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Purpose of review

The coronavirus disease 2019 pandemic has had a wide-ranging and profound impact on how we think
about the transmission of respiratory viruses This review outlines the basis on which we should consider all
respiratory viruses as aerosol-transmissible infections, in order to improve our control of these pathogens in
both healthcare and community settings.

Recent findings

We present recent studies to support the aerosol transmission of severe acute respiratory syndrome
coronavirus 2, and some older studies to demonstrate the aerosol transmissibility of other, more familiar
seasonal respiratory viruses.

Summary

Current knowledge on how these respiratory viruses are transmitted, and the way we control their spread,
is changing. We need to embrace these changes to improve the care of patients in hospitals and care
homes including others who are vulnerable to severe disease in community settings.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic
has highlighted many flaws in the way we think
about the transmission of respiratory viruses (e.g.
Middle East respiratory syndrome-coronavirus –
MERS-COV, influenza, respiratory syncytial virus
– RSV, rhinoviruses and enteroviruses, and adeno-
viruses). It has forced us to re-examine the funda-
mental mechanisms underlying the transmission
process, as well as the validity of the evidence that
has been used to support these beliefs.

The pandemic has also revealed the difficulties
in changing the mindset of some infection control
specialists who have resisted modern techniques for
interpreting such evidence and how this may be
applied to improve not just the prevention and
control of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), but other respiratory
viruses as well.

Here, we discuss the evidence for the aerosol
transmission of respiratory viruses from different
angles, with the aim of educating a new generation
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of infection control specialists to improve infection
prevention and control and therefore reduce the
seasonal healthcare burden of these pathogens.
NATURE OF THE EVIDENCE

For each respiratory virus examined, studies on
transmission fall into one of several over-lapping
categories, such as: environmental (air-sampling
studies with PCR detection, with or without viral
culture); epidemiological (based on outbreak
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KEY POINTS

� Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is now accepted as an aerosol
transmissible infection, and current infection control
recommendations include masking, improved
ventilation and social distancing of at least 2 m.

� The understanding of how SARS-CoV-2 is transmitted by
aerosol, together with multiple older studies, make a
convincing argument that all seasonal respiratory
viruses are spread through aerosol.

� Current infection control guidelines need to be updated
to take this new understanding into account.

Infectious diseases
investigations); experimental infections; and inter-
ventional (where an intervention - deliberate or
unintentional - suggests the most likely type of
transmission) [1

&

].
For the purposes of this article, the component

of the traditional ‘droplet’ transmission, where
exhaled particles containing virus land on the
mucous membranes (e.g. eyes, nasal vaults and lips)
of others, is not considered - as this applies only to
droplets (typically >100mm in diameter) that are
too large to be inhaled [2

&

]. The traditional cut-off of
5mmbetween droplets and aerosols, in terms of how
they move through the air, has been shown to be
erroneous [3

&&

]. The only component of the tradi-
tional ‘droplet’ transmission’ that is considered is
that which can be inhaled - when, by definition, the
‘droplet’ then behaves as an aerosol regardless of the
distance it has travelled [4

&

].
Note that in this context, droplets under the

influence of gravity will not travel ‘upwards’ to the
nose or eyes of others (unless they are lying hori-
zontal) since they are then behaving like an aerosol.
The fact that a respiratory virus can be transmitted as
an aerosol clearly does not preclude more direct
modes of transmission such as kissing.

Although viruses are often classified as trans-
mittingmainly by one route or another, these routes
are not mutually exclusive, particularly when peo-
ple are in close proximity. It is possible for a virus to
be transmitted by more than one route, through
aerosols in one situation and fomites in another.
Also of note, there is no robust evidence for tradi-
tional fomite (e.g. a virus-contaminated inanimate
object) or droplet transmission between individuals.
Such evidence would require confirmation by viral
sequencing of the source and recipient, along with
tracking of the transmission pathway by a video
record to the exclusion of another potential third
party sources of the infection (including exposure
via aerosol). Not only is there no substantive
192 www.co-pulmonarymedicine.com
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evidence supporting transmission via the more tra-
ditional direct contact, fomite, or droplet routes but
these routes are not mutually exclusive; for exam-
ple, viruses that are resuspended from fomites can be
inhaled as aerosols, as occurs in the transmission of
hantaviruses from desiccated urine and faecal
deposits on the ground during sweeping [5].
ENVIRONMENTAL EVIDENCE

There have been many air-sampling studies of var-
ious respiratory viruses, with viral RNA or DNA
detected by PCR testing, sometimes further
sequenced to confirm epidemiological linkage with
the source and occasionally including culture to
demonstrate virus viability.

MERS-CoV [6], SARS-CoV [7], SARS-CoV-2
[8,9

&&

,10
&&

], influenza virus [11,12], and RSV [13]
have been detected in air-sampling studies from a
variety of sources, including healthcare and com-
munity settings, and naturally-infected volunteers
in laboratories.

Kim and colleagues collected air-samples from
hospital areas during the 2015 MERS-CoV outbreaks
in South Korea and detected MERS-CoV RNA by
PCR. This study also managed to culture live virus
from some of the air samples collected into virus
culture media [6].

Air-samplers draw airborne viruses into collec-
tion media using high velocity airflows. It is now
realized that the high shear stresses created during
this process can damage the physical integrity of
viruses such as coronavirus, influenza, and RSV,
leaving them unable to bind to permissive host cells
in viral culture [14]. So the apparent lack of live virus
in many air-sampling studies does not necessarily
indicate the correct proportion of virus viability in
naturally exhaled or inhaled airborne viruses.

Recent advances in air sampling methods that
better preserve the virus have led to new studies
demonstrating the presence of infectious virus in
air. For example, Lednicky et al. [8] found viable
SARS-CoV-2 in air samples collected in a hospital
several meters away from patients, and Vass et al.
[10

&&

] detected viable SARS-CoV-2 in the air of a
residence occupied by an infected person.

Milton and colleagues detected viable influenza
virus [11,12] and SARS-CoV-2 [9

&&

] in exhaled air
samples collected directly from naturally-infected
human volunteers using their custom-designed
and built Gesundheit II (GII) machine. The results
for both viruses were further partitioned into ‘fine’
(<5mm diameter) and ‘coarse’ (>5mm diameter)
particles. There was a greater concentration of virus
in the fine particles collected over a 30-min sam-
pling time, during which volunteers performed
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various breathing, talking, shouting and singing
activities.

Kulkarni et al. [13] screened air samples in gen-
eral and intensive care paediatric wards (using a
modified Andersen slit sampler) for RSV by virus
culture and quantified them using plaque-forming
assays. They showed that in a busy paediatrics bron-
chiolitis ward, 1000–1 000 000 viable RSV were
detected over 30 min.

Adenoviruses (Ads), especially Ad types 4 and 7
(Ad4, Ad7) have long been known to cause explosive
outbreaks of respiratory illnesses, in crowded indoor
areas such as military barracks [15,16], consistent
with, and suggestive of, aerosol transmission.
Adenoviruses have been recovered by isolation in
cell culture from aerosol samples (diameters <
15mm) in rooms with infected subjects [17] and
by PCR from air filters of ventilation systems in
military barracks [16].

Detractors of such evidence for the aerosol trans-
mission of these viruses have argued that insuffi-
cient viable virus was detected, despite the fact that a
tangible infectious dose-range for any individual
remains unknown. One review suggests that 100–
1000 virions of SARS-CoV-2might be sufficient in an
otherwise immunologically na€ıve individual [18

&

],
which is similar to other aerosol-transmitted viruses,
such as influenza [19] and smallpox [20].

Furthermore, when considering this environ-
mental ‘virus cloud inhalation’ mechanism, we can-
not know exactly how much virus is inhaled by
different individuals. For example, some might be
exhaling as they walk through a viral cloud; others,
at rest, would also inhale but not so deeply. This
individual variability - including the threshold
infectious dose - may explain why some people fail
to become infected despite a clear opportunity
for exposure.
EPIDEMIOLOGICAL EVIDENCE

Epidemiological evidence comes from detailed out-
break investigations, which are often retrospective
because ongoing outbreaks may not attract atten-
tion until significant numbers of cases present
themselves. So, there are weaknesses in this type
of evidence due to recall bias and paucity of initial
screening, etc. Another limitation is that such inves-
tigations often focus on ‘close contacts’ and so miss
those who might have been infected by inhalation
of the virus at a distance. Ideally, the availability of
surveillance videos at the time of exposure would
enable exploration of the relative contribution of
close contact and distant exposure.

Nevertheless, with PCR detection and viral
sequencing to confirm epidemiological linkage, this
1070-5287 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese
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type of evidence has been used for decades to dem-
onstrate the links and transmissibility of other
viruses such as measles and chickenpox.

The main weakness of this approach for detect-
ing respiratory viruses lies partially in the nonspe-
cific clinical presentation of respiratory illness
compared with the distinctive febrile rash presenta-
tion of measles and chickenpox. Also, respiratory
virus infections can be asymptomatic or mildly
symptomatic, such that some of those infected
may not realize that they are sick, unless they are
enrolled within a study examining a potential expo-
sure-infection linkage.

In this context, several outbreaks of COVID-19
have been investigated, where secondary cases with
confirmed epidemiological linkage indicated by
viral sequencing weremostly likely to have occurred
by aerosol transmission.

In Australia, at a timewhen very few community
COVID-19 cases were present, a singing chorister on
an elevated balcony infected multiple members of
the congregation sitting below at horizontal distan-
ces of 3–15 m from the singer. No close, or direct
contact, could have occurred [21

&&

].
In New Zealand, in a quarantine hotel manned

by fully vaccinated staff, one infected traveller trans-
mitted the virus to other travellers on the opposite
of the corridor when both room doors were open as
meals were passed in [22

&&

].
In both situations above, viral sequencing and

phylogenetic analysis confirmed that the contacts
were infected with a virus identical to that of the
source (index case).

Detractors of this evidence have suggested that
there may have been a common exposure (of the
index case and contacts) to an unknown source.
This seems unlikely, however, as the New Zealand
travellers came from different flights, and the cho-
rister and infected members of the congregation did
not socialize together prior to the service.

Another outbreak in a Hong Kong gym similarly
used traditional epidemiological data with viral
sequencing to confirm transmission, though in such
a close contact situation, other direct contact and
fomite routes of transmission could not be excluded
[23]. This example shows that even if other non-
aerosol routes cannot be ruled out, neither can the
aerosol route. This counterfactual reasoning is often
omitted by traditionalist infection control argu-
ments against aerosol transmission.
EVIDENCE FROM EXPERIMENTAL HUMAN
VOLUNTEER INFECTIONS

Experimental infections in the laboratory permit
clear separation of aerosols and large droplets, as
rved. www.co-pulmonarymedicine.com 193

r Health, Inc. All rights reserved.



Infectious diseases
preparations of homogeneous aerosols free of large
droplets is readily achieved. For influenza A, studies
by Alford involved exposing volunteers to carefully
titrated, aerosolized influenza virus [24]. They estab-
lished that the ID50 (i.e. the infectious dose required
to infected 50% of the volunteers) by aerosols was
about 0.6–3.0 TCID50 and that experimental infec-
tions could replicate the whole spectrum of disease.
In contrast, inoculation by nasal instillation
required a larger dose and was associated with
milder illness [25]. In addition, several experiments
using different animalmodels show that influenza A
can be transmitted by aerosols [25,26].

Experimental infection in human volunteers
with adenovirus 4 (Ad4) suggests that intranasal
inoculation seldomresults in illness [27]. In addition,
it was found that intestinal inoculation with enteric-
coated capsules resulted in asymptomatic infection
[15]. In contrast, aerosol inoculation of human vol-
unteers with Ad4 resulted in successful infections in
16of 21 subjects, 15ofwhombecame severely illwith
fever, cough, prostration, and in one case, a left lower
lobe pneumonia [27]. Significantly, the ID50 required
by aerosol was about 70 times less than the ID50

required by the intranasal route.
Coxsackie A21, an enterovirus well known to

cause respiratory infections and easily recoverable
in cell culture, has been studied in similar ways.
Experimental infections on human volunteers
with Coxsackie A21 can be achieved by both intra-
nasal and aerosol inoculations. However, illness
resulting from intranasal inoculation was invaria-
bly restricted to the upper respiratory tract whereas
aerosol inoculation also caused disease involving
the lower respiratory tract [28]. Interestingly, and
in contrast to Ad4, the ID50 by either route was
approximately the same (although the authors
pointed out that the aerosol inoculum was only a
fraction of the administered dose that would be
inhaled and retained, whereas most of the aerosol
dose would be exhaled and therefore discharged)
[28]. It is worth noting that for rhinovirus A15 the
ID50 by the intranasal route is in fact considerably
lower (approximately 20-fold) than by the aerosol
route [29].
INTERVENTIONAL EVIDENCE

Interventional evidence explores whether an inter-
vention impedes transmission if this occurs only by
the traditional direct contact, fomite or ‘droplet
landing onto mucous membranes’ routes (inhaled
droplets are classified as ‘aerosol transmission’).
Such studies may be deliberate or unintentional.

In 1957 during the A(H2N2) pandemic, patients
in the tuberculosis (TB) wing of a veteran’s hospital
194 www.co-pulmonarymedicine.com
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were protected from contracting TB by a ceiling
ultraviolet germicidal irradiation (UVGI) system.
Patients in this wing were also found to be protected
from influenza infection - unlike patients in other
neighbouring wings where ceiling UVGI was absent
[30,31]. The ceiling UVGI could only be effective if,
like the TB bacillus, the virus was airborne and was
inactivated following UV exposure. Seroconversion
in some of the attending nursing staff and in a small
number of patients established that the virus was
introduced but did not spread.

As a counterpart to this experiment, zanamivir
administered by intranasal drops is highly protec-
tive against experimental infection by nasal instil-
lation [32]. This replicates infection by large droplets
and/or contact with mucosa. However, intranasal
zanamivir is not protective in natural infection set-
tings [33], which imply that aerosol infections must
have occurred. Similarly, Cowling et al. [34], when
re-analysing the data from randomized controlled
trial of hand hygiene and surgical face masks to
prevent household transmission of influenza, found
that these measures did not prevent all cases and
that approximately half of all transmissions must
have occurred through aerosol transmission.

Another older study performed at the University
ofWisconsin demonstrated that rhinovirus had to be
airborne to cause infection. Volunteers sat around a
card table playing with rhinovirus contaminated
cards, with some wearing contraptions designed to
prevent them from touching their face with their
hands. After a 12-h exposure period, a high propor-
tion (10/18, 56%) of the players became infected,
despite being unable to touch facial sites. This was
not statistically different from players in the control
group who were unrestrained, and who could have
become infectedviaaerosol,direct contactor indirect
fomite routes (12/18, 67%). This indicated that the
virusmust have been able to transmit successfully via
aerosol to cause infection [35].

In another study, 10 experimentally infected
subjects were housed in one half of a barrack sepa-
rated by a 54 inches double wired barrier from the
other half harbouring uninfected volunteers [36].
All of the 19 volunteers across the barrier were
infected over the course of the 26-day study, with
5 and 10 volunteers, respectively, infected on days 6
and 12, within a few days of detection of Coxsackie
A21 in collected air samples. This gave an estimated
mean incubation period of 2.5 days.

A more recent study using the GII machine
compared the ability of a surgical mask to contain
influenza, coronavirus and rhinovirus in naturally-
infected volunteers. If the traditional transmission
routes for rhinovirus were correct (via direct contact,
fomites or droplets landing on mucous membranes)
Volume 29 � Number 3 � May 2023
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then surgical masks should effectively contain any
leakage of these respiratory viruses for both fine and
coarse particle populations. It was found that the
surgical mask contained both fine and coarse par-
ticles containing coronavirus; partially contained
influenza was mostly at the coarse particle size level,
but the mask failed to prevent rhinovirus escaping
in either particle size, indicating that rhinovirus was
airborne [37]. This confirmed earlier results from the
University of Wisconsin [35].

Various national and international surveillance
studies have shown that rhinoviruses have persisted
throughout the pandemic, despite the various pan-
demic restrictions, for example, lockdowns and
nonpharmaceutical interventions such as the wear-
ing of face masks, social distancing, curfews, etc.
Based on the epidemiological and interventional
evidence, it seems that rhinoviruses are even more
likely to be airborne than SARS-CoV-2 [38

&

], as could
be inferred from the earlier study by Leung et al. [37].

An earlier study using the GII device also showed
thatwhilst a surgicalmaskcould reduce the leakageof
influenza from an infected person, it did not stop the
leakage of influenza completely [11], which again
confirms the findings of Leung et al. [37].

Detractors of this type of evidence argue that the
airborne viral infections/detections could have ori-
ginated from other sources from elsewhere via the
more traditional ‘fomite’ and ‘droplet’ transmission
routes, but again, these do not exclude the possi-
bility of aerosol transmission, and furthermore there
is no substantial evidence to support these more
traditional transmission routes.
CONCLUSION

Whilst seasonal respiratory viruses cause only mild
clinical illness for most people, the recognition that
transmission can occur via the aerosol route allows
updated guidance to take this into account. Such
guidance should recommend face masks and social
distancing, in the knowledge that these measures
can reduce the aerosol transmission risk component
of these viruses, especially for those individuals who
aremore vulnerable to severe disease. This paradigm
shift in thinking about how such respiratory viruses
can transmit via aerosols was recently reiterated in a
Lancet commissioned report on COVID-19 and
other respiratory viruses [39

&&

].
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