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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) can be transmitted

via respiratory droplets, aerosols, and to a lesser extent, fomites. Defining the fac-

tors driving infectivity and transmission is critical for infection control and con-

tainment of this pandemic. We outline the major methods of transmission of

SARS‐CoV‐2, focusing on aerosol transmission. We review principles of aerosol

science and discuss their implications for mitigating the spread of SARS‐CoV‐2
among children and adults.
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1 | INTRODUCTION

Coronavirus disease 2019 (COVID‐19), caused by the severe acute

respiratory syndrome coronavirus 2 (SARS‐CoV‐2), was first

described in Wuhan, China and rapidly spread across the world

within weeks.1–3 Defining the factors driving the infectivity and

transmission of SARS‐CoV‐2 has become critical for infection control

and containment of this pandemic. Like other respiratory vi

ruses, SARS‐CoV‐2 can be transmitted in three ways: droplets,

aerosols, and contact with surfaces (fomites).

2 | PRINCIPLES OF AEROSOL SCIENCE

The first two modes of transmission involve exhalation of viral par-

ticles from the respiratory tract (see Figure 1). Large particles (dro-

plets) are subject to gravitational forces and typically land within a

few feet of the subject and removed from the air quickly, while

smaller particles (aerosols) remain suspended in air for longer and

can travel much further. When inhaled, larger particles are trapped in

the upper airways, while smaller particles deposit in the lower

respiratory tract.4 The World Health Organization (WHO) and Cen-

ters for Disease Control and Prevention (CDC) classify particles with

a diameter greater than 5 μm as droplets and those ≤5 μm as aero-

sols.5,6 However, particles up to 20 μm with favorable aerodynamic

characteristics (density, shape, etc.) and low settling velocity can

linger for longer periods, behaving as suspended aerosols.7–9 Even

large particles emitted from the nose or mouth can evaporate very

quickly, decreasing their size and transforming into aerosols

(a “droplet nucleus”).8

The characteristics of the indoor environment (i.e., size/volume,

ventilation rate, and heating ventilation and air conditioning systems)

into which aerosols are dispersed are also critical. In confined spaces

with limited ventilation, the concentration of aerosols can remain

high, facilitating transmission. Understanding droplet and aerosol

dynamics and their link to built environment characteristics is critical

in mitigating the spread of airborne infectious diseases.10

Much of the early work on aerosolized viral transmission dates

to the early 20th century, when the spread of respiratory infections

among school children and workers was investigated. As early as

1897, the German bacteriologist Carl Flügge noted that respiratory

pathogens were present in expiratory droplets that settled around an
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individual, a finding that led to the development of surgical gauze

masks.11 In 1945, J. P. Duguid studied characteristics of droplets and

aerosols from humans during expiratory activities; he found that

nasal exhalation sheds primarily droplets, with a minimal amount of

aerosols. By contrast, talking, coughing, and sneezing produced more

aerosols than droplets, primarily from the mouth.12

The mechanism of droplet production differs between the upper

and lower airways, and these airway dynamics vary with age. In the

upper airway, airflow and shear stress sweep excess airway lining

fluid into a wave, and the resulting surface instability at the mucus‐
air interface breaks the fluid wave into smaller droplets. Formation of

wave instability (and therefore droplet production) depends on mu-

cus thickness, viscoelastic properties, surface tension at the mucus‐
air interface, and attaining a critical airspeed.13 Coughing and

sneezing generate high airspeeds and can cause droplet formation via

wave instability. During tidal breathing, however, the shear force

provided by the low‐velocity airflow is insufficient to create droplets

via wave instability. However, droplets can be formed during tidal

breathing during the closing and reopening of collapsed terminal

airways at low lung volumes; these small particles (<1 μm) are formed

in the terminal bronchioles and are exhaled as aerosols.14

These mechanisms have special relevance to transmission of

SARS‐CoV‐2 by children. Though children can carry a SARS‐CoV‐2

viral load that is greater than that of adults15,16 and can transmit

infection,17,18 they may be less efficient transmitters than adults.

Young children have a simpler airway structure (fewer alveoli and

terminal bronchioles), lower exhaled airspeed, and less airway col-

lapse than older children and adults.19,20 Among adults, a positive

association has been demonstrated between breath aerosol con-

centration and age, likely related to age‐related airway collapse.21,22

Understanding the differences in droplet and aerosol formation

across the lifecourse is a critical knowledge gap that requires further

study.

Once exhaled, the fate of aerosols and droplets is affected by

evaporation, Brownian motion, electrostatic forces, inertial forces,

the temperature, and humidity of the surrounding air, and

gravity.10,23 The risk of infection from aerosols is directly related to

particle concentration, which is affected by the balance between

production (affected by biological factors and patient density in a

room) and elimination. Exhaled particles are subjected to two com-

peting forces, gravity downwards and air friction upwards, and the

balance of the two and cross‐flows determine the buoyancy of a

particle.24,25 Factors, such as doors, windows, human movement,

ceiling fans, and heating, ventilation and air conditioning systems, as

well as the direction of ventilation, can affect the buoyancy and

travel of particles.

F IGURE 1 Mechanisms of droplet, aerosol, and fomite transmission of SARS‐CoV‐2. SARS‐CoV‐2, severe acute respiratory syndrome

coronavirus 2 [Color figure can be viewed at wileyonlinelibrary.com]
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3 | TRANSMISSION OF SARS ‐CoV‐2 VIA
RESPIRATORY DROPLETS AND AEROSOLS

As the major reservoir of the SARS‐CoV‐2 virus, the airway and nasal

passages of infected individuals shed infectious droplets and aerosols

that are not only created by “aerosol‐generating procedures,”26 but

also by coughing, sneezing, breathing, or even simply talking.27,28

Factors affecting potential for transmission include droplet size, viral

load per droplet, and quantity and duration of droplet exposure.

Large droplets fall nearby under the influence of gravity and con-

taminate surfaces, leading to fomite transmission.29,30 Smaller dro-

plets form aerosols that linger in the air for prolonged periods of time

with the potential to travel greater distances, posing a greater risk of

spreading COVID‐19.
The minimum infectious dose (ID50, the dose that causes infec-

tion in 50% of hosts) for SARS‐CoV‐2 has not been established,

though the ID50 for SARS‐CoV (the original SARS virus) is estimated

at 280 plaque forming units.31 Each SARS‐CoV‐2 virion is approxi-

mately 50–200 nm in diameter; aerosolized particles of less than

5 µm (1 μm, or micron equals 1000 nm) potentially harbor several

viral particles and can remain airborne for several hours. A labora-

tory study of nebulized SARS‐CoV‐2 demonstrated that the virus

retains structural integrity for up to 16 h in respirable‐sized aerosols,

longer than either SARS‐CoV or Middle East respiratory syndrome

coronavirus32; another laboratory study demonstrated that viable

virus can be recovered for at least three hours from aerosols sprayed

into a closed non‐ventilated room.33 Early in the pandemic, droplets

were thought to be the dominant method of disease transmission,

despite research suggesting the original SARS‐CoV outbreak was

spread by aerosols.34,35 Multiple reports of aerosolized spread of

COVID‐19 have been published since then, leading both the WHO

and CDC to highlight the importance of aerosol transmission.10,36–38

One of the first studies to suggest aerosol transmission of

SARS‐CoV‐2 came from Inner Mongolia where a case of COVID‐19
appeared to result from regularly passing by the door of an asymp-

tomatic patient.36 Airborne transmission was also likely responsible

for an outbreak during a bus ride in China, in which one individual

infected 23 of 67 passengers, including those seven rows behind the

index case.39 Multiple outbreaks among adjacent tables in restau-

rants have also been reported.40,41 Within the healthcare environ-

ment, one study found SARS‐CoV‐2 on air exhaust vent surfaces in

patient rooms.42 A second study sampled air throughout inpatient

wards, at least 2 m from patient beds, and recovered viral particles in

2 of 14 samples.43 A third study collected air samples in hospital

rooms of COVID‐19 patients, and isolated viable virus in aerosols in

the absence of aerosol generating procedures between 2 and 4.8 m

from patients' beds.44 Additional outbreaks have been reported

related to choir rehearsals, consistent with increased production of

aerosols due to loud speech and singing.45–47 Taken together, these

data suggest that infectious aerosols are commonly produced by

patients infected with SARS‐CoV‐2, and that exposure to aerosolized

virus in an indoor space for a prolonged period may carry significant

risk which is underappreciated.48

Many routine pulmonary procedures have the potential of

aerosol generation. Nebulized therapies are classified as a “possible

aerosol generating procedure” by the CDC based on conflicting data

from the SARS‐CoV epidemic.49,50 Given this uncertainty, many

hospitals and clinics treat nebulizer therapy as an aerosol genera-

ting procedure to protect healthcare providers from SARS‐CoV‐2
infection.51 Pulmonary function testing and spirometry are not cur-

rently classified as aerosol generating procedures by the CDC,49

though the American Thoracic Society and the American Academy of

Asthma, Allergy, and Immunology recognize that pulmonary function

testing has the potential to generate aerosols.4–6,52–54 A small study

of five adults undergoing pulmonary function testing demonstrated

aerosol generation with tidal breathing, the forced vital capacity

maneuver, and maximum voluntary ventilation, though additional

studies are needed.55

4 | FOMITE TRANSMISSION

Fomite transmission requires contact with a contaminated surface

followed by contact with a port of entry (eyes, mouth, nose). Viable

SARS‐CoV‐2 can be recovered for at least 3 days after surfaces ex-

posed to infected individuals.33,42,56–58 Though respiratory viruses

can be transmitted via contact with surfaces,59 the relative con-

tribution of fomites to SARS‐CoV‐2 transmission remains unknown.

Two meta‐analyses of handwashing interventions before the

COVID‐19 pandemic demonstrate that while hand hygiene is effec-

tive at reducing transmission of a range of respiratory viruses

(including coronaviruses), it is less effective than mask use, providing

indirect evidence that this is not the dominant mode of transmission

for most respiratory viruses.60,61

5 | MITIGATING RISK OF TRANSMISSION

Simple measures are likely to significantly reduce the spread of

droplets and aerosols. Masks (cotton, surgical, and N95) are very

effective at limiting respiratory particle transmission during speaking

and coughing (90% and 74%, respectively).62,63 Masks reduce both

inhalation and exhalation of droplets and aerosols, and are thus cri-

tical for interrupting transmission.64–67 The efficacy of masks in

reducing transmission depends on a variety of factors, including fit,

time worn, and filtration efficacy. Higher filtration efficacy masks

(e.g., N95 masks) are much more effective at filtration of aerosols

than lower‐efficiency masks (e.g., surgical masks),68–70 but these do

not currently exist in sizes for children and are poorly tolerated for

long periods of time.

The widely used spacing of 2m is based on work by W. F. Wells,

who pioneered the concept of aerosol‐transmitted infections in the

1930 s. Wells noted that large droplets (>100 μm) fall to the floor

within 2m from the source and are dispersed depending on the

exhalation air velocity and relative humidity of the air. New models,

though, demonstrate that with the flow rates of coughing and
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sneezing, droplets can travel up to 6m,71 and patients with re-

spiratory illness can generate a droplet cloud spanning up to 8m.72,73

Thus, social distancing is appropriate but no replacement for masks.

6 | CONCLUSION

Droplets and aerosols are generated by tidal breathing, coughing, and

sneezing. SARS‐CoV‐2 can be transmitted by all these methods and is

viable in particles that remain suspended in air. Understanding the

behavior of virus‐laden droplets and aerosols in confined spaces is

urgently needed for schools and workplaces to open safely. This

makes the usage of masks, social distancing, and adequate room

ventilation critical for limiting the aerosol spread of SARS‐CoV‐2.
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