scintillation detectors, and
liquid scintillation devices. Among these, as highlighted in Figure 5, the most used type is
the solid-state sensor, used in 45 cases, which is equal to 64.7% of the total identified active
devices. These are followed by ionisation chambers, used in 25% of cases, and scintillation
detectors, with a frequency of 10.3%.
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Figure 5. Distribution of active radon detectors used across the four main categories: solid-state
sensor, ZnS(Ag) scintillation, liquid scintillation, and pulsed ionisation chamber.

More specifically, for solid-state sensors, the most represented devices belong to the
Corentium® family (including the Home, Plus, and Pro models), used in 32% of cases. Next
is RAD7 (Durridge Company Inc., Billerica, MA, USA), with 18%, and RAMON-02, with
a frequency of 7%. The remaining devices, grouped under the “other” category (43%),
include a variety of instruments mentioned in only one or two studies and are therefore
not individually reported, as they are not significant for this comparative analysis.

Regarding ionisation chamber devices, the most frequently used model is
AlphaGUARD® (Bertin Technologies SAS, Montigny-le-Bretonneux, France),with vari-
ous versions available on the market, used in 53% of the studies employing this technology.
Next is the RadonEye® device (RadonFTLab, Ansan-si, Korea), with a usage rate of 35%.
Again, the remaining less frequently used instruments (each cited only once) have been
grouped into the “other” category (12%). Finally, for scintillation detectors based on
ZnS(Ag), there is a prevalence of the RadonScout® device (SARAD GmbH, Dresden, Ger-
many), which appears in 43% of cases. The remaining 57% consists of other models, each
with a marginal presence, also grouped under the “other” label.

This overview confirms a marked preference by the scientific community for solid-
state sensors in the active monitoring of IRCs, likely due to their greater portability, ease of
use, and continuous data acquisition capability and the availability of reliable commercial
devices at low costs.

3.2.6. Detector Grade

One particularly important aspect that emerged from the analysis is the classification
of devices used to measure radon concentrations. In the reviewed articles and technical data
sheets for each device, these are often categorised as consumer-, professional-, or research-
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grade. However, there is currently no universally recognised international definition. The
distinction between these classes is generally based on economic criteria (for example,
purchase price) and technical parameters, such as the device sensitivity, measurement
range, operational autonomy, and time resolution. Consumer detectors offer lower perfor-
mance levels, while professional- and research-grade detectors perform more effectively.
However, this classification is not always clear-cut: professional sensors perform similarly
to consumer sensors at low radon concentrations and match research-grade sensors at high
concentrations [142], making precise classification difficult. Consumer-grade detectors are
detectors designed for home use. In the case of electronic devices, although they do not
have the accuracy of professional monitors, they allow homeowners to obtain data in near
real time [143].

It should be noted that in this review the device grade classification was not based
on an independent criterion, but rather the category assigned to each device (consumer,
professional, or research) corresponds to that explicitly indicated in the reviewed articles
or, where applicable, in the manufacturer’s technical documentation. The classification
reported in the respective articles was adopted after verifying consistency with the man-
ufacturer’s technical documentation. In several cases, the categorization reported in the
reviewed articles does not match the classification declared by the manufacturer, high-
lighting a certain interpretative heterogeneity within the scientific literature. In case of
discrepancies, priority was given to the manufacturer’s official classification, which was
considered more reliable.

A specific issue has emerged regarding SSNTDs. Although these devices are among
the most affordable on the market, their application requires post-exposure laboratory
processing for track analysis, which makes them less practical for individual citizens to use.
Furthermore, some manufacturers offer an integrated reading and analysis service, while
others provide only the device, leaving the researcher responsible for the analytical phase.
In this study, SSNTDs are classified as professional-grade devices, reflecting the practical
requirement for laboratory processing and specialised equipment, despite their low cost.
Other passive devices, such as electret and charcoal canisters, have been classified as
professional only when explicitly indicated by the manufacturer (two cases). The remaining
passive devices are left unclassified, as no official classification was provided.

Considering SSNTDs as professional devices, they are the most frequent, followed
by consumer devices and then research devices, while in 10 cases the classification level
was not specified. It has also been observed that a limited number of studies used multiple
devices belonging to different categories, usually with the aim of making direct comparisons
between instruments or to pair a low-cost SSNTD with an active monitor of a professional
or research level, thus obtaining complementary measurements and a broader temporal
characterisation of the environment under investigation.

3.2.7. Reference Value

Once the radon concentration has been measured and the different health risk indices
estimated, it is important to critically analyse the results obtained. The first step is to ensure
that these values are below the recommended limits or those imposed by the national
regulations in force in the country where the study was conducted. If this is not the case,
actions must be taken on the building under study to reduce the value.

Table 4 provides a detailed overview of scientific articles that have compared their
IRC results with reference limits set by various international and national institutions.
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Table 4. Classification of the reviewed articles according to threshold value as reference points in
their research.

Subdivision of Articles According to Threshold Values Considered

Directive

WHO ICRP IAEA UNSCEAR 2013/59/ USEPA R fNat“’“il X

EURATOM eference Leve
[15,17,22,24,2531-33,36-39,  [22,24,32,33,43,49, [15,23,26,34.36, [i 18 525276;%8612(?5?
44,4549,51,54,55,64,65,67,71~  58,61,67,77,91,92,94, (996100103,  FA3SBATA0E3- (1624303188, bl e
n 747677808183858890- 9798100107108, [BLE2100  yqoctiyggy 656870767787, 445573757794, gt Moy
92,94,98,100,101,105-108,110, 111,113- 109,115, R TS st ot 03100
111,114,121,127,130,131,139] 116,118,130] 115,132,134,139] 2112012212

tot 51 25 3 9 27 14 39

The WHO and the Directive 2013/59/EURATOM are the two sources most frequently
adopted as normative references. This highlights the global influence of their recommen-
dations. The WHO is cited in 51 articles, reflecting the strong impact of its guidelines,
particularly the recommended threshold of 100 Bq/m? (or 300 Bq/m? as an upper limit).
The International Commission on Radiological Protection (ICRP) is another authoritative
source, cited in 25 articles. Other international institutions, such as the IAEA and the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), are also used
as references, but, on the other hand, the latter is often cited for the global average IRC,
although some articles report expressions such as the “allowable limit” or “recommended
limit” in the text, even though the UNSCEAR does not propose threshold values.

The category “National Reference Level” includes 39 citations, attributable to studies
that referred to reference levels established by their respective countries. This highlights
how some studies prefer to apply national or regional thresholds, likely for reasons of regu-
latory compliance or local practical application. However, when a single study compares
its results with multiple threshold values that differ from one another, it raises the question
of how to ultimately determine whether the measurements identify a priority area. For
example, a site could be below the limits set by the EURATOM Directive but above the
WHO recommended values, creating ambiguity in prioritising actions or interventions.

4. Conclusions

The review of articles measuring indoor radon concentrations for various purposes,
primarily to evaluate health impacts on occupants, revealed significant differences in indoor
radon measurement methodologies, such as sampling durations, device selection, and reg-
ulatory reference limits. Although international health authorities recommend minimum
measurement periods of at least three months, the flexibility of this recommendation results
in a wide range of study durations. This review highlighted a considerable variability
in the correspondence between the measurement duration and the device type. Passive
detectors, particularly CR-39 SSNTDs, are widely used for economic and logistical reasons.
However, in the literature analysed, the models used are often not declared and uniquely
identifiable. Among active devices, solid-state sensors are prevalent, but the diversity of
models and the absence of a universally accepted classification of instruments as consumer,
professional, or research grade represents a critical issue that limits comparability across
studies. Additionally, varying regulatory thresholds hinder the consistent comparison of
results; however, WHO guidelines and Directive 2013/59/EURATOM remain the most
widely adopted references by far.

These discrepancies underline the need for a coordinated international effort to har-
monise indoor radon measurement methodologies, to improve data quality and com-
parability, to support effective mitigation policies, and to provide a solid and shared
regulatory framework.
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While this review is confined to articles published in English between 2020 and 2024,
this focus enabled us to examine the most recent studies and furnish a current overview of
indoor radon measurement practices. It should also be noted that, although studies from
the medical and chemical fields were excluded to maintain a focus on direct measurement
practices, it is not possible to completely rule out the presence of some methodological
insights in these areas. Future research could consider a longer timeframe to explore
potential changes in measurement methods over time, as well as a broader inclusion of
studies from different fields to capture additional methodological insights.
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