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We performed a systematic sampling and analysis of airborne SARS-CoV-2 RNA in different hospital areas to
assess viral spread.

Systematic air filtration was performed in rooms with COVID-19 infected patients, in corridors adjacent to
these rooms, to rooms of intensive care units, and to rooms with infected and uninfected patients, and in open
spaces. RNA was extracted from the filters and real-time reverse transcription polymerase chain reaction was
performed using the LightMix Modular SARS-CoV-2 E-gene.

The highest occurrence of RNA was found in the rooms with COVID-19 patients (mean 2600 c/m3) and the
adjacent corridor (mean 4000 c/m3) which was statistically significant more exposed (p < 0.01). This difference
was related to the ventilation systems. As is commonly found in many hospitals, each of the rooms had an in-
dividual air inlet and outlet, while in the corridors these devices were located at the distance of every four rooms.
There was a significant transfer of viruses from the COVID-19 patients’ rooms to the corridors. The airborne
SARS-CoV-2 RNA in the corridors of ICUs with COVID-19 patients or care rooms of uninfected patients were ten
times lower, averages 190 ¢/m> and 180 c¢/m?, respectively, without presenting significant differences. In all
COVID-19 ICU rooms, patients were intubated and connected to respirators that filtered all exhaled air and
prevented virus release, resulting in significantly lower viral concentrations in adjacent corridors.

The results show that the greatest risk of nosocomial infection may also occur in hospital areas not directly
exposed to the exhaled breath of infected patients. Hospitals should evaluate the ventilation systems of all units
to minimize possible contagion and, most importantly, direct monitoring of SARS-CoV-2 in the air should be
carried out to prevent unexpected viral exposures.

1. Introduction

More than a year after January 30, 2020, when the WHO declared
the COVID-19 outbreak a public health emergency of international
concern, the pandemic has yet to be brought under control. Vaccination
has significantly improved limiting the spread of the virus among the
general population in countries where it has been widely implemented.
Unfortunately, this currently only represents a small portion of the
world’s population, which raises concern about the large number of
individuals susceptible to infection and also about the recurrent gener-
ation of viral variants that may carry risks of reinfection in already
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vaccinated populations.

Both in countries with high and low degree of vaccinated population,
hospitals are at the forefront in the treatment of this disease where
SARS-CoV-2 is brought in by infected patients seeking treatment. Strict
precautions are needed to prevent these institutions from becoming
local hot spots for the spread of the virus.

SARS-CoV-2 RNA has been found in the near and distant air of pa-
tients (Birgand et al., 2020). In addition to transmission through respi-
ratory droplets (Bourouiba, 2020), aerosols generated by the
evaporation of microdroplets can also lead to long-range viral dispersion
and infection (Yuan et al., 2020; Song et al., 2020). Virions are stable in
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airborne particles with half-lives of more than 1 h (van Doremalen et al.,
2020). Infections in a host can even be caused by a single virus (Nicas
et al,, 2010), so inhalation by susceptible individuals can involve
contagion and further spread of the disease (Asadi et al., 2020).

A comprehensive assessment of the distribution of this virus in in-
door air (Morawska et al., 2020) is needed to avoid the spread of
infection. The transmission of COVID-19 from asymptomatic hosts (Bai
et al., 2020; Feng et al., 2020) emphasizes the need to understand the
airborne distribution of this virus in indoor environments to design the
necessary measures to prevent the spread of the infection. Indoor spaces
can have extremely complex flows as a consequence of ventilation sys-
tems and thermally driven flow effects (Craven and Settle, 2006; Licina
et al., 2014). Hospitals add further complexity to the aerial distribution
of SARS-CoV-2 due to the location requirements of the COVID-19 pa-
tients, either those with varying degrees of infection or asymptomatic.
Several studies in hospitals have included air samples for SARS-CoV-2
(Birgand et al., 2020; Yuan et al., 2020; Jie Zhou et al., 2020), but the
knowledge about the factors that determine the airborne transmission is
still incomplete.

In the present study, we report the results of a systematic sampling in
rooms with COVID-19 infected and uninfected patients, in the corridors
adjacent to these rooms and in intensive care units (ICUs), and in
reference open spaces (Fig. 1). The results have shown statistically sig-
nificant differences in terms of the airborne occurrence of the virus
between the areas examined, which can be used to generate reference
measures to prevent nosocomial infection.

2. Experimental methods

Samples were collected between November 11 and December 15,
2020 in Hospital Son Espases, the major public hospital in the Island of
Mallorca which was inaugurated in May 2011. Air was collected with an
Aircheck XR5000 pump (SKC, Eighty Four, PA, USA). The pump was
located at about 1.5 m above ground. In the COVID-19 patient rooms it
was located 2 m away from the beds. The pumps were provided with a
SureSeal Cassette Blanks composed of three 37 mm diameter styrene
clear pieces. This cassette contained a PTFE membrane filter of 37 mm
diameter and 0.3 pm pore size. Air was collected at 4.5 L min~! during 4
h. The pump was calibrated before and after each air intake with a
Defender 510-L primary flow calibrator (Bios International, NJ, USA).
This system was used for filtration of the air contained in different
hospital areas. The reported data in copies/m> (Table 1) refer to the
filtered air volume which is approximately 1.08 m°.

After sampling, the filters were introduced into Genesis vials con-
taining 3 mL of KaiBiL Viral Transport Medium (VTM; Biomed Global,
Kuala Lumpur, Malaysia). RNA extraction was performed from 400 pL of
the VTM solution, using the KingFisher purification system (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) based on magnetic
beads. Once extracted, a real-time PCR was performed from 10 pL of the
RNA eluate, using LightMix Modular SARS-CoV-2 E-gene (TIB MOL-
BIOL, Berlin, Germany) that detects the presence of the E (Envelope)
gene of Sarbecoviruses. The polymerase chain reaction (PCR) was per-
formed in a CFX96 Touch Real-Time PCR thermal cycler (Bio-Rad,
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Hercules, CA, USA). An internal control of the extraction system was
performed with the 77b fragment of the Equine Arteritis virus. The re-
coveries of the extraction and PCR replication cycles were nearly 100%.
Genetic material was detected at amplifications up to 44.25 cycle
thresholds (Cy). Beyond this value the measurements were negative and
0 was introduced in the database.

This research was approved by the Ethics Committee of the Balearic
Islands.

Means, medians, quartiles, maximum and minimum values were
used for descriptive statistics. Given the contrast between measurements
both in the rooms with COVID-19 patients and the corridor of these
rooms (positive airborne RNA identification in all cases) and those from
the corridors of the ICU rooms and rooms with non-COVID-19 patients
and from the outdoor terrace (30%, 50% and 25% positive identifica-
tions, respectively; Table 1) both parametric (t-test) and non-parametric
(Tukey) tests were performed. The hypothesis testings were devoted to
identify whether the positive measurements in each hospital area were
significantly different from the others. The standard deviations of the
measurements in the rooms with COVID-19 patients and corridor of
these rooms were not significantly different according to the F test (p <
0.01).

3. Results

The results of the air analyses of SARS-CoV-2 RNA in the rooms with
COVID-19 patients in need of regular care and in the corridor where
these rooms are located (Fig. 1) are summarized in Table 1. The airborne
RNA concentrations in the corridors with ICU rooms for COVID-19 pa-
tients and those with rooms for non-COVID-19 patients (Fig. 1) are also
reported in this Table and in the box plots of Fig. 2. The concentrations
of the analyses of air from an open environment (terrace; Fig. 1) located
next to the cafeteria are also summarized in Table 1 and Fig. 2.

Samples with airborne SARS-CoV-2 RNA were found in all these
hospital units. The air collected in rooms with COVID patients showed
detectable RNA concentrations in all cases (100%) with average of 2600
copies/m3 and maximum value of 5800 ¢/m? (Table 1). In the corridor
where these rooms are located, SARS-CoV-2 RNA was also detected in all
cases and the concentrations were higher, mean 4400 c¢/m® and
maximum value 6200 ¢/m?; Table 1), than in the rooms. As shown in
Table 2, the differences between these two groups of samples was sig-
nificant when comparing both the means (p < 0.01; t-test) and the
medians (p < 0.05; Tukey test).

The frequencies of detectable SARS-CoV-2 RNA in the air of the
corridor of the ICU rooms with COVID-19 patients or in the corridors
with rooms for care of non COVID-19 patients were much lower, 30%
and 50%, respectively, than those from the previously described hospital
areas. In these cases, the means were ten times lower, 190 ¢/m° and 180
¢/m®, respectively, than in the above described hospital areas. Their
SARS-CoV-2 airborne distributions did not display significant differ-
ences between them in the t-tests and non-parametric test (Table 2).

The samples from the outdoor terrace showed lower airborne SARS-
CoV-2 RNA frequencies than in the indoor areas, 25%, and the mean was
also lower, 73 ¢/m>. The t- and non-parametric test did not allow to

Table 1

Summary of the RNA SARS-CoV-2 measurements in the air of the monitored hospital areas.
Covid-19 patients Location n Positive identification Cycle threshold (Ct) Copies/m®

% min max average sd median min max

Yes Rooms" 11 100 33.24 36.13 2600 1500 2500 700 5800
Yes Room corridor” 12 100 33.03 34.49 4400 1300 4400 2300 6200
Yes ICU corridor * 10 30 35.82 36.56 190 320 o° 0 880
No Room corridor® 10 50 36.54 44.25 180 240 0 0 550
No Outdoor terrace® 4 25 37.47 37.47 73 150 0 0 290

# Location of the samples shown in Fig. 1

> As mentioned in the positive identification column, not all samples showed airborne RNA. In these samples a value of 0 copies/m> was assigned.
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Fig. 1. Representation of the air samples collected in the hospital areas: rooms with COVID-19 infected and uninfected patients, corridors adjacent to these rooms

and intensive care units, and reference open spaces.
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Fig. 2. Box plots showing the distribution of SARS-CoV-2 RNA in the air of the
studied hospital areas. X indicates the mean value of each distribution.

discriminating the airborne distributions of the terrace from those of
corridors with rooms occupied with non-COVID-19 patient or COVID-19
ICU rooms (Table 2).

4. Discussion

The highest occurrence of SARS-CoV-2 is found in two related units,
one composed by the rooms with COVID-19 patients receiving regular
care and the other the adjacent corridor (Fig. 1) which was significantly
more exposed to airborne SARS-CoV-2 RNA. The difference was statis-
tically significant both when considering parametric (p values smaller
than 0.01, 0.001 and 0.0001) and non-parametric tests (p < 0.0005)
(Table 2).

The airborne transmission route is associated with small droplets

Table 2

Statistical significance values resulting from the parametric (means t-test) and
non-parametric (Tukey) tests of the airborne distributions of SARS-CoV-2 RNA
in the studied hospital areas (Fig. 1).

Rooms Corridor Corridor Corridor Outdoor
with with with with non terrace
COVID- COVID-19 COVID-19 COVID-19
19 rooms ICUS rooms
patients
Rooms p < 0.01% p< p < 0.0001 p <0.01
with p <0.05°  0.0001 p<0.0005 p<
COVID- p< 0.0005
19 0.0005
patients
Corridor p < 0.001 p < 0.0001 p<
with p< p < 0.0005 0.0001
COVID- 0.0005 p<
19 0.0005
rooms
Corridor no no
with difference difference
COVID-
19 ICUS
Corridor no
with non difference
COVID-
19
rooms

@ Parametric.
b non parametric.

that are suspended and transported in air currents. Most of these drop-
lets evaporate within a few seconds (Xie et al., 2007) and the remaining
nuclei consist of virions and solid residue (Vejerano and Marr, 2018) but
water may never be completely removed (Mezhericher et al., 2010).
These droplet nuclei are submicron in size and can remain suspended in
air for hours. Transport of droplet nuclei over greater distances is driven
primarily by environmental flows that pose a particular challenge for
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disease transmission. The importance of ventilation in the control of
airborne transmission of infections is important (Tang et al., 2006; Li
et al., 2007) and must be modeled by fluid dynamics (Thatiparti et al.,
2017; Yang et al., 2018; Yu et al., 2018).

The higher concentration of SARS-CoV-2 RNA in the corridor than in
the rooms could a priori be unexpected because the viral source is
located in the rooms. Each of the rooms has an individual air inlet and
outlet, while the corridors have only one air inlet and one extraction
device at the distance of every four rooms (Fig. 3). These ventilation
differences are typical of many hospitals because the system generally
enhances aeriation of the patient rooms. Therefore, there is a significant
transfer of virus from the rooms to the corridors, either when opening
the doors or adhering to the clothing of the healthcare personnel
working in the rooms, which is eventually released into the corridor.

The corridors of ICUs with COVID-19 patients had much lower SARS-
CoV-2 airborne occurrence. In all ICU rooms patients were intubated
and connected to respirators that filtered all exhaled air. This filtration
system retained the release of virus with exhaled breath, and therefore
the corridors located next to these rooms had significantly lower
airborne SARS-CoV-2 concentrations. The low values of these corridors
were similar to those of the corridors of the rooms with non-COVID
patients or the outdoor site. No statistically significant differences
were observed between them.

Previous studies of airborne SARS-CoV-2 RNA in hospital areas have
found a wide diversity of results, encompassing no positive samples
(Ong et al., 2020), a very small number of positive samples (Ding et al.,
2021; Guo et al., 2020) or RNA levels (Yuan et al., 2020) or various
positive samples (Chia et al., 2019; Ding et al., 2021; Jiang et al., 2019;
Liu et al., 2020; Santarpia et al., 2020). Positive results have also been
found in hotels containing quarantine rooms for COVID-19 patients
(Jiang et al., 2020). However, no previous study has identified such
regular distribution of indoor airborne SARS-CoV-2 RNA as the one
identified here. This regular distribution of airborne RNA in the studied
hospital is related to the location of COVID-19 patients but the observed
highest RNA concentrations in the corridor of the COVID-19 rooms in-
dicates that the ventilation systems should be supervised to avoid un-
expected SARS-CoV-2 exposures. The present case study which
corresponds to a modern hospital with advanced technology may
constitute a representative case of other settings which may remain

Do
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unnoticed.

While the measured RNA is not per se an active SARS-CoV-2 marker,
the present findings show that the risk of virus infection cannot be
excluded in some areas of the corridors and to prevent nosocomial
infection, staff should be strict in the use of protective elements or
ventilation procedures should be modified.

One of the strengths of this study is the active sampling and analysis
of indoor air in the various hospital areas. Another strength is the strong
consistency of the results, showing an RNA distribution that may be
related to the location of COVID-19 patients and reveal an unexpected
pattern. One weakness of the study is the relatively small number of
samples. Another weakness refers to the fact that the observation of the
airborne RNA of SARS-CoV-2 does not imply a direct risk of contagion by
viable viral activity. However, the precautionary principle recommends
to implement adequate strategies to avoid the occurrence of airborne
SARS-CoV-2 RNA in hospital areas.

5. Conclusions

The greatest risk of nosocomial infection can occur in hospital areas
not directly exposed to the exhaled breath of infected patients. Hospitals
should evaluate the ventilation systems of all units to minimize possible
contagion and, most importantly, direct monitoring of SARS-CoV-2 in
the air should be carried out to prevent unexpected viral exposures.
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