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Abstract: Background: The aim of this preliminary study was to measure radon concentrations in
a hospital in order to verify to what extent these concentrations depend on various environmental
variables taken into consideration, and consequently to determine the urgency to implement mit-
igation actions. Methods: The rooms where the concentration of the gas was potentially highest
were monitored. Investigators adopted a Continuous Radon Monitor testing device. Qualitative and
normally distributed quantitative variables were summarised with absolute (relative) frequencies
and means (standard deviations, SD), respectively. As regards environmental variables, the difference
in radon concentrations was determined using the rank-based nonparametric Kruskal-Wallis H test
and the Mann-Whitney U test. Results: All measurements, excluding the radiotherapy bunkers
that showed high values due to irradiation of radiotherapy instruments, showed low radon levels,
although there is currently no known safe level of radon exposure. In addition, high variability in
radon concentration was found linked to various environmental and behavioural characteristics.
Conclusions: The results on the variability of radon levels in hospital buildings highlighted the key
role of monitoring activities on indoor air quality and, consequently, on the occupants” health.

Keywords: radon; indoor air quality; environmental monitoring; Italy

1. Introduction

Radon (*?Rn), a chemically inert gas produced by the decay of uranium (>*®¥U), is a
naturally occurring radioactive element present in all rocks of the earth’s crust. Especially
when cracks or fissures are present, it can spread into the confined spaces of a building,
where it tends to concentrate, particularly in nonventilated basement floors due to its high
density and weight. It is therefore considered to be a typically indoor pollutant, whose
concentration, furthermore, can vary widely depending on both time and space [1].

Currently, radon represents a serious public health problem due to its accumulation
inside homes and workplaces. Given that the vast majority of people live indoors, high lev-
els of radon can significantly increase the risk of lung cancer [2,3]. In 1988, the International
Agency for Research on Cancer classified radon and its decay products as carcinogenic to
humans [4]. In 2009, the World Health Organization (WHO) recognised it as the second
leading cause of lung cancer worldwide and the leading cause of lung cancer among people
who have never smoked [1,5,6].

There is currently no known safe level of exposure to radon [2]. Radon may exceed
acceptable levels in places with confined air due to specific climatic conditions, building
materials, natural or artificial ventilation, and the amount of uranium in the underlying
rocks and soils [7,8].
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Indoor concentrations of radon can be assessed through long-term and short-term
monitoring. While long-term monitoring can provide more reliable average levels, a
short-term study is the most frequent and rapid approach [9].

Radon detection is the basic parameter for assessing the impact on the population of
the main source of exposure to environmental radioactivity and for planning the responses
to be adopted, also in relation to current legislation on exposure in the workplace. In
this regard, WHO recommends a national reference level of 100 Bq/ m?3 and, where this
is not possible, the threshold adopted should not exceed 300 Bq/m? [1]. Furthermore,
the European Commission (EC) issued Directive 2013/59/Euratom [10], in which the
general reference value was set at 300 Bq/ m3, and Recommendation 90/143/Euratom [11],
which indicates the annual average of indoor radon concentrations for new and existing
dwellings (200 Bq/m? and 300 Bq/m3, respectively). In Italy, Legislative Decree 101/2020
and Legislative Decree 81/08 require employers to carry out monitoring and assessments
to determine radon exposure in the workplace, setting a reference level of 300 Bq/m?,
above which the employer must intervene with more in-depth assessments and possibly
remediation actions [12,13].

On the basis of the above considerations, the aim of this preliminary study was to
measure the radon concentrations in such a particular working environment as a hospital,
in order to verify to what extent these concentrations depend on various environmental
variables taken into consideration and consequently determine the urgency to implement
mitigation actions.

2. Materials and Methods

The present study did not require ethical approval for its observational design accord-
ing to the Italian law (Gazzetta Ufficiale n. 76 dated 31 March 2008).

2.1. Study Setting

The study was conducted in Sardinia, an Italian region with an average level of
60-80 Bq/m?>. The island’s basement rocks consist of metamorphites and granitic plu-
tonites, which are sedimentary and magmatic rocks containing radioactive elements [14,15].

In particular, the radon assessment was carried out in the University Hospital of
Sassari, the main hospital in Sardinia for the number and heterogeneity of its technological
and professional resources (861 beds and 2710 employees as of 1 December 2018). The
hospital, which carries out multispecialist activities of care, teaching and research for all of
northern Sardinia, comprises 7 pavilions in total.

2.2. Study Design

The survey was conducted, from July to August, using a specific survey protocol
and a data collection form, structured so as to take into account a series of variables
associated with indoor radon levels (i.e., construction date, dampness marks, restoration of
the underground structural elements, and the materials used to build the foundation walls).

A total of 14 rooms were selected for assessment. These were rooms where the gas
concentration was potentially highest (basement, semibasement or ground floor rooms)
that were used not only as archives or storage areas (where health workers would spend
little time), but also as waiting rooms or surgeries due to the lack of more suitable spaces.

The inspections, each lasting 72 h, were carried out twice in each room, for a total of
28 inspections, in order to assess any changes in the short-term.

2.3. Radon Concentration Measurement

Investigators adopted a Continuous Radon Monitor (CRM) testing device (Model 1027,
Sun Nuclear Corporation, Melbourne, FL, USA). The detector is U.S. EPA quality-tested;
National Environmental Health Association, National Radon Proficiency Program listed;
and National Radon Safety Board-approved for use in real-estate transaction testing.
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The device, which had been calibrated by the manufacturer prior to the study, per-
formed measurements every 60 min (i.e., 24 detections daily). The radon detector was
positioned in such a way that the measurements were representative of exposure to person-
nel (health workers) and service users (patients) in zones where they spent at least 4 h per
day, thus excluding transitory areas such as corridors and service rooms. A supervisor was
selected to oversee the device activity.

2.4. Statistical Analysis

An ad hoc electronic form was prepared to collect the main environmental variables
using Excel (Microsoft Office, Microsoft Corporation, Redmond, WA, USA). Qualitative
and normally distributed quantitative variables were summarised with absolute (relative)
frequencies, means (standard deviations, SD) and median (interquartile range, IQR). The
difference in radon concentrations, as regards polytomous and dichotomous environmental
variables, was determined using the rank-based nonparametric Kruskal-Wallis H test and
the Mann-Whitney U test, respectively. A two-tailed p-value less than 0.05 was considered
statistically significant. The statistical computations were performed using STATA 16
(StatCorp., Austin, TX, USA), and PAST 4.05 (Paleontological Statistics, Oslo, Norway).

3. Results
3.1. Buildings Characteristics

The inspections were carried out in 7 hospital halls where 14 rooms with different
characteristics were each examined twice for a total of 28 analyses, each of 72 detections
(2016 total detections) (Table 1). From an operational point of view, these rooms housed
from 2 to 35 persons per day for an average of 14.4 occupants.

Table 1. Radon inspections in 14 rooms of 7 different hospital pavilions. Descriptive analysis.

Building Characteristics Number (%)
<1900 0/14 (0.0)
1900-1950 3/14 (21.4)
Construction period 1951-1964 0/14 (0.0)
1965-1979 6/14 (42.9)
>1980 5/14 (35.7)
Underground renovation 6/14 (42.9)
Floor below ground level 3/14 (21.4)
Type of structure Partially underground 2/14 (14.3)
2 basement walls 9/14 (64.3)
Cement 12/14 (85.7)
Stone 1/14 (7.1)
Wall material Wood 0/14 (0.0)
Coated metal 1/14 (7.1)
Cement 8/14 (57.1)
Floor tiles 4/14 (28.6)
Flooring material Wood 0/14 (0.0)
Earth 0/14 (0.0)
Linoleum 2/14 (14.3)
Floor in direct contact with ground 14/14 (100.0)
External entrance doors 3/14 (21.4)

Windows 7/14 (50.0)
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Table 1. Cont.

Building Characteristics Number (%)
Totally 3/14 (21.4)
Underground walls adjacent to a cavity wall Partially 3/14 (21.4)
None 7/14 (50.0)
Underground rocky walls 0/14 (0.0)
Water infiltration/Damp 4/14 (28.6)
Low 2/14 (14.3)
Medium 3/14 (21.4)
Wind exposure -
High 1/14(7.1)
Nil 8/14 (57.1)
Low 1/14 (7.1)
Medium 6/14 (42.9)
Sun exposure ;
High 0/14 (0.0)
Nil 7/14 (50.0)
None 3/11 (21.4)
Exposed Piping In side wall 10/11 (90.9)
In ceiling 1/11(9.1)

In particular, most of the premises (n = 11, 78.6%) are located in fairly recent buildings,
having been built after 1980. The remainder (n = 3, 21.4%) are located in buildings built
from 1965 to 1979.

With regard to the prevailing type of structure, it can be seen that the majority (64.3%)
have two underground walls, while three rooms are below ground level and the remaining
two are partially underground.

Regarding the underground part, it can be seen that most of the rooms (57.1%) have a
cement structure. In all cases, the flooring is in direct contact with the ground. Linoleum
(special flooring made of very resistant natural materials, such as linseed oil, wood flour,
cork powder) is present in two rooms, a postoperative room and a storage room.

In all cases, the underground walls are not entirely made of solid rock; in fact most
are partially adjacent to an air shaft. Water infiltration is recorded in four rooms, which are
the only ones in which there are also traces of dampness and condensation. In addition,
most of the rooms (n = 12, 85.7%) have air-conditioning equipment (almost all cooling and
heating), which is not controlled by the workers and therefore is never turned off. Only
three rooms have direct access from the outside, unlike the other rooms.

The building’s exposure to wind is in most cases (57.1%) "nil" followed by "medium"
(21.4%), "low" (14.3%) and "high" (7.1%) for the remaining premises. The premises’ exposure
to the sun is frequently "nil" (n = 7, 50.0%) or "medium" (n = 6, 42.9%), and very rarely
defined as "low" (7.1%).

In almost all cases (n=11) the pipes are exposed and, of these, they are in the ceiling in
only one case, while in the others (n=10) they are in the side walls. In addition, half of the
rooms have windows that are generally closed when the room is in use.

The average number of people, both workers and patients, who frequent the premises
every day is just under 15 (14.4), varying from a minimum of 2 to a maximum of 35
(SD = + 10.5). All the facilities are attended in the morning but frequently in the afternoon
as well.
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3.2. Radon Baseline Detection

The overall average values recorded in the 28 inspections (72 detections for each
inspection) are as follows: mean (SD) = 145.5 (4 387.2) Bq/m?, median (IQR) = 14.9 Bq/m?
(8.6-21.1).

Among these inspections, the radiotherapy bunkers are of particular interest. The
trend presents high peaks 9,916 Bq/m? and 12,136 Bq/m? for bunker 1 and 36,963 Bq/m?
and 35,816 Bq/m? for bunker 2) in correspondence with their period of activity, while
radon levels appear to decrease considerably when radiotherapy is not in use. Table 2
shows the average values of the first and the second inspection and the highest levels
found in the radiotherapy bunkers.

Table 2. Average values, standard deviation and highest levels of radon detected in the radiother-

apy bunkers.
Rooms Average Values Standard Deviation Highest Levels
(Bq/m3) (Bq/m?3) (Bq/m?3)
Bunker 1 464.2 1843.8 12,136.0
Bunker 2 1670.5 6232.2 36,963.0

Disregarding the results obtained during the inspections in the radiotherapy bunkers
due to the interference of the functioning of radiotherapy facilities on the electronic signal,
which gave rise to both particularly high and low values, mean (SD) and median (IQR) are
considerably reduced, 13.6 (+5.7) Bq/m? and 13 (8.3-18.4) Bq/m?, respectively.

Regarding the other 24 inspections, no significant differences were found between the
average values of the first and the second inspection (T-test = 0.816; p > 0.05). Therefore,
Table 3 shows the average values of the first and the second inspection and the highest
levels found.

Table 3. Average values, standard deviation and highest levels of radon detected in the rooms
inspected, excluding the radiotherapy bunkers.

Rooms Average Values Standard Highest Levels
(Bq/m3) Deviation (Bg/m3) (Bq/m?3)

Post-operative room 7.3 8.6 48.1
Storage room 12.3 12.8 59.2
Outpatients cinic 18.8 18.6 74.0
Pre-MRI scan room 7.5 10.0 37.0
Dentistry department 21.6 21.5 88.8
Laboratory 1 7.8 9.0 37.0
Laboratory 2 14.8 12.0 48.1
Laboratory 3 18.4 18.2 85.1
Archive 1 21.6 15.8 74.0
Archive 2 8.4 10.1 37.0
Glassware washing room 9.3 10.7 37.0
Disposal room 15.2 16.2 85.1

An effective representation of the data collected is given in Figure 1, which highlights
the range of values of each inspection.
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Figure 1. Range of values detected in the 24 inspections. Rx = room number. 1st = first inspection.

2nd = second inspection.

In relation to the high radon values, the highest (88.8 Bq/m3) was detected at 4 p.m.,
while the other peaks were always found during the night. Figure 2 shows the 24-h trend
of the average values of radon detected in the 24 inspections (the rooms assessed excluding
the radiotherapy bunkers).
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Figure 2. Average values and standard deviations of radon in the 24 inspections—a 24-h trend.

Overall, radon concentration tends to increase during the nighttime, whereas it gradu-
ally decreases with the start of the working day and reaches the minimum concentration in
the afternoon, and subsequently increases gradually again in the afternoon and evening.

A further example of this trend is represented, concentrating the data over 24 h, in the
Disposal room, where the average highest concentrations are found during the night (from
4:30 to 6:30) with a peak of 63.8 Bq/m? around 5:30 a.m.

The Disposal room, with all four walls below ground level made up entirely of cement,
was built in 2010. Furthermore, its floor is in direct contact with the ground, there is
no direct exit towards the exterior, although there are several windows, and it has its
own heating/cooling system. It is constantly occupied by two workers and, as it is used
also for teaching and educational activities, up to six people are often present, mainly in
the morning.

Furthermore, the radon concentration detected in the various environments was
evaluated, from a statistical point of view, with the variables found in the various buildings
(Table 4).
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Table 4. Statistical significance in the differences between radon concentrations in relation to the
absence/presence of certain variables within the premises examined.

Variable p-Value
Contruction period 0.779
Underground renovation 0.438
Type of structure 0.856
Wall material 0.584
Flooring material 0.366
External entrance doors 0.186
Presence of windows 0.035
Underground walls 0.406
Water infiltration/Damp 0.066
Wind exposure 0.196
Sun exposure 0.035
Exposed piping 0.051

In particular, statistically significant differences were observed between radon concen-
trations and the presence of windows and sun exposure.

4. Discussion

Radon levels can be critical in the pathogenesis of several medical conditions, par-
ticularly lung cancers [16-18]. Our study, therefore, aimed to evaluate the concentration
of radon within the University Hospital of Sassari in order to verify to what extent these
concentrations depend on various environmental variables taken into consideration, and
consequently to determine the urgency to implement mitigation actions.

All the detections carried out, excluding those in the radiotherapy bunkers, which
showed high values due to the irradiation of radiotherapy instruments, demonstrated low
radon levels although, as is well-known, no safe level of exposure to radon is currently
known [2]. The results, however, confirmed the variability of radon concentrations, which
highly increase during the night and, in general, in times of lower attendance. Other
studies have also described a high variability in radon concentration linked to various
environmental and behavioural characteristics [19-22].

The higher concentrations of radon during the night could be linked to poor air
renewal, while the lower daily concentrations may depend on a higher air exchange
(opening of doors and windows and use of mechanical ventilation systems) due to the
increased attendance of people on the premises. Only in one case was there a peak of radon
detected during working hours in the Dentistry Department. This value must be kept
under control in order to understand whether mitigation actions are necessary, as it could
represent a relevant source of exposure for users.

In any case, it is important to point out that during the monitoring period there was a
reduced presence of students and workers in the afternoon, with the consequent increase
in radon, probably arising from a poor air exchange due to the room being less frequented
and, it being summertime, cooling systems were frequently used and doors and windows
were kept tightly closed.

In addition, in line with previous research, interesting considerations can be made
regarding the statistically significant differences between radon concentrations and the
main variables found in the premises examined—in particular, sun exposure and the
presence of windows. In fact, the presence of windows, and the consequent exposure to the
sun, can positively or negatively influence the concentration of radon based on whether
these windows are opened regularly or not [23,24].

The levels found in this environmental monitoring are more contained than those
found in other studies carried out in Sardinia: In some school gyms in the province of
Sassari (45.8 Bq/ m?) [25] and in some school classrooms in the province of Nuoro (between
83 and 95 Bq/m?) [26], and compared to the worldwide average concentration, which
is 39 Bq/m?, the European average, which is 59 Bq/m?3, and the Italian one, which is
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70 Bq/m?3 [27,28]. Thus, constant monitoring would enable timely identification of any
deviations from the usual radon levels and prompt intervention to reduce concentrations.

From this viewpoint, although passive monitoring systems are used in most cases,
continuous monitoring devices could provide long-term evaluation and, therefore, better
diagnostic accuracy. As recommended by the U.S. EPA, short-term inspections are a more
immediate means of monitoring radon concentrations, as they suggest when interventions
should be implemented [29]. However, in cases where high variability in radon levels is
detected, a different strategy based on long-term monitoring systems could provide more
detailed and accurate information.

Nevertheless, certain limitations can affect the reliability of the results of the present
study. First, the study was conducted within a limited period of the year, when there was a
reduced presence of students and workers, and this does not enable a comparison between
the results obtained and the limits set by the legislation. Despite this, the short-term
monitoring allows for the implementation of mitigation interventions in the short term
if high concentrations of radon are detected. Second, our findings might be influenced
by the low number of measurements performed, and the limited number of inspections
carried out, without estimating the inhalation dose rate of radon and its progeny received
by the exposed users. Notwithstanding, the study was considered as a starting point to
prepare a subsequent monitoring plan in order to understand if there is a risk of exposure
to occupants.

5. Conclusions

The results regarding the variability of the radon level in hospital buildings highlight
the key role of monitoring activities on indoor air quality and, consequently, on the health
of the occupants. Based on the growing body of evidence on the link between radon
levels and chronic diseases, radon concentrations should be monitored regularly in places
where individuals live or work. In particular, as underlined by several studies [21,30],
attention should be focused on hospitals which by their very nature are occupied by fragile
patients with multiple pathologies. In general, apart from long-term exposure to high
radon concentrations, several concerns should be raised about the potentially increased
vulnerability of specific population groups.

A further monitoring program should include both a continuous increase in the
number of inspections in the same premises and the identification of other potentially
at-risk premises. This continuous increase would not only render the regularly made
observations more significant but would also allow for a comparison between the data
obtained with those pertaining to other work environments which, both for structural
reasons and for the duration of frequentation of the environment itself, are to be considered
at greater risk and, therefore, deserving of greater prevention activities.
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