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Abstract. The SARS-CoV-2 virus is highly contagious,
as demonstrated by numerous well-documented
superspreading events. The infection commonly
starts in the upper respiratory tract (URT) but can
migrate to the lower respiratory tract (LRT) and
other organs, often with severe consequences.
Whereas LRT infection can lead to shedding of
virus via breath and cough droplets, URT infection
enables shedding via abundant speech droplets.
Their viral load can be high in carriers with mild or
no symptoms, an observation linked to the abun-
dance of SARS-CoV-2-susceptible cells in the oral
cavity epithelium. Expelled droplets rapidly lose
water through evaporation, with the smaller ones
transforming into long-lived aerosol. Although the
largest speech droplets can carry more virions, they
are few in number, fall to the ground rapidly and

therefore play a relatively minor role in transmis-
sion. Of more concern is small speech aerosol,
which can descend deep into the LRT and cause
severe disease. However, since their total volume is
small, the amount of virus they carry is low.
Nevertheless, in closed environments with inade-
quate ventilation, they can accumulate, which
elevates the risk of direct LRT infection. Of most
concern is the large fraction of speech aerosol that
is intermediate-sized because it remains suspended
in air for minutes and can be transported over
considerable distances by convective air currents.
The abundance of this speech-generated aerosol,
combined with its high viral load in pre- and
asymptomatic individuals, strongly implicates air-
borne transmission of SARS-CoV-2 through speech
as the primary contributor to its rapid spread.

Keywords: aerosol, airborne transmission, infectious
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events.

Introduction

The coronavirus disease 2019 (COVID-19) pan-
demic represents the most severe public health
crisis of the last 100 years, both in terms of its
human toll and economic cost. Even though the
underlying pathogen, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), is a member of
the coronavirus family that has been studied
extensively for many decades [1–4], the world was
ill prepared to deal with its high degree of contagion
combined with its broad spectrum of virulence.
Regretfully, knowledge gained about the physical
underpinnings of respiratory viral transmission
after the 1918 Spanish flu pandemic, summarized
in the 1955 textbook by Wells, was largely ignored
by the public health community at the outset of the
COVID-19 pandemic. In particular, it was well
understood from the seminal work of Wells and
Duguid [5,6] that the separate classification of

respiratory droplets and aerosol is fundamentally
flawed, as the vast majority of droplets convert into
aerosol [7]. Nevertheless, this view persists even
today and has led to serious misconceptions
regarding the distance distribution of virus in air
surrounding an infected person [8]. In this review,
we use the word droplet to emphasize its liquid
character when it is generated. Briefly, all respira-
tory aerosols start out as liquid droplets whose
95–99% aqueous fraction fully evaporates, which
causes them to shrink to a size limited by the
remaining non-volatile components. The resulting
particles historically were named droplet nuclei,
but are referred to as particles or respiratory
aerosol in this review. Droplets with initial diam-
eters in excess of ca 100 μm have a substantial
probability of reaching the ground before their
aqueous fraction fully evaporates. How long smal-
ler particles will linger in the air, and how far they
can spread depend on their size after dehydration.
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As will be discussed, respiratory particles span a
continuum of sizes and a corresponding continuum
of airborne lifetimes, with the initial droplet size
distribution strongly dependent on the respiratory
activity that generates them. Importantly, SARS-
CoV-2 not only remains viable for extended periods
when airborne [9,10], but remains viable longer
when fully desiccated than when maintained in a
hydrated state [11], presumably due to chemical
degradation in the aqueous environment.

Eventually, the vast majority of all emitted respi-
ratory droplets deposit on solid surfaces. Doping of
such fluids with fluorescent agents has revealed
how their contents can be spread by touching,
highlighting a potential pathway for pathogen
transmission [12]. Although the importance of this
fomite route has been well documented for numer-
ous pathogens [13], its relevance for transmission
of respiratory virus remains contested [14,15]. For
example, the classic poker player study by Dick
et al. [16] serves as a reminder of the low risk of
fomite transmission of rhinovirus-16. When the
poker player’s air spaces were kept separate,
twelve hours of passing chips and cards, described
as ‘saliva-soggy’ at the end of the game, failed to
transfer infection from eight rhinovirus-16-infected
players to any of 12 disease-free recipients. In
contrast, extensive transmission occurred when
the players shared air. Still, the potential of resus-
pension in air of surface-deposited virus cannot be
ignored [17,18], in particular in view of the
extended viability of SARS-CoV-2 on inert surfaces
[11]. The sometimes very high concentrations of
virus in faecal matter raise the possibility of
additional transmission pathways, possibly involv-
ing aerosolization of waste water in toilets [19] or
drinking water contamination, especially in the
third world. However, the viability of SARS-CoV-2
in water appears rather limited, where it is very
susceptible to oxidants such as chlorine [20]. It is
worth noting that viral RNA in untreated wastew-
ater can be easily detected, which affords a sensi-
tive probe for surveillance of community spread of
the disease and the emergence of new variants
[21,22].

Much debate has centred on the question of
whether SARS-CoV-2 transmission is dominated
by direct transfer of large droplets or through an
airborne route involving small- to intermediate-
sized aerosols that spend more than a few seconds
in the air and dehydrate before being inhaled by a
recipient. Whereas the direct droplet route may be

expected to be comparably effective indoors and
outdoors, the airborne route will be far more
effective indoors, where the concentration of parti-
cles can accumulate over time. The observation
that transmission in outdoor settings is at least an
order of magnitude lower than indoors [23] strongly
suggests that the airborne route is key. Indeed,
consensus among aerosol experts has emerged
that transfer of respiratory secretions through the
air dominates the SARS-CoV-2 transmission path-
way [24].

Respiratory droplets emitted while breathing,
speaking/singing, coughing, and sneezing span a
continuum of sizes that depend on their generation
mechanism and their site of origin. The latter three
types of droplets were the target of the classic slide
deposition, microscope readout technology used
more than 50 years ago [6,25,26], which is best
suited for particles larger than 40 μm as smaller
particles can drift far from the source before
landing. The introduction of user-friendly and
highly precise aerosol detection equipment, includ-
ing aerodynamic particle sizers and optical particle
counters [27], now allows straightforward mea-
surement of both the quantity and size of small
airborne particles over an instrument-limited
range of ca 0.3–10 μm. The gap in the size range
accessible to characterization by these methods is
readily filled by light scattering techniques. For
example, light scattering photographs of droplets
emitted from the oral cavity revealed their abun-
dance more than 80 years ago [28]. Recently, video
recordings of light scattered from droplets gener-
ated during vocalization provided vivid illustra-
tions of their abundance and wide range in size
[29–32] (Fig. 1a). These videos afford not only an
accurate count of emitted particles, but, when
recorded in a sealed enclosure, can be used to
estimate their airborne lifetimes, the majority of
which were found to span many minutes (Fig. 1b)
[33]. Compared with tabulations of particle sizes
and number densities, these visually compelling
recordings [30–32] better communicate to the
public not only the enormous quantities of aerosol
emitted by speaking, which are otherwise invisible
to the naked eye, but also the attendant risks
associated with speech.

Many insightful reviews discussing both the phys-
ical and medical aspects of aerosols in virus
transmission have appeared since the start of the
COVID-19 pandemic [34–40], discarding any resid-
ual doubt regarding the importance of the airborne
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pathway [41]. The focus of the current review is on
the interface between physics and medicine,
including the relation between mechanisms and
physical origins of virus emission at different
stages of disease, and on the dual role of masks
in both containing the spread of disease and
mitigating its severity.

Generation of respiratory droplets

Respiratory droplets originate in the lungs, tra-
chea, larynx and oral/nasal passages and consist
of ≥95% water at the time they are first generated.
The mechanisms responsible for their formation
are tightly coupled to the physical dimensions and
airflow speed within these sites. Activities that
generate respiratory droplets are briefly reviewed
below.

Breathing

The average resting adult respires about seven
litres of air per minute or about 10,000 litres of air
per day [42]. The volume of air inhaled during tidal
breathing typically falls in the 0.5 to one litre
range, representing only a small fraction of the
average total lung capacity of about six litres.
During inhalation, air passes through the oro- or
nasopharynx, the larynx and trachea, the upper,

central and distal airways, and ultimately to the
alveoli where blood–air O2/CO2 exchange takes
place (Fig. 2). Below the trachea, the airways split
23 times with their total cross-sectional area being
roughly preserved through the first five branch-
ings, implying comparable velocities of air flow
through these upper airways. Airways generated by
the first 7 branchings correspond to the bronchi;
subsequent branchings generate the bronchioles,
which terminate in ca eight million alveolar ducts
with channel diameters of about 0.4 mm [43].
These ducts connect to alveolar sacs housing ca
70 alveoli, each with a diameter of a few hundred
microns [44]. Elastic fibres embedded in the walls
of the alveoli, and distal airways allow their
surfaces to stretch when they fill with air during
inspiration, increasing their internal diameter, and
to spring back during expiration when expelling
the CO2-rich air.

The inner surfaces of these airways are covered
with respiratory tract lining fluid (RTLF). For the
non-respiratory trachea, bronchi and bronchioles,
which contain ciliated epithelial cells, this RTLF is
two-layered. The periciliary liquid layer of the
RTLF, with a thickness of about 5 μm, is of low
viscosity, whereas the air-surface layer of ca 1-μm
thickness is rich in cross-linked mucin proteins
and of high-viscosity. To inhibit occlusion of the

Fig. 1 Analysis of speech droplets. (a) A single frame from a high-speed video recording of a person emitting speech
droplets during vocalization. The video recording is available in [31], reprinted by permission of the American Association for
Aerosol Research, www.aaar.org. (b) Chart of particle count per frame vs. time observed using light scattering. The particles
were generated by a 25-s burst of repeatedly speaking the phrase ‘stay healthy’ in a loud voice into a 200-L cubic box. The
red curve represents the top 25% in scattering brightness, with the remainder in green. The brighter fraction (red) decays
with a time constant of 8 min, and the dimmer fraction (green) decays with a time constant of 14 min. From [33], reprinted by
permission of PNAS, www.pnas.org.
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alveoli and the small diameter bronchioles in the
distal airways, their RTLF is rich in pulmonary
surfactants that lower the surface tension. Since
the fluid contained in breath droplets is specific to
the site where they are generated, analysis of their
chemical composition and encapsulated biomark-
ers holds strong diagnostic potential for small
airways disease [45,46].

While at rest, so-called tidal breathing creates
airflow of a few metres per second in the trachea
and upper airways. This airflow is close to the
onset of turbulence, which can trigger the genera-
tion of breath droplets (see ‘Coughing and sneezing’
below). The number of breath droplets generated in
the upper airways shows large person-to-person
variation and can steeply increase upon viral
infection [47], but can be reduced by increasing
the RTLF surface tension through salt inhalation
[48]. As air passes through the more numerous and
narrower diameter central and terminal airways, it
slows considerably and is expected to be laminar
[43,49]. Consequently, the turbulent droplet
extraction mechanism does not apply for these
airways.

Despite the presence of pulmonary surfactant in
the small terminal airways, they can become tran-
siently occluded with RTLF, with deep exhalation
increasing the number of occluded airways.

Subsequent inhalation creates a pressure differen-
tial across the occluded airway, and as the channel
diameter expands, the length of the blockage
shortens and forms a thin film that can burst and
generate numerous small droplets [35]. These
droplets are first drawn into the alveoli during
inhalation and then forced out during exhalation
[50–52]. Breath droplets generated by this mecha-
nism span a size range from 0.01 to 2 micron in
their hydrated state [53], whose size distribution is
reasonably well described by a single lognormal
centred at ca 0.7 micron [54].

Whereas the total liquid volume of exhaled breath
particles in a healthy person at rest is typically very
small (≤ 15 pL/L air) [27], respired air volumes
during aerobic exercise can be an order of magni-
tude larger. Combined with both deeper exhalation
and proportionately higher airflow velocity through
the airways, the number of breath droplets gener-
ated is expected to increase much more steeply
than linear with respired air volume. Empirical
observations of high virus transmission incidence
in aerobic exercise facilities support this hypothe-
sis [55,56].

Coughing and sneezing

Coughing and sneezing are widely recognized as an
eruptive source of pathogen-containing droplets

(a)

(b)

(c)

(d)

Fig. 2 Respiratory droplets emitted during exhalation, vocalizing, coughing or sneezing span a broad range of sizes that
depend on the site of origin. Droplets are colour-coded according to their initial, fully hydrated diameter: red (<15 μm); green
(15-100 μm); and blue (>100 μm). Once airborne, they shrink about threefold. (a) Largest droplets are generated during
vocalization near the front of the oral cavity, where airflow is modulated by varying gaps between lips, tongue, and teeth. (b)
Small droplets are generated by the vocal folds when vocalizing. (c) Rapid airflow through the central and upper airways
during coughing, sneezing or sudden exhalation can produce a wide size distribution of droplets. (d) Transient closure of the
distal airways is assumed to be responsible for the generation of small breath droplets.
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and often manifest as symptoms of respiratory
disease. Both are initiated by simultaneous closure
of the glottis and contraction of the abdominal
muscles [57]. The subsequent build-up of air
pressure in the lungs is released by sudden open-
ing of the glottis, resulting in expulsion of com-
pressed air at speeds that can exceed 15 metres per
second in the central and upper airways (Fig. 2c)
[58]. At such high speeds, the airflow becomes
turbulent, with friction between chaotic airflow and
the lining of these airways generating RTLF waves
(Fig. 3c) from which droplets can be dislodged
through a variety of mechanisms [59].

Cough can be either voluntary or a protective reflex
in response to stimulation of irritant receptors by
foreign particles in the air passages. However, most
studies reported in the literature focused on vol-
untary cough, which may differ substantially from
reflex-driven cough. The common COVID-19 symp-
toms include ‘dry cough’ [60], that is a type of
cough without the usual richness in phlegm but
perhaps closer to that of a voluntary cough. Cough
droplets span a very wide range of sizes from less
than 1 μm to more than 100 μm, that is more than
six orders of magnitude in volume [6,26,54].

Sneezing is a common reflex to cleanse irritants
from the nasal cavities. During a sneeze, the soft
palate and palatine uvula depress, while the back
of the tongue elevates to partially close the passage
to the mouth so that air ejected from the lungs may
be expelled through the nose. In-depth studies of
the mechanics of sneezing combined with high-
speed video recording have generated revealing
images of the quantities of droplets and the
distances over which they are propelled [36]. The
extreme air speeds associated with a sneeze result
in turbulent flow that can dislodge RTLF and fluid
lining from the oral and nasal passages (Fig. 3c). In
contrast to several other types of respiratory tract
infection, sneezing is not among the common
symptoms of infection with SARS-CoV-2 [55,60].
Nevertheless, even if not triggered by the infection,
a sneeze by a carrier will generate a large cloud of
virus-laden respiratory fluid droplets [61].

Speaking and Singing

The acoustic waves generated during vocalization
involve high-speed passage of air pressurized by
the lungs past the mucosal epithelial layers of the
vibrating vocal folds (Fig. 2b). These sounds are
further modulated when air travels through narrow

passages between the tongue, lips and teeth [62].
For example, enunciation of ‘p’ and ‘b’ involves
parting of the lips, whereas ‘t’ involves transient
contact of the tongue and teeth. As these surfaces
part, a fluid filament or film is formed between
them. Air rushing by can break the filament or
burst the film with the fluid fragmenting into
droplets that join the airstream (Fig. 3a,b). Videog-
raphy of droplet formation between parting lips
provides a compelling visual illustration of this
mechanism (Fig. 3e) [63]. Droplets generated in the
oral cavity consist mostly of saliva and span a
range of sizes comparable in quantity and size to
those generated by coughing and sneezing
(Duguid, 1946; Wells, 1955), with some droplets
exceeding 100 μm [6,26]. Note that speech droplet
measurements often involved continuous counting
from 1 to 100, which lacks the droplet-rich ‘p’ and
‘b’ sounds. By contrast, regular speech includes
these plosives and pauses that may involve wetting
of the lips, both of which can significantly increase
the droplet count.

High-speed laryngoscopic video recordings clearly
demonstrate formation of fluid filaments between
the separating vocal folds (Fig. 3d), which then
fragment and form droplets. Moreover, airspeeds in
a physical model of vocal folds [64] were found to
be well in the turbulent range and may trigger
additional dislodgment of surface fluid. During
vocalization of a vowel sound, the vocal folds
generate droplets at a rate of hundreds per second,
which increase in number with loudness [65].
Droplets generated at the vocal folds by these
mechanisms are mostly in the 1–5 μm size range
and have a total volume of ca 1 pL per second [27],
which is several orders of magnitude less than the
volume of droplets formed at the front of the oral
cavity while speaking, but several orders of mag-
nitude more than breathing by a healthy person.

Respiratory aerosol risk assessment

Considering that respiratory aerosol constitutes the
dominant mode of SARS-CoV-2 transmission, it is
useful to assess the likelihood such particles are
inhaled and the risk they pose upon inhalation. The
probability of inhalation depends on many factors,
including the airborne lifetime. Respiratory particles
fall to the ground under the force of gravity at a rate
that depends on their size. In stagnant air, a
particle’s sedimentation velocity is proportional to
the square of its diameter. For example, a 100-μm
droplet with a density of 1 g/cm3 falls at a rate of
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nearly 0.3 metres per second. Since respiratory
droplets are mostly water (ca 95–99%), evaporation
during their fall causes their diameter to shrink by
roughly a factor of 3, which will slow their descent

by nearly an order of magnitude. The rate of droplet
dehydration depends on size, the relative humidity
(RH) of the surrounding air, the chemical potential
of its salt-rich water and its temperature, which is

(a) (d)

(e)(b)

(c)

Fig. 3 Mechanisms of respiratory droplet generation. Separation of two wetted surfaces creates filaments (a) or films of
fluid (b) that become thinner as the surfaces separate; these filaments and films are ruptured by exhaled air, creating
droplets that join the exhalation airflow (black arrows). These processes are operative in small diameter airways (during
inhalation), at the vocal folds and in the oral cavity. (c) During rapid exhalation, coughing or sneezing, turbulent air flow
creates instabilities at the air–fluid interface, causing wave formation in the mucosal layer that can result in droplet release
through a variety of mechanisms, including film bursting, wave undercutting and shearing off the tops of roll waves [59]. (d)
Example of filaments created between the vocal folds during vocalization, adapted from https://youtu.be/v9Wdf-RwLcs,
which was produced by the University of Washington Speech and Hearing Clinic. (e) Example of a film forming between
parting lips during speaking, adapted from a high-speed video recording [63].
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lowered by evaporative cooling of the droplet. Cal-
culated airborne lifetimes that account for evapora-
tion (Fig. 4a) show that droplets starting out larger
than about 100 μm reach the ground in a few
seconds before fully drying out, and typically land
within 1 m from the source. The airborne lifetime of
smaller droplets is strongly dependent on their
initial size and relative humidity of the air. In
practice, the upper limit for the airborne lifetime of
small particles in enclosed spaces is constrained by

ventilation systems, which dilute the aerosol
according to the number of air changes per hour:
as low as 0.4 in residential buildings; ca 4 in office
environments [66]; and ca 20 in airplanes [67].
While lingering in the air, particles will follow
convection currents and travel considerable dis-
tances, fully analogous to the dispersion of smoke
from a freshly lit cigarette whose smell is soon
detected over large distances [7]. Even though the
number density of particles will decrease with

(a)

(b)

(c)

Fig. 4 Airborne infectious lifetime, relative volume fraction and relative infectivity of respiratory droplets vs. initially
hydrated diameter. The red-shaded area represents particle sizes capable of penetrating deep into the LRT after
dehydration [124]. (a) The solid lines chart the time required for a droplet to fall 1.5 metres vs. its initial hydrated diameter at
20% and 60% relative humidity; the dashed lines indicate the time required to dehydrate. The lower humidity curve is
typical of cooler locations in winter or in airplanes, while the higher humidity curve represents a typical upper limit for
buildings to minimize risk of mould formation. Curves were calculated from eq. 13 in [125], but modified to account for air
exchange and loss of aerosolized virus viability, which decays with a half-life of ca 1 hour [10]. The dot-dash curves
correspond to an air exchange rate of four per hour, which is typical of office buildings [67]. (b) Size-dependent relative
volume fraction of droplets generated per unit volume of expelled air by breathing, speaking and coughing, based on Table 6
of Pohlker et al. [40]. (c) The relative infectivity vs. droplet size curves correspond to the product of airborne infectious lifetime
curves in panel (a) and the ‘speech’ curve in panel (b), assuming the same viral load per mL for all droplets. As in (a), the
solid curves assume no ventilation, while the dot-dash curves correspond to four air changes per hour. The curves in the red-
shaded area were scaled by a factor of 100 to reveal the extent to which ventilation can mitigate the risk of LRT infection.
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increasing distance from the source, there is no
sharp distance cut-off. We also note that, analogous
to smoke, their spread will not be effectively con-
tained by simple plexiglass partitions.

The viral load in respiratory aerosol reflects the
virion concentration in the fluid where the particles
originate. For example, respiratory droplets can
consist of saliva produced in the oral cavity, mucus
generated in nasal passages, mucins generated by
goblet cells in the bronchi and the larynx, or
detergent-rich RTLF generated by cells lining the
distal airways and respiratory bronchioles.
Whereas the viral load in saliva was believed to be
much lower than that in sputum, multiple studies
suggest otherwise [68,69]. For example, the preva-
lence of ACE2 and TMPRSS2 entry factors in
epithelial cells of glands and mucosae of the oral
cavity implies that such cells are susceptible to
infection by SARS-CoV-2, an observation borne out
by the high viral loads found in saliva from an
asymptomatic cohort [70]. Moreover, the viral con-
tent found in oro- and nasopharyngeal swabs is
strongly overlapping [69], and though patient-to-
patient variation spans at least seven orders of
magnitude, the viral load can reach 109 copies per
mL of fluid [69,71,72]. The presence of actively
replicating infected cells in the oral cavity was also
linked to mild symptoms such as loss of taste, but
inversely correlated with systemic symptoms such
as body aches and muscle pains [70]. These
findings indicate that the oral cavity is an impor-
tant site for SARS-CoV-2 infection and asymp-
tomatic shedding, and confirm that oral fluid is a
useful source of samples for diagnostic testing [68].

The probability that a droplet harbours virions is
proportional to its initial volume, which scales as
the cube of its diameter. Since the probability that
a particle is inhaled by a bystander is proportional
to the time it remains airborne after emission
(Fig. 4a), the relative infection risk (Fig. 4c) scales
as the product of its volume, airborne lifetime and
the relative volume fraction represented by that
droplet size (Fig. 4b), which can vary considerably
depending on the activity that generated it.

Particles with diameters over ca 100 μm can carry
tens or even hundreds of virions, but fall to the
ground rather quickly and are less likely to be
inhaled. At the other end of the size distribution,
aerosols resulting from droplets smaller than
0.1 μm can linger in the air for many days, but
since they are smaller than the diameter of a

SARS-CoV-2 virion, they can be ignored. Conse-
quently, droplet sizes between these two extremes
are expected to pose the greatest risk. For exam-
ple, dehydration of 45- and 15-μm droplets gen-
erate ca 15- and 5-μm aerosol particles,
respectively. Though both particles can infect the
nasopharynx and the upper airways (Fig. 5), the
most common occurrence for SARS-CoV-2, only
the smaller particle is able to descend into and
infect the LRT [73,74], which exacerbates disease
severity. The transmission risk ascribed to parti-
cles capable of causing a LRT infection, identified
by the red-shaded region of Fig. 4, represents a
small fraction of the total estimated transmission
risk, which is consistent with the observation that
most SARS-CoV-2 infections involve the upper
respiratory tract (URT). According to Fig. 4c,
droplets smaller than around 45 μm produce
aerosols that linger in the air for many minutes
and drift along with air currents. Since this size
range carries with it significant transmission risk,
regardless of humidity and air exchange rate,
there is no sharp cut-off for what can be consid-
ered a safe distance from an unmasked carrier
engaged in indoor speech.

As shown in Fig. 4b, the size distribution of emitted
droplets depends on the activity that generates
them. For example, breathing generates small
droplets whose total liquid volume per litre of
exhaled breath in a healthy person at rest is ≤15
fL/L. In contrast, the size distribution and volume
of droplets emitted per litre of air expelled during a
cough are many orders of magnitude greater. Given
a bimodal lognormal size distribution with the
most voluminous lobe centred at ca 100 μm
[54,75], much of the liquid volume generated by a
cough falls to the ground rather quickly. Neverthe-
less, the large number of smaller cough droplets
will dehydrate before falling to the ground and
remain airborne for minutes [6,58]. The size dis-
tribution for speech droplets is similar to that of
cough, but its total liquid volume is less per litre of
exhaled air. However, since speaking can be a
continuous activity, and since a significant fraction
of speech particles remain airborne for minutes,
they accumulate in concentration and enhance the
risk that some are inhaled by a bystander.

Despite the low liquid volume of breath droplets,
they can still pose a hazard since breathing is an
ongoing activity, and the airborne lifetime of breath
aerosol spans hours. Thus, they can accumulate to
levels limited only by the room ventilation rate
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[34,74] and the timescale over which airborne virus
remains viable, with SARS-CoV-2 degrading with a
half-life of 1 hour in humid air [10]. Moreover,
infection of the airways with SARS-CoV-2 in non-
human primates resulted in a very large increase in
breath droplet counts [47]. Consequently, the total
aggregate of breath particles generated per hour in
hospitalized patients can contain thousands or
even millions of virions, particularly in severely ill
patients [76,77]. Coupled with their small size,
which allows them to penetrate deep into the
LRT, and the difficulty to filter such particles
without respirator masks, strongly elevated num-
bers of breath particles in hospital wards may be
linked to the high levels of severe disease and death
seen among healthcare workers during the early
phase of the pandemic [78]. Note that in Fig. 4c,
the risk of LRT infection (red-shaded region) is

reduced modestly by increasing ambient humidity,
but markedly by ensuring adequate air exchange.

What is the minimal infectious dose?

A key question relevant to all infectious diseases
concerns the minimum number of pathogens
required to cause illness. The dose that leads to a
50% probability of infection (ID50) is often equated
with the minimum quantity needed to overwhelm
the innate immune system. However, for respira-
tory virus transmission, there is a subtle but
important distinction between ID50 and the min-
imal infectious dose: since the probability that any
small respiratory aerosol contains more than a
single viable virion is very low, the probability that
multiple virions land in close proximity to one
another on the very large epithelial surface of the

(a)

(b)

Fig. 5 Emission of and exposure to respiratory droplets. (a) Left individual emits respiratory droplets of varying sizes,
many of which remain airborne long enough to be inhaled into the upper and lower respiratory tracts of the exposed contact.
Only very large droplets will follow a ballistic trajectory. (b) When masked, a small fraction of the emitter’s droplets escape,
mostly due to poor mask fit. The mask on the exposed contact filters out much of the remaining respiratory aerosol, but poor
mask fit and small size of the dehydrated particles result in residual exposure [126].
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respiratory tract and overwhelm the local, innate
immune system becomes vanishingly low.

In general, the probability (γ) that any inhaled
virion will adhere to an ACE2 receptor, invade the
cell and create progeny is small. However, this
likelihood increases linearly with exposure, at least
initially. This model of infection, which assumes
zero cooperativity between virions, was employed
in the classic study by Riley et al. of a large measles
outbreak [79], and is interchangeably referred to as
the ‘single-hit model’ (SHM) [80], the independent
action hypothesis (IAH) [81] or the exponential
model [82]. Note that the term quantum [79] is
often used to describe the infectious dose, where 1
quantum equals 1/γ virions.

According to this model, the infection probability
P(n) upon inhaling n virions is given by.

PðnÞ¼1�expð�nγÞ, (1)

which initially increases linearly with n. Below the
ID50, and with minor adaptations, this model has
been shown to be an excellent descriptor for the
probability of sustained infection for a wide range
of viral diseases [82], including SARS and MERS
[83,84].

In the absence of synergistic effects between invad-
ing pathogens, how can we rationalize the empir-
ically observed relationship between disease
severity and infectious dose [85]? One plausible
explanation is that disease severity is linked to the
location of the infected host cell. For COVID-19 and
many other respiratory virus infections, the most
likely site of initial infection upon low-dose expo-
sure is the epithelium of the URT. From there,
infection can spread elsewhere, including the LRT,
which will lead to increased disease severity
[73,74,86,87]. When this migration occurs days
after activation of the adaptive immune response,
the severity of the LRT infection will be mitigated.
In contrast, a high dose at the initial exposure
increases the probability that, in addition to an
URT infection, an independent infection initiates
simultaneously in the LRT before the adaptive
immune system is activated, significantly escalat-
ing disease severity.

According to this model, the number of inhaled
aerosol particles required to reach ID50 is not
small; however, this model also implies that a
single infectious virion is capable of initiating

disease. There exists a preponderance of evidence
supporting this notion. For example, early work
on tuberculosis (TB) investigated transmission of
the disease from humans to guinea pigs, whose
only viable route involved airborne particles deliv-
ered to cages from a nearby patient ward through
a ventilation system [88]. The authors of this
study concluded that the disease initiates as a
single primary tubercle delivered in a single
airborne particle. Evidence supporting these
important and far-reaching conclusions arose
from linking the TB variant in infected animals
to specific patients according to their respective
drug resistance.

The type of infector–infectee pairing exploited in
the TB study preceded the now widely adopted
genetic sequence analysis of pathogens. SARS-
CoV-2 possesses an efficient and tuneable proof-
reading system that achieves relatively high repli-
cation fidelity [89] with a mutation rate of ca 10-6

per site per replication cycle [39]. As the disease
progresses, random mutations cause the patho-
gen genome in an infected host to become slightly
heterogeneous. Characterization of these variants
can unveil correlations between sequences in
infector–infectee pairs, which can be used to
estimate the ‘bottleneck size’, that is the size of
the pathogen population transferred from the
infector that successfully created progeny in the
infectee. The outcome of such analyses depends
critically on the assumed fidelity of the sequenc-
ing. For example, deep sequencing analysis of
Austrian superspreading events reported an aver-
age bottleneck size of ca 1000 virions [90]. How-
ever, reanalysis of the same data, but with a
higher assumed sequencing error estimate, sug-
gested that mutations in only 13 transmission
pairs could be unambiguously linked and that for
twelve of those, a bottleneck of a single virion best
matched the data [91]. One particularly illumi-
nating example highlighted in the Austrian study
involved transmission between parents and their
two adult children. Deep sequencing of the
father’s SARS-CoV-2 genome revealed 3.6% pres-
ence of a U allele in position 20,457 that was not
present in the mother. Both of their children
became infected, with this particular mutation
represented at 25% in one and 100% in the other.
The observation that a minor allele from the father
was the dominant allele in one of their two
children is fully consistent with the notion that a
single inhaled virion is capable of initiating a new
infection.
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Vocalization at superspreading events

The concept of superspreaders, in which transmis-
sion from a single individual triggers numerous
secondary cases, has long been recognized as a key
factor in the spread of infectious disease. Indeed,
the 20/80 rule, where 20% of the host population
accounts for at least 80% of the transmission,
applies to many infectious diseases [92,93], includ-
ing COVID-19 [94]. Disease outbreaks are often
characterized by superspreading events (SSEs), and
many such events have been identified during the
COVID-19 pandemic [95]. The first widely publi-
cized SSE in the USA involved a conference in
Boston that included a cocktail reception. Through
phylogenetic analysis, as of 1 November 2020, more
than 300,000 cases in the USA were traced back to
this conference through two mutations, G26233T
and C2416 [96]. This represents ca 3% of all
infections in the USA at that time. Prevention of
such superspreading events is therefore high on the
list of priorities regarding measures to control the
spread of COVID-19 [97]. Consequently, it is of key
importance to identify characteristic signatures of
SSEs. To that end, we briefly discuss several
representative, well-documented outbreaks associ-
ated with SSEs (Table 1).

Two widely recognized common factors in all SSEs
include the presence of at least one highly infectious
host and, equally important, a suitable microenvi-
ronmentwithpoor ventilation [98]. A third factor also
emerges: loud vocalization. Indeed, the literature
appears devoid of SSEs in settings such as libraries
or movie theatres, where the first two factors may be
met, but loud speech is minimal. However, cough
dropletswerepossible vehicles inseveral SSEswhere
the index case was mildly symptomatic (Table 1).
Note that some infectees do not develop symptoms,
which implies the documented SSE transmission
rates represent lower level estimates.

Invariably, SSEs involve the presence of a sub-
stantial number of people, which increases the
likelihood that speech is loud, thereby raising the
number of speech droplets [65]. Whereas little
documentation is available detailing the loudness
of speech in SSEs, the typical high level of back-
ground noise in environments such as a restaurant
[99], an airliner [100] or a moving bus [101]
suggests that the loudness of speech was likely
above average. For the bar opening SSE [102], held
indoors and with little ventilation, loud speech
appears more than plausible. For the indoor 1-hr

cycling fitness training class (Table 1), the instruc-
tor is reported as ‘shouting instructions and
encouragement from a podium > 6 ft removed from
the 10-participants’, all of whom became infected
[55]. Similarly, well-documented choir events
included loud vocalization [103,104] and, in par-
ticular for the Australian church singing events
[105], provided strong evidence for the absence of
physical contact or close proximity between the
index case and infectees. Indeed, the airborne
nature of disease transmission in such SSEs
appears well above any reasonable doubt, and
should come as no surprise considering that anal-
ogous airborne transmission has been well docu-
mented for influenza [106].

As noted above, singing generates high levels of
small droplets that are released from the vocal
folds and subsequently turn into aerosol. Such
particles can penetrate deep into the lungs, which
is known to be associated with more severe disease
[73,74], and may speculatively be linked to the
high fractions of severe disease and death associ-
ated with the choir events. However, the higher
average age of infectees in these events (Table 1)
relative to those in the bar opening or fitness class
SSEs likely was a contributing factor as well. It is
interesting to note that in the fitness class event,
none of the participants escaped infection; that is,
they must have received far more than the minimal
infectious dose (see eq. 1). All of these secondary
cases became symptomatic, with one requiring
admission to an intensive care unit.

With some reasonable assumptions, including
estimates of the volume of the enclosed space and
the hourly volume of inspired air by participants,
the observed probability that attendees in a super-
spreading event become infected can be linked to
the amount of virus expelled by the index case.
Such an analysis yielded an estimate of ca 1000
quanta for the Skagit Valley choir event [72], that is
1000/γ virions (eq 1), where γ is the probability that
any single inhaled virion causes an infection.

How well can masks protect us?

Next to keeping physical distance, the use of face
masks has become the most widely adopted mea-
sure to mitigate the spread of COVID-19. It is
useful to divide masks into three categories: respi-
rator masks, for example KN95, N95, N99 and
FFP1-3; surgical masks; and generic cloth masks.
During the early phase of the pandemic, respirator
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and surgical masks were in short supply in both
Europe and the Americas, and were prioritized for
medical frontline workers. By contrast, in many
Asian countries, regular surgical masks have been
widely used by the general public for more than a
decade and are now credited with limiting the
spread of SARS-CoV-2. Evidence regarding the
effectiveness of masks and their shortcomings
was presented in a recent review [107], but dis-
cussion of the utility of masks has become politi-
cally charged. Lost in much of this debate is that
masks serve primarily two functions: limiting
egress of potentially infectious respiratory droplets;
and protection of the mask wearer by reducing
ingress of virus-laden aerosol. Whereas the latter
might be considered a personal choice, not limiting
egress jeopardizes the health of others and there-
fore should be regulated in a civilized society.

Reducing egress is far simpler than ingress
because respiratory droplets are emitted in a fully
hydrated form that is approximately three times
larger than the shrunken aerosol generated after
dehydration in ambient air, and are therefore more
easily captured by a face mask. Furthermore,
cooling of expired air as it passes through a mask
elevates its relative humidity beyond 100%, which
causes the droplets to increase in size through
nucleated condensation [108]. This increase in size
further enhances the mask filtering efficiency, a
factor widely ignored in tests of aerosol dispersals
on mask materials or face masks on mannequins.
Video recordings at the very early stage of the
pandemic demonstrated that a face cover as simple
as a washcloth blocks emission of more than 98%
of speech-generated droplets [29]. However, an
obvious shortcoming of both surgical and generic

Table 1 Representative COVID-19 superspreading events

Event setting

Number of

people in

attendance

(excl.

index

case)

Age

range in

years

(median)

Number of

secondary

infections

(infection

rate)

Number

that

developed

symptoms Duration

Estimated

area in m2

Droplet-

generating

activity

Index

case

symptomatic

Exercise class [55] 10 31–50 (37) 10 (100%) 10 1 hr. 38 Exercise and

shouting

No

Choir, USA [72,103] 61 31–83 (69) 52 (85%) 52 2.5 hr. NR Singing and

speaking

Yes

Choir, France [104] 27 35–86 (67) 18 (67%) NR (11)f 2 hr. 45 Singing No

Conference and

reception [96]

175 NR 77 (44%) NR <48 hr. NR Speakinga No

Bus [101] 68 NR 23 (34%) 20 ~2 hr. NR (40)b Speakingd No

Restaurant [99] 83 20–82 (54) 9 (11%) 9 ~1 hr. 145 Speaking No

Airliner [100] 217 56–68 (64) 15 (7%) 11 10 hr. NR (258)b Speakinga Yes

Concert Hall,

Australia [105]

320 NR 12 (4%) 12 2 hr.c NR Singing No

Bar [102]e NR 18–64
(NR)

29 25 9 hr. 260 Speaking

loudlya
Yes

NR, not reported (estimated).
aAssumed from the context.
bEstimated from the documented bus seat arrangement and airliner flight number.
cTwo 1-hr concerts. All secondary cases sat within 1–15 metres from the index case, and were localized in 3 of the nearest
16 sectors in the concert hall.
dObtained from private correspondence.
ePossible sources include one asymptomatic case (confirmed positive 1 day prior) and four mildly symptomatic cases
(confirmed positive one day after event).
fNumber of cases requiring hospitalization.
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masks is that a portion of expired air leaks around
the mask with the accompanying droplets avoiding
capture. The extent to which this happens depends
on the fit of the mask, air resistance by the mask
material and exhalation airflow. Double masking
has been proposed as a solution to reduce such
leakage [109] but makes breathing more difficult.

Protecting a mask wearer against ingress of aero-
sols is more difficult because of the small size of
dehydrated respiratory aerosol; however, it is not
as bad as one might think. Virion-containing
droplets exiting the oral cavity also contain salt,
mucus, lipids and other non-volatile components,
and after dehydration remain highly hygroscopic.
Consequently, when traversing a humid mask
during ingress, respiratory aerosol will reacquire
moisture and swell [108], thereby increasing the
likelihood of their capture. This observation may
explain why epidemiological evidence points to
greater benefits of generic and surgical masks than
expected on the basis of their limited dry particle
filtering efficiency [110].

Masks may also minimize the possibility of self-
inoculation of the LRT by one’s own speech aerosol,
a pathway for infection migration from the URT to
the LRT that may accompany the more commonly
considered micro-aspiration mechanism [111].

An additional benefit of masks may be the humid-
ification of inspired air, which has been linked to
both improved mucociliary clearance and the
interferon-mediated innate immune response
[112]. Natural fibers such as cotton and wool are
particularly effective for such humidification [108],
but all types of masks have this effect, albeit to
different degrees [113].

SARS-CoV-2 can also trigger conjunctivitis or
conjunctivitis-like signs and symptoms, but at an
incidence of ≤1% for PCR-positive cases [114,115],
the risk of primary infection through unprotected
eyes is small. Importantly, conjunctiva infections
are more commonly associated with severe disease
[116], but could possibly arise from self-
inoculation due to high exposure of the eyes to a
carrier’s own respiratory aerosol during the
extended duration associated with severe disease.

Concluding remarks

Although now widely accepted, the use of personal
respiratory protection against tuberculosis (TB)

was highly controversial when first included in
the CDC Guidelines for preventing the transmis-
sion of Mycobacterium tuberculosis in healthcare
facilities [117]. The CDC document stated,
‘M. tuberculosis is carried in airborne particles, or
droplet nuclei, that can be generated when patients
who have pulmonary or laryngeal TB sneeze,
cough, speak, or sing. The particles are estimated
to be 1–5 μm in size, and normal air currents can
keep them airborne for prolonged time periods and
spread them throughout a room or building’. The
painstaking groundwork by Mills, Riley and Wells
that led to these conclusions is lucidly described in
a brief perspective by Riley [118], which highlights
the reluctance of the medical community to come
to grips with airborne TB transmission. It is per-
plexing that decades later, this same reluctance
has persisted well into the current pandemic,
despite strong evidence in support of airborne
SARS-CoV-2 transmission.

One of the most challenging aspects of the COVID-
19 pandemic is the high degree of presymptomatic
and asymptomatic transmission [119,120], as
highlighted in Table 1. Indeed, not only does the
viral load in naso- and oropharyngeal swabs
approach maximum levels around or soon after
the onset of symptoms [69,71], but also once
symptomatic, the ability of virions to infect a new
host decreases with time [69,121,122]. As a con-
sequence, a large and perhaps even dominant
fraction of virus transmission takes place prior to
the onset of COVID-19 symptoms [67,119,121],
that is prior to coughing. Considering that breath
droplets are generated in the lower respiratory
tract and are unlikely to be rich in virus in the
absence of clinical symptoms such as cough,
speech droplets must represent a far more preva-
lent mode of presymptomatic and asymptomatic
transmission of SARS-CoV-2.

A preponderance of evidence supports our conclu-
sion that airborne transmission of SARS-CoV-2 is
not only the dominant pathway for transmitting
COVID-19, but unmasked speech in confined
spaces represents the activity that poses the
greatest risk to others. Since eating and drinking
often take place indoors and typically involve loud
speaking, it should come as no surprise that bars
and restaurants have become the epicentre of
multiple recent superspreading events [123]. Next
to vaccination, mitigation strategies should
emphasize the use of face masks when speaking
and ensuring adequate ventilation to flush out
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long-lived aerosols that might otherwise accumu-
late in closed environments and enhance the risk of
more serious LRT infections.

The relatively high number and liquid volume of
speech droplets, as well as their ability to remain
airborne for many minutes, appears to be underap-
preciated by the public health community. Clearly,
the significance of speech aerosol as a vehicle for
virus transmission depends on the viability and
concentration of virus in oral fluid. Whereas this
concentration can be very high for SARS-CoV-2, it
remains to be established whether viral transmis-
sion via speech particles is unique to COVID-19 or
general to all respiratory viral diseases.

A final note: the SARS-CoV-2 virus is neither alive
nor dead. It propagates primarily by hitching a ride
inside an airborne respiratory particle from its host
and then being inhaled into the respiratory tract of
its next, unsuspecting victim. This virus respects
no boundaries and, as of 8 April 2021, has infected
an estimated 133 million people worldwide. Each
infected individual becomes a Petri dish within
which the virus mutates and, in classic Darwinian
fashion, becomes more contagious over time.
Indeed, its rapid evolution has produced numerous
new variants that are inexorably becoming far
more prevalent than their ancestor. A prudent
and effective response to this and any pandemic
would entail a unified effort to simultaneously
minimize the case count in all countries, rich and
poor. As a first step, it is crucial that the West
embrace what the East has taught us all: face
coverings limit the spread of respiratory viruses,
and when compliance is high, either voluntarily or
by mandate, the economic turmoil of shutdowns
can be minimized or even avoided. It is perhaps
helpful to be reminded of Voltaire’s admonition:
‘Don’t let the perfect be the enemy of the good’. If a
carrier’s mask results in 25% leakage of respiratory
droplets, the risk that a bystander inhales particles
from a masked carrier drops fourfold; if the
exposed contact also wears a mask, with an
estimated ingress filtering efficiency of 50%, the
aggregate infection probability is reduced eightfold
(Fig. 5). Such estimates suggest that universal
masking, even with leaks, could strongly curb the
spread of COVID-19.
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