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SUMMARY
Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a pandemic worldwide. On a
daily basis the number of deaths associated with COVID-19 is rapidly increasing. The main transmission
route of SARS-CoV-2 is through the air (airborne transmission). This review details the airborne transmission
of SARS-CoV-2, the aerodynamics, and different modes of transmission (e.g. droplets, droplet nuclei, and
aerosol particles). SARS-CoV-2 can be transmitted by
an infected person during activities such as expiration,
coughing, sneezing, and talking. During such activities
and some medical procedures, aerosols and droplets

n INTRODUCTION

T

he coronavirus disease-2019 (COVID-19) caused by the new coronavirus known as SARS-CoV-2 was recently reported in China, in late
December 2019 and quickly spread worldwide [13]. As of February 13, 2021, there were 107,838,255
confirmed cases of COVID-19 and total number
of deaths due to COVID-19 was 2,373,398 worldwide [3].
COVID-19 patients present typical symptoms of
severe acute respiratory disease [4-6].
COVID-19 follows several modes of transmission
from infected person to others through droplets, aerosols, and fomites [7]. Several pathways
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contaminated with SARS-CoV-2 particles are formed.
Depending on their sizes and the environmental conditions, such particles stay viable in the air for varying
time periods and can cause infection in a susceptible
host. Very few studies have been conducted to establish the mechanism or the aerodynamics of virus-loaded particles and droplets in causing infection. In this
review we discuss the various forms in which SARS-CoV-2 virus particles can be transmitted in air and
cause infections.
Keywords: SARS-CoV-2, COVID-19, airborne transmission, droplets, aerosol.

are followed by infectious agents to spread from
the natural reservoir to the susceptible hosts [8].
However, the respiratory viruses employ multiple modes of transmission; of them, droplet and
aerosol transmissions are of significant importance [9, 10]. When an infected person talks, breaths,
sneezes or coughs, the viral particles are released
into the air encapsulated in globs of mucous and
saliva. The spread of these virus particles through
these globs depend on the size of the globs. Bigger
globs fall faster in the nearby areas and form droplets, whereas, the smaller globs evaporate and
form aerosols [11]. These aerosols last for more
time in the air and travel farther than the droplets. It is believed that aerosols pose more risk
of COVID-19 spread to susceptible persons at a
distance as compared to droplets. However, it has
been seen that viral disease spread through aerosol is not as rigorous as it is speculated because of
the dilution and inactivation of the viruses during
longer periods of travel in the air [10].
There is no agreement on the minimum required
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viral load to cause COVID-19 in a healthy individual. In contrast, many researchers consider that
a few hundred SARS-CoV-2 are enough to cause
COVID-19 in the susceptible hosts [12].
There are varying reports on the average particle
size of aerosols and droplets [10]. According to the
World Health Organization (WHO) and Center
for Disease Control and Prevention (CDC), particles with diameter more than 5 μm are considered
as droplets and, those with diameters less than
5 μm are considered as aerosols [13, 14]. Others
identify particles as aerosols based on their capability to stay in the air for a long-lasting period,
and their ability to reach the alveolar region of
the lungs [15, 16]. Small aerosols are inhaled deep
into the lung and cause infections in the lower respiratory tract whereas large droplets are limited
in the upper respiratory tract [17].
In case of COVID-19 more evidence is in support
of the hypothesis that droplets predominantly
transmit the disease than aerosols. Therefore, research has been focussed more on the role and
mechanism of droplet transmission. However,
recent evidences support the hypothesis that aerosols also play an important role in the transmission of SARS-CoV-2 [7, 9]. It has been speculated
that the environmental settings play an important
role in the SARS-CoV-2 transmission and may be
beneficial or adverse in terms of the virus spread
[8, 16].
Since the COVID-19 has been declared as a pandemic by the WHO, plethora of research is being
done on controlling the disease spread in closed
environments. Very less attention has been paid
to the measures to study the droplet or aerosol
transmission aerodynamics and mechanisms in
viral infections, especially SARS-CoV-2. In the
present review we have discussed the various
forms in which the SARS-CoV-2 particles can be
transmitted in air and cause infections.
Reproduction number (R0)
Reproduction number (R0) indicates the transmissibility potential of a virus. R0 signifies the
average number of naïve individuals that can be
infected by an infectious person. Several studies
have reported the R0 for SARS-CoV-2. In a comprehensive review published recently, it was reported that the R0 for SARS-CoV-2 ranged from
1.4 to 6.49, with a mean of 3.28, a median of 2.79
and interquartile range (IQR) of 1.16 [18]. In ano-

ther article it was highlighted that the R0 for SARS-CoV-2 is 2·5 (range 1·8–3·6) which was higher
than the R0 reported for SARS-CoV and the 1918
influenza pandemic (2∙0–3∙0), MERS-CoV (0.9),
and the 2009 influenza pandemic (1.5) [19].
Generation and transmission of droplets and aerosols
The primary source of aerosols and droplets is the
infected person. When an infected person coughs,
sneezes or talks, aerosols and droplets containing
the virus particles are generated. Besides the infected person there are other sources of aerosol and
droplets such as some medical and surgical procedures, toilet flushes, and running tap water [5, 8].
The influenza virus can be transmitted by three
modes: aerosol, droplet, and through nasal mucosa contaminated hands [16]. According to another
classification given by Judson and Munster (2019),
“airborne transmission” is the transmission of the
virus by small aerosol droplets and aerosol nuclei
and “droplet transmission” is the transmission of
the virus by large aerosol droplets. Another important modes of transmission are direct contact
and through fomite generated by medical procedures that produce aerosols [5] (Table 1). Several
factors such as the presence of pathogens, type
of pathogen, clinical manifestation of the disease, and site of infection influence the potential of
spread of infection through aerosolised particles
Table 1 - Possible medical procedures generating aerosols [5].
Medical procedures

Mechanism of aerosol generation

Bronchoscopy

Induced cough, respiratory tract

Cardiopulmonary
resuscitation

Induced cough, respiratory tract

Noninvasive
ventilation

Possible mechanical dispersal of
aerosols, respiratory tract

Tracheal intubation

Induced cough, respiratory tract

Manual ventilation

Possible mechanical dispersal of
aerosols, respiratory tract

Surgery

Cutting bone and tendon, and
irrigation aerosolize blood

Sputum induction

Induced cough, respiratory tract

Nebulizer Treatment

Possible mechanical dispersal of
aerosols, respiratory tract

Suctioning

Possible mechanical dispersal of
aerosols, respiratory tract

Laser Plume

Mechanical dispersal of aerosols
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Table 2 - Factors affecting disease transmission via aerosolised modes [15].
Factors

Effect

Type of respiratory
activity

Different activities (breathing,
coughing, sneezing, talking)
produce different numbers and
sizes of particles

Frequency of
respiratory activity

Frequent activities associated
with clinical disease are more
likely to spread pathogen

Number of particles
generated

Activities that atomize more
particles are more likely to
spread pathogen

Site of infection

Activities that generate aerosols
from the infected region of the
respiratory tract are likely to
propagate disease

Pathogen load

Sufficient pathogen load must
be present in expelled particles
to establish infection in a
susceptible individual.

Pathogen type

The size of the pathogen may
determine the size and infectivity
of expelled particles.

[15] (Table 2). Droplet transmission can occur
when an infected person coughs, talks, or sneezes
by the direct spray on to the mucous membranes
or conjunctiva of the susceptible hosts. Contact
transmission occurs by either direct physical contact of the infected person with susceptible host or
indirectly by the contact with infectious secretions
from the infected persons [20-22, 16]. COVID-19
is highly contagious because of human to human
transmission. Self-inoculation from contaminated
fomites is the major factor making SARS-CoV-2
contagious. The most important causes of selfinoculation are poor hand hygiene and negligence in following the basic infection control guidelines [23]. However, since the COVID-19 outbreak
is novel, there is very less confirmed evidence for
its potential routes of transmission and therefore
it is believed that it spreads like other human coronaviruses [24].
Most studies advocate that SARS-CoV-2 is spread
through contact transmission and respiratory droplets [24-26]. A few studies have also highlighted
the presence of live SARS-CoV-2 virus in the faeces of COVID-19 patients [27]. Therefore another
potential route of transmission is through the faeces of infected persons [27, 28].

A study on the influenza virus highlighted that
trans-ocular transmission of the virus is an effective route of infection [29]. The conjunctiva of the
eye is accessible to infectious droplets and fomites during contact with contaminated hands and
infected individuals. Several respiratory viruses
such as human adenovirus (species D) and avian
influenza virus (H7) frequently cause conjunctivitis or keratoconjunctivitis [30, 31]. The nasolacrimal duct connects the mucosa of the ocular surface and the upper respiratory tract and therefore
the ophthalmic surface can act as an entry point
for the human coronaviruses to cause respiratory
infections on exposure to contaminated droplets
and aerosols. However, SARS-CoV and MERSCoV infections have not been reported in the eye
and conjunctivitis has been reported in only a few
cases with COVID-19 (only five cases). This suggests that eye is not a preferred route of CoV infection. However, the chances of COVID-19 infection
through the ocular surfaces cannot be completely
ruled out [30, 32-36]. Recent studies have reported
very low positive rates of RT-PCR tests with the
tear and conjunctival scraping samples [30, 35-42].
According to the U.S. Centers for Disease Control and Prevention, ears are not believed to be
an effective route of COVID-19 infection. It is not
known if the respiratory mucosa lining the middle ear and mastoid air cell system is involved in
COVID-19 [43, 44]. However, a recent study reported SARS-CoV-2 colonization of the middle
ear and mastoid in 2 of 3 patients [45].
The SARS-CoV-2 stays alive in the air for many
hours posing the risk of aerosol mediated transmission of COVID-19 [46]. Not only the infected
person but also the hospital procedures such as
endotracheal intubation, bronchoscopy, open suctioning, administration of nebulized treatment,
manual ventilation before intubation, turning the
patient to the prone position, disconnecting the
patient from the ventilator, non-invasive positivepressure ventilation, tracheostomy, and cardiopulmonary resuscitation also generate aerosols
loaded with SARS-CoV-2 particles [23]. The WHO
has issued a set of precautionary guidelines to be
used while managing the COVID-19 patients in
the hospitals to reduce the risk of aerosol mediated transmission of SARS-CoV-2 [47].
Despite the strict application of these guidelines,
the healthcare workers are constantly at the risk
of exposure to SARS-CoV-2 through respiratory
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droplets, aerosols, and direct handling of contagious samples of COVID-19 patients. In an attempt to investigate the sources of transmission
of SARS-CoV-2 in healthcare settings, Ong et al.
(2020) reported that there was no transmission
through the Personal Protective Equipment (PPE)
used by the hospital staff attending the COVID-19
patients. However, they observed that samples
collected from the air outlet exhaust fans of the patient rooms showed the presence of SARS-CoV-2
indicating that airborne transmission is possible
in the hospital settings [48]. Another study also
supported this observation and highlighted that
the samples collected from the exhaust air outlets
of the COVID-19 patient room were positive for
SARS-CoV-2 [48]. These observations support
the fact that SARS-CoV-2 is transmitted via air or
aerosol particles.
Factors modulating the efficiency of the droplets
and aerosols in the viral transmission: Size,
time of viability in air, and distance of transmission
The SARS-CoV-2 is believed to be transmitted
through contaminated droplets [9]. The heavy
droplets settle down on nearby surfaces as they are
too heavy to travel in the air. Fomites get contaminated by these virus laiden?? droplets and when
touched by a susceptible host cause infection (Figure 1). However, the droplets with smaller aerodynamic diameters travel longer distances in the form
of aerosols referred as bioaerosols and consequently result in airborne transmission of the disease [8].
Figure 1 - Transmission of SARSCoV-2.

When these bioaerosols loaded with SARS-CoV-2
particles are inhaled, result in infection. The larger
aerosol particles sometimes become smaller by the
process of evaporation and now these smaller particles are called droplet nuclei.
The mechanisms of formation and aerodynamics
of the droplets and aerosols are not investigated
properly especially in the indoor environments. It
dates back to 1945 when Duguid for the first time
reported the dynamics of aerosol and droplet
formation by the persons with chest infection. It
was reported that about 95% of the particles were
below the size of 100 μm. Most of these particles
were 4 and 8 μm in diameter. The respiratory activities (inhalation and exhalation) released a few
hundreds of droplets and some of them were
aerosol particles while activities of talking, coughing, and sneezing generated more aerosols than
droplets [49]. Another study reported contrasting
findings and highlighted that 80-90% of particles
released during expiration were aerosols with
diameters smaller than 1 μm and that coughing
generates the highest amount of aerosol particles
and nasal breathing generates the lowest amounts
of aerosol particles [50].
The behaviour of the airborne aerosols depend
on several factors such as evaporation, their interaction with other particles, mode of transport,
and deposition on surfaces [8]. The mechanism of
diffusion is an important mode of transmission of
viruses with sizes at sub-micrometer range along
with aerosols [51]. The fate of droplets larger than
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1 μm is decided by gravity [52]. Droplets smaller
than 100 μm gets evaporated before reaching the
surfaces and stay in the air for longer periods. If
the droplets contain bioaerosols loaded with infectious virus, the bioaerosols stay in the air even
after the liquid content of the droplets is evaporated [8]. The time of survival of the virus in the
bioaerosols depends on the type of bioaerosol.
Droplets with size range of 0.5-20.0 μm suspended in the air are more likely to cause to respiratory
tract infections [53]. However, due to the process
of evaporation, droplets do not stay in the air for
long and gets converted into bioaerosols that stay
in the air for longer time. Reports have confirmed
the airborne transmission of SARS-CoV in closed
environments [54]. In another study it was reported that an infected passenger transmitted SARSCoV to a co-passenger sitting seven rows ahead.
This indicates that SARS-CoV can travel horizontally for more than 1 metre [55].
Another study reported that aerosol generated
due to sewage system in a building in Hongkong
infected more than 1000 residents of the building
[56]. Therefore, the aerosol particles carrying the
virus are the major players in the SARS-CoV-2
transmission and utmost care and precaution
should be considered to prevent the transmission
through these aerosol particles.
Studies have shown that the SARS-CoV-2 virus
remains infectious in aerosols for 3 hours while in
the form of droplets the SARS-CoV-2 remains on
various surfaces for different time periods (plastic and stainless steel-72 hours, copper-4 hours,
cardboard-24 hours, and glass-84 hours) [46].
The SARS-CoV and SARS-CoV-2 behave more
or less in the same way in the form of aerosol
particles with an overall survival in the aerosols
for 3 hours. However, in the form of droplets the
SARS-CoV behaves quite differently than SARSCoV-2 with different survival times on different surfaces (plastic and stainless steel-72 hours,
copper-8 hours, cardboard-8 hours, and glass-96
hours [46]. The SARS-CoV-2 and SARS-CoV have
similar median half lives (1.1-1.2 hours) in the
aerosols indicating that both the viruses have similar characteristics of airborne transmission [46].
However, the higher transmission rates of SARSCoV-2 may be due to high viral loads in the upper
respiratory tract and the possibility of transmission of SARS-CoV-2 even from an asymptomatic
patient [78].

Since the SARS-CoV-2 can be viable in the air for
3-hours, the aerosol particles loaded with the virus can cause infection even in stagnant environment [46].
According to the WHO, the actual airborne time
for virus loaded droplets may be greater in circumstances with significant cross-flows such as in
quarantine centres and hospitals, for example in
conditions of opening of the doors frequently and
shifting of equipments into and out of the rooms
[58]. In contrast, the airborne durations for droplet nuclei and aerosols is shorter as compared to
droplets as the droplet nuclei and aerosols are
affected by downdraft, for example when these
droplet nuclei or aerosols pass under a ceiling
supply vent [40]. This means that the trajectory of
the mucous released form an individual depends
on the size of the droplets and the path of the airflow patterns. Conflicting reports exist to establish an accepted safe zone of exclusion. The safe
zone of exclusion varies in different studies, from
2 metres [59], to 6 metres [60].
Studies on patients with respiratory infections
proved that when an infected person sneezes
or coughs a cloud of pathogen loaded droplets
is formed; these droplets can travel up to 7-8 m
away from the source [61, 62]. Recent studies on
COVID-19 have given results in agreement with
previous findings [63, 64]. According to Xie et
al. (2007), pathogen loaded droplets, irrespective of their sizes can travel up to 7-8 m in sneezing events and for more than 2 m in the vents of
coughing. However, the WHO and CDC have
different recommendations for the maintenance
of distance between healthcare workers and COVID-19 patients (WHO-1 m; CDC-2 m) [65, 66].
Whereas, majority of the studies on COVID-19
have been conducted in laboratory conditions
and therefore the results are not convincing when
applied in real life situations.
Environmental factors decide the transmissibility
of the droplets and aerosols
The behaviour of the virus while in the aerosol
particles largely depend on the environmental
conditions such as temperature, humidity, sunlight (radiations), and ventilation. The SARSCoV-2 virus particles being less than 100 nm in
size and their viability and infectivity largely
depend on the environmental conditions before
reaching the susceptible host [67]. The tolerance
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of the virus to the environmental stress depends
majorly upon the phenotype of the virus, aerosol
composition, and the virus payload [68]. Since the
environmental factors play an important role in
the transmission of SARS-CoV-2 virus in different conditions, the environmental factors should
be studied in more details in the context of COVID-19. A recent study has reported association of
air pollutants such as PM2.5, PM10, NO2, and O3
with COVID-19 infection [69].
Face masks for protection against droplet
and aerosol transmission
In addition to the effective vaccines, the best way
to prevent the transmission of COVID-19 is wearing face masks. The face masks have been show
to be effective in preventing the spread of SARS,
MERS, SARS-CoV-2, other human coronaviruses,
and influenza viruses from symptomatic individuals [70]. The face masks such as the surgical
mask, N95 respirator, and elastomeric respirators
are the widely used face masks worldwide. These
masks have helped in preventing COVID-19
to different degrees [71, 72]. The N95 masks are
shown to prevent aerosol and droplet transmission but the surgical masks fail to prevent aerosol
transmission of SARS-CoV-2 [73-75].
However, some studies propose that the N95
mask are no better than the surgical masks and
do not recommend the usage of N95 masks for
the general public and non-high risk healthcare
providers [70]. With exponential rise in the use
and demand of masks worldwide, the CDC has
recommended the use of handmade cloth masks
for general public. In contrast, the use of masks to
prevent the spread of COVID-19 is still not clear
and there is no consensus on this topic. There are
studies that have proven that the homemade cloth
masks are not suitable to prevent virus transmission as compared to the surgical masks (3 fold
better than the cloth masks) [75].
None of these masks can prevent the virus transmission completely. Therefore, social distancing
along with the use of masks can be considered
strictly to reduce the risks of SARS-CoV-2 airborne transmission.
n CONCLUSION
To conclude, the SARS-CoV-2 can be transmitted
by direct or indirect contact (through the acts of

sneezing, coughing, through eye and nasal mucous membranes) and other possible routes can
be blood, faecal-oral routes, urine, and breastfeeding [77]. Airborne transmission of SARS-CoV-2 is
highly virulent and represents the dominant route
of SARS-CoV-2 transmission [78]. In summary,
the transmission of SARS-CoV-2 from an infected person is majorly through the air in the form
of droplets and aerosol particles. These particles
vary in their sizes and aerodynamics. The rate of
airborne transmission of SARS-CoV-2 depends on
several factors such as the source of the droplets
and the aerosols, the viral load, the airflow status,
environmental conditions, etc. Face masks have
been promising in preventing the airborne transmission of SARS-CoV-2 to some extent. However,
there is no confirmatory conclusion on the efficiency of the face masks in preventing the SARSCoV-2 spread.
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