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SUMMARY Since the beginning of the COVID-19 pandemic, there has been intense
debate over SARS-CoV-2’s mode of transmission and appropriate personal protective
equipment for health care workers in low-risk settings. The objective of this review
is to identify and appraise the available evidence (clinical trials and laboratory stud-
ies on masks and respirators, epidemiological studies, and air sampling studies), clar-
ify key concepts and necessary conditions for airborne transmission, and shed light
on knowledge gaps in the field. We find that, except for aerosol-generating proce-
dures, the overall data in support of airborne transmission—taken in its traditional
definition (long-distance and respirable aerosols)—are weak, based predominantly
on indirect and experimental rather than clinical or epidemiological evidence. Conse-
quently, we propose a revised and broader definition of “airborne,” going beyond
the current droplet and aerosol dichotomy and involving short-range inhalable parti-
cles, supported by data targeting the nose as the main viral receptor site. This new
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model better explains clinical observations, especially in the context of close and
prolonged contacts between health care workers and patients, and reconciles seem-
ingly contradictory data in the SARS-CoV-2 literature. The model also carries impor-
tant implications for personal protective equipment and environmental controls,
such as ventilation, in health care settings. However, further studies, especially clini-
cal trials, are needed to complete the picture.

KEYWORDS bioaerosols, COVID-19, inhalable aerosols, low-risk settings, respiratory
protection, SARS-CoV-2, infection prevention, personal protective equipment,
ventilation

INTRODUCTION

The world is facing a devastating new infectious disease, with only preliminary
scientific data to guide policy. Disagreement with the World Health Organization’s

stance on personal protective equipment (PPE), guideline changes over time (e.g.,
European CDC, France), and inconsistent data on the effectiveness of medical masks
have left health care workers (HCWs) wondering if they are sufficiently protected. The
general consensus is that SARS-CoV-2 predominantly transmits through droplets and
contact (although precise mechanisms for both modes of transmission are yet to be
fully understood), but the airborne debate is still raging. This review attempts to
summarize current cumulative data on SARS-CoV-2’s modes of transmission and iden-
tify gaps in research while offering preliminary answers to the question on everyone’s
mind: is the airborne route significant and should we modify our COVID-19 PPE
recommendations for frontline workers in low-risk settings?

This review starts by investigating the differences between droplets and aerosols
and goes over prerequisites for clinically significant airborne transmission. It then
appraises the evidence in support of the airborne hypothesis: trials and experiments on
masks, epidemiological studies, data on SARS-CoV-1, air sampling findings, and aerosol
studies. The focus is on low-risk health care settings, in the absence of aerosol-
generating procedures (AGPs), with a special look at long-term-care facilities where
major outbreaks occurred. National and international guidelines are compared, and
alternative hypotheses for SARS-CoV-2’s contagiousness are explored, such as pres-
ymptomatic transmission, as well as fomite and fecal routes. Possible mechanisms
behind high HCW infection rates are described, and the limits of the precautionary
principle are addressed. Finally, a revised model of inhalable particles is proposed to
support PPE recommendations and guide future research.

WHAT IS THE DIFFERENCE BETWEEN DROPLET AND AIRBORNE TRANSMISSION?

Determining SARS-CoV-2’s main mode of transmission is essential as it informs
clinical guidelines for patient management, prevention practices, and HCW protection.
While infectious disease precautions in health care settings are transmission-based
(either airborne or droplet), in reality, the distinction is not clear-cut; instead, they are
two ends of a spectrum.

In the literature, respiratory droplets are usually defined as larger particles (diame-
ter � 5 �m) sometimes visible to the human eye, produced during spitting, sneezing,
and coughing. These droplets are thought to be the main mode of transmission of
COVID-19 (1), and they typically travel 1 to 2 m before landing on surrounding surfaces.
However, they may be propelled further in the presence of ventilation (2) or forceful
ejection (e.g., a violent sneeze) (3) and under certain environmental conditions (e.g.,
cool and humid) (4). The SARS-CoV-2 virus is also thought to be transmitted by direct
contact person to person (e.g., exchange of saliva or a handshake) or by indirect contact
through intermediate objects (e.g., sharing of cups, doorknobs). Generally, contact
transmissions occur when contaminated hands are brought to the face and touch
mucous membranes (eyes, nose, and mouth).

The fate of smaller droplets may be desiccation (evaporation of the liquid) and
formation of particles called droplet nuclei, or aerosols, which can contain infec-
tious agents but also secretions, cells, surfactant, and any other product contained
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in the original droplet. Traditionally, aerosols are defined as particles of �5 �m that
can remain airborne for prolonged periods (several minutes or even hours) and
travel long distances with air currents (several meters away). With the potential for
direct entry into the lungs, they are the primary mode of transmission for tuber-
culosis, measles, and varicella. In other communicable diseases, such as influenza,
aerosols are considered opportunistic and play a role that is of variable importance
depending on the context (5).

Conversely, in the field of industrial hygiene, occupational exposure of different
body regions to harmful airborne agents is classified into three overlapping categories,
according to the median size of penetrating particles (6): 100 �m for nose and mouth
(inhalable), 10 �m for trachea and bronchi (thoracic), and 4 �m for alveoli and air
exchange regions (respirable). This aerosol classification was recently reviewed and
elegantly illustrated by Milton (7). In this model, the concept of aerosol inhalability is
defined as the fraction of particles capable of penetrating into the head airways or
below, upon inhalation: it excludes larger droplets with ballistic behavior (since inha-
lation requires suspension in the air) but includes particles that are larger than the
traditional 5-�m definition of aerosols. Throughout our review, this more nuanced
conceptualization of airborne transmission will be explored, and the larger inhalable
aerosols will be contrasted to the smaller respirable aerosols from the classic airborne
model.

Finally, some procedures, such as intubation, are known to generate aerosols, while
others, such as nebulizer therapy, are associated with an uncertain risk of aerosolization
(8). N95s (or similar respiratory protection devices) are unequivocally recommended for
HCWs working in high-risk settings with AGPs, although controversy still remains
around which interventions constitute an AGP. The design protocol for the N95, and
the origin of the name, is based on its efficiency at capturing 95% of the most
penetrating size range (0.3 �m) of respirable aerosols (9). By default, respirators are
therefore capable of blocking the entire spectrum of airborne particles. Medical masks,
on the other hand, are designed to block droplets and do not undergo aerosol-filtering
tests; they are therefore not considered to provide respiratory protection against
airborne transmission. Given that substantial disagreement persists on the importance
of natural aerosol generation by COVID-19 patients, and consequently, the necessary
level of respiratory protection in non-AGP contexts, our review will focus on transmis-
sion and PPE in low-risk health care settings.

WHAT ARE THE PREREQUISITES FOR SIGNIFICANT AIRBORNE TRANSMISSION?

Natural respiratory activities such as breathing, talking, and coughing can generate
a broad range of particle sizes, from submicron aerosols to large droplets (10–14). For
the viral aerosols to constitute a clinically significant risk of airborne infection, three
conditions are required: viral load (the concentration of infectious particles), infectivity
(the ability of a virion to infect a host cell), and tropism (the specificity of a virus for a
particular host cell type or tissue).

Since the amount of SARS-CoV-2 virus required to infect a host is unknown, and
likely varies from one individual to another (preprint article [15]), it is hard to determine
whether typical respiratory activity generates sufficient quantities of infectious aerosols
for airborne transmission. In a light-scattering study, Stadnytskyi et al. estimated that 1
min of loud speaking generated at least 1,000 virion-containing droplet nuclei that
remain airborne for more than 8 min (16). However, the calculations were based on
several theoretical assumptions and data from sputum load was incorrectly applied to
saliva, likely overestimating aerosol viral loads. In this model, the probability that a
hypothetical speech-generated droplet nucleus of 3 �m contains a SARS-CoV-2 virion
is only 0.01%, after aerosolization and desiccation. Furthermore, in a mathematical
modeling study on viral aerosol emissions, an individual with a high viral load was
estimated to emit only modest amounts of virus with regular breathing (1,248 copies/
m3) compared to coughing (7.44 million copies/m3) (17). Accordingly, the authors
conclude that the infectious risk posed by a typical COVID-19 patient is low, especially
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if symptoms are mild, and only a few individuals with high viral load pose a significant
risk. These authors suggest that strict respiratory protection may be needed in the case
of prolonged exposure to high emitters in poorly ventilated closed environments.

Notwithstanding, evidence of aerosol generation during natural respiratory activity
or the presence of viral RNA in the air are not sufficient to prove that the virus remains
infectious once airborne. Not all viruses are equally stable in the air, and further
aerodynamic and environmental factors may inactivate viruses during aerosolization
(18). Therefore, upon detecting SARS-CoV-2 aerosols, infectivity must then be demon-
strated. Evaluation of infectivity is usually done with viral cultures: researchers were
able to culture rhinovirus (19) and influenza (20) from the fine particles emitted
naturally by infected participants, and only recent yet unpublished research has started
to achieve the same for SARS-CoV-2. However, it is important to note that culture
methods vary between viruses and false-negative results due to the low sensitivity of
commonly used SARS-CoV-2 cultures could have possibly underestimated infectivity
from air samples until now. For instance, clinical samples (e.g., nasopharyngeal swabs)
that yield positive cultures typically have low PCR cycle threshold (CT) values of �25
(Samira Mubareka, University of Toronto, unpublished data), while CT values for envi-
ronmental samples (including air samples) are often �35.

Finally, since particles penetrate and deposit in different parts of the respiratory tract
depending on size, knowledge of target locations for infection (e.g., viral tropism) can
hint at typical size range and mode of transmission. SARS-CoV-2’s main entry into host
cells is through ACE2 receptors, which seem to be largely expressed in the nose (21, 22).
Importantly, the highest and most consistent signs of viral infectivity have been
observed for nasal cells, with a gradient along the respiratory tract characterized by a
marked reduction in infectivity in the distal bronchioles and alveoli. This may suggest
that lower airways are not targets for infection and that transmission via respirable
aerosols is not predominant. Interestingly, the typical patchy bilateral pneumonia
found in COVID-19 patients is postulated to be caused by oropharyngeal microaspira-
tions rather than direct viral seeding in the lungs, possibly accounting for the increased
risk with age and comorbidities (22).

WHAT IS THE EVIDENCE FOR AIRBORNE TRANSMISSION OF SARS-CoV-2?

Different types of studies suggest airborne transmission, but their levels of evidence
are variable. In this review, given the focus on health care settings and HCW protection,
studies are appraised according to clinical relevance: hard outcomes (e.g., morbidity)
are markers of higher levels of evidence, while surrogate outcomes (e.g., pathophysi-
ological mechanisms, modeling, and laboratory results) are considered lower levels of
evidence, independent of method or design quality (Table 1).

Trials Comparing Masks and Respirators in Health Care Settings

The term “mask,” as used here, comprises medical masks, surgical masks, procedural
masks, fluid-resistant masks, and face masks worn by HCWs. The term “respirator” is
used interchangeably with N95, which is the equivalent of FFP2 (European standard
filtering facepiece) and KF94 (Korean Filter) respirators.

In the absence of clinical trials on SARS-CoV-2, trials on other viruses with similar
infection patterns (i.e., documented droplet and suspected airborne transmission) are
the best available alternatives. Recent systematic and narrative reviews comparing the
effectiveness of respirators versus masks against common viral respiratory infections
(including coronaviruses and influenza viruses such as H1N1) come to similar conclu-
sions: both devices offer comparable protection in health care settings (23–31).

A few reviews (32–34) favor respirators, on the basis of two randomized controlled
trials (RCTs) conducted by the same lead authors, MacIntyre et al. (Table 2) (35, 36).
Individually and in combination (meta-analysis) (33), these two RCTs report superiority
of continuous N95 use over mask use for a single self-reported outcome: clinical
respiratory illness (CRI), defined as two or more respiratory symptoms or one respiratory
symptom and a systemic symptom. No difference is found for other more rigorous
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outcomes: influenza-like illness (ILI; defined as fever and one respiratory symptom),
laboratory-confirmed viral respiratory infection (LVI), or laboratory-confirmed influenza
(LCI). The difference between the self-reported outcome and the laboratory results
could be explained by detection bias in the absence of participant blinding and
universal testing: higher symptom reporting rates in the medical mask group, rather
than true infection, could have skewed CRI results in favor of respirators. Furthermore,
selection bias is suspected to have occurred during allocation, given the surprisingly
uneven distribution of major confounding variables such as AGPs, age, and handwash-
ing, between the N95 and mask groups.

TABLE 1 Overview of studies and their level of evidence from a clinical perspective

Types of studies Level of evidencea Clinical limitations

Trials comparing masks and respirators in health care settings Moderate Lack of clinical trials
No SARS-CoV-2 trials (extrapolations)
High heterogeneity

Laboratory studies on masks Weak Artificial conditions
Nonstandardization of methods
Lack of clinical/behavioral factors

Epidemiological studies on transmission Weak to moderate Observational data
Incomplete data
Confounding biases

SARS-CoV-1 studies Weak to moderate Lack of clinical trials
High heterogeneity
Differences with SARS-CoV-2

Air and no-touch surface sampling Weak Variety of methods
Confounding biases (e.g., AGPs)
Infectivity often not evaluated

Laboratory generation of aerosols Very weak Artificial conditions
Variety of methods

aThis hierarchy is based on clinical relevance and outcomes, inspired by GRADE (182).

TABLE 2 RCTs comparing masks to respirators during HCWs exposure to respiratory virusesa

Study details Outcomes Limitations

MacIntyre et al., 2011 (36)
1,441 participants
Cluster randomization
23–35% high-risk exposure in N95 group

vs 41% in mask group

Symptom-based PCR swab:
Nonfitted N95s superior to masks for CRI only

(not ILI, LVI, and LCI)
No difference between fitted N95s and masks

Serious baseline imbalances
Nonfitted outperformed fitted N95
Detection bias
Uncertain clinical significance of

primary outcome (CRI)

MacIntyre et al., 2013 (35)
1,669 participants
Cluster randomization
�70% high-risk exposure in both groups

Symptom-based PCR swab:
Continuous but not intermittent N95s

superior to masks for CRI only (not ILI, LVI,
and LCI)

Serious baseline imbalances
Detection bias
Uncertain clinical significance of

primary outcome (CRI)

Loeb et al., 2009 (38)
446 participants
Individual randomization
High-risk exposure in both groups but %

unknown

Symptom-based PCR swab � serology for all:
No difference for LCIb

No difference for ILI, LVI, physician visits, and
work-related absenteeismc

Unknown % high-risk procedures
Study ended prematurely

Radonovich et al., 2019 (37)
2,862 participants
Cluster randomization
59% high-risk exposure in both groups

Symptom-based PCR swab � two random
swabs and serology for all:

No difference for LCIb

No difference for ARI, ILI, LVIc

Outpatient setting only
Underpowered

aARI, acute respiratory illness; CRI, clinical respiratory illness; ILI, influenza-like illness; LCI, laboratory-confirmed influenza; LVI, laboratory-confirmed viral respiratory
infection.

bPrimary outcome.
cSecondary outcomes.
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The other two RCTs (37, 38) included in the reviews had more robust methodologies
and lesser risk of bias (e.g., comparable groups, test results for all participants, and
longer follow-up periods). The studies did not find any significant differences between
respirators and masks for clinical and laboratory outcomes, in both low and high-risk
settings.

A recent systematic review of observational studies suggests that “N95 respirators
might be more strongly associated with protection from viral transmission than surgical
masks” (39). Regrettably, of 10 studies, not a single one directly compared respirators
to masks, and nine of them looked at SARS or MERS rather than SARS-CoV-2. The lone
COVID-19 study only compared N95s to no masks and did not include medical masks
at all (40). The researchers drew their conclusions by comparing the pooled results for
N95 studies with the pooled results for mask studies, obtaining a P value for interaction
by mask type that was borderline significant after partial adjustment. However, the
difference between the two groups was not statistically significant (overlapping con-
fidence intervals) and the very high heterogeneity (I2 � 88%) could have undermined
the validity of the meta-analysis. Also, the presence of AGPs was unknown in 7 of 10
studies: since all the studies were done in a hospital setting where AGPs frequently
occur, and N95s are known to be superior in high-risk settings, failure to adjust for AGPs
will skew the results in favor of N95s. Finally, all 10 studies were observational and many
did not control for important confounding factors, leading the authors themselves to
rate the overall certainty for mask data as low.

Since many trials studied airborne viruses (e.g., influenza) and included exposure to
AGPs, it may seem surprising that the vast majority of reviews, past and present, did not
find respirators to be superior to masks. A possible explanation is that, while not
designed to filter very fine particles, the medical mask might nonetheless be effective
in blocking the low levels of aerosols produced in most health care contexts. A few case
reports seem to support this hypothesis.

For example, in a study of two severely ill COVID-19 patients who were not initially
isolated, contact tracing identified 421 HCWs, of whom only 8 tested positive (41). All
infected HCWs had close and prolonged contact without wearing the mask or ocular
protection and had been present during AGPs. On the other hand, all of the HCWs who
used droplet and contact precautions did not get infected, leading the authors to
conclude that there was no evidence of airborne transmission. Similarly, two studies
reported on 34 and 41 intensive care HCWs exposed to an intubated and mechanically
ventilated COVID-19 patient: 50 and 85% wore surgical masks, respectively, and the
others wore N95s, yet none were infected according to clinical and laboratory-
confirmed results (42, 43). Furthermore, a COVID-19 patient who stayed 35 h in an open
cubicle of a general ward, coughed frequently, and received high-flow oxygen at 8
liters/min, did not infect any of the 71 staff members and 49 patients, of which 7 and
10, respectively, had close contacts wearing either N95s or masks (44). Finally, strict
contact and droplet precautions, as well as the use of masks rather than respirators,
completely prevented nosocomial transmission from three community-infected HCWs
to coworkers and patients in an Italian hospital (45).

As for the effectiveness of medical masks as source control (blocking particles
emitted by infected individuals), clinical trials are scarce (46–48), and they suggest a
reduction of clinical but not laboratory-confirmed viral illnesses. Therefore, we must
turn to lower levels of evidence (e.g., laboratory studies) for further guidance.

Laboratory Studies on Masks

The ability of protection devices to control either source emission (e.g., infected
individuals) or exposure prevention (e.g., HCWs) has been the subject of several
laboratory studies, whose findings are summarized in Table 3. The majority show high
filtration capacity for both masks and respirators. The latter, however, are known to
provide better protection against fine particles (�5 �m) because of a far superior fit
factor. Interestingly, source control with masks may be superior to exposure prevention
by either respirators or masks.
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Although these studies provide relevant information on the theoretical perfor-
mances of protection devices, the experimental generation process and particle sizes
may not resemble natural respiratory activity. Also, many studies suffer from major
limitations and inconsistencies in design: the use of different respiratory viruses with
distinct behaviors, the lack of information on the size distribution of particles tested, the
use of nonstandardized test particles (e.g., in contrast to standard respirator testing
protocols), selection bias for ballistic behavior (petri dish sampling) rather than aerosols
(air sampling), and confounding biases (e.g., fit factor and variable cough intensities).

More importantly, many laboratory studies fail to account for crucial clinical and
behavioral factors. For example, studies have reported lower adherence to N95 respi-
rators compared to medical masks, due to higher rates of adverse events (35, 36, 49).
In one study on the tolerability of respirators in HCWs, the probability of discontinuing
respirator use during an 8-h work shift was around 50 to 70%, despite regular 15- or
30-min breaks every 2 h (50). Other studies show that one of the most challenging steps
in donning and doffing is N95 use, which can result in a higher risk of contamination
(51, 52). In addition, an important, yet overlooked factor is the fitting of the device on
the face (or the degree of leakage of particles around the edges). The fit factor varies
between mask models and is typically very high for respirators, which is probably its
main advantage. However, a poorly fitted respirator could perform no better than a
loosely fitting mask (53). Seals used in some laboratory studies are poor surrogates for
actual fitting on a HCW. Finally, during exposure to COVID-19 patients, HCWs are
instructed to wear ocular protection in addition to masks, and yet very few studies
examine the combined effects of overall PPE. Some experiments have shown that
masks integrated with visors (54) and face shields individually (55) are protective not
only against droplets but also aerosols (but efficiency decreases with exposure time).

Epidemiological Studies on Transmission

The vast majority of epidemiological studies that analyze SARS-CoV-2 outbreak
patterns (case identification, contact tracing, epidemiological curves, and basic repro-
duction number or R0 estimates), undertaken in a variety of contexts, including health
care facilities (41–45), homes (56), churches (57), fitness facilities (58), call centers (59),
airplanes (60), and company conferences and tour groups (61), are in agreement:
contact and droplets were the probable modes of transmission. Rather than long-range
propagation and frequent mass outbreaks typical of airborne patterns, the distribution
of infected individuals was strongly correlated with close encounters and secondary
attack rates were estimated be very low, around 5% (62). Rather than high R0 estimates
typical of airborne viral pathogens such as chickenpox (5 to 11) (63) and measles (6 to
27) (64), community reproduction numbers fell between 2 and 4 (65, 66) and were
easily lowered by droplet and contact precautions (67). Moreover, the WHO’s large-
scale epidemiological analysis of 75,465 COVID-19 patients did not confirm any cases of
long-range airborne transmission (68).

In health care settings, the use of medical masks appears to be sufficiently protective
of HCWs exposed to COVID-19 patients, as mentioned previously. Several epidemio-
logical reports from hospitals around the world even show little or no nosocomial
transmission in the absence of recommended PPE (i.e., no N95s or masks during AGPs
or improper mask use during close contact). Combining the findings of six studies, out
of a cumulative total of 295 HCWs exposed to COVID-19 patients without proper
protection, only 5 HCWs were infected. All five workers either did not wear any mask
or used a mask intermittently during an AGP or prolonged exposure (�60 min) (69–74).
These low levels of transmission from nonisolated COVID-19 patients to nonequipped
HCWs are not suggestive of significant airborne transmission and support the effec-
tiveness of basic PCI measures beyond PPE.

Nonetheless, some epidemiological evidence is compatible with short-range air-
borne transmission. The Washington choir outbreak is known for linking aerosolization
from loud vocalization (i.e., singing) to rapid spread; however, the index case was
symptomatic rather than asymptomatic as reported by the media (75), and multiple
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opportunities for droplet or fomite transmission were revealed in the published inves-
tigation (76). In turn, the well-known outbreak at the Guangzhou restaurant has been
the subject of controversy: based on epidemiological data, one research team deter-
mined that droplets, expelled further than usual by air conditioning, were the probable
source of transmission from an index patient to two neighboring tables (2); a second
team, based on computer modeling and a tracer gas (a surrogate for exhaled particles),
ruled in favor of airborne transmission (preprint article [77]). Moreover, a recently
published study analyzed an outbreak involving two groups who rode separate buses
to attend a 128-participant worship event (78). While no transmission occurred on bus
1, 23 passengers on bus 2 were infected, some of whom were sitting up to 5 m away
from the index case. Seven other participants who did not ride on the buses were
infected, all of whom reported close contact with the index case during the outdoor
event. Since proximity to source was not correlated with infection risk in the bus, but
window and door seats seemed to be protective, the researchers hypothesized that bus
2’s closed environment and air recirculation enabled airborne transmission to occur.

Furthermore, the widely studied Diamond Princess cruise ship outbreak is still up for
debate. Based on epidemiological data showing exclusive in-room transmission follow-
ing imposed quarantine, as well as no correlation between infection patterns and
central ventilation system, one research team concluded that close contacts and
fomites were the main transmission routes (preprint article [79]). In support of this view,
an environmental study failed to detect any virus in air samples despite widespread
positive surface sampling; however, passengers had disembarked at the time of sam-
pling (80). Conversely, a modelization study simulating the cruise ship outbreak found
that the epidemic models which best predicted the empirical data suggested predom-
inant short-range and long-range airborne transmission (preprint article [81]).

Finally, two studies (82, 83) analyzed the impacts of public health policies on the
epidemiological curves of highly impacted regions: the first compared Wuhan, Italy,
and New York City (NYC) while the second compared 15 U.S. states. According to the
authors, mask-wearing but not social distancing (quarantine, stay-at-home, and lock-
down) policies were effective in curtailing COVID-19 outbreaks, suggesting that the
main route of transmission is airborne rather than contact and droplets. However, the
studies have come under criticism for not accounting for major confounding biases,
such as differences between the three regions in terms of timing of lockdown (at
�9,000 confirmed cases in Italy and NYC [84, 85] compared to 495 confirmed cases in
Wuhan [86]), public health policy (e.g., contact tracing efficiency, testing criteria, and
access), and population demographics (87). In addition, using the date of government-
mandated mask-wearing as the start point for regression slopes is misleading, since the
impacts of any new policy on epidemiological curves are delayed and nonlinear,
especially given uneven compliance to mask-wearing, typically around 50% in the
United States. (88), but variable between states, compared to over 95% in Asia (89). If
we further scrutinize NYC (as well as other states), it appears that the number of daily
new cases, hospital admissions, and deaths started to fall before the mask-wearing
order (84), thus warranting an alternative explanation for the decline, such as an
increasing proportion of immune individuals or the adoption of more aggressive
testing. Moreover, researchers could not explain why certain states managed to control
their outbreaks without mask-wearing policies and others did not show a decline in
new or cumulated cases after facemask adoption.

Beyond the airborne versus droplet debate, there is consensus among epidemiol-
ogists: prolonged short-range exposure is the main risk factor. Interestingly, the revised
airborne model presented in the Conclusions: Proposed Model (below), involving
inhalable aerosols, can accurately explain epidemiological observations as well as the
dynamics of several contentious outbreaks.

SARS-CoV-1 Studies

Despite some caveats, SARS-CoV-1 studies may be useful to understand SARS-CoV-2,
given that they share around 80% of their genomic sequence (66). A well-studied
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outbreak at Amoy Gardens in Hong Kong, a high-rise housing estate where �300
tenants were confirmed infected despite little contact between them, was studied by
different teams (90, 91). The majority agree on airborne transmission of SARS-CoV-1,
originating from the aerosolization of feces and urine through hydraulic action (i.e.,
toilet flushing) of an index patient who presented with diarrhea and high viral load in
excrements. This particular outbreak involved primarily environmental and engineering
factors such as unsealed floor drain traps, bathroom fans causing negative pressure,
bathroom fixtures contributing to drain overload or backflow, and the specific config-
uration of the exhaust system, which contributed to drawing aerosolized sewer drop-
lets from the plumbing system back into the bathrooms and spreading them through-
out the building (92). The involvement of respiratory aerosols was not hypothesized.

More relevant to health care settings is a Hong Kong hospital outbreak study on
medical students exposed to an index SARS patient: proximity with the patient was the
main risk factor, but the duration of contact did not appear to be associated with
transmission. The researchers conclude that the mode of transmission was probably
through droplets and contact, but airborne transmission could not be excluded,
especially given the presence of a potential AGP (30-min nebulizer therapy four times
a day) (93). Furthermore, in a Canadian study, air samples were collected from 15 SARS
patient rooms in low-risk and high-risk settings, as well as four adjacent nursing support
areas: 2 of the 40 wet air samples and none of the 28 dry air samples were PCR positive
(94). The two positive samples were both from the room of a single recovering SARS
patient where AGPs did not appear to be performed. Subsequent viral culture; how-
ever, turned out negative.

As for protection devices, a case-control study in five Hong Kong hospitals showed
no difference in infection rates between HCWs wearing a mask or a respirator, when
exposed to SARS patients (95). Other observational studies (96–98) done in high-risk
settings (including AGPs) suggest possible N95 superiority, but the studies either did
not adequately compare the two equipment types or did not obtain statistically
significant results.

Other lower levels of evidence for SARS-CoV-1 come to similar conclusions regard-
ing PPE. No nosocomial transmission was found in HCWs from eight U.S. hospitals,
despite several of them not wearing any masks and 5% of them being exposed to AGPs
(99). Furthermore, no nosocomial transmission was found in Vietnamese HCWs exposed
for 3 weeks to hospitalized cases, wearing only medical masks (100).

However, given the differences between SARS-CoV-1 and SARS-CoV-2 (e.g., peak
viral load, asymptomatic transmission rates, and mortality rates), direct extrapolations
from one virus to the other must be made with caution. Similarly to the current
pandemic, the significance of airborne transmission for the previous SARS remains
uncertain to this day, as the prerequisites (viral load, infectivity, and tropism) are not
clearly met. Unfortunately, SARS-CoV-1 seems to suffer from the same lack of rigorous
clinical trials as its contemporary cousin.

Air and No-Touch Surface Sampling

Data from air and no-touch surface sampling studies (Tables 4 and 5) conducted in
COVID-19 patient rooms and health care facilities are often cited to support airborne
transmission. Unfortunately, interstudy comparisons are complicated by the diversity of
methodological approaches. For instance, positive air samples correlate with patient
features (e.g., viral load and symptom intensity and duration), ventilation parameters,
and cleaning procedures, but these elements are not always mentioned or detailed.
Moreover, large variations are reported in terms of total volume of air collected (�100
liters to up to 10,000 liters), flow rates (3.5 to 300 liters/min), sampling duration, and
technique (gelatin versus polycarbonate filtration, dry cyclonic sampling versus con-
densation sampling). Furthermore, the sampling of no-touch surfaces, defined as areas
typically out of reach of human contact or droplets and therefore assumed to be
contaminated by aerosols only, is often poorly described and not always comparable to
air samples. Given that each design is associated with its own set of advantages and
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limitations (e.g., longer duration of air sampling may increase detection probability but
decrease infectivity), there is no easy conclusion to be drawn when comparing studies.

The majority of published and unpublished studies detected viral RNA in the air and
on no-touch surfaces (Table 4), but some did not (Table 5). Unfortunately, few positive
studies included viral cultures. The main limitations of these studies were the lack of
information on particle sizes and concentrations, unknown or suboptimal air sampler
location, unknown time interval between aerosol production and collection (air or
surface), and possible false negatives (e.g., negative pressure, open windows, and
insufficient sampling volume or duration). For the studies that calculated viral concen-
trations from the environmental samples, various protocols, target genes (e.g., ORF1ab/
RdRp, E, N, and S), and chemistry detection technology, should caution against direct
comparisons.

Most studies were carried out in both low- and high-risk areas, and frequently in
intensive care units (ICUs) where AGPs commonly occur and ventilation is optimized.
Many studies, however, did not specify the general risk level and did not indicate if
AGPs were carried out during sampling. Therefore, positive air and no-touch surface
samples could not be clearly associated with an emission source (i.e., natural aerosol-
ization versus AGPs) or risk factors (e.g., ventilation rate). This makes the results hard to
generalize to most low-risk health care settings, such as long-term-care facilities.
Negative results from air sampling studies in home and commercial settings (80, 101),
in the definite absence of AGPs, also add to the uncertainty. It is worth noting that
when researchers modelized aerosol emission during normal breathing, the observed
concentrations of airborne particles were low, frequently under the detection limit for
most air sampling approaches (102). This could explain the negative results of many
studies (Table 5).

Nonetheless, air and no-touch surface sampling studies support the presence of
natural and/or intervention-generated aerosols in COVID-19 health care facilities. How-
ever, the infectivity of these aerosols and their significance as a transmission route,
beyond the mere detection of viral particles, remain uncertain. Indeed, a better
understanding of viral resistance to airborne stress is key to estimating infectious risk.
Three published studies (103–105) included viral cultures from air samples, all of which
were negative; however, the Santarpia et al. study (103) observed indirect signs of viral
replication in two of their samples, including a mild cytopathic effect upon microscopic
inspection after 3 to 4 days. On the other hand, in two unpublished studies, Santarpia

TABLE 5 Negative SARS-CoV-2 air sampling studies in health care settingsa

Study settings Design
Proportion of
positive samples Strengths (�) and limitations (�)

Cheng et al., 2020 (145)
Hong Kong
Low- and high-risk (including ICU)

6 pts in AIIR
Air sampling: 50 liters/min for 20 min

(1,000 liters), 10 cm from pts’ chin
under an umbrella (air shelter)

Air: 0/6 (�) Increased proportion of exhaled air sampled
under the umbrella

(�) Sampling with and without mask-wearing
(�) Detailed clinical data on pts

Faridi et al., 2020 (200)
Iran
Mostly high-risk (ICU)

44 hospitalized pts
Air sampling: 1.5 liters/min for 1 h

(90 liters) in shared pt rooms

Air: 0/10 (�) Detailed information on environment and
interventions

(�) Lack of clinical data on individual pts
(�) Small volume of air sampled

Li et al., 2020 (201)
Wuhan, China
Low- and high-risk (including ICU)

Designated COVID-19 hospital with
800 severe cases (20 in ICU)

Air sampling: 80 liters/min for 30 min
(2,400 liters) in 45 areas (low,
medium, and high risk)

Air: 0/135 (�) Three replicate samples at each location on
separate days

(�) 4-time-daily air disinfection (false negative)
(�) Qualitative reverse transcriptase PCR

Wu et al., 2020 (147)
Wuhan, China
Low- and high-risk (including ICU)

Designated COVID-19 hospital
Sampling in moderate-risk (buffer

room for doffing) and high-risk (pt
room) areas

Air: 0/44 (�) No description of pts
(�) Unknown air sampling method
(�) Open windows and UV light disinfection

(potential false negatives)
aAIIR, airborne infection isolation rooms; ICU, intensive care unit; pt(s), patient(s); Sx, symptom(s).
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et al. (106) and Lednicky et al. (107) succeeded in obtaining positive cultures. The
former used innovative methods such as detection of viral RNA in supernatant and
Western blotting to yield interesting results. However, data scrutiny is impeded by the
absence of CT values in the manuscript. In turn, the latter study would benefit from a
thorough peer review process given that its methodology is not clearly detailed, and
total and culturable viral counts seem implausible, since they are orders of magnitude
higher than previously reported in the literature. The use of a condensation-based air
sampler could perhaps explain the unusual results.

The fact that few research teams have attempted to culture the virus, and many of
those who have did not succeed, could imply that SARS-CoV-2 aerosols are scarce or
weakly infectious. However, multiple other factors could be at play. Viral cultures must
be done in biosafety level 3 facilities and are therefore not easily accessible to some
research teams. Even when culturing is possible, viral shedding dynamics may be
unpredictable or intermittent, leading to failed detection within the time frame of air
sampling (108). Furthermore, the sampling process of aerosols, in itself, may induce
substantial damage to viruses and alter their integrity and, consequently, their infec-
tivity (109). Finally, current culture techniques may not be optimal for the low viral
concentration found in air samples. Increased sensitivity could be achieved with a
bioassay or alternative methods such as electron microscopy, detection of viral pro-
teins, and RT-qPCR in culture lysis and supernatants (106).

Laboratory Generation of Aerosols

Lastly, studies involving the in vitro generation of SARS-CoV-2 aerosols with Jet
Collison nebulizers have been widely cited in support of airborne transmission. Using
this method, the well-known van Doremalen et al. letter measured infectious titers per
liter of air in a simulated aerosolized environment and showed stability of the SARS-
CoV-2 virus in aerosols for up to 3 h, with a half-life of 1.2 h (110). Another similar study
made headlines because the aerosols produced were stable for up to 16 h (111).

As with all in vitro models for bioaerosols, while they provide precious information
on virus properties in aerosol state, including relative stability (which seems to be high)
and comparative viral behavior, it is uncertain whether the mechanically produced
SARS-CoV-2 aerosols exhibit the same properties as naturally generated ones. There-
fore, such experimental studies are generally considered of low applicability to clinical
settings.

ARE LONG-TERM CARE FACILITY OUTBREAKS PROOF OF AIRBORNE
TRANSMISSION?

Tragic outbreaks in long-term-care facilities (LTCs) have plagued many countries in
Europe (112) and North America (113), with astonishing death tolls. Some facilities
report 100% resident infection rates, high HCW infection rates, as well as faulty
ventilation systems (114), triggering intense debate over potential airborne transmis-
sion.

While aerosols could have contributed in cases involving inadequate ventilation
(115), other explanations are also conceivable. Some have justified the devastating
statistics by pointing to higher viral loads (116) or longer infection periods (117) in the
elderly, two phenomena likely attributable to the weakening of the immune system
with age. Notwithstanding, LTCs are fundamentally vulnerable to COVID-19 because of
an array of predisposing risk factors (118, 119).

Unlike the general adult population, COVID-infected residents in LTCs are not always
capable of communicating their symptoms and frequently have atypical clinical pre-
sentations, such as diarrhea, delirium, or falls (120). On the other hand, between 50 and
75% (121, 122) of them are asymptomatic or presymptomatic at the time of their
positive test. These geriatric features complicate and delay case detection. The typical
patient profile also leads to poor compliance with infection prevention and control
(IPC) practices: most residents have neurocognitive disorders and behavioral symp-
toms, but some also have mental health disorders or intellectual disability, which
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means isolation, mask-wearing, and hand hygiene are often impossible. Rates of
resident noncompliance can reach almost 100% in certain special care units (e.g.,
wandering ward). Moreover, a majority of residents with severe loss of functional
autonomy requiring several hours of proximity care per day (e.g., personal hygiene and
bath, urinary and bowel elimination, feeding, and medication administration), means
close and sustained contact between HCWs and infected patients (without source
control for the most part) and consequently, higher infection risk on both sides (123).

Structural and administrative impediments also come into play. Some LTCs have
high bed occupancy rates and tight physical spaces (e.g., shared bedrooms and
bathrooms), where distancing becomes a challenge and cross-contamination an inev-
itability (124). With high population density and limited space, it is very difficult to
efficiently segregate patients into zones according to infectious status, leading to
mixed units and high infection rates. Moreover, some facilities have defective ventila-
tion systems (115), while others have no mechanical ventilation at all, and must rely on
opening windows for air exchange. Most importantly, many already understaffed LTCs
were hard hit by pandemic-related absenteeism and had to resort to mobilizing staff
between units and facilities or calling on lesser-trained external staff to fill in; this
element exaggerated all the other risk factors because it hindered the detection and
isolation of suspected cases, the deployment of COVID-19 units with dedicated staff,
the optimal application of IPC practices, and the overall quality of care (125).

Unfortunately, despite LTCs being at the epicenter of many regions’ epidemic, data
are still lacking. Studies on transmission modes specific to this geriatric subgroup,
where various clinical, administrative, and environmental factors intersect, would be
very revealing.

ARE THERE DISPARITIES BETWEEN DIFFERENT NATIONAL AND INTERNATIONAL
COVID-19 GUIDELINES?

Most authorities agree with the WHO recommendations for droplet and contact
precautions with COVID-19 patients. In the United Kingdom (126), Canada (127), France
(128), Switzerland (30), Spain (129), Portugal (130), and Australia (131), medical masks
are indicated in most situations and respirators are required only in high-risk settings
involving AGPs. Recently, the WHO has acknowledged that “short-range aerosol trans-
mission, particularly in specific indoor locations, such as crowded and inadequately
ventilated spaces over a prolonged period of time with infected persons cannot be
ruled out” but specifies that the significance of COVID-19 airborne transmission has not
been convincingly demonstrated and requires further research (1).

While the European Society of Intensive Care Medicine and Society of Critical Care
Medicine (132) is also in line with WHO PPE recommendations, the European Centre for
Disease Prevention and Control began by recommending respirators at all times, but
backtracked in recent updates and now states that both equipment types are appro-
priate outside of AGPs (133), in agreeance with the Infectious Diseases Society of
America (IDSA) (134). On the other hand, the United States (135), South Korea (29),
Singapore (136), and China (137) recommend respirators for routine care. The U.S. CDC
states that HCWs should wear an N95, but a facemask is a suitable alternative if a
respirator is not available.

In summary, most Western countries have adopted similar guidelines in line with
WHO recommendations, but comparisons with countries in other parts of the world
were not possible due to language barriers.

HOW DO WE EXPLAIN THAT SARS-CoV-2 SPREADS SO EASILY?

Surprising attack rates have been reported. Possible explanations include the high
presymptomatic contagion of certain individuals (138), as well as the many asymptom-
atic or paucisymptomatic cases (139) who seem to have similar viral loads to their
symptomatic counterparts (140). Furthermore, unlike SARS-CoV-1 which reached peak
viral load (and therefore contagion) at day 7 to 10 from the start of symptoms (141),
viral load seems to peak right before the advent of symptoms (108). Given these data,
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certain researchers estimate that 44% of transmission happens in the presymptomatic
phase (108). Finally, nasopharyngeal viral load appears to be much (up to 1,000 times)
higher than that of the first SARS (142). We are therefore faced with a very contagious
virus that can silently infect a large number of people.

Moreover, another possible mode of transmission that remains to be elucidated is
through fomites. Few studies look at SARS-CoV-2 survival on surfaces. A widely cited
experiment showed that the virus could subsist between 4 h (on copper) and 72 h (on
plastic) (110). However, the study took place under experimental conditions (laboratory
surface inoculation, at a stable temperature of 21 to 23°C) which do not represent
droplet deposition on surfaces in clinical contexts nor the variations of typical indoor
environments. Nonetheless, the potentially prolonged stability of coronaviruses on
surfaces (143), as well as the extensive environmental contamination reported by many
surface sample studies in health care settings (108, 144–147), needs to be confirmed by
future research, including viral cultures for infectivity.

Possible fecal transmission is also worth considering. A significant proportion of
patients declare gastrointestinal symptoms before respiratory symptoms, and it is even
a predominant form of presentation in some individuals (148). In addition, severe
COVID-19 cases appear to have more gastrointestinal symptoms than mild or moderate
cases (149). A meta-analysis of over 4,000 patients reported 48% PCR-positive stool
samples, of which 70% remained positive even after nasopharyngeal PCR had turned
negative (150). Endoscopic studies also found RNA in the esophagi, stomachs, duodena,
and recta of patients with severe gastrointestinal symptoms (151). Finally, two studies
showed the toilet was among the most contaminated areas in indoor settings (152,
153): interestingly, the patient who’s toilet air sample was positive had a negative
exhaled breath sample, warranting the consideration that detectable airborne SARS-
CoV-2 could originate from fecal rather than respiratory aerosols. As with air, a limited
number of studies have been able to culture infectious viruses from stools (154, 155),
supporting infectivity. In theory, fecal transmission could occur through different
routes, including contact (e.g., while changing incontinence briefs), short-range aero-
solization (i.e., inhalation), or long-range aerosolization due to toilet flushing (156). The
latter was well established in the SARS-CoV-1 Amoy Gardens outbreak and was recently
considered the main mode of transmission in a SARS-CoV-2 outbreak involving a
high-rise building in China, where the nine infected cases lived in three vertically
aligned flats connected by drainage pipes in the master bathrooms (157).

HOW DO WE EXPLAIN THE HIGH INFECTION RATE AMONG HCWs, DESPITE
ADEQUATE PPE?

HCWs constitute a high-risk population for infection (158). However, the contribu-
tion of nosocomial transmission was perhaps overestimated at the beginning of the
pandemic, since recent genome-sequencing studies have highlighted the importance
of community-acquired infection among HCWs (159). For instance, with epidemiolog-
ical and genomic data on 50 HCWs and 10 patients at hospitals in the Netherlands,
researchers linked these infections with three different clusters, two of which showed
local circulation in the community (160). Within each cluster, “identical or near-identical
sequences in health care workers at the same hospital, and between patients and
health care workers at the same hospital, were found, but no consistent link was noted
among health care workers on the same ward or between health care workers and
patients on the same ward.” The authors therefore concluded that the patterns
observed were consistent with multiple introductions into the hospitals through
community-acquired infections. Similarly, studies are pointing to community transmis-
sion dynamics and public policies (e.g., universal mask-wearing) as the main drivers of
HCWs infection (161–163).

Nonetheless, given that HCWs can both infect patients and get infected from
patients, workplace practices deserve a closer look. In the presence of a contagious
virus and extensive environmental contamination in health care settings, any breach in
protection, as small as it may be, can lead to infection. HCWs who work regularly with
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COVID-19 patients, especially those in close contact (e.g., patient attendants, nurse
aides) can hardly maintain constant and perfect compliance with IPC practices. Besides,
risk exposure not only occurs with patients during PPE violations but also with other
staff members in shared areas without PPE (e.g., cafeterias and changing rooms).

Unfortunately, few studies looked at PPE compliance during the COVID-19 pan-
demic: one study reported very poor adherence to mask recommendations due to lack
of use (almost 30%) or improper use (164). Before the pandemic, cornerstone practices
such as hand hygiene were already poorly applied according to several studies in a
variety of hospital departments (including ICUs) across different countries (165–167). A
drastic change in a short lapse of time appears improbable, especially in long-term-care
facilities where the culture and philosophy are one of “home setting” rather than health
care setting. Moreover, HCWs appear to have a false perception of their own compli-
ance with hygiene practices: a MERS-CoV study showed an absence of correlation
between staff’s self-assessment and their observed behavior (168). The researchers
mention that most HCWs understood the importance of hand hygiene but did not
consistently apply it.

Even so, proper PPE use does not only depend on individual compliance and
technique; it is a multidimensional issue with organizational, systemic, and political
ramifications (169). More importantly, PPE is neither the only nor the best way to
protect HCWs. In fact, when it comes to protection from occupational hazards, PPE is
the last and least effective measure in the NIOSH hierarchy of controls (170) (see Fig.
1B). For the current pandemic and future ones, our priority should therefore be
elimination strategies (e.g., decreasing bed occupancy rates, source control), engineer-
ing controls (e.g., segregated red zones and proper ventilation), and administrative
controls (e.g., dedicated staff, adequate training, and strict enforcement of IPC regula-
tions), ending with PPE (29). Unfortunately, we have seen, around the globe, many
health care systems fail to meet the structural, human, and material challenges brought
on by COVID-19, and some HCWs have paid the price for our collective unpreparedness.

One final potential source for HCW infection could be the combination of risk factors
for aerosol accumulation in certain exceptional circumstances, such as an overcrowded
and underventilated long-term-care facility (115), or makeshift hospitals such as we
have seen built around the world (171). While the vast majority of home and hospital
environments are probably safe (172), some care homes are located in old substandard
infrastructure which relies on natural ventilation and does not allow for optimization of
air exchange. It is plausible that under these specific conditions, normally minimal
levels of infectious respirable aerosols could reach a threshold where classic airborne
transmission becomes significant. While we wait for future research to confirm this
scenario, we must strive to control what we can, eliminating physical, environmental,
and administrative risk factors to protect frontline workers (173).

IN THE FACE OF UNCERTAINTY, SHOULD WE APPLY THE PRECAUTIONARY
PRINCIPLE?

Drawing the line between precaution and excess is a fundamentally subjective
process. Many experts agree that current droplet and contact precautions are adequate
in low-risk settings. However, some prefer to exercise precaution by recommending
respiratory protection with critically ill patients (e.g., severe desaturation or tachypnea),
arguing that these clinical features predict progression to AGPs such as intubation
(174). Others consider that the minimum precautionary practice is universal N95 use.
Finally, some argue that only drastic measures such as full head hoods and full-body
suits, often seen in China, are sufficiently protective.

In the presence of diverging opinions on the definition of so-called precaution, it
seems reasonable to use an evidence-based approach to PPE recommendations. The
bulk of evidence, until now, indicates that the medical mask is protective in low-risk
settings and the respirator is required only for AGPs, although higher levels of evidence
in the future may tip the balance the other way. Long-term care facilities, where the risk
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level may at times be considered high despite the absence of AGPs, deserve special
attention from researchers.

Lastly, one could argue that our collective but rather limited energy, time, and
resources should be invested in the most impactful areas: proven practices that achieve
broad consensus and transmission routes that appear to be predominant. For SARS-
CoV-2, long-winded debates on the gray zones and the applicability of the precaution-
ary principle sometimes distract from crucial measures, such as hand hygiene, source
control, and optimal ventilation (175), which are uncontroversial and highly effective,
yet still unevenly applied in some settings such as long-term-care facilities. We are in
favor of a return to core IPC principles, which should dominate the scientific conver-
sation around COVID-19 management.

Beyond the alarming statistics, several success stories around the world prove that
much can be achieved quickly and efficiently with basic yet effective practices (45,
176–178), without the need to resort to elaborate theories or equipment.

DISCUSSION

This article is an in-depth literature overview attempting to answer frequently asked
questions about droplet and airborne transmission. Although not a systematic review,
it goes deeper than current narrative reviews and has important implications for IPC
practices, HCW protection, and future research.

However, there are several limitations. The first is the controversial distinction
between droplets and aerosols, still commonly used in much of the scientific literature,
although deemed arbitrary and inaccurate by many experts. Natural generation of
particles belonging to a broad range of size, containing various concentrations of
infectious agents, is probably concurrent rather than mutually exclusive, and transmis-
sion patterns are likely on a continuum rather than dichotomous. Our proposed model
addresses this issue. Going forward, we are in favor of adapting public health policies
and PPE recommendations to include a broader industrial hygiene-inspired definition
of aerosols, as presented above, in order to lessen confusion and better represent the
nuanced and complex reality of SARS-CoV-2 transmission.

The second major limitation is the lack of clinical studies on SARS-CoV-2 transmis-
sion and PPE effectiveness, meaning that many conclusions are drawn from lower levels
of evidence, extrapolations from other viruses, and laboratory and experimental stud-
ies. The available literature, however, is mostly consistent: while airborne transmission
exists under certain conditions, there is limited direct evidence of it, especially in
low-risk health care settings. Given the very high viral load typical of SARS-CoV-2
infections, it is surprising that, after several months of pandemic, many air samples turn
out negative or weakly positive, and subsequent positive cultures remain scarce. This
may be attributed to the many logistical and technical limitations associated with air
sampling and viral cultures, as mentioned previously, which could underestimate
airborne infectivity. We must therefore rely primarily on clinical evidence (trials on
masks and epidemiological studies) to study transmission; for now, it suggests that the
classic airborne route is not significant. A broader airborne model, involving the
short-range inhalation route, could better explain current observations.

Third, only a few national and international guidelines are compared because of the
lack of translated documents. A thorough search of guidelines from comparable
countries across different continents would allow for an unbiased comparison but is
very challenging in practice.

CONCLUSIONS: PROPOSED MODEL

While impatiently waiting for future studies, especially clinical trials, to dispel
remaining uncertainties and provide definitive answers to the questions raised here, we
would like to propose a revised model for SARS-CoV-2 transmission, involving inhalable
aerosols and favorable conditions for airborne transmission (Fig. 1).

The premises of this model are based on cumulative data and clinical observations.
In light of the positive air and no-touch surface samples found in health care facilities,
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respiratory SARS-CoV-2 aerosols probably occur, but many of their attributes are yet
unknown; studies thus far seem to suggest these aerosols are short-range and dilute
with distance (102, 103, 144). Similarly, epidemiological studies do not support the
existence of long-distance aerosol propagation: the four outbreaks most often cited as
evidence of airborne transmission (the Washington choir, the Guangzhou restaurant,
the Eastern Chinese bus riders, and the Diamond Princess cruise ship) all involved
individuals who were in relatively close contact for a prolonged period of time, in an
enclosed space, with the presence of enabling factors (e.g., crowdedness, air currents,
and poor ventilation). Indeed, these conditions seem necessary for respiratory airborne
transmission to occur. Fecal aerosols, on the other hand, may be more common due to
toilet flushing, but further studies are needed to clarify their role and distinguish them
from respiratory aerosols.

FIG 1 A broader airborne model involving inhalable aerosols for SARS-CoV-2 transmission in low-risk health care
settings. (A) Worst-case scenario: no protection on either the sick patient (source) or the health care worker
(exposure), emission of particles of various sizes (droplets and aerosols) during natural respiratory activity
(breathing, talking, and coughing), entry of infectious inhalable aerosols, and impaction in the nose where viral
receptors are abundant and infectivity is greatest. (B) Best-case scenario and NIOSH hierarchy of controls: source
control (mask-wearing by the sick patient), engineering control (optimal ventilation), and exposure control
(droplet-contact PPE worn by the health care worker) to prevent short-range droplet and inhalable aerosol
transmission.

SARS-CoV-2 and Health Care Worker Protection Clinical Microbiology Reviews

January 2021 Volume 34 Issue 1 e00184-20 cmr.asm.org 21

https://cmr.asm.org


Moreover, to solve the mystery of particle size, we must first acknowledge that
airborne transmission is not exclusive to small aerosols: some larger particles typically
classified as droplets may remain airborne, especially if suboptimal airflows contribute
to their preservation in suspension and reduce their dilution (179). Thus, inhalable
aerosols are the ideal candidate to explain current findings, because they exhibit
shorter travel distance and air suspension time than respirable aerosols while having
greater potential for infection because of their higher probability of containing virions
(16). Furthermore, because inhalable aerosols are larger, they are more likely to deposit
proximally in upper airways compared to respirable aerosols (180), which is in line with
the robust data suggesting that nasal cells are the main portal for initial infection, with
a gradient of infectivity from the proximal (nose) to the distal (lungs) respiratory tract
(21, 22).

Therefore, transmission of short-range airborne and inhalable aerosols could
explain the seemingly contradictory finding that there are viruses in the air and
transmission between individuals without contact, but lack of convincing clinical
evidence of classic airborne transmission (i.e., long-distance ranges and superiority
of respirators). This size range could exhibit behaviors typical of both droplets and
aerosols: higher viral load, airborne behavior, inhalation, and deposition in the nose.
Despite relatively shorter suspension time, inhalable aerosols become especially
significant in the case of prolonged exposure and close proximity. In addition, they
are less likely to follow air streams through leaks in the nonfitted mask, nor make
it down to alveolar space, because of larger size, but rather will remain in nasal cells
due to natural impaction processes. Consequently, tight seals and superior filtration
would not be required in most low-risk settings, as masks (with the help of face
shields) could readily block these airborne particles. However, different categories
of HCWs may not be exposed to the same level of risk: an attendant who spends an
hour feeding, bathing and positioning a patient will be at much higher risk of
inhaling aerosols compared to a doctor who questions and examines a patient for
10 min. Finally, ventilation parameters (air exchange rate, flow direction, and airflow
patterns) would play a role, since they could contribute to enhancing or reducing
airborne suspension and transmission (181).

This model is difficult to assess given the short-range distance and the short
airborne stability, as well as the alteration of particle size during most air sampling
processes (desiccation and impaction in liquid). However, we believe this novel para-
digm, which departs from the outdated aerosol/droplet dichotomy, more accurately
portrays the reality of naturally generated viral particles and the nuances in transmis-
sion patterns. Broadening the “airborne” definition to inhalable aerosol exposure in the
context of proximity care, and considering inhalation as a significant route of entry for
the SARS-CoV-2 virus, could open up new paths of exploration.

In summary, traditional droplets (larger particles with ballistic behavior that deposit
onto surfaces), as well as our newly defined inhalable aerosols (particles that can be
suspended, breathed in, and impacted at the nose, at the location of highest infectiv-
ity), could be the predominant modes of transmission of SARS-CoV-2. Classic respirable
aerosols, even if present, seem unlikely to be significant in routine health care contexts,
possibly due to insufficient quantity, inactivation during aerosolization or shortly after,
inability to colonize lower airways, and/or adequate blockage by masks (especially in
combination with face shields). In the light of this revised model and the cumulative
data analyzed in this review, in line with several major countries’ guidelines, current
droplet and contact precautions appear to adequately protect HCWs in most non-AGP
settings, with perhaps the exception of proximity caretakers in poorly ventilated
settings. Nonetheless, since the health and lives of HCWs depend on our better
understanding of SARS-CoV-2, further investigation into all possible routes of transmis-
sion—whether airborne, fomite, or fecal—is warranted, especially in settings where
they could synergistically contribute to outbreaks (e.g., long-term-care facilities).
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