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Abstract: Besides the predominant ways of transmission of SARS-CoV-2 (namely, contacts and
large droplets) the airborne one is increasingly taken into consideration as a result of latest research
findings. Nevertheless, this possibility has been already suggested by previous studies on other
coronaviruses including SARS-CoV and MERS-CoV. To describe the state of the art of coronaviruses
and airborne transmission, a systematic review was carried out using the PRISMA methodology.
Overall, 64 papers were selected and classified into three main groups: laboratory experiments
(12 papers), air monitoring (22) and epidemiological and airflow model studies (30). The airborne
transmission of SARS-CoV-2 is suggested by the studies of the three groups, but none has yet
obtained complete evidence. The sampling and detection methods have not been validated, therefore
monitoring results are affected by a possible underestimation. Then, epidemiological investigations
only hypothesize the airborne transmission as a possible explanation for some illness cases, but
without estimating its attributable risk. Nevertheless, while waiting for more evidence, it is urgent to
base advice on preventive measures, such as the use of masks, safe distancing and air ventilation,
on the precautionary principle.

Keywords: COVID-19; SARS-CoV-2; human coronaviruses; animal coronaviruses; airborne
transmission; survival in air; air monitoring; epidemiological studies; air models

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus is a new β-coronavirus,
which originated from a spill over from an animal reservoir and is responsible for a respiratory disease
in humans, just like Middle East respiratory syndrome coronavirus (MERS-CoV) and severe acute
respiratory syndrome coronavirus (SARS-CoV). The first cases raised in Wuhan, Hubei Province, China
at the end of 2019, then a rapid spread was reported worldwide, thus the WHO declared this disease
(named COVID-19 on 11 February 2020) firstly, a Public Health Emergency of International Concern
and then a pandemic on 11 March, 2020 [1]. At present (7 June 2020), SARS-CoV-2 has caused more than
six and a half million confirmed cases across the world and approximately 400,000 people have died [2].
Analysis of clinical specimens revealed the presence of SARS-CoV-2 RNA in various bodily fluids
from infectious patients, not only respiratory secretions, typically nasopharyngeal or oropharyngeal
specimens [3,4], but also fecal material [5,6] and often in multiple sites [7,8], even from asymptomatic
patients [9,10], and sometimes for a long time, so causing super spreading events [11].The presence of
infectious SARS-CoV-2 in clinical samples was less frequently detected because of the technical and
safety problems linked to the infectivity tests in cell cultures [12]. However, the virus has been isolated
from higher and lower respiratory tract specimens [13,14], from saliva [15], stool [7,16] and urine [17].

Atmosphere 2020, 11, 710; doi:10.3390/atmos11070710 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0003-0131-053X
https://orcid.org/0000-0002-3890-8546
https://orcid.org/0000-0003-4078-5108
http://www.mdpi.com/2073-4433/11/7/710?type=check_update&version=1
http://dx.doi.org/10.3390/atmos11070710
http://www.mdpi.com/journal/atmosphere


Atmosphere 2020, 11, 710 2 of 21

Similarly to SARS-CoV and MERS-CoV, the main routes of transmission of SARS-CoV-2 are contact
transmission with the infected people (direct contact) or with contaminated surfaces or fomites (indirect
contact) and respiratory transmission by large droplets, within 1 m distance from an infected person.
The World Health Organisation (WHO) defines “droplets” the liquid particles greater than 5 µm, and
“aerosol” the smaller ones [18]. The SARS-CoV-2 transmission by aerosol (airborne) has been considered
plausible by WHO only in the case of healthcare settings, as a result of medical procedures, such as
intubation, ventilation, or drug delivery via nebulizer [19]. Nevertheless, the airborne transmission
has been also hypothesized in other circumstances, both in hospital and in community settings [20,21].
In fact, human expiratory activities (coughing, sneezing, speaking and singing, but also just breathing)
release particles in a wide range of size, from 1 to 2000 µm, with the majority of them between 2 and
100 µm [22]. Moreover, the production of droplets and aerosol from the toilet flow or the sewage
treatment processes was demonstrated also for respiratory viruses [23]. The droplet/aerosol dispersion
has been widely studied, so that pictures of the mouth “cloud” have been captured firstly by photos
with incident light [24] and then by the sophisticated new recording graphic processing systems [25,26],
and numerous experiments have been carried out to study the dynamic of airborne particles [27].

The largest droplets, up to 5 µm, fall next to the source, within a distance of 1–2 m, as a result
of gravitational force. On the other hand, the smaller droplets (aerosols) can remain suspended and
spread at greater distances. The suspended droplets can shrink and transform into “droplet nuclei”,
even smaller, as postulated for the first time by Wells [28].

The fate of droplets depends not only on their size, but also on their speed and force of
emission, on their density and composition, on the air humidity and movements. Some authors
performed aerosol dispersion experiments through measurements carried out in indoor settings [29–31].
Other experimental studies included the presence of a thermal manikin inside the room [32,33].
Moreover, several numerical modeling studies investigated the role of environmental factors in droplet
dispersion, such as the air relative humidity (RH) [34,35] or the configuration of the air distribution
systems in buildings [29,30,36,37].

Overall, these modeling studies focused on aero dispersion characteristics of droplets during
expiratory activities, without considering biological aspects of pathogen-laden bioaerosol, such as
pathogen survival and/or concentration. In fact, droplets or suspended particles containing viruses can
be inhaled by a susceptible person, which becomes infected if the virus is viable and at a sufficient
concentration. This possibility decreases moving away from the infected person, not only owing to the
pathogen load dilution but also due to viral survival reduction as a result of drying, solar radiation,
temperature or virucidal substances in the air (i.e., ozone). Respiratory viruses can have different
environmental resistance relating to their biological characteristics; moreover, the symptoms and
infection localization affect the size, emission rate and composition of the droplets, and, consequently,
the viral survival and spreading [38].

The potential of airborne transmission of pathogens has been studied with laboratory experiments
in controlled physical and chemical conditions, but useful information has also come from
environmental monitoring studies and from the epidemiological evidence. The integration of these
studies in some reviews [39,40] has allowed the estimation of the plausibility of airborne transmission
of some respiratory viruses: for example, it seemed to be higher for SARS-CoV than for the influenza
virus [41].

As the amount of research on SARS-CoV-2 and air increases, it is more and more important to
collect and summarize their findings. We carried out a systematic review to describe the state of the art
of coronavirus airborne transmission.

2. Materials and Methods

The systematic review has been performed following the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines [42], and the relevant research studies have been
retrieved, as reported in Figure 1. The goal of the review was to thoroughly understand the plausibility,
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mechanisms, and evidence of the aerosol transmission of SARS-CoV-2 from the peer-reviewed literature
on human coronaviruses and their viral surrogates (animal coronaviruses and phages), as previously
described for water environments [43]. The literature search was conducted on 5 June, 2020 using three
electronic databases (PubMed, Scopus, and Web of Science core collection) without time limitations.
The searches were performed using the following search terms in the query: (aerosol OR bioaerosol OR
airborne OR air transmission) AND (coronavirus OR SARS OR MERS OR COVID-19). The database
searches provided 1861 hits: 721 retrieved from Pubmed, 594 from Scopus and 546 from Web of
Science. These articles were assembled, and duplicates were removed. Then, papers were screened in
terms of three main inclusion criteria based on title and abstract: (1) studies focused on coronavirus
in air/aerosol (so, not on fomites, surfaces or various types of waters); (2) peer-reviewed research
articles or surveillance reports presenting primary data, (3) written in English. Documents deemed
relevant were kept for a full reading. In total, 70 original articles were selected for full reading, then
seven papers were removed after inclusion because they addressed the description of an index patient,
but without secondary cases that hampered the epidemiological investigation. Overall, 64 studies were
complied with the selection criteria and included in this review. The list of the references excluded,
with reasons, are reported in Appendix 1 of the Supporting Information.
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Figure 1. PRISMA flow diagram for the study selection procedure.

3. Results

The collected papers have been classified according to their topic into three categories: in vitro
(12 papers), monitoring (22 papers) and epidemiological and airflow models studies (30 papers)
(Figure 2a, Table 1). Their time trend shows a small increase after 2003 (when the SARS epidemic
occurred) and in 2014 due to the MERS appearance, followed by a higher raise in 2020 owing to
COVID-19. The time trend of the studies according to the identified topic is depicted in Figure 2b.
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Table 1. Number of reviewed papers according to the topic and the type of coronavirus or surrogate.

Type of Study Phage
phi6

Animal
Coronaviruses

Common
Human

Coronaviruses *

SARS-
CoV

MERS-
CoV

SARS-
CoV-2

Total
Number

of the
Studies

In vitro studies 2 3 2 2 2 2 12 **

Monitoring
studies

Nonhealthcare
settings or

community
NA 4 4 0 1 1 10

Healthcare
settings NA 0 2 3 1 6 12

Epidemiological
and airflow

models studies

Nonhealthcare
settings or

community
NA 0 0 13 0 6 19

Healthcare
settings NA 0 0 7 2 2 11

NA = not applicable. * Common human coronaviruses are the coronaviruses that are known to infect humans,
generally causing mild, self-limiting upper respiratory tract symptoms, such as HCoV-OC43 and HCoV-HKU1
(β-coronavirus) and HCoV-229E and HCoV-NL63 (α-coronavirus). ** The study by Van Doremalenn et al. (2020)
analyzed both SARS-CoV and SARS-CoV-2.
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3.1. In Vitro Studies on Coronavirus

Twelve papers performed experiments with coronaviruses at lab-scale with different aims:
to evaluate performance of sampling methods [44–48] and to address the survival of coronavirus in
experimental aerosolization scenarios [44,49–54], also considering UV susceptibility [55].

The majority of authors used human coronaviruses [44,45,49,51–54], while the other studies
considered surrogates, namely two animal coronaviruses, transmissible gastroenteritis virus
(TGEV) [47,48] and murine hepatitis virus (MHV) [55], and the phage phi 6 [46,50]. Only two
studies used the SARS-CoV-2, which requires strict safety containment and procedures (Biosafety
Level 3). The study aims and designs of the papers are reported in Table S1 of the Appendix 2.

3.1.1. Evaluation of Sampling Methods

The methods for viral bioaerosol sampling can be based on different principles, such as impact,
impingement, electrostatic precipitation, filtration, cyclone, etc. [56,57]. The viral recovery rate for
each method is dependent on the type of virus, the sampling protocol (i.e., duration, volume, speed of
aspiration), and the sampling conditions (temperature and RH). Then, some studies focused on the
method evaluation and set up.

Ijaz et al. [44] addressed various aspects of the experimental set-up for aerosol generation, storage
and collection before studying the survival of various airborne viruses, including human coronavirus
(HCoV)-229E. Authors evaluated the possible impact of the nebulization process on virus viability and
the initial loss of virus infectivity attributable to aerosolization at 20 ◦C and at different RH. At 20 ◦C,
HCoV-299E showed the best recovery (87–91%) at middle RH, while high RH was deleterious. At 6◦ C,
the recovery rate at high RH was 100%.

Agranovski et al. [45] tested a personal bioaerosol sampler based on virus collection in a liquid
medium containing a submerged filter, continuously operating for 4 h assay. For safety reasons,
SARS-CoV was not aerosolized but added to the liquid and its decay rate was calculated after 2 and
4 h: it was 0.75 Log10 after 2 h and 1.76 Log10 at the end of the sampling period. The physical efficiency
of the device was derived from the literature. Based on these data, authors calculated 55% theorical
viral recovery rate for 1 h of operation, that reduces to 19% after 2 h.

Tseng and Li [46] evaluated the collection efficiency of four types of sampling devices, namely
Andersen one-stage (1-STG) impactor, all-glass impinger (AGI) impinger (AGI-30 impinger), gelatin
filter, and nuclepore polycarbonate filter. Authors tested four bacteriophages as surrogates of
mammalian viruses, classified according to the presence of the envelope in hydrophilic (unenveloped)
viruses (phi X174, MS2 and T7) and hydrophobic (enveloped) viruses (phi 6). The test viruses were
aerosolized in sterile and deionized water at a concentration of 109–1010 PFU/mL, under three different
conditions of RH. Moreover, the size distributions of the virus aerosols were evaluated using the
Andersen 6-STG impactor, obtaining that more than 95% of the cultured phages were collected in
particle size diameters smaller than 2.1 µm (in accordance with Ijaz et al. [44]). The recovery efficiencies
for hydrophobic viruses were 10–100 times lower than for the hydrophilic ones. Overall, the Andersen
impactor, impinger, and gelatin filter performed better than the nuclepore filter, owing to biological
stress during filtration and dehydration. However, hydrophilic viruses showed a lower decay rate of
infectivity (1–2 Log) than phage phi 6 (3–4 Log). The air RH did not affect the sampler’s collection
efficiency. The reduction in infectivity caused by storage conditions (temperature and time after
collection) was evaluated for AGI-30 the impinger: results demonstrated that samples should be
refrigerated (4 ◦C) for a maximum of 1 day.

Farnsworth et al. [48] tested the collection efficiency of filters commonly used in heating, ventilation
and air conditioning (hereafter HVAC filters) and their recovery rates, in the perspective of using
them as a sampling system for airborne microorganisms in indoor environments. They used three
aerosolized viruses: TGEV, avian pneumovirus (APV) and fowlpox virus (FPV) as surrogates of
SARS-CoV, respiratory syncytial virus, and smallpox virus, respectively. The experimental apparatus
was based on a ventilated duct, in which the HVAC filter was installed. A nebulizer was placed
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upstream the filter and two AGI-30 impinger samplers were put both upstream and downstream of
the test filter for bioaerosol titration before and after HVAC filtration. No viable virus was recovered
downstream of the HVAC filter, thus the authors assumed a collection efficiency of 100%. Nevertheless,
the recovery efficiency from the HVAC filter was very low, 8% for TGEV, 2% for APV and 0.5% for FPV,
probably owing to a rapid inactivation. Conversely, the system performed very well with bacteria,
with 97% collection efficiency and 100% recovery efficiency.

Kim et al. [47] studied the recovery efficiency of HVAC filters and collection efficiency of two
types of impinger samplers (AGI-30 impinger and BioSamplers), under different conditions of RH,
using TGEV as a surrogate for SARS-CoV. The experimental apparatus was equipped with a HVAC
filter and both impinger samplers were located upstream of the filter. Authors found that the collection
efficiency of samplers reduced as the RH increased, and that BioSamplers performed better than
AGI-30. Recovery efficiency from the HVAC filter was less than 10%, with the worst values obtained
for high levels of RH (70%, 90%). This result confirms that airborne coronavirus remains infectious for
a long time and it is sampled more effectively at low RH.

Although the reviewed studies on sampling and recovery techniques for coronavirus and
surrogates are quite scarce and not comparable, the recovery efficiency appears to be low. The viruses
have been analyzed using cultural methods, thus the low recovery efficiency could be attributable
to the effect of sampling on structural integrity and viability. This aspect is also supported by some
authors [58,59] who performed aerosolization experiments of bacteriophages (with and without
envelope) and analyzed the collection fluid by both culture and real time PCR. Authors demonstrated
that phage recovery by culture was strongly lower compared to the recovery by real time PCR, mainly
in the case of enveloped phage (the number of infectious particles were 1000-fold less than the number
of viral genome copies). Overall, the revision of these papers highlights the need for research to
evaluate and improve the recovery efficiency of different aerosol sampling methods also in relation to
environmental conditions, detection methods (cultural or biomolecular assays) and aims. In fact, if the
aerosol monitoring would aim to evaluate the viral exposure for risk assessment, the information on
recovery efficiency and virus survival would be essential.

3.1.2. Survival Experiments

Ijaz et al. [49] tested a combination of environmental factors on HCoV-229E survival, namely two
temperatures representative of the two extreme indoor atmospheric conditions in temperate countries
(6 and 20 ◦C) and three RHs representing low (30%), medium (50%) and high (80%) conditions in both
indoor and outdoor environments. Aerosolization was performed in a rotating drum by a Collison
nebulizer with 6 jets of a virus suspension in Triptose Phospahte Broth (TPB) of HCoV-229E with a titer
of 3.0 × 107 to 4.2 × 107 PFU/mL. Sample collection from the drum was conducted using an AGI-30
impinger. Poliovirus type I has been used as an internal control for the experiment carried out at
20 ◦C. After 24 h assay at 20 ◦C, recovery percentages of HCoV-229E were 65%, 75% and 3% at low,
medium and high RH levels, respectively. The corresponding recovery for poliovirus was 0%, 0% and
90%. The half-life for HCoV-229E at 20 ◦C was 3 h at low RH, 67 h at medium RH, and 27 at high RH.
At 6 ◦C, HCoV-229E survival increased, with a virus half-life of 34, 103, 86 h at low, medium, and high
RH, respectively.

Walker and Ko [55] characterized the survival of viruses under UV exposure (254 nm UV-C),
considering phage MS2, adenovirus type 2 (HAdV2) and MHV. MS2 and HAdV2 were the most
resistant, with approximately 30% survival after the 15 min exposure to 2608 µW s/cm2. On the contrary,
only 10% of MHV survived after the exposure to a UV dose of 599 µW s/cm2. These results highlighted
that UV air disinfection may be an effective strategy in indoor environments against coronaviruses.

Van Doremalen et al. [52] studied the survival of MERS-CoV and H1N1 viruses under low and
high humidity levels (40%, 70%). Authors performed sampling with a liquid impinger and analyzed
collection liquid using a molecular technique. Then, they expressed the results in TCID50 equivalents,
generated using a standard curve of diluted MERS-CoV RNA in the qRT-PCR. At low humidity,
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MERS-CoV is highly stable with 93% survival, that decreased to 11% at a high humidity level. Instead,
H1N1 survival was 5% and 38% at low and high humidity, respectively.

Pyankov et al. [51] investigated MERS-CoV survival in two different experimental conditions:
middle temperature and high humidity (25 ◦C, 79%) typical of an office environment, and high
temperature and low humidity (38 ◦C, 24%) to reproduce the climatic condition of the Middle Eastern
region. After 60 min aerosol, 63.5% MERS-CoV remained infectious in the office scenario, whereas 4.7%
survival was obtained in the hot air environment with the greater abatement occurring after the first
15 min. Prussin et al. [50] performed a survival experiment on phage phi 6 using stationary droplets as
a model of suspended aerosol: 10 droplets of 1-µL of a viral solution in tryptic soy broth were spotted
onto a cell culture dish and then exposed to a wide range of RH (from 23% to 98%), temperature (from
14 to 37 ◦C) and absolute humidity (AH) (from 2.7 g/m3 to 41.6 g/m3). The relations between survival
RH showed a typical U-shaped curve: phi 6 survived better at high (>85%) and low (<60%) RHs,
with a significant decrease in infectivity at middle range RH (60% to 85%), especially at 25 and 37 ◦C.
Moreover, at a fixed RH of 75%, phi 6 was very sensitive to temperature variations, decreasing 6 Log10

when exposed to 34 ◦C. An AH greater than 22 g/m3 (achievable at 37 ◦C) was associated with a loss
in infectivity greater than 6 Log10. The phi 6 survival modeling based on environmental variables
showed that RH was the most important parameter.

Experimental evidence on the airborne survival of SARS-CoV-2 was recently obtained by van
Doremalen et al. [53] and Smither et al. [54] on different virus variants. van Doremalen et al. [53]
performed a bench-scale study in which both SARS-CoV-1 and SARS-CoV-2 were aerosolized, then
the infectious viruses were quantified (TCID50/mL). The authors demonstrated a 0.8 Log10 reduction
in SARS-CoV-2 after 3 h and a half-life of approximately 1 h. Similar results were obtained for
SARS-CoV-1. Smither et al. [54] focused their research on SARS-CoV-2 aerosolized in artificial saliva or
tissue culture media (TCM) under two different conditions of RH, medium (40–60%) and high (68–88%),
at room temperature. Apart from the type of aerosolization fluid, authors found that infectious viruses
could still be detected at 90 min. However, the type of spray fluid influenced the stability at different
RHs, namely SARS-CoV-2 aerosolized in TCM is more stable at medium RH compared to higher RH,
in agreement with other studies on human coronaviruses [49,52]. Conversely, when SARS-CoV-2 is
aerosolized in artificial saliva, it survived better at high RH. These experimental studies show that
the coronaviruses’ survival in air is strictly influenced by environmental conditions. Coronaviruses
aerosolized in water or maintenance medium have a better survival at low–medium humidity, and
a cold temperature. However, these findings can be influenced by the type of aerosolization fluid,
as reported in a very recent paper [54]. Further studies are needed to understand the role of saliva
composition in coronavirus stability in air.

3.2. Environmental Monitoring (Air Samples)

The presence of infectious viruses in human fluids that could be aerosolized cannot be considered
alone as evidence for aerosol transmission, but it is necessary that infectious pathogens would be
detected in air samples. Among the reviewed studies on environmental monitoring, four papers
monitored animal coronaviruses owing to their importance in farm animal infections, six papers
addressed common human coronaviruses, while SARS-CoV, MERS-CoV and SARS-CoV-2 were
monitored in three, two, and seven papers, respectively. Overall, the monitoring studies were
carried out using different sampling devices at different flowrates and sampling times. These studies
(methodology and main results) are summarized in Table S2 of the Appendix 2.

3.2.1. Animal Coronaviruses

Hermann et al. [60] artificially infected 46 pigs, each of them with one respiratory microorganism,
among whom the porcine respiratory coronavirus (PRCoV). Then, authors characterized the respiratory
excretion by collection of oral and nasal swabs, expired air by the pigs, and air samples from the room.
The pigs’ swab samples revealed the presence of all the targeted pathogens, while none of the air
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samples (both air exhalated and ambient room air) were positive, probably due to the low analytical
sensitivity of the sampling and detection procedures.

Alonso et al. [61–63] carried out a series of studies aimed at deeply investigating the aerosolization
of animal viruses, including the alphacoronavirus porcine epidemic diarrhea virus (PEDV). In 2014 [61],
the authors used a liquid cyclonic collector for air sampling under two different conditions: after
artificial infection of pigs and in field conditions (without artificial infection). Under experimental
condition, all samples were positive for PEDV using both RT-PCR and the bioassay, consisting of
inoculating susceptible pigs with the air samples to assess their infectivity. Instead, under field
conditions, 11/62 (18%) air samples were positive for the presence of the viral genome but not for the
bioassay. Again in 2015 [62], the authors performed an artificial infection of pigs, but with various
viruses: influenza A virus (IAV), porcine reproductive and respiratory syndrome virus (PRRSV),
and PEDV. Authors sampled air as previously described [61], and in addition, they studied the size
distribution of inhalable virus-laden particles, using the Andersen cascade impactor. IAV and PRRSV
were analyzed using real time (RT)-PCR and cell culture, and PEDV using bioassay. PEDV was
detected in all particle sizes and in higher quantities than IAV and PRRSV, ranging from 1.3 × 106

to 3.5 × 108 RNA copies/m3. All positive samples were infectious. In 2017 [63], the same viruses
(PRRSV and PEDV) were used to evaluate the efficiency of two size-differentiating air samplers, the
Andersen and the Tisch cascade impactors. The air monitoring was performed during active outbreaks
in 9 swine and poultry farms, for a total of 68 air samples both inside (44) and outside (24) farms.
PEDV was detected with the highest virus concentrations, followed by IAV and PRRSV. Both air
collectors performed equally for the detection of total virus concentration and for all three viruses.
Overall, higher numbers of RNA copies were associated with larger particles.

3.2.2. Common Human Coronavirus (HCoV)

In the majority of the studies, the search of HCoV is associated with the monitoring of other
respiratory viruses, to better understand the role of air in viral transmission.

Borkenhagen et al. [64] focused on the animal–human interface in various working settings (farms,
abattoirs and animal markets). The authors monitored various samples, including air samples, which
were collected using the National Institute for Occupational Safety and Health (NIOSH) air sampler,
which separated the particles into three size fractions (>4, 1–4, and <1 µm). HCoV was detected in
2.6% of worker nasal wash, while no positivity was obtained in the animal and air samples. These data
underlined the necessity to improve the sampling method.

Coleman et al. [65] performed air sampling in Singapore’s Mass Rapid Transit (MRT) heavy rail
lines, using a NIOSH air sampler described above [64]. The samples were analyzed for the presence
of a wide range of viruses: influenza viruses (A and B), enteroviruses, coronaviruses, respiratory
syncytial virus (RSV) subtypes A and B and adenovirus. A total of 89 aerosol samples were collected
and viruses were detected by real time (RT)-PCR, cell culture, and sequencing. Fourteen air samples
(16%) resulted positive for one or more viruses, but all were negative for coronavirus.

Memish et al. [66] performed a monitoring campaign for air and surface in an airport in
Saudi Arabia. The authors used a liquid biosampler and analyzed the samples for various respiratory
pathogens, including HCoV 229E/NL63 and OC43/HKU1. A total of 40 surfaces and 18 air samples were
analyzed by a respiratory multiplex array. Only 1 air sample (1/18, 5.5%) was positive for influenza B
virus, and 7 surface samples (7/40, 17.5%) were positive, of which 3 were for adenovirus and 3 were for
HCoV-OC43/HKU1.

Xie et al. [67] evaluated the potential airborne transmission of influenza A and B viruses, human
rhinoviruses (HRV), RSV, and HCoV-229E and OC43 in a University Campus in Hong Kong. Samples
were collected from canteens, lecture halls, shuttle buses and the University Health Service. A total of
1028 air samples were collected using a NIOSH bioaerosol sampler, analyzed with real time (RT)-PCR
and cell culture for positive samples. Viral RNA of influenza viruses, HRV and RSV was detected,
while no positivity for coronavirus was found.
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Nguyen et al. [68] carried out environmental monitoring in some healthcare settings in Singapore,
for the research of influenza viruses (A and B), coronavirus and adenovirus, comparing two aerosol
samplers, a liquid air sampler and a portable air sampler equipped with a polytetrafluoroethylene
(PTFE) filter cassette. The collected air samples were analyzed by real time (RT)-PCR and only positive
samples were further analyzed using cell culture. In 16 (33.3%) of the samples, at least one respiratory
pathogen was found, but no samples were positive for coronavirus. The portable sampler identified
higher rates of target viruses with 1/24 (4%) IVA-positive, 3/24 (12.5%) influenza B-positive and
8/24 (33.33%) adenovirus-positive specimens, while the other sampler revealed only 4/24 adenovirus
positive samples.

Yadana et al. [69] monitored the prevalence of influenza viruses (A, B, and D), coronavirus and
enterovirus in aerosol of a general paediatric ward in Singapore. Twenty-eight aerosol samples were
collected with a NIOSH air sampler and a SKC filter cassette preloaded with a PTFE filter (0.3 µm
pore size). Samples were tested with real time (RT)-PCR, then positive samples for adenovirus and
IVA were further analyzed by cell culture. The monitoring revealed 8 (28.5%) samples positive for
adenovirus and one (3.5%) for IVA and none for influenza B or D viruses, enterovirus or coronavirus.
All adenovirus-positive samples were retrieved from the NIOSH samplers, namely 3 (37.5%) of >4 µm
particle diameter and 5 (62.5%) of ≤4 µm particle diameter. The IVA positive samples were found from
a mobile SKC filter cassette; therefore, the particle size was ≥0.3 µm.

3.2.3. SARS-CoV

Booth et al. [70] investigated environmental contamination (air and surfaces) in SARS units during
the Toronto outbreak. Thirty-eight air samples were collected from 19 rooms of infected patients in
4 health-care facilities. Air samples were divided into wet and dry: wet air sampling was performed
using a high-resolution impinger sampler system, while dry air samples were collected on a PTFE
membrane filter with a pore size of 0.3 µm. Viruses were detected by RT-PCR and real time RT-PCR,
and positive samples were seeded on Vero-E6 cell culture to verify the infectivity. Only 2 samples from
the wet air sampling were positive for genome presence, not for infectivity.

In a hospital of Taiwan, Tsai at al. [71] evaluated airborne SARS-CoV RNA concentrations in
a negative-pressure isolation room with SARS infected patients mechanical ventilated. A total of
11 environmental samples were obtained in the different patient’s assistance conditions. An air sampler
and a filter cassette with a 1 µm PTFE filter were used for environmental samples. Moreover, HEPA
filters (0.023 and 0.3 µm pore size) connected to the breathing circuit were tested to measure their
removal efficiency for airborne SARS-CoV under experimental conditions. All samples were negative
for SARS-CoV RNA and the maximum filtration efficiency of the HEPA filters was detected for a pore
size of 0.023 µm, that was able to remove 100% of aerosolized SARS-CoV.

Again, in Taiwan, a similar study was performed by Wan et al. [72], who evaluated airborne
SARS-CoV RNA concentrations using filter sampling and RT-PCR assay when a SARS patient
was treated with a humidifier or a large-volume nebulizer in a negative pressure isolation room.
Additionally, in this case, none of the 6 air samples (3 for each procedure) resulted positive. As in the
study by Tsai et al. [71], the authors compared the air filtration efficiency by experimental tests on
three different filters (1 and 0.2 µm PTFE filters and a 0.2 µm polycarbonate filter): all negative airborne
SARS-CoV PCR results were obtained from 1 µm PTFE filters.

3.2.4. MERS-CoV

Azhar et al. [73] investigated the role of air in MERS-CoV transmission. Three air samples were
collected from a camels’ barn on three consecutive days, using an MD8 airscan sampling device with
sterile gelatin filters (3 µm pore size). The samples were analyzed by real time RT-PCR followed by
sequencing and only one resulted positive: it was collected the same day when a camel was positive
for MERS-CoV. Moreover, the sequencing of the genome obtained from the air sample produced the
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same sequence coming from the infected animal and the ill worker. This result suggested the air as
vehicle of transmission from the dromedary camel.

Kim et al. [74] studied air and surface contamination in MERS-CoV-infected patient rooms during
the 2015 MERS outbreak in South Korea. Environmental samples were collected from two infected
patients in one hospital and one patient in another hospital, both in negative-pressure rooms. A total of
7 air samples were collected using the same sampling method described by Azhar et al. [73]. RT-PCR
was used to detect the virus, and positive samples were analyzed onto Vero E6 cells, by electron
microscope and immunofluorescence assay. All air samples were positive to RT-PCR, with 4 infectious
samples collected from the patients’ rooms (2) and restroom (1) and from the common corridor (1).
The data demonstrated the presence of MERS-CoV in the hospital air, although they did not provide
direct insight into the routes of transmission.

3.2.5. SARS-CoV-2

Some environmental evidence is raising on the presence of airborne SARS-CoV-2 in hospital
settings in Wuhan, China [75,76]. These studies performed air monitoring in wards assigned to receive
COVID-19 patients. In China, Guo et al. [75] monitored the air and surface of objects in both an
intensive care unit (ICU) and a general COVID-19 ward housing 15 and 24 patients, respectively.
Air samples were collected using a SASS air sampler and analyzed with RT-PCR. Three types of
sampling points were considered: near the air outlets, inside the patient’s room, and in the doctors’
office area. SARS-CoV-2 genome was detected in all the sampling sites, with the highest frequency
near the patients (8/18, 44.4%) and at the air outlets (5/14, 35.7%). These results demonstrated that
SARS-CoV-2 can spread in air approximately 4 m from patients. Again, in China, Liu et al. [76]
confirmed the possibility of SARS-CoV-2 dispersion in air by measuring a positive air sample in two
Wuhan hospitals, using a droplet digital PCR-based detection method. All air samples were collected
on presterilized gelatin filters, but using different sampling methods: aspiration using a Casella
portable pump for the collection of the total suspended particles (without size range), a miniature SKC
cascade impactor for the collection of particles according to their size (separated into five size fractions)
and a filter packed in a holder for particle deposition. Authors found very low viral concentration, with
the highest level (19 RNA copies/m3) detected in the toilet area. This result could suggest the releasing
of airborne SARS-CoV-2 not only through breathing, but also by the aerosolization of patients’ faeces or
urine. Positive samples were detected also in the medical staff area, with concentrations ranging from
16 to 42 GC/m3. Whereas in the public area outside the hospitals, concentrations were undetectable in
most sampling sites, except for two crowding-prone locations. Finally, authors analyzed the size of
aerosol in which the genome had been detected, namely the submicron region (0.25–1 µm) and the
supermicron region (>2.5 µm).

Cheng et al. [77] published a report on Hong Kong infection control measures in the first 6 weeks
after the official announcement of a cluster of pneumonia of unknown aetiology, in Wuhan. Air and
surfaces samples for SARS-CoV-2 RNA were collected with an SAS air sampler in the room of the first
confirmed case in Hong Kong. The study revealed the absence of SARS-CoV-2 RNA in air samples
collected at a distance of 10 cm from the patient’s chin while he was performing various expiratory
activities (normal breathing, deep breathing, speaking and coughing continuously), with or without
wearing a surgical mask.

Similar results were obtained by Faridi et al. [78], who investigated the air samples of patient rooms
with severe and critical symptoms of COVID-19 in ICU. The air sampler was installed approximately 2
to 5 m away from the patients’ beds. A total of 10 air samples were collected with a liquid impinger in
rooms with different characteristics in terms of number of patients and medical staff, RH, temperature,
number of windows and ventilation systems. All samples were negative for SARS-CoV-2 by real
time (RT)-PCR.

In Singapore, Ong et al. [79] tried to explain the route of SARS-CoV-2 transmission in a nosocomial
environment. The authors collected both air and surface samples from infection isolation rooms
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housing 3 patients. Two different air samplers were used for the room-anteroom and for outside the
room: an SKC air sampler preloaded with a PTFE filter cassette and a Sartorius MD8 microbiological
sampler with a gelatin membrane filter. A specific real time RT-PCR was used to detect SARS-CoV-2
RNA. Although all the air samples were negative, the presence of positive surface samples taken from
air exhaust outlets suggested that small viral droplets could be spread by airflows and deposited
onto equipment.

Again in Singapore, Chia et al. [80] performed a similar environmental monitoring in three infection
isolation rooms with positive patients in the ICU and in the general ward. A total of 245 surfaces were
collected but only 3 air samples, using a NIOSH bioaerosol sampler. Then, the SARS-CoV-2 genome
was quantified. Two (66.7%) of three air isolation rooms were positive in the particle sizes > 4 and
1–4 µm. RNA concentrations ranged from 1.84 × 103 to 3.38 × 103 copies/m3. Surfaces of these rooms
were contaminated, namely the floor (65%), the air exhaust vent (60%), the bed rail (59%), and the
bedside locker (47%). SARS-CoV-2 contamination of the toilet seat and automatic toilet flush button
was also detected in 5/27 sampling sites. These data suggested that SARS-CoV-2 could be shed in the
air from a patient in particles sized between 1 and 4 µm. These small particles exhibit a prolonged
suspension time; thus, it could justify the contamination of the surrounding surfaces.

On the other hand, the detection of SARS-CoV-2 RNA in open air samples has been reported [81],
and it has been supposed that atmospheric air particulate would be a potential carrier of SARS-CoV-2.
This has induced a strong public debate and has generated a confusing information dichotomy: on the
one hand, the advised safety distance of 1 m, and on the other, the possibility of an open-air transmission.
Besides its scarce plausibility, this opinion is contradicted by another paper (yet preprint) [82] which
examined 318 clusters of 3 or more cases demonstrating that all of them occurred in an indoor
environment, which confirms that sharing indoor spaces is a major SARS-CoV-2 infection risk.

3.3. Epidemiological and Airflow Model Studies

The hypothesis that SARS-CoV-2 could be spread through aerosol is very difficult to demonstrate
because epidemic clusters are generated by a mix of different ways of transmission where droplets and
contacts are predominant. Additionally, considering SARS and MERS, the majority of epidemiological
evidence that they could be airborne are anecdotal. In some cases, the outbreaks’ evolution has been
deeply studied with the help of models to highlight the probability of this transmission.

On the whole, our literature search found 30 papers describing 13 events: 5 of them occurred in
health care settings and 8 in community settings. Three outbreaks were reported in more than one
paper and analyzed from different points of view. Table S3 of the Appendix 2 summarizes the findings
of these studies.

3.3.1. SARS and MERS

A very popular and studied SARS outbreak, suggesting the airborne transmission and also the
generation of faecal aerosol was the large epidemic that occurred in the apartment complex of Amoy
Garden (Hong Kong) [83]. Yu et al. [84] performed an epidemiological investigation to identify the
spatial distribution of the SARS cases in four buildings of the housing complex. Then, authors used
computational fluid dynamics (CFD) and multizone modeling to carefully study the airflow dynamic.
Finally, the source of infection was attributed to the plume of contaminated warm air generated from a
toilet in a middle-level apartment unit in one block and then diffused by an air shaft through empty
traps in the drainage system. A further study of the same outbreak was performed by Li et al. [85] with
a multi-zone airflow modeling method and showed the association between the predicted bio-aerosol
concentration and the spatial infection pattern, suggesting an airborne transmission route. Moreover,
a survey of nasopharyngeal viral loads of SARS patients from Amoy Garden on admission to hospital
showed a higher viral load in patients living in adjacent units to the index patient, thus suggesting
an important role of airborne transmission [86]. Further analysis of this outbreak was performed by
Yip et al. [87] that considered the meteorological conditions (namely temperature, wind speed, wind
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direction and height of temperature inversion) six days before the outbreak, evidencing a marked
decrease in the temperature that could have facilitated the viral survival and spread.

The possibility that the air exhaust from the upper part of a window that re-enters the lower
part of the open-window at the immediate upper floor, has been shown by Niu and Tung [88] using
tracer gases of CO2 and SF6 in a building similar to the Amoy Garden Apartments. These data were
furtherly analyzed and modeled using the CFD technique [89] to show that wind influences the upward
transport, depending on the wind speed.

The same authors [90] used the Eulerian–Lagrangian approach to model the vertical dispersion
of expiratory aerosol particles between two flats, demonstrating that 1 µm particles dispersed like
gas, while the ones of 20 µm were more settled and remained close to the source. Finally, in 2014 the
Amoy Garden outbreak was re-examined including the nearby residential complexes [91]. The results
indicated the aerosol as the most probable way of transmission and that it could have spread up to
200 m from the source.

Another case of the SARS epidemic was described by Olsen et al. [92] concerning three aircrafts
leaving Honk Kong to Beijin (3 h) and Taipei (90 min): only in the first one a wide spread of SARS
was detected, with a global incidence of 18.3% among passengers. Although most of the cases were
seated in the three rows in front or behind the index case, 7 (32% of the infected people) were seated
farer and at a distance of up to seven rows. The authors concluded that aerosol could have played an
important role in the virus diffusion. This event was also analyzed with an Eulerian–Lagrangian model
to estimate the effects of human movements of the airborne transmission [93]: the simulation results
showed that people walking in the cabin increased the air mixing and the aerosol diffusion, therefore
producing an increase in their infection risk in the cabin. The same outbreak was also analyzed by
Lei at al. [94] by a mathematical model aimed at simulating a multi-route disease transmission for
SARS, norovirus and H1N1 influenza. For SARS, the airborne component was higher than for the
other two diseases accounting for 21% (95% CI: 19–23%) of cases. Another study [95] used data from
this outbreak and a simulation of three different ventilation systems in aircrafts to evaluate their
effectiveness in controlling contamination and its diffusion.

A further outbreak in Hong Kong was partially related to airborne transmission: it occurred in the
Hotel Metropole where the index case stayed for one night and infected 17 people. It was considered a
super spreading event that also generated the SARS diffusion in other countries (Canada, Hong Kong,
Singapore and Viet Nam) with further super spreading events [96]. The epidemiological investigation
was accompanied by an environmental monitoring and both led to considering the corridor in front
of the room of the index case as the origin of the spread: possible vomit or intense coughing could
have occurred there leaving an environmental contamination of suspended or re-suspended infected
particles [97].

During the SARS epidemic, other suggestions for aerosol transmission came from hospital clusters.
Varia et al. [98] described a large nosocomial outbreak in Toronto (Canada), with 128 cases, among
family members and hospital staff, who had close contact with the SARS case. Authors ranked the
risks associated with different exposures to the SARS case according to the distance from the index
patient and the wearing of contact or droplets precautions. Among the scenarios without personal
protective equipment (PPE), the lowest risk was associated with the exposure within 3–10 m from the
case. Nevertheless, one patient contracted SARS in the emergency ward at a distance of 5 m from the
bed of the index case, but he was also assisted by the same nurse. Therefore, although transmission
through small aerosol should not be ruled out, it was not proven. The airborne transmission was also
supposed in a cluster of three cases in nurses participating in a cardiopulmonary resuscitation in a
Toronto Hospital, despite the use of contact and droplet precautions [99].

Li et al. [100] analyzed the largest nosocomial outbreak in Hong Kong and performed a ventilation
study to investigate the role of bioaerosol dispersion in a spatial infectious pattern in the hospital
ward with a total of 138 infected cases. In particular, authors studied in detail the airflow pattern in
the ward, considering the design of the air distribution system, the air temperature and retrospective
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on-site measurement of ventilation. Then, the aerosol dispersion was modeled with the CFD technique
using CO2 as a marker. During the experimental study of airflow, authors found an imbalance
between supply and exhaust airflows, with an inoperative exhaust outlet only in the index patient’s
cubicle. The aerosol dispersion patterns obtained from the simulation were compared with the spatial
distribution of the infected people retrieved from epidemiological retrospective studies regarding
medical students attending clinical training [101]. The illness risk evaluated in relation to the proximity
to the patient’s bed resulted in 100% within 1 m, 50% in the same cubicle but in beds >1 m and 0% in
other cubicles (0/8, 0%). Moreover, the authors modeled the aerosol dispersion using the CFD approach,
including the ventilation rate of the ward of approximately 8 air changes per hour. Authors did not
exclude the spreading by small aerosol because the retrospective ventilation study highlighted the
imbalance between supply and exhaust airflows that could have promoted the spreading of SARS-CoV
by aerosol.

The same outbreak was also analyzed by Yu et al. [102] with the same methods taking inpatients
into consideration. The attack rate was 65% for patients in the same bay as the index case, and 52%
and 18% for patients in the adjacent and distant bays, respectively. CFD modeling indicated that the
normalized concentration of virus-laden aerosols was the highest in the same bay and the lowest
in the distant bays. Again Chen et al. [103] studied the outbreak in a Hong Kong hospital using a
multi-zone airflow model, but focusing the attention on the role of a two-way airflow effect determined
by the temperature difference between the cubicles and corridor. The model was validated in lab scale
experiments and demonstrated that this phenomenon played a significant role in SARS transmission
during the nosocomial outbreak. Furthermore, another analysis was performed on this outbreak [104]
using a multi-agent mathematical model to simulate the infection risk distributions of close contact,
airborne and fomite transmission in different scenarios and compare them with that of the reported
cases in order to select the hypotheses with the best fit. The results showed that the most probable ways
of spreading raised from combining long-range airborne and fomite routes. Using the same method
of the multi agent modeling framework, the same research group [105] examined also a nosocomial
outbreak of MERS that occurred in the Republic of Korea in 2015. Their findings were also confirmed
by Jo et al. [106] who also considered the wind speed and direction. All these studies were coherent
with the aerosol spreading of SARS and MERS, although none of them provided epidemiological nor
laboratory evidence as requested to prove the airborne transmission without any doubt.

3.3.2. COVID-19

The airborne transmission of SARS-CoV-2 can be suggested by numerous reports: a simple case
report of a person in inner Mongolia and 4 laboratory technicians in Wuhan [107], a cluster of 97 cases
in a call center in South Korea [108], other clusters related to a shopping mall in Wenzhou (China) [109],
to a choir practice in Skagit County (Washington) [110], to a business meeting in Munich [111] and to
an air-conditioned restaurant in Guangzhou (China) [112]. In all these cases the airborne spreading
has been supposed to explain some of the reported cases, while close contact and droplets were still
considered the most probable ways of transmission. These events, not studied with aerosol simulations
and environmental monitoring, when carried out, gave negative results. In a nosocomial study
performed in California (USA) [113], contact tracing was carried out for healthcare workers (HCWs)
exposed to a patient with unrecognized COVID-19. Three HCWs with laboratory-confirmed COVID-19
had unprotected patient contact and performed (or assisted) with aerosol-generating procedures
(i.e., nebulizer treatment). These results support a transmission based on close contact and highlight
the importance of general precautions and PPE. The role of PPE in avoiding SARS-CoV-2 transmission
is suggested also by another nosocomial study carried out in Hong Kong [114]. The index case was
a woman staying in a normal ward with only standard precautions before the COVID-19 diagnosis.
None of the HCWs or inpatients that came into contact with her were infected, thus demonstrating the
preventive efficacy of general precautions as disinfection and the use of N95 and surgical masks.
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4. Discussion

A complete understanding of the transmission pathways of COVID-19 can allow a better
prevention strategy, taking into consideration also minor ways of spreading that, nevertheless, can be
responsible for a non-negligible fraction of cases. These include the airborne route, that implies the
diffusion of the virus far beyond the 1 m indicated by the WHO as a safety distance, especially for
non-healthcare settings.

This review considered the main fields where the airborne transmission was investigated, namely
laboratory experiments, environmental monitoring and epidemiological studies.

From the first studies, the need emerged for a better validation of methods for aerosol monitoring
and study because the recovery efficiency of the available techniques appeared low and variable
according to environmental conditions. Without a reliable method, survival and monitoring studies
cannot be used to evaluate the presence and amount of virus in the air and its infectivity. Unfortunately,
the method efficiency is rarely declared in these studies, therefore the lack of detected virus cannot
be the proof of its real absence. Despite the (presumed) low recovery, some monitoring papers have
demonstrated the presence of viral RNA in air samples. Nevertheless, these data come from small
surveys, with a limited number of samples and sampling sites and without any detection of virus
infectivity. On the other hand, the experiments on virus survival at lab-scale would indicate the
persistence of viable particles from hours to days, depending on temperature and RH conditions.
From an epidemiological point of view, for the most studied SARS outbreaks (i.e., the Amoy Garden,
Hotel Metropole, flight CA112, and Ward 8A events), the role of the aerosol is recognized, although its
attributable risk was not estimated [97].

All the three categories of studies reviewed in this paper suggest the airborne transmission of
SARS-CoV-2, but none has yet reached complete evidence. The sampling and detection methods and
protocols have not been evaluated and validated, therefore monitoring results are affected by a possible
underestimation. Moreover, epidemiological investigations only hypothesize the airborne transmission
as a possible explanation for some cases without contacts or proximity with other cases. Nevertheless,
our review takes into account only published papers, without considering preprints (not yet peer
reviewed), that have been produced in huge amounts for SARS-COV-2 and COVID-19. Among them,
some could give more evidence of airborne transmission, if they are eventually published. For example,
Shen et al. [115] made a comparison between two buses that travelled to the same religious meeting on
the same day. An infected person was seated in only one of them, and among the 67 passengers of
this bus, 23 cases were revealed (even at a distance greater than 1 m), while no cases occurred in the
other bus.

While the pandemic is still ongoing and the number of studies on it increases, it is urgent to
clarify the dynamics and conditions of SARS-CoV-2 transmission through air, both by droplets and by
aerosol, and its relevance for preventive measures, such as social distancing, the use of masks and
air treatments, but also treatment of fomites or surfaces contaminated by sedimentation of infectious
droplets. At present, some case reports on SARS-CoV-2 have suggested the role of general precautions
in reducing the disease spreading, as reported by two nosocomial studies described above [113,114].

5. Conclusions

This review was aimed at highlighting findings in SARS-CoV-2 airborne transmission taking
into consideration previous studies on other coronaviruses, including papers on bioaerosol science.
Although many of the revised studies partially validated the hypothesis of airborne transmission, none
of them alone were sufficient to provide conclusive evidence, probably because airborne transmission
is generally a minority component, combined with droplet and contact transmission.

However, our review, as a whole, supports this kind of transmission and induces a reflection on
the ways of making preventative decisions. The evidence-based medicine [116] requires that medical
interventions would be based on solid scientific bases derived from a consistent amount of agreed
studies. Nevertheless, the prevention, although preferably evidence-based, should also be inspired by
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the precautionary principle: this means that if the efficacy of a preventive measure is even partially
demonstrated, it should be applied without waiting for further confirmation.

The example of face mask use and safe distancing recommendations is paradigmatic: the ones
given at the beginning of the pandemic have been progressively changed until the compulsory use
of masks everywhere and the increasing of safety distance from 1 to 2 or more meters. These new
recommendations are based on the above cited reports on COVID-19 suggesting airborne transmission,
but could have been proposed even before, considering the previous knowledge, and their logical
preventive value, as already discussed by other authors [117,118]. We cannot know how many cases
would have been avoided with timelier advice, but we can say that the initial position of many
institutions was quite superficial and unaware of possible consequences.

As the data increase, due to the huge amount of studies, the airborne risk of COVID-19 should
be taken into consideration more, and its quantitative evaluation using quantitative microbial
risk assessment (QMRA) models could allow wise decisions and the application of preventive
actions [119,120], especially in community settings where the probability of infection is lower but
widely diffused and the identification of risk situations is more complex than in healthcare settings.

To this aim, we should face the following research needs:

• Viral load of infected clinical materials (upper and lower air ways, saliva, feces, urines, etc.) in
symptomatic and asymptomatic persons and determination of the infectivity in those samples;

• Probability of aerosolization, droplet sizes and speed for different acts (sneezing, coughing, talking,
breathing, singing, etc.), procedures (intubation, resuscitation, etc.) and plants (toilets, wastewater
treatments, etc.);

• Virus survival in air according to different temperature and humidity conditions;
• Viral aerosol dynamics in the air according to the airflows and the viral survival;
• Minimal Infectious Dose and dose-response relations;
• Ways and amount of exposure for susceptible people in different settings (community, healthcare

and non-healthcare working environments), including the fecal–oral route;
• Estimated reduction in exposure of different preventive measures (use of different types of masks,

ventilation systems, etc.).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/7/710/s1,
Appendix 1: list of papers removed with reasons, Appendix 2: description of the papers included in the literature
revision, divided on the basis of the aim of the study (Table S1: In vitro studies on the air contamination by
coronaviruses (listed in chronological order); Table S2: environmental air monitoring studies classified according
to the type of coronavirus, Table S3: epidemiological studies taking into consideration aerosol transmission,
classified according to the type of coronavirus).
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