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As public health teams respond to the pandemic of coronavirus disease 2019 (COVID-19), containment and
understanding of the modes of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) transmission is of
utmost importance for policy making. During this time, governmental agencies have been instructing the
community on handwashing and physical distancing measures. However, there is no agreement on the role of
aerosol transmission for SARS-CoV-2. To this end, we aimed to review the evidence of aerosol transmission of
SARS-CoV-2. Several studies support that aerosol transmission of SARS-CoV-2 is plausible, and the plausibility
score (weight of combined evidence) is 8 out of 9. Precautionary control strategies should consider aerosol
transmission for eﬀective mitigation of SARS-CoV-2.
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1. Introduction
An unprecedented pandemic of coronavirus disease 2019 (COVID19) has created a global public health threat. As of August 2020, the
cumulative number of conﬁrmed cases of COVID-19 has exceeded 20
million, with over 740,000 deaths worldwide (WHO, 2020). SARS-CoV2, which causes COVID-19, is the seventh coronavirus documented to
infect humans. The guidance of diﬀerent countries and organizations
about modes of transmission of SARS-CoV-2 mostly stipulate the droplet, contact or fomite routes (MOH, 2020; CDC, 2020; MHLW, 2020;
ECDC, 2020; WHO, 2020), except for China, which also stipulates the
airborne route (NHC, 2020). There is growing evidence that in addition
to contact and drople spread, the transmission of SARS-CoV-2 via
aerosols is plausible under favorable conditions, particularly in relatively conﬁned settings with poor ventilation and long duration exposure to high concentrations of aerosols, causing the World Health
Organization (WHO) and other agencies to review their guidance. Recently WHO acknowledged aerosol transmission of SARS-CoV-2, especially in closed indoor settings, and that aerosol transmission could not

be ruled out from some reported outbreaks (WHO, 2020). The aim of
this review was to synthesize the evidence for aerosol transmission of
COVID-19 and highlight the localities and vulnerable populations
where SARS-CoV-2 aerosols may be particularly pertinent to COVID-19
transmission. Based on the synthesis of evidence, we summarized precautions and infection control strategies to mitigate the possible aerosol
transmission of SARS-CoV-2, so as to inform scientiﬁc countermeasures
for combatting COVID-19 globally.
1.1. Characteristics of viral aerosol transmission
Virus-containing body secretions and excreta can be aerosolized
into infectious virus-containing droplets or particles through a variety
of ways. Respiratory secretions are known to be aerosolized through
daily activities (e.g. exhaling, talking, coughing, and sneezing) and
medical procedures (e.g. tracheal intubation, non-invasive ventilation,
bronchoscopy, and tracheotomy) (Zietsman et al., 2019). Excreta can
also be aerosolized through toilet ﬂushing (Johnson et al., 2013). Material that has deposited onto surfaces can be re-aerosolized by human
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1.2. Evidence of SARS-CoV-2 aerosol transmission

activities (e.g. walking, cleaning a room, and door opening) (Khare and
Marr, 2015). Biological specimens can be aerosolized through improper
laboratory procedures (Mustaﬀa-Babjee et al., 1976). In all of these
contexts, infectious aerosols can pose infection risks to people, inﬂuenced by complex environmental factors which aﬀect the survival,
transport and fate of aerosolized virus.
Aerosols are generally poly-dispersed droplets and particles which
have many diﬀerent sizes. Classical airborne aerosol hygiene research
described droplets of respiratory secretions evaporating to become
“droplet nuclei”, which remain suspend in air currents or turbulence
and may drift away considerable distances (> 1 m) (Keene, 1955).
Modern researchers generally use the phrase “droplet nuclei” to refer to
respiratory aerosol droplets with aerodynamic diameter < 5 μm, and
some disease transmission research now refers to respiratory droplets in
this size range as “aerosols”. Particles and droplets with aerodynamic
diameter < 5 μm have the ability to readily penetrate deep into the
alveolar region of the lungs of a bystander (Buonanno et al., 2020). In
contrast, relatively large droplets are thought to arise from the upper
respiratory tract and settle quickly and relatively close to their source.
For example, 100 μm droplets take about 10 s, whereas 10 μm droplets
take 17 min to fall to the ﬂoor (Knight, 1980), and 5 μm droplets originating from an average height (160 cm) of speaking or coughing take
9 min to reach the ground (Somsen et al., 2020). Droplets that settle
more slowly have increased opportunity to travel in the air from the
source. The 1 m limit of safe spatial separation is based on limited and
dated epidemiologic and simulation studies of some selected infections
(Feigin et al., 1982; Siegel et al., 2007), but more recent studies suggest
droplets can travel much further than 2 m (Wei and Li, 2015; Parienta
et al., 2011; Liu et al., 2017). For a person near the source, large droplets may project onto the facial mucous membranes or be inspired into
the upper airways. Modern technology conﬁrms that aerosolized respiratory secretions vary widely in size. The size and concentration of
inﬂuenza virus aerosol droplets and particles to which a susceptible
person may be exposed is mainly under 2.5 μm and an average person
can generate over 500 particles per liter of air (Fabian et al., 2008; Yang
et al., 2011; Milton et al., 2013).
Existing epidemiological and experimental research demonstrates a
wide variety of respiratory viruses, including Severe Acute Respiratory
Syndrome coronavirus (SARS-CoV), Middle East Respiratory Syndrome
coronavirus (MERS-CoV), inﬂuenza virus, and norovirus, could be
transmitted by aerosols under many conditions (de Wit et al., 2016;
Xiao et al., 2018; Brankston et al., 2007; Lopman et al., 2012). A
striking example of long range aerosol transmission inside a building
and to adjacent buildings were the clusters of SARS cases at Amoy
Gardens and Prince of Wales Hospital in Hong Kong in 2003 (Li et al.,
2005; Chu et al., 2005; Yu et al., 2004; Lee et al., 2003). Inﬂuenza virus
remains infectious in aerosols across a broad range of relative humidity
(Coleman and Sigler, 2020), and this route has been used to explain
transmission in hospitals and aircrafts (Moser et al., 1979; Blachere
et al., 2009), which has been conﬁrmed by epidemiological investigation, ﬂuid dynamic models and animal models (Coleman and Sigler,
2020; Wong et al., 2010; Mubareka et al., 2009). Inﬂuenza virus was
also identiﬁed in the air of an emergency department 3 h after an infectious patient has left the area (Blachere et al., 2009). In norovirus
outbreaks in kindergartens and schools in China and the United
Kingdom (Marks et al., 2003; Wu et al., 2012), the timing and spatial
patterns of the cases were consistent with aerosol diﬀusion processes.
Norovirus can also form aerosols during the ﬂoor cleaning and can be
detected in air (Bonifait et al., 2015). For many pathogens, transmission
is multi-modal, and the contribution of aerosol route may rely on the
environmental conditions, proximity of susceptible people, human behavior, and other factors. A recent study detected exhaled aerosols
which indicated the possibility of aerosol transmission through tidal
breathing, in the absence of coughing, of seasonal human coronaviruses
OC43, HKU1 and NL63 (Leung et al., 2020).

To evaluate evidence of aerosol transmission of SARS-CoV-2, we
apply the criteria of Jones and Brosseau (Jones and Brosseau, 2015),
which are that aerosol transmission is plausible when (1) virus-containing aerosols are generated by or from an infectious person, (2) virus
remains viable and infective in the aerosols for some period of time, and
(3) the target tissues where virus initiates infection are accessible to the
aerosol with enough load.
For the ﬁrst criterion, it is established that infectious SARS-CoV-2
may be discharged into the surrounding environment through respiratory emissions, body ﬂuids or excreta. SARS-CoV-2 genetic material and/or viable viruses have been frequently detected in throat
swabs, anal swabs, conjunctival swabs, blood, sputum, feces, and urine
of infected cases (Holshue et al., 2020; Guan et al., 2020; Xie et al.,
2020; Wölfel et al., 2020; Jeong et al., 2020). Several studies show that
the viral load of SARS-CoV-2 is higher in the lungs compared to the
upper respiratory tract (Zou et al., 2020). This is consistent with smaller
aerosolized particles being emitted from the lungs. Infections with a
higher viral load in the upper respiratory tract may be more likely to be
droplet spread. A cough can produce approximately 3000 droplets
while a sneeze releases about 40,000 (Dhand and Li, 2020), most of
which were small droplets (1–10 μm). During normal breathing and
talking, 80–90% droplet sizes are < 1 μm that are subject to aerosol
transport (Morawska et al., 2009). Since breathing and speaking occur
more frequently than coughs and sneezes, they have a critical role in
viral transmission, particularly from asymptomatic cases. For COVID19, the average virus RNA load in oral ﬂuid was 7 × 106 copies/mL
(Wölfel et al., 2020), but some patients may exceed that by more than
two orders of magnitude. There is a 37% probability that a 50 μm
droplet prior to dehydration contains at least one virus, and this
probability is reduced to 0.37% for 10 μm droplets (Wölfel et al., 2020).
Although very few particles actually carry viruses, the number of small
particles far exceeds the number of larger sized droplets (Wölfel et al.,
2020; Rothe et al., 2020). By using a laser light scattering observation,
at an average viral load of 7 × 106 per mL (Wölfel et al., 2020), 1 min
of loud speaking could produce thousands of oral droplets per second,
of these at least 1000 virus-containing droplet nuclei that could remain
airborne for more than 8 min (Stadnytskyi et al., 2020). Thus, these are
likely to be inhaled by others and hence trigger new infections.
During COVID-19 pandemic, toilets are a daily necessity but may
promote fecal-derived aerosol transmission if used improperly, particularly in hospitals (Ding et al., 2020). A ﬂuid dynamics simulation
suggests that during toilet ﬂushing, massive upward transport of virus
aerosol particles was observed, with 40–60% of particles rising above
the toilet seat, leading to large-scale virus spread indoors (Li et al.,
2020). Past tests conﬁrmed that SARS-CoV-2 genetic material was
found on toilets used by COVID-19 patients, in the air in hospital
nurses’ stations, in air handling grate, on surfaces, on multiple air outlet
vents, and in the air in patient rooms as well as airborne infection
isolation rooms (AIIRs) in general wards (GW) (Chia et al., 2020;
Santarpia et al., 2020; Ding et al., 2020; Jiang et al., 2020; Ong et al.,
2020). A Singapore study revealed SARS-CoV-2 particles with sizes >
4 μm and 1–4 μm containing a 1.8–3.4 viral RNA copies/m3 were found
in two AIIRs rooms, despite these rooms having 12 air changes per hour
(Chia et al., 2020). Swabs taken from air exhaust outlets in a Singapore
hospital room of a symptomatic patient was positive, indicating small
virus-laden aerosols have been displaced by airﬂows and deposited on
vents (Ong et al., 2020). Moreover, study in Renmin Hospital, Fangcang
Shelter Hospital, and surrounding public areas in Wuhan, China found
traces of SARS-CoV-2 RNA in the air inside the patient mobile toilet
room (19 copies/m3) and in medical staﬀ areas (18–42 copies/m3 in
protective apparel removal rooms) (Liu et al., 2020). The peak concentrations of SARS-CoV-2 RNA in air appear in two distinct size ranges
of 0.25–1.0 μm and > 2.5 μm aerodynamic diameter, indicating the
virus-containing aerosols are small enough to remain suspended in air
2
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highlight the key role played by airﬂow in indoor environments
(Buonanno et al., 2020). In February 2020 in Guangzhou, Guangdong
Province, China, SARS-CoV-2 RNA was found on surface samples (e.g.
sink, faucet, and shower handle) collected from a bathroom in a longvacant 16th ﬂoor apartment, which was right above the bathroom of the
apartment of ﬁve persons with COVID-19 (conﬁrmed between Jan 26
and 30; Source: unpublished data from China CDC). The possibility of
aerosol transport through sewage pipe after ﬂushing the toilet at the
15th ﬂoor restroom was conﬁrmed by an onsite tracer simulation experiment showing that aerosols were found in the restroom of apartments on the 25th ﬂoor (two cases conﬁrmed on Feb 1) and 27th ﬂoor
(two cases were conﬁrmed on Feb 6 and 13, respectively) of the
building (Source: unpublished data from China CDC). Although transmission via the shared elevator cannot be excluded, this event is consistent with the ﬁndings of the Amoy Gardens SARS outbreak in Hong
Kong in 2003 (Chu et al., 2005; Lee et al., 2003; Li et al., 2005; Yu et al.,
2004).
Airborne route appeared to be a major contributor for superspreading events in a 2.5 h choir rehearsal on March 10, at Skagit
Valley Chorale (SVC) of Mount Vernon, WA, USA where 53 out of 61
attendees were infected and two died, even though adequate precautions for fomite and droplet transmission were taken and no-one had
symptoms (Read, 2020; Miller et al., 2020). It is suspected that during
singing, the forceful exhalation and inhalation may have aerosolized
SARS-CoV-2, leading to high levels of disease transmission. This indoor
transmission risk may have been increased because of high occupancy,
long duration, loud vocalization, and poor ventilation (Miller et al.,
2020). A recent study addressed the potential long distances covered by
SARS-CoV-2 through cough and sneeze and revealed that small droplets, emitted during a sneeze, could reach distances of 7–8 m
(Bourouiba, 2020). Similarly, Paules et al. recently demonstrated that
the airborne transmission of SARS-CoV-2 may occur in addition to close
contact transmission (Paules et al., 2020). On April 1, 2020, National
Academy of Sciences (NAS) committee on emerging infectious diseases
and 21st century health threats letter has pointed out that “While the
current SARS-CoV-2 speciﬁc research is limited, the results of available
studies are consistent with aerosolization of virus from normal
breathing” (Medicine, 2020). In addition, there have been some other
outbreaks, mostly involving conﬁrmed cases in relatively conﬁned or
crowded environments (e.g. hospitals, shopping malls, public transportation vehicles, oﬃces, and prisons) (Table 1). For example, a case
study of South China Seafood Market (Zhang et al., 2020) showed that
the median risk of a customer acquiring SARS-CoV-2 infection via the
aerosol route after 1 hr exposure in the market with one infected
shopkeeper was about 2.23 × 10−5. With the assumption of one infected shopkeeper in the market, the 97.5% percentile infection risk by
aerosol transmission was about 2.34 × 10−4 and could be reduced to
about 10−4 with a ventilation rate of 1 ACH, for customers with 1 h
exposure in poorly ventilated markets. The risk was about 5–10 times
lower than the manageable risk (1.17 × 10−3), but it could be increased by several times if multiple infected shopkeepers were simultaneously in the market, becoming close to the manageable risk.
Poor ventilation for a relatively long time, and lack of mask use may
have increased the risk of aerosolized infection. Taken together, this
suggests the possibility of aerosol transmission, especially in conﬁned
settings after exposure to high concentrations of viral aerosols for a long
time.
A biological argument can also be made for COVID-19 transmission
through aerosols. Like SARS-CoV, SARS-CoV-2 binds the ACE-2 receptor to gain entry into human cells (Chowdhury and Maranas, 2020;
Letko et al., 2020). SARS-CoV-2 has a higher aﬃnity for this receptor
than SARS-CoV (Wrapp et al., 2020). The ACE-2 receptor is widely
expressed in some types of human epithelial cells in the respiratory
tract, including alveolar type 2 cells (Smith and Sheltzer, 2020) and
transient secretory cells in the subsegmental bronchial branches
(Lukassen et al., 2020), which are in the lower respiratory tract. Thus, it

for a long period of time, and be inhaled (Liu et al., 2020). This study
also documented SARS-CoV-2 virus on protective apparel or ﬂoor surface, which was found to be resuspended as a source of aerosols by the
movements of medical staﬀ. Another study in Huoshenshan Hospital in
Wuhan has a similarly ﬁnding showing that contamination of SARSCoV-2 was greater in intensive care units (ICU) than GW with a widely
distribution on surfaces of ﬂoors, computer mice, trash cans, and
sickbed handrails as well as in air about 4 m (13 feet) from patients
(Guo et al., 2020). Floor swab samples of ICU showed relatively high
positive rates of 70%, indicating virus droplets from the aerosol falling
due to gravity and air ﬂow to the ﬂoor (Guo et al., 2020). In addition,
SARS-CoV-2 RNA was found on airborne particulate matter (PM) obtained over a 3-week period from an industrial site of Bergamo Province, Italy (Setti et al., 2020). A limitation of studies measuring SARSCoV-2 virus in the environment to date is the reliance on polymerase
chain reaction (PCR) to identify and quantify the virus, in part owing to
ease of PCR analyses relative to culture for SARS-CoV-2. However, a
very recent study ﬁrstly pointed out that viable SARS-CoV-2 has been
detected in the air in hospital wards with COVID-19 patients by using
cell culture method (Santarpia et al., 2020).
For the second criterion, the viability of SARS-CoV-2 has been demonstrated experimentally in air and on surfaces. As a hypothetical
example, after 7 days, SARS-CoV-2 could still be found viable on the
outer layer of a surgical mask (22 ℃; relative humidity 65%) (Chin
et al., 2020). SARS-CoV-2 can survive for more than 3 h in the air, with
a half-life of 1.1 h in aerosols (21–23 °C; relative humidity 65%) (van
Doremalen et al., 2020). A more recent study found a UK variant of
SARS-CoV-2 could remain viable in aerosols for at least 90 min under
experimental conditions (artiﬁcial saliva and tissue culture media)
(Smither et al., 2020). Another study suggests SARS-CoV-2 in respirable-sized aerosols could persist and maintain infectivity for up to 16 h
(Fears et al., 2020). Santarpia et al. have reported measuring viable
SARS-CoV-2 in air collected in hospital wards with COVID-19 patients
(Santarpia et al., 2020), which consistent with detection of airborne
SARS-CoV-2 RNA in patient areas. Altogether, these results indicate
that SARS-CoV-2 could survive in aerosols for a relative long time under
favorable conditions and potentially spread through aerosols.
For the third criterion, epidemiological studies are diﬃcult to interpret with respect to role of transmission unless other routes can be
ruled out. In particular, when people are close together, they can be
simultaneously exposed to an infectious disease through multiple
routes. However, by analyzing the trend and mitigation measures in
Wuhan of China, Italy, and New York City of USA, a recent study indicated airborne transmission contributed to the spread of COVID-19
(Zhang et al., 2020). Some outbreaks of COVID-19 in which aerosol
transmission may have a role are summarized in Table 1. For example,
on Feb 3, 2020, in Inner Mongolia of China, a case of COVID-19 was
reported in a person who passed the door of a symptomatic patient
several times but did not have direct contact, suggesting airborne
transmission (Wang and Du, 2020). Another study compared risks of
COVID-19 outbreak among 126 passengers taking two buses (59 from
Bus #1 and 67 from #2) on a 100-minute round trip in Ningbo, Zhejiang Province (Shen et al., 2020). Compared to individuals in the nonexposed bus (Bus #1), those in the exposed bus (Bus #2) were 41.5
times more likely to be infected. Evidence from this outbreak suggesting
airborne transmission of SARS-CoV-2, particularly in this closed environment with air re-circulation and no contact between passengers.
Air-conditioning ventilation also explained the aerosol transmission of a
outbreak among diners at adjacent tables following the direction of
airﬂow in a restaurant at Guangzhou, China. The distances between
patient zero and patients at other tables in this outbreak were all > 1 m,
and in the review of video records from the restaurant, no evidence of
direct or indirect contact were found between the three parties (Lu
et al., 2020). An experimental study also showed that high quanta
emission rates can be reached by an asymptomatic infectious SARSCoV-2 subject performing vocalization during light activities, which
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2020/Mar/8

Hospital
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2020/Mar/8

Hospital

Hospital

Hospital

Lab

2020/Feb/
14

Apartment

Environmental samples

Date

Place

Type

Indirect Virus Transmission (e.g. virus aerosolization in a conﬁned public space such as restrooms or elevators) in
Cluster of COVID-19 Cases in Wenzhou
Air-conditioned ventilation explained the aerosol transmission of an outbreak in a restaurant in Guangzhou, China.
The distances between patient zero and others in this outbreak were all > 1 m
A superspreading events occurred in a 2.5 h choir rehearsal at Skagit Valley Chorale (SVC) of Mount Vernon, WA of
USA where 53 out of 61 attendees were infected and two were dead, even though adequate caution measures for
fomite and droplet transmission being taken and none presented symptoms.

SARS-CoV-2 was detected on the surfaces of the nurse station in the isolation area with suspected patients and in
the air of the isolation ward with an intensive care patient at the First Hospital of Jilin University
Samples with 13 (87%) of 15 room sites (including air outlet fans) and 3 (60%) of 5 toilet sites (toilet bowl, sink,
and door handle) were positive by using RT-PCR at the dedicated SARS-CoV-2 outbreak center in Singapore
Deposition samples inside ICU and air sample in Makeshift Hospital patient toilet were positive for SARS-CoV-2.
SARS-CoV-2 was also found in the air in outdoor areas at the hospital entrance and in front of a department store
Of the 163 surface and aerosol samples collected in the University of Nebraska Medical Center (UNMC), 126
(77.3%) had a positive result for SARS-CoV-2 with the highest concentration from an air handling grate. In room air
samples were 63.2% positive with mean concentration 2.86 copies/L of air. Viable SARS-CoV-2 has been detected
in the air in hospital wards using cell culture method
Of 107 surface samples, 4 samples were positive (2 ward door door-handles, 1 bathroom toilet toilet-seat cover and
1 bathroom door door-handle). Three were weakly positive from a bathroom toilet seat, 1 bathroom washbasin tap
lever and 1 bathroom ceiling exhaust louvre. One of the 46 corridor air samples was weakly positive, and virus was
also found on the surface of the exhaust grilles in the bathroom
Air sampling is performed in three of the 27 AIIRs in the general ward, and detects SARS-CoV-2 positive particles of
sizes > 4 μm and 1–4 μm in two rooms, despite these rooms having 12 air changes per hour
A study in Huoshenshan Hospital in Wuhan found contamination was greater in ICU than general wards. Virus was
widely distributed on surface samples of ﬂoors, computer mice, trash cans, and sickbed handrails and was detected
in air samples ≈4 m from patients
SARS-CoV-2 RNA was detected on outdoor particulate matter (PM) for the ﬁrst time, suggesting that, in conditions
of atmospheric stability and high concentrations of PM, SARS-CoV-2 could create clusters with outdoor PM and, by
reducing their diﬀusion coeﬃcient, enhance the persistence of the virus in the atmosphere
24 of 68 people were infected at a bus in Ningbo City, Zhejiang Province. Compared to individuals in the nonexposed bus (Bus #1), those in the exposed bus (Bus #2) were 41.5 (95% CI, 2.6–669.5) times more likely to be
infected with COVID-19
Two died and at least 103 people were infected among 1,111 crew and 2,460 passengers in Grand Princess cruise
ship
In Inner Mongolia, a case of COVID-19 reported positive when a person has passed the door of a symptomatic
patient several times
40 people were infected at a shopping mall in Tianjin

SARS-CoV-2 maintained infectivity in aerosols for up to 16 h

SARS-CoV-2 was detected in surface samples (e.g. sink, faucet, and shower handle) of the restroom in a long-term
vacant apartment at 16-ﬂoor, which is right above the restroom of an apartment with ﬁve persons with COVID-19
(conﬁrmed between Jan 26 and 30) at 15-ﬂoor in Guangzhou. The possibility of aerosol diﬀusion through sewage
pipe after ﬂushing the toilet at the 15-ﬂoor restroom was further conﬁrmed by an onsite tracer simulation
experiment showing aerosols were found in the restroom of apartments at 25-ﬂoor (two cases conﬁrmed on Feb 1)
and 27-ﬂoor (two cases conﬁrmed on Feb 6 and 13)
SARS-CoV-2 remained viable in aerosols throughout the duration of experiment (3 h)

Main Finding(s)

Table 1
Empirical and laboratory studies indicating the possible aerosol transmission of SARS-CoV-2 to as July 30th, 2020.

Emerg Infect Dis (Lu et al., 2020)
MedRxiv (Read, 2020;Miller et al., 2020)

USA

Chinese Journal of Epidemiology (Wu
et al., 2020)
Emerg Infect Dis (Cai et al., 2020)

Ir J Med Sci (Wang and Du, 2020)

US CDC (Moriarty et al., 2020)

ResearchGate (Shen et al., 2020)

Environ Res (Setti et al., 2020)

China

China

China

China

USA

China

Italy

Emerg Infect Dis (Guo et al., 2020)

China

medRxiv (Ding et al., 2020)

China

Nat Commun (Chia et al., 2020)

Sci Rep (Santarpia et al., 2020)

USA

Singapore

Nature (Liu et al., 2020)

JAMA (Ong et al., 2020)

MedRxiv (Jiang et al., 2020)

Emerg Infect Dis (Fears et al., 2020)

NEJM (van Doremalen et al., 2020)

Unpublished data of China CDC

Reference(s)

China

Singapore

China

USA

USA

China

Country
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importance of diﬀerent transmission routes and impact of environmental conditions and of diﬀerent groups (e.g. age, gender, etc.) in
transmission (Cowling and Leung, 2020). We believe that the evidence
to date, however, is ample to acknowledge and address the aerosol
transmission of COVID-19 in healthcare settings, other workplaces, and
in the community.

Table 2
The plausibility of aerosol transmission (Weight of Evidence) of SARS-CoV-2
with consequences of infection (Risk Group) according to the criteria of Jones
and Brosseau (Jones and Brosseau, 2015). High concern indicated by dark orange and low concern by light gray.

2. Precautionary and control strategies
Precautionary control strategies that are important for public health
protection are needed to avoid aerosol transmission of SARS-CoV-2. As
long duration of viral shedding was reported in asymptomatic cases
(Zhou et al., 2020; Tan et al., 2020), with high infectivity relative to
symptomatic cases (Chen et al., 2020), the virus could spread via
aerosols during breathing and talking before awareness is triggered by
symptoms. This poses risks, particularly in conﬁned and poor ventilated
environments with prolonged person to person contact. Settings with a
large proportion of infected people or contaminated samples, such as
hospitals, healthcare institutions and laboratories are the highest risk,
especially to HCWs, who should be provided airborne precautions. The
general public and vulnerable populations should be made aware that
conﬁned, crowded and poor ventilation environments may pose a
medium risk when an infected person is present. Prevention and control
countermeasures are proposed to reduce the potential aerosol transmission under diﬀerent occasions (Table 3).

is biologically plausible that inhaled SARS-CoV-2 aerosol can gain direct access to alveolar surface ACE-2 receptors and initiate infection in
the lung under suitable biological, physical and environmental conditions (Xu et al., 2020). Further, a Rhesus macaque exposed to SARSCoV-2 via intratracheal instillation had greater viral replication in the
lungs than animals exposed to the virus via ocular conjunctiva and intragastric routes (Deng et al., 2020).
Recent studies in animal models have demonstrated SARS-CoV-2
transmission in the absence of contact between animals, including
among naive ferrets (Kim et al., 2020), golden Syrian hamsters(Chan
et al., 2020; Sia et al., 2020), and mice (Bao et al., 2020). In addition,
placing surgical mask material between animal cages signiﬁcantly reduced the transmission of SARS-CoV-2 from experimentally-infected
hamsters to the naive hamsters (Chan et al., 2019). These studies in
animal models aﬃrm that SARS-CoV-2 infection can be transmitted
through the air, in the absence of contact.
We ranked the plausibility (weight of evidence) of aerosol transmission of SARS-CoV-2 as 8 out of 9 (Table 2), according to the criteria
assigned by Jones and Brosseau (Jones and Brosseau, 2015). This is
based on the following three conditions. First, aerosol generation was
ranked level 3 (out of 3) because viable SARS-CoV-2 has been founded
in the air around COVID-19 patients; extensive studies have found
SARS-CoV-2 genetic material in the air around patients and after toilet
ﬂushing. Second, viability in the environment was ranked level 2 (out
of 3) because viable SARS-CoV-2 has been found to survive in aerosols
for 16 h and there is epidemiologic evidence of aerosol transmission in
a variety of settings such as between apartments, within a restaurant, a
choir, and a bus (Table 1). Third, access to target tissue was ranked
level 3 (out of 3) because SARS-CoV-2 can reach receptors in the respiratory tract, where the ACE-2 receptor is located, through inhalation
and animal models have demonstrated SARS-CoV-2 transmission in the
absence of contact, as well as replication in the respiratory tract.
Current evidence on SARS-CoV-2 has limitations, but is strongly
indicative of aerosols as one of several routes of COVID-19 transmission. It should be noted that the equivalent evidence for contact and
large droplet transmission is not available, but has been an unproven
assumption from the outset. Epidemiologic and experimental data
continues to be obtained at a rapid pace, and the role of aerosols in
COVID-19 transmission should be revisited in light of the emerging
evidence. Considering the high percentage of asymptomatic and presymptomatic individuals among COVID-19 patients (Oran and Topol,
2020), well people may contact with aerosols produced by infected
people even though they do not cough or sneeze to any appreciable
extent. This leaves direct or indirect contact modes and aerosol transmission as the main possible modes of transmission of SARS-CoV-2
(Asadi et al., 2020). Future work should consider more wide-spread use
of culture-based detection methods to detect SARS-CoV-2 in the environment, transmission dynamics of SARS-CoV-2 aerosols in the environment, SARS-CoV-2 emission from infected persons, and exposure
modeling and microbial risk assessment to characterize the relative

(1) Control and elimination of aerosol transmissions
In the hospital and healthcare settings, ventilation is a primary
control strategy for infectious diseases, which promotes the air dilution
around a source and the removal of respiratory viruses (Francisco et al.,
2014). In an optimally ventilated room, the number of droplets could
halved after 30 s, whereas with poorly ventilated and no ventilation
rooms this could take 1–4 min and 5 min, respectively (Somsen et al.,
2020). Diagnosis and subsequent isolation measures should be arranged
rapidly using single rooms with negative pressure and ventilation capacity (e.g. AIIR). Infected patients should ideally be placed in single
rooms, but it is acceptable to co-locate with infected patients. Unless
necessary, patients should be restricted to their room and keep windows
and doors closed. If not in AIIR (e.g. transport), infected or suspected
patients should wear facial masks to as a physical barrier to droplets or
aerosols (Bourouiba, 2020). Education of patients is necessary to encourage adherence to guidelines. HCWs should be provided respirators
and airborne precautions, and the precautionary principle should be
followed to protect their occupational health and safety (Campell,
2006). This means proper protection for HCWs should not await scientiﬁc certainty, a major lesson from the SARS commission which investigated the nosocomial outbreak of SARS in Toronto in 2003, where
over 300 HCWs denied a respirator were infected, and three died.
Safety-compliant operation is necessary in PC3 or BSL3 and higher
virus laboratories, and should be considered for COVID-19 wards.
Ultraviolet systems, ionization units or air ﬁltration devices (HEPA) can
be used for air cleaning to eﬀectively reduce the hazardous viral aerosol
concentrations in high-risk areas (REHVA, 2020). This is evident from a
recent study demonstrating that UVB levels representative of natural
sunlight rapidly inactivate SARS-CoV-2 on surfaces (Ratnesar-Shumate
et al., 2020). Surface sanitization of apparel before removal may help
reduce the infection risk for medical staﬀ, and alcohol or chlorinecontaining disinfectants could be used to keep ﬂoors or surfaces clean
that may also help reduce secondary aerosol transmission. Design of
joint anterooms as an additional buﬀer between common areas and
protected spaces can be considered in future (Dietz et al., 2019).
In public settings, there is wide variety in the design and use of
ventilation systems, with many settings focusing on comfort, not the
control of airborne contaminants. In general, ventilation will clear the
viral aerosols fairly quickly (Cook, 2020). Therefore, adequate natural
5

Viral detection and research

Laboratory

Closed and crowded settings (e.g. subway, airplane, cruise ship,
bus, train, aircraft carrier) or naval vessels

Closed environment with frequent AGPs (e.g. ICU, ward,
emergency department, operating room)

Hospitals and healthcare settings

Public transportation Vehicles or naval
vessels

Scenarios

Places

Public, crew/drivers/pilot, passengers
or soldiers

Phlebotomists collecting samples and
laboratory professionals

Healthcare workers (e.g. doctors and
nurses), patients and staﬀ

Key Populations

Medium

High

High

Risk
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(continued on next page)

Proper PPE (e.g. gloves, eye protection, N95 respirator, and ﬂuid
repellent long sleeved gown)
Scrupulous hand-washing and personal hygiene
AGPs performed by qualiﬁed personnel
Isolating suspected patients in single rooms with negative pressure
Ultraviolet systems, ionization units or air ﬁltration devices (HEPA)
for air cleaning and disinfection
Increasing outdoor air ventilation rates
Managing air ﬂow direction and speed
Avoiding air recirculation
Thorough environmental cleaning and disinfection process
Avoidance of patients/visitors/staﬀ who have or have been exposed to
COVID-19 entering hospitals without a reason
Minimizing unnecessary patient contact during patient care
Appropriate waste management
Education, training and seminars
Proper PPE (e.g. gloves, eye protection, N95 respirator, and ﬂuid
repellent long sleeved gown)
Operate in proper bio-safety level of laboratories (PC3, BSL3 and
higher)
Operations follow SOPs
Ultraviolet systems, ionization units or air ﬁltration devices (HEPA)
can be used
Managing air ﬂow direction and speed
Avoiding air recirculation
Appropriate waste management
Practice of PPE wearing
Education, training and seminars
Avoiding over-crowding
Wearing facial masks
Adequate natural or mechanical ventilation
Increase the frequency of disinfection of public utilities, ﬂoors and
surfaces
Reduce use of central AC, increase fresh air volume when use, use
ﬁlters with antimicrobial function or HEPA in ventilation systems
Cover the lid before ﬂushing the toilet
Timely collection and clean of garbage and disinfection of garbage
container
Inform relevant knowledge through media or display screens and
billboards (e.g. etiquette of cough and mask wearing)

Suggestions

Table 3
Precautionary and control strategies to mitigate the possible aerosol transmission of SARS-CoV-2 under diﬀerent occasions based on risks. The classiﬁcation is mainly based on the population density, environmental
hygiene quality, occupational characteristics, and accessibility of PPE and hand hygiene products.
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Speciﬁc places

7
Prisoner, staﬀ or believers

Children or older people

Poor or unhealthy people

Fixed but vulnerable population (e.g. orphanage, school, nursing
home, kindergarten)

Mobile population (e.g. slums)

Household members

Residential restroom

Fixed population (e.g. prison, church, military barracks)

Passenger or customer

Public restroom (e.g. in hotel, shopping mall, markets, hospital)

Staﬀ

Closed and crowded with ﬁxed population (e.g. oﬃce,)

Restrooms

Staﬀ, customer or public

Closed and crowded with mobile population (e.g. shopping mall,
bar, restaurant, club, hotel, bank, conference room, and cinema)

Public places

Key Populations

Scenarios

Places

Table 3 (continued)

Low-Medium

Low-Medium

Low-Medium

Low-Medium

Medium

Low-Medium

Low-Medium

Risk
Wearing facial masks
Reduce social activities, avoid crowded and poorly ventilated spaces
Adequate natural or mechanical ventilation
Reduce the use of central AC, increase fresh air volume when use
Cover the lid before ﬂushing the toilet
Flow control
Timely disinfection (e.g. surfaces, ﬂoors, and elevator buttons)
Timely collection and clean of garbage and disinfection of garbage
container
Maintain social distance
Hand hygiene
Wearing facial masks
Adequate natural or mechanical ventilation
Reduce the use of central AC, increase fresh air volume when use
Maintain social distance
Reduce face-to-face meetings
Hand hygiene
Wearing facial masks, Close the lid before ﬂushing
Adequate natural or mechanical ventilation
Increase the frequency of disinfection of public utilities, ﬂoors and
surfaces
Cleaning and disinfection processes
Increase the frequency of disinfection
Adequate natural or mechanical ventilation, fresh air system is
recommended
Drains in ﬂoors and other sanitary devices should have adding water
to ensure water frequently to ensure seals work all time
Adequate natural or mechanical ventilation, fresh air system is
recommended
Reduce use of central AC
Education
Reduce gathering activities, reduce face-to-face meetings
Wearing mask (apply to staﬀ or visitors)
Timely disinfection (e.g. surfaces, ﬂoors, and elevator buttons)
Personal hygiene
Adequate natural or mechanical ventilation, fresh air system is
recommended
Reduce use of central AC
Education and seminars
Personal hygiene
Timely disinfection (e.g. surfaces and ﬂoors)
Wearing mask (apply to staﬀ)
Reduce gathering activities in closed environment
Adequate natural or mechanical ventilation, fresh air system
Personal hygiene
Timely disinfection (e.g. surfaces and ﬂoors)
Reduce gathering activities in closed environment

Suggestions
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coupled with social and physical distancing. Additionally, the government should guide society to broadcast the relevant prevention and
control knowledges via media tools (e.g. TV, broadcasts, newspapers,
messages, social media such as Twitter, Facebook, Instagram, display
screens, billboards, and brochures). The recognition of aerosol spread
and asymptomatic transmission may have inﬂuenced the decision in the
United States to recommend universal face mask use for the general
public (Bai et al., 2020).

ventilation, reduced use of central air conditioning, increasing air exchange rates, and use of common or antimicrobial ﬁlters in ventilation
systems are recommended. The frequency of disinfection of public
transportation vehicles should be increased, as virus was found 17 days
later on surfaces in the Diamond Princess cruise ship. Restrooms, owing
to the shedding of SARS-CoV-2 in fecal material and aerosolization
during toilet ﬂushing, should be thoroughly cleaned regularly (e.g.
ventilation and sterilization). If the toilet seat is equipped with a lid, it
is recommended to close the lid before ﬂushing the toilet, especially in
hospitals. Floor drains and other outlets of sewer should have adding
water frequently to ensure seals work at all time. The role of sewer
pipes in aerosol transmission should also be taken into account in future
architectural design. In slums, inadequate sewage and drainage systems
may increase the risk of formation of aerosol and spread. Hence, disinfection processes should be conducted frequently.
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(2) Protection of HCWs and laboratory workers
Frontline HCWs who come in direct contact with potentially infected patients, such as doctors, nurses, allied health workers, phlebotomists collecting medical laboratory specimens, food service staﬀ,
cleaners and laboratory professionals in open-space laboratories should
wear proper personal protective equipment (PPE) (Tellier et al., 2019),
speciﬁcally waterproof gowns, N95/KN95 (and above) particle protective respirator or powered air purifying respirators, face shields or
goggles, and gloves, in addition to the usual contact-transmission prevention precautions (e.g. handwashing and respiratory hygiene) to
avoid potential infection. Recommendations that restrict airborne precautions only to Aerosol Generating Procedures (AGPs, e.g., intubation,
bronchoscopy, physiotherapy, and suctioning) and stipulate surgical
masks for general care of COVID-19 patients will likely place HCWs at
occupational risk of infection in COVID-19 wards. In other areas of
hospitals, universal face mask use can reduce the risk of transmission.
N95 masks could block nearly all outward emissions of pseudo SARSCoV-2 (avian inﬂuenza virus) in aerosol, while standard medical masks
blocked about 97% of the virus (Ma et al., 2020). Earlier implementation of prevention can drastically lower the risk to other staﬀ and patients. AGPs should be performed by the most qualiﬁed personnel in the
room with a minimal number of personnel present. The use and exposure to any respiratory assistance devices (high-ﬂow oxygen masks,
nebulizers) should be managed by only allowing their use in designated, containment areas by staﬀ using airborne precautions. Virus
positivity could be higher when PPE was worn for longer duration or
after HCWs cared for many patients. As such, special protocols and
precautions are necessary when removing PPE. Education of guidelines
and barrier precautions is necessary for the protections of HCWs.
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