Received: 26 November 2020 Revised: 4 February 2021

Accepted: 5 February 2021

DOI: 10.1111/ina.12806

EDITORIAL

WILEY

The respiratory infection inhalation route continuum

The coronavirus disease 2019 (COVID-19) pandemic continues to
spread. As | write this editorial in a quarantine hotel in Beijing on
26 October 2020, more than 38 million people worldwide have
been infected by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the virus that causes COVID-19, and more than 1
million have died from COVID-19, according to the WHO COVID-19
dashboard. Before vaccines and antiviral drugs are made available,
non-pharmaceutical interventions such as physical (social) distanc-
ing and quarantine have become our only defense against this new
coronavirus. Implementing an appropriate level of intervention has
been difficult, partly due to our poor understanding of the transmis-

sion routes of the virus.

1 | VENTILATION AND INFECTION

SARS-CoV-2 is not the only virus about which there is significant un-
certainty regarding transmission routes. Confusion and doubt have
existed for a long time over the role of inhalation in the transmission
of other respiratory infections. For example, one review concluded
that influenza viruses can be transmitted by inhalation,' whereas
another concluded the opposite.? Significantly, both of these stud-
ies examined the same well-known Alaska plane outbreak,® in which
72% of the 54 passengers were infected with influenza and the esti-
mated maximum ventilation rate was 0.4 L/s per passenger.4 These
opposing conclusions illustrate what | would refer to as the aerosol
inconsistency phenomenon.

In an earlier editorial that described basic transmission routes for
respiratory infection,’ (aerosol) inhalation transmission was defined
as the infection of a susceptible individual via the inhalation of virus-
laden respiratory droplets, that is, aerosols suspended in the air.
Aerosol inhalation can occur at short range (when in close contact
with an infected person) or at long range (when across a room from
an infected individual). In the literature, short-range inhalation is also
referred to as the short-range airborne route, while long-range inha-
lation is known as the airborne route.

In earlier outbreak studies, such as those of the Alaska plane
outbreak,® data on close contact at time of infection were mostly
absent, and thus any conclusions drawn on the role of other routes,
such as long-range inhalation, may not be reliable. Actual ventilation
rates of infection venues are also generally not available. However,
accurate data on occupancy, human behavior and building ventila-

tion rate at the time of infection are pre-requisites for determining

© 2021 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

possible exposure. Riley et al.® was probably both the first and the
last study of a disease outbreak (measles) in which ventilation rates
were measured before this COVID-19 pandemic, although the ven-
tilation rate is a crucial parameter in the well-known Wells-Riley
equation.® The current pandemic is occurring in the age of artificial
intelligence and big data, and in some countries, health authorities
have conducted intensive contact-tracing using trajectory sensors,
surveillance videos and facial recognition. In our own study of the
outbreak of COVID-19 in a Guangzhou restaurant, we had access
to three surveillance videos of the restaurant at the time of infec-
tion (not yet published). These videos clearly revealed that several
infected individuals had no close contact with the index patient, and
thus, close-contact transmission could be ruled out.

By using these unprecedented data in combination with knowl-
edge of the physical mechanisms of transmission, | believe that there
is a good chance that the long-standing confusion over aerosol trans-
mission can be resolved. | have been involved in investigations of
two COVID-19 outbreaks (one in a restaurant in Guangzhou and two
in buses in Hunan) in which it was found probable that long-range
inhalation transmission had occurred, due to insufficient ventilation.
In both investigations, environmental studies of the transmission
routes, including ventilation rate measurement by using a tracer gas
decay method, were performed in the original infection venues and
the spread of exhaled droplets was measured or predicted. A ven-
tilation rate of less than 3 L/s per person, which is lower than the
ventilation requirement for acceptable indoor air quality of 5.1 L/s
per person in restaurant or dining rooms advocated by professional
societies such as American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), was found to lead to infection by
long-range inhalation (unpublished data). Many studies have shown
that close-range transmission of SARS-CoV-2 seems to be most
common, which probably explains why social distancing has been ef-
fective (Jarvis et al., 2020, Dehning et al., 2020).”® The mass wearing
of face masks has also been shown to be effective (MaclIntyre et al.,
2020), but it is known that the effectiveness is due to both (incom-
plete) filtration and jet blockage. That is, mask-wearing is known to
block the expiration jet, thus preventing or minimizing short-range
transmission. There is some evidence that masks are effective at
stopping transmission from an infected mask-wearer. Nevertheless,
most SARS-CoV-2 infections occur indoors, and in the occasional
reports of long-range transmission, super-spreading events were
found to be involved, such as the aforementioned restaurant and

bus outbreaks.
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2 | INHALATION ROUTE CONTINUUM

A key question is whether long-range aerosol transmission co-exists
with close-range transmission. In a recent mechanistic study, the
short-range inhalation route was shown to dominate respiratory-
infection exposure during close contact, and spray transmission’
(traditionally referred to as large droplet transmission) was only sig-
nificant at very close contact (<0.5 m) (Chen et al., 2020).1° This re-
sult suggests that short-range inhalation through close contact may
be the dominant mode of transmission of respiratory viruses, such
as influenza and SARS-CoV-2, rather than spray transmission, as has
traditionally been believed.

The next question is how the long-range and short-range inha-
lation routes are linked. A potential link can be easily shown by the
following thought experiment, which is also supported by theoret-
ical analysis. The concentration of exhaled droplets in an infected
person's exhaled jet continually decreases with distance from the
mouth of the infected person, and is sufficiently weakened at a dis-
tance of approximately 1.5 m that it merges into the background
air of the room. During this concentration decay process, the en-
trainment of the surrounding air provides dilution. If the surround-
ing air is clean, then the dilution effect becomes stronger such as
in an outdoor setting. The concentration of exhaled droplet nuclei
in the air in a room is determined by the source strength and ven-
tilation rate. When the ventilation rate in a room is sufficiently low,

the average nuclei concentration throughout the room is as high as

Air speed (around 0.5-2 m/s or greater for talking; around
0.5-10 m/s or greater for cough);

Droplet stays for 1-3 s;

Droplets 10-20 microns or smaller fully evaporate and
shrink to a smaller size;

Droplets <50 microns suspended;

High concentration of airborne droplets;
Greater viable viruses.

Close range

that within 1.5 m of an expired air jet. In this situation, the above-
mentioned dilution effect in the short-range becomes less. Thus,
long- and short-range transmission through the inhalation route is
a continuum. Building ventilation affects both long- and short-range
transmission. We infer that SARS-CoV-2 transmission via long-range
inhalation may become possible if the ventilation in a room is insuf-
ficient, despite the fact that transmission would not normally occur
by long-range inhalation if the room were reasonably well ventilated.
For convenience, we refer this scenario as the extended short-range
inhalation route. Epidemiologists cannot distinguish between spray
transmission and short-range inhalation transmission, and the exis-
tence of the extended short-range inhalation route provides direct
evidence of the short-range inhalation route.

The fact that transmission by long-range inhalation has been only
observed occasionally for influenza viruses and SARS-CoV-2 suggests
that these respiratory viruses are normally not transmitted by long-
range inhalation, and that their dominant inhalation transmission route
is mostly short-range in nature. However, as mentioned, insufficient
ventilation makes long-range inhalation transmission possible. This
deduction explains the co-existence of limited long-range inhalation
transmission and dominant close-range transmission. Mechanistic evi-
dence shows that the role of spray transmission may be secondary, ex-
cept if the virus or pathogen exists mostly in drops larger than 50 pm.

It may be useful to visualize two zones in a room: a zone within
close range of the expired jet of the infected person, and a zone com-

prising the remainder of the room, as shown in Figure 1. Recognizing

Air speed (<0.25 m/s);

Droplet stays for hours;

All droplets fully evaporate and shrink to a smaller
size;

Droplets 5-10 microns or smaller can be airborne;
Low concentration of airborne droplets;

Less viable viruses.
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FIGURE 1

Illustration of the infection risk in the close-range zone (in light green, representing a breathing case) and that in the remainder

of a room (long-range zone). The infection risk reduces as the inter-personal distance increases, as shown by the thick gray line. The spread
of the expired jet depends on head/body movement. When the jet spread angle is narrow, passive tracer-gas decay follows the 1/d rule,

where d is the distance; when the angle is wide, the 1/d? rule applies
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the existence of these two zones is useful for devising interventions.
Wearing a mask would block the expired jet of the infected person
and minimize infection risk in the close-range zone. In theory, a face
shield would also produce a similar jet-blocking effect, but this may
not be as effective as a face mask. The concentration of infectious
virus aerosols rapidly decays with distance from the mouth of an in-
fected person, as larger drops fall and settle and fine droplets rapidly
evaporate. Some viruses may even be deactivated during this process.
A 10-um droplet fully evaporates and shrink to droplet nuclei in 66 ms
in a dry environment (0% relative humidity), while a 50-um droplet
does it in 1.7 s and a 100-um droplet in 6.6 s.1* Thus, an expired jet
with a typical exhalation velocity of 2 m/s would travel for only a few
seconds within the 1.5-m close-range zone, and the evaporation of
droplets smaller than 50 um would be complete within this zone.
Viruses in aerosols that remain suspended within an expired jet due to
its relatively high velocity will survive longer in the close-range zone
than beyond it. A 10-um droplet has a stopping distance of 2.3 mm
and a terminal velocity of 2.96 mm/s, while for a 50-um droplet these
values are 40 mm and 74 mm/s, respectively, and for a 100-pum drop-
let they are 130 mm and 0.25 m/s, respectively.!* This means that
droplets smaller than 50 um are mostly carried within the airflow in
the expired jet, whereas larger droplets, or drops, deviate from their
flow path to either settle 1-2 m away, or are deposited on the face.

Obviously, close-range inhalation carries a much greater risk
than long-range inhalation, and the risk of infection via inhalation is
greater within 1-2 m of an infected person.

The possibility of an extended short-range inhalation SARS-
CoV-2 infection route has significant implications in the design of
interventions for the current COVID-19 pandemic. It reveals the im-
portance of building ventilation, and of knowing the rate of ventila-
tion that is required in various settings, such as offices, schools, and
hotel rooms. Hence, in the absence of any solid evidence, it would
be prudent to ensure a minimum indoor-ventilation rate of, for ex-
ample, 8.5 L/s per person in office spaces, as currently required by
professional societies such as ASHRAE. However, it should be noted
that current ventilation standards do not consider respiratory in-
fection control. There is an urgent need to study required minimum

ventilation rate for respiratory infection control,*?

which probably
differs from that for acceptable indoor air quality. Care needs to be
taken on optimizing air distribution, that is, how efficient the air at
any point in a room is replaced by outdoor air from the ventilation
system, and how efficient the exhaled droplet nuclei at any point in
aroom is transported and removed. Air distribution matters on both
distributing the outdoor air and transporting/removing the exhaled
droplet nuclei. In terms of transporting infectious droplet nuclei, a
right airflow direction is needed, for example, for minimizing trans-

port of infectious droplet nuclei to the occupied zones in a room.
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