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Abstract: The lockdown restrictions, as a first solution to contain the spread of the COVID-19
pandemic, have affected everyone’s life and habits, including the time spent at home. The latter
factor has drawn attention to indoor air quality and the impact on human health, particularly for
chemical pollutants. This study investigated how the increasing time indoor influenced exposure to
natural radioactive substances, such as radon gas. To calculate the radiological risk, we considered
the most consolidated indices used for radiation protection: annual effective dose, excess lifetime
cancer risk, and the lung cancer case. Furthermore, two different exposure times were considered:
pre-lockdown and post-lockdown. The lockdown increased the indoor exposure time by 4% and,
consequently, the radiological risk factors by 9%. Furthermore, the reference value of 300 Bq/m3,
considered acceptable for human radiation protection, may need to be lowered further in the case of
conditions similar to those of the lockdown period.
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1. Introduction

The spread of the COVID-19 disease [1] has imposed several changes in the habits of
the entire world population, affecting, above all, both the economic and social spheres [2].
The World Health Organisation (WHO) recommended a lockdown to contain the dis-
ease [3], a suggestion that was approved by several nations, including Italy [4,5]. This
first containment action was due to an initial lack of knowledge of the biology and of
pathway transmission of the virus, also reflecting the evolution of the risk perception [6].
The initial assumption was that the virus was airborne and therefore linked to environ-
mental conditions [7], and thus people who were in lockdown often preferred to stay
indoors, avoiding air changes from the outside. Therefore, as a result of the lockdown
and the stopping of most production and transport activities, the reduction of emissions
improved the quality of the outdoor air [8–16] and water [17,18]. The study of indoor air
quality (IAQ), which has increasingly attracted scientific interest due to its close correlation
with human health [19–24], has also been deepened in relation to this pandemic [25–31],
uniquely highlighting the worsening of IAQ. The results confirm that the lockdown has
increased the concentration of indoor pollutants, especially chemicals such as CO2, PM2.5,
PM10, NO2, SO2, and volatile organic compounds (VOCs); otherwise, to date, there have
been few evaluations on exposure to radioactive substances normally found indoors [32].
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From a radiological point of view, the direct consequence of the lockdown measure is
the increase in time spent indoors by the population, which has effectively increased the
exposure to radioactive elements naturally produced by the Earth’s crust and/or building
materials. Among these kinds of pollutants, probably the most important one is radon-222
(222Rn). 222Rn is a noble gas generated by the radioactive decay of 238U and characterised by
a half-life of 3.8 days. The health risk of this gas is given by its progeny (218Po, 214Pb, 214Bi,
214Po), which can cause serious DNA damage due to the emission of alpha particles [33–37].
In fact, alpha particles have a high LET, and thus they have the ability to deposit high
quantities of energy in small distances [38]. Because of its potential adverse effects, 222Rn
has been classified by the WHO as a health hazard and the primary cause of lung cancer in
non-smokers [39].

Due to its relevance, there are many studies regarding its distribution, the processes
that favour indoor accumulation, and the impact on health. For example, our research
group has focused its attention on the analysis of the concentration distribution of natural
radionuclides, especially radon gas in the territory of South Italy [40–59], as well as on
the investigations on several aspects of both natural and artificial radioactivity concerning
in particular the structure, the decay modes, and the optical model calculations of light
radioactive isotopes [60–65].

As previously mentioned, the inhalation of radon gas can lead to several forms of
damage to one’s health [66,67]. The International Commission on Radiological Protection
(ICRP) has published several fundamental recommendations to ensure the safety of both
workers and the general population from exposure to 222Rn [68–73]. Furthermore, in 2013,
with the introduction of the European Directive EURATOM 59/2013 [74], the evaluation
of indoor air quality was required from the UE nations for the first time. In particular, the
directive states that the reference level for 222Rn activity concentration in the air is equal to
300 Bq/m3 both for workplace (art. 54) and for other environments, such as homes (art. 74).
In 2020, Italy implemented the directive with the Italian Decree n.101 [75].

There are different parameters that are used to evaluate radon-correlated health risk.
Among these, those worth mentioning are the annual effective dose (AED), excess lifetime
cancer risk (ELCR), and the lung cancer case (LCC). These values have been proposed by
UNSCEAR, who also offer the method for their calculation [76].

In this study, the assessment of the health risk due to inhalation of 222Rn during the
lockdown was conducted in various countries of Naples, found in the Campania region
(South Italy), using radon gas activity concentration values obtained in previous territorial
characterisation surveys, constituting our database.

2. Methods
2.1. Exposure Time

Exposure time is one of the parameters used to estimate the radiological risk of radon
gas. The ICRP 93 report [35] states that people spend, on average, 7000 h/year at home
and 2000 h/year at the workplace. However, with the forced isolation measures imposed
to avoid the spread of COVID-19, the hours spent at home considerably increased. In Italy,
since the lockdown lasted for 2 months, the time spent at home was equal to 7293 h/year.
Hence, in this study, the values obtained through the evaluation of the exposure risk due to
222Rn in normal conditions were compared with the ones calculated considering 2 months
of lockdown.

2.2. Study Area

The study of the radiological risk was conducted in 19 of the 92 municipalities of the
province of Naples, located in the Campania region (South Italy), for a total of 496 mea-
surements of activity concentration of 222Rn. The sampling area is characterised by very
peculiar geological settings [77]. For instance, the traditional construction system used in
this region involves the use of several stones of volcanic origins, such as tuff, which, as it is
known, can influence a greater accumulation of radon indoors. In fact, radon mean activity
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concentration calculated in this study area, equal to 107 ± 30 Bq/m3, is higher than the
national average level (≈75 Bq/m3) [78].

2.3. Health Risk Factors

As previously mentioned, several factors are considered fundamental in the estimation
of health risks linked to air quality. In this study, the analyses were conducted through the
calculation of

• The annual effective dose;
• The excess lifetime cancer risk;
• The lung cancer case.

2.3.1. Annual Effective Dose

The AED, a parameter used to define the dose absorbed by the general population
subjected to gas radon exposure in a year, was calculated using the Equation (1) found in
the UNSCEAR 2000 report [76]:

AED = CRn × Cinh(Rn) × Feq × Focc × T (1)

where CRn represents radon concentration, Cinh(Rn), which is equal to 9 nSv h Bq m−3 [76],
being the effective dose coefficient for indoor radon exposure; Feq is the equilibrium factor
equal to 0.4; Focc is the occupation factor, equal to 1 for the analyses post-lockdown period
and 0.8 for the pre-lockdown period; and T is the exposure time, expressed in hours.

2.3.2. Excessive Lifetime Cancer Risk

The ELCR indicates the likelihood of developing cancer later in life due to exposure to
ionising radiation. The ELCR is given by the following Equation (2):

ELCR = AED × DL × RF (2)

where DL is the average lifespan of the population and RF is the risk of fatal cancer in
sieverts. In particular, the former factor for inhabitants of Naples was equal to 77.2 years
for men and 82.2 for women [79]. According to the ICRP 2007 report [69], the RF factor is
equal to 5.5 × 10−2 Sv−1.

2.3.3. Lung Cancer Case

The LCC is a factor calculated per year per million people and it considers the proba-
bility for people to develop lung cancer due to exposure to radiation. The LCC is calculated
through employing the following Equation (3):

LCC = AED × 18 × 10−6 (3)

where 18 × 10−6 indicates the probability of developing cancer [80].

3. Results and Discussion

The annual average 222Rn activity concentrations were divided into four groups on the
basis of the mean concentration in order to illustrate the distribution of the measurements.
The obtained results are listed in Table 1, and the variability of the concentration values are
shown in Figure 1.
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Table 1. Values of radon activity concentration for each group.

222Rn Activity
Concentration (Bq/m3)

Minimum
Value (Bq/m3)

Mean Value
(Bq/m3)

Maximum
Value (Bq/m3) N◦ of Houses

0–100 21 ± 6 54 ± 1 100 ± 28 304
100–200 100 ± 28 123 ± 3 197 ± 55 155
200–300 204 ± 57 240 ± 14 299 ± 84 25

>300 323 ± 90 378 ± 32 722 ± 202 12
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Most of the analysed houses were characterised by a radon activity concentration
lower than 100 Bq/m3, while only 12 of them showed a 222Rn concentration higher than
the reference level of 300 Bq/m3 [73,75]. All the health risk factors were evaluated in two
different conditions: pre- and post-lockdown. For reference values, ICRP 137 data were
used [73]. To evaluate radon effective dose, we used the mean activity concentration values,
taking into account the pre- and post-lockdown periods.

3.1. Annual Effective Dose

To evaluate the AED, we used Equation (1). The results are listed in Table 2:

Table 2. AED values before and after the lockdown period for mean value of each radon range.

222Rn Activity Concentration (Bq/m3)
AED Pre-Lockdown

(mSv/Year)
AED Post-Lockdown

(mSv/Year)

0–100 1.09 1.19
100–200 2.48 2.72
200–300 4.83 5.29

>300 7.61 8.33

The comparison between the AED values obtained using the different exposure times
shows that the results relative to the post-lockdown period were 9% higher than the ones
obtained when considering the exposure time of 7000 h/year indicated in [68], an increment
observed for all the following parameters.

For the ranges 0–100 Bq/m3 and 100–200 Bq/m3, the AED values were well below the
reference value of 6.05 mSv/year [73], as it was expected that AED would be greater than
the reference for concentrations in the range >300 Bq/m3.
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On the contrary, the AEDs calculated for the range 200–300 Bq/m3 were below the
reference for both the pre- and post-lockdown periods when calculated with the average val-
ues (Table 2); however, analysing in detail each measurement point and the corresponding
AEDs, we found that 9 homes out of 25 (36% of the total) had radon activity concentration
values ≥274 Bq/m3, representing an interesting and critical value at the same time. In
fact, as shown in Table 3, 2 months of lockdown influenced the exposure and consequently
the AED, which from values below 6.05 mSv/year all became worryingly greater than the
reference value.

Table 3. Detail of critical AED values before and after the lockdown period for building ≥274 Bq/m3

in the range 200–300 Bq/m3.

Building
222Rn Activity±

Concentration (Bq/m3)
AED Pre-Lockdown

(mSv/Year)
AED Post-Lockdown

(mSv/Year)

#1 275 ± 77 5.54 6.07
#2 299 ± 84 6.03 6.60
#3 276 ± 77 5.56 6.08
#4 293 ± 82 5.90 6.46
#5 294 ± 82 5.93 6.49
#6 276 ± 77 5.56 6.09
#7 278 ± 77 5.60 6.13
#8 281 ± 79 5.66 6.20
#9 277 ± 78 5.58 6.11

3.2. Excess Lifetime Cancer Risk

The ELCR index is a fundamental tool used in radiobiology to estimate the health
risk due to indoor radon. In particular, this parameter offers a clear view of the great
impact of the lockdown measure, leading to a significant increase in the probability of
developing cancer.

The ELCR values calculated with Equation (2), for both the pre- and post-lockdown
conditions, are listed in Table 4.

Table 4. ELCR values before and after the lockdown measure for mean value of each concentra-
tion range.

222Rn Activity Concentration (Bq/m3) ELCR Pre-Lockdown EDL Post-Lockdown

0–100 4.79 × 10−3 5.24 × 10−3

100–200 1.09 × 10−2 1.19 × 10−2

200–300 2.13 × 10−2 2.33 × 10−2

>300 3.35 × 10−2 3.66 × 10−3

For ELCR, the trend did not change, as in precedence, and therefore we report the
details of the cases in which the impact of the lockdown was evident (Table 5), exceeding
the reference level of 2.66 × 10−2 [73]. This trend was even more sensational when ELCR
was analysed by gender.

Considering the ELCR calculated for a general average age 79.7 years and for the post-
lockdown period, we found that the radon activity concentration value corresponding to an
ELCR greater than the reference of 2.66 × 10−2 was 276 ± 77 Bq/m3 (ELCR = 2.67 × 10−2).

On the contrary, making an analysis by gender and therefore by different life ex-
pectancies, we found that for men, the post-lockdown ELCR varied from 2.52 × 10−2 to
2.80 × 10−2, and the critical value of radon concentration, corresponding to a value higher
than the reference level, was 294 ± 82 Bq/m3 (building #5). The post-lockdown scenario
was different for women, for whom ELCR varied from 2.68 × 10−2 to 2.98 × 10−2, and the
critical radon concentration value corresponding to an ELCR higher than the reference was
269 ± 75 Bq/m3 (building #10).
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Table 5. Details of critical ELCR values before and after the lockdown period for buildings in the
range of 200–300 Bq/m3.

Building
222Rn Activity
Concentration

(Bq/m3)

ELCR Pre-Lockdown ELCR Post-Lockdown

General
Average

79.7 Years

Average
Men 77.2

Years

Average
Women

82.2 Years

General
Average

79.7 Years

Average
Men 77.2

Years

Average
Women

82.2 Years

#1 275 ± 77 2.43 × 10−2 2.35 × 10−2 2.51 × 10−2 2.66 × 10−2 2.58 × 10−2 2.74 × 10−2

#2 299 ± 84 2.64 × 10−2 2.56 × 10−2 2.73 × 10−2 2.89 × 10−2 2.80 × 10−2 2.98 × 10−2

#3 276 ± 77 2.44 × 10−2 2.36 × 10−2 2.51 × 10−2 2.66 × 10−2 2.58 × 10−2 2.75 × 10−2

#4 293 ± 82 2.59 × 10−2 2.51 × 10−2 2.67 × 10−2 2.83 × 10−2 2.74 × 10−2 2.92 × 10−2

#5 294 ± 82 2.60 × 10−2 2.52 × 10−2 2.68 × 10−2 2.84 × 10−2 2.75 × 10−2 2.93 × 10−2

#6 276 ± 77 2.44 × 10−2 2.36 × 10−2 2.52 × 10−2 2.67 × 10−2 2.58 × 10−2 2.75 × 10−2

#7 278 ± 77 2.46 × 10−2 2.38 × 10−2 2.53 × 10−2 2.69 × 10−2 2.60 × 10−2 2.77 × 10−2

#8 281 ± 79 2.48 × 10−2 2.41 × 10−2 2.56 × 10−2 2.72 × 10−2 2.63 × 10−2 2.80 × 10−2

#9 277 ± 78 2.45 × 10−2 2.37 × 10−2 2.52 × 10−2 2.68 × 10−2 2.59 × 10−2 2.76 × 10−2

#10 269 ± 75 2.37 × 10−2 2.30 × 10−2 2.45 × 10−2 2.60 × 10−2 2.52 × 10−2 2.68 × 10−2

3.3. Lung Cancer Case

As previously mentioned, the LCC per million people indicates the number of indi-
viduals affected by lung cancer in a year, and it was evaluated using Equation (3). As was
the case with the other parameters analysed previously, the LCC strongly depended on the
value of the exposure time. The results pre- and post-pandemic are indicated in Table 6.

Table 6. LCC values for each radon activity concentration range before and after the lockdown period.

222Rn Activity Concentration
(Bq/m3)

LCC × 10−6 Pre-Lockdown LCC × 10−6 Post-Lockdown

0–100 19.59 21.43

100–200 44.68 48.87

200–300 86.99 95.17

>300 137.04 149.92

The results show that, while maintaining a 9% increase due to the lockdown period,
for radon activity concentrations < 300 Bq/m3, the LLC was <108.86, the reference value
for ICRP [73]. These data must be carefully considered since lung cancer is characterised
by a very high incidence and mortality rate [81]. According to the Associazione Italiana
Oncologia Medica (AIOM), in Italy, the trend in incidence is different between the male
gender, for which a significant reduction was observed (−6.5% compared to 2019), and
the female gender, for which there was a sharp increase (+2.5%). Moreover, in 2020,
approximately 41,000 new diagnoses were expected [82]. Therefore, LCC is, without a
doubt, a fundamental tool from the radiobiological standpoint.

4. Conclusions

As previously mentioned, radon gas is one of the most dangerous indoor air pollutants,
having a radiological effect on humans. There are several parameters used to analyse the
radiobiological risk linked to this gas, most of them dependant on the exposure time.
Therefore, the aim of this study was to evaluate the variation of these parameters due to
the lockdown measure imposed in 2020. In fact, the spread of COVID-19 has led to forced
isolation necessary to limit the infection, effectively increasing the time spent indoors.
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As a direct consequence, there has been an augmentation in the exposure time to indoor
pollutants, including radon gas.

This study was conducted using a total of 496 222Rn activity concentration measure-
ments carried out in the Neapolitan area (South Italy). The concentration activity values
were divided into four ranges of values, and the analysed indexes were as follows: the AED,
EDL, ELCR, and LCC. All of them were estimated in pre-lockdown, and post-lockdown
conditions were affected by the increase in indoor exposure time. Furthermore, some
values defined as critical were also compared with the reference levels reported in ICRP
137, in the European Directive 59/2013 EURATOM, and in the national legislation [73–75].
The case of the 200–300 Bq/m3 range was very interesting, for which the influence of the
lockdown, which can be translated into an increase in indoor time, also caused the reference
values for radon activity concentration to be exceeded, which are not normally considered.
Thus, the results suggest that the new reference limit for an exposure time similar to that
caused by the lockdown is no longer 300 Bq/m3, but 274 Bq/m3, as demonstrated by the
results obtained for AED. Another interesting aspect is ELCR analysed by gender. In the
pre-lockdown period, no radon activity concentration value between 269 and 300 Bq/m3

corresponded to an ELRC greater than the reference of 2.66 × 10−2. On the contrary, in the
post-lockdown period, the ELRC reference value was exceeded at radon activity concen-
trations of 293 ± 82 Bq/m3 for men and, even more surprisingly, of 269 ± 75 Bq/m3 for
women. The LCC per million people, despite having been influenced by the post-lockdown
period, was consistent with the reference values and therefore greater than 108.86 for values
greater than 300 Bq/m3. In the next few years, it would be interesting to correlate the
cases recorded and reported in national databases with those hypothesised in this study to
understand if the lockdown had a real impact from an epidemiological point of view.

Since the spread of COVID-19 has yet to be stopped, in the event of another lockdown
or a similar scenario, the results reported in this study and the new knowledge acquired
on the mechanisms of spread of the virus suggest increasing the air changes in the room
to prevent the accumulation of radon gas. Remedial actions to reduce radon activity
concentration, in fact, are widely known [83], and among these, the cheapest and the one
whose effectiveness has also been measured by our group [84] is passive ventilation: a
greater exchange of air between the inside and outside by keeping windows and doors
open, also producing an overall improvement in IAQ.
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