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Abstract

Since late 2019, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has spread globally, causing a pandemic (coronavirus disease
2019, or COVID-19) with dire consequences, including widespread death,
long-term illness, and societal and economic disruption. Although initially
uncertain, evidence is now overwhelming that SARS-CoV-2 is transmit-
ted primarily through small respiratory droplets and aerosols emitted
by infected individuals. As a result, many effective nonpharmaceutical
interventions for slowing virus transmission operate by blocking, filtering,
or diluting respiratory aerosol, particularly in indoor environments. In this
review, we discuss the evidence for airborne transmission of SARS-CoV-2
and implications for engineering solutions to reduce transmission risk.
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INTRODUCTION: THE COVID-19 PANDEMIC

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first emerged in Wuhan, China,
in December 2019 (1, 2), then spread across the world before the global threat posed by the virus
owing to its high transmissibility and pathogenicity (3) was fully recognized. Catastrophic early
“first waves” of infections, hospitalizations, and deaths overwhelmed the healthcare systems and
infrastructure in major population centers in early 2020 (see the sidebar titled Is SARS-CoV-2
Transmission Connected to Air Pollution?). The World Health Organization (WHO) declared
coronavirus disease 2019 (COVID-19) a pandemic on March 11, 2020 (4). Policy makers strug-
gled to contain the novel virus amid incomplete information about its modes of transmission, a
lack of readily available testing or treatment options, and shortages of personal protective equip-
ment (PPE) for healthcare workers and other critical supplies. Subsequent local waves ripped
through the global population throughout the remainder of 2020 and 2021, with variations in
timing and severity depending on many factors, including local policies regarding lockdowns,
travel restrictions, or mask mandates and patterns in human behavior, such as increased rates of
indoor gatherings due to inclement weather (5) and major holidays (6), as well as possible impacts
of environmental conditions on virus transmission (7). Starting in late 2020, highly effective vac-
cines against COVID-19 (8–11) started to become available in the United States, China, Israel,
and parts of Europe. However, rollout to the rest of the world has been slow, particularly in the
Global South (12). In Spring 2021, B.1.617.2 (Delta), a new,more infectious (13) variant of SARS-
CoV-2, emerged, leading to hundreds of millions of infections and more than one million deaths
across India, amid widespread oxygen shortages (14). The Delta variant upended the status quo in
nations such as Vietnam that had previously contained the virus through lockdowns, travel restric-
tions, and other nonpharmaceutical interventions (NPIs) (15). Surges in breakthrough infections
among fully vaccinated individuals and outbreaks involving vaccinated persons as key transmis-
sion links (16) also challenged prevailing assumptions about the spread of the virus through highly
vaccinated populations (17), with implications for masking and testing policies.

The urgent need to control the spread of SARS-CoV-2 has resulted in a massive effort
among the public health, medical, and scientific research communities, amid lockdowns and crisis
conditions, to develop an understanding of the virus and its mechanisms of transmission and

IS SARS-COV-2 TRANSMISSION CONNECTED TO AIR POLLUTION?

Data from the early stages of the COVID-19 pandemic in Italy (126, 127), the United States (128), and England
(129) suggested a connection between exposure to particulate matter (PM) in the ambient atmosphere and
COVID-19 deaths. Some hypothesized, based on this connection and some observations of viral RNA in outdoor
PM samples (130), that the transmission of SARS-CoV-2 was enhanced by the coagulation of aerosols containing
the virus with ambient PM, making PM a vector for transmission (131, 132). This is unlikely for several reasons,
including the lack of evidence for long-range outdoor transmission (133); the physics of aerosol coagulation, which
does not favor the coalescence of similarly sized particles (134); and inconsistency with epidemiological trends in
highly polluted areas across the Global South.

The most likely explanation for the association of COVID-19 mortality and morbidity with air pollution lies
in the well-known effects of long-term exposure to air pollution on human health. PM exposure is associated with
many of the medical conditions that put individuals at high risk for complications related to COVID-19, including
respiratory and cardiovascular conditions and diabetes (135). It also produces an inflammatory state in the body
(126), which increases susceptibility to respiratory infections (136).
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infection, as well as response strategies. The resulting rapidly evolving scientific landscape has led
to a need for continuously updated public guidance. Two major advances in the understanding of
SARS-CoV-2 transmission, made as the pandemic unfolded in real time, shaped policy responses.
The first was the recognition, based on analysis of social media data from China and epidemiolog-
ical modeling, that transmission by undocumented (mostly asymptomatic or paucisymptomatic)
infected individuals was a major driver of SARS-CoV-2 spread (18). It became clear that isolating
the ill was not sufficient to contain the virus, and that it would be necessary to track exposures
(contact tracing) and quarantine asymptomatic contacts until the potentially infectious period
had passed. The second advance was the accumulation of evidence, through epidemiological
studies and measurements, that a significant proportion of SARS-CoV-2 spread likely occurs via
inhalation of virus-containing respiratory aerosols and small droplets by a susceptible individual
(19), rather than through surface contact (fomite transfer) or large droplet transfer (close contact),
both of which were heavily emphasized by public health authorities at the outset of the pandemic.
Effective NPIs for slowing airborne virus transmission (i.e., transmission via inhalation) operate
by physically blocking, filtering, or diluting respiratory aerosol and droplets. The implications of
airborne transmission of a respiratory virus for public health guidelines for reducing transmission
risk are different, and in some cases opposite, from those for surface transmission. For example,
some public health agencies, including the WHO and the US Centers for Disease Control and
Prevention (CDC), discouraged the use of face coverings (mask wearing) at the outset of the pan-
demic. This was based in part on the need to reserve medical-grade PPE for healthcare workers,
but also on the hypotheses that touching used masks may promote surface transfer and face
touching (20) and that mask wearing could impart a false sense of security and result in relaxed
vigilance regarding other activities (such as handwashing) (21).However, since late spring of 2020,
mask wearing has become widely accepted as an effective NPI to slow the spread of SARS-CoV-2
(22–24).

In this article,we review the body of knowledge surrounding themechanisms of transmission of
SARS-CoV-2,which overwhelmingly point to airborne spread of the virus through the respiratory
emissions (droplets and aerosols) of infected individuals being the primary route.We also discuss
the implications of airborne spread for the most effective engineering solutions to be used as part
of a layered approach to slowing transmission.

RESPIRATORY EMISSIONS AND MODES OF PATHOGEN
TRANSMISSION

Droplets and aerosols containing saliva and respiratory fluid are expelled from people’s mouths
and noses when sneezing (25, 26), coughing (27, 28), talking (28–31), singing (32–34), or breath-
ing (35, 36). The quantity and size distribution of emitted droplets and aerosols vary depending
on the mode of emission (27) and the physiology of the individual (37). Large variation in emis-
sion rates from person to person has been observed and may be connected to the superspreader
phenomenon, in which a single infected individual transmits to a large group, whereas others do
not (30). The size distribution for droplets and aerosols emitted by coughing or talking has been
observed to be multimodal, with one peak at >100 µm (large droplets) (38) and others between
1 µm and 5 µm (aerosols) (27, 36). Only small aerosols (<2 µm) are produced during normal
breathing (35, 36). For an individual infected with a respiratory virus such as SARS-CoV-2, the
expelled droplets and aerosols may contain varying amounts of live virus, depending on biologi-
cal factors (e.g., illness stage, rates of viral replication and shedding) and the respiratory activity
causing the emission (33, 39, 40).
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Modes of virus transmission. Figure adapted with permission from Tellier et al. (41) (CC BY 4.0).

Once emitted in droplets and aerosols, live virus may be transmitted to a susceptible individual
via three major pathways (Figure 1):

1. Inhalation of smaller droplets and aerosols (airborne transmission)
2. Spray of droplets at close range into the eyes, nose, or mouth (close contact)
3. Deposition of large, ballistic droplets onto surfaces, or an infected person with virus on their

hands touching a surface, followed by transfer to the fingers of the susceptible individual,
who later touches their eyes, nose, or mouth (fomite transmission)

The fate of respiratory droplets and aerosols, and therefore the relative importance of the
three transmission pathways, is connected to their aerodynamics. The movements of large
droplets (>100 µm) are dominated by their inertia. They settle rapidly (<10 s) and impact on
nearby surfaces within ∼1 m of the source. These deposited droplets may create the first step of
the fomite transmission pathway, after which deposited viruses may be transferred from surfaces
to fingers (42), or they may come into direct contact with a nearby (<1 m) susceptible individual
(43). Smaller droplets and aerosols stay airborne longer and may be inhaled by others. They may
be transported farther (although concentration remains highest closest to the source) and may
accumulate in poorly ventilated spaces. The aqueous portion of small droplets may evaporate,
leaving behind smaller aerosols composed of salts, surfactants, proteins (e.g., mucin), and possibly
pathogens (44). Coleman et al. (33) observed recently that 85% of total emitted viral load in
respiratory emissions of SARS-CoV-2 carriers is contained in aerosols with diameter ≤5 µm. By
affecting the particle size distribution and particle phase, the evaporation process influences the
lifetime, transport, and inhalation dynamics (45) of the airborne droplet/particle population, as
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well as virus survival (44, 46). Some confusion among the medical and engineering disciplines
about the terminology of droplet versus aerosol has hindered the discussion about airborne
transmission of SARS-CoV-2. A functional size-based definition places a cutoff of >100 µm
for droplets, with smaller particles being called aerosols (38). This is also consistent with the
multimodal size distributions observed in respiratory emissions (27, 33–36).

Besides respiratory aerosols, there is evidence for transmission of some respiratory viruses
via fecal aerosol. Aerosolization of virus expelled in feces may occur at various points in the
wastewater system or from toilet flush (47). A major 2003 SARS1 (severe acute respiratory syn-
drome 1) outbreak in the Amoy Gardens apartment complex in Hong Kong was attributed to
the spread of virus-containing aerosol through sewer gas, which entered apartments through dry
water traps (48). Similar but smaller-scale cases of SARS-CoV-2 transmission have been observed
in Hong Kong (49) and Guangzhou, China (50). Detection of SARS-CoV-2 RNA in wastewater
has emerged as a useful community-level public health surveillance strategy (51), but water-based
transmission of the virus has not been reported (52).

EVIDENCE FOR AIRBORNE TRANSMISSION OF SARS-COV-2

Airborne transmission of other viral pathogens, including influenza (53, 54) and SARS-CoV-1
(55, 56), is well-known (57, 58). However, in the absence of much information about the novel
virus, and based on comparison of epidemiological parameters (reproduction number and sec-
ondary attack rate) to those of other airborne viruses, such as measles (59), many public health
officials assumed in early 2020 that SARS-CoV-2 transmission occurred primarily through
fomite transfer and close contact (large droplets). In the ensuing months, studies demonstrated
SARS-CoV-2 persistence on surfaces (60) and the transmission from virus-doped surfaces to
fingers of a test subject (42). However, there has been no clinical evidence of fomite transfer of
SARS-CoV-2 between humans (61), and droplet transmission has been shown to occur only at
very short range (<1 m) (43).

Meanwhile, evidence supporting airborne transmission being a dominant pathway for the
spread of the SARS-CoV-2 virus has accumulated. This evidence has come from three major
sources: (a) retrospective epidemiological studies of outbreaks, (b) direct observations of virus in
aerosols, and (c) animal studies investigating modes of transmission.

Investigative case studies of outbreaks in an air-conditioned restaurant in Guangzhou, China
(62); a call center in Seoul, South Korea (63); the Diamond Princess cruise ship (64); and choir
singing in churches in the United States (65) and Australia (66) eliminated transmission through
other pathways as a possibility (e.g., close contact in elevators or fomite transmission through
shared food or beverages) and identified airborne transmission as the most likely route. The
modeling results of Miller et al. (65) pointed to the highly variable quanta emission rate for SARS-
CoV-2, particularly when superspreaders are considered. The highly variable ability of infected
individuals to transmit the virus (overdispersion) connected to SARS-CoV-2 superspreading
events is best explained by airborne transmission (67) and is consistent with the observed
variability in viral load and quantity of respiratory emissions from infected individuals (33, 37).

Direct observations of SARS-CoV-2 genetic material in aerosols (60, 68), or on surfaces
reachable only by aerosols, such as hospital room air vents (69, 70), provided early support for
the physical plausibility of airborne transmission. However, as studies of influenza have shown,
observations of genetic material are not necessarily a good indicator of infectious potential of the
virus (54).Using the BioSpot-VIVAS technique, Lednicky et al. (71) detected viable SARS-CoV-2
virus for the first time in aerosol in the hospital room of an infected patient. The BioSpot-VIVAS
maintains the integrity of the virus upon sampling by condensing water vapor onto the sampled
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aerosol particles to increase their size (and thus inertia), before inertially impacting them at low
velocity into a liquid medium (72). More recent studies involving analysis of the respiratory
emissions of infected patients provide additional indirect support for aerosol transmission of
SARS-CoV-2: 85% of total emitted SARS-CoV-2 viral load was observed to be present on small,
inhalable aerosol particles (Dp ≤ 5 µm) (33).

For ethical reasons, controlled observations of SARS-CoV-2 transmission have been possible
only in animal studies. Airborne transmission was observed between ferrets in enclosures sepa-
rated by steel grids at a distance of 10 cm (73) and at a distance of more than 1 m (74). Close-
contact transmission was also observed (73, 75). Both airborne SARS-CoV-2 transmission and
fomite transmission were observed in hamsters; airborne transmission was more effective (76).

IMPLICATIONS OF AIRBORNE TRANSMISSION OF COVID
FOR ENGINEERING INTERVENTIONS

Layered risk reduction, including a combination of NPIs along with vaccines and other public
health interventions, has emerged as an effective strategy for managing the COVID-19 pandemic
(Figure 2). The layered approach, or “Swiss cheese” model (77), is effective both because various
interventions are insufficient on their own and because of the social and behavioral aspects of
adoption of various interventions (78).

Table 1 categorizes common NPIs in terms of the SARS-CoV-2 transmission pathways dis-
rupted by each.For someNPIs, the responsibility is placed on individuals (e.g.,maskwearing,hand
hygiene). For others (surface disinfection, ventilation, air filtration), the onus and the cost lie with
institutions and those responsible for maintaining the indoor environment, such as building man-
agers.Note that other public health interventions, such as testing, quarantine, and contact tracing,
are also effective elements of a layered risk-management approach, regardless of the transmission
route, but here we focus on physically based engineering interventions.

In early 2020, WHO and CDC recommendations for prevention of transmission focused on
avoiding close contact (within 1 m) with symptomatic infected individuals (79) and handwashing

Outside air

Ventilation

Masks 
and vaccines

HEPA

CO2

PMHVAC
filter

MERV-13

Figure 2

Adequate ventilation, air filtration, masks, vaccines, and indoor air-quality monitoring contribute to a layered
approach for reducing SARS-CoV-2 transmission risk. Abbreviations: HEPA, high-efficiency particulate air
filter; HVAC, heating, ventilation, and air conditioning; MERV, Minimum Efficiency Reporting Value; PM,
particulate matter; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Table 1 Nonpharmaceutical interventions for reducing transmission of SARS-CoV-2 (severe acute respiratory
syndrome coronavirus 2)

Transmission mode
Intervention (source/
infected individual)

Intervention (receptor/
susceptible individual)

Intervention
(environmental)

Fomite (surface) transfer Mask, hand hygiene Hand hygiene Surface disinfection
Close contact (large droplets) Mask, physical distancing Face shield, eye protection,

physical distancing
Plexiglass barriers

Airborne transmission Mask, physical distancing Filtering mask, physical distancing Ventilation, air filtration

(80). The fundamental assumption behind this advice was that the dominant transmission path-
ways were large droplet and surface transmission (as well as symptomatic-only transmission). As
evidence accumulated favoring the importance of airborne transmission at short and room scale,
public health guidance evolved to include precautions that specifically target those pathways: ven-
tilation and filtration of indoor air (81), face coverings for the reduction of respiratory emissions
(24), higher-quality filtering (respirator) masks to reduce inhalation of virion, and physical dis-
tancing of 6 ft or more. Besides reducing the spread of SARS-CoV-2, these interventions also
led to dramatic reductions in other airborne illnesses, such as influenza in the United States dur-
ing the 2020–2021 flu season (82).

Masks

The wearing of face coverings disrupts SARS-CoV-2 transmission, regardless of transmission
pathway, by reducing the emission of respiratory droplets and aerosols from an infected indi-
vidual (39). After the initial hesitancy on the part of US public health authorities to recommend
universal mask wearing, owing in part to PPE shortages, cloth or improvised face coverings were
encouraged as source control. Epidemiological evidence exists for the effectiveness of mask man-
dates in decreasing SARS-CoV-2 transmission rates in the United States (23). The effectiveness
of masks and face coverings of different types, as well as plexiglass face shields, at reducing aerosol
emissions during simulated coughs has been investigated. These studies found that face shields
are not effective source control for respiratory aerosols (83–85). Asadi et al. (86) tested the ability
of cloth and surgical masks, a microfiber neck gaiter, and KN95 and N95 respirators to control
outward emission of aerosols by live subjects. They found that surgical and KN95 masks reduced
particle emissions by a factor of six. Contrary to popular perception, vented N95 masks did not
allow free emission of aerosols, likely due to aerosol impaction during flow through the valve. The
same group also investigated the effects of mask fit on respiratory aerosol emission, finding that
aerosol leakage from the gaps in an imperfectly fitted surgical mask was much less than emission
from an unmasked individual: A leaky mask reduced emissions from talking and coughing by 70%
and 90%, respectively, compared to no mask (87). However, infectious (culture-positive) SARS-
CoV-2 has been detected in emissions from infected individuals wearing loose-fitting masks (39).
Recommendations for double-masking (layering a surgical mask underneath a tight-fitting cloth
mask) from the CDC and other groups in early 2021 were motivated primarily by the potential
for improved fit and reduced leakiness (88).

Face coverings also protect the wearer by filtering inhaled air to differing degrees depending on
themaskmaterial and the fit.Prior to theCOVID-19 pandemic, the focus ofmostmask studies was
on the filtration capacity of mask material against inhalation of particulate matter (PM). Perhaps
counterintuitively, filtration of aerosol particles via a fibrous filter material does not generally
occur via sieving (Figure 3). The main mechanisms of filtration for particles smaller than 2.5 µm
are (a) inertial impaction as the particles attempt to move around the filter fibers, (b) interception
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Figure 3

Filtration efficiency as a function of particle size for a 1.5-mm-thick filter with 2.88-µm diameter fibers and
solidity of 0.083 [typical for N95 respirator material (90)]. Calculations following Bulejko (91).

of the particle streamline by the fiber, or (c) diffusion of very small particles into a fiber due to
Brownian motion (89). The collection efficiency as a result of each mechanism depends on the
particle size.

As a result of these mechanisms, multiple layers of a loose-weave material can be an effective
filter medium for particles smaller than the pore size of the weave. Many studies have been con-
ducted on the filter efficiency of different types of cloth and other materials used for homemade
face coverings. Most of these studies have been conducted by using samples of mask material in
filter cartridges, and therefore they provide the maximum filtration efficiency achievable, without
taking fit into account (92–97). Some studies have been conducted on mannequins for additional
realism in fit (85, 98). Overall, these studies have shown that filtration efficiency is highest for
heavier-weight material (92, 95) with multiple layers (93, 94, 96, 99). The filtration efficiency of
cloth mask material withstands multiple cycles of washing and reuse (92, 97).

Respirator masks are commercially made, tight-fitting masks made of synthetic fibrous filter
material. These masks are designed to protect workers from inhalation of fine particles and are
recommended PPE for healthcare workers performing aerosol-generating procedures. As such,
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their performance is regulated by occupational health and safety authorities.TheUSN95 standard
prescribes at least 95% filtration efficiency for particles of 0.3 µm in diameter. This particle size
is cited frequently in filtration standards because it is the most challenging to filter, being too
small for effective inertial impaction and too large for the diffusion mechanism.Therefore, higher
filtration efficiencies can be expected for larger and smaller particle sizes. International standards
KN95 (China),KF94 (SouthKorea), and FFP2 (Europe) are similar toN95.These respirator-type
masks require fit testing for use in healthcare settings.

Ventilation

Adequate ventilation with clean air is a necessity for healthy indoor spaces. Indoor spaces have
several unique, intense pollution sources, and inadequate ventilation can lead to their buildup, po-
tentially resulting in negative health impacts, including “sick building syndrome.”Poor ventilation
is associated with negative educational outcomes (100, 101) and decreased cognitive performance
(102). Humans themselves are a major emission source indoors, so inadequate ventilation can also
lead to a buildup of respiratory emissions from the occupants, including potentially pathogen-
containing aerosols and CO2.Trends since the mid-twentieth century toward more airtight build-
ings and energy efficiency have come with reduced outdoor air ventilation as a tradeoff, because
increased outdoor air intake leads to higher cooling and heating requirements. Investigations of
COVID-19 outbreaks have shown a direct association between insufficient ventilation rates and
increased infection transmission (65).

The American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE)
and other groups recommend a minimum ventilation turnover frequency of three air exchanges
per hour, with six or more exchanges per hour being ideal (103, 104). Insufficiently ventilated
spaces may use supplementary room-level air filtration. Room-level ventilation data are not avail-
able for many shared spaces, because prior to the COVID-19 pandemic the focus of ventilation
standards was ensuring the supply of sufficient oxygen to the room rather than preventing stagna-
tion of room air.McNeill et al. (105) outline approaches for characterizing room-level ventilation.

In the United States, most public buildings constructed since the mid-twentieth century are
equipped with mechanical heating, ventilation, and air conditioning (HVAC) systems, which cir-
culate a combination of outdoor air and filtered, conditioned air through ducts in the building. For
these buildings, ventilation can be characterized bymeasuring airflow through the ducts.However,
many homes and educational spaces, especially in older buildings in the Northeast and temperate
areas on the West Coast, are naturally ventilated. For buildings that were designed for cross flow,
natural ventilation can be very efficient, far exceeding minimum standards as long as doors and
windows remain open (105, 106). However, naturally ventilated spaces in the Northeast, designed
to keep heat in during the winter, often require supplemental air filtration to meet ASHRAE rec-
ommendations (105).

In situ monitoring of CO2 and PM can provide indirect indicators of ventilation (105, 107).
CO2, which at the time of writing typically has a background value of approximately 415 ppm
in North America (108), may build up indoors when people are present, owing to their exhaled
emissions. A steady-state value between 600 and 800 ppm CO2 has been suggested as a guideline
for a well-ventilated space under full occupancy (104). PM monitoring data must be interpreted
carefully in the context of COVID-19, because respiratory aerosols are likely small in number
compared to the dominant contribution of other background sources (109), but they can give an
indicator of indoor and outdoor air quality, ventilation, and filtration. If different PM sizes are
measured, information can be inferred about particulate dynamics in the space, such as deposition.
These and other types of ventilation data can be used to support decision making regarding, e.g.,
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HVAC scheduling and placement of portable air filters (105). Collection and communication
of these data to users of a space can build trust and relieve anxieties about returning to full
occupancy. The use of low-cost sensors provides the opportunity for occupants in the space to be
engaged in data collection, providing a sense of agency regarding COVID-19 safety and indoor
air quality (110).

Filtration

Filtration of indoor air is an additional strategy for reducing aerosol levels in the indoor envi-
ronment. Ventilation and filtration together were shown to reduce surface and aerosol viral loads
from COVID-19 patients in a controlled chamber (40). Filtration is a key element of recirculating
mechanical HVAC systems. After the beginning of the COVID-19 pandemic, ASHRAE specified
that central HVAC filters should be upgraded to Minimum Efficiency Reporting Value (MERV)-
13 or better (111). MERV-13-rated HVAC filters are rated to capture 0.3–1.0-µm particles with
an efficiency of 85% or greater (112), with >90% efficiency at larger sizes (see the section ti-
tled Masks and Figure 3 for additional discussion of air filtration physics). However, filtration
efficiency at 0.3 µm was observed to vary from 61.8% to 95.1% for MERV-13 filters of various
construction (113).

Alternatively, portable air cleaners with filtration are used as a mitigation measure in rooms
with inadequate ventilation. Units consisting of fans and high-efficiency particulate air (HEPA)
filters are readily available in the United States, or improvised units consisting of box fans and
MERV-13 filters may be constructed (114). Owing to the airflow component, these units are rated
by room size, and in a small room they may increase the effective ventilation by up to three air
exchanges per hour. The HEPA standard corresponds to 99.97% or better removal of 0.3-µm
particles. In a randomized control test ofHEPA filters in dormitories, 11–82% reductions in PM2.5

concentrations were observed (115). The reduction of PM2.5 in classrooms with HEPA filtration
has also been demonstrated (116).

Commercially available filtration units often come with accessories such as UV lamps, ioniz-
ers, or PM sensors. Ionizers are generally not recommended for COVID-19 risk-reduction ap-
plications because they can generate gas-phase oxidants, which degrade indoor air quality, lead
to the formation of secondary PM, and potentially harm human health (117–122). Testing of
these units and other electronic air cleaners is not standardized, and more studies are warranted
(117, 118). PM sensors, if they are used in a control loop with the filter, should be bypassed, be-
cause the background level of PM will generally be dominated by sources other than respiratory
aerosols (109). The unit should remain on while the room is occupied (or during short breaks in
occupancy).

Other Interventions

Some NPIs have persisted in recommendations or have otherwise maintained popularity for
reasons that are not supported by scientific evidence. For example, surface disinfection and the
erection of plexiglass barriers were prioritized throughout post-lockdown reopenings, despite
being ineffective against airborne transmission of SARS-CoV-2. Another example is physical dis-
tancing guidelines. Initially 3 ft/1 m, official recommendations in the United States converged in
mid-2020 on 6 ft of physical distance for avoiding the exchange of potentially infective respiratory
droplets and aerosols. The 6-ft recommendation was devised based on observations made in the
mid-twentieth century for the transmission of tuberculosis in hospital environments (123). Six feet
is sufficient to avoid close contact, and the concentration of emitted airborne particles decreases
with distance from the source (40).However, small particles have sufficiently long airborne lifetime
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that they could travel farther than six feet (124), and particles and dropletsmay be forcefully ejected
by a sneeze or cough more than three times that distance (25, 26). The flip side of social distancing
is reduced occupancy, reducing the number of susceptible individuals in range for a spreading
event.However, reduced occupancy, especially in schools, has been amajor source of social disrup-
tion. In the spring of 2020, a study of elementary schools in Massachusetts showed no difference
in rates of transmission among masked children at 3 ft or 6 ft of distance (125), leading many
schools to reduce distancing requirements and return to full capacity. Further studies of this issue
are warranted as new variants become dominant and vaccines become available to the school-aged
population.

OUTLOOK

A preponderance of evidence from epidemiological studies and direct observations points to trans-
mission of SARS-CoV-2 being primarily airborne. An interdisciplinary approach, involving coop-
eration among engineers, epidemiologists, infectious disease specialists, virologists, and clinicians,
has been necessary to respond to and manage the pandemic in the evolving information land-
scape as new scientific and medical information has become available. Further coordination with
the social sciences is also needed to combat misinformation and develop strategies to improve the
adoption of public health interventions.

As we move into a stage in which vaccines are widely available and intensive, short-term
measures for preventing the spread of SARS-CoV-2 are not sustainable, long-term investment
in interventions that contribute to a healthy environment but rely less on personal responsibility,
such as ventilation and filtration, is desirable. Besides reduction in the transmission risk for
SARS-CoV-2 and other pathogens, these interventions will lead to improved indoor air quality,
with health co-benefits.

SUMMARY POINTS

� Epidemiological evidence and direct observations indicate that SARS-CoV-2 is airborne:
It is spread primarily through the inhalation of small respiratory droplets and aerosols.

� A layered approach that includes interventions targeting airborne transmission, such as
masks, ventilation, and air filtration, reduces the risk of SARS-CoV-2 transmission.

� Designing indoor spaces with sufficient ventilation and air filtration will have multiple
co-benefits for indoor air quality and reduced transmission of infectious diseases
(SARS-CoV-2 and others).
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