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ABSTRACT

At the end of December 2019, the rapid spread of the COVID-19 (SARS-CoV-2) disease and, subsequently, deaths
around the world, lead to the declaration of the pandemic situation in the world. At the beginning of the
epidemic, much attention is paid to person-to-person transmission, disinfection of virus-contaminated surfaces,
and social distancing. However, there is much debate about the routes of disease transmission, including airborne
transmission, so it is important to elucidate the exact route of transmission of the COVID-19 disease. To this end,
the first systematic review study was conducted to comprehensively search all databases to collect studies on
airborne transmission of SARS-CoV-2 in indoor air environments. In total, 14 relevant and eligible studies were
included. Based on the findings, there is a great possibility of airborne transmission of SARS-CoV-2 in indoor air
environments. Therefore, some procedures are presented such as improving ventilation, especially in hospitals
and crowded places, and observing the interpersonal distance of more than 2 m so that experts in indoor air
quality consider them to improve the indoor air environments. Finally, in addition to the recommendations of the
centers and official authorities such as hand washing and observing social distancing, the route of air trans-
mission should also be considered to further protect health personnel, patients in hospitals, and the public in

other Public Buildings.

1. Introduction

At the end of December 2019, a novel human coronavirus belonging
to the subgenus Betacoronavirus emerged for the first time in Wuhan city,
central Hubei province, China. The virus spread rapidly in all countries
and territories of the world. Therefore, on March 12, 2020, the world
health organization (WHO) declared the novel coronavirus disease 2019
(COVID-19), which causes severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), as a global pandemic (Amoatey et al., 2020;
Carraturo et al., 2020; Correia et al., 2020; Noorimotlagh et al., 2020a;
Ansari and Ahmadi Yousefabad, 2020).

WHO guidelines declared that the main route of transmission of
COVID-19 is person-to-person transmission, especially prolonged and
unprotected exposure to the virus. Therefore, it is recommended that the

main precautions to avoid exposure to the virus are hand washing
several times in a day and observe a social distance of at least 1 m (arm’s
length) (Ghinai et al., 2020; Morawska and Cao, 2020; Organization,
2020). Health officials declared that the virus is transmitted primarily by
direct or indirect exposure to droplets from coughing or sneezing and
surfaces contaminated by patients. Based on these precautions, coun-
tries and health officials have enacted emergency quarantine conditions
and lockdown procedures that impede the movement of people in so-
ciety (Ansari and Ahmadi Yousefabad, 2020; Lewis, 2020; Morawska
and Cao, 2020; Organization, 2020).

Unfortunately, despite all the above-mentioned precautions, disease
prevention and control procedures, all countries in the world continue to
suffer from the disease and pandemic situation, due to high levels of
infection and mortality. Also, recently Domingo et al., 2020 reviewed
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the influence of airborne transmission of SARS-CoV-2 on the COVID-19
pandemic. They suggested that based on the results of the reviewed
studies, chronic exposure to some of the air pollutants can lead to more
severe and deadly forms of the disease and delay and/or complicate the
recovery of patients from COVID-19 disease (Domingo et al., 2020).
Therefore, we can assume that the various aspects of the virus trans-
mission mechanisms are not fully understood and we have a rudimen-
tary understanding of the spread of the disease, including an important
question about the route of transmission of the virus.

There is a great debate among researchers and scientists about the
routes of transmission of the virus, including airborne transmission,
especially in the indoor environment. Besides, several studies reported
different results that generate more debate (Liu et al., 2020; Santarpia
et al., 2020a; Stadnytskyi et al., 2020; Chia et al., 2020; Buonanno et al.,
2020; Orenes-Pinero et al., 2020; Faridi et al., 2020; Kenarkoohi et al.,
2020; Santarpia et al., 2020b). Therefore, to determine the answer to the
important question about airborne transmission, the aim of this sys-
tematic review (SR) is to systematically collect all experimental studies
related to airborne transmission of SARS-CoV-2 in indoor air
environments.

2. Methods

This study is the first SR of all articles available from the onset of
COVID-19 disease to the present and is based on the airway for trans-
mission of COVID-19 in indoor air using Cochrane templates for a rapid
review of COVID-19 according to PRISMA (Preferred Reporting Items
for SRs and Meta-Analyses) guidelines (http://www.prisma-statement.
org/Extensions/InDevelopment.aspx) (Noorimotlagh et al., 2020b).

Systematic searches were carried out in the electronic databases of
Institute for Scientific Information (ISI) Web of Science, PubMed
(MEDLINE), Elsevier Bibliographic Database (Scopus) and Google
Scholar using MeSH (Medical Subject Headings) with the following
keywords: (“COVID-19" [Supplementary Concept] OR “Human Coro-
naviruses " OR “HCoV” OR “Coronaviruses” OR “CoV” OR “Novel
Coronaviruses” OR “nCov” OR “2019 Novel Coronavirus” OR “2019-
nCoV” OR “Severe Acute Respiratory Syndrome —2"[Mesh] OR “SARS-
CoV-2") AND (“Aerosols” [Mesh] OR “Airborne” OR “Inhalation” OR
“Transmission” OR “hospital” OR “indoor air").

Studies were selected according to the inclusion and exclusion
criteria and then included in the present review. The inclusion criteria
were: electronic version of the article is available, the language of the
article is English, and it focuses on the air route for transmission of
COVID-19 in an indoor air environment. In this SR, studies were sys-
tematically excluded if they only contained abstracts, literature reviews,
book reviews, guidelines, protocols, book chapters, letters to editors,
conference abstracts, non-English language (other languages such as
Italian, Spanish, French, German,..), oral presentation, dissertations,
white papers, etc. Two reviewers (ZN & SM) independently extracted
data from each original publication. The information was the name of
author, the location of the study, the objective of the article, the design
of the study, the meteorological parameters (such as particulate matter
(PM), relative humidity (RH) and temperature) and the main key results.

3. Results

An initial search of 269 articles was systematically performed in four
databases. When evaluating the title and abstract, 182 were eliminated
for not being related to the airway of transmission of COVID-19 indoors,
duplicates and review articles. Based on the selection of full-text articles,
three records were also removed because they were letters to editor and
discussion. Finally, fourteen studies were eligible and included in this SR
based on the inclusion/exclusion criteria, as illustrated in Fig. 1 (Wang
and Yoneda, 2020; Buonanno et al., 2020; Vuorinen et al., 2020; Stad-
nytskyi et al., 2020; Chia et al., 2020; Faridi et al., 2020; Kenarkoohi
et al., 2020; Santarpia et al., 2020a; Santarpia et al., 2020b; Liu et al.,
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Fig. 1. PRISMA flow diagram for the selection of eligible studies.

2020; Orenes-Pinero et al., 2020; Kim et al., 2020; Masoumbeigi et al.,
2020; Razzini et al. (2020)).

Table 1 shows the main findings of the included reviewed studies.
Among the selected and included studies, eleven studies conducted
experimental studies to determine the possible airborne transmission of
SARS-CoV-2 in indoor air environments (Santarpia et al., 2020a; San-
tarpia et al., 2020b; Liu et al., 2020; Orenes-Pinero et al., 2020; Stad-
nytskyi et al., 2020; Faridi et al., 2020; Kenarkoohi et al., 2020; Chia
et al., 2020; Kim et al., 2020; MasoumbeiglI et al., 2020; Razzini et al.,
2020). These studies were conducted in Iran (n = 3), USA (n = 2), China
(n = 1), Spain (n = 1), Singapore (n = 1), Philadelphia (n = 1), Korea (n
= 1) and Italy (n = 1). Of the 14 records, three studies examined the
main hypothesis of the present SR based on the simulation method
(Wang and Yoneda, 2020; Buonanno et al., 2020; Vuorinen et al., 2020).
These studies were conducted in Japan (n = 1), Italy (n = 1), and Finland
(n = 1). The main findings of the studies reviewed to determine our
hypothesis about the possibility of airborne transmission of COVID-19
are discussed in the next section.

4. Discussion

On December 31, 2019, the COVID-19 outbreak emerged in Wuhan
city, Hubei province, China. COVID-19 is a highly pathogenic and con-
tagious, transmissible and invasive pneumococcal disease caused by
SARS-CoV-2. There is considerable controversy about the different
routes of transmission of the virus in the scientific and research com-
munity. At the beginning of the outbreak, the WHO and many studies
mainly emphasized that the main routes of transmission are person-to-
person transmission, observing social distance, and washing hands
several times a day (Ghinai et al., 2020; Morawska and Cao, 2020; Or-
ganization, 2020). In recent months, COVID-19 has been exerting pro-
found detrimental effects on all people around the world, such effects
have been compounded by the lockdown that has affected all activities
that cause global economic disruption.

Airborne transmission is an important route for contagious agents
such as the viruses. With this in mind, the airborne transmission of
SARS-CoV-2 was ignored and precautions to prevent and control the
airway were not considered. To this end, the evaluation of the possible
airborne transmission of SARS-CoV-2 is of utmost importance.

In the present SR study, we conducted a comprehensive literature
search for original studies on airborne transmission of SARS-CoV-2 in
the indoor air environment, and after examining the collected literature
and conducting an in-depth analysis, we included 14 eligible studies (Liu
et al., 2020; Santarpia et al., 2020a; Stadnytskyi et al., 2020; Chia et al.,
2020; Wang and Yoneda, 2020; Buonanno et al., 2020; Orenes-Pinero
et al., 2020; Faridi et al., 2020; Kenarkoohi et al., 2020; Vuorinen et al.,
2020; Santarpia et al., 2020b; Kim et al., 2020; Masoumbeigi et al.,
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Table 1
The main characteristics of the studies reviewed in this SR.
Study ID The main objective Study Design ~ Meteorology The main key finding Recommendations
Parameters
PM RH Tem

(Santarpia et al., Detection of the virusinair ~ Experimental =~ N* N N Viral contamination confirmed in all During curing for COVID-19 patients,
2020a), USA and surface samples airborne isolation precautions were

recommended.

(Masoumbeigi Detection of the virus in Experimental N R R The occurrence of the virus in hospital Due to the close contact with patients, the
et al., 2020), hospital indoor air air samples was not confirmed. protection of medical staff and healthcare
Iran workers must be considered according to

international and national strict guidelines.

(Santarpia et al., Transmission potential of Experimental N N N Air samples and toilet facilities had Indirect contact through airborne
2020b), USA SARS-CoV-2 in Viral evidence of viral contamination transmission played a role in the spread of

Shedding disease, therefore the use of airborne
isolation precautions was supported

(Kim et al., 2020),  Detection of SARS-CoV-2 Experimental N N N There is no positive results for the SARS-  They suggest that remote air transmission
Korea in hospital indoor air CoV-2 RNA in the indoor air samples (more than 2 m) of SARS-CoV-2 from

hospitalized COVID-19 patient is
uncommon.

(Liu et al., 2020), Detection of SARS-CoV-2 Experimental N N N SARS-CoV-2 RNA was detected in Room ventilation, open space, sanitization
China in two isolation wards, ventilated patient of protective apparel, and proper use and

Hospitals rooms, toilet areas, and medical staff disinfection of toilet areas can effectively
areas. limit the concentration of SARS-CoV-2
RNA in aerosols
(Faridi et al., Detection of SARS-CoV-2 Experimental ~ R* R R All indoor air samples were negative. Implement in vivo experiments using actual
2020), Iran in indoor air environment patient cough, breath, and sneeze aerosols
of hospital to evaluate the possibility of production of
the airborne size carrier aerosols and the
viability fraction of the embedded virus in
these carrier aerosols.

(Kenarkoohietal.,  The monitoring of hospital =~ Experimental R R R They indicated two viral RNA positive More studies and quantitative analysis are

2020), Iran indoor air environment for air samples in the indoor air required to determine the role of actual
the detection of SARS-CoV- environment of the hospital were found. =~ cough mechanisms in the emission of
2 virus airborne size carrier aerosols.
(Razzini et al., Detection of SARS-CoV-2 Experimental N N N The results showed that all the indoor The authors recommended that strict
2020), Italy RNA in hospital indoor air air samples collected from the ICU and disinfection precautions, protective
the corridor as a contaminated area, measures and hand hygiene be taken for
were positive. medical personnel and isolation from
airborne transmission.

(Chiaetal, 2020),  Detection of SARS-CoV-2 Experimental R R R Detection of SARS- CoV-2 PCR-positive Detailed epidemiological studies of the

Singapore in indoor air environment particles of sizes more than 4 pm and outbreak are required to determine the
of hospital rooms of 1-4 pm in two rooms. Although particles  relative contribution of various routes of
infected patients in this size range have the potential to transmission and their correlation with
remain in the air longer. factors at the patient-level. Implement
experiments to collect more data on virus
viability and infectivity to confirm
potential airborne spread of the virus.

(Stadnytskyietal.,  Potential importance of Experimental N N N The normal speaking could be a -

2020), small speech droplets in substantial probability that causes
Philadelphia SARS-CoV-2 airborne airborne virus transmission in confined
transmission environments

(Orenes-Pinero Evidences of SARS-CoV-2 Experimental N N N Surfaces could not be touched by These data support the recommendation to
et al., 2020), virus air transmission patients or health workers, so viral carry out frequent disinfection of the
Spain indoors spreading was unequivocally produced surfaces of hospitalized patients.

by air transmission.

(Wang and Determination of the Simulation R N N The penetration mechanism was -
Yoneda, 2020), optimal penetration factor explored by the proposed optimal
Japan for evaluating the invasion penetration factor and the error analysis

process of aerosols of each method. They also provided a
rapid and accurate assessment method
for preventing and controlling the
spread of the epidemic.

(Buonanno et al., Estimation of airborne Simulation N N N Proper ventilation was a key role in the -
2020), Italy SARS-CoV-2 emission containment of the virus in indoor

environments

(Vuorinen et al., Simulation aerosol Simulation N N N The exposure time to inhale O(100) -

2020), Finland

transport for SARS-CoV-2
transmission in inhalation
indoors

aerosols could range from O(1 s) to O(1
min) or even to O(1 h) depending on the
situation

N*= Not reported R*

=Reported.

2020; Razzini et al., 2020). Among the fourteen included studies, eleven
eligible studies were experimental and reported different findings on
positive or negative detection of SARS-CoV-2 airborne transmission in
indoor air (Liu et al., 2020; Santarpia et al., 2020a; Stadnytskyi et al.,

2020; Chia et al., 2020; Orenes-Pinero et al., 2020; Faridi et al., 2020;
Kenarkoohi et al., 2020; Santarpia et al., 2020b; Kim et al., 2020;
Masoumbeigi et al., 2020; Razzini et al., 2020). Among them, three
studies indicated that all indoor air samples in the hospital were
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negative, thus concluding that there is no evidence that SARS-CoV-2 is
transmitted by air (Faridi et al., 2020; Kim et al., 2020; Masoumbeigi
et al., 2020). Unlike the results of these studies, other included experi-
mental studies reported positive results that confirmed transmission of
the virus through the air. In this context, Kenarkoohi et al. (2020), and
Razzini et al., 2020, indicated that air samples positive for viral RNA
were found in the indoor air environment of the ICU rooms in the hos-
pital. Furthermore, Chia et al. (2020) confirmed that despite twelve air
changes per hour in isolation rooms for airborne infections in the hos-
pital, SARS-CoV-2 PCR-positive particles were found in two of the three
airborne infection isolation rooms. However, the area of the room was
not reported to consider the ventilation rate (Chia et al., 2020). Besides,
Stadnytskyi et al. (2020) investigated the lifespan in air of small speech
droplets and their potential in the transmission of SARS-CoV-2 and
confirmed that using highly sensitive laser light scattering observations,
in closed and confined environments, it is a substantial possibility that
normal speech causes the transmission of airborne viruses. The results of
the studies included in the experimental section reveal that there is a
great possibility of airborne transmission of SARS-CoV-2 in indoor air
environments, even with a ventilation rate of 12 air changes per hour.
Therefore, it is essential that the ventilation rate is more efficient and
takes into account what was reported in the included study.

Three of the fourteen included studies examined the possible
airborne transmission of the SARS-CoV-2 using simulation methods
(Wang and Yoneda, 2020; Buonanno et al., 2020; Vuorinen et al., 2020).
Wang and Yoneda (2020) showed that under the current experimental
conditions, due to the minimal effect of the value of the air exchange
rate (AER) and fluctuations in concentration, the size-dependent P,y is
the optimal value for the penetration factor of virus-containing particles.
Furthermore, they indicated that separation and reentry of
virus-containing particles after ventilation capture is inevitable. Buo-
nanno et al. (2020) proposed and developed a novel approach to esti-
mate the quanta emission rate (expressed in quanta h™') based on the
viral load emitted by the mouth of an infectious person (expressed in
RNA copies in mL™!). Taking into account the following parameters on
the quanta emission rate: respiratory physiological parameters such as
the inhalation rate, the type of respiratory activity such as talking,
breathing, and whispering, and the level of activity such as light exer-
cise, standing, and resting. They showed that according to the
SARS-CoV-2 quanta emission rate, the asymptomatic subject had high
emission values both in the circumstances of light exercise during speech
and in intense exercise with oral breathing. Therefore, their approach is
of great relevance to indoor air quality experts and epidemiologists in
managing the indoor microenvironment during epidemic/pandemic
situations by taking into accounts the great importance of ventilation in
the indoor environment to reduce the spread of the virus (Buonanno
et al., 2020). Vuorinen et al. (2020) using numerical simulations to
model aerosol transport and virus exposure relative to the SARS-CoV-2
virus by indoor inhalation. Using applied theoretical calculations and
various physics-based models to obtain 0D-3D simulations, the authors
demonstrated that the typical size range of cough and speech produces
droplets (d < 20 pm) that allow it to remain in the air for O (1h) that can
be inhaled. According to the results of the numerical evidence, the fast
drying process of even large droplets, up to sizes O (100 pm), in dro-
plet/aerosols nuclei was provided. The authors indicated that the
transport and dilution of aerosols (d < 20 pm) at distances of more than
10 m in generic environments using 3D-scale resolution computational
fluid dynamics simulations (Vuorinen et al., 2020). These authors
emphasized that the two main issues are the physical distance and the
minimum time spent in these indoor places, since due to strong
breathing or loud speech, the high level of aerosol generated is antici-
pated. It was reported that by applying various common-sense actions,
such as minimizing exposure time, maximizing physical distance, and
improving ventilation, aerosol exposure could potentially be reduced
with high expectations of reducing the spread of the SARS-CoV-2 virus
as well (Vuorinen et al., 2020). Finally, the concepts of “exposure time”
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to aerosols containing viruses were introduced to complement the
traditional thinking of “safe distance” and the authors confirmed that
the exposure time for inhaling 100 aerosols could range from 1 s to 1 min
or even to 1 h depending on the situation. Therefore, using Monte-Carlo
simulations, the authors presented clear quantitative information on
exposure time in different indoor public settings (Vuorinen et al., 2020).
As can be seen from the simulation studies, the authors investigated the
various aspects of exposure to the SARS-CoV-2 virus in indoor
environments.

However, each of the included studies had limitations and assump-
tions, they showed that the emission of the SARS-CoV-2 virus (accom-
panied by other types of bioaerosols) by symptomatic or even
asymptomatic people in the indoor air environment is inevitable.
Considering the results of the study by van Doremalen et al. (2020)
experimentally indicated that the SARS-CoV-2 virus in aerosols gener-
ated with diameters <5 pm can survive and be viable and infectious in
aerosols for hours (generally 3 h). On the other hand, environmental
factors such as temperature and relative humidity (RH) were shown to
affect the airborne transmission of small viral particles, including
SARS-CoV-2 (Ahlawat et al., 2020). It was highlighted that the proba-
bility of airborne transmission of SARS-CoV-2 is higher in dry indoor
environments (RH less than 40%) than in humid environments (RH
more than 90%) (Ahlawat et al., 2020).

Taking into account the results of the included studies, as well as
other published studies, there is a great possibility of airborne trans-
mission of SARS-CoV-2 in indoor environments. Therefore, since more
than 80-90% of the time people spend indoors, especially in confined
conditions, to reduce exposure and risk of COVID-19 disease, the
following procedures are offered to experts in indoor air quality (IAQ)
and related engineers to improve indoor air environments:

1) Provide ventilation systems, especially displacement ventilation in
all indoor environments: In displacement ventilation, the outside air
is usually supplied at low speed from diffusers near floor level and is
extracted above the occupied zone, near or on the ceiling (Blocken
et al., 2020).

It is worth noting that due to the effect of outdoor air pollution on
IAQ, it is suggested that air conditioning systems can use building/room
ventilation, especially in highly polluted areas (Chirico et al., 2020;
Harbizadeh et al., 2019). However, a recent review study applied a
snowball strategy to investigate airborne transmission through air con-
ditioning systems and reported that the spread of viral particles through
air conditioning systems was suspected and supported by computer
simulation (Chirico et al., 2020). Therefore, the application of air con-
ditioning systems required more experimental studies to determine the
exact role of air conditioning systems in the transmission of SARS-CoV-2
(Dominguez-Amarillo et al., 2020). On the other hand, in the recent SR
of hospital air quality and the SARS-CoV-2 outbreak, all the evidence on
air filtration and recirculation was investigated and could be suitable
documents for readers on this specific topic (Mousavi et al., 2020).

2) Try redesigning and increasing the existing ventilation rate and ef-
ficiency. Also, upgrade ventilation systems with portable air cleaners
or disinfectants (such as UV lamps or high-efficiency filtration sys-
tems) to remove all types of bioaerosols including SARS-CoV-2. It
should be noted that the maintenance of ventilation systems, as well
as filters or disinfectants in air purifiers, is of the utmost importance.
Studies reported that SARS-CoV-2 concentrations in the air, espe-
cially in hospitals, could be higher during the first week of the rooms
of confirmed COVID- 19 positive patients. Therefore, more preven-
tion and control policies should be applied to reduce the concen-
tration of SARS-CoV-2 in the air and subsequently the exposure of
more people to viral particles. One of the most important strategies is
to isolate the COVID-19 patient with high viral loads in the exhaled
air in the first weeks of infection.

3

-
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4) To minimize airborne transmission of SARS-CoV-2, it is very
important to establish a minimum RH standard for indoor environ-
ments, including hospital wards, confirmed COVID-19 positive pa-
tients rooms, offices, and public transports (Ahlawat et al., 2020).

To avoid exposure to the virus, observe an interpersonal distance of
more than 2 m (also known as “droplet distance™) as effective pro-
tection only if everyone wears face masks (Setti et al., 2020). How-
ever, the WHO stated that the safe distance is 1 m as a sufficient
distance to avoid transmission of the virus by air (https://www.who.
int/emergencies/diseases/novel-coronavirus-2019).  Unlike the
WHO-reported safe distance of 1 m for interpersonal distance or
droplet distance, recently a study of mathematical models demon-
strated that short-range airborne transmission dominates exposure to
viral particles in close contact (less than 2 m) (Chen et al., 2020).

To observe social distance and avoid overcrowding, in restaurants,
customers sit at alternate tables, students sit in any other disc in the
school classroom, or in any other seat on public transportation, etc.

5

~

6

[

5. Conclusions

There is a controversial debate about the routes of transmission of
COVID-19 in this pandemic situation. Currently, due to incomplete ev-
idence of airborne transmission of COVID-19, investigation of the pos-
sibility of airborne transmission is of utmost importance. Therefore, in
the present study, a total of fourteen relevant and eligible studies were
collected. According to the findings of the reviewed studies, there is an
important and strong possibility of airborne transmission of SARS-CoV-2
in indoor air environments. Based on these results, it is necessary to take
into account some procedures to improve indoor air environments: such
as improving the ventilation of buildings or rooms, especially in hospi-
tals and crowded places, observing an interpersonal distance of more
than 2 m, setting the minimum standard of RH, etc. Observing these
recommendations associated with ventilation and other measures could
be beneficial in reducing the general environmental concentrations of
bioaerosols in the air and eventually reducing the spread of SARS-CoV-2
through the respiratory tract. Finally, it was recommended that along
with other guidelines from the centers and official authorities, the search
for cases, isolation and quarantine, hand washing, observation of social
distancing and the use of materials to disinfect surfaces in crowded
places be included. The airborne route of transmission is also considered
to promote the protection of healthcare professionals, patients espe-
cially in hospitals, and the public in other public buildings.
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