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Abstract: The aim of the study is to determine the radon concentrations in the University Hospital of
Bari, Apulia Region, Southern Italy. The monitoring took place from 2017 to 2018 for a total of 402 days
and included 3492 premises. Radon environmental sampling was performed with passive dosimeters
of the CR-39 type. The highest mean concentration was found in basement rooms (118.9 Bq/m3),
followed by ground-floor rooms (88.2 Bq/m3), first-floor rooms (78.1 Bq/m3), second-floor rooms
(66.7 Bq/m3), and third-floor rooms (68.9 Bq/m3). An average radon concentration lower than the
WHO recommended level of 100 Bq/m3 was detected in 73.5% of monitored environments, while
only 0.9% exceeded the reference level of 300 Bq/m3 set by the national law (Legislative Decree
101/2020). The frequency of environments in which radon concentrations exceed 300 Bq/m3 is
significantly higher in the basement (p-value < 0.001). As for a previous preliminary investigation in
the same hospital conducted on a much smaller number of premises (n = 401), most of the monitored
environments had radon concentrations lower than the reference levels set by the new national law,
and the risk to the healthcare workers’ health derived from occupational exposure to radon could be
considered acceptable.

Keywords: radon exposure; healthcare workers; reference levels

1. Introduction

Radon (222Rn) is a naturally occuring radioactive noble gas with an atomic number
of 86 that is chemically and electrically neutral and ubiquitously widespread since it is
generated by radium (226Ra), a decay product of uranium (238U), present in all rocks and
soils. In particular, the major source of radon is generally attributed to rocks rather than
soils; nevertheless, water and building materials, such as argil and concrete, also represent
significant secondary sources. It is undetectable by sight, smell, or taste, is soluble in
water, and has a density equal to 7.5 times that of atmospheric air. Among all the multiple
environmental xenobiotics that pose a public health problem, radon is the largest source
of natural background radiation to which the general population may be exposed and
represents the primary source of annual effective radiation from all sources [1–3].

222Rn has a half-life of 3.8 days and decays by emitting ionizing radiation of the
alpha type and forming its so-called decay products, or “progeny,” which also emit alpha
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radiation. These isotopes tend to move away from the initial site to escape into the atmo-
sphere and be breathed by humans. In general, the concentrations of radon in outdoor
air (outdoor radon) are very low; conversely, when a building is present on the ground,
radon can penetrate and remain, reaching high concentrations (indoor radon). For this
reason, radon is a risk factor in confined living and working environments such as public
buildings (schools, hospitals) and recreational environments (cinemas, gyms, etc.) [4–6].
The geological nature of the site, the construction typology of the building, the construction
materials used, and the ventilation methods are among the most determining parameters
for the concentration of indoor radon [7].

Since 1988, radon has been classified as a proven carcinogen of Group 1 by the In-
ternational Agency for Research on Cancer (IARC): breathing radon over time increases
the risk of lung cancer [8–11]. Radon is the second leading cause of lung cancer in the
United States, and the U.S. Environmental Protection Agency (EPA) estimates that about
21,000 people die every year from radon-related lung cancer [12]. Only smoking causes
more lung cancer deaths [13]. Nevertheless, occupational exposure to high concentrations
of radon also increases the risk of lung cancer in non-smokers [14]. As for asbestos-induced
cancers, several studies are investigating the genetic susceptibility to the development of
radon-related lung cancer [15,16].

Alternatively, the relationship between radon and other types of cancer, such as
leukemia and Hodgkin lymphoma, has not been consistently demonstrated and needs
further investigation [14,17,18].

The recommended radon levels, according to the World Health Organization (WHO)
and the International Commission for Radiological Protection (ICRP), are set at a range of
100–300 Bq/m3 for residential spaces. According to these organizations, the concentration
of radon in indoor air should not exceed 300 Bq/m3, in order to reduce the health risk to
the lowest possible level [19,20].

In Italy, the recent Legislative Decree 101/2020 has brought greater attention to the
issue of ionizing radiation exposure, including radon, by transposing the Basic Safety
Standards Directive-2013/59/Euratom [21,22]. This directive replaces the former “national
action level” of 500 Bq/m3 with a new “reference level” of 300 Bq/m3 for both homes and
workplaces [23]. Employers have a legal obligation to regularly assess their employees’
potential exposure to radon, particularly in high-risk underground work environments such
as caves, tunnels, underground parking garages, basements, and ground-floor workplaces
located in areas with a high risk of radon exposure as identified by the National Radon
Action Plan [24,25].

Furthermore, of all workplaces, constantly assessing radon levels in hospital settings
is of the utmost importance. This is essential, as both patients and healthcare workers
are exposed to health risks resulting from chronic radon exposure. In this regard, in
2014–2015, a study was conducted at the University Hospital of Bari, Apulia, southern
Italy, to determine the radon concentrations in 401 premises of 28 different buildings of the
hospital. Results showed that most workplaces (76.1%) at the university hospital reported
radon concentrations within both the WHO recommended levels and those set by the
regional law [26]. However, the measurements were carried out on a small number of
premises, considering the entire hospital.

The aim of the study is therefore to carry out new measurements of the radon con-
centration in a larger number of the same university hospital working environments and
compare the results with the different recommended and reference levels, including those
established by the new national law, Legislative Decree 101/2020.

2. Materials and Methods

The study was conducted on the workplaces of the University Hospital of Bari, Apulia,
southern Italy, which occupies an area of around 230 thousand square meters. The monitor-
ing took place from 2017 to 2018 for a total of 402 days and included 3492 premises within
approximately 30 different buildings. Among these, there were 755 basement rooms located
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roughly 3.5 m below street level, 1061 ground-floor rooms, 802 first-floor rooms, 588 s
floor rooms, and 286 third-floor rooms. Each of the examined environments is continually
inhabited by workers for a minimum of 6 h per day and 5 days per week. For each sample,
a card was completed featuring the dosimeter code, the date of placement, the date of
collection, and the identification of the local measurement object.

Environmental radon measurements were collected for two consecutive six-month
periods: the first period (June–October) and the second period (October–June). For each
floor, the average of the concentrations detected in each environment was calculated.

Although the assessment of radon levels was conducted in a workplace, we have
chosen to compare the results not only with Italian law 101/2020 reference levels for
workplaces but also with more stringent recommended levels, such as those for the general
population, in the awareness that it is not possible to recognize any safe level of radon
exposure [27]. Therefore, the results of the radon detection were interpreted based on
recommended levels established by the World Health Organization (ranging from 100 to
300 Bq/m3), the Environmental Protection Agency action level (148 Bq/m3), and Italian
law 101/2020 reference levels for workplaces (300 Bq/m3). Accordingly, indoor radon
concentrations were divided into <100 Bq/m3, 100–148 Bq/m3, 149–300 Bq/m3, and
>300 Bq/m3.

Environmental monitoring was carried out using CR-39 trace dosimeters. CR-39 is a
passive type dosimeter, as it does not require an electrical power supply. It consists of a
plastic frame that encloses an alpha particle detector made of a transparent allyl polymer
known as CR-39. The positioning of the dosimeters was carried out taking into account the
need to eliminate the effect of heat sources (i.e., radiators and windows): approximately 2 m
above the ground and at least 0.3 m from the external walls. Radon penetrates these devices
by diffusion or permeation and produces, as a result of its decay, a series of alpha radiations.
These radiations ionize the solid matrix of the detector and produce so-called “nuclear
tracks” due to the breaking of atomic bonds along a straight path. The density of the nuclear
tracks reflects the radon concentration in the air (Bq/m3). The CR39 calibration constant
was 0.41 Bq/m3 (1 track/cm2 of exposure), and the minimum measurable concentration
for an exposure period of three months was 10 Bq/m3. All dosimeters were calibrated
according to the same method as the previous study [26].

All collected data was reported in Excel (Microsoft Office, Microsoft Corporation,
Redmond, WA, USA). Statistical analysis was performed using the ANOVA and Tukey’s
post hoc tests (comparisons between means) and the chi-square test (comparison of cat-
egorical variables formulated in absolute number and percentage). Mean and standard
deviation were used for qualitative and normally distributed quantitative variables. IBM
SPSS Statistics Version 26 (SPSS Inc., Chicago, IL, USA, 2019) was the software of choice for
data analysis. Statistical significance was set at p-value < 0.05.

3. Results

The mean annual concentration of radon in the hospital workplace environments
varied significantly among the different floors (Table 1). The highest mean concentration
was found in basement rooms (118.9 Bq/m3), followed by ground-floor rooms (88.2 Bq/m3),
first-floor rooms (78.1 Bq/m3), second-floor rooms (66.7 Bq/m3), and third-floor rooms
(68.9 Bq/m3).

Table 1. Annual radon concentration in the different floors (Bq/m3).

Basement
(n. 755 Rooms)

Ground
(n. 1074 Rooms)

First
(n. 797 Rooms)

Second
(n. 585 Rooms)

Third
(n. 276 Rooms)

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.

118.9 74.1 88.2 44.1 78.1 38.7 66.7 21.6 68.9 30.4
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The Tukey test showed significant variations in mean radon concentrations when
comparing floors to each other. The comparison between the basement and the other floors
(ground, first, second, and third) showed a strong statistical significance (p-value < 0.001),
indicating a significantly higher radon concentration in the basement when compared with
the other floors. The comparison between the first and second floors showed a strong sta-
tistical significance too (p-value < 0.001), revealing a higher radon concentration on the first
floor when compared with the second floor, and the comparison between the first and third
floors showed a small but still statistically significant difference in radon concentrations
(p-value = 0.046). Finally, the comparison between the second and third floors showed a
p-value of 0.970, suggesting no significant difference in radon concentrations between these
two floors. In summary, this result highlighted that the concentration of radon gas in the
hospital workplace environments is consistently higher in basement rooms and decreases
as the floor level increases, with the exception of a possible slight increase from the first to
the third floor.

During the 402 days of monitoring, an average radon concentration lower than the
WHO recommended level of 100 Bq/m3 was detected in 73.5% of monitored environments,
while only 0.9% exceeded the reference level of 300 Bq/m3 set by the national law (Legisla-
tive Decree 101/2020). In the 8.3% of rooms was found a radon concentration between 149
and 300 Bq/m3 (Table 2).

Table 2. Levels of radon in relation to the World Health Organization (WHO) recommended
level (100 Bq/m3), Environmental Protection Agency (EPA) action level (148 Bq/m3) and national
law—Legislative Decree 101/2020 reference level (300 Bq/m3).

Total Rooms (n. 3487)
n. %

<100 Bq/m3 2581 73.5
100–148 Bq/m3 579 16.5
149–300 Bq/m3 291 8.3

>300 Bq/m3 30 0.9

Analysis of radon levels for each floor (Table 3) showed that the frequency of envi-
ronments in which radon concentrations exceed 300 Bq/m3 is significantly higher in the
basement than in the other floors (p-value < 0.001). In particular, in twenty-six rooms of the
basement, the recorded radon level was higher than 300 Bq/m3 (3.5% of the total basement
rooms), as compared with only four ground-floor rooms (0.4% of the total ground-floor
rooms) and only one first-floor room (0.1% of the total first-floor rooms).

Table 3. Levels of radon for each floor, in relation to the World Health Organization (WHO) recom-
mended level (100 Bq/m3), Environmental Protection Agency (EPA) action level (148 Bq/m3) and
national law—Legislative Decree 101/2020 reference level (300 Bq/m3).

Basement
(n. 755 Roms)

Ground
(n. 1074 Rooms)

First
(n. 797 Rooms)

Second
(n. 585 Rooms)

Third
(n. 276 Rooms)

n. % n. % n. % n. % n. %

<100 Bq/m3 381 50.9 780 72.6 642 80.6 543 92.8 235 85.1
100–148 Bq/m3 195 26.0 196 18.2 114 14.3 39 6.7 35 12.7
149–300 Bq/m3 147 19.6 94 8.8 40 5.0 3 0.5 6 2.2

>300 Bq/m3 26 3.5 4 0.4 1 0.1 0 0 0 0

4. Discussion

Our study aimed to evaluate the concentration of radon in the University Hospital of
Bari and implement mitigation actions.

The monitoring covered almost 3500 hospital rooms or premises including patient
rooms, ambulatory, operating rooms, offices, and environments in underground floors such
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as laboratories, storehouses, and archives. Most of the measurements carried out attested
to low radon levels, and 99% of the premises studied showed a radon concentration lower
than the reference level of 300 Bq/m3.

Although, as is known, it is currently not possible to recognize any safe level of radon
exposure, these results allow us to assume that the health risk to workers from occupational
radon exposure is low [27].

As expected, the concentration of radon gas in the hospital workplace environments
was consistently higher in basement rooms and decreased as the floor level increased. It is
important to emphasize that the basements of the hospital facilities are mainly represented
by laboratories and warehouses, and there are no patient rooms located in the underground
floors. This finding is in line with those reported in the literature and is due to the well-
known natural movement of radon gas through the soil into the building, known as the
“stack effect” [28–30]. The stack effect is the natural movement of air coming in and out
of buildings, chimneys, and flue stacks: warm air inside the building rises, and cold air
enters through the lower levels of the building, causing an accumulation of radon gas in
those areas [31]. Additionally, high moisture levels in underground rooms due to poor
ventilation can also contribute to the accumulation of radon, as the gas is more soluble in
water than in air.

It is also interesting to compare these results with those of the study previously
carried out in the same hospital. In 2014–2015, an average annual radon concentration of
48.0 Bq/m3 was found, and the average concentration was lower than 100 Bq/m3 in 76.1%
of the premises studied, while it was higher than 300 Bq/m3 in the other 0.9% [26]. In
the present study, the new measurements show that the percentage of rooms with values
below 100 Bq/m3 is slightly lower (73.5%). However, this kind of comparison is affected
by several biases since, at the time, the measurements were carried out on a much smaller
number of premises (401 vs. 3492) on the lower floors only.

In recent decades in Italy, the National Institute of Health (ISS) and the actual Higher
Institute for Environmental Protection and Research (ISPRA) conducted a survey to eval-
uate the indoor exposure of the Italian population, measuring radon concentrations in
5000 homes in 232 cities [32]. Although not recent (1989–1997), it remains the largest survey
carried out up to now at a national level. An average radon concentration of 77 Bq/m3

emerged, and for the Apulia Region, an average concentration of 52 Bq/m3. Moreover,
more recent measurements have documented, in Italy, an average radon concentration of
70 Bq/m3 [33]. Therefore, the radon levels in the Apulia Region can be considered to be
in the medium range. Other studies in the region investigated the correlation between
an increased incidence of lung cancer and chronic exposure to radon [34–36]. The results
of these studies confirm that indoor radon pollution is a significant concern throughout
the whole region and is one of the primary causes of lung cancer. Therefore, it is highly
recommended to implement precautionary and mitigating measures to minimize exposure
to indoor radon as much as possible.

The methods used to reduce radon levels in a building are different based on factors
such as the desired level of reduction and the floor characteristics. The operating principles
of the mitigation techniques are based on the reduction of the entry of radon from the
ground into the building by means of various systems, used individually or in combination;
it is also advisable to proceed gradually, carrying out first the interventions that are less
expensive and invasive, to evaluate whether these alone can be decisive. The systems are
based on the sealing of the access ways, on the natural or forced ventilation of the internal
environments, or on the depressurization of the soil under the building [37].

Our study had certain limitations. First, it was not possible to analyze several factors
influencing the radon concentration, such as the size and use of the rooms, the height
between the floors, and the flow rate of the air circulation. Second, we were unable to
measure the individual exposure to radon due to operational and logistical reasons. It
would therefore be advisable for future studies to focus on this aspect. Despite these
limitations, our work also has strengths. Compared to the previous study conducted in
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the same hospital, we have increased the number of rooms monitored by about 10 times
(from 401 to 3492), which are furthermore distributed on several different levels. This
allowed us to draw stronger conclusions about the radon exposure levels of healthcare
workers and to analyze the spatial distribution of radon. Moreover, there are few studies
published in the literature on hospital radon monitoring in such a large number of rooms
distributed on different floors of a healthcare setting. Therefore, the results of this work
reinforce the knowledge gained from the study of the spatial distribution of radon with the
perspective of being able to measure the levels of radon throughout the national territory
with a uniform measurement method in order to make the data of different surveys on the
same territory comparable.

5. Conclusions

As for the previous preliminary investigation, most of the monitored environments
(99%) at the University Hospital of Bari had radon concentrations lower than the reference
levels, and the risk to the healthcare workers’ health derived from occupational exposure to
radon could be considered admissible according to the new national law, Legislative Decree
101/2020. Nevertheless, the concentration of radon in hospital workplace environments
is consistently higher in basement rooms, highlighting the need to reduce the use of
underground floors for prolonged work activities, at least where structural improvements
cannot be made. In environments where instead it is possible to implement structural
improvements, a restructuring of the work environment with improvements to ventilation
or the implementation of other mitigation methods becomes necessary, in light also of the
scientific evidence showing that there is no safe radon level and in line with the mission to
achieve as low as reasonably possible radon exposures to protect workers and the public.
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