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Coronavirus disease (COVID-19): How is
it transmitted?

23 December 2021 | Q&A

The English version was updated on 23 December 2021.

How does COVID-19 spread between people?

We know that the disease is caused by the SARS-CoV-2 virus, which spreads between people in several different
ways.

o Current evidence suggests that the virus spreads mainly between people who are in close contact with
each other, for example at a conversational distance. The virus can spread from an infected person’s mouth
or nose in small liquid particles when they cough, sneeze, speak, sing or breathe. Another person can then
contract the virus when infectious particles that pass through the air are inhaled at short range (this is
often called short-range aerosol or short-range airborne transmission) or if infectious particles come into
direct contact with the eyes, nose, or mouth (droplet transmission).

o The virus can also spread in poorly ventilated and/or crowded indoor settings, where people tend to spend
longer periods of time. This is because aerosols can remain suspended in the air or travel farther than
conversational distance (this is often called long-range aerosol or long-range airborne transmission).

e People may also become infected when touching their eyes, nose or mouth after touching surfaces or objects that have
been contaminated by the virus.

Further research is ongoing to better understand the spread of the virus and which settings are most risky and why.
Research is also under way to study virus variants that are emerging and why some are more transmissible. For
updated information on SARS-CoV-2 variants, please read the weekly epidemiologic updates.

When do infected people transmit the virus?

What is the difference between people who are asymptomatic or pre-symptomatic? Don’t they both mean someone without

symptoms?


https://www.who.int/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/question-and-answers-hub
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports

Are there certain settings where COVID-19 can spread more easily?

How can I reduce my risk of getting COVID-19?
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The principal mode by which people are infected with SARS-CoV-2 (the virus that causes COVID-19) is through exposure to
respiratory droplets carrying infectious virus. It is possible for people to be infected through contact with contaminated
surfaces or objects (fomites), but the risk is generally considered to be low.

Background

SARS-CoV-2, the virus that causes COVID-19, is an enveloped virus, meaning that its genetic material is packed inside an outer
layer (envelope) of proteins and lipids. The envelope contains structures (spike proteins) for attaching to human cells during
infection. The envelope for SARS-CoV-2, as with other enveloped respiratory viruses, is labile and can degrade quickly upon
contact with surfactants contained in cleaning agents and under environmental conditions. The risk of fomite-mediated
transmission is dependent on:

e The infection prevalence rate in the community
e The amount of virus infected people expel (which can be substantially reduced by wearing masks)
e The deposition of expelled virus particles onto surfaces (fomites), which is affected by air flow and ventilation

e The interaction with environmental factors (e.g., heat and evaporation) causing damage to virus particles while airborne
and on fomites

e The time between when a surface becomes contaminated and when a person touches the surface

* The efficiency of transference of virus particles from fomite surfaces to hands and from hands to mucous membranes
on the face (nose, mouth, eyes)

e The dose of virus needed to cause infection through the mucous membrane route


https://www.cdc.gov/spanish/
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https://www.cdc.gov/coronavirus/2019-ncov/community/ventilation.html
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Because of the many factors affecting the efficiency of environmental transmission, the relative risk of fomite transmission of
SARS-CoV-2 is considered low compared with direct contact, droplet transmission, or airborne transmission ' 2. However, it is
not clear what proportion of SARS-CoV-2 infections are acquired through surface transmission. There have been few reports
of COVID-19 cases potentially attributed to fomite transmission ' 2. Infections can often be attributed to multiple transmission
pathways. Fomite transmission is difficult to prove definitively, in part because respiratory transmission from asymptomatic
people cannot be ruled out > # >, Case reports indicate that SARS-CoV-2 is transmitted between people by touching surfaces
an ill person has recently coughed or sneezed on, and then directly touching the mouth, nose, or eyes > * >, Hand hygiene is a
barrier to fomite transmission and has been associated with lower risk of infection .

Quantitative microbial risk assessment (QMRA) studies have been conducted to understand and characterize the relative risk
of SARS-CoV-2 fomite transmission and evaluate the need for and effectiveness of prevention measures to reduce risk.
Findings of these studies suggest that the risk of SARS-CoV-2 infection via the fomite transmission route is low, and generally
less than 1 in 10,000, which means that each contact with a contaminated surface has less than a 1 in 10,000 chance of
causing an infection 7 & 2. Some studies estimated exposure risks primarily using outdoor environmental SARS-CoV-2 RNA
quantification data. They noted that their QMRA estimates are subject to uncertainty that can be reduced with additional data
to improve the accuracy and precision of information that is entered into the models. Concentrations of infectious SARS-CoV-
2 on outdoor surfaces could be expected to be lower than indoor surfaces because of air dilution and movement, as well as
harsher environmental conditions, such as sunlight. One QMRA study also evaluated the effectiveness of prevention
measures that reduce the risk of fomite transmission and found that hand hygiene could substantially reduce the risk of
SARS-CoV-2 transmission from contaminated surfaces, while surface disinfection once- or twice-per-day had little impact on
reducing estimated risks °.

Surface survival

Numerous researchers have studied how long SARS-CoV-2 can survive on a variety of porous and non-porous surfaces ' . 12
131415 0n porous surfaces, studies report inability to detect viable virus within minutes to hours; on non-porous surfaces,
viable virus can be detected for days to weeks. The apparent, relatively faster inactivation of SARS-CoV-2 on porous compared
with non-porous surfaces might be attributable to capillary action within pores and faster aerosol droplet evaporation ',

Data from surface survival studies indicate that a 99% reduction in infectious SARS-CoV-2 and other coronaviruses can be
expected under typical indoor environmental conditions within 3 days (72 hours) on common non-porous surfaces like
stainless steel, plastic, and glass 0 1. 121315 However, experimental conditions on both porous and non-porous surfaces do
not necessarily reflect real-world conditions, such as initial virus amount (e.g., viral load in respiratory droplets) and factors
that can remove or degrade the virus, such as ventilation and changing environmental conditions & °. They also do not
account for inefficiencies in transfer of the virus between surfaces to hands and from hands to mouth, nose, and eyes & °. In
fact, laboratory studies try to optimize the recovery of viruses from surfaces (e.g., purposefully swabbing the surface multiple
times or soaking the contaminated surface in viral transport medium before swabbing). When accounting for both surface
survival data and real-world transmission factors, the risk of fomite transmission after a person with COVID-19 has been in an
indoor space is minor after 3 days (72 hours), regardless of when it was last cleaned & 2 10 11, 12,13, 15,

Effectiveness of cleaning and disinfection

Both cleaning (use of soap or detergent) and disinfection (use of a product or process designed to inactivate SARS-CoV-2) can
reduce the risk of fomite transmission. Cleaning reduces the amount of soil (e.g., dirt, microbes and other organic agents, and
chemicals) on surfaces, but efficacy varies by the type of cleaner used, cleaning procedure, and how well the cleaning is
performed. No reported studies have investigated the efficacy of surface cleaning (with soap or detergent not containing a
registered disinfectant [4 ) for reducing concentrations of SARS-CoV-2 on non-porous surfaces. From studies of cleaning
focused on other microbes, a 90-99.9% reduction of microbe levels could be possible depending on the cleaning method and
the surface being cleaned "7 '8, In addition to physical removal of SARS-CoV-2 and other microbes, surface cleaning can be
expected to degrade the virus. Surfactants in cleaners can disrupt and damage the membrane of an enveloped virus like
SARS-CoV-2 19 20. 21,

To substantially inactivate SARS-CoV-2 on surfaces, the surface must be treated with a disinfectant product [4 registered with
the Environmental Protection Agency's (EPA’s) List N [4 or technology that has been shown to be effective against the virus %2.
Disinfectant products might also contain cleaning agents, so they are designed to clean by both removing soil and inactivating
microbes. Cleaners and disinfectants should be used safely, following the manufacturer guidance. There have been increases
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in poisonings and injuries from unsafe use of cleaners and disinfectants since the start of the COVID-19 pandemic ?3. Some

types of disinfection applications, particularly those including fogging or misting, are neither safe nor effective for inactivating
the virus unless properly used 2.

Surface disinfection has been shown to be effective for preventing secondary transmission of SARS-CoV-2 between an
infected person and other people within households 2°. However, there is little scientific support for routine use of
disinfectants in community settings, whether indoor or outdoor, to prevent SARS-CoV-2 transmission from fomites. In public
spaces and community settings, available epidemiological data and QMRA studies indicate that the risk of SARS-CoV-2
transmission from fomites is low—compared with risks from direct contact, droplet transmission or airborne transmission & °.
Routine cleaning performed effectively with soap or detergent, at least once per day, can substantially reduce virus levels on
surfaces. When focused on high-touch surfaces, cleaning with soap or detergent should be enough to further reduce the
relatively low transmission risk from fomites in situations when there has not been a suspected or confirmed case of COVID-
19 indoors. In situations when there has been a suspected or confirmed case of COVID-19 indoors within the last 24 hours,
the presence of infectious virus on surfaces is more likely and therefore high-touch surfaces should be disinfected 2°.

Response to a case in an indoor environment

When a person with suspected or confirmed COVID-19 has been indoors, virus can remain suspended in the air for minutes
to hours. The length of time virus remains suspended and is infectious depends on numerous factors, including viral load in
respiratory droplets or in small particles, disturbance of air and surfaces, ventilation, temperature, and humidity 27 28 29. 30, 31,
Wearing masks consistently and correctly can substantially reduce the amount of virus indoors, including the amount of virus
that lands on surfaces 2.

Based on limited epidemiologic and experimental data, the risk of infection from entering a space where a person with
COVID-19 has been is low after 24 hours. During the first 24 hours, the risk can be reduced by increasing ventilation and
waiting as long as possible before entering the space (at least several hours, based on documented airborne transmission
cases), and using personal protective equipment (including any protection needed for the cleaning and disinfection products)
to reduce risk. Certain techniques can improve the fit and filtration effectiveness of masks 32.

After a person with suspected or confirmed COVID-19 has been in an indoor space, the risk of fomite transmission from any
surfaces is minor after 3 days (72 hours). Researchers have found that 99% reduction in infectious SARS-CoV-2 on non-porous
surfaces can occur within 3 days & 2 10.11. 12,13 'In indoor settings, risks can be reduced by wearing masks (which reduces
droplets that can be deposited on surfaces), routine cleaning, and consistent hand hygiene.

Conclusion

People can be infected with SARS-CoV-2 through contact with surfaces. However, based on available epidemiological data and
studies of environmental transmission factors, surface transmission is not the main route by which SARS-CoV-2 spreads, and
the risk is considered to be low. The principal mode by which people are infected with SARS-CoV-2 is through exposure to
respiratory droplets carrying infectious virus. In most situations, cleaning surfaces using soap or detergent, and not
disinfecting, is enough to reduce risk. Disinfection is recommended in indoor community settings where there has been a
suspected or confirmed case of COVID-19 within the last 24 hours. The risk of fomite transmission can be reduced by wearing
masks consistently and correctly, practicing hand hygiene, cleaning, and taking other measures to maintain healthy facilities.
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SARS-CoV-2 is transmitted by exposure to infectious respiratory fluids

The principal mode by which people are infected with SARS-CoV-2 (the virus that causes COVID-19) is through exposure to respiratory
fluids carrying infectious virus. Exposure occurs in three principal ways: (1) inhalation of very fine respiratory droplets and aerosol
particles, (2) deposition of respiratory droplets and particles on exposed mucous membranes in the mouth, nose, or eye by direct
splashes and sprays, and (3) touching mucous membranes with hands that have been soiled either directly by virus-containing respiratory
fluids or indirectly by touching surfaces with virus on them.

People release respiratory fluids during exhalation (e.g., quiet breathing, speaking, singing, exercise, coughing, sneezing) in the form of
droplets across a spectrum of sizes.” These droplets carry virus and transmit infection.

e The largest droplets settle out of the air rapidly, within seconds to minutes.

e The smallest very fine droplets, and aerosol particles formed when these fine droplets rapidly dry, are small enough that they can
remain suspended in the air for minutes to hours.

Infectious exposures to respiratory fluids carrying SARS-CoV-2 occur in three principal ways (not mutually exclusive):

1. Inhalation of air carrying very small fine droplets and aerosol particles that contain infectious virus. Risk of transmission is greatest
within three to six feet of an infectious source where the concentration of these very fine droplets and particles is greatest.

2. Deposition of virus carried in exhaled droplets and particles onto exposed mucous membranes (i.e., “splashes and sprays”, such as
being coughed on). Risk of transmission is likewise greatest close to an infectious source where the concentration of these exhaled
droplets and particles is greatest.

3. Touching mucous membranes with hands soiled by exhaled respiratory fluids containing virus or from touching inanimate surfaces
contaminated with virus.

The risk of SARS-CoV-2 infection varies according to the amount of virus
to which a person is exposed

Once infectious droplets and particles are exhaled, they move outward from the source. The risk for infection decreases with increasing
distance from the source and increasing time after exhalation. Two principal processes determine the amount of virus to which a person
is exposed in the air or by touching a surface contaminated by virus:

1. Decreasing concentration of virus in the air as larger and heavier respiratory droplets containing virus fall to the ground or other
surfaces under the force of gravity and the very fine droplets and aerosol particles that remain in the airstream progressively mix
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with, and become diluted within, the growing volume and streams of air they encounter. This mixing is not necessarily uniform and
can be influenced by thermal layering and initial jetting of exhalations.

2. Progressive loss of viral viability and infectiousness over time influenced by environmental factors such as temperature, humidity,
and ultraviolet radiation (e.g., sunlight).

Transmission of SARS-CoV-2 from inhalation of virus in the air farther
than six feet from an infectious source can occur

With increasing distance from the source, the role of inhalation likewise increases. Although infections through inhalation at distances
greater than six feet from an infectious source are less likely than at closer distances, the phenomenon has been repeatedly documented
under certain preventable circumstances.'®?' These transmission events have involved the presence of an infectious person exhaling
virus indoors for an extended time (more than 15 minutes and in some cases hours) leading to virus concentrations in the air space
sufficient to transmit infections to people more than 6 feet away, and in some cases to people who have passed through that space soon
after the infectious person left. Per published reports, factors that increase the risk of SARS-CoV-2 infection under these circumstances
include:

* Enclosed spaces with inadequate ventilation or air handling within which the concentration of exhaled respiratory fluids, especially
very fine droplets and aerosol particles, can build-up in the air space.

* Increased exhalation of respiratory fluids if the infectious person is engaged in physical exertion or raises their voice (e.g., exercising,

shouting, singing).

* Prolonged exposure to these conditions, typically more than 15 minutes.

Prevention of COVID-19 transmission

The infectious dose of SARS-CoV-2 needed to transmit infection has not been established. Current evidence strongly suggests
transmission from contaminated surfaces does not contribute substantially to new infections. Although animal studies??2* and
epidemiologic investigations?® (in addition to those described above) indicate that inhalation of virus can cause infection, the relative
contributions of inhalation of virus and deposition of virus on mucous membranes remain unquantified and will be difficult to establish.
Despite these knowledge gaps, the available evidence continues to demonstrate that existing recommendations to prevent SARS-CoV-2
transmission remain effective. These include physical distancing, community use of well-fitting masks (e.g., barrier face coverings,
procedure/surgical masks), adequate ventilation, and avoidance of crowded indoor spaces. These methods will reduce transmission both
from inhalation of virus and deposition of virus on exposed mucous membranes. Transmission through soiled hands and surfaces can be
prevented by practicing good hand hygiene and by environmental cleaning.

Summary of Updates
Updates from Previous Content v

As of May 7, 2021

e This science brief has been updated to reflect current knowledge about SARS-CoV-2 transmission and reformatted to be more
concise.

e Modes of SARS-CoV-2 transmission are now categorized as inhalation of virus, deposition of virus on exposed mucous
membranes, and touching mucous membranes with soiled hands contaminated with virus.

e Although how we understand transmission occurs has shifted, the ways to prevent infection with this virus have not. All
prevention measures that CDC recommends remain effective for these forms of transmission.
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WHY THE WHO
TO0K TWO YERRS
T0SAY COVID
IS AIRBORNE

Early in the pandemic, the World Health
Organization stated that SARS-CoV-2 was not
transmitted through the air. That mistake and
the prolonged process of correcting it sowed
confusion and raises questions about what will
happenin the next pandemic. By Dyani Lewis

s 2021 drew to a close, the highly
contagious Omicron variant of the
pandemic virus was racing around
the globe, forcing governments
to take drastic actions once again.
The Netherlands ordered most
businesses to close on19 December,
Ireland set curfews and many coun-
triesimposed travel bansin the hope of taming
the tsunami of COVID-19 cases filling hospitals.
Amid the wave of desperate news around the
year-end holidays, one group of researchers
hailed a development that had seemed as
thoughitmightneverarrive. On23 December,
the World Health Organization (WHO) uttered
the one word it had previously seemed inca-
pable of applying to the virus SARS-CoV-2:
‘airborne’.

On its website, a page titled ‘Coronavirus
disease (COVID-19): How is it transmitted?’
was quietly edited to state thatapersoncanbe
infected “when infectious particles that pass
through the air are inhaled at short range”, a
process otherwise known as “short-range
aerosol or short-range airborne transmission”.
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The website says that transmission can occur
through “long-range airborne transmission” in
poorly ventilated or crowded indoor settings
“because aerosols can remain suspended in
the air or travel farther than conversational
distance”.

“It was arelief to see them finally use the
word ‘airborne’,and to say clearly thatairborne
transmission and aerosol transmission are syn-
onyms,” says aerosol chemistJose-Luis Jimenez
at the University of Colorado Boulder.

The seemingly uncontroversial statement
marked aclear shift for the Switzerland-based
WHO, which had tweeted categorically early
in the pandemic, “FACT: #COVID19 is NOT
airborne,” casting the negative in capital let-
ters asif toremove any doubt. At that time,
the agency maintained that the virus spreads
mainly through droplets produced when a per-
son coughs, sneezes or speaks, an assumption
based on decades-old infection-control teach-
ings about how respiratory viruses generally
pass from one person to another. The guid-
ance recommended distancing of more than
one metre —within which these droplets were
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thought tofall to the ground — along with hand
washing and surface disinfection to stop trans-
fer of droplets to the eyes, nose and mouth.

It took until 20 October 2020 for the agency
toacknowledge that aerosols —tiny specks of
fluid — can transmit the virus, but the WHO
saidthiswasaconcernonlyinspecificsettings,
suchasindoor, crowded andinadequately ven-
tilated spaces. Over the next six months, the
agency gradually altered itsadvice to say that
aerosols could carry the virus formore thana
metre and remain in the air.

But this latest tweak is the WHO's clearest
statement yet about airborne transmission
of SARS-CoV-2. And it places the virus among
aselect group of “airborne’ infections, a label
long reserved for just a handful of the world’s
most virulent pathogens, including measles,
chickenpox and tuberculosis.

The change brings the WHO’s messaging
in line with what a chorus of aerosol and
public-health experts have been trying to get
ittosaysincetheearliest days of the outbreak.
Many decry the agency’s slownessin stating —
unambiguously — that SARS-CoV-2isairborne.
Interviews conducted by Nature with dozens
of specialists on disease transmission suggest
thatthe WHO’s reluctancetoacceptand com-
municate evidence for airborne transmission
was based onaseries of problematic assump-
tions about how respiratory viruses spread.

For example, even in the middle of the
fast-moving epidemic, the WHO dismissed
field epidemiology reports as proof of air-
borne transmission because the evidence
was not definitive, something that is difficult
to achieve quickly during an outbreak. Other
criticisms are that the WHO relies on anarrow
band of experts, many of whom haven’t stud-
ied airborne transmission, and that it eschews
aprecautionary approachthat could have pro-
tected countless peoplein the early stages of
the pandemic.

Criticssay thatinactionatthe agency led to
national and local health agencies around the
world being similarly sluggish in addressing
the airborne threat. Having shifted its posi-
tionincrementally over the past two years, the
WHO also failed to adequately communicate
its changing position, they say. As aresult, it
didn’t emphasize early enough and clearly
enough the importance of ventilation and
indoor masking, key measures thatcan prevent
airborne spread of the virus. LidiaMorawska,
an aerosol scientist at the Queensland Uni-
versity of Technology in Brisbane, Australia,
spearheaded several efforts to convince the
WHO and other health agencies of the airborne
threat. She says that airborne transmission
was “so obvious” as far back as February 2020,
and that omitting it from official guidelines
was disastrous.

But Dale Fisher, an infectious-diseases
physician at the National University Hospital
in Singapore and chair of the WHO’s Global
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Public-health advice on COVID-19 in early 2020 focused on sanitizing surfaces more than protecting against airborne transmission.

Outbreak Alert and Response Network steer-
ing committee, doesn’t think that confusion
over whether the virus is airborne has had a
defining impact on how the pandemic has
played out. “It’s not the cause of the catastro-
phewe’ve seen,” he says.

“So many assumptions
that we had about this virus
were provenfalse.”

Some other researchers defend the agency’s
response, given the rapidly evolving situation.
“I'really don’t think anybody dropped the ball,
including WHO,” says Mitchell Schwaber, an
infectious-diseases physician at Israel’s min-
istry of health and an external adviser to the
WHO. “So many assumptions that we had
about this virus were proven false. We always,
we always were learning new things.”

Resolving this debate about how to assess
the transmission of respiratory viruses mat-
ters, say researchers, because a more deadly

variant of SARS-CoV-2 could emerge at any
time, and new respiratory viruses will almost
certainly plague humanity at some point. It’s
notclear whether the WHO and the world will
be ready.

Tensionin the air

Inthefinal days of March2020, Morawska con-
tacted dozens of colleagues — aninternational
mix of aerosol scientists, infectious-disease
specialists, and building and ventilation
engineers — to get the word out about the
airborne threat of SARS-CoV-2. On 1 April
2020, the group sent an e-mail laying out
their case to Michael Ryan, head of the WHO’s
Health Emergencies Programme, and Maria
Van Kerkhove, technical lead of the WHO’s
COVID-19 response.

Within an hour, the agency was on the
phone. Two days later, the group attended a
video conference with members of the Health
Emergencies Programme and the Infection
Prevention and Control Guidance Develop-
ment Group (IPC GDG) — an external group
of about 40 clinicians and researchers that
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advises the WHO on infection containment,
especially in hospitals. At the time of the
meeting, more than one million people had
been infected with SARS-CoV-2, and 54,000
had died. Community spread was rampantin
several countries.

Morawska presented what she sayswas a
compelling case for airborne transmission.
Two facts stood out. First, there was solid evi-
dence that people were becoming infected
even when they were more than one metre —
the safe distance recommended by the WHO
—fromacontagiousindividual.Second, years
of mechanistic studies had demonstrated how
mucusinaperson’sairway canspray into aero-
solsduring speech and accumulate in stagnant
rooms. Morawska felt rebuffed by the WHO
and its advisers. “l didn’t have a feeling that
they were trying to see this from our perspec-
tive,” she says.

She and other people who study aerosols
and airborne disease transmission say that the
IPC GDG s ill-equipped to assess this type of
transmission because most of its members
have focused on controlling infections in
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hospitals and they lack expertise in the physics
ofhowairborne contagionsspread. Atthe time
of the 1 April meeting, no one in the IPC GDG
had studied this type of disease transmission,
say critics.

“If it is a new disease, you better include
everyone,” says Yuguo Li, a building envi-
ronment engineer at the University of Hong
Kong, whose study of the SARS outbreak
in 2002-03 had concluded that the virus
responsible, SARS-CoV, probably spread
through the airborne route'. He suspected
that SARS-CoV-2 was also airborne, although
he initially thought that only short-range air-
borne transmission was likely.

Marcel Loomans, an indoor-air-quality
physicist at Eindhoven University of Tech-
nologyinthe Netherlands, says thatitis often
hard to find common ground between the two
disciplines. “On the medical side, they were not
aware of how aerosols behave in the air and
what ventilation can do,” he says. People end
up “talking past each other”.

The disconnect was there even in the use
of scientific terms. Infection-control experts
have long drawn a hard line between droplet
viruses and airborne ones, seeing only the lat-
teras capable of travelling far and lingeringin
the air. “Dogmatic bias is certainly a big part
of it,” says Don Milton, an occupational-health
physician who studies aerosol transmission
of infectious diseases at the University of
Marylandin College Park. He says that he was
disappointed but notsurprised by the WHO’s
lack of actionin addressing the airborne threat

after the1April meeting. “I'mjust familiar with
how the medical profession thinks,” he says.

But Schwaber, who chairs the IPC GDG,
recalls the meeting differently. “We took very
seriously the issues that they raised at the
meeting, and responded to them,” he says.
“Nothing was being blown off, nothing was
beingignored.”

At the time, he says, the available evidence
suggested thatairborne precautions through-
out hospitals — including N95 masks for staff,
visitors and patients — were unnecessary.
Still, faced with soaring deaths among front-
line doctors and nurses, most hospitals and

“You’ve got to explain all
thedata, notjust the data
thatyou’ve picked to
supportyour view.”

health agencies adopted these precautionson
their COVID-19 wards, as well as less-stringent
protectionssuch as wearing surgical masksin
other areas of the hospital.

Mark Sobsey, an environmental micro-
biologist at the University of North Carolina
in Chapel Hillwho isamember of the IPCGDG,
says that especially in the early days, the con-
cerns brought to the WHO about airborne
transmission were “largely unfounded” and
lacked credible evidence, such as the iso-
lation of infectious virus particles from air
samples. Epidemiological datafrom outbreak

investigations were “especially weak”, he says.
According to Trish Greenhalgh, a primary-
care health researcher at the University of
Oxford, UK, the IPCGDG memberswere guided
by their medical training and the dominant
thinking in the medical field about how infec-
tiousrespiratory diseases spread; this turned
outtobeflawedinthe case of SARS-CoV-2 and
could be inaccurate for other viruses as well.
Thesebiasesled the group to discountrelevant
information — fromlaboratory-based aerosol
studiesand outbreak reports, forinstance.So
the IPC GDG concluded thatairborne transmis-
sionwas rare or unlikely outside asmall set of
aerosol-generating medical procedures, such
asinserting a breathing tube into a patient.
Thatviewpointisclearinacommentary by
members of the IPC GDG, including Schwaber,
Sobsey and Fisher, published in August 2020
(ref.2). The authors dismissed research using
air-flow modelling, case reports describing
possible airborne transmission and summa-
ries of evidence for airborne transmission,
labelling such reports “opinion pieces”.
Instead, they concluded that “SARS-CoV-2 is
not spread by the airborne route to any sig-
nificant extent”.
Ineffect,thegroupfailedtolookatthewhole
picture that was emerging, says Greenhalgh.
“You've got to explain all the data, notjust the
datathatyou've picked to supportyour view,”
and the airborne hypothesis is the best fit for
all the data available, she says. One example
she cites is the propensity for the virus to
transmit in ‘superspreader events’, in which

CHANGING VIEWS OF
HOW COVID SPREADS

2020

Throughout much of 2020, the World Health
Organization (WHO) held tight to the idea
that SARS-CoV-2, the virus that causes
COVID-19, spreads through relatively large
‘respiratory’ droplets that are expelled by
infected people while coughing, sneezing
or speaking. These droplets contaminate
nearby surfaces or get breathed in, so the
WHO stressed the importance of washing
hands and disinfecting surfaces.

It took many months for the agency to
acknowledge that the virus could travel on
tiny particles called aerosols that can spread
widely and linger in the air. And nearly two
years passed before the WHO clearly stated
that the virus is airborne.
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23 February

“The disease can spread from person to
person through small droplets from the nose
or mouth which are spread when a person with
COVID-19 coughs or exhales. These droplets
land on objects and surfaces around the
person. Other people then catch COVID-19

by touching these objects or surfaces, then
touching their eyes, nose or mouth. People can
also catch COVID-19 if they breathe in droplets
from a person with COVID-19 who coughs out
or exhales droplets. This is why it is important
to stay more than 1 metre (3 feet) away from a
person who is sick.”

The WHO does not mention transmission
by means of aerosols, or that the virus
can spread across distances of more than
one metre or remain in the air.

28 March
“FACT: #COVID19 is NOT airborne ..."

“The virus that causes COVID-19 is mainly
transmitted through droplets generated when
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an infected person coughs, sneezes or speaks.”

“These droplets are too heavy to hang in the
air. They quickly fall to the ground.”

The agency explicitly states that the virus
is not airborne, despite reports at the time
suggesting that it could be.

9 July

“Outside of medical facilities, some outbreak
reports related to indoor crowded spaces
have suggested the possibility of aerosol
transmission, combined with droplet
transmission, for example, during choir
practice, in restaurants or in fitness classes. In
these events, short-range aerosol transmission,
particularly in specific indoor locations, such
as crowded and inadequately ventilated
spaces over a prolonged period of time with
infected persons cannot be ruled out.”

In a detailed ‘Scientific Brief’, the WHO
continues to stress that transmission is
through droplets that fall onto surfaces
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Early WHO advice on masks recommended them only for infected people and their carers.

numerous individuals are infected at a single
gathering, often by asingle person. “Nothing
explains some of these superspreader events
except aerosol spread,” says Greenhalgh.
Throughout 2020, there was also mount-
ingevidence thatindoor spaces posed amuch
greater risk of infection than outdoor environ-
ments did. An analysis of reported outbreaks
recorded up to the middle of August 2020
revealed that people were more than18 times
as likely to be infected indoors as outdoors>.

If heavy droplets or dirty hands had been the
main vehicles for transmitting the virus, such
a strong discrepancy would not have been
observed.

Although the WHO played down the risk
of airborne transmission, it did invite Li to
become a member of the IPC GDG after he
spoketothe groupinmid-2020.Had the organ-
ization not at least been open to his view that
infections were caused by aerosols, especially
atshort range, “they would not have invited

me there as they knew my standing”, he says.

Still, Liis disappointed that it took the WHO
until October 2020 to acknowledge that aer-
osols play a part in disease transmission in
community settings (see ‘Changing views
of how COVID spreads’). And in its updated
guidelines on mask use, in December 2020,
the agency still emphasized shortfalls and
gapsintheevidence foraerosol transmission,
and the need for more “high quality research”
to understand the specifics of how the virus
spreads. It wasn’t until the end of April 2021
that long-range aerosol transmission was
addedtoaquestion-and-answer sectiononthe
agency’s website about how the virus spreads.
And the termairborne wasn’t officially added
until December 2021.

Conservative approach

Some scientists note that the WHO’s decision
to classify SARS-CoV-2 as airborne, belated as
itwas, ismomentous. That’s becauseitfliesin
theface of the established view of respiratory
virus transmission that held sway when the
pandemic began — that nearly all infectious
diseases are spread by droplets, not through
theair. And researchers say that this changeiis
particularlyimportant because the organiza-
tiongenerally takes a conservative approach.
“What the WHO says is normally based on a
consensus of expert advice and opinion,”
says Christopher Dye, an epidemiologist who
served as the scientific advisertotheagency’s
director-general until 2018.

And although the WHO has drawn strong

2021

and are spread by surface contamination

or by close contact. But, for the first time, it
acknowledges that transmission by aerosols
might be possible, contradicting its previous
statements.

20 October

“Current evidence suggests that the main way
the virus spreads is by respiratory droplets
among people who are in close contact with
each other. Aerosol transmission can occur

in specific settings, particularly in indoor,
crowded and inadequately ventilated spaces,
where infected person(s) spend long periods
of time with others, such as restaurants, choir
practices, fitness classes, nightclubs, offices
and/or places of worship. More studies are
under way to better understand the conditions
in which aerosol transmission is occurring
outside of medical facilities where specific
medical procedures, called aerosol generating
procedures, are conducted.”

The WHO states that aerosol transmission
happens outside of medical settings.

30 April

“Current evidence suggests that the virus
spreads mainly between people who are in
close contact with each other, typically within

1 metre (short-range). A person can be infected
when aerosols or droplets containing the virus
are inhaled or come directly into contact with
the eyes, nose, or mouth.

The virus can also spread in poorly
ventilated and/or crowded indoor settings,
where people tend to spend longer periods
of time. This is because aerosols remain
suspended in the air or travel farther than
1 metre (long-range).”

The WHO for the first time mentions that

aerosols can stay suspended in the air or
travel long distances.
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23 December

“Current evidence suggests that the virus
spreads mainly between people who are in
close contact with each other, for example at a
conversational distance ...

The virus can also spread in poorly
ventilated and/or crowded indoor settings,
where people tend to spend longer periods
of time. This is because aerosols can remain
suspended in the air or travel farther than
conversational distance (this is often called
long-range aerosol or long-range airborne
transmission).”

Nearly two years into the pandemic, the WHO
uses the term ‘airborne’ for the first time.
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criticism for the way in which it assessed
SARS-CoV-2 transmission, some researchers
don’tfind theagency’sresponse surprising. The
international community looks to the WHO for
early warnings of disease outbreaks. But when
itcomestoscience, the agency “seesitsrole as
certifying the current expert consensus, not
(usually) advancing new, tentative knowledge”,
says Peter Sandman, anindependent risk-com-
munications specialistbased in New Jersey who
has worked as a consultant to the WHO.

Schwaber says: “Individuals and govern-
ments and public-health bodies are looking
to a WHO GDG, not to conjecture. They're
looking to a WHO GDG to put out guidance.
Thateverything that we say can be backed by
evidence.”

The WHO frequently gets attacked, “so you
canunderstand how they’d berisk averse”, says
Tom Frieden, president of the global-health
initiative Resolve to Save Lives and former
head of the US Centers for Disease Control and
Prevention (CDC). Frieden is critical of some
aspects of the WHO’s pandemic response,
including how slow it was to recommend the
use of masks. But he says that the agency isin
adifficult position during health crises.

In 2009, for instance, it was accused of
being alarmist over the HIN1 swine influenza
outbreak that petered out with few lives lost.
“WHO got hit hard for that,” says Dye, even
though he thinks the agency was right to be
cautious and declare a public-health emer-
gency of international concern.

Hard line to tread

Virologist May Chu,amember of the IPC GDG
at the Colorado School of Public Health in
Aurora, says that the WHO treads a difficult
line, and tends to be quite conservative in its
recommendations to avoid putting out infor-
mation that later provestobeincorrect. “You
can’tbebacktracking” onadvice, adds Fisher,
because “thenyoulose complete credibility”.

Thegravity of the situation might have made
the WHO even more cautiousinits pronounce-
ments and less likely to stray from consensus
views, according to Sandman’s partner Jody
Lanard, anindependent risk-communications
specialist who has also worked with the WHO
inthe past.

In previous situations — such as during the
Ebola outbreak in West Africa, and in polio
vaccine campaigns — the WHO was more
nimble than it has been during the COVID-19
pandemic, Lanard says. “I've seen them be
able to change what their approach was, or
try different things,” she says. But during the
pandemic “it’'s so tempting to be very, very cau-
tious”, because millions of lives will be affected
by the agency’s recommendations. Loomans
and others question why, when concerns
were growing that SARS-CoV-2 could be air-
borne, the WHO didn’tadopta precautionary
approachby acknowledging the possibility of
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differentrisks, even without definitive proof.

AndinMay 2021, theIndependent Panel for
Pandemic Preparedness and Response (IPPPR),
abody established by the WHO a year earlier to
review the agency’s actions at the start of the
pandemic, called out the WHO for not applying
the precautionary principle to another crucial
aspect of COVID-19 transmission — whether
it could spread from human to human (see
go.nature.com/3ighfjm). “There is a case for
applying the precautionary principle in any
outbreak caused by anew pathogenresultingin
respiratory infections, and thereby for assum-
ing that human-to-human transmission will
occur unlessthe evidence specifically indicates
otherwise,” the IPPPR said inits 2021 report.

In practice, applying the precautionary
approachto the question of how SARS-CoV-2
—or any newly emerged pathogen — is trans-
mitted would mean initially assuming that
all routes of transmission are possible. “That
should be your starting point, and thenyou can
strike out routesifyou’resure,” says Loomans.

But Schwaber says that thisapproach carries
risks. “To say, well, the best interests of the
patient and the best interests of the health-
care worker involve invoking the precaution-
ary principle would also imply that there’s no
downside to invoking it,” he says. Taking full
precautions against airborne transmission
would require major changes at hospitals,
such as using negative-air-pressure isolation
rooms and uncomfortable N95 masks for all
staff and visitors. Such changes need to be
weighed against the evidence that they are
required, he says.

Sobsey says that the WHO did adopt the
precautionary principle, in part because of
the advice from aerosol scientists. That's why,
he says, the agency stated inJuly 2020 that

“Ithink there’sbeenasea
changeinthinkingat WHO
asaconsequence of the
experience with this virus.”

airborne transmission couldn’t be ruled out
—and why it started placing more emphasis
on ventilation as a protective measure, even
though the evidence forairborne transmission
was weak at the time.

“They are not totally wrong,” says Li of those
who claimed there were gaps in the evidence
for airborne transmission, especially over
larger distances. “It’s nothing bad to seek solid
scientificevidence,” he says, but “when you see
the spread so significantly, do you still wait
for anice Nature or Science article?” he says.

Still, other health organizations moved
faster than the WHO despite the uncertainty.
In February 2020, Li was contacted by the
Chinese Center for Disease Control and
Prevention for advice on air conditioning in

© 2022 Springer Nature Limited. All rights reserved.

public buildings and on public transport. At
Li’s suggestion, he says, the centre recom-
mended maximizing airflow in buildings from
the outside, to help flushout any airborne con-
tagion. At the time, Li didn’t think that venti-
lation would substantially reduce infection
from a virus that he suspected was airborne
only over short distances — an assumption
that helater disproved. But herecommended
improved ventilation because “l always sup-
porta precautionary approach,” he says.

Communication problems

One thing that’s still missing, says Jimenez,
isa clear communication campaign from the
WHO. Its director-general, Tedros Adhanom
Ghebreyesus, acknowledged the challenges
in his opening remarks at the agency’s global
conference on communicating science during
health emergencies, on 7 June 2021. “Scientific
processes, decision-making in an emergency
context and mass communication do not
fit together easily,” Tedros said, adding that
“high-quality research takes time, but time is
something we don’t have in an emergency”.

During the early months of the pandemic,
the WHO was fighting battles on other fronts.
Whileitgrappled with shortages of protective
equipment and ventilators, it was also con-
tending with misinformation about unproven
treatments for COVID-19 and US threats to pull
its funding from the organization.

But critics say that even two years into the
pandemic, the WHO hasn’t clearly communi-
cated the risks from airborne transmission.
And, perhapsasaresult, governments around
the world spent much of the pandemic focus-
ing on hand washing and surface cleaning,
instead of ventilation and indoor masking.

“The cacophony of changing messages has
undoubtedly contributed greatly toresistance
to masks and other measures,” says Jimenez.

On15December 2021, less than two weeks
before the latest change in wording on the
WHO'’s website, Jimenez put out a call on
Twitter for evidence of how governments and
organizations either “don’t know how to pro-
tect their citizens, or use @WHO’s ambiguity
toavoid doing so”.He enumerated more than
100 examples in which health advice at the
time was at odds with airborne precautions,
indicating that the message was not filtering
out from the agency.

Jimenez has continued to receive such
examples. Now that the agency has changed
the wording on its main website, Jimenez can
call out these ‘COVID Hall of Shame’ offenders,
as helabels them, for providing advice thatis
nolongerinline withtheinternational health
agency.

“That is the arrogance, a bit, of what WHO
is,” says Chu. “Once you post [new guidance],
it's pretty passive. They expect you to cometo
their website. They don’t necessarily broad-
castit.”
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Schoolchildren in Taipei eat lunch behind partitions to stop the spread of COVID-19 in April
2020, after the WHO stressed the dangers of respiratory droplets that travel short distances.

But that’s exactly what’s needed, says
Jimenez, especially given early communica-
tions that still haunt the agency, such as its
tweetabout COVID-19 notbeingairborne. “No
doubt we owe the persistence of misinforma-
tionto that WHO announcement and firm posi-
tion, at the timein whichwe were all scared and
eager to learn how to protect ourselves, very
early inthe pandemic,” says Jimenez.

The agency defendsits actions throughout
the pandemic. In a statement to Nature last
month, aspokespersonsaid: “WHO has sought
theexpertise of engineers, architectsand aero-
biologists along with expertise in infectious
diseases, infection prevention and control,
virology, pneumology and other fields since
the early days of the COVID-19 pandemic. In
August 2020, we established the Environment
and Engineering Control Expert Advisory
Panel (ECAP) for COVID-19 to provide expert
contributions for the development of guid-
ance through evaluation and critical interpre-
tation of available evidence (benefitsand harm
of interventions) related to relevant technical
questionsincludingindoor air quality manage-
mentand ventilation as an engineering control
measure in the context of COVID-19.”

The organization says that initial guidance
covered airborne precautions in health-care
settings, but notes that: “As the evidence on
the transmission of COVID-19 has expanded,
we have learnt that smaller-sized infectious
particles known as aerosols also play arole
in transmission in community settings, and
WHO has adapted its guidance and messages
toreflect thisinthe December2020 update to
our mask guidance.”

In response to critics who say that it
hasn’t adequately highlighted the changes
it has made regarding the risks of airborne

transmission, the WHO says that it has held
about 250 press briefings and hundreds of live
social-media events during the pandemic. It
adds that it also pushes out information
through social-media channels, meetings with
doctors and mailing lists to scientists.
That’s not enough, according to some
researchers. Stephanie Dancer, a microbiol-
ogistat the Edinburgh Napier University, UK,
says that the WHO needs to be clear about its
position so that others follow its lead. “They
have to show true strength of character and
stand up and say, ‘We got it wrong. We're going
togetthisright. Here are our next set of guide-
lines. This is where we’re going to go. This is

what we advise,” she says.

Offto abad start

Part of the problem was how emphatic the
WHO was at the beginning of the pandemic,
says Heidi Tworek, a historian and public-
policy specialist at the University of British
Columbiain Vancouver. “To say that COVID
was definitively not airborne unfortunately
meant there was amassive hill to climb toundo
that,” she says. Right from the beginning, the
WHO and other public-health authorities and
governments should have emphasized that
SARS-CoV-2 was a new coronavirus, and that
guidelines would inevitably change, she says.
“Andwhenthey do, it’'sagoodthingbecauseit
means we know more.”

“We'rereally talking here about two failures,
notone,” says Sandman. “Being reluctant to
change your mind, and being reluctant to tell
people you changed your mind.” Like other
public-health and scientific organizations,
the WHO “are afraid of losing credibility
by acknowledging that they got something
wrong”, he says.
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But when Lanard worked with the WHO in
2005 to draftits risk-communications guide-
lines, one tenet that she advocated — to admit
mistakes and errors when they occur — was
removed from the final draft. She says that
there were good reasons behind that deci-
sion, including that health officials in some
countries could have faced imprisonment —
orworse —if they had promoted information
from the WHO that turned out to beincorrect.
Officials and scientific advisers in several
countries have received death threats during
the pandemic. “Inevitably you’ll get it wrong
sometimes,” says Frieden. And the WHO is in
aposition that means “whatever they do, they
get attacked”, he says.

On the science front, questions remain
about how much of COVID-19 transmission
isairborne. Sobsey says that researchers still
need to come up with evidence that the air-
borne route makes “an important contribu-
tion to the overall disease burden”. Many on
the other side of the aisle, such as Jimenez,
are convinced that airborne transmission
predominates. The US Office of Science and
Technology Policy voiced strong support for
this view on 23 March, whenits head, Alondra
Nelson, issued a statement called ‘Let’s Clear
the Air on COVID’, which said “the most com-
mon way COVID-19 is transmitted from one
person to another is through tiny airborne
particles of the virus hanging in indoor air
for minutes or hours after an infected person
hasbeen there.”

Other viruses long suspected of being
airborne — including influenza and common
cold viruses — will also be scrutinized. In Sep-
tember 2021, the US National Institutes of
Health awarded Milton a multimillion-dollar
grant to conduct trials that will determine
whether airborne or droplet routes lead to
influenzainfection.

Li says that there’s much greater recogni-
tion of airborne transmission because of the
COVID-19 pandemic, and research over the
next few years will probably show that most
respiratory viruses can spread in this way. So
the whole world will be more alert to the pos-
sibility of the airborne threat when old or new
infectious diseases start spreading.

In the WHO, too, attitudes have shifted,
according to Sobsey. “I think there’s been
asea change in thinking at WHO as a conse-
quence of the experience with this virus,” he
says, “whichis —be more precautionary, even
ifyou're notsure.”

Dyani Lewis is freelance reporter in
Melbourne, Australia.
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Significance

The aerosol microenvironment is dynamic, exposing pathogens, such as severe acute
respiratory syndrome coronavirus 2 virus, when exhaled in respiratory aerosol to
extreme conditions of solute concentration, pH, and evaporative cooling. Yet surviving
this environment is a key step in the transmission of such pathogens. Understanding the
impact that airborne transport has on pathogens and the influence of environmental
conditions on pathogen survival can inform the implementation of strategies to mitigate
the spread of diseases such as coronavirus disease 2019. We report changes in the
infectivity of the airborne virus over timescales from 5 s to 20 min and demonstrate the
role of two microphysical processes in this infectivity loss, namely, particle crystallization

and aerosol droplet pH change.

Abstract

Understanding the factors that influence the airborne survival of viruses such as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in aerosols is important for
identifying routes of transmission and the value of various mitigation strategies for
preventing transmission. We present measurements of the stability of SARS-CoV-2 in
aerosol droplets (~5 to 10 ym equilibrated radius) over timescales spanning 5 s to 20 min
using an instrument to probe survival in a small population of droplets (typically 5 to 10)
containing ~1 virus/droplet. Measurements of airborne infectivity change are coupled
with a detailed physicochemical analysis of the airborne droplets containing the virus. A
decrease in infectivity to ~10% of the starting value was observable for SARS-CoV-2 over
20 min, with a large proportion of the loss occurring within the first 5 min after
aerosolization. The initial rate of infectivity loss was found to correlate with physical

transformation of the equilibrating droplet; salts within the droplets crystallize at relative
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stability is sustained for the first 2 min, beyond which it decays to only 10% remaining
infectious after 10 min. The loss of infectivity at high RH is consistent with an elevation in
the pH of the droplets, caused by volatilization of CO, from bicarbonate buffer within the
droplet. Four different variants of SARS-CoV-2 were compared and found to have a

similar degree of airborne stability at both high and low RH.

Sign up for PNAS alerts.

Get alerts for new articles, or get an alert when an article is cited.

The ongoing coronavirus disease 2019 (COVID-19) pandemic has demonstrated the
requirement for an improved understanding of the factors that govern the relative importance
of different modes of transmission of respiratory pathogens, including the parameters that
influence droplet, fomite, and airborne transmission. Indeed, shortcomings in our
understanding have prolonged the debate surrounding the likelihood of airborne transmission
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1-3), with consequences for
the implementation of nonpharmaceutical interventions and mitigation strategies such as
physical distancing, the wearing of face coverings, and the use of ultraviolet (UV) germicidal
irradiation. Currently, epidemiological evidence (4-7), air sampling studies (8), and animal-
model studies (9) are broadly consistent with transmission dominated by the inhalation of
infectious aerosol (<100-uym diameter). Transmission over distances beyond 2 m has been

documented and tends to be under preventable circumstances (10), such as occurring after

prolonged exposure in poorly ventilated rooms (11, 12).

Reports of the airborne stability of SARS-CoV-2 consistently indicate that the half-life associated
with the decay in viral infectivity is on the order of hours in surrogates of respiratory aerosols
(13-16). However, a detailed understanding of the processes that govern the airborne longevity
of viruses, and how infectivity is affected by basic environmental conditions such as relative
humidity (RH) and temperature, is required. More specifically, there is little clarity on the impact
of environmental conditions on the microenvironment within an airborne droplet and the
interplay between this microenvironment and the stability of pathogens. Improved models of
the physicochemical properties of respiratory aerosol and the processes that transform
particle size, moisture content, composition, and phase are essential to provide clearer insights
into the relative risks of airborne transmission in different environments and the potential
benefits of mitigation measures to reduce transmission. Indeed, it should be recognized that
transformation processes lead to transient changes in properties (e.g., surface enrichment in
salts during evaporation following droplet exhalation) that can have impacts on infectivity
distinct from the steady state equilibrium properties that persist over longer time periods

during airborne transport (e.g., an equilibrated salt concentration).

The microenvironment within an airborne droplet is multifarious and notoriously difficult to

study (17) and is further complicated by the presence of organic macromolecules and
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transmitted in exhaled aerosol that can span from 100-nm to 100-pm diameter and have
emission rates as low as 10 particles s~ when humans breathe (20, 21). Regardless of the
expiratory activity that generates respiratory aerosols [e.g., coughing, speaking (21, 22)], the
high surface area-to-volume ratio of the emitted particles facilitates rapid equilibration to the

surrounding gas phase composition (S/ Appendix, Fig. S1A) (23). In particular, the equilibration

of the water activity within the droplet to the surrounding RH impacts the physicochemical
conditions experienced by microorganisms present within the aerosol. Aqueous respiratory
droplets at the point of exhalation start with a very high water activity (~0.995) (24) consistent
with equilibration with the high RH within the respiratory tract (25) but must adjust to
equilibrate with the indoor humidity, which is typically within the range 20 to 60% (26-28).
Under most conditions, exhaled aerosol droplets rapidly lose both moisture and heat through
evaporation, with large concomitant changes in volume and temperature as they establish an

equilibrium with the indoor environment.

Not only does the loss in water lead to an increase in solute concentrations during evaporation
but also the absence of heterogenous nucleation sites (i.e., a surface) leads to supersaturated
solute concentrations that cannot be achieved in the bulk solution phase or in sessile droplets
deposited on surfaces. At sufficiently low RH (e.g., below 45% for saline solution droplets), the
supersaturation of solutes can be sufficient to induce homogenous nucleation (29-31) of the
salt fraction, leading to efflorescence (crystallization) of the droplet and the formation of a
dryer particle. Furthermore, during the initial period of droplet evaporation, the rates of
diffusion of microorganisms within the droplet can be significantly slower than the rate at
which the droplet surface recedes, leading to their exclusion to the near-surface region of the
droplet. Given that the physicochemical conditions at the surface of the droplet can be
different to the core (e.g., surface enrichment in solute concentration), establishing the
distribution of microorganisms within a particle may be crucial to understanding the impact of

aerosol microphysics on their longevity.

Once the moisture content of the aerosol has decreased to establish equilibrium with the
ambient environment, the decay in microorganism survival may be regulated by steady-state
microphysical properties. In particular, the typical range in ambient RH is consistent with
equilibrated solute concentrations that are supersaturated in the exhaled aerosol. Although
the mechanism remains unclear, high salt concentrations may inactivate viruses by damaging
the viral nucleic acid (32, 33). With high contents of organic macromolecules, phase-separated
particles with organic- and inorganic-rich domains or amorphous particles containing trapped
moisture may form, potentially enhancing viral and bacterial survival. Furthermore, the pH of
aerosol particles is RH, size, and composition dependent, and the pH of aerosol droplet
surfaces may be different from the droplet bulk (34). Indeed, predicting the evolving aerosol pH
is challenging, particularly when the facile partitioning of water-soluble acidic and basic
components from the ambient environment is considered, even before the influence of aerosol

pH on microorganism survival is considered (35).

Laboratory strategies to assess the airborne stability of a pathogen must either be capable of

simulating every aspect of the real-world environment in which transmission occurs or
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processes and properties on survival can be assessed independently. Goldberg rotating drums
(36) have been widely used over many decades to assess airborne pathogen stability and have
been used to investigate the airborne survival of SARS-CoV-2. More specifically, studies have
examined the dependence of infectivity on time (20 min to 16 h), RH (40 to 70%), and the
presence of UVC light with measurements in aerosols composed of cell culture media
(Dulbecco’s modified Eagle medium [DMEM] and minimal essential media [MEM]) and artificial
saliva (13-16, 37). All studies concentrate on equilibrated particle sizes of ~5 pm (mass median
aerodynamic diameter). A nebulizer is used to generate a cloud of aerosolized pathogen that is
suspended by the rotation of the drum. The initial environmental conditions within the drum
can be controlled by mixing the output of the nebulizer with a flow of humidity- and
temperature-controlled air. However, operation with stable environmental conditions can be
challenging; for example, as the droplets evaporate and equilibrate to the set humidity, the
water they release can cause the humidity within the drum to increase [see for example the
report of Smither et al. (14)]. In addition, dynamic changes in liquid water content within the
freshly nebulized aerosol cloud do not replicate the very rapid changes that can accompany the
extremely low concentrations of the exhaled aerosol. This precludes any study of short-term
decreases in pathogen viability that may be critical to understanding close contact transmission

and the immediate consequences of exhalation on microbe survival.

We have previously reported a unique approach to the study of infectious aerosol and the
interplay between aerosol microphysics and pathogen survival, using complementary aerosol
analysis techniques to assess the underlying mechanisms that govern the airborne longevity of
pathogens (38, 39). The aerosol stability of viruses and bacteria is investigated using the CELEBS
(controlled electrodynamic levitation and extraction of bioaerosols onto a substrate) technique

(38-40). In CELEBS (S5/ Appendix, Fig. S1B), a small population (<20) of near-identical

monodisperse droplets containing bacteria or viruses are trapped within an electric field, while
a constant flow of air prevents the accumulation of released water around the droplets.
Loading droplets into the CELEBS takes <0.1 s, and there is no physical loss of droplets over
time. Thus, an assessment of the viability of suspended microbes within droplets can be made
after periods of suspension varying between less than 5 s to many hours. These longevity
measurements can then be contextualized with detailed measurements of the dynamic
changes in the physicochemical properties of droplets generated the exact same way in an
instrument referred to as the comparative kinetic-electrodynamic balance (CK-EDB) (38, 41-45).
The CK-EDB uses the same piezoelectric droplet-on-demand dispensers as the CELEBS to

generate droplets, with particles captured in the path of a laser within a flow of humidity and

temperature-controlled air (5/ Appendix, Fig. S1C). The elastic light scattering pattern can be
used to infer the size and structure of these droplets within the same environmental conditions

as those used in CELEBS.

By coupling the time-sensitive measurements of the physicochemical properties of the droplets
(CK-EDB) with the downstream biological effects (CELEBS) on the same timescale, the
systematic exploration of hypotheses regarding the inactivation mechanisms of viruses and

bacteria is possible. In this study, we apply this approach to the study of SARS-CoV-2 survival in
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studying the physicochemical changes that take place in the droplet and exploring how these
changes impact the infectivity of the virus, we elucidate the effect of the airborne environment
on SARS-CoV-2. This study provides insights into the potential influence of environmental

conditions on COVID-19 transmission.

Results

The Airborne Infectivity of SARS-CoV-2 Declines over the First 20 min following
Aerosolization.

The infectivity of SARS-CoV-2 contained in droplets of MEM with 2% vol/vol fetal bovine serum
(MEM 2% FBS) was measured over the course of 20 min of levitation in CELEBS at both low
(40%) and high (90%) RH (Fig. 1A4). A decrease in infectivity (in this work, defined as the
proportion of virus remaining able to induce cytopathic effect) at low RH occurs almost
immediately, falling to an average of 54% within 5 s of generation. Interestingly, although the
initial loss in infectivity at low RH is almost instant, the virus infectivity then remains more
stable, only decreasing an average of 19% over the next 5 min. At high RH, the reduction in
infectivity following aerosolization is more gradual with a steady loss of infectivity of 48% within
the first 5 min. The decay in survival appears to plateau at both RHs after 10 min, and the
difference between infectivity in aerosol particles suspended at the two RHs diminishes over
time, until survival at the two RHs is indistinguishable after 20 min. Further research will be
required to explore for how long the apparent plateau continues, but it is possible that this
slowing down of the viral decay is responsible for the longer half-lives reported in previous
Goldberg rotating drum studies (15). It is unlikely that the rapid initial decay in virus infectivity
would be observable in a rotating drum due to the relatively long times required to load the

drum.

Fig. 1.

The short-term airborne decay of SARS-CoV-2. Datapoints are the mean of several measurements
(typically >4), and error bars show the standard error. Measurements were carried out at room
temperature at 18 to 21°C. (A) The percentage infectivity of SARS-CoV-2 REMRQOOO] as a function of time
levitated in CELEBS at 40% RH (purple) and 90% RH (green). (B) Curve showing the impact of RH on the
percentage infectivity of SARS-CoV-2 REMRQOOOI] after 2 min of levitation in CELEBS. The larger colored
square points show the mean, with the error bars showing the standard error. Gray crosses show the
results of individual measurements.

To more fully characterize the dependence of the infectivity of SARS-CoV-2 on RH, the RH was
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reported little dependence of the infectivity decay rate on RH within the uncertainty of the
measurements (14, 16). However, we observe a clear relationship between the short-term
viability of SARS-CoV-2 and RH (Fig. 15). Between 30 and 50% RH, the infectivity typically
declines within this short time frame to between 30% and 40% after 2 min of levitation. At RHs
of 80% and above, the virus is far more stable, with infectivity rarely falling below 80% after 2
min. The residual infectivity between 60% and 70% RH is highly variable, sometimes falling to
similar levels to those observed at the lower RHs and sometimes showing almost no decrease;

we shall return to this variability in a later section.

The rapid decay in infectivity reported here, with an observed half-life of on the order of
seconds to minutes, has not been reported previously. However, consistent with the majority
of previous studies, these survival decays have been measured in virus culture directly and it
should be remembered that the aerosol composition (MEM 2% FBS) is different from real
exhaled respiratory fluids, including saliva, alveolar lung fluid, and other respiratory secretions.
Thus, we now investigate the causative mechanisms driving the decay of SARS-CoV-2 in
airborne MEM 2% FBS in order to better understand the relevance of these measurements to

the transmission of SARS-CoV-2.

Airborne Droplets of MEM Show Complex Phase Behavior during Evaporation.

To provide insight into the underlying mechanisms that drive the observed airborne loss of

SARS-CoV-2 infectivity, the microphysical changes (depicted in S/ Appendix, Fig. S1A) taking

place in the droplets hosting the virus were explored in real time and in situ using the CK-EDB
with a time resolution of <100 ms (38, 41-45). For context, the phase changes that occur during
the evaporation of aqueous sodium chloride at an RH below the efflorescence threshold are

shown in S/ Appendix, Fig. S2. When efflorescence occurs at low RH, the crystallization of the

salt is exothermic, resulting in a transient increase in the droplet temperature and a
concomitant increase in the evaporation rate. This increase in evaporation rate characteristic of
efflorescence is best observed in changes in the intensity of the total light scattered by the
particle. By comparison, Mie scattering calculations from the angularly resolved light scattering
pattern can be used for precise estimation of the droplet size and can provide other insights
into the physical transformations of the particle, such as the formation of numerous submicron
crystals dispersed within the host liquid droplet and the point at which the particle ceases to be

spherical (46).

For the viral longevity measurements in this study, the virus was suspended in MEM 2% FBS,
which was the tissue culture medium used in the initial growth of the virus on Vero cells. The

relatively low viral titers obtained with SARS-CoV-2 culture (, 47) prevented dilution into other

solutions, constraining longevity experiments to the starting stock solution. We avoided
concentrating the virus stocks using methods such as ultracentrifugation and tangential flow
filtration to avoid any impact these processes might have on the stability of the virus, which
could then introduce ambiguity into the interpretation of the longevity data. MEM is a complex
solution containing a range of inorganic salts and organic components such as proteins, amino

acids, and various sugars. The composition is made more complicated and uncertain through
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in MEM. For example, MEM contains 3.3 g/L of sodium, 0.2 g/L of potassium, and 1.6 g/L of

bicarbonate. For human saliva, these concentrations range from 0.26 to 5 g/L for sodium (48),

0.1 to 0.7 g/L for potassium (48), and 0.5 to 2 g/L for bicarbonate (49), putting the
concentrations in MEM within the expected ranges for saliva. It should be noted though that
the composition of saliva can vary significantly from individual to individual, with sampling

conditions, and over the course of a respiratory infection (50-54).

To better understand the response of aerosols, formed from the complex mixture of
components typical of cell culture media and respiratory secretions, to the airborne
environment, the drying kinetics of droplets containing MEM 2% FBS were studied using the CK-
EDB. Evaporation curves for droplets of MEM 2% FBS levitated at a range of RHs are shown in
Fig. 2A. From the evaporation rates reported here, it is possible to estimate that the change in
droplet temperature driven by evaporative cooling will not exceed a transient reduction of 5.5
°C, which is unlikely to influence viral infectivity. At an RH of 51% and below, changes in the

overall light scatter intensity typical of efflorescence were observed (S/ Appendix, Fig. S3), with

the droplets crystallizing in less than 5 s from generation. At a measurement RH of 67%,
efflorescence was not observed, although the recorded Mie scattering profile indicates that the
particles are no longer spherical, potentially forming inhomogeneous amorphous semisolid
particles (Fig. 2A). Indeed, at 78% RH, variability in the outcome of the dynamics and phase
transformation of the aerosol was observed; particles initially underwent a phase change
(possibly with the formation of inclusions) that was sometimes reversible, reforming a
homogenous spherical particle at a later time. At RHs of 85% and above, particles mostly
remained homogenous aqueous spheres. The dependence of the apparent final particle
structure on RH is summarized in Fig. 2B. At the extremes of RH, particles of consistent phase
were formed following drying and equilibration, with crystalline or spherical homogenous
solution droplets resulting at low and high RH, respectively. At intermediate RHSs, variability in
the physical state of the equilibrated particle was observed, mirroring the greater variability in
the remaining infectivity of SARS-CoV-2 at 2 min across these RHs (Fig. 15). We shall return to a
fuller explanation of the phase behavior of the droplets at these intermediate RHs in a later

section.

Fig. 2.

The microphysics of airborne MEM droplets. (A) Mie scatter evaporation profiles of MEM 2% FBS generated
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droplet, and red indicates a nonspherical particle (note that size estimates become inaccurate for
nonspherical particles). (B) Proportion of particle morphologies formed by MEM 2% FBS at different RHs.
The frequency of the formation of each particle type is shown for the RHSs studied, with black indicating
efflorescence, red indicating a honspherical particle, yellow indicating a semi dissolved particle, and blue

indicating an aqueous homogenous particle.

The relationships between the RH, the rate of evaporation, and the volume change during

drying for aqueous MEM droplets are shown in S/ Appendix, Fig. S4. The solute molarities

increase from their initial values by around 10-fold when droplets evaporate into a gas phase at
92% RH and 25-fold at 78.2%, as reflected by the change in droplet radius and, thus, volume.
Below this RH, inclusion formation (likely by some of the solute components crystallizing from
solution) precludes an accurate estimation of the degree of supersaturation achieved within
the remaining liquid phase. Although equilibration timescales are size dependent (smaller
droplets would be expected to reach equilibrium much faster), the overall increase in solute

concentration is size independent.

During equilibration to the ambient RH, the surface of an evaporating droplet can become
enriched with larger solutes and suspended matter if the rate at which the surface is receding

2

(k, m? s~ is faster than the rate of diffusional mixing (reflected in the diffusion constant, D, m?

s (55, 56). This competition is characterized by the Peclet number, Pe; for component /.

K
Pe, — —_.
% = 3D,

[1]

By comparing the evaporation rates reported in Fig. 2A (and S/ Appendix, Fig. S4) with the

previously reported diffusion coefficient for a typical virus in water (57, 58), the Pe;for SARS-
CoV-2 in MEM 2% FBS can be estimated. In all cases and for all temperatures studied here, the
initial Pe;for SARS-CoV-2 at the starting droplet water activity can be assumed to be in the
range 0.5 to 5, showing marginal surface enrichment at most (59). As the water content
diminishes during evaporation, particularly when drying into low RH, the increasing solute
concentrations may slow the diffusion of the virus and may lead to surface segregation,
although we do not account for this here. Indeed, Pess for more highly diffusing solutes will be
«1 and can be assumed to show only marginal surface enrichment at the lowest RHs and
highest temperatures; for example, at a Pe;of 0.2, drying aqueous sodium chloride droplets
show a transient enrichment in surface salt concentration of ~20% above the droplet core

concentration for similarly sized droplets (60).

Efflorescence Enhances the Loss of Infectivity in Aerosol at Low RH.

The loss of infectivity at low RHs appears to be consistent with observations of a change in
phase state for the airborne droplet with a reproducible decrease in infectivity observed when
efflorescence occurs. However, it remains unclear whether the efflorescence event itself
impacts the infectivity of the virus. To confirm the correlation with phase behavior, the RH was
cycled above (75% RH) and below (40% RH) the efflorescence threshold twice during a 2-min
levitation (Fig. 3A). The infectivity for three out of the four levitations fell below the detection

limit, indicating a >90% loss of infectivity. This loss of infectivity was far greater than during 2-

min lavitatinnc whara tha RH wac maintained at aithar a rnnctant AN0L RH raciiltino in a cinocla
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would occur, which resulted in an average infectivity of 59%. A more detailed account of this

measurement can be seen in S/ Appendix, Fig. S5, with infectivity measured before and after

each efflorescence event.

Fig. 3.

The role of efflorescence in SARS-CoV-2 airborne loss of infectivity. (A) Comparison of the infectivity from
FEig. 1B after 2-min levitations at constant 40% RH (purple bar) and 70% RH (green bar) with levitations

where the RH has been cycled between 75 and 40% RH in one levitation (blue bar labelled cycled RH). The

bars show the average % infectivity with error bars showing the standard error, the white circles show the
% infectivity from the individual measurements. (B) CK-EDB measurements showing the phase behavior
of levitated MEM droplets as the RH is cycled between 75 and 40%. RH is initially set at 75%, lowered to
40% at 14 s, raised to 75% at 24 s, lowered to 40% at 32 s, and finally raised to 75% at 41 s. Structural
information about the droplet is denoted by the color of the data points as per Fig. 2A. (C) Images
showing the changes in particle morphology that take place while MEM 2% FBS is airborne. The Top

images are from the falling droplet column and showing the initial droplet generated by the dispenser on

the Left, the droplet after 1.6 s of evaporation at 28% RH in the Center, and three different particles after
they have undergone phase change on the Right. The Bottom shows two SEM images of droplets
effloresced at 28% RH (Left) and 40% RH (Right). The scale bar is 5 um long. (D) Percent Infectivity of
SARS-CoV-2 (REMRQOOOI) measured after levitation for 5 min at three different temperatures and RHSs.
Bars show the mean of five measurements with error bars showing the standard error.

A CK-EDB measurement of a levitated MEM droplet, in which the RH was cycled between the
same values as in the CELEBS survival measurement, is shown in Fig. 3B. These data confirm
that a cycle of evaporation and efflorescence, redissolution, efflorescence, and redissolution
occurs as the RH is cycled between 75, 45, 75, 45, and 75%. As in previous CK-EDB

measurements of MEM, the particles were predominantly aqueous at the higher RH but with

some solid inclusion content. For the cycled RH measurements in Fig. 3A (and S/ Appendix, Fig.

S5), the droplets were deposited at high RH ensuring they were in a dissolved solution phase

on sampling. This indicates that the efflorescence-driven loss in infectivity did not arise from a

physical sequestration of the virus in nondissolving salt crystals but reflected an infectivity
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The consistency in the infectivity reduction induced on efflorescence, even when multiple
efflorescence events take place in the same droplet population, demonstrates that there is no
inherent property of individual virions that protects them from the crystallization event. The
factor that determines whether an individual virion retains infectivity postefflorescence must
instead depend on the local conditions in the vicinity of each individual virion. It was possible to
image the evaporation and efflorescence of airborne MEM 2% FBS at 40% RH using a falling
droplet column (Fig. 30). In flight, there is considerable variability in the morphology of the
MEM particle immediately after crystallization, which is apparent also in the dried MEM 2% FBS
droplets collected and imaged with scanning electron microscopy (SEM) (also Fig. 3C). These
images of the effloresced media reveal that some of the particle is crystalline while some is not.
Thus, it is possible that whether or not the virus is in the crystallized fraction of a particle
determines its stability following efflorescence. Interestingly, the salt crystals formed are

smaller and more numerous as the RH is lowered (5/ Appendix, Fig. S6), consistent with

previous work that has shown that there is a greater propensity for nucleation when droplets
are dried at higher rates leading to more nucleation events and smaller final crystals forming a

larger composite particle (61).

Changing the temperature of the air around the droplets while maintaining the RH below the
efflorescence point does not significantly impact the observed loss of infectivity (Fig. 3D). This
provides further evidence that the mechanism driving the loss of infectivity is a physical
process such as efflorescence rather than a thermodynamically driven chemical process, such
as the rate at which the solute concentrations increase during the evaporation process. The
temperature change marginally alters the timepoint at which efflorescence occurs, but the
droplets all effloresce within 25 s for all three temperatures reported here, well before the 5-

min point at which droplets were sampled and infectivity measured.

Airborne Longevity Appears Similar for Different SARS-CoV-2 Variants.

Most measurements in this study were carried out using SARS-CoV-2 isolated early in the
pandemic (SARS-CoV-2/human/Liverpool/REMRQ0001/2020 [REMRQO0001]). We compared the
data from this variant with CELEBS measurements with three others to determine if changes in
the structure of SARS-CoV-2 could have an impact on its response to the airborne environment.
At 5 min, a decrease in infectivity was observed both at 40 and 90% RH for REMRQO0001,
providing the optimum time to resolve any differences in aerostability. At both 40 and 90% RH,
no significant difference was observed between REMRQO0001, B.1.1.7 (the Alpha variant), a
mutant of the SARS-CoV-2 isolate England/2/2020 that has the same Spike protein sequence as
REMRQOO001 except that the furin cleavage site is deleted (designated BriSA) (62, 63), and
B.1.351 (the Beta variant) (Fig. 4). It is possible that if this comparison is expanded to cover a
broader range of times and conditions, differences between these variants will be observable.
However, based on these measurements, it does not appear that the deletion in BriSA, or the
array of mutations throughout B.1.1.7 and B.1.351, result in readily observable changes in the
airborne longevity of the virus when compared with REMRQO0001. There is no reason to believe
that the measurements in this study using REMRQO0001 are not representative of later-

circulating variants of the virus.
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The influence of SARS-CoV-2 strain on airborne stability. Infectivity of four different variants of SARS-CoV-2
(blue bars for REMRQOOOI, orange bars for B.1.1.7, yellow bars for BriSA, gray bars for B.1.351). Infectivity is
compared after 5 min of levitation at 40 and 90% RH, 18°C. At 40% RH, N =5 for REMRQOOOI, N = 8 for
B.1.1.7, N = 4 for BriSA, and N =10 for B.1.351. At 90% RH, N = 7 for REMRQOOOI, N =11 for B.1.1.7, N = 7 for

BriSA, and N =13 for B.1.351. Bars show the mean, error bars show the standard error.

Droplet pH, Carbon Dioxide Partitioning, and the Rate of the Loss of Infectivity at
High RH.

Replicating the physicochemical conditions that exist in the aerosol phase through bulk phase
measurements is not possible except for conditions equivalent to the very highest RH. Under
typical ambient conditions in the range 20 to 60% RH, solute concentrations are heavily
supersaturated in equilibrated aerosols. In addition, the high surface-to-volume ratio in aerosol
cannot be replicated, diminishing the potentially significant role of surface processes at the
gas-liquid boundary and ignoring the influence of the rapid microphysical dynamics including
the coupling of heat and mass transfer. However, certain elements of the airborne change in
droplet composition can be replicated in the bulk phase by simulating the concentrations of
various components in the droplet at concentrations equivalent to equilibration at high RH. The
steady concentrations of solutes when the aerosol is equilibrated at 90% RH are approximately

a factor of 10 higher than in the starting droplets at a water activity of 0.995 (5/ Appendix, Fig.

S4), which is a concentration that can be replicated in the bulk. However, exposing SARS-CoV-2
to a 10-fold higher MEM concentration did not result in any observable loss of viral infectivity

within 20 min (5/ Appendix, Fig. S7). This suggests that this increased concentration of culture

medium solutes is unable to account for the rate of the loss of infectivity in the aerosol phase.

In addition to changes in the concentration of solutes that occur on equilibration to the
ambient RH, it is possible that the pH of aerosol droplets containing MEM can change rapidly.

Although the sensitivity of SARS-CoV-2 infectivity both to high and to low pH has been reported

s — o~ an -
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infectivity with the change in pH on a similar timescale, SARS-CoV-2 was suspended in tissue
culture media at varying pH for 20 min, before dilution into neutral media and plating onto cells

for infectivity quantification (5/ Appendix, Fig. S8). Although no significant decrease in infectivity

was observed after 20 min at pH ranging from 5.6 to 9, the average infectivity was diminished
considerably above pH 9.5 so that only 7% of the virus remained infectious after 20 min at pH
11.2. The effect of pH was further explored by suspending SARS-CoV-2 in solutions of pH 9 and
11 for 30 min (Eig. 5A4), with neutralization and quantification being carried out every 10 min. In
this experiment, the virus remained stable in the pH 9 solution, but at pH 11, the infectivity fell
to a similar level as in the 90% RH levitations, also seeming to plateau once 90% of the virus
had been deactivated. These bulk phase studies suggest that the pH would have to increase to
around 11 to explain the deactivation observed in the aerosol phase at 90% RH after 20 min.
We therefore considered whether such a high pH could be present in the aerosol droplets at

high RH conditions.

Fig. 5.
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The role of pH in SARS-CoV-2 airborne loss of infectivity. (A) Bulk % infectivity of SARS-CoV-2 (B.1.35]) after a
30-min incubation in DMEM 2% FBS altered to either pH 9 (purple datapoints) or 11 (green datapoints),
diluted back into neutral media and plated onto cells every 10 min. Datapoints are the mean of three
measurements for pH 11 and five measurements for pH 9, with error bars showing the standard error. (B)
The pH changes that tissue culture media (in this case DMEM) underwent when exposed to open air.
DMEM was left in an open petri dish or 50-mL tube both with and without HEPES and the initial pH (blue
bar) and the pH after 20 min (orange bar) was measured. The same measurement was carried out using
thin layers of DMEM that were allowed to evaporate to 10% of their original volume over the course of 24 h
(labelled fully evaporated). (C) The 5-min levitations were carried out with SARS-CoV-2 (B.1.351) at 90% RH
with varying CO> concentrations mixed into the gas flow. Bars show the mean of 15 measurements for 0%
CO,, 16 measurements for 5% CO,, and 6 measurements for 10% CO, with the error bars showing the
standard error. *P < 0.03 between 0% and 5% CO..

The equilibration between dissolved bicarbonate anions and gaseous CO; is particularly
important to consider for many respiratory secretions as well as the tissue culture media often
used in experimental studies of airborne viral survival (65). A set of coupled equilibria is
established with a bicarbonate concentration that responds to changes in the level of gas
phase CO,, typically at an elevated gas phase concentration for cell culture and 50,000 ppmv in

exhaled air, specifically,

CO2(g) + HzO(l) = COs. HzO(l),
CO». H2O(1) = HCOg_(aq) + H+(aq),
HCO3 ™ (ag) = H (ag) + CO3” (aq)-

Cell culture media typically contain 20 to 50 mM bicarbonate (50, 51) to buffer the aqueous
solution at a pH ~7.4 when gas phase CO; is at an elevated concentration, 4 to 5% by volume.
For bicarbonate in exhaled salivary aerosol (66), the lower gas phase CO, concentration in the
environment after exhalation (0.04%) results in a change in the equilibrium concentration of
bicarbonate in the aerosol by shifting the equilibria toward CO,-H,0(y and eventually COy(g),
leading to particle-to-gas phase partitioning of CO,. Indeed, for laboratory studies of airborne
survival, the aerosol is often generated in an environment devoid of CO,, as is the case here,
leading to irreversible evaporation of dissolved CO; into the gas phase. As evaporation occurs,

the available H* concentration diminishes, and the pH can be expected to rise.

As a bulk analog experiment, bulk tissue culture medium was exposed to ambient air for an
extended time period (Fig. 5B8). After 20 min in an open petri dish, the pH of DMEM (formulated
with the same concentration of bicarbonate as the MEM used in the levitations) rises from 8 to
9.3. Adding HEPES reduces the initial pH of the medium, but the pH was still found to increase
significantly after exposure to air, increasing from 7.4 to 9. When the DMEM solution was kept
in an open 50-mL tube rather than a petri dish, decreasing the surface area for interaction, the
rate of the rise in pH also decreased. A final experiment was carried out in which thin layers of
DMEM were placed in petri dishes and allowed to evaporate to 10% of the starting volume over
the course of 24 h, replicating both the CO; and H,O equilibration that takes place in airborne
droplets. The combination of CO; equilibration and volume loss resulted in the greatest pH
rise, increasing from 7.25 to 9.5. The particle-gas partitioning can be expected to occur more

rapidly than in any of these bulk examples because of facile transport across a droplet surface
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decrease in the concentration of dissolved bicarbonate through the irreversible loss of CO,

following their aerosolization will cause droplets to become more alkaline.

Sodium bicarbonate accounts for ~20% of the solute mass in MEM with ~65% sodium chloride
by mass. With the loss of bicarbonate from MEM solution droplets, through irreversible
evaporation of CO,, the reduction in solute mass should lead to a reduction in the wet
equilibrated size of the droplet with less solute able to sustain less water in the condensed
phase. Indeed, it was possible to observe a long-time slow loss of CO, and dissolved solute

using the CK-EDB for MEM solution droplets (5/ Appendix, Fig. S9) and for mixtures of NaCl and

NaHCOs3 (51 Appendix, Fig. S10), the two dominant salts. Droplets of both MEM and sodium

bicarbonate continue to decrease in size for longer than the time required for the water activity
to equilibrate to the gas phase RH. Indeed, the vapor pressures inferred from the data in S/

Appendix, Fig. S10 with varying RH (0.0092, 0.014, and 0.052 Pa at 60, 75, and 90% RH) are

consistent with calculations using the E-AIM model (www.aim.env.uea.ac.uk/aim/aim.php) (67)

for the vapor pressure of CO, above supersaturated carbonate solutions at the same water
activities (~0.01 Pa and increasing with increase in RH). By contrast, the vapor pressure of CO,
from bicarbonate solutions at the same RHs are considerably higher (~100 kPa) and the
particle-gas partitioning can be expected to occur extremely rapidly in «1 s following aerosol
droplet exhalation or generation, a process that can be expected to already be completed by

the time the aerosol droplets are captured by CELEBS or the CK-EDB.

During the evaporation of water, as the moisture content of the aerosol equilibrates, the
solutes surpass solubility limits for various salts. The initial water activity of the starting
droplets can be estimated as 0.9952 by considering the dominant ionic species alone (Na”,
Ca®*, CI7, and HCO3") using the E-AIM model (67). Calcium carbonate is particularly insoluble
and becomes supersaturated from very early on in the evaporation process, successively
followed by other binary and mixed salts, specifically CaNa(C0O3),0.5H,0(s),
Na,Ca(C0O3),0.2H,0(s), NaHCO3(s), and finally NaCl(s) as water activity decreases. The droplet
becomes saturated with respect to the first two salts above a water activity of 0.9, sodium
bicarbonate at ~0.9, and NaCl below 0.8. Indeed, we observe the precipitation of salts during
the droplet equilibration process as the water activity transitions through to the final
equilibrated value, with significant supersaturation required for each before crystallization
occurs (Fig. 2B). Until the crystallization of NaCl(s), which only occurs at the very lowest RHs of
50% and below, a partially deliquesced particle containing crystalline inclusions along with an

aqueous phase leads to considerable variability in the remaining infectivity of the virus (Fig. 15).

It can be hypothesized that increasing the concentration of COy) around the droplet would
reduce the irreversible loss of bicarbonate from the droplet and could mitigate a pH-driven loss
of infectivity. COyg) was added to the airflow during CELEBS levitations at high RH and the
infectivity of SARS-CoV-2 measured after 5 min (Fig. 5C). The elevation to a gas phase
concentration of 5% by volume CO, (equivalent to 50,000 ppmv) around the droplet at 90% RH
results in a small but significant increase in the remaining infectivity of SARS-CoV-2 after 5 min
when compared with ambient CO3) (0.04%). Increasing the steady COy(g) concentration around

the trapped droplet cannot mitigate the loss of infectivity from pH changes during the initial
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droplet may have other physicochemical effects on the droplet in addition to decreasing the
pH, this measurement provides further evidence that increased droplet pH is at least partly

responsible for the observed falls in viral infectivity at high RH.

The influence of pH on infectivity is expected to be relevant in respiratory aerosols as the
underlying physicochemical properties of exhaled aerosol (saliva) and MEM are similar, and
numerous studies have demonstrated that exhaled breath condensate is alkaline (68-71). This
dynamic is in stark contrast to environmental aerosols such as sea spray where, following
generation, the pH of the sea spray droplets become more acidic through the uptake of acidic
gases such as HCl and SOy (72). Exhaled aerosol is generated in an environment with an
extremely high concentration of an acidic gas (4 to 5% by volume CO,) that can only be reduced
once exhaled. This contrast in pH behavior following generation is clear when comparing
studies of collected sea spray pH (72, 73) with those of collected exhaled breath condensate
(69-71, 74). In short, while the vast majority of ambient aerosol may be acidic, exhaled aerosol
can be expected to be alkaline. The pH of exhaled and model respiratory aerosols is an area in
need of further study, with a need for measurements across a broad range of timescales,

droplet compositions (saliva, sputum, MEM, DMEM), and environmental conditions (RH,

[CO2g)).

Comparison with Rotating Drum Studies of SARS-CoV-2.

A motivation of our combined approach using CELEBS and CK-EDB is to identify the
fundamental physicochemical parameters that dictate viral infectivity in the aerosol phase,
progressing beyond general associations such as those between RH and infectivity, and to
address the more challenging and informative questions allowing the identification of
mechanistic causation rather than just correlation. By taking this approach, it has been shown
that SARS-CoV-2 undergoes a rapid deactivation in the first few minutes following droplet
generation and that this deactivation occurs on efflorescence at low RH and possibly by an
increase in droplet pH at high RH resulting from irreversible partitioning of CO; into the gas
phase. There have been several reports of the aerostability of SARS-CoV-2 using the Goldberg
rotating drum (14-16). However, given the relatively short timescale over which the majority of
this deactivation occurs, which drum experiments cannot observe, and the importance of the
physicochemical properties of the droplet in driving the deactivation, it is unsurprising that

data collected from rotating drums report a longer lifetime for the virus in the aerosol phase.

Rotating drums have a poorly defined time-zero, meaning that the benchmark infectivity to
which later time data are compared is poorly defined. The number of droplets suspended, their
initial size, and viral units per droplet are both variable and uncontrolled and thus must be
inferred offline. RH profiles, while they appear to be commonly collected in rotating drum
experiments, are rarely reported in their entirety, with many drum studies only reporting a
single RH value for each measurement (15). The location of the RH probe within the
experiment, and whether the value is taken at a particular time or is an average across their
experiment, is not always reported. Regardless, the RH recorded by a probe is likely unrelated

to the RH trajectory that an aerosol droplet experiences as it passes from the nebulization
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value that would be typical of the very low respiratory aerosol concentrations actually
generated (21). These uncertainties may make the influence of processes such as efflorescence

on infectivity challenging to infer.

Comparisons of the time dependence and precision of the CELEBS measurements with those

from rotating drum studies are reported in S/ Appendix, Figs. S11 and S12. The time-resolution

of the drum measurements make the initial decrease in infectivity challenging to identify.

Indeed, the times of the indicated points (5/ Appendix, Fig. S11) should not be taken as the
time-resolution as discussed above. In addition, the average relative SD (RSD) from the CELEBS

measurements is 0.37 (S/ Appendix, Fig. S12), compared with 0.66 from van Doremalen et al.

and 1.03 from Smither et al. (14) Two further papers do not report sufficient information to
estimate RSDs (15, 16). The smaller RSD from the CELEBS is likely the result of the more stable
environmental conditions, a more reproducible monodisperse droplet generation process, and
improved methodology for viral infectivity quantification (39). Furthermore, CELEBS
experiments are more straightforward to perform, allowing for more repeat measurements for
each condition and leading to a high degree of confidence in the mean percentage infectivity

values reported.

The nebulization of bicarbonate-buffered solutions into a confined volume results in the

elevation of the CO; gas concentration (5/ Appendix, Fig. S13). The magnitude of this elevation

is dependent on many variables, including the pH of the nebulized solution, the nebulization
time, and the drum volume. A survey of the literature failed to identify a single article where the
CO; levels within a rotating drum was reported. As reported (Fig. 5C), CO; in the gas phase
reduces the degradation of the virus likely by limiting the rise in droplet pH. CO, cannot be
removed selectively during a rotating drum study, and the conditions likely support greater
SARS-CoV-2 longevity. Accumulation of CO; is not an issue in CELEBS due to the constant flow
of compositionally controlled air being maintained over the trapped droplets. In addition to
potential issues with the pH of the airborne droplets in the rotating drum, it is also possible
that the pH of the solution within the nebulizer may increase during the nebulization process

(S/ Appendix, Fig. S14), directly affecting the viral infectivity prior to nebulization (Fig. 5A).

Discussion

A combination of measurement strategies to probe the changes in airborne viral infectivity with
time and the physicochemical transformation dynamics of the host aerosol is crucial to
improve our understanding of the influence of environmental (such as RH, temperature) and
biological (such as spike protein mutations) parameters on the transmission of viruses in the
aerosol phase. While the current consensus is that the half-life of SARS-CoV-2 in the aerosol
phase is between 1 and 2 h, if not longer, we report an initial rapid decline in infectivity within a
few seconds to minutes of aerosol generation. Under all conditions measured, the majority of
SARS-CoV-2 is inactivated within 10 min of aerosolization. Further research is required to
determine for how long the remaining fraction persists, how this may depend on the viral load
in the aerosol, and the influence of chemical composition. The high-time resolution infectivity

measurements reported here are uniquely accessible to the CELEBS technology and can only
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same characteristics of real respiratory secretions, particularly the high concentration of
inorganic ions that dominate the phase behavior and water content of the aerosol, along with
bicarbonate ions that partition CO, into the gas phase on aerosolization. In addition, the initial
water activity of the aerosol is consistent with the high RH of the respiratory tract, and the
aerosol generation process generates isolated droplets that must respond rapidly to the
surrounding environmental conditions, which is typical of the very low concentrations of

aerosol exhaled in infected individuals.

The aerostability data reported here are consistent with a view that the risk of SARS-CoV-2
transmission is greatest closer to the source of infection. Often, the assumption is that short
distance transmission is caused by large droplets that fall to the ground more quickly and
therefore do not travel as far. The rapid loss of infectivity demonstrated in these
measurements provides an alternative explanation for a short transmission distance, with
rapid airborne losses of viral infectivity possibly making transmission decreasingly likely as
distance from the particle source is increased, even if the particles that contain the virus are
small and able to travel long distances. This loss in infectivity is compounded by the
considerable dilution in aerosol concentration that results following exhalation and transport
beyond the short range. However, the rapid loss of infectivity must also be considered in
combination with the large variability in aerosol emission rate between individuals [up to a
factor of 103 between individuals when breathing (75)] and viral titer in the exhaled aerosol

[which could be as much as 10%if variations in sampled saliva are indicative (76)].

We do not observe the characteristic “V-shape” relationship between RH and virus stability,
where maximum virus loss occurs around RH = 50%. Rather, the largest loss of infectivity was
observed at the lowest RHs. Previously, Goldberg drum studies have not identified a strong
dependence for SARS-CoV-2 survival on RH (14). However, following the initial loss of infectivity,
the virus within the now dry particle appears to be somewhat stable when compared with the
higher RH. Thus, if the initial rapid decrease in infectivity is not accounted for when reporting
RH stability data, a V-shape relationship may be identifiable. However, not accounting for
changes in viral infectivity that take place immediately after particle generation prevents the
accurate coupling of airborne stability measurements with measurements of initial virus

shedding, limiting the value of the V-shape relationship.

The rapid loss of SARS-CoV-2 infectivity through droplet efflorescence at an RH of <45%
suggests that dry air may help to limit overall exposure. However, investigation of the impact
that lowering RH has on particle transport in the exhalation jet is required to confirm this. The
large impact of efflorescence on SARS-CoV-2 infectivity indicates that measuring the impact of
environmental conditions on phase change in respiratory secretion aerosols may provide
useful insights into COVID-19 transmission. Further research is needed to confirm with more
certainty the degree to which pH is involved in the airborne loss of SARS-CoV-2 infectivity at
high RH and to determine the exact mechanism by which the pH rise is deactivating the virus.
The importance of elucidating of the role of pH in the survival of SARS-CoV-2 in the aerosol
phase cannot be understated. A literature survey found no manuscripts indicating that the

alkaline nature of exhaled aerosol may affect viral infectivity. Contrarily, it has been reported
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Elevation of CO, levels within a room is taken as a clear sign of occupancy and poor ventilation.
There has been increasing discussion surrounding the use of CO, monitors as a means of
determining the relative risk of COVID-19 transmission in various settings. The data from this
study give further credence to this approach. Not only is elevated CO; an indication of a
densely occupied, poorly ventilated space but it could also be indicative of an environment in
which SARS-CoV-2 is more stable in the air. The precise elevation in CO; required for an
observable increase in SARS-CoV-2 transmissibility is unknown and requires further
investigation (5% CO; is not a concentration reached in typical indoor environments), but it is
possible that this is an additional risk presented by poorly ventilated, densely occupied
settings. If so, CO, monitors may present an immensely valuable means of assessing the
relative risk of different indoor environments. Additionally, the apparent role of pH elevation in
the deactivation of airborne virus suggests a currently unexplored role of condensable acid
vapors, such as nitric acid (78, 79), in the role of infectivity. It is possible that the condensation
of acidic components into exhaled aerosol may help to neutralize the initial rapid pH increase,

lowering the pH and increasing the airborne stability of the virus.

The approach taken here has clearly demonstrated the value of a combined approach that
considers both the aerosol microphysics and biological processes in tandem and on the same
timescale, demonstrating that underlying parameters that drive SARS-CoV-2 inactivation in the
aerosol phase are particle phase and pH. In further research, we intend to explore these
processes over an even wider range of times, conditions, and virus variants. There also remain
unanswered questions as to exactly how phase change and high pH deactivate the virus. Do
these processes rupture the viral envelope or impart an irreversible modification to the spike
protein? Is the effect of pH the result of direct deprotonation of viral molecules or is it an
indirect effect caused by alterations to the solubility of other components within the droplet?
Answering such questions would provide key insights into the physicochemical and
biomolecular processes governing SARS-CoV-2 transmission and airborne pathogen
transmission more broadly. It is only by pushing the limits of aerobiology to this deeper level

that we can hope to understand how best to prevent the airborne spread of disease.

Materials and Methods

Details of virus strains and methodologies for virus and cell culture, viral infectivity
quantification, bulk stability measurements, CK-EDB measurements, and falling droplet column

measurements can be found in S/ Appendix, Extended Materials and Methods.

Generation and Trapping of Droplets.

The reservoir of a droplet-on-demand dispenser (MicroFab) is filled with MEM 2% FBS. The
application of a square waveform to the piezoelectric crystal results in a compression wave that
passes through the dispenser’s orifice and initiates the formation of a jet that forms droplets of
uniform size with each pulse. A direct current voltage is applied to an induction electrode,
positioned 2 to 3 mm from the dispenser tip, which leads to an ion imbalance in the jet,

resulting in a droplet with a net charge (~5 fC). Using the Gouy-Chapman model (80), a salt

containing droplets with this level of net charge can be predicted to have an electric field
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an electric field strength of 3 V/m. The presence of this net charge interacting with the
electrodynamic field of the CELEBS/CK-EDB leads to confinement of the droplet within the null

field point.

CELEBS Airborne Longevity Measurements.

The environmental conditions were set by adjusting the Peltier voltage and polarity to set the
temperature and the ratio of dry to wet air to set the humidity. SARS-CoV-2 suspension is
drawn into a 1-mL syringe which is then attached to the instrument and used to feed the virus
solution to the droplet dispenser via a remotely operated motor. Droplets are then generated
and trapped as described above. Once the desired time is reached, an isolation plate is
retracted causing the electric field to be set to zero; then, the droplets are pulled down into a
plate containing 5 to 10 mL of DMEM 2% FBS so that the remaining virus can be quantified (S/

Appendix, Extended Materials and Methods). For each measurement, two levitations are

carried out. First, a short levitation of <5 s at 90% RH was used to measure the initial infectious
unit per droplet number, and then a second levitation was used for which the droplets are kept
in the trap for the conditions and length of time being investigated. Infectious units per droplet
are normalized to the average of the short, high humidity levitations from that experiment,

such that the levitation data can be presented as percentage infectivity.

Data Availability

The txt file data has been deposited in data.bris, the University of Bristol Research Data repository (81).
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air, mixture of gases comprising the Earth’s atmosphere. The

mixture contains a group of gases of nearly constant concentrations

. . . . LEARN MORE
and a group with concentrations that are variable in both space and
time. The atmospheric gases of steady concentration (and their

proportions in percentage by volume) are as follows:

nitrogen (N) 78.084
oxygen (O,) 20.946
argon (Ar) 0.934
neon (Ne) 0.0018
helium (He) 0.000524
methane (CHy) 0.0002
krypton (Kr) 0.000114
hydrogen (H,) 0.00005

nitrous oxide (N,O)  0.00005

xenon (Xe) 0.0000087
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with atmospheric motions; but, above a height of about 9o km (55
miles), diffusional processes become more important than mixing,
and the lighter gases (hydrogen and helium, in particular) are more

abundant above that level.

Wind and Air: Fact or Fiction?

Of the gases present in variable concentrations, water vapour,

ozone, carbon dioxide, sulfur dioxide, and nitrogen dioxide are of
principal importance. The typical concentration ranges of these
gases (in percentage by volume) are as follows:

water vapour (H,0) 0to7

carbon dioxide (CO,) 0.01 to 0.1 (average about 0.032)
ozone (O3) 0to 0.01

sulfur dioxide (SO,) 0 to 0.0001

nitrogen dioxide (NO,) 0 to 0.000002

Although present in relatively small amounts, these variable

surface. Water vapour is the source for all forms of precipitation

and is an important absorber and emitter of infrared radiation.
Carbon dioxide, besides being involved in the process of
photosynthesis, is also an important absorber and emitter of
infrared radiation. Ozone, which is present mainly in the
atmospheric region 10 to 50 km (6 to 30 miles) above the Earth’s
surface, is an effective absorber of ultraviolet radiation from the
Sun and effectively shields the Earth from all radiation of
wavelengths less than 3,000 angstroms.
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ozone layer, also called ozonosphere, region of the upper
atmosphere, between roughly 15 and 35 km (9 and 22 miles) above
Earth’s surface, containing relatively high concentrations of ozone
molecules (O,). Approximately 9o percent of the atmosphere’s
ozone occurs in the stratosphere, the region extending from 10-18
km (6—11 miles) to approximately 50 km (about 30 miles) above
Earth’s surface. In the stratosphere the temperature of the
atmosphere rises with increasing height, a phenomenon created by

the absorption of solar radiation by the ozone layer. The ozone

layer effectively blocks almost all solar radiation of wavelengths

less than 290 nm from reaching Earth’s surface, including certain
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types of ultraviolet (UV) and other forms of radiation that could

injure or kill most living things.

Location in Earth’s atmosphere

In the midlatitudes the peak concentrations of ozone occur at
altitudes from 20 to 25 km (about 12 to 16 miles). Peak
concentrations are found at altitudes from 26 to 28 km (about 16 to
17 miles) in the tropics and from about 12 to 20 km (about 7 to 12
miles) toward the poles. The lower height of the peak-
concentration region in the high latitudes largely results from
poleward and downward atmospheric transport processes that
occur in the middle and high latitudes and the reduced height of
the tropopause (the transition region between the troposphere and

stratosphere).

ozone damage on leaf

Most of the remaining ozone occurs in the troposphere, the layer of
the atmosphere that extends from Earth’s surface up to the
stratosphere. Near-surface ozone often results from interactions

organic compounds), strong sunlight, and hot weather. It is one of

the primary ingredients in photochemical smog, a phenomenon
that plagues many urban and suburban areas around the world,
especially during the summer months.

Ozone creation and destruction
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ozone: hole

The production of ozone in the stratosphere results primarily from

the breaking of the chemical bonds within oxygen molecules (O,)

by high-energy solar photons. This process, called
photodissociation, results in the release of single oxygen atoms,
which later join with intact oxygen molecules to form ozone. Rising
atmospheric oxygen concentrations some two billion years ago
allowed ozone to build up in Earth’s atmosphere, a process that
gradually led to the formation of the stratosphere. Scientists believe
that the formation of the ozone layer played an important role in
the development of life on Earth by screening out lethal levels of
UVB radiation (ultraviolet radiation with wavelengths between 315

the oceans to land.
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ozone depletion

The amount of ozone in the stratosphere varies naturally
throughout the year as a result of chemical processes that create
and destroy ozone molecules and as a result of winds and other
transport processes that move ozone molecules around the planet.
Over the course of several decades, however, human activities

substantially altered the ozone layer. Ozone depletion, the global

decrease in stratospheric ozone observed since the 1970s, is most
pronounced in polar regions, and it is well correlated with the
increase of chlorine and bromine in the stratosphere. Those
chemicals, once freed by UV radiation from the

chlorofluorocarbons (CFCs) and other halocarbons (carbon-
halogen compounds) that contain them, destroy ozone by stripping
away single oxygen atoms from ozone molecules. Depletion is so
extensive that so-called ozone holes (regions of severely reduced
ozone coverage) form over the poles during the onset of their
respective spring seasons. The largest such hole—which has
spanned more than 20.7 million square km (8 million square
miles) on a consistent basis since 1992—appears annually over

Antarctica between September and November.
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ozonesonde

As the amount of stratospheric ozone declines, more UV radiation
reaches Earth’s surface, and scientists worry that such increases
could have significant effects on ecosystems and human health. The
concern over exposure to biologically harmful levels of UV
radiation has been the main driver of the creation of international

treaties such as the Montreal Protocol on Substances That Deplete

international treaties that phased out the production and delivery
of many ozone-depleting chemicals, combined with upper
stratospheric cooling due to increased carbon dioxide, is thought to
have contributed to the shrinking of the ozone holes over the poles
and to slightly higher stratospheric ozone levels overall. Studies
note that continued reductions in ozone-depleting chemicals that
follow the schedule proposed by the Montreal Protocol and its
follow-up agreements are expected to result in a return to 1980-
level ozone concentrations above the poles by as early as 2040,
with the closure of the ozone holes above Antarctica by about 2066
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Ctesibius Of Alexandria, Ctesibius also spelled Ktesibios,

(flourished c. 270 BC), Greek physicist and inventor, the first great

figure of the ancient engineering tradition of Alexandria, Egypt.

Ctesibius was the son of a barber. The discovery of the elasticity of
air is attributed to Ctesibius, as is the invention of several devices
using compressed air, including force pumps and an air-powered
catapult. His most famous invention, however, was an

improvement of the clepsydra, or water clock, in which water

dripping at a constant rate raised a float that held a pointer to mark

the passage of the hours. Another notable invention was a
hydraulis, or water organ, in which air was forced through the
organ pipes by the weight of water rather than by falling lead
weights. Ctesibius’ writings have not survived, and his inventions

are known only from references to them by Vitruvius and Hero of

Alexandria, but he laid the foundations for the engineering

tradition that culminated in the works of Hero of Alexandria and of

Philo of Byzantium.
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W) Check for updates

Long-distance airborne dispersal
of SARS-CoV-2 in COVID-19 wards

Karolina Nissen?, Janina Krambrich?, Dario Akaberi?, Tove Hoffman?, Jiaxin Ling?,
Ake Lundkvist?, Lennart Svensson®* & Erik Salaneck™*

Evidence suggests that SARS-CoV-2, as well as other coronaviruses, can be dispersed and potentially
transmitted by aerosols directly or via ventilation systems. We therefore investigated ventilation
openings in one COVID-19 ward and central ducts that expel indoor air from three COVID-19 wards
at Uppsala University Hospital, Sweden, during April and May 2020. Swab samples were taken from
individual ceiling ventilation openings and surfaces in central ducts. Samples were subsequently
subjected to rRT-PCR targeting the N and E genes of SARS-CoV-2. Central ventilation HEPA filters,
located several stories above the wards, were removed and portions analyzed in the same manner.

In two subsequent samplings, SARS-CoV-2 N and E genes were detected in seven and four out of 19
room vents, respectively. Central ventilation HEPA exhaust filters from the ward were found positive
for both genes in three samples. Corresponding filters from two other, adjacent COVID-19 wards
were also found positive. Infective ability of the samples was assessed by inoculation of susceptible
cell cultures but could not be determined in these experiments. Detection of SARS-CoV-2 in central
ventilation systems, distant from patient areas, indicate that virus can be transported long distances
and that droplet transmission alone cannot reasonably explain this, especially considering the
relatively low air change rates in these wards. Airborne transmission of SARS-CoV-2 must be taken
into consideration for preventive measures.

Abbreviations

ACH Air changes per hour

CoV Coronavirus

COVID-19 Coronavirus infectious disease 2019
Ct Cycle threshold

HEFNC High flow nasal cannula

Hpi Hour post infection

HVAC Heating Ventilation Air-condition
MERS Middle eastern respiratory syndrome
RNA Ribonucleic acid

rRT-PCR Real time reverse transcriptase polymerase chain reaction
SARS Severe acute respiratory syndrome

During the coronavirus infectious disease 19 (COVID-19) pandemic, droplet transmission has been considered
the most significant transmission route for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
although other routes such as aerosol, fecal-oral, and indirect transmission via fomites may contribute to the
rapid global dissemination of the virus'2. The relative importance of aerosols versus droplets in the transmission
of respiratory infections is difficult to distinguish, since particles of both aerosol and droplet size are generated
for example when talking>*. Aerosols are smaller than droplets, traditionally defined as smaller than 5 pm in
diameter, and are thought to remain airborne longer, enabling transmission at greater distances and over longer
periods of time®. This definition has been challenged and may very well be an over-simplification and it may be
precarious to rigidly differentiate the two categories®*”’.

Previously, other coronaviruses have been shown to disperse via aerosols and ventilation, and have been
determined to cause HVAC (heating, ventilation, air conditioning) associated and nosocomial infections as well
as extensive hospital outbreaks® "%, In recent studies, extensive environmental contamination of SARS-CoV-2 in
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Figure 1. (A) Overview of the 19 investigated COVID-19 ward rooms (ward 1). Dots indicate approximate
placing of ceiling vent openings. Red dots indicate openings that where SARS-CoV-2 RNA was detected in

at least one of two samplings, blue dots openings negative in both samplings. (B) Lateral view of the hospital
building. Ward levels: red; COVID-19 outpatient clinic, yellow and blue; COVID-19 wards 1 and 2, with 19
rooms each, purple; eighth floor with central ventilation fans and HEPA filters. Individual ceiling vent openings
were investigated on the second-floor ward (yellow) seen in (A).

hospital settings has been demonstrated, and viral RNA has been found both in air samples and in samples from
air vent openings in isolation rooms'*'%. Also, the potential for the aerosol transmission route of SARS-CoV-2
is supported by other recent studies'”'*-?!. The increased risk for infection in indoor environments, as well as
superspreading events, could be explained by airborne transmission??-%. In this context it is therefore vital to
understand the amount of SARS-CoV-2 in confined spaces and the distances at which virus can be passively
dispersed. Hospital rooms where COVID-19 patients are treated are obviously venues in which airborne trans-
mission is both of great importance to understand, as well as a suitable environment to study this phenomenon.
In this study from a COVID-19 infectious disease ward at Uppsala University Hospital, Sweden, we investigated if
SARS-CoV-2 RNA could be detected in and near air vent openings in isolation rooms and in filters in the central
ventilation system situated on the eighth (top) floor of the hospital building. As RNA was detected at substantial
distances from patient areas, fluid sample collections were performed in an attempt to determine the potential
infective ability of SARS-CoV-2 detected in the systems. Our findings may suggest both airborne dispersal of
SARS-CoV-2 and possible long-distance dissemination of SARS-CoV-2 via ventilation air flow.

Materials and methods

Sampling strategy. Sampling was performed on separate occasions during April and May 2020. In the first
two occasions, 17 and 28 April, surfaces of exit vent openings in all 19 patient rooms in ward 1 (Fig. 1a) were
swabbed as described below. When repeated on April 28, the internal surfaces of the central ventilation ducts,
on the top floor were also swabbed and filter sections removed, as described further below. Due to the detec-
tion of SARS-CoV-2 RNA in the ventilation system (see “Results”), a further sample collection was performed
using fluid traps, both at the terminal end of the ducts prior to the exhaust filters (at the same area where swabs
were taken on April 28) as well as under the ceiling vent openings in the ward rooms (ward 1, see Fig. 1b), in an
attempt to determine the infective ability of any collected virus.

Swab samples. Surfaces were swabbed using sterile nylon flocked swabs (Copan eSwab, Copan Italia SpA,
Italy) moistened in sterile viral transport medium (VTM), containing Hank’s balanced salt solution (Gibco,
UK) supplemented with 2% fetal bovine serum (Gibco, USA), 100 pg/ml Gentamicin, and 0.5 pug/ml Ampho-
tericin B¥”. Round ceiling vent openings were swabbed around the inside of the entire opening (circumference
ca 25 cm). Swabs were placed in tubes containing 750 pl viral transport medium and stored at 4 °C until analysis
within 24-72 h. Sampling was performed on April 17 and 28, 2020. Indoor relative air humidity and temperature
were 30-31% and 20-21 °C, respectively.

Filter samples. Exit ventilations from each of the eight stories in the investigated hospital building, (Fig. 1b),
lead to separate HEPA filter systems, located on the eighth (top) floor. Consequently, we could identify ducts
and exhaust filters collecting air from individual floors not merging airflows. We chose to examine exhaust filters
from three floors in the building that had been specifically designated for COVID-19 patients; two COVID-19
wards and a COVID-19 out-patient clinic. In addition, we examined exhaust filters from one story with per-
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PCR results (Ct
Approximate distance from ward to top VL)
Corresponding floor Exit airflow from ward (m?/s) | floor filters (m) Sample N gene E gene
Top floor air vent samples
Ventilation shaft swab Negative | Negative
Air vent filter sample 1 37.13 37.30
Covid-19 outpatient clinic 2.45 56 Air vent filter sample 2 Negative | Negative
Air vent filter sample 3 38.79 36.96
Cell medium in petri dish Negative | Negative
Ventilation shaft swab 1 Negative | Negative
Ventilation shaft swab 2 Negative | Negative
Covid-15 vward 1 527 5 Air vent filter sample 1 36.86 3491
Air vent filter sample 2 36.31 34.87
Air vent filter sample 3 35.32 35.41
Cell medium in petri dish Negative | 33.00
Ventilation shaft swab Negative | Negative
Air vent filter sample 1 37.42 38.70
Covid-19 ward 2 2.55 49 Air vent filter sample 2 35.72 33.85
Air vent filter sample 3 36.72 36.08
Cell medium in petri dish 35.32 33.16
Ground level non-patient care area | 3.48 60 ?01;:;:11; ftersamplex3 (negtve Negative | Negative

Table 1. rRT-PCR analysis of samples from filters and swabs in the ventilation system at the 8th floor, top
level of the hospital building. Samples not exhibiting fluorescence above threshold level after 45 PCR cycles
are labeled “negative”. Ct: cycle threshold, N gene: SARS-CoV-2 Nucleocapsid gene, E gene: SARS-CoV-2
Membrane Small Envelope gene.

sonnel areas and a cafeteria, as a negative control. The distance between the COVID-19 wards and the exhaust
filters and inspection hatches was 49, 53 and 56 m respectively for each COVID-19 ward (Table 1). The four
stories located between the COVID-19 wards and the central ventilation in the top of the building (Fig. 1b)
only sporadically harbored COVID-19 patients and were therefore not investigated. Adjacent inspection hatches
upstream from (prior to) the HEPA filters were opened, and internal 30 x 30 cm surfaces swabbed as described
above. Furthermore, one (out of six) 60 x 60 cm laminate F7 HEPA filter sections was removed from each system
(filtering air from one ward or floor) and three filter samples (3 x 3 cm) were randomly cut out of the filters using
sterilized scissors, placed in vials containing 2.5 ml of viral transport medium (described above), and stored at
4 °C until analysis within 72 h. The removed filters had been routinely replaced one month prior to collection.

Fluid samples. Fluid sample collection was performed near air entrances (ward rooms) and exits (directly
prior to exhaust filters) in the ventilation system by placing open, 10 cm diameter petri dishes with 10 ml of
DMEM (Dulbecco’s Modified Eagle’s medium (cell medium); Gibco) diluted 1 to 5 with autoclaved water, sus-
pended 15 cm below ceiling vent openings (in ward rooms) for 24 h, or placed within central vent ducts via
inspection hatches for 3 h. DMEM was diluted to ensure appropriate salt balance for the cells and no osmotic
effect on the virus after evaporation of water during the collection process. We used DMEM instead of water only
to be able to add the whole volume of sample onto cells without a dilution effect of the cell medium. These points
were chosen in an attempt to determine if virus found entering and/or exiting the ventilation ducts retained
infective ability, in response to the PCR results from vent opening and exhaust filters. The suspended petri dishes
in the ward rooms were placed within what we expected to be the normal air flow to ventilation ducts, as well
as placing the dishes as far from the patients as possible, in order to avoid contamination by coughing induced
droplets or other patient or personnel activity in the rooms. An open petri dish containing cell medium was
exposed to air in the biosafety level (BSL)-2 area of the laboratory for 24 h and used as a negative control, along
with non-exposed DMEM and viral transport medium. DMEM and VTM spiked with synthetic oligonucleo-
tides (gBlocks, IDT, Belgium) based on N and E gene sequences with introduced 5 base pair deletions were used
as positive controls (Suppl. Table 1). DMEM exposed to air in 19 ward rooms were combined to three pools.
Pooling was performed when we could establish that a large number of rooms were occupied by non-contagious
patients (seven rooms), patients with suspected COVID-19 but not confirmed (five rooms) and only six rooms
were occupied by contagious COVID-19 patients (May 13, 2020) (Suppl. Table 1). Due to evaporation during
collection, the final concentration of DMEM in the petri dishes after collection was equivalent to undiluted cell
medium. The entire pooled volume ranging from 5 to 10 ml was subsequently applied to Vero E6 cells in T25
flasks and incubated up to 13 days. Samples were subsequently collected and subject to rRT-PCR. Petri dishes
with 10 ml DMEM exposed to air outside of patient areas for 24 h were used as negative control.
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Ward conditions.  All exit vent openings in the ward rooms are situated in the ceiling and are approximately
3 to 5 m from the head end of the beds (fresh air input openings are at 0 to 50 cm above floor level). Seven of
the 19 openings are situated in adjacent washing rooms (see Fig. 1a) and are up to approximately 5 to 6 m from
beds. Total air changes per hour (ACH) for each patient room varied between 1.5 and 2.6 in ward 1, and 2.1 to
2.7 in ward 2, between 2.8 and 3.2 in the outpatient clinic, (measured December 2017). Air flow in the central
ventilation shafts, from each story, ranged between 2.27 and 3.48 m®/s (Table 1). Pressure differences in rooms
in ward 1 varied, —6 to —8.1 Pa between corridor and anterooms and + 5.5 to+ 18 Pa between anterooms and
patient rooms (measured March 2020). Hence, the anterooms were under negative pressure compared to the
adjacent ward corridor as well as patient rooms.

RNA extraction and rRT-PCR. RNA was extracted using 280 pl of samples and QIAamp viral RNA kit
(Qiagen, Hilden, Germany), according to manufacturer’s protocol. Portions of the SARS-CoV-2 nucleocapsid
(N) and envelope small membrane protein (E) genes were amplified by rRT-PCR, using primers (Thermo Fisher
Scientific, Waltham, MA, USA) previously described®*-** and the SuperScript III OneStep RT-PCR System with
Platinum Taq DNA Polymerase kit (Invitrogen, Carlsbad, CA, USA). In brief, the two reaction mixtures (25 pl)
contained 12.5 pl reaction buffer (a buffer containing 0.4 mM of each ANTP, 3.2 mM MgSO,), 1 pl of enzyme
solution (SuperScript IIT RT/Platinum Taq Mix), 1.25 pl of probe primers solution (10 uM stock concentration)
3 ul magnesium sulfate (50 nM), and 7.25 ul of RNA. The cycling conditions were as follows: cDNA synthesis at
55 °C for 30 min (min) and 50 °C for 2 min followed by 45 cycles of denaturation at 95 °C for 15 s (s), extension
at 57 °C for 30 s and collecting the fluorescence signal at 68 °C for 30 s. Target 1 (E gene) forward primer ACA
GGTACGTTAATAGTTAATAGCGT; reverse primer TGTGTGCGTACTGCTGCAATAT; and probe 5'-FAM-
ACACTAGCCATCCTTACTGCGCTTCG-TAMRA-3'. Target 2 (N gene) forward primer GGGGAACTTCTC
CTGCTAGAAT; reverse primer CAGCTTGAGAGCAAAATGTCTG; and probe 5-FAM-TTGCTGCTGCTT
GACAGATT-TAMRA-3'. As positive controls, double stranded DNA fragments (gBlocks, IDT, Belgium) with a
five-nucleotide deletion in the targeted part of the E (10? copies/pl) and N (10° copies/ul) gene were used. Posi-
tive control Ct vales were 31.67 +0.68 and 28.07 +2.66 respectively. All PCR products with a Ct value <45 were
confirmed by Sanger sequencing (Macrogen, the Netherlands). Negative controls (swabs) were performed on
non-exposed VIM (Suppl. Table 1).

Inoculation.  Vero E6 cells (green monkey kidney cells (ATCC CRL-1586)) were seeded into T-25 flasks and
grown in DMEM (Gibco, 41966) supplemented with 10% FBS (Gibco, USA) and 1 x Penicillin-Streptomycin
(Sigma-Aldrich, PA333). The flasks were incubated (37 °C, 5% CO2) until cells confluency reached approxi-
mately 90%, after which the cell media was substituted with 9 ml of pooled samples supplemented with 2% FBS
and 1 x Penicillin-Streptomycin. Potential cytopathic effect (CPE) was observed daily. Increase in viral load was
determined by rRT-PCR, using 100 pl of supernatant from each T-25 flask at 0 (base line for comparison), 24
and 120 h post infection (hpi). rRT-PCR was also performed on DMEM exposed to air in a BSL-2 laboratory
for 24 h (see section “Fluid samples”), non-exposed DMEM and DMEM spiked with SARS-CoV-2 synthetic oli-
gonucleotide control sequence as negative and positive controls, respectively (Suppl. Table 1). Eleven days post
inoculation, supernatants from the pooled samples (1 ml) were passed once into new flasks seeded with Vero E6
cells and containing 4 ml of cell media. Two days after the passage, samples were taken as described above for
quantification by rRT-PCR. All procedures involving live virus were performed in a BSL-3 laboratory.

Ethical approval. Approval for accessing patient information was granted from the Swedish Ethical Review
Authority DNR 2020-01787. As this retrospective data collection was considered completely anonymized by the
Ethics committee, the need for patient consent was waived by the Swedish Ethical Review Authority. The study
was conducted according to good clinical and scientific practices and following the ethical principles of the
Declaration of Helsinki.

Results

SARS-CoV-2 RNA detection from ward samples. In two consecutive surface sampling rounds, per-
formed on April 17 and 28, 2020, both SARS-CoV-2 N and E gene RNA were detected in seven (36.8%) out of 19
vent openings, while 11 days later, four vents (21%) were positive for both genes. Ct values varied between 33.77
and 39.78 (Table 2) and sequences were confirmed by Sanger sequencing. All three pooled cell medium samples
from patient room ceilings were positive for both genes; Ct values ranged between 33.41 and 36.64. Pool 1 (Fluid
traps from 7 rooms occupied by confirmed COVID-19 patients) N gene 35.47 and E gene 36.4, Pool 2 (6 sus-
pected COVID-19 patient rooms) N gene 33.41 and E gene 36.64; Pool 3, (5 suspected non-contagious patient
rooms), N gene 34.07 and E gene 36.64). Despite the attempt to arrange the potentially most infective samples
in pools 1 and 2, a retrospective overview of patient diagnostics revealed that PCR-positive patients occupied
rooms generating samples in all three pools (Suppl. Table 2).

SARS-CoV-2 RNA detection in central ventilation samples. Samples extracted from the main
exhaust filters, located on the eighth (top) floor of the investigated hospital building (Fig. 1b), from each sepa-
rate ventilation system for the three investigated COVID-19 wards were positive for both genes in eight (88.9%)
out of nine samples (Table 2). Swabs taken from internal surfaces of three central ventilation channels at the
top floor were all negative (Ct values>45) (Table 1). Petri dishes containing cell medium, placed in inspection
hatches in the central ventilation system prior to the exhaust filters, were found to contain SARS-CoV-2 RNA
(both N and E genes) in one (33.3%) out of three specimens from ward 2 (Ct values 35.32 and 33.16 for N and E
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Patient details Ventilation opening
PCR results (Ct
SARS-CoV-2 PCR Respiratory support value)
PCR results (Ct
Days since onset | Patient sampl value)
Room | Sample set | of symp date N gene E gene Current | Last24h N gene E gene
) 1 17 April 1, 2020 23.51 2222 Oxygen | Oxygen Negative | Negative
2 8 April 21, 2020 19.14 18.64 HFNC HENC Negative | Negative
5 1 11 April 15, 2020 31.68 32.55 Oxygen | Oxygen 3533 33.77
2 12 April 18, 2020 13.3 1391 Oxygen Oxygen Negative | Negative
10 April 12, 2020 16.89 16.86 Oxygen Oxygen
1 P '8 '8 37.94 37.90
. Unoccupied
2 16 April 15, 2020 25.47 25.43 None Oxygen
38.82 37.76
9 April 21, 2020 14.96 14.98 HFNC Oxygen/HFNC
15 April 7, 2020 25.98 25.33 HFNC HFNC
1 39.55 38.71
" Unoccupied
, 20 April 13,2020 19.72 19.11 Oxygen | Oxygen/HFNC | Negative | Negative
29 April 5,2020 17.16 16.59 None Oxygen
Unoccupied
1 Negative | Negative
- 7 April 14, 2020 ‘ 25.38 ‘ 25.33 ‘ HENC | HENC
Unoccupied
2 Negative | Negative
8 April 23, 2020 Negative | Negative | Oxygen | Oxygen
8 April 11, 2020 17.91 16.88 Oxygen Oxygen
1 P Ve s 36.24 36.70
o 20 March 31,2020 | 25.18 24.1 HFNC HENC
5 April 25, 2020 Negative | Negative | None None
2 Negative | 36.78
Unoccupied
7 ‘ April 16,2020 ‘ 22.84 ‘ 225 ‘ None ‘ None
1 39.28 Negative
Unoccupied
7%
Unoccupied
2 Negative | Negative
16 | April 22,2020 [32.19 [ Negative [ Oxygen | Oxygen
Unoccupied
1 Negative | Negative
- 1 ‘ April 17, 2020 ‘ Negative ‘ Negative ‘ None ‘ None
Unoccupied
2 Negative | Negative
15 April 21, 2020 16.09 15.99 None Oxygen
9 1 8 April 16, 2020 17.22 17.88 Oxygen | Oxygen Negative | Negative
2 12 April 24, 2020 23.76 23.7 None None Negative | Negative
10 1 20 April 5, 2020 21.95 21.57 HFNC HFENC Negative | Negative
2 8 April 27, 2020 Negative | Negative | Oxygen | Oxygen Negative | Negative
I 1 12 April 11, 2020 10.08 9.65 HFNC Oxygen/HFNC | Negative | Negative
2 Unoccupied 38.61 37.55
b 1 Unoccupied 39.77 38.95
2 12 April 21, 2020 16.09 15.99 None Oxygen 39.78 Negative
3 1 5 April 15,2020 24.87 25 Oxygen | Oxygen/HFNC | Negative | Negative
2 11 April 28, 2020 30.74 Negative | HFNC HFNC Negative | Negative
14 1 7 April 17, 2020 Negative | Negative | Oxygen | Oxygen Negative | Negative
2 8 April 26, 2020 23.55 22.04 HFNC HFNC 38.75 38.45
Unoccupied
1 Negative | Negative
- Unoccupied
15 April 20, 2020 14.95 14.83 Oxygen Oxygen
2 ‘ P ‘ ‘ ‘ '8 ‘ v8 Negative | Negative
Unoccupied
13 April 13, 2020 15.95 15.47 Oxygen Oxygen
1 ‘ P ‘ ‘ ‘ Y8 ‘ v8 37.26 36.14
L6 Unoccupied
23 [April14,2020 [1791  [1758  [HENC | HFNC
2 Negative | Negative
Unoccupied
18 April 16, 2020 31.03 36.18 None None
1 Negative | Negative
17 8 April 13,2020 16.94 15.95 None Oxygen
15 April 18, 2020 29.23 28.38 HEFNC HENC
2 Negative | 38.63
30 April 8,2020 25.31 25.44 Oxygen | Oxygen
Continued
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Patient details Ventilation opening
PCR results (Ct
SARS-CoV-2 PCR Respiratory support value)
PCR results (Ct
Days since onset | Patient sampl value)
Room | Sample set | of symp date N gene ‘ E gene Current | Last24h N gene E gene
Unoccupied
1 Negative | 37.76
- 18 April6,2020 1902 [1762  [Oxygen [Oxygen
Unoccupied
2 Negative | Negative
Unoccupied
19 1 14 April 6,2020 14.28 13.58 Oxygen | Oxygen 37.56 35.28
2 19 April 18, 2020 17.16 15.87 HENC HENC 36.78 35.31

Table 2. Overview of results from the 19 investigated COVID-19 ward rooms (ward 1), including patient
details regarding duration of symptoms, date when clinical sample was collected for PCR-diagnosis, PCR-result
from clinical sample and ongoing oxygen therapies when ventilation samples were collected. Rooms marked
with an * can accommodate two patients, and thus patient data is supplied for two patients for each sample
occasion. Sample set 1: April 17, 2020. Sample set 2: April 28, 2020. Samples not exhibiting fluorescence above
threshold level after 45 PCR cycles are labeled “negative”. No O,: No ongoing patient oxygen therapy, O,:
conventional nasal cannula or mask, HFNC: High Flow Nasal Cannula, Ct: cycle threshold, N gene: SARS-
CoV-2 Nucleocapsid gene, E gene: SARS-CoV-2 Membrane Small Envelope gene.

genes respectively), while one (33.3%) of the three specimens from ward 1 contained only the E gene (Ct value
33.00) (Table 1).

Infectivity in Vero E6 cells. No significant CPE nor decrease in rRT-PCR Ct values were seen compared
to baseline values (see “Results” above for Ct values) after 24 or 120 hpi on Vero E6 cells from samples retrieved
from ward vent openings or central ventilation ducts or filters.

Discussion

Several aspects during the COVID-19 pandemic support the risk of aerosol transmission of SARS-CoV-2. First,
mounting evidence for pre- and asymptomatic transmission, where the spread of droplets through coughing
and sneezing cannot be a major factor, must raise questions about aerosol transmission®'. Second, aerosols gen-
erated by speech could theoretically contain enough SARS-CoV-2 virus particles to support transmission, and
these aerosols can remain airborne for up to ten minutes?. In addition, coronaviruses can be emitted in aerosols
through normal breathing®?. Third, field studies in hospital wards have detected SARS-CoV-2 RNA both in vent
openings and in the air'*""’. These findings are not unexpected seeing as similar observations have been made
for both SARS and Middle East Respiratory Syndrome (MERS)33*3,

In this study, we found SARS-CoV-2 RNA in vent openings in ward rooms harboring COVID-19 patients.
Viral RNA was also detected in fluid placed in open dishes suspended below vent openings. Similar levels of viral
RNA were detected in exhaust filters and open petri dishes with cell medium at least 44 to 56 m from the three
investigated COVID-19 wards. Only a small fraction of each filter was analyzed implying that a large number of
particles emanating from COVID-19 wards can disperse to greater distances than can be explained by droplet
transmission routes. In previous studies, the effect of ventilation has not shown any obvious impact on the risk
for spread of droplet-transmitted diseases, probably since droplets are more governed by gravity®>. Furthermore,
the ventilation system in the investigated hospital building has a relatively low air flow; between 1.7 and 3 total
air changes per hour (ACH) for each room, depending on room volumes. The recommendation for airborne
infection isolation rooms is 12 ACH in most guidelines®. Notably, the relative air humidity in the investigated
environment was low, between 30 and 31%. Low air humidity has recently been suggested to increase the risk
of airborne SARS-CoV-2 dispersal®*¥.

We initiated this study by performing rRT-PCR on numerous surface and filter samples. Detection of SARS-
CoV-2 as well as other coronavirus RNA in ventilation openings has been reported before'®'>**. However, the
detection of viral RNA in the exhaust filters over 50 m from patient care areas was unexpected. In response to
these findings, we found it vital to rapidly address the question of infective ability in order to determine the
immediate risk of infection for uninfected patients, personnel working in the investigated wards and service
personnel that might be exposed while working with the ventilation systems. We therefore employed the ad hoc
methods described above in an attempt to determine the infective ability of the samples. We are aware that there
are several potential limitations to the employed sampling methods in fluid traps; the likelihood of viral particles
being deposited in fluids by gravity, the length of time the viral particles retain infective ability, concentration and
increased osmolarity of the cell medium by evaporation as well as pH increase due to oxygen exposure during
sampling. We have not determined whether the detected RNA could be from viral particles that have been inac-
tivated by antibodies, seeing as a majority of the patients admitted to at least one of the wards were in later phases
of COVID-19 disease at both collection dates (Table 2), and may have likely developed an immune response.
Even though we could not determine infective capability of virus collected in cell medium, we repeatedly detected
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SARS-CoV-2 RNA using this method. The placement of the petri dishes, either just below the ceiling in ward
rooms or at distances around at least 50 m from patients in central vent ducts indicates that dispersal by means
other than larger droplets must occur, since larger droplets are considered to precipitate by gravity within one or
two meters from a source®. Although RNA could be detected in samples from ward rooms and central ventilation
ducts, no infectivity was seen after inoculating samples on susceptible cells. This collection method was adopted
in order to rapidly address the question as to what threat the RNA findings may infer in a clinical setting. Several
explanations for these results may be identified. First, the Ct values are close to the detection limit, indicating
that there were few viral copies in theses samples. Also, many of the admitted patients at this time point (later
than other samplings in this study) were in late phases of COVID-19 or cleared of infection. We chose to report
this as we could detect SARS-CoV-2 RNA in these samples, and that droplets do not appear to be a plausible
explanation for these findings as droplets could unlikely follow a ballistic pathway from patient into the petri
dished at 2.5 m height, and in all three pools. It is important to continue to develop effective sampling methods
in order to determine infective ability of SARS-CoV-2 as well as differentiating between patients in early and late
phases of disease. Since we are aware of these technical limitations, we have recommended service personnel to
take adequate protective measures while working with the ventilation systems as we cannot definitively repudiate
the risk of infection from contaminated air.

Ongoing oxygenation therapies, such as High Flow Nasal Cannula (HFNC) oxygenation, in each room did
not apparently correlate to detection, or Ct values, of SARS-CoV-2 RNA in vent openings (Table 2). This raises
the question if the risk for airborne transmission should be considered in more situations than during potentially
aerosol generating procedures such as HFNC®. This is further corroborated by the studies on aerosols generated
when speaking and breathing?**%. Results differed in ward rooms between the two samplings of vent openings,
which could be due to varying disease progression for the occupying patients. Some vent openings were positive
for both N and E genes despite the rooms having been evacuated and routinely cleaned (Table 2). This suggests
that detection also could result from viral shedding by previous patients and calls for further studies on how long
SARS-CoV-2 RNA can be detected in the environment, with the accompanying risk for transmission via fomites.
Alternatively, detection of viral RNA in the ventilation systems could arise from such activities as handling bed
linens or cleaning which may disturb viral particles from textiles or surfaces and displace them into the air, and
that these virions have dried and been rendered inactive. On the other hand, RNA deterioration after inactiva-
tion could limit the extent of this source of RNA found in HVAC systems.

In this study we could not demonstrate infectious capability of the virus, when inoculated on Vero E6 cells,
from samples in either vent openings, exhaust filters or by collection directly in cell medium. This is likely due to
the pathogens rapidly drying in the vents or inadequate amounts of virus collected near vent openings or in front
of exhaust filters. Also, collection directly in cell medium does not appear to have been performed previously
and these results should be interpreted cautiously. Furthermore, admitted patients in the ward were between day
5 and 23 after symptom onset (Table 2). There is accumulating evidence that COVID-19 contagiousness peaks
shortly prior to symptom onset>**. This implies that the patients in this study may be in a less contagious phase
of COVID-19 disease, which is consistent with the findings that SARS-CoV-2 infectivity appears to be low eight
days after symptom onset**’. Nevertheless, during dispersal from a patient to ventilation, and over considerable
distances, the virus may still retain infective capability. RNA was also detected in containers placed at ceiling level,
demonstrating that viral particles were airborne during these specific periods, at not only deposited on fomites
over longer, uncertain duration. We speculate that the risk of infection by exposure to ventilation system air is
presumably very low, due to dilution of viral load and drying. Nevertheless, the apparent capability of the virus
to be transported in air, as we present here, should raise concerns for the risk of infection in smaller, confined
spaces in close proximity to contagious patients, i.e. all air in patients rooms, intensive care units, etc. during care
for COVID-19 patients*'. This may be even more important concerning patients in earlier phases of disease, in
which contagiousness may be high. This includes both symptomatic and asymptomatic SARS-CoV-2 infected
persons in any confined space, such as homes, public transportation, restaurants, etc. The presented findings
indicate airborne dissemination of SARS-CoV-2, especially considering the distance SARS-CoV-2 RNA was
dispersed. However, further investigations, preferably discriminating between patients in early and later phases
of SARS-CoV-2 disease as well as direct sampling of expiratory air from COVID-19 patients will be needed to
resolve this question.

Conclusions

Detection of coronavirus RNA, including SARS-CoV-2, in hospital and other ventilation systems has been
reported, as well as nosocomial and HVAC associated outbreaks® %, In particular, MERS coronavirus, closely
related to SARS-CoV-2, has caused major hospital associated outbreaks®-12. Also, growing concern about aerosol
transmission of SARS-CoV-2 has recently been ventilated*?. Here we present further evidence for SARS-CoV-2
ability to disperse from patients to ward vent openings as well as detection of viral RNA in ventilation exhaust
filters located at least 50 m from patient room vent openings. Although we could not conclude that the viral
samples in this collection retained infective ability, the distance at which we detected RNA suggests that there
may be a risk for airborne dissemination and transmission, especially at much closer distances to contagious
persons in confined spaces, both in and outside hospital environments. We therefore find it reasonable to take
precautionary measures against airborne transmission and that further investigations are necessary.
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Abstract

OBJECTIVES

To evaluate the potential for long distance airborne
transmission of SARS-CoV-2 in indoor community
settings and to investigate factors that might influence
transmission.

DESIGN
Rapid systematic review and narrative synthesis.

DATA SOURCES

Medline, Embase, medRxiv, Arxiv, and WHO COVID-19
Research Database for studies published from 27
July 2020 to 19 January 2022; existing relevant

rapid systematic review for studies published from 1
January 2020 to 27 July 2020; and citation analysis in
Web of Science and Cocites.

ELIGIBILITY CRITERIA FOR STUDY SELECTION
Observational studies reporting on transmission
events in indoor community (non-healthcare) settings
in which long distance airborne transmission of
SARS-CoV-2 was the most likely route. Studies such
as those of household transmission where the main
transmission route was likely to be close contact or
fomite transmission were excluded.

DATA EXTRACTION AND SYNTHESIS

Data extraction was done by one reviewer and
independently checked by a second reviewer. Primary
outcomes were SARS-CoV-2 infections through

long distance airborne transmission (2 m) and any
modifying factors. Methodological quality of included

WHAT IS ALREADY KNOWN ON THIS TOPIC

The risk of SARS-CoV-2 transmission is likely to be greatest when in close
proximity (<2 m) to someone who is infected

The potential for long distance airborne transmission (>2 m) is unclear, although
widespread reporting of superspreader events suggests it may occur

Emission rates of respiratory particles released vary considerably between
individuals but are generally higher for singing and speaking compared with
breathing and tend to increase with loudness of vocalisation

WHAT THIS STUDY ADDS

airborne transmission

The findings from this rapid systematic review suggest that long distance
airborne transmission of SARS-CoV-2 might happen in indoor settings such as
restaurants, public transport, workplaces, or choir venues

These results show that factors such as insufficient air replacement, directional
air flow, and activities associated with increased emissions of respiratory
particles (eg, singing or speaking loudly) might contribute to long distance

Well conducted epidemiological investigations can provide critical insight into
transmission routes, especially when other types of studies are not feasible; the
question of what level of public health evidence is sufficient to support decision
making for a novel infection warrants further consideration

thelbmj | BMJ2022;377:¢068743 | doi: 10.1136/bmj-2021-068743

studies was rated using the quality criteria checklist,
and certainty of primary outcomes was determined
using the Grading of Recommendations, Assessment,
Development, and Evaluation (GRADE) framework.
Narrative synthesis was themed by setting.

RESULTS

22 reports relating to 18 studies were identified
(methodological quality was high in three, medium
in five, and low in 10); all the studies were outbreak
investigations. Long distance airborne transmission
was likely to have occurred for some or all
transmission events in 16 studies and was unclear
in two studies (GRADE: very low certainty). In the 16
studies, one or more factors plausibly increased the
likelihood of long distance airborne transmission,
particularly insufficient air replacement (very low
certainty), directional air flow (very low certainty),
and activities associated with increased emission of
aerosols, such as singing or speaking loudly (very
low certainty). In 13 studies, the primary cases were
reported as being asymptomatic, presymptomatic, or
around symptom onset at the time of transmission.
Although some of the included studies were well
conducted outbreak investigations, they remain at
risk of bias owing to study design and do not always
provide the level of detail needed to fully assess
transmission routes.

CONCLUSION

This rapid systematic review found evidence suggesting
that long distance airborne transmission of SARS-CoV-2
might occur in indoor settings such as restaurants,
workplaces, and venues for choirs, and identified
factors such as insufficient air replacement that
probably contributed to transmission. These results
strengthen the need for mitigation measures in indoor
settings, particularly the use of adequate ventilation.

SYSTEMATIC REVIEW REGISTRATION
PROSPERO CRD42021236762.

Introduction
Since the early stages of the covid-19 pandemic and
the first reports of superspreader events,' 2 the body
of evidence suggesting airborne transmission of SARS-
CoV-2 in the absence of aerosol generating procedures
has grown. However, despite the publication of
numerous opinion pieces and narrative reviews in
support of airborne transmission of SARS-CoV-2,>”
scientific consensus on the relative importance of this
route of transmission is lacking. Part of the controversy
arises from differences in terminology, definitions, and
size thresholds for respiratory particles.®
Traditionally, close contact transmission was
assumed to occur through droplets with ballistic
trajectory that directly deposit on mucous membranes,

1
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whereas airborne transmission was assumed to
occur over longer distances via smaller particles
(aerosols) that remained suspended in the air and
were subsequently inhaled.'® !* Limitations of this
dichotomy are well illustrated by the challenge in
defining a size range to characterise particles that are
droplets or aerosols.®” *° '* For example, the World
Health Organization threshold is set at 5-10 microns"?
whereas in the UK the threshold is based on the work
by Milton'* and set to 100 microns.”® This is also
complicated by the role of evaporation, as a particle
will get smaller as it moves from human sources.

Regardless of terminology and definitions, it is
now understood that short range transmission can
occur through both droplets and aerosols and that
the concentration of respiratory particles is higher
at short range than over longer distances.” 1! ¢ Y7
Consensus is, however, still lacking on the risk for
long distance airborne transmission in indoor settings
in the community such as hospitality venues, leisure
facilities, workplaces, or apartment blocks. This lack of
consensus also reflects the challenging nature of the
evidence base, and high quality review level evidence
is still needed; some systematic reviews have relied on
environmental sampling studies, which only provide
indirect evidence of the potential risk of airborne
transmission,'®?®  whereas  systematic  reviews
that have included a wider range of study designs
(epidemiological, environmental, and modelling)
and settings (healthcare and community) remain
inconclusive.?*?*

This gap needs to be addressed from a public health
perspective, focusing on long distance transmission
(>2 m) in indoor community settings. As evidence on
the biological plausibility of long distance airborne
transmission is available from environmental
and experimental studies,'® *! ?* we focused on
epidemiological observational studies to assess where
and when human-to-human transmission are likely to
occur. In this rapid review we systematically identified
and examined such studies to evaluate the potential
for long distance airborne transmission of SARS-CoV-2
in indoor community settings and to assess the impact
of potential modifying factors.

Methods

We used a rapid systematic review approach, following
streamlined systematic methodologies to accelerate
the review process,?” and reported according to the
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 guidelines.?® The
protocol for this review was registered on PROSPERO
before screening took place.?”

Data sources and searches

We identified primary studies through two sources.
Firstly, we screened studies included in the rapid
systematic review by Comber et al for those published
from 1 January 2020 to 27 July 2020.%! This systematic
review, assessed to be of moderate quality using the
AMSTAR 2 (A MeaSurement Tool to Assess systematic

RESEARCH

Reviews, revised) critical appraisal tool,?® contains a
comprehensive search strategy and wider inclusion
criteria than the current rapid review (studies related
to all airborne transmission of SARS-CoV-2) and was
the only relevant review available at the time we wrote
our protocol.

Secondly, we conducted electronic searches in Ovid
Medline, Ovid Embase, medRxiv, Arxiv, and WHO
COVID-19 Research Database for studies published
from 27 July 2020 to 19 January 2022. The initial
search was conducted on 8 February 2021 and last
updated on 19 January 2022. The search strategy was
drafted by an information scientist and peer reviewed
by a second information scientist. Supplementary
material 1 (section 1) shows the full search strategy.

Using the studies that met our inclusion criteria,
we performed a citation analysis on 1 February 2022
on Web of Science and Cocites (co-citation analysis,
forward and backwards snowballing). Although this
was not part of the search strategy outlined in the
protocol, it was agreed a posteriori by the review team
to increase the chance of additional relevant studies
being retrieved.

Eligibility criteria for study selection

Our eligibility criteria for study selection were published
articles, accepted manuscripts, and preprints reporting
on the potential for airborne transmission of SARS-
CoV-2 in indoor community (non-healthcare) settings
at a distance >2 m (the 2 m threshold is based on UK
regulations; we also considered for inclusion non-UK
studies that used thresholds based on their respective
national recommendations, such as 1.5 m or 6 feet/1.8
m). The aim was to include all observational studies
(outbreak investigations and epidemiological case
series, cohort, case-control, and cross sectional
studies) of any human population in non-healthcare
settings. We excluded systematic or narrative reviews,
guidelines, opinion pieces, intervention studies,
modelling studies, environmental sampling studies
without epidemiological investigation, laboratory or
virology studies, and animal studies. We also excluded
observational studies in which close contact or fomite
were the most likely transmission routes (eg, studies
reporting on transmission in households).

Screening was performed using Rayyan Systems, a
freely available online screening tool.”’ Two reviewers
independently screened the first 10% of records
retrieved from the initial search on title and abstract,
with substantial agreement (97.7%; Cohen’s k=0.61).
A single reviewer screened the remainder, and two
reviewers independently screened a further 10%
(of the total number of records), with almost perfect
agreement (99.6%; Cohen’s k=0.92). All records
selected were screened at full text by one reviewer and
checked by a second reviewer, with any discrepancies
resolved by discussion with a third reviewer.

Outcomes
The primary outcomes were SARS-CoV-2 infections

through long distance airborne transmission (at
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a distance >2 m), and any factors that might have
modified the risk of transmission under these
conditions. Included measures for SARS-CoV-2
infections were number of covid-19 cases; secondary
attack rates; risk, rate, or odds of transmission over the
stipulated distances; or any other reported measure
related to transmission rate. For the modifying factors,
we considered narrative on the type of effect and any
potentially relevant information to be acceptable.

Additional outcomes extracted, when available,
were time spent in the setting and distance over
which airborne transmission was thought to have
occurred.

Data extraction and synthesis
We developed a data extraction table to gather
information on methods, participants, settings,
outcomes, key findings, and any additional relevant
information (eg, whether participants wore face
coverings). Data extraction was completed for each
included study by one reviewer and independently
checked by a second reviewer, with discrepancies
resolved by discussion. Only evidence directly relevant
to the review question was extracted. For example, if
studies reported on different outbreaks or on onward
transmission that might have happened in different
settings, we only extracted the results of outbreaks or
settings when distance and transmission routes could
be assessed.

A narrative summary of results according to indoor
setting was produced.

Quality assessment and certainty of evidence
We used a quality criteria checklist for primary research
to assess the methodological quality of each included
study.>® This checklist tool is composed of 10 questions,
four of which are considered critical (questions on
selection bias, group comparability, description of
exposure/assessment of transmission routes, and
validity of outcome measurements). Strict criteria
were used to assess the two critical questions related
to exposure and outcome assessment. In particular, a
cluster of covid-19 cases in the setting of interest had
to be confirmed with viral genomic sequencing to be
considered as low risk of bias for validity of outcome
measurements. Supplementary material 1 (section 2)
lists the 10 questions of the quality criteria checklist.

A study was rated as high methodological quality if
the answers were yes to the four critical questions plus
at least one of the remaining questions. A study was
rated as low methodological quality if answers were no
to 250% of the critical questions. Otherwise, the study
was rated as medium methodological quality. Each
study was assessed independently in duplicate, with
disagreements resolved by consensus.

Certainty of the evidence was assessed using
a variation of the Grading of Recommendations,
Assessment, Development, and Evaluation (GRADE)
framework for systematic reviews without meta-
analysis.’! We assessed each of the five GRADE
domains (methodological limitations of the studies,
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indirectness,  imprecision, inconsistency, and
likelihood of publication bias) and classified them as
no limitation or not serious (not important enough
to warrant downgrading), serious (downgrading
the certainty rating by one level), or very serious
(downgrading the certainty rating by two levels).
We then classified the body of evidence for a specific
outcome as high certainty, moderate certainty, low
certainty, or very low certainty.

Patient and public involvement

Patients and members of the public were not involved
in this rapid systematic review mainly because of
time restrictions. The review question was, however,
developed with the input of several public health
experts and stakeholders.

Results

Study selection

After removal of duplicates, 7439 records were
screened for relevance on title and abstract, with
90 reports assessed for eligibility (fig 1). Fifty six
additional reports identified from the Comber et al
rapid review?! and by citation analysis were also
assessed. From these 146 reports, 124 were excluded
(see supplementary material 1 (section 3) for list of
reasons for exclusion), and 22 reports® >>°2 relating to
18 studies were included. When two or more reports
related to the same study, we considered the most
comprehensive report as the main publication.

All the studies investigated outbreaks of clusters
of SARS-CoV-2 infections, and one study had an
analytical component.®® Eight studies were conducted
in Asia,>*“® * five in Europe,*! ** %4 %7 % three in
Oceania,’? »> *¢ and two in the United States.' > Three
studies reported on transmission between flats in
apartment blocks,**“® two in quarantine hotels,>? 3
two in restaurants,>* > two in buses,>® >’ one in a food
processing factory,*! one in a courtroom,” one in an
office,* one in a fitness facility,"* one in a department
store,”> and four during singing events.! ““% All the
outbreaks occurred in 2020, except for one in January
2021 in South Korea*® (before vaccine rollout started
in this country) and one in July 2021 in a quarantine
hotel in New Zealand.>

Table 1 and table 2 summarise the studies by
setting. Supplementary material 2 provides detailed
information on each study.

Quality assessment

Figure 2 provides details of the methodological
quality ratings: three studies were rated as high
quality,®*>** five as medium quality,>?3*3¢**%” and 10
as low quality.! >"4° #2° %8 These ratings represent the
methodological quality of descriptive studies.

Transmission settings

Quarantine hotels

Two outbreaks of covid-19 in quarantine hotels were
identified, both in New Zealand and involving cases
part of the same genomic cluster who had quarantined
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in separate rooms. The first outbreak, reported by
Eichler et al*’ (rated as medium methodological
quality) occurred in September 2020, and although
primary and secondary cases had travelled on
the same flight, transmission is believed to have
happened in the hotel on day 12 of quarantine, after
the primary case had developed symptoms on day 10.
No information was provided on the measures in place
at this quarantine hotel (eg, use of face coverings). The
second outbreak, reported by Fox-Lewis et al*>* (rated
as high methodological quality) occurred in July 2021.
The primary case (asymptomatic) and secondary
cases had travelled on different flights and arrived
at the hotel on different days. Staff members, all
vaccinated, wore full personal protective equipment
and were regularly tested. Participants were asked
to wear surgical masks when opening doors, but this
could not be validated in the investigation. None of
the cases (primary or secondary) were vaccinated;
the only person who was vaccinated tested negative
despite being part of the same travel group as the
secondary cases.

Close contact and fomite transmission were ruled
out by video analysis in both studies, although
in the outbreak reported by Eichler et al*’ fomite
transmission through a communal bin—although
unlikely, cannot be ruled out. Video analysis showed
that in both outbreaks the doors of the rooms had

been opened simultaneously for a short period during
which infected respiratory particles could have moved
between rooms. Both investigations included a review
of the ventilation systems and found that pressure
differences between rooms and corridors could support
this hypothesis. Long distance airborne transmission
between a primary case and at least one secondary
case was therefore considered to be the most likely
route in both outbreaks.

Restaurants

Two separate outbreaks of covid-19 in restaurants
were identified. The first outbreak, in China in January
2020, was mainly reported by Li et al’** (rated as
medium methodological quality), with additional
evidence provided in two other reports.*’ *° This
outbreak involved a primary case (with symptom onset
later that day) and at least two secondary cases who
were seated on tables between 1.4 and 4.6 m away
from the primary case. The second outbreak, reported
by Kwon et al®* (rated as high methodological quality),
occurred in June 2020 in South Korea and involved
three people with confirmed covid-19 who belonged
to the same genomic cluster. The primary case, which
was presymptomatic at the time, sat 6.5 m from one
secondary case for five minutes, and 4.8 m from the
other secondary cases for 21 minutes, all at different
tables.
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Table 1 | Summary of included studies, in chronological order by setting: quarantine hotels, restaurants, buses, and apartment blocks

Reference
(quality rating)

Lietal > Luet

al,*’ Zhang et al*®

Transmission
event, setting,
date
Restaurant,
China, January

No of cases

Ten confirmed
cases from three

Outcome and exposure
assessment

No genomic sequencing.
Epidemiological data, video

Potential for other trans-
mission routes

Close contact or fomite
transmission unlikely

Potential for airborne
transmission »2 m*

Possible airborne
transmission between

Modifying factors

Insufficient air replacement.
Directional air flow through

(medium) 2020 tables recording, on-site visit, (except for cases in same primary case and at least air circulation units

design of air conditioning household). Transmission two secondary cases; up to

and ventilation system, from outside event possible 1.4 m (53 min) and 4.6 m

experiments to assess for some cases (75 min) from primary case

airflow and ventilation rates
Shen et al* Buses, China, Twenty four No genomic sequencing. Close contact, fomite Possible airborne Insufficient air replacement.
(medium) January 2020 confirmed cases Questionnaires and transmission, or transmission »2 m from Directional air flow from

interviews, contact tracing
data, bus design, and
ventilation system

transmission from outside
event possible for some
cases

primary case (50 min)

central heating system

Luo et al,” Ou et
al®! (low)

Buses, China,
January 2020

Nine confirmed
cases

No genomic sequencing.
Epidemiological data,
information on loading
and unloading stops of all
passengers, and seating

positions, ventilation systems,

tracer gas experiments

Close contact unlikely.
Fomite transmission or
transmission from outside
event possible for some
cases

Possible airborne
transmission 2 m for some
cases (1 hourto 2.5 hours)

Insufficient air replacement.
Directional air flow due to
exhaust system

Lin et al*® (low)

Apartment block,
China, January
2020

Nine confirmed
cases from three
households

No whole genome
sequencing (partial S gene
only). Interviews with cases,
CCTV of lift, tracer gas and
wind speed experiments

Close contact or fomite
transmission unlikely (except
for cases in same household);
transmission from outside
event possible for some cases

Possible airborne
transmission between cases
in one flat to two different
flats (up to 10 floors from
flat of primary case)

Insufficient air replacement.
Directional air flow through
drainage and exhaust
system

Kwon et al*® Restaurant, South Three confirmed Genomic sequencing. Close contact, fomite Possible airborne Insufficient air replacement.
igl orea, June cases ontact tracing, interviews,  transmission, or transmission between cases Directional air flow throug
(high) K J 2020 C ing, i i issi ission b Directional air flow th h
credit card records, video transmission from outside seated 4.8 m (21 min) and  air circulation units
recording, mobile phone event unlikely 6.5 m (5 min) from the
location data, on-site visits, primary case
air flow measurement,
environmental sampling
Hwang et al*’ Apartment block, Ten confirmed  No genomic sequencing. Close contact or fomite Possible airborne Directional air flow through
ow. outh Korea, cases from pidemiological data, transmission unlikely transmission throug vertical air duct or floor
(low) South Ki fi Epidemiological d issi likel ission th h ical aird fl
August 2020 seven surface sampling, building  (except for cases in same ventilation ducts across drain. Insufficient air
households assessment household). Transmission floors for some secondary  replacement (unclear)
from outside event possible cases
Eichler et al*? Quarantine Nine confirmed ~ Genomic sequencing. Close contact or fomite Possible airborne Insufficient air replacement.
medium otel, New cases, with one  Epidemiological data, ransmission unclear. ransmission from hote irectional air flow
(medium) hotel, N ith Epidemiological dat: t issi | t ission from hotel Directional air fl

Zealand, August-
September 2020

secondary case
considered for
long distance
transmission

surveillance video, review of
ventilation system in hotel

Transmission from outside
event unlikely

room of the primary case to
doorway or corridor for one
secondary case

Han et al*® (low)

Apartment block,
South Korea,
January 2021

Five secondary
cases (three
households)
considered for
long distance
transmission

Genomic sequencing.
Epidemiological data,
interviews, mobile phone
location tracking, surface
sampling

Close contact or fomite
transmission unlikely
(except for cases in same
household). Transmission
from outside event unlikely

Possible airborne
transmission through floor
drains across three floors for
two secondary cases

Insufficient air replacement.
Directional air flow through
vertical floor drain

Fox-Lewis et
al**(high)

Quarantine hotel,
New Zealand, July
2021

Five confirmed
cases in two
rooms

Genomic sequencing.
Epidemiological data,
surveillance video, review of
ventilation system in hotel

Close contact, fomite
transmission, or
transmission from outside of
event unlikely

Possible airborne
transmission from hotel
room of primary case to
hotel room for at least one
secondary case (2.1 m)

Insufficient air replacement.
Directional air flow

This review’s assessment of likelihood of airborne transmission of SARS-CoV-2 over distances »2 m is based on likelihood of it occurring in some, but not necessarily all, transmission events.
*Exposure distance and time are stated when known; if not stated they are categorised as not clear or not specified.

After extensive epidemiological and environmental
investigations, both studies suggested that the
most plausible route was long distance airborne
transmission, which could have been facilitated by air
circulation units generating a directional air flow from
the primary to secondary cases combined with lack of
air replacement. In both outbreaks close contact and
fomite transmission were ruled out based on video
surveillance analysis.

Buses and coaches
Two separate outbreaks of covid-19 on buses in China
in January 2020 were identified, one on a journey to
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and from a worship event among lay Buddhists®® and
one on a long distance journey using a public coach
and minibus.’”°*

Theoutbreakataworship eventwasreported by Shen
et al*® who conducted a retrospective epidemiological
investigation with an analytical component (rated as
medium methodological quality). Thirty one of the
300 participants tested positive for SARS-CoV-2 of
whom seven were likely to have been infected by close
contact transmission during the religious event. The
other 23 cases had travelled to the event in the same
bus as the primary case and were thought to have been
mainly infected during the bus journey, throughout

5
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Table 2 | Summary of included studies, in chronological order by setting: department store, singing events, meat processing plant, fitness facility,
courtroom, and office

Reference
(quality rating)
Jiang et al*®
(low)

Transmission event,

setting, date
Department store,
China, January 2020

No of cases

Twenty four cases,
with 12 secondary
cases considered
for long distance
transmission

Outcome and exposure
assessment

No genomic sequencing.
Epidemiological data,
surveillance video,
assessment of ventilation
conditions

Potential for other trans-
mission routes

Close contact, fomite
transmission, or
transmission from outside
event all possible

Potential for airborne
transmission »2 m*
Unclear airborne
transmission across
different sections of the
store

Modifying factors
Not applicable

Hamner et al,!
Miller et al*?
(low)

Singing event, USA,
March 2020

Fifty two: 32
confirmed cases,
20 probable cases

No genomic sequencing.
Telephone interviews

Close contact or
transmission from outside
event possible for some
cases. Fomite transmission
unlikely

Possible airborne
transmission >2 m for
some cases, owing to high
secondary attack rate (2.5
hours)

Insufficient air
replacement.
Increased aerosol
emission—singing

Charlotte et al*®
(low)

Singing event, France,

March 2020

Nineteen: seven
confirmed cases,
12 probable cases

No genomic sequencing.

Questionnaire and telephone

interviews

Close contact possible

for some cases. Fomite
transmission unlikely.
Transmission from outside
event possible for at least
two cases

Possible airborne
transmission 2 m for
some cases, owing to high
secondary attack rate (2
hours)

Insufficient air
replacement.
Increased aerosol
emission—singing

Gunther et al*!
(medium)

Meat processing plant,

Germany, May-June
2020

Thirty one
confirmed cases

Genomic sequencing. On-
site visit (work condition
and ventilation system)
and information provided
by employer on housing,

commuting, and workplaces of

employees

Close contact and fomite
transmission possible for
some cases. Transmission
from outside event unlikely

Possible airborne
transmission for some
cases on the production
line, up to 12 m from the
primary case

Insufficient air
replacement.
Directional air flow
from air circulation
system. Increased
aerosol emission—

physical work (unclear)

Groves et al*?
(low)

Fitness facility, USA,
June 2020

Twenty one
confirmed cases,
with10 secondary
cases considered
for long distance
transmission

No genomic sequencing.
Questionnaire and on-site
assessment

Close contact possible

for some cases. Fomite
transmission unclear.
Transmission from outside
event unlikely

Possible airborne
transmission >2 m for
some cases, owing to high
secondary attack rate (1
hour)

Insufficient air
replacement.
Directional air flow

from air fan. Increased

aerosol emission—
shouting

Katelaris et al*®
(high)

Singing event,
Australia, July 2020

Thirteen confirmed
cases

Genomic sequencing.
Interviews with cases, video
recording, on-site visit
(ventilation system)

Close contact or fomite
transmission unlikely
(except for five cases

in same household).
Transmission from outside
event unlikely

Possible airborne
transmission with
secondary cases seated
1-15 m from the primary
case (1 hour)

Insufficient air
replacement.
Increased aerosol
emission—singing

Vernez et*® (low)

Courtroom,
Switzerland,
September 2020

Five confirmed
cases

No genomic sequencing. Court

records, contact tracing data,
and field measurements

Close contact cannot be
ruled out, especially for
the two secondary cases
at 1.5 m from the primary
case. Fomite transmission
unlikely. Transmission from
outside event likely for one
secondary case

Possible long distance
airborne transmission for
three secondary cases
(1.5-3 m; 3 hours)

Insufficient air
replacement

Shah et al*’
(medium)

Five singing events,
Netherlands,
September-October
2020

Fifty: 48 confirmed
cases and two
probable cases

Genomic sequencing for
seven cases. Phone and
email correspondence,
questionnaires,

epidemiological data, aerosol

transmission model

Close contact possible

for some cases. Fomite
transmission unlikely
(except for one event).
Transmission from outside
event possible for some
cases, but unlikely in
others

Possible airborne
transmission »1.5 m for
some cases (1 hourto 2.5
hours)

Increased aerosol
emission—singing.
Directional air flow
(unclear). Insufficient
air replacement
(unclear)

Sarti et al*“ (low)

Office, Italy, November

2020

Five confirmed
cases

No genomic sequencing.
Telephone interviews

Close contact, fomite
transmission, or
transmission from outside
event possible

Unclear airborne
transmission between
coworkers

Not applicable

The review’s assessment of likelihood of airborne transmission of SARS-CoV-2 over distances >2 m is based on likelihood of it occurring in some, but not necessarily all, transmission events.
*Exposure distance and time are stated when known; if not stated they are categorised as not clear or not specified.

which no one wore face coverings. Those travelling

The second outbreak, reported by Luo et a

137

on the bus with the primary case were 11 times more
likely to develop covid-19 compared with the other
participants (relative risk 11.4, 95% confidence
interval 5.1 to 25.4; P<0.01) and 42 times more likely
compared with those travelling in the other bus (42.2,
2.6 to 679.3; P<0.01). Close contact transmission,
fomite transmission, and transmission from outside
the event cannot be ruled out for some of the cases but
are unlikely to have accounted for all 23 secondary
cases.

(rated as low methodological quality) with additional
environmental investigations conducted by Ou et al,**
involved one primary case (symptom onset occurred
on the day of the event) who had travelled without
wearing a face covering on a coach for 2.5 hours with
48 other individuals and then on a minibus for one
hour with 12 other individuals. Nine secondary cases
were identified, resulting in a secondary attack rate of
15% (95% confidence interval 6% to 24%), with most
seated >2 m from the primary case: up to 4.5 m based
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Reference QCC questions* Quality rating
Charlotte 20204 Low
Eichler 202132 Medium
Fox-Lewis 2022% High
Groves 202142 Low
Gunther 2020 Medium
Hamner 202052 Low
Han 20224 Low
Hwang 2021%° Low
Jiang 2021 Low
Katelaris 20214 High
Kwon 2020% High
Li 20213449.50 Medium
Lin 20213¢ Low
Luo 2020373 Low
Sarti 20214 Low
Shah 202147 Medium
Shen 2020% Medium
Vernez 20214 Low

- Yes

|:| Unclear

-No

|:| Not applicable

Fig 2 | Quality assessment. *Assessments using quality criteria checklist (QCC) for primary research (see supplementary material 1). tCritical
questions: 2 on selection bias, 3 on group comparability, 6 on description of exposure/assessment of transmission routes, and 7 on validity of

outcome measurements

on one report>” and up to 9.5 m based on the other
report.”* Genomic sequencing was not performed and,
based on symptom onset dates, it is plausible that
more than one primary case was present, reducing our
confidence in the distances reported. However, even
taking into account all potential primary cases, it is
possible that airborne transmission occurred for some
secondary cases seated >2 m from a primary case.
Some passengers wore face coverings, but none of the
secondary cases did.

In both outbreaks, insufficient air replacement
and directional airflow from the heating system were
hypothesised as promoting long distance airborne
transmission, supported by tracer gas experiments in
the buses involved in one of the outbreaks.>*

Apartment blocks

Three outbreaks of covid-19 in three separate
residential apartment blocks were identified. The
study by Lin et al*® (rated as low methodological
quality) investigated an outbreak involving nine
people who tested positive for SARS-CoV-2 in three
flats of a 29 storey apartment block in China. The nine
cases, identified between 27 January and 13 February
2020, lived in flats that shared drain and sewer pipes
connected via an exhaust pipe to the roof. Except for
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cases in the same household, close contact and fomite
transmission were ruled out based on interviews with
the cases and partial video analysis (lift only). Some
but not all of the cases reported wearing face coverings
in the communal areas of the building.

The two other outbreaks were in South Korea.
The first, reported by Hwang et al*° (rated as low
methodological quality), occurred in August 2020 in
an apartment block of 267 flats and involved 10 cases
from seven households located around two ventilation
ducts (eight cases around one, two around another).
The second outbreak, reported by Han et al*® (rated
as low methodological quality), occurred in January
2021 in a complex of 260 flats, in which cases located
in three flats along the same drainpipe and ventilation
duct could not be explained by close contact or fomite
transmission. For both outbreaks, transmission routes
were mainly investigated through interviews with
cases, and therefore recall bias (no video analysis) was
possible. All cases reported wearing face coverings in
the communal areas of the buildings.

For all three outbreaks, long distance airborne
transmission between flats through vertical air ducts
or floor drains was deemed possible for at least some
of the secondary cases, although environmental
investigation (tracer gas experiment) to support this
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hypothesis was conducted in only one®® of the three
studies. In two of the three studies,>® “° the ventilation
ducts were found to be malfunctioning, which could
have contributed to transmission risk. However, only
one of these studies® tested all residents and only one
conducted whole genome sequencing,** which reduces
confidence in the results.

Other indoor settings

The other outbreaks identified in this review occurred
in a food processing factory,*" fitness facility,*?
courtroom,” office,** and department store.*

Gunther et al*! (rated as medium methodological
quality) reported on an outbreak in a meat processing
plantin Germany in May and June 2020 in which 31 out
of the 140 workers on the same shift had tested positive
for SARS-CoV-2 and were part of the same genomic
cluster. Although close contact or fomite transmission
in other areas of the processing plant and outside the
factory (some workers shared accommodation and
carpools) was possible for some cases, the spatial
distribution of the cases suggested that transmission
was likely to have occurred on the processing line at
distances up to 12 m from the primary case who was
asymptomatic. The authors hypothesised that factors
such as increased respiratory rates (from physically
demanding work), lack of air replacement, and
continuous recirculation of cooled unfiltered air might
have promoted long distance airborne transmission,
but these were not investigated further. Some covid-19
measures were in place, including increased distance
between workers and use of single layer face coverings,
but adherence was not assessed as part of the study.

Groves et al*? (rated as low methodological quality)
reported on an outbreak involving two fitness
instructors at classes taught in three different facilities
in June and July 2020, although the investigation
suggested that close contact and fomite transmission
were likely to have occurred in all classes but one. The
class in which long distance airborne transmission
might have happened was a one hour static cycling
class in which bikes were placed at least 1.8 m apart,
with doors and windows closed and three large fans
directed towards the class participants. The instructor,
who had shouted instructions while facing the
participants, was identified as being the primary case
(with symptom onset the next day) and all 10 class
participants had tested positive for SARS-CoV-2 three
to six days after the class. Face coverings had not been
used during the class.

In an outbreak in a courtroom in Switzerland
reported by Vernez et al®® (study rated as low
methodological quality), five out of the 10 participants
at a three hour hearing held on the 30 September
2020 tested positive for SARS-CoV-2. The use of face
coverings was mandatory in the building, but not when
seated, and social distancing measures were in place,
with a minimum of 1.5 m between each seat. Long
distance airborne transmission (1.5-3 m) was likely to
have happened between a primary case (with symptom
onset on that day) and three secondary cases, although

RESEARCH

close contact or fomite transmission after the hearing
or in the bathroom cannot be ruled out. The hypothesis
that a lack of air replacement (doors and windows were
closed and there was no mechanical ventilation) might
have promoted long distance airborne transmission
was supported by field measurements and modelling.

Sarti et al** (rated as low methodological quality)
reported on an outbreak in an office in Italy in which
five of six coworkers were identified as cases. One of the
five coworkers was identified as the primary case, and
transmission happened before symptom onset. The
sixth coworker, who was not infected, was not present
in the office for the two days before symptom onset of
the primary case. This transmission event happened
in November and December 2020 when mitigation
measures were in place, including social distancing,
acrylic panels between desks, hand hygiene, and use
of a face covering except when seated at a desk. The
office was not well ventilated (no air conditioning and
windows were closed), which could have promoted
long distance airborne transmission. On the basis
of the investigation, however, close contact, fomite
transmission, and transmission from outside the event
cannot be ruled out, so it is unclear as to whether long
distance airborne transmission was the most likely
route.

Jiang et al*® (rated as low methodological quality)
reported on an outbreak linked to a department store
that occurred in January 2020 in Tianjin, China,
involving 24 cases (six staff and 18 customers).
Airborne transmission was considered as the most
likely route of transmission between a primary case
and 12 secondary cases, which might have been
promoted by a lack of air replacement (doors were
closed) and high density of people in the store. As
genomic sequencing of SARS-CoV-2 was not performed,
however, transmission from outside this event cannot
be ruled out and, based on symptom onset dates, it is
possible that several primary cases were present. On
the basis of this investigation, it is unclear whether
long distance airborne transmission had occurred in
the store.

Singing events

In addition to transmission events associated with
specific settings, four epidemiological investigations
reporting on outbreaks linked to singing events were
identified.

Katelaris et al*® (rated as high methodological
quality) reported on an outbreak in Sydney, Australia,
linked to a series of four church services held between
15 and 17 July 2020. The probable primary case, a
choir member, had sung at each of these one hour
services, and 12 secondary cases were identified
(2.4% secondary attack rate across the four services),
who had sat in the same section of the church,
between 1 m and 15 m from the primary case. Viral
genomic sequencing of the primary case and 10
secondary cases showed a single genomic cluster,
suggesting that transmission had occurred during the
church services.
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The second epidemiological investigation*’ (rated
as medium methodological quality; preprint) reported
on five singing events held between September and
October 2020 in the Netherlands. At the time, national
recommendations were in place to reduce covid-19
transmission, and although singing in groups was
allowed, physical distancing (>1.5 m) and ventilation
were recommended. Each singing event had between
nine and 21 attendees, and attack rates of between
53% and 74% were observed. Fomite transmission
was deemed unlikely in all but one event, but close
contact transmission was considered possible for
some of the secondary cases in three of the five events.
However, owing to the high secondary attack rates, it is
possible that at least some of the secondary cases had
been infected via long distance airborne transmission
and, even though ventilation through open doors or
windows was reported for all events, air exchange rates
were likely to have been low in at least three of the five
events.

The two other outbreaks occurred in March 2020—
that is, during the early stage of the pandemic when
no mitigation measures were in place. One of them
(70% attack rate, including probable cases) happened
in France during a two hour choral rehearsal in a
narrow, indoor, non-ventilated space*® (study rated
as low methodological quality). The second outhreak
(87% secondary attack rate, including probable cases)
after a 2.5 hour choral rehearsal on 10 March 2020 in
Washington (USA) was initially reported by Hamner et
al' (rated as low methodological quality) and further
discussed by Miller et al.>* For both outbreaks, close
contact and fomite transmission were only assessed
through interviews and cannot be fully ruled out. The
high secondary attack rate, however, suggests that long
distance airborne transmission might have occurred
for at least some of the cases.

The results from the four studies suggest that long
distance airborne transmission was likely to have
occurred for at least some of the transmission events,
and that singing may have increased the amount
of aerosol generated by the primary cases, which is
consistent with modelling results reported by some of
these authors.>* >

Summary and critical analysis of results
Seven of the outbreaks identified!>*3¢384°48 gccurred in
the early stage of the pandemic (January-March 2020)
when knowledge of covid-19 was limited, especially
the incubation period and the extent of asymptomatic
or presymptomatic transmission. As a result, most of
these studies only conducted symptomatic testing and
considered potential secondary cases to be participants
with symptom onset soon after the potential exposure
event, including the next day. In addition, for the
studies conducted in January 2020 in China and in
March 2020 in Europe or the US, it is possible that
community transmission was higher than perceived at
the time.

Therefore, in an outbreak such as the one reported
by Luo et al*’ where no genomic sequencing was
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conducted and three of the nine secondary cases
developed symptoms or tested positive for SARS-
CoV-2 one or two days after exposure, it is plausible
that more than one primary case was present and that
transmission occurred through means other than long
distance airborne transmission. In two of the studies
reporting on singing events,' *® genomic sequencing
and asymptomatic testing were not carried out and
some of the secondary cases developed symptoms in
the days after exposure but because of the high attack
rates reported for these outbreaks, it is possible that
long distance airborne transmission had happened
for at least some of the transmission events. Long
distance airborne transmission was also considered
possible for two other early studies as a result of
detailed epidemiological investigations.>* > However,
the plausibility of long distance airborne transmission
for the outbreak in the department store was unclear
as other transmission routes could not be ruled out.*®

Among the other studies, four® * *! %6 provided
convincing evidence for long distance airborne
transmission as a result of detailed epidemiological
investigations combined with genomic sequencing.
Eichler et al*? also conducted genomic sequencing but
their reporting of the epidemiological investigation
was not sufficiently exhaustive to exclude other
transmission routes (close contact or fomite) for the
only secondary cases who could have been infected by
long distance airborne transmission. The investigations
by Shah et al,*” Hwang et al,*® Groves et al,** Han et
al,"® and Vernez et al*® suggested that long distance
airborne transmission was possible for at least some of
the transmission events (close contact or fomite could
not be fully ruled out), but stronger conclusions could
not be drawn owing to methodological limitations
(including the absence of genomic sequencing and
risk of selection bias). Finally, the likelihood of long
distance airborne transmission was unclear in the
outbreak in the office reported by Sarti et al* as,
despite the covid-19 measures in place, close contact
and fomite transmission could not be completely ruled
out on the basis of the investigation.

Eleven of the 18 studies reported on the use of face
coverings.>® 3% Overall, the information provided
was limited, and two of these studies only mentioned
that face coverings were compulsory in the settings
of interest (quarantine hotel®> and food processing
factory*!) without reporting on adherence or behaviour
(eg, whether workers wore face coverings correctly
for the duration of their shift). Based on this limited
information, we found no evidence of long distance
airborne transmission where participants were known
to have worn face coverings for the duration of exposure.

Only one of the outbreaks® identified occurred at a
time when covid-19 vaccines were available, although
in this outbreak the primary and secondary cases were
not vaccinated.

Grading of the evidence
Table 3 provides the grading of the evidence for each

of the primary outcomes: SARS-CoV-2 infection via
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airborne transmission at a distance >2 m, insufficient
air replacement (modifying factor), directional
air flow (modifying factor), and increased aerosol
emission when singing, speaking loudly, or doing
intense physical work (modifying factor). Assessment
of modifying factors was considered not applicable
for the two outbreaks where the likelihood of long
distance airborne transmission had been judged as
unclear.

For all four outcomes, the evidence was judged as
having methodological limitations owing to study
design and to be at serious risk of imprecision owing
to small numbers of participants as well as some risk
of bias in exposure or outcome assessment, or both.
However, the risks of inconsistency and indirectness
were judged as not serious as the results were consistent
across studies conducted in a range of settings and with
different populations and provide evidence of direct
relevance to the public health question of interest. The
risk of publication bias was judged to be serious for
the outcome of SARS-CoV-2 infection through airborne
transmission at a distance >2 m and for the modifying
factor of activities associated with increased emission
of aerosols, but not serious for the modifying factors of
insufficient air replacement and directional air flow. As
a result, the certainty of evidence was judged as very
low for all outcomes.

Because of high heterogeneity between studies, the
additional outcomes of time spent in the transmission
setting and distance over which airborne transmission
was thought to have occurred could not be summarised
or graded using the GRADE framework. Exposure
timings ranged from five minutes to three hours, and
distances were up to 15 m.

Discussion

Evidence from the outbreak investigations discussed
in this review suggests that airborne transmission of
SARS-CoV-2 from an infectious individual to others
located >2 m away can occur in different indoor non-
healthcare settings. The results of this review show that
when long distance transmission occurred, one or more
factors were thought to have contributed. Modifying
factors such as insufficient air replacement and singing
are likely to result in an increased concentration of
infectious respiratory particles within the indoor space,
whereas factors such as directional air flow are likely to
allow viable virus to travel further in a certain direction,
which could potentially infect someone downstream of a
primary case. The results of this review therefore confirm
the importance of the role of ventilation to mitigate the
risk of long distance aerosol transmission.>*>’

A total of eight events (from four studies) in which
singing may have contributed to long distance airborne
transmission were identified.! “*® These results are
in line with experimental and modelling studies that
have reported on singing and aerosol generation,
suggesting that more virus-containing respiratory
particles tend to be emitted when singing compared
with speaking or breathing.’® *® More generally, the
quantity of respiratory particles emitted increases with

loudness of vocalisation,’® ¢© which was thought to

have contributed to long distance aerosol transmission
in a fitness facility.*?

In 13 out of 18 studies identified,**?” 418 suspected
primary cases were asymptomatic, presymptomatic,
or near the time of symptom onset when transmission
occurred. This finding is consistent with wider evidence
that people with asymptomatic or presymptomatic
SARS-CoV-2 infection can contribute to the community
spread of covid-19,°"%* including from long distance
airborne transmission.

Although the evidence on face coverings was
limited, no outbreaks in which participants had been
wearing face coverings for the duration of the exposure
were identified. Evidence suggests that face coverings
can reduce the number of respiratory particles emitted
from the nose and mouth.®* However, it is not possible
to deduce from the evidence assessed in this review if
wearing a face covering can prevent or reduce the risk
of long distance transmission of SARS-CoV-2.

Most of the outbreaks we identified occurred at a
time when population immunity was limited, either
naturally acquired or vaccine mediated. This limits
the applicability of our findings to the current context,
although there is evidence that transmission of SARS-
CoV-2 after vaccination does occur.®® While the lack
of evidence identified in vaccinated populations may
to some extent reflect the successes of vaccine rollout,
there may also be a time lag in publication of outbreak
reports since vaccine programmes were initiated.
There may also be less interest in publishing reports on
SARS-CoV-2 associated outbreaks over time.

The evidence from our rapid systematic review was
deemed to be of very low certainty based on 18 studies.
The relatively small number of studies identified could
suggest that outbreaks related to long distance airborne
transmission are rare, although also likely to result
from difficulties in identifying such events or to under-
reporting—for example, in countries without sufficient
contact tracing. It can also be partly explained by
the level of detail needed to assess transmission
routes. Indeed, even outbreak investigations that
follow reporting guidelines such as the Outbreak
Reports and Intervention studies Of Nosocomial
infection (ORION) statement published by the Canada
Communicable Disease Report®® are not necessarily
thorough enough to be able to fully rule out other
transmission routes. As a result, several outbreaks in
which long distance airborne transmission may have
happened were excluded on full text, including a few
reports on clusters in aeroplanes that did not properly
consider transmission routes during boarding and
disembarking.®’’° Finally, the wider challenges of
the pandemic should be acknowledged, including the
limited resources in public health teams to conduct
detailed epidemiological investigations.

The outcomes were rated as being of very low
certainty using the GRADE framework, although this
reflects the principles of GRADE rather than a lack of
quality of the included studies because in traditional
evidence hierarchies, outbreak investigations are
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Table 3 | Summary of findings using Grading of Recommendations, Assessment, Development, and Evaluation approach

Outcome

SARS-CoV-2 infection through
airborne transmission over a
distance >2 m

Effect
Sixteen studies suggested that long distance airborne 18
transmission was the main transmission route for at least

some of the transmission events in the reported outbreaks.
Unclear in two studies

No of studies

Certainty in the evidence

Very low owing to methodological limitations of the
studies and serious risk of imprecision and publication
bias

Modifying factor: insufficient air
replacement

Fourteen studies suggested that insufficient air replacement 16
had increased the likelihood of long distance airborne
transmission. Unclear in two studies

Very low owing to methodological limitations of the
studies and serious risk of imprecision

Modifying factor: directional air
flow

Eleven studies suggested that directional air flow might 12
have increased the likelihood of long distance airborne
transmission. Unclear in one study

Very low owing to methodological limitations of the
studies and serious risk of imprecision

Modifying factor: activities

Five studies (reporting on nine events) suggested that singing 6

associated with increased emission and speaking loudly might have increased the likelihood of

of aerosols

long distance airborne transmission. Unclear in one study
(intense physical work)

Very low owing to methodological limitations of the
studies and serious risk of imprecision and publication
bias

classed as a low level of evidence. However, some of the
included studies were well conducted investigations
of covid-19 outbreaks and their contribution to
this particular research question should not be
underestimated—they provide critical insight where
other types of study are just not feasible.”* The GRADE
framework was developed to inform clinical practice
where randomised controlled trials are feasible, and
linear causal pathways are more often the norm. Public
health research does not always fit easily within this
framework and the question of what level of public
health evidence is sufficient to support decision making
for a novel infection warrants further consideration.

Comparison with other studies

These findings are an important addition to the
wider body of evidence that supports the biological
plausibility of airborne transmission as a potentially
important route of transmission in certain scenarios.
The wider evidence includes experimental evidence
from animal studies’? as well as experimental studies
that have shown that SARS-CoV-2 can remain viable
in artificially generated aerosols for up to 16 hours,
and that the stability and viability depends on
environmental factors such as temperature, humidity,
and exposure to sunlight.’” Similarly, biological
monitoring studies have shown that SARS-CoV-2 RNA
can be detected in exhaled breath and environmental
air samples, but the evidence on viable virus remains
limited to a few studies that mostly detected infectious
virus in air samples collected at <2 m from the
infectious individual.>*?* These experimental and
biological studies provide evidence that SARS-CoV-2
can be viable in aerosols and therefore support the
epidemiological evidence from this rapid review, and
from others®??3 that suggest that airborne transmission
can happen in some settings.

Strengths and limitations of this review

This rapid systematic review critically assessed the
likelihood of long distance airborne transmission of
SARS-CoV-2 using only direct real world evidence from
observational studies from indoor non-healthcare
settings. The application of inclusion criteria that
focused the critical appraisal on those studies, which
involved comprehensive investigations, is a key
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strength of our approach: some of these studies not
only included epidemiological data, but also genomic
analysis, video surveillance, analysis of seating
arrangements, and environmental hypothesis testing.

The main limitation of selecting studies of only real
world human-to-human transmission events is that
scenarios where transmission has not occurred were
not included, and likewise where transmission events
have not been detected by contact tracing systems,
which could be seen as a form of publication bias.
All the evidence is from retrospective epidemiological
investigations of outbreaks and therefore this review
cannot make inferences on the extent to which
long distance airborne transmission occurs or the
contribution it may have on community rates of
transmission: these remain critical questions for
policy and practice. In addition, most of the outbreaks
occurred before vaccine rollouts and it is unclear how
these results apply to populations with a high level of
immunity to infection. Finally, and as with all reviews
assessing evidence related to covid-19, this rapid
review is limited by the fact that the evidence assessed
is from an emerging specialty.

Future work and policy implications
Well conducted outbreak investigations continue to
be needed to assess the potential for long distance
airborne transmission in vaccinated populations,
and with more transmissible SARS-CoV-2 variants
such as omicron. To assess transmission routes,
such outbreak investigations should deploy robust
and mixed methods, ranging from genomic analysis
to environmental assessment, and they should be
conducted as early as possible to reduce recall bias.

The results from this rapid systematic review
highlight the need to ensure measures to mitigate SARS-
CoV-2 long distance transmission in indoor settings,
especially in poorly ventilated spaces. Identification of
poorly ventilated public spaces should be undertaken
and improvements made. Other factors such as
directional air flow or singing that could increase the
risk for long distance airborne transmission should
also be considered in risk mitigation.

A need also exists to develop a new framework, or
to adapt the existing GRADE framework, to support a
pragmatic and consistent approach to the collation,
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interpretation, and synthesis of epidemiological
investigations, especially when other types of studies
are not feasible. The question of what level of public
health evidence is sufficient to support decision making
for a novel infection warrants further consideration.

Conclusion

This rapid review found evidence suggesting that long
distance (>2 m) airborne transmission of SARS-CoV-2
might happen in indoor non-healthcare settings, and
that it can occur from people who are asymptomatic
or presymptomatic. All transmission events identified
occurred alongside factors believed to have contributed
to this type of transmission, including lack of air
replacement (absence or little ventilation with fresh
air), directional air flow (mainly through air circulation
systems), and activities such as singing that increased
aerosol emission. In the review, we found no evidence
of long distance airborne transmission occurring
without one or more of these factors present.

Based on the results from this review, indoor non-
healthcare settings that might be at risk of long distance
airborne transmission include hospitality settings
such as restaurants, public transport, and workplaces
with inadequate ventilation, as well as settings where
activities resulting in increased aerosol emission, such
as singing or speaking loudly are carried out.

These results highlight the importance of assessing
ventilation, especially in indoor spaces where people
meet others from outside their household. Particular
attention should be given to ventilation in settings with
activities that might increase the number of respiratory
particles, for example, singing. Where ventilation is
assessed to be inadequate, improvements should be
made.
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Ecosystems supported by Lake Balkhash in Kazakhstan are in jeopardy as desertification increases.

Edited by Jennifer Sills

Save Kazakhstan’s
shrinking Lake Balkhash

Kazakhstan is home to Lake Balkhash,
one of the largest inland drainless lakes
in the world. Estimated to be more than
35,000 years old (7), this lake has cultural,
historical, and ecological value. However,
since 1970, a substantial decrease in the
Ili river runoff has led to a drawdown of
water reaching the lake [(2), p. 18], lead-
ing to a decrease in water depth. Out of
the original 16 lake systems around Lake
Balkhash, only 5 remain (I). Preserving
this lake ecosystem is crucial to halt-
ing the desertification process, which
has already claimed a third of the lake
and will have devastating effects on the
diverse flora and fauna that depend on it.
Lake Balkhash’s varying degrees of
water mineralization support a wide
variety of species; the western basin is
freshwater, whereas the eastern basin is
salty (3). The lake serves as a habitat for
20 species of fish, 6 of which live only in
this lake (3), and 60 species of plants that
don’t grow anywhere else [(4), pp. 304-
310]. More than 120 bird species rely on
the lake [(2), pp. 24-26], 12 of which are
listed in Kazakhstan’s Red Book of endan-
gered species [(4), p. 305]. Because the
lake is located in a desert area, without
runoff and with a dry continental climate
and very little precipitation, these species
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will have nowhere else to go if their water
source disappears.

To protect Lake Balkhash, local legisla-
tion that regulates industrial exploitation of
the lake water area should be updated and
enforced. The media should actively pro-
mote environmental awareness among the
population of Kazakhstan. Designating Lake
Balkhash a national treasure would increase
the social significance of the lake in
Kazakhstan as well as abroad. Kazakhstan
should monitor the lake and provide public
access to up-to-date data on its parameters
(especially the current volume of water).
The country should also clearly define
areas of responsibility among the states
that are responsible for water resources
management. Given rising water security
risks in Kazakhstan, Lake Balkhash needs
an international collaboration to provide
urgent and effective protection. It is crucial
that local and national policy-makers, law
enforcement authorities, scientists, the pub-
lic sector, socially responsible businesses,
and the world community work together to
protect this ancient lake.

Aizhan Ussenaliyeva

Save Lake Balkhash Project, Aimaty, Kazakhstan.
Email: aizhanussenaliyeva@gmail.com
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Airborne transmission
of SARS-CoV-2

There is overwhelming evidence that inhala-
tion of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) represents a
major transmission route for coronavirus
disease 2019 (COVID-19). There is an urgent
need to harmonize discussions about modes
of virus transmission across disciplines to
ensure the most effective control strategies
and provide clear and consistent guidance
to the public. To do so, we must clarify the
terminology to distinguish between aerosols
and droplets using a size threshold of 100
wm, not the historical 5 um (7). This size
more effectively separates their aerodynamic
behavior, ability to be inhaled, and efficacy
of interventions.

Viruses in droplets (larger than 100 um)
typically fall to the ground in seconds within
2 m of the source and can be sprayed like
tiny cannonballs onto nearby individuals.
Because of their limited travel range, physi-
cal distancing reduces exposure to these
droplets. Viruses in aerosols (smaller than
100 um) can remain suspended in the air
for many seconds to hours, like smoke, and
be inhaled. They are highly concentrated
near an infected person, so they can infect
people most easily in close proximity. But
aerosols containing infectious virus (2) can
also travel more than 2 m and accumulate
in poorly ventilated indoor air, leading to
superspreading events (3).

Individuals with COVID-19, many of

16 OCTOBER 2020 « VOL 370 ISSUE 6514 303

€202 ‘TE Yoo\l Uo B10°80us 105" Mmm//:sdny WoJ) pepeojumod



INSIGHTS | LETTERS

whom have no symptoms, release thousands
of virus-laden aerosols and far fewer droplets
when breathing and talking (4-6). Thus, one
is far more likely to inhale aerosols than be
sprayed by a droplet (7), and so the balance
of attention must be shifted to protecting
against airborne transmission. In addition

to existing mandates of mask-wearing, social
distancing, and hygiene efforts, we urge
public health officials to add clear guidance
about the importance of moving activities
outdoors, improving indoor air using ventila-
tion and filtration, and improving protection
for high-risk workers (8).
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Deliberate poisoning
of Africa’s vultures

Between September 2019 and March 2020,
more than 2000 Critically Endangered (1)
hooded vultures (Necrosyrtes monachus)
were Killed across eastern Guinea-Bissau.
Investigations revealed that the vultures
were intentionally poisoned to collect
their heads for belief-based use. Locals
sighted bait placed where vultures died
and reported a demand for vulture heads
in Senegal (2, 3). Toxicological analysis
of carcasses confirmed poisoning with
methiocarb (3), a carbamate pesticide
banned in Europe (4) but still used in
Guinea-Bissau. If unchecked, these poi-
sonings are likely to continue, leading to
further declines in the population of this
imperiled species.

0Old World vultures are among the most
threatened groups of birds worldwide (5).
In Africa, the illicit trade in vulture parts
accounts for 29% of reported vulture deaths
(6). In West Africa, up to 61 and 70% (inside
and outside parks, respectively) of vultures
disappeared in just 30 years (7). Hundreds of
hooded vultures are traded yearly for belief-
based use, and their heads are considered
good luck charms (8). Prices are rising as
they become more rare (8, 9). Guinea-Bissau
is home to about 22% of the world’s 197,000
hooded vultures (10, 1I).

Hooded vultures (Necrosyrtes monachus) in Guinea-Bissau could be driven to extinction.
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This blow to vulture conservation
requires urgent action. Local stakehold-
ers need to be made aware of the loss of
critical ecosystem functions, such as waste
removal and the likely control of disease
(5, 12). African governments should raise
awareness about existing anti-poisoning
legislation among residents, authorities, and
police and invest the human and financial
resources required to effectively enforce
these laws. In addition, the governments
should curb cross-border and local trade.
International partners must help West
African countries develop and implement
national action plans to conserve vultures
and avoid their looming extinction.
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To determine possible modes of virus transmission, we
investigated a cluster of coronavirus disease cases as-
sociated with a shopping mall in Wenzhou, China. Data
indicated that indirect transmission of the causative vi-
rus occurred, perhaps resulting from virus contamination
of common objects, virus aerosolization in a confined
space, or spread from asymptomatic infected persons.
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Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the causative agent of coronavirus
disease (COVID-19), is presumed to spread primarily
via respiratory droplets and close contact. However,
these transmission modes do not explain all cases.
To determine how the virus may have spread among
a cluster of COVID-19 cases associated with a shop-
ping mall in Wenzhou (a city with 8 million residents),
China, we monitored and traced close contacts and
hypothesized possible transmission modes. We ana-
lyzed clinical and laboratory data for cases by using
real-time reverse transcription PCR (1). The study was
approved with written consent from the Ethics Com-
mittee of Wenzhou Central Hospital and written in-
formed consent from all case-patients.

On January 20, 2020, a 23-year-old man (patient
E) sought care at a hospital after 11 days of fever and
headache. On January 21, COVID-19 was confirmed
for patient E and his co-worker, patient G. The Wen-
zhou Center for Disease Control and Prevention
traced and tested their contacts, and by January 28,
COVID-19 was confirmed for 7 persons (patients
A-G) from the same office (on floor 7).

Patient A, a 30-year-old woman, the only case-pa-
tient who indicated that she had been in Wuhan, China,
returned from Wuhan on December 18, 2019. On Janu-
ary 15-16, 2020, she had a fever, but symptoms resolved
without treatment. Despite symptom resolution, on Jan-
uary 30 she was confirmed to have SARS-CoV-2 infec-
tion. If patient A is the index patient, infected in Wuhan,
her incubation period would have been 28 days, which
would be extremely long, according to updated infor-
mation (W.J. Guan et al., unpub. data, https://www.
medrxiv.org/content/10.1101/2020.02.06.20020974v1).
Asymptomatic carrier transmission has been reported
for SARS-CoV-2 (2); hence, patient A could have been
screened as a close contact during her incubation pe-
riod and then hospitalized on the basis of a positive test
(PCR) result only. However, her clinical symptoms did
not appear until after hospitalization. Because persons
with asymptomatic COVID-19 can spread the virus, pa-
tient A also could have been an asymptomatic carrier
with a persistent infection (3).

On January 22, the mall was shut down. During
January 19-February 9, COVID-19 was diagnosed
for 7 mall staff from floors B1-3 and for 10 mall cus-
tomers. Close contacts associated with the mall were
traced, and COVID-19 was confirmed for 11 persons.
Sixteen patients had had direct contact with other pa-
tients or had gone shopping in the mall. The average
incubation period was 7.3 (range 1-17) days.

The mall has 8 floors above ground and sev-
eral basement levels; floors B1 to 6 are commercial
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Figure. Cluster of COVID-19 cases associated with a shopping mall in Wenzhou, China. A) Distribution of COVID-19 case-patients
by mall floor, time, and internal relationship. B) Dates of symptom onset, confirmed test results, and hospitalization information.
Numbers within yellow bars indicate length of incubation period. Black vertical arrow indicates date when patient A returned from
Wuhan, China. B1-7, mall floors; C, customer; COVID-19 coronavirus disease; C, cycle threshold; T, date of symptom onset; M,
month; RT-PCR, reverse transcription PCR.
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shopping space, and floor 7 contains shopping and
office space. We created an illustration showing the
floors where the eventual COVID-19 case-patients
worked or shopped, along with dates of symptom
onset, potential incubation periods, symptom du-
rations, confirmed times of positive diagnosis, and
times of discharge (Figure 1, panel A).

Except for those who had been on floor 7, all other
case-patients denied direct close contact with other case-
patients. The possibility of customers being infected
from other sources cannot be excluded. However, most
customers reported early symptom onset in a concen-
trated time frame (Figure 1, panel B). We found no con-
vincing evidence of definitive transmission pathways in
this building. Patients A-G (Figure 1, panel A) worked
in the same room on floor 7. Other case-patients who
had been on other floors denied any direct contact with
confirmed patients from floor 7, but they shared com-
mon building facilities (e.g., restrooms, elevators). Also,
staff from floor 7 visited shops on other floors daily.

Until now, no evidence has shown that SARS-
CoV-2 can survive outside the body for long. How-
ever, Middle East respiratory syndrome coronavirus
demonstrates high robustness and a strong capability
to survive outside the body and can remain infectious
for up to 60 minutes after aerosolization (4). Hence,
the rapid spread of SARS-CoV-2 in our study could
have resulted from spread via fomites (e.g., elevator
buttons or restroom taps) or virus aerosolization in a
confined public space (e.g., restrooms or elevators).
All case-patients other than those on floor 7 were
female, including a restroom cleaner, so common
restroom use could have been the infection source.
For case-patients who were customers in the shop-
ping mall but did not report using the restroom, the
source of infection could have been the elevators. The
Guangzhou Center for Disease Control and Preven-
tion detected the nucleic acid of SARS-CoV-2 on a
doorknob at a patient’s house (5), but Wenzhou Cen-
ter for Disease Control and Prevention test results for
an environmental sample from the surface of a mall
elevator wall and button were negative.

We cannot exclude the possibility of unknown in-
fected persons (e.g., asymptomatic carriers) spreading
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the virus. However, according to screening protocols
implemented by the Wenzhou Center for Disease
Control and Prevention, we traced all close contacts
and included all patients with positive PCR results,
including the asymptomatic carrier (patient A), in
this study. Our findings appear to indicate that low
intensity transmission occurred without prolonged
close contact in this mall; that is, the virus spread by
indirect transmission.

The work was supported by Major Project of Wenzhou
Municipal Science and Technology Bureau (ZY202004).
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# Scienceand

U.S. Department of Homeland Security

Estimated Surface Decay of SARS-CoV-2 (virus that causes
COVID-19)

on surfaces under a range of temperatures, relative humidity, and UV Index

Use the sliders to select the UV index (select either 0 or a value between 1.5 and 12), temperature and relative humidity of interest. Information on
how long SARS-CoV-2 would be expected to remain stable on surfaces will be displayed in the table below. Users can find the environmental
conditions for a specific location by accessing general weather resources online.

UV Index: Temperature: Relative Humidity:
0 10 74 95 20 60
UV Index: 2 Temperature: 68 °F / 23.3°C Relative Humidity: 20 %
% Virus Decay Hours Days
50% (half-life): 5.32 0.22
99.99%: 70.71 2.95
99.9999%: 106.07 4.42
99.999999%: 141.42 5.89

Relative humidity, temperature, and sunlight (UV) can be used to provide an estimated half-life for SARS-CoV-2 with this model with some degree of
certainty. The predictive power is limited to temperature between 74-95°F and relative humidity between 20-60% for a UV index of 0, and a
temperature of 68°F and 20% relative humidity for a UV index between 1.5 and 12. The formula below was developed in °C, but has been modified in
the web calculator to use °F.



< Close all «” Open all

Background

¢ Preventing person-to-person spread of SARS-CoV-2 is the only means to reduce the impact of COVID-19 in the absence of an effective
therapeutic.

¢ Transmission occurs primarily through respiratory droplets produced by talking, coughing and sneezing.

o Contact with contaminated surfaces and objects may also contribute to spread.

¢ SARS-CoV-2 will survive in saliva and respiratory fluids on surfaces for extended periods of time under certain conditions.

o DHS S&T has studied the stability of SARS-CoV-2 in simulated saliva, using droplets of varying size deposited on a non-porous surface
under a range of temperature and RH conditions.

 Viral survival on surfaces is driven by temperature, relative humidity (RH), sunlight (UV), and matrix (e.g., bodily fluids).

e These data have been used to develop a predictive model to estimate virus decay under a limited range of environmental conditions.

o Testing performed on non-porous surfaces, specifically stainless steel, ABS plastic, and nitrile rubber.

e There was no significant difference found in the decay of the virus found between stainless steel ABS plastic, and nitrile rubber.

o For additional information and details on methodology for the research on the impact of temperature and relative humidity on
SARS-CoV-2 decay on surfaces, please see the article titled, “Increasing Temperature and Relative Humidity Accelerates Inactivation

of SARS-CoV-2 on Surfaces” published in the American Society for Microbiology journal (https://www.dhs.gov/now-leaving?

external url=https%3A%2F%2Fmsphere.asm.org%2Fcontent%2F5%2F4%2Fe00441-

20%23%3A~%3Atext%3DThe%20results%20show%20that%20SARS%2Cnot%20significantly%20impact%20decay%20rate.&back url=https%3A%2F%2Fwww.dhs.gov%2Fsc

and-technology%2Fsars-calculator)..
¢ Research to determine impact of UV exposure on SARS-CoV-2 decay on surfaces was conducted at one temperature/relative
humidity parameter. For additional information and details on methodology, please see the article titled, “Simulated Sunlight

Rapidly Inactivates SARS-CoV-2 on Surfaces” published in the Journal of Infectious Diseases (https://www.dhs.gov/now-leaving?

external url=https%3A%2F%2Facademic.oup.com%2Fjid%2Farticle%2F222%2F2%2F214%2F5841129&back url=https%3A%2F%2Fwww.dhs.gov%2Fscience-and-

technology%2Fsars-calculator)..

Model Caveats


https://www.dhs.gov/now-leaving?external_url=https%3A%2F%2Fmsphere.asm.org%2Fcontent%2F5%2F4%2Fe00441-20%23%3A~%3Atext%3DThe%20results%20show%20that%20SARS%2Cnot%20significantly%20impact%20decay%20rate.&back_url=https%3A%2F%2Fwww.dhs.gov%2Fscience-and-technology%2Fsars-calculator
https://www.dhs.gov/now-leaving?external_url=https%3A%2F%2Facademic.oup.com%2Fjid%2Farticle%2F222%2F2%2F214%2F5841129&back_url=https%3A%2F%2Fwww.dhs.gov%2Fscience-and-technology%2Fsars-calculator

o Infectious dose is unknown (how much makes a person sick)
¢ Virus shedding is unknown (how much a sick person puts into the environment)
¢ Contact Hazard (how much virus comes off from touching surfaces)

This tool is valid for the following ranges of conditions:

o Without exposure to sunlight (UV 0): temperature (74°F to 95°F) and relative humidity from 20-60%.
o With exposure to sunlight (UV 1.5-12): temperature 68°F and relative humidity 20%.

S&T is partnering with CWMD to develop a tool that is easily accessible could be used by Occupational Safety and Health (OSH)
professionals to support risk assessment, cleaning and disinfection in accordance with guidance provided by CDC and EPA including
Guidance for Cleaning and Disinfecting: Public Spaces, Workplaces, Businesses, Schools, and Homes (https://www.cdc.gov/coronavirus/2019-
ncov/community/pdf/reopening_america_guidance.pdf).. (PDF, 9 pgs., 235 KB)

Last Updated: 12/20/2022


https://www.cdc.gov/coronavirus/2019-ncov/community/pdf/reopening_america_guidance.pdf
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1 | INTRODUCTION
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus causing
the ongoing global coronavirus disease 2019 (COVID-19) pandemic, is believed to be
transmitted primarily through respiratory droplets and aerosols. However, reports are
increasing regarding the contamination of environmental surfaces, shared objects, and
cold-chain foods with SARS-CoV-2 RNA and the possibility of environmental fomite
transmission of the virus raises much concern and debate. This study summarizes the
current knowledge regarding potential mechanisms of environmental transmission of
SARS-CoV-2, including the prevalence of surface contamination in various settings, the
viability and stability of the virus on surfaces or fomites, as well as environmental factors
affecting virus viability and survival such as temperature and relative humidity. Instances
of fomite transmission, including cold-chain food transmission, and the importance of
fomite transmission in epidemics, are discussed. The knowledge gaps regarding fomite

transmission of SARS-CoV-2 are also briefly analyzed.

KEYWORDS

cold-chain transmission, environmental stability, fomite transmission, SARS-CoV-2,
surface contamination, survivability

is transferred to the environment, leading to infection of the

respiratory tract of exposed and susceptible people.? It is recognized

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2,
family Coronaviridae, genus Betacoronavirus, species severe acute
respiratory syndrome-related coronavirus) is the causative agent of
coronavirus disease 2019 (COVID-19). SARS-CoV-2 is highly conta-
gious as evidenced by its spread to nearly all countries worldwide
within a very short time.r However, the viral determinants for the
high transmissibility of SARS-CoV-2 are still unclear, and routes by
which the virus can effectively spread through the population remain
debating.

Respiratory viruses are transmitted between individuals when

virus is released from the respiratory tract of infected individuals and

that respiratory viruses spread via four transmission routes: droplet,
aerosol, direct contact, and indirect transmission.>® SARS-CoV-2 was
initially recognized to transmit mainly via respiratory droplets from an
infected host. Aerosol transmission of SARS-CoV-2 was subsequently
proven to be the predominant transmission mode.*~® Transmission
through droplets and aerosols are both classified as airborne
transmission.® Droplets and aerosols are conventionally distinguished
by size (5 um), delineating distinct characteristics such as dispersion
efficiency, residence time in the air, and deposition patterns along
the human respiratory tract.”> Direct contact transmission refers to

direct virus transfer from an infected to a susceptible individual

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Medical Virology published by Wiley Periodicals LLC.
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(e.g., via contaminated hands), and indirect transmission occurs via
contaminated environmental surfaces or fomites that serve as
vectors for virus transmission.?® Direct transmission of SARS-CoV-2
has been confirmed after tracing case clusters. However, the role of
indirect SARS-CoV-2 transmission through intermediate surfaces or
fomites remains under discussion, with considerable controversy.”®
For contaminated surfaces or fomites to play a role in transmission,
a respiratory pathogen must be shed into the environment, possess the
capacity to survive on surfaces, be transferred to hands or other objects
at a concentration above the minimum infective dose, and be able to
initiate infection through contact with the eyes, nose, mouth or by
re-inhalation into the respiratory tract>? In this study, we review
current new evidence on these topics, including the shedding of
SARS-CoV-2, contamination of environmental surfaces in various
settings, stability and viability of SARS-CoV-2 on environmental surfaces
and objects including cold foods, and current evidence for and against
the importance of fomite transmission. We aim to summarize the
findings regarding the transmissibility of environmental SARS-CoV-2
and relative importance of indirect environmental transmission in
COVID-19 spread. We also identify ongoing research gaps and
opportunities. The information provided herein will help in establishing
practical and effective protocols to interrupt indirect environmental
transmission of SARS-CoV-2 and mitigate its associated risks.

2 | SHEDDING AND DISSEMINATION
OF SARS-CoV-2 FROM INFECTED
INDIVIDUALS

Viral shedding is the first step of virus transmission from infected
to susceptible individuals. Respiratory virus shedding occurs after
airway epithelial cells excrete virions to extracellular fluid in the
respiratory tract, especially the upper respiratory tract, through
sneezing, breathing, talking, singing, coughing, and other aerosol-
generating activities.?

Studies show that shedding of SARS-CoV-2 can begin before
symptom onset, %12 peak in the first week of illness.*?*® In contrast to
SARS and MERS but similar to influenza, COVID-19 exhibits high viral
shedding at an early stage of infection, when virus carriers display no or
mild symptoms.2**> Most studies attempting virus isolation from
respiratory samples have also successfully cultured viable virus within
the first week of illness whereas live virus is rarely isolated from patients
beyond 9days of symptomatic illness.t> When SARS-CoV-2 RNA
screening was carried out in communities, more than half of the
residents with positive test results were asymptomatic at the time of
testing.1¢= The rapid dissemination of COVID-19 may be attributed to
the existence of presymptomatic and asymptomatic patients with active
virus shedding, as these patients are harder to identify and control. The
relative contribution of asymptomatic transmission was much higher in
regions where case-based interventions were stringent.2°

The viral load in infected individuals is an important factor
affecting their transmissibility. Studies found that the viral load in
patients' nasopharyngeal swabs is positively correlated with viral

loads emitted in both droplets and aerosols, and with environmental
contamination.?*"2% Multivariate analyses have identified that viral
load (viral RNA) larger than 107 copies/ml (OR =14.7) is indepen-
dently associated with isolation of infectious virus from respiratory
tract samples.® Numerous studies have demonstrated that higher
SARS-CoV-2 viral load in the upper airway of an infected person is
associated their increased infectivity.24-2¢

Using quantitative RT-PCR assay, Pan et al. determined viral
loads in sputum and throat swab samples of 80 patients. The median
viral load was 7.52 x 10° copies/ml and 7.99 x 10* copies/ml; the
highest load was 1.34x 10! copies/ml and >10%® copies/ml,
respectively.'? Studies have found that SARS-CoV-2 viral load in
respiratory samples is similar in symptomatically and asymptoma-
tically infected persons. Yang et al. showed that the distribution of
SARS-CoV-2 viral load in 1405 asymptomatic individuals fits under
a log-normal distribution centered around the mean of 2.1 x 10’
virions/ml, while the highest viral load found in saliva was 6.1 x 102
copies/ml.?” Comparing with HIN1 influenza A, the standard
deviation of the overall respiratory viral load distribution for
COVID-19 was significantly higher, showing that the heterogeneity
in viral load was indeed broader for SARS-CoV-2 infected
persons.?® This indicates that some patients shed virions at very
high concentrations, for example, the highest viral load found in
H1N1 influenza A patients was 1 x 10%°copies/ml, while the highest
viral load in SARS-CoV-2 infected individuals can reach 6.1 x 102
copies/ml.2® Approximately 2% of individuals with SARS-CoV-2
have a viral load >10° copies/ml.2” Further analysis found that just
these 2% of individuals carry 90% of the virions circulating within
communities, serving as viral “supercarriers.”?’

The heterogeneity in transmissibility among infected individuals
may be associated with dissimilarity of viral shedding. The super-
carriers shed virions at very high concentrations, making them highly
infectious and more likely to contaminate the environment. Analyses
of such individuals suggest heterogeneity associated with super-
spreading events as an intrinsic viral factor facilitating greater
overdispersion of SARS-CoV-2 during the COVID-19 pandemic than
influenza A during the 2009 influenza pandemic.2”-28

In addition to respiratory tract specimens, viable SARS-CoV-2
has been detected in other biological samples, including stool and
urine.?? The detection of viable SARS-CoV-2 in diverse bodily fluids
and secretions indicates various other potential sources of environ-
mental contamination.

3 | ENVIRONMENTAL CONTAMINATION
OF SARS-CoV-2

SARS-CoV-2 environmental contamination occurs through the
release of nasal mucus, sputum, saliva, and other biological fluids
by infected individuals into their surroundings. Infected indivi-
duals can contaminate surfaces and objects to create fomites by
either shedding onto their hands and then touching a surface
or by expelling respiratory particles when coughing, speaking,
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or even breathing, which then fall onto a surface.®%%21 Aerosol-
ized droplets from an infected person can easily settle and persist
on immediate surfaces for extended periods, especially in poorly

ventilated indoor spaces with a continual affluence of people.®*?

3.1 | Presence of SARS-CoV-2 in clinical settings

Studies have found extensive SARS-CoV-2 contamination of
surfaces in hospitals dedicated to patients with COVID-19. In
airborne infection isolation rooms where COVID-19 patients were
hospitalized in Singapore, 56.7% of rooms were found have at least
one contaminated environmental surface, and high-touch surface
contamination was found in the rooms of 10 (66.7%) of 15 patients
during the first week of their illness.®® In a study at six acute care
hospitals in Toronto, 125 (26%, 125/474) surface samples from 42
(57%, 42/74) patient rooms were positive for SARS-CoV-2 RNA.3*
In another study, swabs taken from hospital air exhaust outlets
yielded positive test results, suggesting that small virus-laden
droplets may be displaced by airflows and deposited on equipment,
such as vents.??

Some patients with SARS-CoV-2 infection appear to cause more
extensive environmental contamination than others. In addition to
higher viral load in respiratory samples, multivariable analysis
indicates that hypoxia at admission, higher Charlson comorbidity
score, and the time from illness onset to the sampling date are
significantly associated with the presence of SARS-CoV-2 RNA on
surface samples.?33#

In outpatient health care facilities, surface contamination has also
been found, including on dental chairs, sinks, keyboards, ophthalmo-
scopes, laboratory equipment, and door handles. Places with greater
contact had higher positive rates.233 Toilet bowl and sink samples
have tested positive for SARS-CoV-2, suggesting possible viral
shedding in stool.??

3.2 | Presence of SARS-CoV-2 on surfaces
in households

Households have been important sites of transmission throughout
the COVID-19 pandemic. SARS-CoV-2 has been detected in the
household environment of individuals with COVID-19, notably on
surfaces in areas where there is close, prolonged contact with
persons who have recently tested positive for SARS-CoV-2.3%36
SARS-CoV-2 RNA appears to be able to sustain on environmental
surfaces for a long time. One study found that a month after
symptom subsidence, 46% of surfaces in the home had detectable
levels of SARS-CoV-2.3¢ Some surfaces found to be SARS-CoV-2
positive, such as home HVAC filters, floors, and the top of televisions,
are common reservoirs for dust build-up and might be infrequently
touched.®® In contrast to hospitals and health care settings, there are
limited data on environmental contamination with SARS-CoV-2 in
households.

3.3 | Prevalence of SARS-CoV-2 on high-touch
surfaces in community settings

During the ongoing pandemic, emerging evidence shows that
SARS-CoV-2 is present in different community environments. Longitu-
dinal monitoring of SARS-CoV-2 RNA on high-touch surfaces was
carried out in Massachusetts, United States during a COVID-19
outbreak. SARS-CoV-2 RNA was found on various surfaces in 10 of
12 locations sampled; the overall positive rate among surface samples
was 8.3% (29/348).3” In a densely populated urban area of Brazil,
SARS-CoV-2 RNA was detected in 5.3% (49/933) of swab samples
collected from public surfaces, including metal and concrete, and in
distinct places, mainly around hospital care units and public squares.®®
The viral RNA concentrations detected on surfaces in both studies
ranged between <0.1 and 40gc/cm? (gene copies per cm?) and
2.5-102 gc/cm?, respectively.

SARS-CoV-2 viral RNA has also been detected on environmental

39 40 cruise ship surfaces,*

surfaces in playgrounds,” supermarkets,
public transport vehicles,*? tourist recreational facilities,*® retail
stores, and workplaces.®” Surfaces in public areas that are exposed
to human crowding or that are frequently touched by the hands (e.g.,
ATMs in public facilities) are frequently found to be positive for

SARS-CoV-2 RNA contamination.*°

3.4 | Presence of SARS-CoV-2 in cold foods

During the pandemic, workers in labor-intensive workplaces such as
seafood processing and food manufacturing plants or slaughterhouses,
have had high COVID-19 infection rates.***> Processed foods and their
packaging can be contaminated by infected workers with mild or no
symptoms through falling respiratory droplets or hand contact.
SARS-CoV-2 RNA has been detected many times in cold-chain aquatic
products imported to China and their packaging materials.* In
September 2020, the contamination status of imported frozen seafood
from a cargo ship in Qingdao was investigated; the positive rate of
SARS-CoV-2 RNA in frozen seafood was 11.53% (106/919).*”

4 | VIABILITY AND STABILITY OF
SARS-CoV-2 IN THE ENVIRONMENT

Assessment of the risks posed by SARS-CoV-2 on surfaces requires
data on viability and stability of the virus on environmental surfaces
as well as how virus viability is affected by environmental variables,

such as air temperature and relative humidity.
41 | Viability of SARS-CoV-2 isolated from surface
samples in natural settings

Many studies have attempted to assess the viability and infectivity of
SARS-CoV-2 present on surfaces or objects. Using cell culture
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TABLE 1 Viable severe acute respiratory syndrome coronavirus 2 isolated from various surfaces

Settings Sample source

Bathroom door, bed and switch, phone,
table and chair, toilet and sink

Patient room

Household Nightstand
Quarantine unit Windowsill
Patient room Windowsill

Negative-pressure
isolation rooms

Imported food Frozen cod package

Endotracheal tube, floor, bed rails, bedsheet, ambu
mask/NIV, bedside table, remote controller

Virus Ct (or concentration)

Culture cell of the swab from surface References
Vero E6 NA [34]
Vero CCL-81 26.4 [35]
Vero E6 0.65 copies/ul [48]
Vero E6 >102 copies/pl [48]
Vero E6 30.9-34.3 [49]
Vero E6 NA [50]

Abbreviations: Ct, cycle threshold of real-time PCR; NA, not available; NIV, noninvasive ventilation.

systems, viable SARS-CoV-2 virus has been isolated from various

34354849 as well as frozen food packaging®®

environmental settings,
(Table 1). These studies provide direct evidence supporting SARS-
CoV-2 survival in fomites for a length of time consistent with the

possibility of onward transmission.

4.2 | Stability of SARS-CoV-2 on skin,
environmental surfaces, and in cold foods

421 | Stability of SARS-CoV-2 on the skin

Human hands are considered critical vectors in direct contact
and indirect transmission of SARS-CoV-2. To understand how long
SARS-CoV-2 can remain viable on the hands and evaluate the
importance of hand hygiene, two experimental studies evaluated
SARS-CoV-2 stability on the skin. In one study, 50 ul of SARS-CoV-2
virus at a starting titer of 4.5+0.5 log10 PFU (plaque-forming unit)
was deposited onto swine skin with the hair removed. The virus
remained viable on skin samples for 8 h at 37°C, at least 96 h at 22°C,
and for 14 days at 4°C.>* In another study on human skin, Hirose et al.
compared the stability of SARS-CoV-2 and influenza A virus and found
that SARS-CoV-2 could survive approximately 9 h on skin, significantly
longer than the survival time of influenza A virus (approximately 1.8 h),
indicating that the stability of SARS-CoV-2 is markedly higher.
However, the survival and half-life times of both SARS-CoV-2 and
influenza A virus were significantly shorter on human skin than on
other surfaces, indicating that the hands are less suitable for virus

survival.>?

422 | Stability of SARS-CoV-2 on inanimate
surfaces

Several in-vitro studies have evaluated the survivability of SARS-CoV-2
when inoculated onto dry surfaces and shown that SARS-CoV-2 is
relatively stable.>3~° Using large initial viral concentrations and under

optimized environmental conditions, SARS-CoV-2 can remain viable on

solid surfaces such as plastic, glass, stainless steel, and polymer
banknotes for up to 28 days at 20°C (Table 2).

Some researchers have controversed the results because of much
higher amount of virus used in these studies than that in actual
contamination. Considering that a portion of infected individuals have a
viral load >10%° copies/mlin saliva,?’ and the most infectious saliva and
cough specimens exhibited virus loads approaching 10° PFU/ml,®* the
initial viral concentrations used in these studies are plausible. In fact,
SARS-CoV-2 shows an exponential decay in virus titer across all
experimental conditions, as indicated by a linear decrease in the log10
TCID50/ml (50% tissue-culture infectious dose per ml) on surfaces over
time.>®>* When decimal reduction time (D value), the time of a 1-log
reduction in viability (or infectivity), was used to gauge the stability of
SARS-CoV-2, the virus inactivation rate on environmental surfaces was
independent of initial loading.>* Paton et al.>> compared the viability of
SARS-CoV-2 on stainless steel coupons between two starting titers,
and found that the virus could be recovered after 4 days at the lower
titer of 4 x 10% PFU/ml and 7 days at the higher titer of 4 x 10° PFU/ml,
suggesting that the virus can remain viable on stainless steel for several
days even with a lower initial viral load. Sun et al.®? also reported that at
22°C the virus with a low starting titer of 10% TCID50 on stainless steel
and plastic bag maintained infectious for 3days.? These findings
suggest high stability of SARS-CoV-2 on certain surfaces.

A comparison of SARS-CoV-2 and SARS-CoV-1 showed that
these viruses have similar levels of stability on dry surfaces under the
same experimental circumstances. However, the survival and half-life
of SARS-CoV-2 was significantly longer than that of influenza A virus
across different inanimate surface types, suggesting that SARS-CoV-2
is more stable.>® Therefore, SARS-CoV-2 may pose a higher risk of

transmission through fomites than influenza A virus.

423 | Stability of SARS-CoV-2 in cold foods

Unlike regular surfaces or fomites, cold foods are generally
characterized by conditions that promote viral particle survival, such
as high protein and moisture levels, temperatures below 4°C, and a
lack of exposure to direct sunlight. Numerous studies have found that
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TABLE 2 Studies on the survival of severe acute respiratory syndrome coronavirus 2 on dry surfaces

Relative

Loading volume

(W/cm?)

References

Time of virus decay

Temperature

humidity (%)

Medium

Virus titer

Surface type

(53]

65 21°C-23°C 3 days, 3days, 1day, 4h

Cell culture medium

50

1.78 x 10° TCID50/ml

Stainless steel, plastic, cardboard, copper

[54]

21.5°C 4 days, 7 days

45

Cell culture medium

4 x 10°PFU/ml, 4 x 10°

Stainless steel

PFU/ml

[55]

4 days

19°C-21°C

45-55

None or BSA

50

10% TCID50/ml

Plastic, aluminum, glass

[56]

21 days, 0-4 h, 14 days, 7 days

Organic soil 30-40 20°C

7.58 x 107 TCID50/ml

Plastic, cotton, stainless steel, nitrile gloves

(57]

50 20°C 28 days

Simulated saliva

10

3.38 x 107 TCID50/ml

Stainless steel, plastic, rubber glove

14 days

Cotton cloth

(58]

4 days, 4 days, 2 days, 2 days, 7 days,

65 22°C

Cell culture medium

5

Stainless steel, Plastic, glass, Banknote, surgical 6.31 x 10% TCID50/ml

1 day, 1 day, 30 mins-3h

mask, cloth, wood, tissue paper

[59]

25°C, 4°C 2 days, 8 days

NA

Cell culture medium

soaked

3.16 x 10° TCID50/ml

Salmon

[60]

3 days, 3days

50 22°C

Cell culture medium

10% PFU/ml

Plastic, metal coupons

Abbreviations: NA, not available; TCID50, 50% tissue-culture infectious dose; PFU, plagque-forming unit.

in cold foods contaminated with SARS-CoV-2 RNA, the viability and
stability of virions within the foods, as a marker for transmission,
raises much concern.

A laboratory study demonstrated that SARS-CoV-2 on contami-
nated fish with a titer of 3.16 x 10° TCID50/ml can survive for
2 days at 25°C and for 8 days at 4°C.>? In an experiment involving
contamination of pork, beef, and salmon meat with low virus
concentrations close to the actual concentration in respiratory
secretions, SARS-CoV-2 retained viability for 3 days at 4°C and for
7 days at —20°C.63

Similar to raw meats and seafood, deli foods that are high in
protein, fats, and moisture can maintain infectivity of SARS-CoV-2
for up to 3weeks when stored at refrigeration temperature
(4°C).6*%> However, processed meat, such as salami, and some
fresh produce have exhibited antiviral effects.®®

Under refrigeration (4°C) and freezing (-10°C to -80°C)
conditions, the virus can remain infectious for more than 21 days
in some foods.>?**® Because under globalized logistics networks,
imported and exported cold foods are usually transported in a
low-temperature (e.g., 0°C to -4°C) environment from one
country or region to another within a few days, contaminated
food may serve as a vector for international transmission of
SARS-CoV-2.

4.3 | Environmental factors affecting the viability
of SARS-CoV-2

The survival and persistence of SARS-CoV-2 on surfaces appears to
be influenced by many environmental factors, of which the following

are particularly important.

(1) Types of surface and medium or metrics
The stability and viability of SARS-CoV-2 on surfaces is

highly dependent on surface materials (Table 2). In general,
coronaviruses are inactivated more rapidly on porous materials
(i.e., containing pores/cavities) than nonporous materials. Longer
persistence is observed on less absorbent or hydrophobic
porous surfaces, particularly hydrophobic synthetic items, such
as surgical masks, compared with hydrophilic natural fibers like
cotton. It is hypothesized that dryness accelerates the
inactivation of SARS-CoV-2 on paper and other porous solids;
conversely, droplets of water remaining on waterproof surfaces
protects the virus from dryness.>*¢”

Experimental studies show that the stability of SARS-CoV-2
on surfaces is also affected by its surrounding matrix; the
suspending medium used to dry the virus onto surfaces is
another important factor influencing survival times.>>%® Several
studies have demonstrated that the addition of a moderate
amount of protein, like bovine serum albumin or mucus, to the
inoculating suspension when loading onto a surface increases
SARS-CoV-2 infectivity, indicating that additional protein pro-
vides a protective effect for the virus during and after drying on
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surfaces.>®> 8 These results suggest that a protein-rich medium,
like airway secretions, could protect the virus when it is expelled
and may enhance its persistence and transmission via contami-
nated fomites.
(2) Temperature
Temperature is a critical environmental factor that affects
SARS-CoV-2 survival. Like other known viruses, the stability of
SARS-CoV-2 either in solution or on a dry surface is inversely
correlated with temperature.
The half-life of SARS-CoV-2 infectivity is 1.7-2.7 days at
20°C and decreases to a few hours at 40°C on common
surfaces.”” SARS-CoV-2 can persist for 14 days in Dulbecco's
modified Eagle medium at 4°C whereas the persistence time is
dramatically reduced to 10 min and 1 min when the temperature
is increased to 56°C and 70°C, respectively.>® Because viruses
are sensitive to temperature, heating is one method used for
virus inactivation, including for SARS-CoV-2.
Using low virus concentrations close to the actual
concentration of viral particles in the environment, SARS-
CoV-2 has been shown to be more stable and infectious after
storage at —20°C than at 4°C.%% Infectious SARS-CoV-2 can
persist for at least 60days on cold-chain food packaging
(kept at less than -18°C).”° These foods are produced,
transported, stored, and sold in a cold chain to keep them
fresh, which also helps the virus to retain its viability and
infectivity for a longer time.
(3) Humidity and moisture status

In contrast to dry surfaces, moist surfaces are more likely to
be positive for SARS-CoV-2 RNA, and the duration of environ-
mental surface contamination is associated with the moisture
status of the sampling site.?®%% Studies have found that water
cups are the most frequently contaminated site in the hospital
rooms of patients with COVID-19, and SARS-CoV-2 RNA can be
detected in the water cup in room-temperature environments
for 48 days after the infected patient has left the room,
suggesting that water in the cup may play an important role in
virus persistence.?®7°

Relative humidity is associated with viability of airborne
respiratory viruses. Biryukov and colleagues’? found that SARS-
CoV-2 on dry surfaces can decay more rapidly with increased
humidity. However, contradictory findings have been obtained
regarding SARS-CoV-2 viability and relative humidity. One study
found that the rate of viral decay was most rapid at 65% relative
humidity and slower with either lower (40%) or higher (75%)
humidity.”? Further studies found that there is an interaction effect
between temperature and humidity on viral viability on surfaces.
When the relative humidity was increased from 20% to 80%, the
virus half-life changed from 18.6 to 6.3 h at room temperature (24°C)
and from 8.9 to 1.0 h at 35°C.”! The rate of inactivation increases
with increased temperature and shows a U-shaped dependence on

relative humidity.”?

5 | OCCURRENCE OF SARS-CoV-2
INFECTIONS THROUGH INDIRECT
TRANSMISSION

Extensive surface contamination of SARS-CoV-2 around asympto-
matically and symptomatically infected individuals has been docu-
mented, and increasing evidence shows that SARS-CoV-2 can remain
viable on surfaces, from several hours to 21 days. Thus, contaminated
surfaces and fomites may result in exposing a larger number of

susceptible individuals to potential infection.

5.1 | Fomite transmission estimated using
mathematical models

Several mathematical model-based epidemiological investigations
have evaluated the relative importance of different modes of
virus transmission. Modeling of the Diamond Princess Cruise ship
outbreak suggested that short-range (droplets), long-range (aero-
sols), and fomite transmission modes contributed to 35%, 35%, and
30% of infected cases, respectively, across the entire simulation
period. The estimated contribution of fomite transmission before
the start of quarantine on the cruise ship was higher than that
after quarantine began.”® Higher relative risks associated with
SARS-CoV-2 fomite transmission were also reported in studies
modeling child daycare centers’* and hospital and health care
settings.75'76 However, studies of the infection risk via fomites
using different mathematical models have had surprisingly diver-
gent outcomes, with extremely low substantial risk estimates being
reported.®””” This discrepancy could be explained by bias intro-
duced from data on viral exposure and persistence generated in
simulated laboratory conditions and those observed in naturally

contaminated real-life scenarios.

5.2 | Fomite transmission demonstrated in animal
experiments

Direct evidence for fomite transmission is still lacking because of difficulty
in distinguishing between cases arising from fomite transmission and
those involving droplet and aerosol transmission. A hamster model
provided robust evidence to support fomite transmission, although
airborne transmission was found to be more efficient. Hamsters were
infected after being exposed to 40 ul of 8x 10* TCID50 viruses in a
propylene dish for 24 h.”® Hamsters exposed to fomite SARS-CoV-2
displayed delayed replication kinetics in the respiratory tract and less
severe lung pathology in comparison with hamsters exposed via aerosol
inoculation.”® Other studies using hamster models also demonstrated
SARS-CoV-2 transmission via fomites in the absence of direct contact,
droplets, and aerosols, in which naive hamsters were placed in cages

where infected hamsters had lived and became infected.””#°
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Rhesus macaques can be infected with SARS-CoV-2
through direct conjunctival inoculation but develop less severe
pulmonary disease than macaques inoculated via an intra-tracheal
route, implying that an extra-respiratory route of SARS-CoV-2
infection and hand contamination pose an increased risk of virus

infection.®?

5.3 | Occurrence of COVID-19 through fomite and
cold-chain transmission

Because conventional epidemiologic studies cannot distinguish
between competing transmission pathways (e.g., droplet, aerosol,
direct, or fomite) acting simultaneously, reports on COVID-19 related
to the transmission of SARS-CoV-2 from contaminated surfaces are
rare.8283 Even in the few instances that appear to have been caused
by surface transmission, aerosol transmission cannot be ruled out,
and debate continues regarding the importance of fomite transmis-
sion of SARS-CoV-2.78

However, several outbreaks and sporadic cases in China have
been demonstrated to be associated with transmission from
imported cold-chain foods (Table 3).4¢:°084-8¢ The first outbreak
speculated to originate from contaminated imported cold-chain
foods occurred at Xinfadi Market in Beijing in June 2020. The
index case emerged after 56 days with no community transmission
in Beijing, and the possibility of contact with overseas personnel
was ruled out based on epidemiological investigations. Subse-
quent field investigations and an on-site simulation experiment
suggested that the virus spread from contaminated foods to
humans in the market.®* In September 2020, an outbreak occurred
among dock workers in Qingdao, Shandong Province.>° Apart
from epidemiological evidence that the index case had no
exposure to any COVID cases, more convincing evidence involved
viable SARS-CoV-2 isolated from the outer packaging of frozen
cod to which the workers were exposed.’® Similar connections
have been found in re-emerged COVID-19 outbreaks in the

Chinese coastal cities of Dalian, Tianjin, and Guangzhou (Table 3).

Investigation results documented the possibility that imported
cold foods and their packaging can serve as vectors for the
reintroduction of SARS-CoV-2 into areas with controlled trans-
mission. The evidence from these outbreaks supports that
cold-chain logistics transmission of SARS-CoV-2 is biologically
plausible.

However, it has been nearly impossible to identify cases of
infection via cold-chain food transmission during the pandemic when
infections are primarily attributed to close-proximity transmission.
Fomite transmission can be easily identified during the period of
epidemic near-eradication, with the absence of explanatory source
cases in the community.®” With the near elimination of SARS-CoV-2
in China during 2020-2021, it became possible to exclude transmis-
sion via close contact with a known case and to distinguish unusual

transmissions from single cases.

6 | IMPLICATION OF SARS-CoV-2
INFECTIONS VIA INDIRECT TRANSMISSION
AND KNOWLEDGE GAP

Although it is estimated that the transmission of SARS-CoV-2 via
fomites is rare, the possibility of fomite transmission cannot be
ruled out. The debate over fomite transmission has shifted to the

implications of this transmission mode.”

6.1 | Implication of SARS-CoV-2 infections via
indirect transmission

During 2020-2021, although most Western countries were gradually
lifting their border controls and quarantine measures, the Western
Pacific Region, including in China, retained the elimination strategy
aiming for “zero COVID-19.” When stringent quarantine measures
were implemented for travelers to control the introduction of
infectious diseases, several outbreaks occurred in cities where

COVID-19 was close to elimination via imported frozen foods or

TABLE 3 COVID-19 outbreak or sporadic infection initiated by cold chain food

Related cold chain food

Period since the last

Location, China Starting date (COVID-19 RNA positive) infection (consecutive days) References
Beijing June, 2020 Imported salmon 59 [84]
Dalian July, 2020 Frozen seafood products 111 [85]
Qingdao September, 2020 Frozen cod packages 151 [50]
Tianjin November, 2020 Frozen pork packages 125 [86]
Dalian December, 2020 Imported cold food NA [46]
Yingkou May, 2021 Frozen cod NA [46]
LiuAn May, 2021 Frozen cod NA [46]

Abbreviation: NA, not available.
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packaging.*6°984-86 | these cases, fomite transmission constituted a
critical problem, by posing the risk of reintroducing the virus into a
region that achieved local epidemic elimination.

Fomite transmission can occur over long distances, when
contaminated objects are transported from one site to another. The
development of e-commerce and express delivery services has made
it possible for fomite transmission to cause intercity, interregional,
and international virus spread, thereby sustaining the pandemic.
Different from other infectious disease pandemics over the past
century, the COVID-19 pandemic represents the first time that
modern logistics have been emphasized as a possible vector for virus
transmission and a serious concern.

Another concern is that some items contaminated with the virus,
such as food products, have been stocked in cold storage during the
global pandemic. These frozen items will likely be thawed and
consumed over the next years, releasing the viable virus and posing
the risk of human reinfection.

6.2 | Knowledge gaps in environmental
transmission of COVID-19

The debate over the risks and control measures of fomite transmission is
expected to continue until the mechanisms involved are fully under-
stood. Among the many knowledge gaps regarding this transmission
mode, the following are of greatest concern: (1) the way via which virus
deposited on surfaces is re-transferred to humans is unknown. In
addition to transferring virus from fomites to the hands and subsequently
to mucous membranes of the mouth, nose, or eyes, there may be
alternative routes via which the virus is transferred to humans from
fomites. A plausible route could be via “aerosolized fomites,” in which live
virus on surfaces is taken up into the air and inhaled.”®%%? In living and
workplace settings, contaminated objects can generate aerosols, such as
when transporting and processing frozen foods.?” (2) The minimum
infective dose required to cause an infection via a specific transmission
mode is unknown. Recent studies report that respiratory tract samples
from COVID-19 with only 14-30 PFUZ or a minimum infective dose as
low as 1 TCID50 caused illness in Syrian hamsters.”® Nevertheless, it
remains a challenge to identify the minimum infective dose of fomite
transmission, making it difficult to quantitatively estimate the risks
associated with exposure to fomites. (3) Emergence of the SARS-CoV-2
Omicron strain has raised concerns about whether its increased
infectivity is owing to altered contamination/persistence on surfaces
and/or a gain in airborne transmissibility.”*% Currently, viral factors
provide inadequate explanation for its high transmissibility. Further

molecular epidemiologic data may help to address this question.

7 | CONCLUSION

There is now extensive evidence supporting the contamination of
surfaces and objects caused by individuals infected with SARS-CoV-
2. SARS-CoV-2 showed high stability and viability in environment,

surviving for hours to days depending on the surface, temperature,
and humidity as key factors in viral survival. Studies have isolated
viable virions from contaminated surfaces, including dry surfaces and
frozen fish. Experimental animal models proved that infections can
occur via the fomite transmission route. More importantly, several
outbreaks and sporadic cases in China have been demonstrated to be
associated with transmission from imported cold-chain foods. It is
worth noting for international community that indirect transmission
of SARS-CoV-2 through fomite may constitute problems by posing
the risks of long distance transmission, reintroducing the virus into an
area that achieved local epidemic elimination, and extending the
duration of the pandemic. Strengthening the inspection and quaran-
tine of cold-chain foods from high-epidemic areas should be an
effective measure for COVID-19 prevention. Personal protective
measures including washing hands and regular disinfection practices
should reduce environmental contamination and the possibilities of

environmental transmission of the virus.
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HEALTH AND SCIENCE

Virus that causes Covid-19 can survive for 28 days on common surfaces,
research says

PUBLISHED MON, OCT 12 2020.6:34 AM EDT UPDATED TUE, OCT 13 2020.8:44 AM EDT

Sam Meredith
@SMEREDITH19

KEY POINTS

The findings from Australia’s national science agency, the CSIRO, appeared to show that SARS-CoV-2 can survive on
surfaces for significantly longer than many had anticipated.

The study, which was peer reviewed, also found the virus responsible for the Covid-19 disease was “extremely
robust” at lower temperatures, remaining infectious for a longer period when compared to higher temperatures.

The WHO recommends cleaning hands thoroughly and often, and avoiding touching your eyes, mouth and nose.

A worker cleans the seats in a cinema hall as part of preparations for a possible reopening after the government eased the lockdown restrictions previously imposed due to the Covid-
19 coronavirus, in Chennai on October 8, 2020.
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Australian researchers said Monday, reinforcing the importance of effective cleaning and handwashing to curb the spread of
Covid-19.

The findings from Australia’s national science agency, CSIRO, appeared to show that SARS-CoV-2 can survive on surfaces for

significantly longer than many had anticipated.

The study, which was peer reviewed, also found the virus was “extremely robust” at lower temperatures, remaining

infectious for a longer period when compared with higher temperatures.

The researchers tested the survival rates of the virus, dried in an artificial mucous solution, at three temperatures on six
common surface areas. All the experiments were carried out in the dark, however, since UV light has already been shown to

kill the virus.

The coronavirus is mostly spread from person to person via small droplets from the nose or mouth, which are expelled when

an infected person coughs, sneezes or speaks.

However, the World Health Organization has also said it is possible to become infected when these droplets land on objects

and surfaces that are touched by people who may then touch their eyes, nose or mouth.

To protect yourself, the United Nations health agency recommends that people keep a distance of at least 1 meter from
others, and disinfect frequently touched surfaces. It also recommends cleaning hands thoroughly and often, and avoid

touching your eyes, mouth and nose.

More than 37.4 million people worldwide have contracted the coronavirus, killing 1.07 million people, according to data
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CSIRO researchers tested SARS-CoV-2 on several surfaces at 20 degrees Celsius, 30 degrees Celsius, and 40 degrees
Celsius, with the relative humidity kept at 50%. The surfaces used in the study were stainless steel, glass, vinyl, paper and

polymer banknotes, and cotton cloth.

A droplet of fluid containing the virus at concentrations similar to levels observed in infected patients was dried on multiple

small test surfaces and left for up to 28 days, the researchers said.

The study, published in Virology Journal, found the virus survived on smooth surfaces, such as stainless steel, glass, vinyl, and
paper polymer banknotes, for 28 days when kept at 20 degrees Celsius (68 F), which is roughly room temperature, and in the
dark.

The virus stopped being infectious within 24 hours on some surfaces when tested at 40 degrees Celsius (104 F). At 30
degrees Celsius (80 F), the virus’ viability fell to three days on cotton and vinyl, and seven days on glass, steel and polymer

banknotes.

A worker cleans the classes to prepare the school before face-to-face teaching at certain classes on October 10, at Taybe Schools in Khan Yunis, Gaza on October 04, 2020.
Mustafa Hassona | Anadolu Agency via Getty Images

“These findings demonstrate SARS-CoV-2 can remain infectious for significantly longer time periods than generally
considered possible,” the study authors said, noting further research on the number of virus particles that can cause infection

was still necessary.

The researchers said that whether virus particles on a surface could infect someone was dependent on several conditions and

the time it takes for viruses to naturally inactivate was also dependent on many factors.
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said.
CSIRO confirmed to CNBC that what was found was a live viable virus, rather than SARS-CoV-2 RNA or virus fragments.

One previous laboratory test published in The Lancet medical journal found that SARS-CoV-2 could survive for three days on

banknotes and glass, and up to six days on plastic and stainless steel.

By comparison, the influenza A virus has been found to survive on surfaces for 17 days.
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The effect of temperature on persistence
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of SARS-CoV-2 on common surfaces

Shane Riddell"®, Sarah Goldie, Andrew Hill, Debbie Eagles and Trevor W. Drew

Abstract

the fomite spread of COVID-19.

Background: The rate at which COVID-19 has spread throughout the globe has been alarming. While the role of
fomite transmission is not yet fully understood, precise data on the environmental stability of SARS-CoV-2 is required
to determine the risks of fomite transmission from contaminated surfaces.

Methods: This study measured the survival rates of infectious SARS-CoV-2, suspended in a standard ASTM E2197
matrix, on several common surface types. All experiments were carried out in the dark, to negate any effects of UV
light. Inoculated surfaces were incubated at 20 °C, 30 °C and 40 °C and sampled at various time points.

Results: Survival rates of SARS-CoV-2 were determined at different temperatures and D-values, Z-values and half-life
were calculated. We obtained half lives of between 1.7 and 2.7 days at 20 °C, reducing to a few hours when tem-
perature was elevated to 40 °C. With initial viral loads broadly equivalent to the highest titres excreted by infectious
patients, viable virus was isolated for up to 28 days at 20 °C from common surfaces such as glass, stainless steel and
both paper and polymer banknotes. Conversely, infectious virus survived less than 24 h at 40 °C on some surfaces.

Conclusion: These findings demonstrate SARS-CoV-2 can remain infectious for significantly longer time periods than
generally considered possible. These results could be used to inform improved risk mitigation procedures to prevent

Keywords: Environmental stability, SARS-CoV-2, COVID-19, Survivability

Background

The World Health Organization (WHO) declared SARS-
CoV-2 a pandemic on 11th March 2020 and as at the
7th August 2020, there have been over 18.8 million con-
firmed cases with more than 708,000 reported deaths
from SARS-CoV-2 [1].

The transmission of SARS-CoV-2 appears to be pri-
marily via aerosols [2—4] and recent studies have shown
that SARS-CoV-2 is able to remain infectious in airborne
particles for greater than 3 h [5, 6]. The role of fomites
in the current pandemic is yet to be fully determined,
although they have been suggested as a potential mode
of transmission [7] also reflected by the strong focus on

*Correspondence: Shane Riddell@csiro.au
Commonwealth Scientific and Industrial Research Organisation (CSIRO),
Australian Centre for Disease Preparedness, Geelong, VIC, Australia

B BMC

hand-washing by WHO and national control schemes.
Broadly, viruses have been shown to be readily trans-
ferred between contaminated skin and a fomite surface
[8], with high contact surfaces such as touchscreens on
mobile phones, bank ATMs, airport check-in kiosks and
supermarket self-serve kiosks all acting as fomites for
the transmission of viruses [9]. Fomite transmission has
previously been shown to be a highly efficient procedure,
with transmission efficiencies of 33% for both fomite to
hand and fingertip to mouth transfer for bacteria and
phages [10]. With the high efficiency of fomite transfer,
the persistence of SARS-CoV-2 on environmental sur-
faces is therefore a critical factor when considering the
potential for fomite transmission for this virus. Cur-
rently, there are conflicting reports on the survivability
of SARS-CoV-2, with data ranging from 3 to 14 days at
room temperature for a single surface type, stainless steel
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[5, 11]. This study aims to provide environmental stability
data for SARS-CoV-2 under controlled temperature and
humidity conditions for a range of common surfaces.

Methods
Virus isolate
The SARS-CoV-2 isolate (Betacoronavirus/Australia/
SA01/2020) used in this study was kindly supplied by the
Peter Doherty Institute (Victoria, Australia) on behalf of
South Australian Health (South Australia). The virus was
passaged four times through Vero E6 cells (ATCC CRL-
1586) in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with Penicillin, Streptomycin, Fungizone
and 10% fetal calf serum and pelleted via ultracentrifuga-
tion at 100,000 x g for 90 min. The virus was resuspended
in phosphate buffered saline (PBS) with 1% bovine serum
albumin (BSA) and stored at — 80 °C. The virus stock was
titrated on Vero E6 cells and the TCID;, was determined
to be 4.97 x 10’/mL by the Spearman—Karber method
[12, 13].

All work with infectious SARS-CoV-2 was conducted
in the high containment laboratory (Biosafety level 4) at
the Australian Centre for Disease Preparedness.

Surfaces

Australian polymer bank notes, de-monetised paper
bank notes and common surfaces including brushed
stainless steel, glass, vinyl and cotton cloth were used as
substrates in this study. Both polymer and paper bank-
notes were included in the study to gather information
on the possible roles of note based currency in general
for the potential for fomite transmission. Stainless steel
is used in kitchen areas and public facilities and is the
substrate used in some disinfectant testing standards
[14, 15]. Glass was chosen due to its prevalence in public
areas, including hospital waiting rooms, public transport
windows and shopping centres, and high contact sur-
faces such as mobile phone screens, ATMs and self-serve
check-out machines. Vinyl is a common substrate used
in social settings, tables, flooring, grab handles on pub-
lic transport, as well as mobile phone screen protector
material. Cotton was chosen as a porous substrate, often
found in clothing, bedding and household fabrics.

All surfaces were prepared by cutting into approx.
1-1.5 cm? coupons, non-porous surfaces were disin-
fected prior to use by washing in a mild detergent (Beck-
man 555), rinsing in distilled water and then immersing
in 80% v/v ethanol. Paper bank notes (in very good condi-
tion) were heated in a dry oven to 75 °C for 1 h to reduce
bacterial/viral contamination. The 100% cotton cloth was
steam sterilised prior to use.

Following preparation, all surfaces were placed into a
petri dish and allowed to dry in a class II biological safety
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cabinet (BSCII) at room temperature and humidity prior
to inoculation.

Surface inoculation and sampling

Stock virus was diluted in a defined organic matrix, con-
sisting of bovine serum albumin (BSA), mucin and tryp-
tone, following international standard ASTM E2197 [15],
designed to mimic the composition of body secretions.
Briefly, 360 pL of virus stock was added to 160 pL of a
solution consisting of 2.5 mg/mL BSA, 3.5 mg/mL tryp-
tone and 0.8 mg/mL mucin. Ten microlitres of the result-
ing suspension (final concentration of 3.38 x 10°/10 pL)
was inoculated onto the centre of the coupon and
allowed to dry in a BSCII for 1 h. Once dry, the coupons
were placed into a humidified climate chamber (Mem-
mert HPP110) for specified time points. Samples were
incubated in the dark to limit any effect light might have
on viral decay. A single humidity set point (50% relative
humidity) was maintained for each of three separate tem-
perature experiments (20 °C, 30 °C, 40 °C). For the 20 °C
and 30 °C temperature experiments, three replicates of
each surface type were inoculated and sampled at the
following time points; 1 h, 1 day, 3 days, 7 days, 14 days,
21 days and 28 days post inoculation. For the 40 °C
experiment, triplicate samples were inoculated for the
following time points; 1 h, 1 day, 2 days, 3 days, 4 days,
and 7 days.

For non-porous surfaces, for each replicate, virus was
eluted in 2 x 115 pL volumes of DMEM with repeated
pipetting then titrated individually, in quadruplicate
wells on a 96-well plate. For recovery from cotton cloth,
inoculated swatches of the cloth were individually sub-
mersed in 500 pL. DMEM and pipetted repeatedly for at
least 1 min before 230 uL of the recovered eluent from
each swatch was titrated separately, in quadruplicate.
Suspensions of Vero E6 cells (3 x 10°/mL) were added
to the wells and the plates were incubated for 3 days at
37 °C with 5% CO,. Wells were scored for the presence
of cytopathic effect and titres calculated using the Spear-
man—Karber method.

Statistical analysis

Data analysis (regression analysis) and graphical repre-
sentations were performed using GraphPad Prism (ver-
sion 5). Decimal reduction time (D value—time at which
there was a one log/90% reduction in titre) was calculated
using

t
(logNo - long)

Z-values (temperature change required to achieve a
tenfold (i.e. 1 log;,) change in the D value) was calculated
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by plotting log D values against temperature. Calculated
using:

Z = (tp — tl)/(IOng — IOgDz)

The half-life of each surface was calculated using;

_ logo2

ti2 X

Results

At 20 °C, infectious SARS-CoV-2 virus was still detecta-
ble after 28 days post inoculation, for all non-porous sur-
faces tested (glass, polymer note, stainless steel, vinyl and
paper notes). The recovery of SARS-CoV-2 on porous
material (cotton cloth) was reduced compared with most
non-porous surfaces, with no infectious virus recovered
past day 14 post inoculation. The majority of virus reduc-
tion on cotton occurred very soon after application of
virus, suggesting an immediate adsorption effect. The
calculated D values for surfaces at 20 °C ranged from
5.5 days for cotton to 9.1 days for paper notes and are
shown in Table 1.

At 30 °C, infectious virus was recoverable for 7 days
from stainless steel, polymer notes and glass, and 3 days
for vinyl and cotton cloth. For paper notes, infectious
virus was detected for 21 days, although there was
less than 1 log of virus recovered for both 14 day and
21 day time points. The D values for surfaces at 30 °C
ranged from 1.4 days for vinyl to 4.9 days for paper notes
(Table 1).

At 40 °C, virus recovery was significantly reduced com-
pared to both 20 °C and 30 °C experiments. Infectious
SARS-CoV-2 was not recovered past 24 h for cotton cloth
and 48 h for all remaining surfaces tested. Greater than

Table 1 Calculated D values (time taken to achieve a 90%
reduction in titre) and half-life (time taken to achieve
a 50% reduction in titre—in parentheses) for all surfaces
at20°C,30°Cand 40 °C

D values (half-life) Z value

20°C—days 30°C—days 40°C-hours (°C)
Stainless steel  5.96 (1.80) 174(126h) 486(1.5h) 1362
Polymer note  6.85 (2.06) 204 (147h) 478(14h) 13.02
Paper note 9.13(2.74) 432(327h) 539(1.6h) 1243
Glass 6.32 (1.90) 145(105h)  6.55(2.0h) 14.65
Cotton 5.57 (1.68) 165(11.0h) - 18.91
Vinyl 6.34 (1.91) 140(10.1h)  990(3.0h) 16.86

Calculated Z values (temperature shift required to alter D value by 1 log). No
infectious virus was recovered for cotton cloth at 40 °C at 24 h, D values were not
able to be calculated
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4-log reduction (99.99% reduction from starting titre)
was observed in less than 24 h at 40 °C on all surfaces.
The D values for surfaces at 40 °C have been converted to
hours as they were all less than 1 day, values ranged from
5 h for polymer notes to 10.5 h for vinyl (Table 1).

For each temperature and substrate material, the mean
titre from three replicates of recovered virus was plotted
against time, with standard deviations included. Linear
regression was used to calculate a line of best fit. Plots
showing virus survival on each substrate at the three tem-
peratures investigated are shown in Fig. 1. Plots present-
ing this data grouping all substrates at each of the three
temperatures are given in Fig. 2. Calculated D-value, Half
Life and Z-value are presented in Table 1.

An additional table containing average titre and stand-
ard deviation for all substrates, time points and tempera-
tures is available (See Additional file 1).

Discussion

While the primary spread of SARS-CoV-2 appears to
be via aerosols and respiratory droplets, fomites may
also be an important contributor in transmission of the
virus. Fomite transmission has been demonstrated as an
important factor in the spread other coronaviruses such
as porcine epidemic diarrhea virus [16], as well as being
suspected for Middle East Respiratory Syndrome corona-
virus [17], human coronavirus 229E and OC43 [18] and
SARS-CoV-2 [7].

This study utilised a virus concentration of 4.97 x 107/
mL diluted into a standard solution which mimics body
fluid composition (final concentration of 3.38 x 10°/10 L
inoculum), which equates to a cycle threshold (CT) value
of 14.2, 14.0 and 14.8 for N gene, E gene and RdRp gene
real time RT-PCR, respectively (unpublished data). Pre-
vious studies have shown some patients with high viral
loads have recorded CT values of between 13 and 15 [19—
21]. van Doremalen et al. [5] described their test material
(10° TCID,y/mL) as having a CT of 20-22, which com-
pared similarly to CTs reported from clinical patients [5,
22]. While the titre of virus utilised in this study is high
it represents a plausible amount of virus that may be
deposited on a surface.

The present study has demonstrated that in controlled
conditions, SARS-CoV-2 at a starting viral load and in
a fluid matrix equivalent to that typically excreted by
infected patients, remains viable for at least 28 days when
dried onto non-porous surfaces at 20 °C and 50% rela-
tive humidity. Research on the original SARS virus also
showed recovery of infectious virus when dried on plastic
for up to 28 days at room temperature and 40-50% RH
[23]. Recent data published on SARS-CoV-2 survivability
on hospital PPE observed viable virus up to 21 days post
inoculation on both plastic and N95 mask material when
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Fig. 1 Recovery of infectious SARS-CoV-2 for all surfaces and temperatures over time, TCIDy, data is plotted in log,, intervals. No infectious virus
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held at room temperature [11], correlating with the data
presented in this study. The persistence of SARS-CoV-2
on surfaces presented here and from Kasloff et al. [11]
demonstrate significantly longer time points than previ-
ously published data for SARS-CoV-2 [5, 24]. These ear-
lier studies reported recovery of infectious SARS-CoV-2
up to 3 days post inoculation and 4 days on non-porous
surfaces, respectively. The titre of virus used in this study
is at least 2 logs higher than used in the paper by van
Doremalen et al. [5], which may account for the longer
survivability. Work by Lai et al. has shown that stability
of SARS virus was enhanced with higher concentrations
[25]. Temperature and humidity are both critical factors
in viral survivability with an increase in either being det-
rimental to virus survival [23, 26, 27]. Survivability on
stainless steel coupons for transmissible gastroenteritis
virus and murine hepatitis virus (both coronaviruses)
was reduced with higher humidity’s and temperature [28]
and survivability of Middle East Respiratory Syndrome
coronavirus also followed a similar pattern [29]. The
higher humidity of ~65% RH used by Chin et al. [24] may
explain the shorter persistence of virus when compared
to the data presented here.

SARS-CoV-2 has been shown to be rapidly inactivated
under simulated sunlight [30, 31]. To remove any poten-
tial decay by light sources, inoculated coupons were held
in the dark for the duration of the experiment.

Decimal reduction (D value; the timetaken to reduce
the titre by 1 log) for SARS-CoV-2 at 20 °C and 50%RH
ranged from 5.57 to 9.13 days (average 6.82) for all sur-
faces tested. This data is significantly longer than mod-
elling predications performed by Guillier et al. [32]. The
data presented here was performed under controlled
conditions with fixed temperatures, relative humidity,
suspension matrix and in the absence of light, which may
explain the enhanced survivability observed in this study.
The generation of Z values at different temperatures also
allows for extrapolation of D values for each surface at
other temperatures. The Z value represents the temper-
ature change required to alter the D value by 1 log. For
stainless steel, the D value was determined to be 6.48 days
at 20 °C, and the Z value of 13.62 °C, therefore if the
temperature was to drop by 13.62 °C from 20 °C (i.e. to
6.38 °C), then the D value would increase from 6.48 days
to over 64 days. This data could therefore provide a rea-
sonable explanation for the outbreaks of COVID-19 sur-
rounding meat processing and cold storage facilities. The
data also supports the findings of a recent publication on
survival of SARS-CoV-2 on fresh and frozen food [33].

Stainless steel is a common surface for study of viral
stability, and has been used to study the persistence on
a number of viruses such as Ebola virus, hepatitis virus,
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Influenza A and Coronaviruses [28, 34-37]. This study
demonstrates that SARS-CoV-2 is extremely stable on
stainless steel surfaces at room temperature (>28 days
at 20 °C/50%RH) however, is less stable at elevated tem-
peratures (7 days at 30 °C and <48 h at 40 °C). Recovery
of infectious virus on stainless steel has been observed
for murine hepatitis virus and transmissible gastroen-
teritis virus for up to 28 days albeit at a lower humid-
ity 20%RH [28]. Interestingly, the same study showed
survivability at 20 °C and 50%RH was significantly less
(4-5 days), further suggesting the humidity may play a
significant role in virus survival.

The persistence of virus on both paper and polymer
currency is of particular significance, considering the
frequency of circulation and the potential for transfer
of viable virus both between individuals and geographic
locations. While other studies have shown that paper
notes harbour more pathogens than polymer notes [38],
this data demonstrates that SARS-CoV-2 persists on
both paper notes and polymer notes to at least 28 days
at 20 °C, albeit with a faster rate of inactivation on poly-
mer notes. Data presented in this study for banknotes
is significantly longer than reported for other respira-
tory viruses such as Influenza A (H3N2) which demon-
strated survival up to 17 days at room temperature [39].
It is also noted that prior to SARS-Cov-2 being declared
a pandemic, China had commenced decontamination
of its paper based currency, suggesting concerns over
transmission via paper banknotes existed at the time
[40, 41]. The United States and South Korea have also
quarantined bank notes as a result of the pandemic [42,
43]. It is important to note that after 28 days, infec-
tious SARS-CoV-2 was also recovered from stainless
steel, vinyl and glass, suggesting survivability on paper
or polymer banknotes was not very different from the
other non-porous surfaces studied.

The persistence on glass is an important finding,
given that touchscreen devices such as mobile phones,
bank ATMs, supermarket self-serve checkouts and air-
port check-in kiosks are high touch surfaces which may
not be regularly cleaned and therefore pose a transmis-
sion risk of SARS-CoV-2. It has been demonstrated that
mobile phones can harbour pathogens responsible for
nosocomial transmission [44], and unlike hands, are
not regularly cleaned [45]. The data presented in this
study correlates well with previously published data for
Influenza A (HIN1) which recovered infectious virus
up to 22 days at 22 °C and 7 days at 35 °C [37]. The
persistence of SARS-COV-2 on glass and vinyl (both
common screen and screen protector materials, sug-
gest that touchscreen devices may provide a potential
source of transmission, and should regularly be disin-
fected especially in multi-user environments.
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The persistence of both SARS and SARS-CoV-2
on cotton has been demonstrated to be significantly
shorter than on non-porous surfaces [11, 25]. The data
presented here also shows a significant decrease in titre
of recovered virus after just 1 h drying at room tem-
perature (20 °C) the amount of virus recovered from
cotton swatches was approximately 99% less than for
comparable virus recovery time points for non-porous
material. To verify the reduced recovery on cotton,
virus was eluted 5 min after depositing on the cotton,
as well as 1 h, the titre of recovered virus after 5 min
was similar to that of non-porous surfaces (data not
shown) suggesting the process of drying down was a
significant factor for cotton material but not from the
non-porous surfaces. Recovery of virus from porous
substrates is also likely to be reduced compared to non-
porous substrates due to adherence of the virus to the
fabric fibres. When the rate of viral inactivation is con-
sidered over time rather than the gross reduction from
the initial inoculum there is a more subtle difference
from the non-porous surfaces. The D values for cotton
at 20 °C, when compared other materials, are not signif-
icantly different from other substrates (eg. 5.6 days for
cotton vs. 6.3 days for vinyl), and the slopes of the line
which suggests the decay rate of virus is similar across
substrates. This study also demonstrates significantly
longer survival times on cotton (7 days) than previous
reported [11, 25]. This difference could be due to differ-
ences in the types of cotton material used, the current
study used 100% cotton cloth, while previous studies
used either a cotton gown or cotton t-shirt.

Conclusions

The data presented in this study demonstrates that
infectious SARS-CoV-2 can be recovered from non-
porous surfaces for at least 28 days at ambient tem-
perature and humidity (20 °C and 50% RH). Increasing
the temperature while maintaining humidity drastically
reduced the survivability of the virus to as little as 24 h
at 40 °C. The persistence of SARS-CoV-2 demonstrated
in this study is pertinent to the public health and trans-
port sectors. This data should be considered in strate-
gies designed to mitigate the risk of fomite transmission
during the current pandemic response.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512985-020-01418-7.

Additional file 1. Table of average titre and standard deviation for
recovery of infectious SARS-CoV-2 for all substrates, time points and
temperatures.
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ABSTRACT: The SARS-CoV-2 virus that causes the COVID-19
epidemic can be transmitted via respiratory droplet-contaminated
surfaces or fomites, which urgently requires a fundamental
understanding of intermolecular interactions of the coronavirus
with various surfaces. The corona-like component of the outer
surface of the SARS-CoV-2 virion, named spike protein, is a key
target for the adsorption and persistence of SARS-CoV-2 on
various surfaces. However, a lack of knowledge in intermolecular
interactions between spike protein and different substrate surfaces
has resulted in ineffective preventive measures and inaccurate
information. Herein, we quantified the surface interaction and

adhesion energy of SARS-CoV-2 spike protein with a series of inanimate surfaces via atomic force microscopy under a simulated
respiratory droplet environment. Among four target surfaces, polystyrene was found to exhibit the strongest adhesion, followed by
stainless steel (SS), gold, and glass. The environmental factors (e.g,, pH and temperature) played a role in mediating the spike
protein binding. According to systematic quantification on a series of inanimate surfaces, the adhesion energy of spike protein was

found to be (i) 0—1 mJ/m” for hydrophilic inorganics (e.g,, silica and

glass) due to the lack of hydrogen bonding, (ii) 2—9 mJ/m? for

metals (e.g., alumina, SS, and copper) due to the variation of their binding capacity, and (iii) 6—11 mJ/m? for hydrophobic polymers
(e.g., medical masks, safety glass, and nitrile gloves) due to stronger hydrophobic interactions. The quantitative analysis of the
nanomechanics of spike proteins will enable a protein—surface model database for SARS-CoV-2 to help generate effective preventive

strategies to tackle the epidemic.

KEYWORDS: spike protein, intermolecular interaction, surface adhesion, COVID-19, surface forces

1. INTRODUCTION

Since December 2019, the COVID-19 outbreak caused by
SARS-CoV-2 has led to over 70 million of confirmed cases and
over 1.6 million deaths in 218 countries. > The main
transmission routes of SARS-CoV-2 indicate that this
respiratory disease can spread by inhalation and/or direct
contact with droplets of infected people as well as indirect
contact with contaminated surfaces that carry respiratory
droplets from infected persons.'™> While social distancing is
proved to be an effective approach to inhibit the human—
human transmission through direct routes, infections through
indirect contact remain challenging to combat, owing to the
invisible spreading paths and unclear surface behaviors of the
new coronavirus.” ° Therefore, identifying the surface
interactions of SARS-CoV-2 has become essential for
prohibiting virus transmission via surface contaminations.
The Munster group evaluated the persistence of SARS-CoV-
2 by accessing virus decay rates in aerosols and on several
typical substrates,” and similar studies were also conducted on
other respiratory viruses such as SARS,”'’ MERS,'"'* and
Ebola," as shown in Table 1. Despite the significant progress
achieved, it remains unclear in terms of the intermolecular

© 2020 American Chemical Society
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interactions involved, such as adsorption and binding strengths
of the virus on typical substrates, which are critical for
evaluating viral loads on those target surfaces. Thus, detailed
studies toward the nanomechanics of the virus-contaminated
surfaces are urgently needed to determine the interaction
mechanisms at the nanoscale, as well as their influences on
viral persistence.

Spike protein refers to a class I fusion protein that is located
at the surface of a coronavirus virion (illustrated in Figure
1A)."*7'° Consisting of more than 1000 amino acids, the spike
protein can assemble into crownlike nanoarchitecture that
allows the viral binding and fusion to host cell membranes
through molecular recognition.N_19 With regard to the
structure of the new coronavirus, there are two main subunits
in the spike protein named S1 and S2, the former of which is
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Table 1. Persistence of Selected Coronaviruses on Typical
Inanimate Surfaces

inanimate
virus type surfaces environment persistence references
SARS- copper 21-23 °C; 40% 4h 9
CoV-2 humidity
cardboard  21-23 °C; 40% 24 h 9
humidity
ss 21-23 °C; 40% 48 h 9
humidity
plastic 21-23 °C; 40% 72 h 9
humidity
MERS- SS 20 °C 48h e
CoV plastic 20 °C 48 h iz
Ebola- SS 21-27 °C; 40—80% 11-27 h 13
CoV humidity
plastic 21-27 °C; 40—80% 11-43 h 13
humidity
Tyvek 21-27 °C; 40—80% 15-52 h 13
humidity
SARS- copper 21-23 °C; 40% 8h 9
CoV humidity
cardboard  21-23 °C; 40% 8h 9
humidity
SS 21-23 °C; 40% 48 h 9
humidity
plastic 21-23 °C; 40% 72 h 9
humidity
metal room temperature S days 10
wood room temperature 4 days 10
paper room temperature 24 h 10
glass 21 °C 4 days 10

Figure 1. (A) Schematic of SARS-CoV-2 virions in respiratory
droplets contaminating solid substrates such as glass, metals, plastics,
and fabrics (down), and the zoomed-in structure of the SARS-CoV-2
virion (up). (B) Schematic of the experimental setup for measuring
the interaction forces between the spike protein-functionalized AFM
tip and various solid surfaces in simulated respiratory droplet
environments.

responsible for ACE2 receptor binding using its receptor-
binding domain, while the latter is managing the subsequent
membrane fusion.'®'”* Considering the critical role of the
spike protein in viral infection, characterizing the adsorption
behavior and adhesion strength of spike protein can shed light
on the molecular mechanism how the new coronavirus
contaminates the surfaces of inanimate substrates. The active
subunit S1 has been recognized as a good candidate to
understand the adsorption and adhesion of spike protein at the
molecular level owing to its representative structure and
function.'’™"” Being the powerful nanomechanical techniques,
atomic force microscopy (AFM) and surface force apparatus

58361

(SFA) have been widely employed to quantitatively character-
ize the intermolecular interactions, including adhesion and
single-molecule bindinzg, of a variety of biological molecules in
vapor or liquid media.”' ~>* As compared to SFA that requires
molecularly smooth surfaces with at least one surface being
transparent, AFM is more versatile to quantify the interaction
forces of the materials that cannot be easily accessed by SFA.
The unique, flexibility, and accuracy of AFM make it feasible to
access the interaction mechanism of spike protein at the
nanoscale.

To systematically investigate the adsorption behavior and
interaction mechanism of COVID-19 spike protein, herein, a
direct and quantitative analysis of surface interactions of spike
protein was presented with respect to adsorption, kinetics, and
intermolecular forces in the pico/nanonewton range (sche-
matic illustrated in Figure 1B). A series of inanimate surfaces,
including glass, plastics, metals, fabrics, and so forth, were
applied to systematically evaluate the adsorption behaviors of
the spike protein. In particular, we focused on four targeted
surfaces (i.e., glass, gold, stainless steel (SS), and polystyrene-
(PS)), which represent the most commonly used materials
ranging from inorganics and organics to metals and
composites/hybrids. We also discussed the key factors affecting
the spike protein binding and explored the protein—surface
interaction mechanisms under simulated respiratory droplets,
as well as proposed feasible strategies to modulate the binding
of spike protein with inanimate surfaces. This work will
improve the fundamental understanding associated with the
adsorption and adhesion mechanisms of spike protein on
various solid substrates, thereby providing guidelines for
developing preventive/protective equipment and optimizing
current public measures against COVID-19 pandemic.

2. RESULTS AND DISCUSSION

2.1. Adsorption of Spike Protein on Various Surfaces.
Figure 2 shows the AFM topography images of glass, gold, SS,
and PS surfaces before and after the adsorption of spike
protein. The bare glass, gold, SS, and PS surfaces exhibit a
root-mean-square (RMS) roughness of 0.3—0.7 nm, and such
smooth surfaces allow the accurate observation of protein
adsorption. It is noted that the uniform grainlike pattern on
bare metal (i.e, gold and SS) surfaces is arising from their
metal particles. After spike protein adsorption, all the surfaces
become rough with the obvious binding of spike protein as
indicated by the white dots shown in Figure 2. The spike
protein adsorbed on glass is sparsely distributed with a
considerable size. In contrast, the size of the spike protein
adsorbed on gold and SS is relatively small, and the
distribution of the adsorbed spike protein is much denser for
SS. However on PS, the size of the adsorbed protein becomes
even smaller, and an ultra-dense distribution of protein pattern
is observed (2 X 2 pm* image shown in Figure S1). The
smaller size and denser distribution of the adsorbed spike
protein reveal the preferential binding of spike protein with the
surface instead of self-aggregation. Therefore, spike protein
most preferentially adsorbs on PS followed by SS and gold. On
the other hand, the adsorption of spike protein on glass is
relatively weaker, as compared to the other three substrates.

2.2. Quantitative Force Measurements. To unravel the
nanomechanics of spike protein interacting with various solid
surfaces, the gold-coated AFM probe (including the AFM tip,
cantilever, and cantilever base) is self-assembled with 11-
mercaptoundecanoic acid, which subsequently covalently
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Figure 2. AFM topography images (5 X 5 um?) of glass, gold, SS, and P

S before and after the adsorption of spike protein.
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Figure 3. Characterization of the gold-coated AFM probe functionalized with carboxyl groups (up) and spike protein (down): (A) AFM

topography image (2 X 2 ym®) with the water contact angle (inset) on the

cantilever base of the AFM probe, (B) phase image (2 X 2 um?) of the

cantilever base of the AFM probe, (C) HIM on the AFM tip, and (D) Auger electron microscopy on the AFM tip.

bonds with spike protein via the carbodiimide crosslinking
strategy.””**> The prepared AFM probe was characterized by
AFM imaging, contact angle measurements, helium ion
microscopy (HIM), and Auger electron spectroscopy (AES).
As demonstrated in Figure 3A,B, the AFM probe without and
with protein coating displays distinct morphologies and phase
images, with spike protein closely and uniformly packing on
the AFM probe that enhances RMS roughness from 0.76 to
0.90 nm. Meanwhile, the water contact angle increases from
28.4° + 0.6° for the AFM probe without protein modification
to 40.2° + 0.8° for the protein-functionalized AFM probe
(inset of Figure 3A), which suggests that the AFM probe
becomes relatively hydrophobic after the protein modification.
HIM is a unique surface-sensitive imaging technique that
enables the high-resolution imaging of insulating proteins
adsorbed at subnanometer resolution.”* As shown in Figure 3C
and Figure S2, the tip of the COOH-functionalized AFM
probe displays the grainlike pattern of gold; instead, an evident
coverage of nonconductive substances is detected for the tip of
the protein-functionalized AFM probe. AFM imaging, water
contact angle measurement, and HIM imaging all reveal the
successful grafting of spike protein on the AFM probe, which is
also further confirmed by the AES analysis where an additional

nitrogen Auger peak at ~369 eV appears for the protein-
functionalized AFM tip (Figure 3D).

The adsorption and adhesion of the virus outer protein on
the surface that occur in droplet environments right after a
virus-containing-droplet impacts and attaches to a solid surface
are the key to the mechanism how the virus contaminates the
surface. The intermolecular forces of spike protein in droplet
environments play a central role in the adsorption and
adhesion of spike protein on substrate surfaces. To ensure
the accuracy of force measurements, force mapping was
performed on bare surfaces in an area of S X 5 ym” using the
protein-functionalized AFM probe to acquire a two-dimen-
sional array of force-separation profiles at 10 X 10 points (100
consecutive force-separation measurements). Force mapping
was performed in at least three different regions of the
substrate surface and at least two independently prepared
samples of the same batch. The interaction forces measured
between the protein-functionalized AFM tip and selected
surfaces that are ubiquitous in daily life, including glass, gold,
SS, and PS, during the approach—separation cycle under the
typical simulated respiratory droplet condition (10 mM NaCl
solution at pH 5.6 and 23 °C) are shown in Figure 4 (left). For
spike protein interacting with glass, the measured force—
distance profile (orange open symbols) shows a purely
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Figure 4. Force—distance profiles between the spike protein-functionalized AFM tip and different solid substrates in 10 mM NaCl solution at pH
5.6 and 23 °C (approach data: open symbols and separation data: solid symbols) and the histogram of normalized adhesion force F,g,/R with the

fitted Gaussian distribution: (A) glass, (B) gold, (C) SS, and (D) PS.

repulsive force during approach. Zeta potential measurements
(Table S1) show that the isoelectric point of spike protein is
below pH 5.6, while glass always carries the negative charges
under the testing condition;>® therefore, the measured
repulsion is attributed to the repulsive electrical double layer
(EDL) force. Upon separation (orange solid symbols), an
interfacial adhesion is occasionally detected, probably con-
tributed by the short-range hydrogen bonding between the
side chains of amino acids (e.g, lysine, asparagine, and
tyrosine) in the spike protein and glass surface. For gold (blue
symbols) and SS (purple symbols), in addition to the long-
range EDL repulsion, an attractive force starting from a
separation distance of 3—4 nm is measured during approach
because of the relatively strong van der Waals (VDW) force for
metal-involved systems.’® The adhesion force for gold and SS
during separation is mainly induced by the strong coordination
interaction between metal atoms and specific sites of spike
protein (e.g, carboxyl group and aromatic ring of amino

acids),”” which is evidently stronger than the adhesion force
measured for glass. The spike protein—PS$ interaction (green
symbols) exhibits a strong attraction during approach that
induces a “jump-in” phenomenon at ~7 nm. Evidently, the
attraction measured is stronger and has a longer range than
VDW contribution and considered as the hydrophobic
interaction between hydrophobic PS and hydrophobic
moieties of spike protein (e.g, hydrophobic side chains of
tyrosine). Such strong hydrophobic interaction enables
intimate contact between the spike protein and PS, which
correspondingly triggers a considerable adhesion during
separation.

Based on the adhesion forces measured during separation
(300—500 events), the histograms of normalized adhesion
force, F,4,/R, are established and fitted by the Gaussian
distribution (solid curve) as shown in Figure 4 (right). The
magnitude of average normalized adhesion force follows the
trend: glass (5.71 + 0.36 mN/m) < gold (20.23 + 0.66 mN/
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Figure S. Average adhesion energy W4, = — F,4,/27R between the spike protein-functionalized AFM tip and solid surfaces, including glass, gold,
SS, and PS, in 10 mM NaCl solution (A) at 23 °C under the effect of pH: 5.6, 7.0, and 8.4 and (B) at pH 5.6 under the effect of temperature: 23

and 37 °C.

m) < SS (47.02 + 1.89 mN/m) < PS (70.58 + 0.63 mN/m).
Based on the Derjaguin—Muller—Toporov model Wy, = —
F.4./27R that correlates the normalized adhesion force (F,4,/
R) of a sphere on a plane with the adhesion energy per unit
area (W,y,) of two flat surfaces of the same materials,***~*
the average adhesion energy is obtained as ~0.91 m]J/ m? for
glass, ~3.22 mJ/m” for gold, ~7.48 mJ/m? for SS, and ~11.23
mJ/m” for PS, respectively. The adhesion energy between the
spike protein and these substrates could be contributed by
surface interactions involving hydrogen bonding, hydrophobic
interaction, and coordination interaction.

Glass can form hydrogen bonding with the side chains of
amino acids in spike protein. Considering the theoretically
simulated hydrogen bond energy for protein in solution
(2.09-6.28 kJ/mol)*' and the measured adhesion energy
(0.91 mJ/m? for protein—glass), there only exists one effective
hydrogen bond between spike protein and glass within an area
of over 2.76 nm X 2.76 nm. The possible reason for such a low
bonding efficiency is that the entropic (or steric) effect restricts
the optimization of spike protein toward the preferential
formation of hydrogen bonds.*” As compared to the spike
protein—glass interaction, the adhesion energy mainly arising
from hydrophobic interaction of PS with spike protein is even
10 times stronger, revealing the dominant role of hydrophobic
interaction in modulating the adhesion of spike protein (or
stickiness of new coronavirus), particularly under the nano-
confined regime. The hydrophobic interaction energy is
expressed as Wyp = 2yexp( — D/D,) for the symmetric
cases (e.g, PS—PS interaction in water), where y is the
interfacial energy, D, is the decay length of hydrophobic
interaction, and D is the separation distance.***> From the
thermodynamic perspective, Wy ~ 2y = 79 mJ/m? for PS—PS
interaction as D approaches zero.’®** It is noted that the
adhesion energy of ~11.23 mJ/m? for the spike protein—PS
interaction is approximately one seventh of the adhesion
energy of PS—PS interaction, which indicates that the
hydrophobic moiety of spike protein that contributes to the
hydrophobic interaction with PS only accounts for a small
portion of the entire protein molecule. Metals interacting with
spike protein display the adhesion energies that are evidently
stronger than those for glass but relatively weaker than those
for PS. It is known that metals could form a coordination
complex with specific binding sites of protein, and the
magnitude of metal—protein binding energy is dependent on
the binding capability of the metal and the number of binding
sites on the protein. Thus, metals with relatively weaker
binding capability (e.g, gold as compared to SS) exhibit
smaller adhesion energy, while the relatively weaker adhesion

energies for gold and SS, as compared with that for PS, are
likely due to the limited metal—protein binding sites.

2.3. Effect of Environmental Factors on Adhesion.
The respiratory droplet normally displays a pH value ranging
from 5.6 to 8.4, and the environmental temperature is also
varied for different seasons and regions, which could affect the
intermolecular interactions of spike protein and thus alter its
adsorption behavior and the stickiness of the new coronavirus
on substrates. To further unravel the impact of environmental
conditions on the interaction mechanism of spike protein, the
adhesion energy of spike protein with solid surfaces was
measured in 10 mM NaCl solution at different pH values
(Figure SA) and temperatures (Figure SB). As shown in Figure
SA (with the histogram shown in Figure S3), with pH
increasing from 5.6 to 7.0 and 8.4, the adhesion energy slightly
drops from ~0.91 mJ/m? to ~0.84 and ~0.65 mJ/m* for glass
as well as from ~3.22 mJ/m?* to ~3.09 and ~2.93 mJ/m? for
gold. In contrast, the adhesion energy for the SS and PS cases
is more pH-dependent. In particular, the adhesion energy for
SS is dramatically reduced from ~7.48 mJ/m* at pH 5.6 to
~6.80 mJ/m” at pH 7.0 and ~5.84 mJ/m” at pH 8.4, while the
adhesion energy for PS also significantly decreases from
~11.23 mJ/m? at pH 5.6 to ~10.47 mJ/m* at pH 7.0 and
~8.69 mJ/m” at pH 8.4. Because spike protein, glass, gold, SS,
and PS all carry negative charges over the pH range
ir1vestigated,35’44’45 it is reasonable that the electrostatic
repulsion is strengthened with the increase of pH, which
ultimately weakens the adhesion energy and triggers the pH-
mediated adhesion.

The role of temperature in altering the adhesion energy is
shown in Figure SB (with the histogram shown in Figure S4).
As the temperature increases from 23 to 37 °C, the adhesion
energy for glass almost remains unchanged (0.91-0.95 mJ/
m?*), while the adhesion energy dramatically increases from
~3.22 to ~4.01 mJ/m? for gold and from ~7.48 to ~9.08 m]J/
m® for SS. It is known that enhanced temperature could
improve the binding activity of metal—protein interaction,
thereby increasing the adhesion energy. It is known that the
entropy-driven hydrophobic interaction is also temperature-
dependent.*® The possible conformational rearrangement in
spike protein and PS upon heating results in increased entropy,
which is the main reason the adhesion for spike protein—PS
interaction increases from ~11.23 m_]/m2 at 23 °C to ~13.00
mJ/m?® at 37 °C. Although the overall trend of average
adhesion energy “glass < gold < SS < PS” remains the same
regardless of pH and temperature, the environmental factors to
a certain degree could contribute to the alternation of protein
adhesion, suggesting that the new coronavirus is more readily
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to stick to solid materials in an acidic environment and at a
high temperature.

2.4. Adhesion of Spike Protein with Different
Materials. In addition to glass, gold, SS, and PS, we also
select a variety of other inorganic, metallic, and polymeric
materials for probing their intermolecular forces with spike
protein in droplet environments. Figure 6 summarizes the
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Figure 6. Normalized adhesion force F,q,/R and average adhesion
energy W,q, = — F,qn/27R between the spike protein-functionalized
AFM tip and a variety of solid materials in 10 mM NaCl solution at
pH 5.6 and 23 °C.

normalized adhesion force and average adhesion energy
between the spike protein-functionalized AFM tip and a
variety of solid materials in 10 mM NaCl solution at pH 5.6
and 23 °C (with the histogram shown in Figure S5). The
hydrophilic inorganic surfaces, such as glass and silica, exhibit
the lowest adhesion energy (0—1 mJ/m?), revealing the
negligible role of hydrogen bonding in the adhesion of spike
protein. On the other hand, hydrophobic polymeric materials,
including PS, polyethylene plastic, and even low-surface-energy
polytetrafluoroethylene (PTFE), can achieve very high
adhesion energy (6—11 mJ/m?), which indicates the
significance of hydrophobic interaction in the adhesion of
spike protein. Because the proteins binding to the substrate
surfaces rely on their hydrophilicity, the adhesion results
demonstrate that the spike protein preferentially binds to
hydrophobic surfaces as compared to hydrophilic cases. It is
noted that the interaction mechanism between the spike
protein and hydrophobic surfaces in aqueous solution is
different from that in air. The adsorption of particles or
droplets onto hydrophobic commercial masks in air could be
mainly due to electrostatic attraction, while the major
contribution of the interaction mechanism between the spike
protein and hydrophobic surfaces in aqueous solution is
considered as hydrophobic interaction. Because both the spike
protein and hydrophobic surfaces carry the overall negative
charges, the overall electrostatic interaction between spike
protein and hydrophobic surfaces in aqueous solution is
repulsive. However, spike protein could display positively
charged sites and negatively charged sites. The contribution of
electrostatic attraction between the positively charged sites of
spike protein and polymer surfaces could not be ruled out. For
the metals, the adhesion energy with spike protein lies in a
wide range from 2 to 9 mJ/m? which relies on the binding
capability of metals with spike protein. In the metallic materials
investigated, copper exhibits the strongest adhesion with spike
protein followed by SS, gold, and alumina foil.

It is worth mentioning that the oriented spike protein could
be a perfect molecular model for the experimental design;
meanwhile, the surrounding temperature, pH, saline concen-
tration, and/or shrinkage because of dehydration could all
affect the virion shape and size, as well as the orientation of
spike protein on surfaces. In this work, despite the random
orientation of the S1 subunits on AFM tips (the exposed
subunits of spike protein), over 600 force measurement events
have been collected for each S1-surface pair, and the statistical
plots can reflect the trend of virion adhesion on various
surfaces. It is noted that the real contact region for the force
measurements between an AFM tip (a radius of 25—35 nm)
and a substrate surface is only at the nanoscopic level, and
thus, the influence of surface roughness on the adhesion energy
has been dramatically reduced. The uniform distribution of
adhesion forces, which can also be reflected from the
histogram of adhesion forces (Figures S3—SS), ensures the
accuracy of force measurements. It is also noted that the rough
alumina foil and copper foil lie in a similar regime of adhesion
energy with smooth SS and gold coating (metals), while the
rough nitrile glove, safety glass, medical mask (polypropylene),
and polyethylene plastic lie in a similar region with smooth PS
and PTFE surfaces (hydrophobic polymers).

It is known that the interfacial adhesion of solid materials
can be mediated by tuning their surface properties.*’ ™"
Because the surface hydrophilicity of materials plays an
important role in their interactions with the spike protein, it
is reasonable to conclude that glass-based materials (e.g.,
windows, mirrors, glass doors, and glass screens) exhibit
relatively low stickiness for the new coronavirus compared to
the plastics and fabrics. Nevertheless, the stickiness of the new
coronavirus on glass can become strong once the glass is
contaminated by organics. It is worth noting that the
commonly used personal protective equipment (PPE),
including medical masks (polypropylene), safety glass, and
nitrile gloves, also displays very high adhesion energy (6—11
mJ/m?), which could be altered by applying the super-
hydrophilic or superhydrophobic coatings. In addition, the
addition of alcohol (e.g., methanol, ethanol, and isopropyl
alcohol) into aqueous media is known to suppress the
hydrophobic interaction,”” >* and thus, the new coronavirus
stuck on plastic, fabric, and PPE could be washed off by the
alcohol even if the alcohol is insufficiently concentrated to kill
the virus. Similarly, the surfactant-containing aqueous solution
is also an efficient approach to eliminate the hydrophobic
interaction and remove the new coronavirus.

The adhesion of spike protein with solid materials could be
an important contributor to the substance-dependent
persistence of SARS-CoV-2 virions. There were few reports
on the persistence of SARS-CoV-2 on typical substrates under
a water-based environment,”'® which limit the data availability
at this time. The persistence of SARS-CoV-2 was reported to
be 4 h for copper, 2 days for SS, and 3 days for plastic.” Based
on our studies, the adhesion energy of spike protein interacting
with copper, SS, and plastic is 8.93, 7.48, and 7.64 mJ/m?,
respectively. It has been reported that the adhesion could lead
to the compression of virus, which disrupts the 3D structure of
proteins and ultimately inactivates the virus.>>*® Thus, the
higher adhesion for copper could be one contributor to the
shorter persistence of coronavirus on copper. Although the
adhesion for SS and plastic is similar, other factors such as the
complex metal antiviral mechanism could play a critical role in
the persistence of coronavirus.

https://dx.doi.org/10.1021/acsami.0c16800
ACS Appl. Mater. Interfaces 2020, 12, 58360—58368


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16800/suppl_file/am0c16800_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c16800/suppl_file/am0c16800_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16800?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16800?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16800?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c16800?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c16800?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

3. CONCLUSIONS

In this work, we systematically quantified the intermolecular
interactions between spike protein (the corona-like component
of the SARS-CoV-2 virion) and a series of inanimate surfaces
(e.g., glass, plastics, metals, and fabrics) under a simulated
respiratory droplet environment at the nanoscale. The
environmental factors, including pH and temperature, were
observed to affect the spike protein binding. According to the
quantitative AFM force measurements, the adhesion of spike
protein was (i) very weak on hydrophilic inorganics (e.g.,
glass) because of the lack of substantial hydrogen bonding
formation, (ii) relatively high on metal surfaces because of the
strong coordination interaction, and (iii) very strong on
hydrophobic polymers (e.g., PS, PTFE, plastics, and PPE),
attributed to the hydrophobic interaction. The alternation of
surface hydrophilicity of materials or addition of chemical
additives could effectively modulate the hydrophobic inter-
action and even tune the interaction mechanism between
hydrogen bonding and hydrophobic interaction, which would
be a promising strategy to mediate the adhesion of spike
protein and stickiness of new coronavirus. Additionally, the
adhesion of spike protein with solid materials could be an
important contributor to the substance-dependent persistence
of SARS-CoV-2 virions. The developed protein—surface model
database for SARS-CoV-2 with respect to their intermolecular
and surface interactions will provide scientific guidance for
developing effective preventive strategies to prohibit virus
transmission via surface contaminations.

4. EXPERIMENTAL METHODS

4.1. Materials. Sodium chloride (NaCl, ACS reagent grade),
hydrochloric acid (HCl, ACS reagent grade), and sodium hydroxide
(NaOH, ACS reagent grade) were purchased from Fisher Scientific.
11-Mercaptoundecanoic acid (HS(CH,),,COOH, 98%), N-hydrox-
ysuccinimide (NHS, C,H;NO;, and 98%), N-(3-Dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDC, CgH,,N;-HC],
98%), and phosphate buffered saline (pH 7.4) were purchased from
MilliporeSigma. COVID-19 spike S1 coronavirus active protein
(purity >90% by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and molecular weight of 120 kDa) was purchased
from MyBioSource, Inc. All the chemicals were used as received
without further purification, and all aqueous solutions were prepared
using Milli-Q water (Millipore deionized, 18.2 MQ-cm resistivity).

4.2. Preparation of the Spike Protein-Functionalized AFM
Probe and Solid Substrates. Spike protein solution was prepared
by dissolving 0.1 mg COVID-19 spike S1 coronavirus active protein
in 2 mL PbS buffer (pH 7.4), and the prepared spike protein solution
was stored at —20 °C. The gold-coated AFM probes were cleaned by
UV/ozone treatment for 30 min and then immersed in 10 mM 11-
mercaptoundecanoic acid in ethanol overnight. After the self-assembly
via the Au—S bonding, the COOH-functionalized AFM probes were
washed with ethanol to remove the physisorbed thiol, dried with high-
purity nitrogen, and then immersed in an aqueous solution containing
20 mM NHS and 40 mM EDC to activate the COOH functional
groups on AFM probes. After 1 h, the NHS/EDC-activated AFM
probes were immersed in 0.05 mg/mL spike protein in PbS buffer for
2 h to prepare the protein-functionalized AFM probes. Thereafter, the
protein-functionalized AFM probes were washed with Milli-Q water,
dried with high-purity nitrogen, and immediately used for character-
ization and force measurements.

A glass sheet and a silicon wafer (with an oxidation layer) were
washed with ethanol and water three times, dried with high-purity
nitrogen, and then cleaned by UV/ozone treatment for 10 min. Gold-
coated silicon wafers were cleaned with a typical RCA procedure with
slight modifications.””>* The gold wafer shards were first sonicated in
methanol for S min, dried with high-purity nitrogen, and immersed in

RCALl solution (Milli-Q water:30% NH,OH:30% H,0, = 6:1:1
volume ratio) and RCA2 solution (Milli-Q water:37.5% HCI:30%
H,0, = 6:1:1 volume ratio) for S min at 80 °C. The gold wafer shards
were dried and went through argon plasma to further remove
residues. Alumina and copper were obtained directly from the
aluminum foil and copper foil, which were cleaned with ethanol and
water three times. A QSX 304 SS sensor (552343, Biolin Scientific)
was cleaned by immersing the sensor in 1% Hellmanex II for 30 min,
rinsed with Milli-Q water, and dried with high-purity nitrogen. The
PS surface was prepared by spin coating PS solution (0.5 wt % in
toluene) on silicon wafer at 2000 rpm, and the spin-coated surface
was dried under vacuum overnight to completely remove the residual
solvent. The plastic bottle of Nestlé pure life natural spring water and
a Uline medical mask, which are ubiquitous in daily life and have
drawn much attention, were selected as the representative samples of
the polyethylene surface and polypropylene surface, respectively.
PTFE, polyethylene plastic, medical mask (polypropylene), safety
glass, and nitrile glove were cleaned with ethanol and water three
times. All the samples were immediately used for the force
measurements after the cleaning procedure.

4.3. Characterization. Several selected solid surfaces before and
after spike protein adsorption were characterized by AFM topography
imaging. The COOH-functionalized and protein-functionalized AFM
probes were subjected to AFM imaging, contact angle measurements,
HIM, and AES. The imaging of the solid surfaces and the cantilever
base of AFM probes was performed using the tapping mode of a
Dimension Icon AFM (Bruker, Santa Barbara, CA, USA). Typically,
the functionalized gold-coated AFM probe was glued onto the AFM
scanning stage by double-sided tape, and then a silicon AFM probe
was used to perform the imaging on the cantilever base of the AFM
probe. The water contact angle on the cantilever base of AFM probes
was measured using the sessile drop method with a contact angle
goniometer (ramé-hart instrument Co., NJ, USA). The average water
contact angle was reported based on the measurements of few
microliter water droplets on at least three independently prepared
AFM probes. It is noted that AFM imaging and contact angle
measurements were difficult to conduct directly on the AFM
cantilever and AFM tip because of their small size, and thus, these
two tests were conducted on the AFM cantilever base of the AFM
probe with the same material composition as the AFM cantilever and
tip. HIM of AFM tips was conducted using a Zeiss Orion NanoFab
(Carl Zeiss AG, Oberkochen, Germany) equipped with the He beam,
while AES of AFM tips was performed using a JAMP-9500F Field
Emission Auger Microprobe (JEOL, MA, USA) equipped with a
Shottky field emitter, which produces an electron probe diameter of
3—8 nm.

4.4. Helium lon Microscopy. HIM was performed using the
Zeiss Orion NanoFab (Zeiss Peabody, MA, USA) tool at ProVIS—
Centre for Chemical Microscopy at the Helmholtz—Centre for
Environmental Research, Leipzig, Germany. For imaging, the landing
energy of the ions was set to 25 keV, and a 10 pm aperture was used.
By variation of the spot-control parameter (values between 4 and 6),
the ion-beam current was adjusted to about 1.0 pA measured at the
blanker of the tool. For image acquisition, secondary electrons were
detected using an Everhard—Thornley detector. Typically dwell time
and line-averaging were set to 0.2 us and 64, respectively. All
micrographs were acquired at a pixel resolution of 2048 X 2048. To
achieve a more 3D impression of the images, the stage was tilted by
45°. During imaging, the flood-gun was switched on and used in line-
flooding mode such that charging effects could be avoided. Prior to
imaging, the resolution of the tool was checked to be better than 3 nm
using edge contrast on an empty sample holder.

4.5. AFM Force Measurements. The interaction forces between
the protein-functionalized AFM tips and a variety of solid materials
were measured under simulated respiratory droplet conditions using
an MFP-3D AFM (Asylum Research, Santa Barbara, CA, USA).
Typically, the AFM tip was positioned over solid substrates, following
which the AFM tip was driven at a loading rate of 0.1 uN/s to
approach the substrates until a maximum force load of 5 nN was
achieved. After 1 s contact, the AFM tip was retracted from the
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substrates at a loading rate of 0.1 yN/s. The approach—retraction
force measurements were conducted for 300—500 cycles on several
different samples for the same material and several different locations
for the same sample, based on which the distribution of adhesion
forces was reported.
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CONTACT US <https://epa.gov/coronavirus/forms/contact-us-about-coronavirus-covid-19>

Indoor Air and Coronavirus (COVID-19)

Spread of COVID-19 occurs via airborne particles and droplets. People who are
infected with COVID can release particles and droplets of respiratory fluids that
contain the SARS CoV-2 virus into the air when they exhale (e.g., quiet breathing,
speaking, singing, exercise, coughing, sneezing). The droplets or aerosol particles
vary across a wide range of sizes - from visible to microscopic. Once infectious
droplets and particles are exhaled, they move outward from the person (the
source). These droplets carry the virus and transmit infection. Indoors, the very
fine droplets and particles will continue to spread through the air in the room or
space and can accumulate.

Since COVID-19 is transmitted through contact with respiratory fluids carrying
the infectious SARS-CoV-2 virus, a person can be exposed by an infected person
coughing or speaking near them. They can also be exposed by inhaling aerosol
particles that are spreading away from the infected person. Transmission of
COVID-19 from inhalation of virus in the air can occur at distances greater than six
feet. Particles from an infected person can move throughout an entire room or
indoor space. The particles can also linger in the air after a person has left the

Frequent Questions

¢ Read Frequent Questions about

Indoor Air and Coronavirus
(CoVID-19)
<https://epa.gov/coronavirus/frequent-
questions-about-indoor-air-and-
coronavirus-covid-19>.

Explore all EPA Frequent
Questions related to Coronavirus
(CoVID-19)
<https://epa.gov/coronavirus/frequent-

questions-related-coronavirus-covid-19>.

room - they can remain airborne for hours in some cases. Someone can also be exposed via splashes and sprays of respiratory

fluids directly onto their mucous membranes. Spread may also sometimes occur through contact with contaminated surfaces,

though this route is now considered less likely. See Science and Technical Resources related to Indoor Air and Coronavirus

(COVID-19) <https://epa.gov/coronavirus/science-and-technical-resources-related-indoor-air-and-coronavirus-covid-19> or Indoor Air and COVID-19 Key

References and Publications <https://epa.gov/coronavirus/indoor-air-and-covid-19-key-references-and-publications> for technical information.

Though the risk of infection by breathing in particles carrying the virus generally
decreases with distance from infected people and with time, some circumstances
increase the risk of infection:

e Beingindoors rather than outdoors, particularly in indoor environments
where ventilation with outside air is inadequate

o Activities that increase emission of respiratory fluids, such as speaking loudly,
singing, or exercising
e Prolonged time of exposure (e.g. longer than a few minutes)

o Crowded spaces, particularly if face coverings are inconsistently or
improperly worn

There are straightforward steps that can be taken to reduce the potential for
airborne transmission of COVID-19 and the focus of this material is on those
measures. The layout and design of a building, as well as occupancy and type of

Indoor Air and COVID-

19 & Information in
Other Languages

Espafiol
<https://espanol.epa.gov/cai/el-aire-en-
espacios-cerrados-y-el-coronavirus-covid-
19>

)< <https://epa.gov/node/258587>
FRC: & AhR
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heating, ventilation, and air conditioning (HVAC) system, can all impact potential
airborne spread of the virus. Although improvements to ventilation and air
cleaning cannot on their own eliminate the risk of airborne transmission of the
SARS-CoV-2 virus, EPA recommends increasing ventilation with outdoor air and
air filtration as important components of a larger strategy that may include
physical distancing, wearing cloth face coverings or masks, surface cleaning
<https://epa.gov/coronavirus>, handwashing, and other precautions. Consult guidance
from the Centers for Disease Control and Prevention (CDC (4
<https://www.cdc.gov/coronavirus/2019-ncov/communication/guidance.html>) and local

authorities on current guidelines on the use of masks.

Best practices recommended by the CDC can be found at:
e How to Protect Yourself and Others [ <https://www.cdc.gov/coronavirus/2019-
ncov/prevent-getting-sick/prevention.html>
o Cleaning and Disinfecting Your Home [ <https://www.cdc.gov/coronavirus/2019-

ncov/prevent-getting-sick/disinfecting-your-home.html>

o FCEERIR
<https://epa.gov/node/258855>

(] _c.'s_fio‘i <https://epa.gov/node/258719>

e Kreyol ayisyen
<https://epa.gov/node/258825>

e Portugués <https://epa.gov/lep/ar-
interno-e-coronavirus-covid-19>

e PYCCKUMI
<https://epa.gov/node/258693>

e Tagalog
<https://epa.gov/node/258635>

e TiéngViét
<https://epa.gov/node/258709>

e Community, Work and School: Cleaning and Disinfecting [ <https://www.cdc.gov/coronavirus/2019-ncov/community/clean-

disinfect/index.html>

e Masks <https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/masks.html>

e How to decrease levels of virus particles during and after a guest visits a home (Interactive Ventilation Tool) (4

<https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/interactive-ventilation-tool.htm[>

Resources Related to Indoor Air and
Coronavirus (COVID-19)

e Healthy Indoor Environments in Schools During the COVID-19 Pandemic and
Beyond <https://epa.gov/coronavirus/healthy-indoor-environments-schools-during-covid-19-
pandemic-and-beyond>

¢ Indoor Airin Homes and Coronavirus (COVID-19) <https://epa.gov/node/250623/>

e \entilation and Coronavirus (COVID-19) <https://epa.gov/node/250615/>

e Air Cleaners, HVAC Filters and Coronavirus (COVID-19)
<https://epa.gov/node/250619/>

¢ Implementing a Layered Approach to Address COVID-19 in Public Indoor
Spaces <https://epa.gov/coronavirus/implementing-layered-approach-address-covid-19-public-
indoor-spaces>

e COVID-19, Wildfires, and Indoor Air Quality <https://epa.gov/coronavirus/covid-19-
wildfires-and-indoor-air-quality>

e Science and Technical Resources related to Indoor Air and Coronavirus
(COVID-19) <https://epa.gov/coronavirus/science-and-technical-resources-related-indoor-air-

and-coronavirus-covid-19>

o Indoor Air and COVID-19 Key References and Publications

<https://epa.gov/coronavirus/indoor-air-and-covid-19-key-references-and-publications>

Please supplement this information with the latest advice from state, local, Tribal
and federal agencies.

Reduce Exposure to
COVID-19 Using the
Interactive Ventilation
Tool

Explore which ventilation practices
could help reduce airborne virus
particles when guests visit your
home with the Centers for Disease
Control and Prevention’s Interactive
Ventilation Tool 4
<https://www.cdc.gov/coronavirus/2019-
ncov/prevent-getting-sick/interactive-

ventilation-tool.htm[>.

To explore more detailed scenarios,
see the National Institute of
Standards and Technology
expanded model: ViPER - Virus
Particle Exposure in Residences (4
<https://www.nist.gov/services-
resources/software/viper-virus-particle-

exposure-residences>.
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Coronavirus Home <https://epa.gov/coronavirus>

Disinfectants <https://epa.gov/coronavirus/disinfectant-use-and-coronavirus-covid-19>

Indoor Air

Drinking Water and Wastewater <https://epa.gov/coronavirus/coronavirus-and-drinking-water-and-wastewater>

Frequent Questions <https://epa.gov/coronavirus/frequent-questions-related-coronavirus-covid-19>

Contact Us <https://epa.gov/coronavirus/forms/contact-us-about-coronavirus-covid-19> to ask a question, provide feedback, or report a problem.
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Air Cleaners, HVAC Filters, and Coronavirus

(COVID-19)

When used properly, air cleaners and HVAC filters can help reduce airborne
contaminants including viruses in a building or small space. By itself, air cleaning
or filtration is not enough to protect people from COVID-19. When used along
with other best practices recommended by CDC and other public health
agencies, including social distancing and mask wearing, filtration can be part of a
plan to reduce the potential for airborne transmission of COVID-19 indoors.

Air cleaners and HVAC filters are designed to filter pollutants or contaminants out
of the air that passes thru them. Air cleaning and filtration can help reduce

airborne contaminants, including particles containing viruses.

In order for an air cleaner to be effective in removing viruses from the air, it must
be able to remove small airborne particles (in the size range of 0.1-1 um).
Manufacturers report this capability in several ways. In some cases, they may
indicate particle removal efficiency for specific particle sizes (e.g. “removes
99.9% of particles as small as 0.3 um”). Many manufacturers use the Clean Air
Delivery Rate (CADR) rating system to rate air cleaner performance. Others
indicate they use High Efficiency Particulate Air (HEPA) filters. In order to select
an air cleaner that effectively filters viruses from the air, choose: 1) a unit that is
the right size for the space you will be using it in (this is typically indicated by the
manufacturer in square feet), 2) a unit that has a high CADR for smoke (vs. pollen
or dust), is designated a HEPA unit, or specifically indicates that it filters particles
in the 0.1-1 um size range.

Air cleaners and HVAC filters in
Homes

Where to place a portable air cleaner in your home

Choosing where in your home to place a portable air cleaner to help protect from
airborne infections depends on the situation. Put the air cleaner in the room
where most people spend most of their time (e.g., a living room or bedroom)
unless:

Air Cleaners

Portable air cleaners (also known as
air purifiers) may be particularly
helpful when additional ventilation
with outdoor air is not possible
without compromising indoor
comfort (temperature or humidity),
or when outdoor air pollution is
high.

Caution: The use of air cleaners
alone cannot ensure adequate
indoor air quality, particularly where
significant pollutant sources are
present and ventilation is
insufficient. Read EPA’s “Guide to air
cleaners in the home" (PDF).
<https://epa.gov/sites/production/files/2018-
07/documents/guide_to_air_cleaners_in_the_

home_2nd_edition.pdf>

How to select a portable
air cleaner for a
residence that can
effectively remove
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1. Someone in a household is especially vulnerable to the risks from infection, viruses
then, place the air cleaner where they spend most of their time or

2. If someone isisolating because of an active infection, then, place the air . .
Choose a portable air cleaner that is

lea here th isolating. See CDC guid f ting isolati
cleaner where they are isolating. See guidance for creating isolation i tended for the room size in which

spaces - COVID-19 Quarantine and Isolation [ o )
it will be used and be sure it meets

<https://www.cdc.gov/coronavirus/2019-ncov/your-health/quarantine-isolation.html>. . L.
at least one of the following criteria:

e Read EPA’s “Guide to air cleaners in the home” for more information on HVAC _ . .
1.itis designated as High-

Efficiency Particulate Air (HEPA),
2.itis CADR rated for smoke, or

filters and placing and operating a portable air cleaner. <https://epa.gov/indoor-air-
quality-iag/air-cleaners-and-air-filters-home>

e Learn how to decrease levels of virus particles during and after a guest visits a

home. (Centers for Disease Control and Prevention's Interactive Ventilation 3. the manufacturer states that the

vice will remove m
TOOl) [ <https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/interactive- device will remove most

particles in the size range below
lum.

ventilation-tool.htm|>

Air cleaners and HVAC filters in Most manufacturers provide this

information on the air cleaner

Offices, Schools, and Commercial sackaging, label or webste
B“ildings description.

The HVAC systems of large buildings typically filter air before it is distributed Do not use air cleaners that

throughout a building, so consider upgrading HVAC filters as appropriate for your intentionally generate ozone in

specific building and HVAC system (consult an HVAC professional). The variety occupied spaces or that do not meet

and complexity of HVAC systems in large buildings requires professional state regulations or industry

interpretation of technical guidelines, such as those provided by ASHRAE (4 standards for ozone generation.

<https://www.ashrae.org/technical-resources/resources> and CDC [
<https://www.cdc.gov/coronavirus/2019-ncov/community/ventilation.html>. EPA, ASHRAE and
CDC recommend upgrading air filters to the highest efficiency possible that is compatible with the system and checking the filter
fit to minimize filter air bypass.

Consider using portable air cleaners to supplement increased HVAC system ventilation and filtration, especially in areas where
adequate ventilation is difficult to achieve. Directing the airflow so that it does not blow directly from one person to another
reduces the potential spread of droplets that may contain infectious viruses.

Air cleaning may be useful when used along with source control and ventilation, but it is not a substitute for either method.
Source control involves removing or decreasing pollutants such as smoke, formaldehyde, or particles with viruses. The use of air
cleaners alone cannot ensure adequate air quality, particularly where significant pollutant sources are present and ventilation is
insufficient. See ASHRAE and CDC for more information on air cleaning and filtration and other important engineering controls.

e See CDC's Interactive School Ventilation Tool [ <https://www.cdc.gov/coronavirus/2019-ncov/community/schools-childcare/interactive-
ventilation-tool.html> to learn how to improve ventilation.
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Air Cleaning Devices that use Bipolar Ionization,
including Portable Air Cleaners and In-duct Air Cleaners

used in HVAC Systems

Bipolar ionization (also called needlepoint bipolar ionization) is a technology
that can be used in HVAC systems or portable air cleaners to generate positively
and negatively charged particles. Provided manufacturers have data to
demonstrate efficacy, manufacturers of these types of devices may market this
technology to help remove viruses, including SARS-2-CoV, the virus that causes
COVID-19, from the air, or to facilitate surface disinfection of surfaces within a
treated area. This is an emerging technology, and little research is available that
evaluates it outside of lab conditions. As typical of newer technologies, the
evidence for safety and effectiveness is less documented than for more
established ones, such as filtration. Bipolar ionization has the potential to
generate ozone and other potentially harmful by-products indoors, unless
specific precautions are taken in the product design and maintenance. If you
decide to use a device that incorporates bipolar ionization technology, EPA
recommends using a device that meets UL 2998 standard certification
(Environmental Claim Validation Procedure (ECVP) for Zero Ozone Emissions
from Air Cleaners).

Please note that there are many air cleaning devices that do not use bipolar
ionization - the device packaging or marketing materials will typically indicate if
bipolar ionization technology is being used.

DIY Air Cleaners

Do not use ozone
generators in occupied
spaces.

Some products sold as air cleaners
intentionally generate ozone. These
products are not safe to use when
people are present because ozone
can irritate the airways. Do not use
ozone generators in occupied
spaces. When used at
concentrations that do not exceed
public health standards, ozone
applied to indoor air does not
effectively remove viruses, bacteria,
mold, or other biological pollutants.

Do-it-yourself (DIY) air cleaners are indoor air cleaners that can be assembled from box fans and square HVAC (or furnace) filters.

They are sometimes used during wildfire events when air quality is poor and other filtration options are unavailable. There have

been questions about whether DIY air filters can be effective in reducing virus particles in indoor environments. DIY air cleaners

may provide some benefits for reducing concentrations of viruses and other indoor air pollutants, but research is limited and

there are several important considerations explained below.

EPA does not recommend the routine use of DIY air cleaners as a permanent alternative to products of known performance

(such as commercially available portable air cleaners). The performance of different DIY air cleaners will vary and cannot be

reliably assessed without specialized instruments. Commercial devices have been tested for performance and can be chosen to

match the size of a room.

EPA and Underwriter Laboratories evaluated the use of DIY air cleaners and the risk of fire. Fans that were built since 2012 and
met UL standard 507 did not pose a fire hazard under the conditions tested in the study. (See Research on DIY Air Cleaners to

Reduce Wildfire Smoke Indoors <https://epa.gov/air-research/research-diy-air-cleaners-reduce-wildfire-smoke-indoors> for more information.)

Tips - If You Choose to Use a DIY Air Cleaner

¢ Use government, state, tribal, university or other expert instructions for building the device. There is limited evidence

on the effectiveness of DIY air cleaners. There are many possible DIY designs and variations of those designs, and few tests

have been done to see how well they work.


https://www.epa.gov/air-research/research-diy-air-cleaners-reduce-wildfire-smoke-indoors

e Cost and Design Considerations:

o Initial costs for single filter designs can be lower than designs that use multiple filters.
o Designs that use more than one filter can be harder to put together, bulkier, and more difficult to move than single filter
designs.
o Designs with more than one filter may also be harder to disassemble in order to replace the filters.
e Some example designs are:
o How to build a low-cost air filter (pdf) (from the University of Washington, School of Public Health) (2
<https://deohs.washington.edu/sites/default/files/airfilterinfographic_final.pdf>
m Spanish version (pdf) [4 <https://deohs.washington.edu/sites/default/files/airfilterinfographic_bj_lh_spanish_tb.pdf>
o One filter flat against the fan (from the Washington Dept of Ecology) 4
o Two filters taped with cardboard to form a triangle against the fan (from the Confederated Tribes of the Colville
Reservation) (4
o Four filters used to create an air filtration box, also known as the Corsi-Rosenthal box (pdf) (from the University of
California, San Diego) [Z <https://blink.ucsd.edu/_files/safety-tab/covid-filter-system-poster.pdf>
o Use a newer box fan (made since 2012) with a UL (Underwriters Laboratory) or ETL (Intertek) logo because they have

verified safety features to reduce the risk of the fan overheating. EPA does not recommend using DIY air cleaners built with
older model box fans (built before 2012), but if they are used, they should not be used unattended or while sleeping.

Consider running DIY air cleaners the entire time a space is occupied. The longer they run, the more particles they will
likely remove.

When assembling a DIY air cleaner, choose a high-efficiency filter, rated MERV 13 or higher, for better filtration. Align the
arrows on the filter to be in the same direction of the air flow through the fan. Create a good seal between the fan and the
filter.

Change the filters periodically. Longer run times, higher fans speeds, and higher levels of air pollution will mean that the
filter will be removing more particles from the air, but the filter will also get dirty more quickly. Change the filter when it
appears dirty.

When changing the filter(s), wear gloves, an N-95 respirator or similar, and goggles (without holes) for personal
protection. Remove the filters gently - outdoors if possible. Avoid shaking or banging the filters to minimize the release of
accumulated dust. Dispose of the filters in garbage bags.

Features that can improve DIY air cleaner performance:

e Cover the outside corners of the front of the box fan, so that air flows only through the center part of the fan where the
blades are visible. You can use cardboard, duct tape, or wood to make the cover - some DIY fan designers call these “shrouds”.

¢ Use a thick HVAC filter that is 2” or 4” thick instead of a 1” filter. Generally, thicker filters are more expensive than thinner
filters, but need to be changed less often.

¢ Increase the number of filters in the design. Some designs can have 2, 3, 4 or 5filters.

o Improve the seal where the filters are attached to the fan or each other. Seal the edges using duct tape, for example, instead
of ties or clamps.

Additional Information

e See EPA Air Cleaners and Air Filters in the Home for more information. <https://epa.gov/indoor-air-quality-iag/air-cleaners-and-air-filters-

home>
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e Read ASHRAE guidance [ <https://www.ashrae.org/technical-resources/resources>.

o Schools and universities (pdf) [ <https://www.ashrae.org/file%20library/technical%20resources/covid-19/ashrae-reopening-schools-and-

universities-c19-guidance.pdf> (1.93 MB)

o Commercial buildings (pdf) [4 <https://www.ashrae.org/file%20library/technical%20resources/covid-19/ashrae-commercial-c19-
guidance.pdf> (1.32 MB)

o Multifamily owners/managers (pdf) [£ <https://www.ashrae.org/file%20library/technical%20resources/covid-19/covid-19-guidance-for-

multifamily-building-owners-and-managers.pdf> (1.19 MB)

o Core Recommendations for Reducing Airborne Infectious Aerosol Exposure (pdf) (4

<https://www.ashrae.org/file%20library/technical%20resources/covid-19/core-recommendations-for-reducing-airborne-infectious-aerosol-

exposure.pdf> (152.72 KB)

e CDC websites for more information:

o Improving Ventilation in Your Home [ <https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/improving-ventilation-home.html|>

o CDC Interactive Ventilation Tool (for Homes) [ <https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/interactive-ventilation-

tool.html>

Return to Indoor Air and Coronavirus (COVID-19). <https://epa.gov/node/250495>

Coronavirus Home <https://epa.gov/coronavirus>

Disinfectants <https://epa.gov/coronavirus/disinfectant-use-and-coronavirus-covid-19>

Indoor Air <https://epa.gov/coronavirus/indoor-air-and-coronavirus-covid-19>

Drinking Water and Wastewater <https://epa.gov/coronavirus/coronavirus-and-drinking-water-and-wastewater>

Frequent Questions <https://epa.gov/coronavirus/frequent-questions-related-coronavirus-covid-19>

Contact Us <https://epa.gov/coronavirus/forms/contact-us-about-coronavirus-covid-19> to ask a question, provide feedback, or report a problem.
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No FEAR Act Data
<https://epa.gov/ocr/whistleblower-
protections-epa-and-how-they-relate-
non-disclosure-agreements-signed-epa>

Plain Writing
<https://epa.gov/web-policies-and-
procedures/plain-writing>

Privacy <https://epa.gov/privacy>

Privacy and Security
Notice
<https://epa.gov/privacy/privacy-and-
security-notice>

Regulations.gov (£
<https://www.regulations.gov/>

Subscribe

<https://epa.gov/newsroom/email-

subscriptions-epa-news-releases>

USA.gov (2

<https://www.usa.gov/>

White House

<https://www.whitehouse.gov/>

Frequent Questions
<https://epa.gov/home/frequent-
questions-specific-epa-programstopics>
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Safety Precautions When Using Electrostatic Sprayers,
Foggers, Misters, or Vaporizers for Surface Disinfection
During the COVID-19 Pandemic

Updated Feb. 27, 2023

Carefully select cleaners and disinfectants [4 and application methods for use in facilities, businesses, and public indoor spaces to ensure
that you can clean and disinfect safely and effectively.

In most situations, cleaning surfaces (using soap or detergent) is enough to reduce SAR-CoV-2, the virus that causes COVID-19. Clean
surfaces before disinfecting.

Disinfection (using a product or process designed to inactivate SARS-CoV-2) is recommended in indoor community settings where there
has been a suspected or confirmed case of COVID-19 within the last 24 hours; when the presence of infectious virus is more likely. When
disinfecting, choose the safest method that is also effective. For most situations, using traditional disinfectant methods, such as liquids,
wipes, or disinfectant spray bottles, is sufficient to reduce virus exposure. Be sure to use products safely and according to label
instructions, and use products that are on EPA’s List N: Disinfectants for Coronavirus (COVID-19) [

Electrostatic sprayer: A device that works by applying a small electrical charge to aerosols when passing through the nozzle. These
charged droplets adhere easier and stick to environmental surfaces.

Fogger (also known as mister): A device that uses a fan and a liquid solution to create a fog (aerosol with small droplets) or mist.

Vaporizer: A device used with hydrogen peroxide disinfectant solutions. Doors and ventilation systems must be sealed while in use.
Should be used only in healthcare or laboratory settings.

Choosing to use an electrostatic sprayer, fogger, mister, or vaporizer:

If trained professionals are available to apply them, people may decide to use newer technologies that either spray disinfectant
electrostatically, or disperse it through fog, mist, or vapor. Cases where these technologies could be more practical include situations
where there might be a confirmed case of COVID-19, use of the space is needed quickly, and some surfaces could be very hard to reach to
disinfect by hand. These are sometimes used in healthcare settings after a patient is no longer using a room.

These devices aerosolize chemicals, or suspend them in the air, and they can stay in the air for long periods of time, especially if the area
is not well ventilated. Aerosolizing any disinfectant can irritate the skin, eyes, or airways and can cause other health issues for people who
breathe it in.

CDC does not either recommend, or not recommend, use of these devices for disinfecting community spaces for COVID-19. If they are
used, they should be used with extreme caution. A disinfectant product’s safety and effectiveness B [/ might change based on how you
use it. If electrostatic sprayers or foggers are used, they should be used:

e Only by trained [4 professionals
e With disinfectants approved [4 for this method of application
e According to manufacturer instructions for safety, use, and contact time

e With appropriate personal protective equipment (PPE) and other safety measures to ensure safety for the operator, others nearby,
and for people who might use the room afterward

* When rooms are not occupied


https://www.cdc.gov/spanish/
https://wwwn.cdc.gov/pubs/other-languages/
https://www.epa.gov/pesticide-registration/list-n-disinfectants-coronavirus-covid-19
https://www.cdc.gov/coronavirus/2019-ncov/community/disinfecting-building-facility.html
https://www.cdc.gov/coronavirus/2019-ncov/community/disinfecting-building-facility.html
https://www.epa.gov/pesticide-registration/list-n-disinfectants-coronavirus-covid-19
https://www.epa.gov/sites/production/files/2020-04/documents/disinfectants-onepager.pdf
https://www.osha.gov/chemical-hazards
https://www.epa.gov/pesticide-registration/list-n-disinfectants-coronavirus-covid-19
https://www.cdc.gov/
https://www.cdc.gov/coronavirus/2019-nCoV/index.html

« With extreme caution if using around food preparation or areas where children play

For information about the application of Environmental Protection Agency (EPA) List N disinfectants B [4 with electrostatic sprayers and
foggers, refer to the EPA’'s “Can | use fogging, fumigation, or electrostatic spraying or drones to help control COVID-19?" website [4. If the
product’s label does not include disinfection directions for use with fogging, fumigation, wide-area or electrostatic spraying, EPA has not
reviewed any data on whether the product is safe and effective when used by those methods.

Understand the risks

Note: Directions for specific devices and chemicals may vary. Always follow safety directions on product labels. If the label is hard to read
or missing, do not use the product.

Exposures to chemicals in aerosolized disinfectants can cause skin, eye, or respiratory irritation.

e If you use an electrostatic sprayer or fogger, only the person applying it, wearing appropriate PPE, should be in the room. The person
applying should leave the room following application. Stay out of the area for the time indicated in the product label and specified by
the application device. Open windows and doors after use, if possible, to air out the space.

e Remove chemical residue, which can pose health risks, before others enter the room. Follow product label directions for wiping or
rinsing residue after the appropriate contact time has been achieved.

e Some people, such as children or people with asthma, are more vulnerable to certain chemicals. Follow CDC guidance for People
with Moderate to Severe Asthma as any disinfectant can trigger an asthma attack.

In dining and food preparation areas or areas where children spend time, safety risks are greater.

e Use extreme caution if you choose to use an electrostatic sprayer or fogger in dining and food preparation areas. The aerosolized
disinfectant could land in areas where the chemical may contaminate food preparation surfaces (e.g., countertops, dishware) or
food, or areas where children might touch things (e.g., toys, desktops). Using a liquid, spray bottle, or wiped disinfectant gives you
more control over where the disinfectant goes.

e Use only products approved for food contact surfaces [4 in food areas.

e Follow recommendations about how to safely disinfect daycares and schools and restaurants and bars.

Disinfectants have different safety precautions and hazard risks. Anyone handling or using disinfectants with electrostatic sprayers or
foggers should understand how to choose the appropriate disinfectant for the device, how to use Safety Data Sheets [7, and how to
protect workers and others.

e Train cleaning and janitorial staff on how to apply disinfectant safely (e.g., use of PPE; how to respond to chemical exposure) and
effectively (e.g., application method, concentration, contact time).

e Disinfectant products are approved for certain devices or equipment and are not interchangeable with different products.

e Follow manufacturer’s label for application instructions. Beware of new technologies and devices or equipment not specified on
manufacturer’s label.

e Wash your hands with soap and water after handling disinfectants. Be sure to wash your hands immediately after removing gloves.
Last Updated Feb. 27, 2023


https://www.epa.gov/sites/production/files/2020-12/documents/list_n_how-to_infographic_final_0.pdf
https://www.epa.gov/coronavirus/can-i-use-fogging-fumigation-or-electrostatic-spraying-or-drones-help-control-covid-19
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/asthma.html
https://www.epa.gov/pesticide-registration/list-n-advanced-search-page-disinfectants-coronavirus-covid-19#:~:text=List%20N%20Advanced%20Search%20Page%3A%20Disinfectants%20for%20Coronavirus,%20%2002%2F11%2F2021%20%204%20more%20rows%20
https://www.cdc.gov/coronavirus/2019-ncov/community/schools-childcare/k-12-childcare-guidance.html
https://www.cdc.gov/coronavirus/2019-ncov/community/organizations/business-employers/bars-restaurants.html
https://www.osha.gov/Publications/HazComm_QuickCard_SafetyData.html
https://www.cdc.gov/niosh/topics/disinfectant/default.html
https://www.cdc.gov/handwashing/when-how-handwashing.html

EXHIBIT U






Financial Summary

Chairman and CEO Letter to Shareholders

Elevating the Customer Experience

Review of Operations

Citizenship at Chubb

Chubb Group Corporate Officers and Other Executives
Chubb Limited Board of Directors

Shareholder Information

Non-GAAP Financial Measures

Form 10-K
Swiss Statutory Financial Statements
Swiss Statutory Compensation Report

Environmental Statement

20

24

4

46

48

49

50



Financial Summary

In millions of U.S. dollars
except per share data and ratios

Gross premiums written

Net premiums written

Net premiums earned

P&C combined ratio

Current accident year P&C combined ratio
excluding catastrophe losses

Net income

Core operating income

Diluted earnings per share — net income

Diluted earnings per share — core operating income

Total investments

Total assets

Shareholders’ equity

Book value per share

Tangible book value per share

Return on equity

Core operating return on equity

Core operating return on tangible equity

This document contains non-GAAP financial measures. Refer to pages 50-52 for

reconciliations to the most directly comparable GAAP measures.

NM-not meaningful

Year Ended
Dec. 31, 2019

$40,124
32,275
31,290

90.6%

89.2%
4,454
4,641

9.71
10.11
109,234
176,943
55,331
122.42
78.14
8.4%
9.0%

14.6%

Year Ended Percentage
Dec. 31, 2018 Change
$37,968 5.7%
30,579 5.5%
30,064 4.1%
90.6% NM
88.0% NM
3,962 12.4%
4,407 5.3%
8.49 14.4%
9.44 7.1%
100,968 8.2%
167,771 5.5%
50,312 10.0%
109.56 11.7%
65.89 18.6%
7.8% NM
8.7% NM
14.6% NM

Percentage
Change
Constant
Dollars

7.0%

7.0%

5.5%

6.8%

8.6%



Evan G. Greenberg
Chairman and Chief Executive Officer
Chubb Group




To My Fellow Shareholders

As this letter goes to press, the U.S. and many other nations of the world are shutting down much of their
social and economic activity in response to the spread and threat of the coronavirus. We simply don’t
know at this time how fast or far it will spread, or how effective we will be in slowing the spread, treating
victims and dealing with the consequences. For Chubb, we are clear about our priorities and resolute in
our response: To the extent possible, we will take care of our people and keep them safe; we will remain
consistent in how we take care of our customers and business partners, doing everything in our power to
serve their needs with minimal disruption; and we will be a responsible citizen in our community, heeding
the advice of government and health authorities, and as a solid contributor to recovery.

Chubb had a very good year in 2019.
We produced strong financial results,
including per share growth in earnings,
book value and tangible book value. We
capitalized on opportunity, benefiting
from improved commercial property
and casualty (P&C) pricing and
underwriting conditions globally and
generating our best organic premium
revenue growth in over five years. We
achieved another year of excellent
underwriting profitability — a direct
result of our time-tested discipline

in underwriting and managing risk.
Driven by growth in our invested
assets, we generated record investment
income despite low interest rates.

Throughout the year, Chubb
professionals distinguished themselves
through their actions serving customers
and business partners, contributing

to our admired brand and reputation
for quality service. We made progress
in our efforts to advance our many
longer-term strategies that will position
us for future growth, including our
presence in China with an increased
ownership stake in Huatai Insurance
Group. We demonstrated leadership

in environmental sustainability

by announcing a progressive policy
curtailing our underwriting and
investments in coal. We concluded the
year in excellent financial, operational

and competitive shape and have real
momentum going into 20 for future
growth and profitability.

In my judgment, all successful
companies have a clearly articulated
view of who they are and why they
exist, so let me begin by describing in

a few words our unique and distinctive
company. Chubb is the largest publicly
traded P&C insurer and the fifth largest
insurer in the world as measured by
market capitalization. (Fifteen years
ago, we were #5 and #26, respectively —
we are patient and persistent.) We are a
truly global commercial and consumer
insurer — one of only a few in the
world. With substantial local operations
in 54 countries and territories, we
compete for local business while
serving the needs of multinationals.

We have an enviable long-term track
record of financial performance
including growth in earnings, book

and tangible book value and

market capitalization, underpinned

by distinguished underwriting
performance.

In the United States, which represents
about 30% of the global insurance
market, we are a top-two commercial
P&C insurer that serves all sizes of
companies — from global to middle
market to small businesses — with
hundreds of traditional and specialty
coverages, including a leading position
in the wholesale market for excess

and surplus (E&S) or difficult to

place risks, and we are the #1 crop
insurer. On the consumer side, Chubb
is by far the leading personal lines
insurer protecting America’s affluent
individuals and families. Our Combined
Insurance affiliate serves middle-
income households with a variety of
personal accident and supplemental
health insurance products.

About 40% of our business originates
outside the United States and it’s
growing faster than our U.S. business.
Our extensive local operations
throughout Europe and the United
Kingdom, which represent about half
of our international portfolio, in 2019
had their best growth in a decade. The
balance is equally split between the
developed and developing markets

of Asia and Latin America, both of
which are growing at high-single or
double-digit rates. Our international
insurance businesses are essentially
split 50/50 in terms of their commercial
and consumer focus. In addition to
our retail commercial P&C businesses
present in just about every major
market around the globe, we also
have significant E&S wholesale market
operations in London and Bermuda.
We serve consumers in international
markets through our large global
accident and health (A&H) business,
which writes personal accident and




supplemental health insurance,

and our international personal

lines business, which underwrites
everything from cell phones to autos
to homes and their contents.

As the first company to convert a
domestic Chinese financial services
holding company to a foreign-invested
joint venture, we are on a path,
subject to regulatory and shareholder
approvals, to achieve majority
ownership of China’s Huatai Insurance
Group, the holding company of P&C,
life and asset management subsidiaries
with over 600 offices. We also have

a growing Asia-based life insurance
business that is becoming a more
important contributor to earnings.

Taken together, Chubb has a
thoughtfully constructed and managed
global portfolio of simply outstanding
businesses. Most are top-performing
multibillion-dollar businesses, with
substantial scale and scope for growth,
and the envy of the industry. We have
a well-balanced mix of business — 66%
commercial lines, 34% consumer

lines — and our product breadth and
balance are a real strength. We sell our
products globally through an extensive
range of distribution channels: over
50,000 brokers and independent
agents, more than 85,000 exclusive
life and health agents, and hundreds
of direct-to-consumer partnerships
that give us access to tens of millions
of potential customers through digital,
phone and face-to-face marketing tools
and techniques — another strength. At
the same time, in aggregate, we are not
overly dependent on any one channel.

For the year, total gross premiums
written for the company were $40.1
billion while net premiums written,

which are the premiums we retain on
our balance sheet, were $32.3 billion,
both up 7% before the impact of
foreign exchange. Our balance sheet is
exceptionally strong, with $70 billion
in total capital and over $55 billion

in equity at December 31, and our
company is rated AA by S&P and A++
by AM Best. With a good balance of
underwriting and investment income,
last year we produced core operating
income of $4.6 billion, or $10.11 per
share, up 7.1% on a per share basis
from 2018.

The macro environment in 2019

I would have characterized the external
operating environment in ’19 and as we
began to move into *20 as marked by
great opportunity, risk and complexity.
That is until the coronavirus outbreak,
which began in China and subsequently
spread to the rest of the world. Now,
with the specter of a true pandemic
upon us, and the substantial damage

to be inflicted on society, economies
and commerce alike, markets are
severely stressed and signaling global
recession. As of this writing, to what
degree and how long it will last is
simply unknowable — it depends on

the rate and severity of infection. We
lack visibility. However, the coronavirus
has already had a real impact on China
economically and politically, as well as
the global economy, including the U.S.

Beneath the shadow of the coronavirus,
U.S. economic performance has
remained the strongest in the world
among large economies, while the
global economy has slowed from trade-
related headwinds, poor government
policy in many countries, and
geopolitical events. Business thrives

in an environment of certainty, and
business confidence has suffered, and
that has impacted business investment.

2019 concluded on a more encouraging
note with the signing of the USMCA
trade agreement and a phase one
U.S.-China trade pact, both a net
positive given where we were, as
well as increased political certainty
surrounding Brexit. By themselves,
these developments may provide
moderately improved business
confidence and, in turn, increased
investment, although we still face
considerable uncertainty:

e Tariffs with China remain in place,
as do tariffs with others at year-end.
Manufacturing globally is in recession.
The phase one agreement, while a
good start, doesn’t address many of
the fundamental trade issues with
China — in that regard, it kicks the can
down the road.

e More broadly, protectionist
sentiments persist. The rules-based
trading system is under attack from the
world’s two largest economies with the
U.S. unilateral approach using tariffs
and a strong-arm approach (and by
the way the EU is on deck later this
year) and China, with its predatory
behavior, gaming the global system to
its advantage. We are evolving from

a unipolar to a multipolar world —
China is emerging and the U.S. is more
unilateral and inward-looking, both
sources of increased tension.

e U.S.-China relations are headed in
the wrong direction, marked by lack of
trust and cooperation, and increasing
confrontation.

¢ We have numerous geopolitical hot
spots including North Korea and Iran.



Industry conditions last year:
improving commercial P&C pricing

The insurance industry is experiencing
improved commercial P&C
underwriting conditions in the U.S.
and a number of major international
locations. After years of slower growth
and shrinking some of our important
businesses as we maintained discipline
around inadequate terms, market
conditions have improved and are
spreading to more classes of risk and
more countries, which means a time
for growth. We built our company to
capitalize on conditions such as these
and have patiently waited. Today we
are achieving rate above loss cost
trend in many lines and territories,
particularly in those classes where
margins have been under pressure.
Given the current environment and our
longer-term secular growth strategies,
this bodes well for future growth in
revenue and earnings. I expect the
positive market conditions to continue
throughout "20 and beyond, and Chubb
will benefit.

For perspective, prices in a number
of important classes continue to
remain below what is adequate to
earn a reasonable return for the risk
taken. Prices in others have achieved
sufficiency, and in those cases we are
growing. P&C insurance is a cyclical
business. Generally speaking, with
few exceptions, loss costs rise every
year, and when rates don’t keep pace,
margins naturally decline, disappear
or worse. Companies that in the past
pursued market share at inadequate
pricing and terms are suffering and
will experience margin and potentially
reserve pressure. Many in the industry
are not earning their cost of capital.
On top of that, there is volatility in the
loss environment in certain casualty-
and property-related classes. It’s no
surprise, therefore, that we have seen
a pull-back and retrenchment by

those insurers that took on too much
underpriced and poorly underwritten
exposures. That’s what creates cycles.

The industry’s insured natural
catastrophe (CAT) losses last year are
estimated at $50 billion to $55 billion,
down substantially from the previous
two years. We continued to observe
arise in weather-related volatility,
including increased frequency of large
events ($1 billion or greater in losses);
more extreme conditions linked to
temperature and moisture producing
bigger tornadoes, larger floods,
wildfires and hurricanes with more
moisture; and changing seasonality.
This volatility, which is driven by
climate change and urbanization
resulting in a greater concentration

of exposures in coastal and inland
locations, we expect to continue. For
Chubb, pre-tax net CAT losses were
$1.2 billion, down from $1.6 billion in
2018 — an improvement but about $220
million more than we planned for when
calculating our “expected” CATs for
the year.

Given its concentration of risk exposed
to temperature and moisture, crop
insurance is a business with CAT-

like features. There is a fair degree

of volatility and season-to-season
variability to growing conditions and
commodity prices. Adverse weather

in parts of the United States last year
impacted growing conditions. After
three exceptional years from ’16 to ’18,
last year was below-average. Even so,
we recorded a calendar year combined
ratio of 95.1%. Crop insurance has
been a very good business for Chubb.
We are the national leader with the
most experienced people and deepest
knowledge based on decades of data
on over 3 million farm fields, which
improves risk selection. Notably, both
the CAT and crop losses in 2019 were

“Taken together, Chubb
has a thoughtfully
constructed and
managed global portfolio
of simply outstanding
businesses. Most are top-
performing multibillion-
dollar businesses, with
substantial scale and
scope for growth, and
the envy of the industry.”




comfortably within our risk tolerance.
We purposely take these risks and have
no regrets as long as our underwriting
is good and we are properly paid.

Craftsmanship: the art and
science of underwriting

Chubb is an underwriting company —
everything starts with underwriting
and assuming risk is at the heart of
our business. Our company is led

by underwriters and our culture is
centered on the art and science of
taking risk. We practice our craft
better than any company of size and
we have an enduring track record of
outperformance to prove it. Over the
past 15 years, Chubb’s P&C combined
ratio has outperformed our peers by
an average of seven percentage points
over any time period. Last year we
produced $2.7 billion of pre-tax P&C
underwriting income, an increase of
nearly 7% in constant dollars, and a
2019 calendar year P&C combined ratio
of 90.6%, which was flat with prior
year. Our underwriting performance
for the results of the current in-force
business is measured by the current

P&C Combined Ratio
versus Peers

The company’s underwriting results
have outperformed the average of
its peers over the last 10 years.

!Includes AIG, Allianz, AXA, CNA, HIG, QBE, RSA,
TRV, XL, Zurich. XL’s 2018 and 2019 results are for
the AXA-XL division of AXA.

Source: SNL and company disclosures

accident year combined ratio excluding
catastrophe losses, a preferred industry
measure, which was 89.2% compared
with 88.0% prior year, and including
anticipated or expected CAT losses,
which I believe is a better measure, it
was 92.6% compared with 91.4%.

At Chubb, accountability for
underwriting discipline starts at the top
— management owns it and is deeply
engaged at every level and in all parts of
the organization around the world. We
have operationalized our underwriting
culture with a balance between local
capability and autonomy and global
command and control, which enables
us to move nimbly between offense and
defense, conditions depending. When
we see market opportunity, we strive
to quickly seize it. On the other hand,
our willingness to trade market share
for underwriting profitability, along
with relentless expense management
and efficiency, contributes to our
competitive profile. By the way,
expense discipline doesn’t mean failing
to invest in our people and technology
— these are investments.

As I have observed to you previously,
generally speaking, loss costs rise
every year. For our company, loss costs
in aggregate across all P&C lines of
business rose 4.5% last year. If pricing
doesn’t rise at the same rate, all things
being equal, loss ratios rise. In our
industry, rates have not kept pace with
rising loss costs for a number of years
now. Separately, the loss trend for
certain casualty and property-related
lines has worsened due to a changing
loss environment, both weather and
man-made related. This has stressed
insurers’ margins and created greater
volatility and uncertainty that together
have impacted their confidence in
taking risk.

In the U.S. and a few international
locations, severity and frequency

in “first-dollar” layers for casualty
classes of business have been relatively
steady. However, in the excess layers
of certain classes, overall frequency
and frequency of severity of large
individual claims have been increasing
and putting pressure on results for a
number of reasons. The most benign
reason is casualty attachment points
(the level of loss where coverage
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begins) have not moved for years — a

$1 million attachment point for casualty
excess 10 years ago is worth a fraction
of the amount today.

Contributing to frequency and
frequency of severity is so-called
social inflation, resulting in increased
litigation activity and size of awards
primarily driven by (a) increased
litigation financing — a new asset class;
(b) populist sentiment, including
growing distrust of large corporations,
expressed in jury attitudes; (c) growing
jury insensitivities to large dollar
verdicts; (d) erosion of previous

tort reform remedies; (e) changing
definition or interpretation of
corporate responsibility (if something
went wrong, someone is strictly liable);
and (f) changing social norms in terms
of tolerance and definition of gender
bias and sexual abuse. This increased
litigation is apparent in class actions
from securities and anti-trust related
cases to science-based: chemical,
pharma and physical trauma-related.
One-off casualty CAT-type events
reflecting society’s increasing
abhorrence and zero-tolerance with
sexual abuse and harassment are
leading to legislative actions such as
reviver statutes, where it’s simply

too early to know the ultimate
financial impact.

One class of business where costs
continue to rise is coverage for
directors and officers, or D&O, as the
frequency and severity of litigation
from securities class actions and M&A
objections have worsened. Last year
was no exception. Securities class
action filings remained at an all-time
high — the third consecutive year with
more than 400 cases filed and 9% of
U.S. publicly traded companies the
target of a class action. Meanwhile,
severity, as measured by the median
settlement value, climbed to the

highest recorded level since 2012 and
was 25% higher than the median for
the previous three years.

Litigation is a necessary process to
decide disputes that cannot otherwise
be resolved, and the legal profession is
a profit-making industry like any other.
But our inefficient system benefits

lawyers at the expense of shareholders.

Excessive litigation is a tax on society
and business, enriching the trial bar
with little benefit in most cases going
to the supposed aggrieved. According
to a NERA Economic Consulting study,
more than two-thirds of the cases in
2019 resolved in favor of the defendant
with no payment made to plaintiffs but
plenty to their lawyers. Nearly 90%

of M&A objection suits are dismissed.
Based on our data, in the last seven
years, about half of the money paid

in securities claims, including legal
expenses and settlements, has gone to
the lawyers, both plaintiff and defense,
and in the case of M&A objections, it’s
over 70%. Federal and state legislation
will be required to remedy abuses.
Reforms should include requiring

fees paid to plaintiffs’ attorneys be
proportional, barring fees for frivolous
disclosure suits, and requiring
disclosure of all relationships between
plaintiffs and their lawyers and third-
party funders.

Litigation funding is a new investment
asset class in which investors who have
suffered no harm pay litigation costs
for the sole purpose of sharing in the
proceeds of a favorable judgment or
settlement. This is a growing problem
in the U.S. and a number of other
countries, including the U.K. and
Australia. It is linked to approximately
75% of all class actions and, in the
U.S., more than $7 billion of funding

“Our company is led
by underwriters and
our culture is centered
on the art and science
of taking risk. We
practice our craft better
than any company of
size and we have an
enduring track record
of outperformance to
prove it.”




is waiting to be invested in lawsuits.
Enriching a few, litigation funding

is an investment activity that in the
main hardly benefits society. Working
with the U.S. Chamber of Commerce’s
Institute for Legal Reform and other
organizations, we are educating
regulators and members of the
judiciary in the U.S. and abroad about
the consequences of unrestricted
financial speculation in our civil justice
system and the need for adequate
disclosure and other reasonable
regulation. We continue to seek like-
minded allies who want to join

our coalition.

Growth in invested assets supports
growth in investment income

The other source of our earnings

is investment income, and in 2019

we generated pre-tax adjusted net
investment income of $3.6 billion, up
only 1%. During the year, in response
to a slowing global economy and trade-
related headwinds, the U.S. Federal
Reserve reversed course and lowered
interest rates again to historically low
levels. Our strong operating cash flow
of $6.3 billion helped to mitigate the
impact and will continue to support
investment income as we grow our
invested assets, which stood at $109

Long-Term Operational & Financial Outperformance (10 Years)

Chubb has delivered on its financial goals
and outperformed its peers across most metrics

Premium &
Earnings Growth
Profit

Under-
writing

Book Value
Growth

Average Return

on Equity & Return

billion at December 31. Nevertheless,
growth in investment income will
remain relatively low as long as interest
rates remain so. We will continue to
maintain a conservative approach to
the management of our invested assets
by seeking adequate risk-adjusted
returns and not reaching for yield.

For the year, the portfolio generated
an average book yield of 3.5% versus
average new money rates of about 3%.

We expect the current low interest
rate environment will continue for
the foreseeable future, especially

Outperformance
Since Merger

3 Years
Post Merger

on Tangible Equity

Net Operating P&C Book Value | Tangible Average Average Market Cap Tangible Average

Premiums Earnings Combined per Share Book Value | Return on Returnon | Growth Book Value Return on

Written (09-19)! Ratio (12/09-12/19) | per Share Equity Tangible (12/09- per Share Tangible

(09-19) ('10-19 Avg.) (12/09-12/19)* | (’10-19) Equity 12/19)* (12/16-12/19) = Equity

(10-19) (17-19)

Chubb } 143% 109% 10.6% § 14.6 315% 29% 14.2%
e Pl 1% 40% 42% 8.9% 11.7%
Peers

! AIG excluded due to negative earnings in 2009

2 AIG adjusted for U.S. Treasury Equity Investment in 2009

3 AIG excluded due to impact from government intervention

4 Peers include AIG, Allianz, AXA, CNA, Hartford, Travelers, Zurich

Annual metrics through full year 2019 actuals: Net premiums written, Operating earnings,

P&C combined ratio, Average return on equity and Average return on tangible equity. Point-in-time metrics
(Book value per share, Tangible book value per share and Market Cap) through December 2019 actuals




given the potential consequences of
the coronavirus. The combination

of generally sluggish global growth
and low inflation encourages
exceptionally accommodative central
bank monetary policies. These have
become a poor substitute for better
government economic and fiscal
policies. Approximately $15 trillion
globally is now invested at negative
yields and some political leaders think
that’s acceptable. However, in my
judgment, these conditions won’t last.
Overreliance on monetary policy is
misguided — it hurts savers of all kinds,
including pension funds and insurers,
and encourages overly aggressive
investment behavior that inflates

asset values while failing to materially
stimulate growth. Many investors are
chasing absolute yield instead of risk-
adjusted returns, and that never ends
well. Given inflated balance sheets and
exceptionally low interest rates, central
banks have limited room to move in the
next economic downturn.

Book and tangible book
value growth

Chubb is a growth company. We

define that as growth in book and
tangible book value over time. Our
priority is to grow shareholder value
by first growing our company, both
revenue and earnings, while deploying
capital efficiently. As the chart nearby
illustrates, we grew our company faster
than the average of our peers over the
past 10 years. Premiums increased 143%
and core operating income grew 68%.
Book value growth of 181% followed,
with per share book value up 109%.

As a result of our performance, our
market capitalization is up over 300%.
The second-highest of our peers rose
145% during that period, and most were
below 100%. The scale we have today

is a strategic advantage for future

value creation.

For investor clarity, let me share my
thoughts regarding two important
metrics — return on equity (ROE) and
return on tangible equity (ROTE).

ROE is an accounting concept and an
inexact measure of returns. If all of the
capital we used to acquire The Chubb
Corporation in 2016 was used instead
to repurchase shares, the denominator
of the ROE equation would be reduced,
resulting in a higher ROE. But would
that have increased the franchise

value of our company, and would the
returns on deployed capital be higher
and more sustainable than they are for
Chubb today? Hardly — and what would
our future value creation look like if
we had done so?

Our core operating ROE currently
stands at 9%, well in excess of our

cost of equity of approximately 7%.
The ROE is impacted by goodwill,
which we incurred as a result of
acquiring several excellent businesses,
Chubb in particular. In my judgment,
goodwill is an income producer and an
appreciating — not depreciating — asset
over time. Look at what that goodwill
has created: It has helped transform
our company into the franchise that
we are today — a leading brand with
substantial scale, a portfolio of market-
leading businesses and earning power
and, critically important, optionality
for future growth globally. Our ROE will
increase over time as we continue to
grow the company and further leverage
the scale and capabilities we have
built. The goodwill has opened a path
for us that we could not have pursued
without it.

We are in the risk business. We are

a balance sheet business. The most
important value-creating measures, in
my judgment, are growth in tangible
book value and core operating return
on tangible equity, or ROTE, which was
14.6% last year. Tangible equity is the
most constraining measure to value
creation. It is the most fundamental
measure that governs our ability to take

“We are in the risk
business. We are a
balance sheet business.
The most important
value-creating measures,
in my judgment, are
growth in tangible book
value and core operating
return on tangible
equity, or ROTE, which
was 14.6% last year.”




risk and to grow the company, and it
shows how our underlying business
intrinsically performs. Everything we
do is measured against it: We can only
pay claims from tangible; premium
growth is governed by tangible because
exposure is leveraged against tangible;
and M&A and debt leverage are
dependent on tangible equity.

Our average ROTE over the 10-year
period is 14.6%, with growth in tangible
book value of 124%. Both are quite
strong, but ROTE was impacted by

the 2016 Chubb acquisition. We paid

a price to build this franchise, and
that dilution impacted both tangible
book value per share and average
ROTE. It took us approximately 3.5
years to recover the dilution, which
speaks to the franchise earning power.
By the way, when measured over

the three-year period following the
Chubb acquisition, our average ROTE
is over 14%, which is top class, and our
tangible book value per share growth
leads all peers at 29%.

Our stock price increased 21% last year
and produced a total return of 23%, a
decent performance but not superior to
the S&P 500’s 32% or our peers, some
of which benefited from a steeper rise
from lower price-to-book valuations.
The Chubb share price remains a
bargain in my judgment. Insurance is a
long-term business and attractive long-
term shareholder returns are simply

a derivative of doing our job well. In
that regard, our 10-year total return

is 288% and compares well to the S&P
500 (257%) and the S&P 500/Financials
(218%) and is equal to the S&P 500/P&C
Insurance (289%).

Beyond what we need for risk and
growth including M&A, we return
surplus capital to shareholders.

We have a 25+ year track record of
annual dividend increases — earning
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us membership in the rare “dividend
aristocrats” club — and a target payout
ratio of approximately 30%. In 2019,

we returned to shareholders about $1.4
billion in dividends and over $1.5 billion
in share repurchases. We repurchased
our shares at an average price of $147,
which equals a price-to-book of

1.2 — cheap.

Strategic growth priorities:
cyclical and secular

We are builders at Chubb, executing on
multi-year plans that take advantage of
both cyclical and longer-term secular
growth trends taking place around the
world. Earlier I said capitalizing on

the current commercial P&C market
conditions is a major strategic priority
right now for a growing number of our
businesses. About 45% of our portfolio,
representing many short- and long-tail
classes, is now benefiting from the
improved market conditions — and I
expect that percentage to increase.

Beyond the cyclical, our company is
focused on important long-term secular
trends. There is so much opportunity
in so many places, not least in the

U.S., which remains a major growth
market given its vibrant economy and
its wellspring of entrepreneurial spirit,
risk-taking and innovation. Here are
four others:

e The growth of small and mid-sized
businesses in many parts of the globe,
particularly Asia and Latin America.

As nations in these regions develop,
economic growth comes predominantly
from small and mid-sized business
creation. We have an extensive range

of commercial insurance offerings and
distribution channels to serve them.

e The rising middle class in many of the
developing economies of Asia and Latin
America. We have significant future
growth opportunity serving these
consumers, who need the basic savings
and protection products our company
provides.

¢ China looms large as a potential
long-term growth opportunity, and our
presence there is expanding.

e Digitization is sweeping through
society globally, including the business
of insurance, offering ways to improve
or transform so much of what we do.

Let me take a little time and describe
these cyclical and secular growth
opportunities in the context of our
businesses and tell you how they
performed last year and how they are
positioned for future growth.

Chubb’s North America Commercial
P&C Insurance operation, excluding
agriculture, produced good growth in
2019 with net premiums written overall
increasing over 7%. Momentum built
steadily as the year progressed with
first half growth of 5.6%, second half
growth of 8.6%, and fourth quarter
accelerating to 9.4%. Our $8 billion
Major Accounts division serves the
insurance needs of large domestic

and multinational corporations, and
Chubb is the leader not only in terms
of size but capability, presence and
know-how. Even though 90% of the
Fortune 1000 are clients, there’s still
billions of dollars of opportunity
available by writing more coverage for
each customer. For instance, out of a
universe of approximately 5,000 of the
largest companies in the U.S., there are
about 2,000 accounts where we write
fewer than three lines of coverage. This
business is benefiting from favorable
underwriting conditions and a flight to
quality, and it grew over 5% last year
and is currently growing even faster.



Our North America middle-market
and small business commercial P&C
franchise, at $6 billion, is next in size.
This business addresses an incredibly
large segment of the U.S. economy.
With an extensive field organization
and the broadest array of traditional
and specialty products, we provide
coverage and service to businesses
ranging from multinational publicly
traded mid-sized organizations to
single-location private companies.
Our two dozen industry practices
advise and provide coverage to
industries ranging from life sciences
and healthcare to CleanTech and
advanced manufacturing. Our fast-
growing small business division offers
a highly automated digital experience
— nearly 85% of the more than 50,000
submissions we receive each quarter
are not touched by human hands after
they leave the agent’s office. We have
4,500 agencies in the U.S. using our
Chubb Marketplace platform to digitally
quote and issue policies and service
their clients. Our middle-market and
small commercial division benefited
from more favorable underwriting
conditions as the year progressed,
growing 5.5% in the first half and 6.6%
in the second. We expect the positive
growth trend to continue in *20.

Westchester is our E&S wholesale
business in the United States and writes
about $2.8 billion in gross premiums.
E&S insurers specialize in hard-to-
place or unusual risks that require
tailored coverages standard companies
cannot or won’t write. We have a

broad product line-up — from specialty
property and liability offerings to
product recall and railroad liability,

as examples. After years of shrinking
due to soft underwriting conditions,
Westchester took advantage of a rapidly
improving marketplace in 2019 and
grew over 9%. Chubb Bermuda, our
original insurance company founded

in 1985, is our other E&S business

in North America and specializes in
high excess, low frequency coverage
for casualty, property, financial lines
and political risks. This business
experienced some of the fastest price
and terms improvement as the year
progressed, leading to growth of over
30%. For both Westchester and Chubb
Bermuda, good growth should continue
in 20 as more E&S risks move toward
adequate pricing.

Chubb Personal Risk Services serves
the personal lines insurance needs of
affluent individuals and families in the
U.S. and Canada. We lead this sector
with an estimated market share of
nearly 60%. In 2019, we more tightly
focused the portfolio of this $5.5
billion business on clients who value
the richness of Chubb’s coverage and
service and are willing to pay the price
for it. We are constantly adding new
coverages and services to respond to
the risk management needs of these
discerning customers. We continue

to refine our risk selection and
pricing capabilities through improved
analytics and our wealth of data. In
this business, customer experience is
truly the product and we continued

to distinguish ourselves with the
industry’s most admired claims service
while enhancing our clients’ digital
experience with us. Our clients truly
love Chubb — we retain 90% of our
customers and 97% of the premium
annually — and so it’s no wonder that
this business is a wellhead of our
brand in America. As for growth, net
premiums written were up about 2.5%
for the year, but 4.6% in the fourth
quarter on an adjusted basis.

Chubb Overseas General is our $11.3
billion international P&C business.
We have operations in 51 countries
and territories outside North America
including significant presence and

“We are builders at

Chubb, executing on
multi-year plans that
take advantage of both
cyclical and longer-term
secular growth trends
taking place around

the world.”




capabilities in Europe, Asia Pacific and
Latin America. This division serves
large corporates, middle-market and
small commercial companies, or SMEs,
and individual consumers with a wide
range of products and services. We
experienced some of our best growth
last year, with net premiums up more
than 8.5% in constant dollars. Over
the years we have built extraordinary
local capabilities around the globe to
take advantage of local opportunity,
including cyclical market conditions
wherever they happen. For example,
after years of shrinking our Lloyd’s
London-based wholesale division by
almost half when the pricing for risk
was inadequate, we experienced four
consecutive quarters of serious double-
digit growth ranging from 15% to 29%.
In Australia, after years of relatively
low growth due to overly competitive
conditions, our quarterly premium
revenue growth hasn’t dipped below
16% for the last two years.

Geographic Sources
of Premium

2019 gross premiums written

Premium Growth by Geography

Percentage change in gross premiums

written in 2019 versus 2018 in
constant dollars
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A key driver of future growth for Chubb
in both the U.S. and internationally is
our consumer lines operations, which
consists of two large businesses: our
global accident and health division
and our international personal lines
division. Together, this $7 billion
operation grew about 5.5% in 2019 in
constant dollars and employs multiple
distribution methods including
telemarketing, agency, broker and
digital partners. For example, in North
America, Chubb Workplace Benefits,
which we built from scratch in our
Combined Insurance affiliate, provides
voluntary employee benefits for mid-
to-large companies in North America.
The business leverages our nationwide
P&C broker and agent relationships and
sales were up 40% last year. In Europe,
our cell phone replacement insurance
product is offered by 23 mobile
network operators in 13 countries. In
Mexico, where we now insure almost

2 million consumers, our auto and
residential products business grew
22% last year.

Distribution partnerships enable us to
reach tens of millions of potential new
customers, both individual consumers
and businesses. We have more than
150 of these partnerships with banks,
retailers, airlines and mobile network
operators. In Mexico, for example,
after our first year of an exclusive long-
term relationship with Citibanamex,
we are selling more than 30,000 new
policies per month to their 12 million
customers through branches, telesales
and digital platforms. In Chile, we

are selling nearly 50,000 policies
each month with Banco de Chile,
which generated about $400 million
in insurance revenue in 2018 with
other insurers before becoming our
exclusive distribution partner. On the
other side of the world, through our
partnership with DBS, the largest and
most respected bank in Southeast Asia,
we are selling a variety of products

— from travel insurance online to

Latin America 7%

Asia 11%

Europe/Eurasia & Africa 13%

Bermuda/Canada 6%

United States 63%

- United States 5.6%

Europe/Eurasia & Africa 7.3%

- Asia 9.2%

- Latin America 10.1%

Bermuda/Canada 13.5%



home contents coverage to business
insurance for SMEs — to more than
11 million of their customers

in five countries and revenue is
growing briskly.

China: on the path to increased
ownership of Huatai Group

Early in 2019, we received support
from the Chinese government to
increase our ownership in Huatai
Insurance Group, which has life, P&C
and asset management subsidiaries,
and more than 600 branches and 11
million customers. We were granted
permission to convert Huatai from a
domestic Chinese financial services
holding company to a Sino-foreign
joint venture — an historic first. The
change of status created a path to
increased ownership. Later in the year,
we announced agreements to make
significant additional purchases which,
if approved, will take our ownership
position to over 50%.

Our investment in Huatai, which we
have worked on over the course of

20 years, is another great example of
Chubb as a long-term builder. China

is currently the world’s second-largest
economy and is on its way to becoming
the largest. Its financial services
industry, including insurance, remains
underdeveloped. China represents a
significant opportunity for Chubb to
build an important Chinese insurance
and asset management company that
will meet the growing savings and
protection needs of its consumers and
businesses. The country’s continued
growth and influence will also impact
the growth of Asia and enhance other
opportunities for Chubb across the
region. Over the coming decade or

so, I can imagine Huatai becoming a

major contributor to Chubb’s revenue
and earnings, but it’s not without risk.
Nothing is guaranteed.

Our Asia-focused life insurance
business, which has 49,000 captive
agents in six countries, now generates
$2.4 billion in premium and deposits.
International life revenue grew 13%
last year in constant dollars and we
earned over $150 million of income,
up from about $25 million three years
ago. These numbers exclude Huatai
Life, which we do not consolidate. We
expect Huatai Life, which has 35,000
agents, to become over time the
centerpiece of our life operation. Life
insurance is today a relatively modest
business for Chubb, but it has a lot of
long-term potential.

Digital begins with the
customer experience

Chubb must be vital and compelling

in a digital age if we want to remain
relevant. This is central to both our
short- and long-term strategies, and
we are making good progress. Digital
begins with the customer experience
and cuts across our distribution
channels with both our traditional

and non-traditional partners. At

the same time, we are redefining or
modernizing what insurance does and
how it does it. Through the use of data
and analytics, robotics and machine
learning, digital is improving our risk
selection and pricing, our underwriting
and ability to service and pay claims,
our customer experience and our
efficiency. It represents a sea change for
our business.

Our digital strategy from a customer
perspective is focused primarily but
not exclusively on consumers and
small businesses. The strategy is global
in scale, with particular emphasis on
the U.S., Asia and Latin America. We

“Distribution partnerships
enable us to reach tens
of millions of potential
new customers, both
individual consumers
and businesses. We
have more than 150 of
these partnerships with
banks, retailers, airlines
and mobile network
operators.”




are creating new products, enhancing
service response and experience, and
forming new distribution partnerships
with digitally native platforms and
financial institutions. We are now
generating revenue that wouldn’t have
been possible without our growing
digital capability.

New technologies are beginning to
help us engineer the risk environment
in a real way so clients can manage
their exposures. Deploying Internet of
Things technologies helps us to predict
and prevent losses for both commercial
and consumer insureds. For example,
we are monitoring temperature,
water/humidity and vibration in
environments that are vulnerable to
loss — from helping hospitals keep safe
their high-value medical equipment
and supplies to ensuring the proper
storage of a family wine collection.

Digital offers us significant potential
to reduce our cost structure. Straight-
through processing, robotics and
machine learning are eliminating low-
value activities to reduce expense and
enhance efficiencies. We’re digitizing
and improving the effectiveness and
efficiency of our traditional agent and
broker distribution channels to help
our business partners remain relevant
in a digital age.

Climate change and sustainability:
reality and responsibility

We and our industry have an
opportunity and responsibility to do
our part to support society in managing
arisk environment that is both volatile
and changing due to global climate
change. Our response is guided by our
core business competencies and values,
and our perspective begins with the
obvious: We are an insurance company
and our job as underwriters is to assess
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and manage risk using analysis that is
data-driven and apolitical. Applying
this approach to the perils of climate
change, we recognize a growing
global risk that requires action from
government, the private sector and,
in fact, society at large to manage and
mitigate the growing threat.

As an insurer, our first responsibility
is to use our expertise in risk
management to provide products

and services that protect individuals,
businesses and communities against
the effects of climate change. We
manage risk — that’s our business. We
employ sophisticated modeling and
have considerable data that identify
the physical and economic impact of
climate-related risk on individuals,
businesses and communities, and this
is reflected in the prices we charge for
insurance protection. We essentially
serve as a market signal of the rising
costs of climate change — as the risk
increases, insurance prices increase, or
availability becomes more limited.

Importantly, climate change is a long-
dated risk but for insurers, such as
Chubb, it’s generally a short-dated
liability. Our insurance contracts are
typically limited to a single year, and
we can quickly respond to changes

we see in the risk environment by
adjusting our pricing or by restricting
our exposure (e.g., limiting our
property risk exposure in coastal
regions). As modeling and data around
specific perils, i.e., flood and wildfire,
get better, we have the ability to take
more risk, particularly for clients

that adapt to changing conditions by
mitigating their risk. Lastly, as we do
with all other risks, we can only assume
climate-related risk to the extent of our
balance sheet wherewithal.

Chubb is a leading provider of
insurance for renewable energy project
construction and operation, and clean
tech companies that are creating new
technology to reduce CO, emissions.

Complementing our insurance
coverage, Chubb risk engineers work
with our commercial and consumer
clients to moderate the risks from
climate change perils and make them
more resilient. We bring deep technical
knowledge to this work, from providing
guidance on construction standards,
wildfire land management and coastal
protection to the development of
lithium battery storage systems.

On the investment side, we apply

the same risk management rigor

to our broadly diversified fixed
income portfolio. For example, asset
concentrations are carefully managed
in hurricane- and flood-exposed
areas. The impact of climate risk on
underlying credits will naturally be
an increased factor in our investment
decision-making over time given the
future impact on certain long-dated
asset classes, such as mortgages and
municipal bonds. Our portfolio is
relatively short-dated with an average
duration of less than four years.

We are realistic about what a single
company can achieve in limiting

the effects of global warming and
advancing sustainability goals. At the
same time, it is hard to be optimistic
about the likelihood of timely and
effective government action. Most
governments are focused on the short-
term, both political and economic.
Despite a plethora of multilateral
organizations, we live in a nation-
state world generally incapable of
addressing a global problem due to
the nature of nation-state self-interest.
Yet, only government can raise the
cost of carbon use by putting a price
on carbon, through tax, cap and

trade or other measures. Measures
should recognize the cost to the planet
of carbon and provide economic
incentives to move to less carbon-



intensive fuels as well as carbon-free
alternative sources of energy. Last
year, Chubb implemented a new policy
restricting our underwriting of thermal
coal businesses and precluding our
investment in companies that generate
more than 30% of their revenues

from coal-related mining or energy
production.

Finally, as part of good corporate
citizenship, we have a responsibility

to take actions to reduce Chubb’s
environmental footprint and, through
our philanthropy and public advocacy,
to support efforts that strengthen the
resilience of communities and protect
biodiversity against the effects of
climate change. Most recently, we made
a commitment in 2019 to reduce our
GHG emissions on an absolute basis by
another 20% in five years — a goal we
already achieved by year-end — and
40% by 2035. These science-based
goals are aligned with the two-degree
Celsius limit outlined in the Paris
Climate Agreement.

While we can’t push back sea level
rise, we are engaged in projects such
as with The Nature Conservancy to
support a resilience project in Miami
to increase flood protection and

serve as a model for replication in
other threatened coastal cities. And
while we can’t stop storm surge, we
supported the expansion of a reef
restoration project on Mexico’s Yucatan
Peninsula that included transplanting
10,000 new coral colonies as a natural
barrier to help protect the critical
tourist economy — a great example

of the sustainable economy. We

have supported for many years the
Conservation Fund’s efforts to enhance
and protect biodiversity through the
preservation of more than 8 million
acres of threatened land and water
habitats, as well as extensive forest
restoration projects across the U.S.
and Canada.

As our work and philanthropy
demonstrate, we are serious about
understanding and responding to
climate change. We are committed

to undertaking responsible actions

to do our part to provide insurance
protection for people, businesses
and society from the impact of global
temperature increases, develop
effective mitigation strategies and
support the collective action necessary
to address this existential threat.

The case for America and the
democratization of capitalism

In America today, the media and many
in the political establishment dwell
endlessly on what’s wrong with our
country. For sure, as a nation, we have
many challenges:

* A civil society where behavior is
now more tribal, less inclusive and no
longer so civil;

* A deeply polarized political system
incapable of solving tough problems,
particularly at the federal level,
including insufficient education and
skills training, issues of healthcare
access and affordability for many, and
aging or obsolete infrastructure;

* Senior political leadership that fails to
lead with the values and principles that
have defined American exceptionalism;

* Rising populism, born in part from
the financial crisis, fueled by inequality
of wealth and opportunity;

* Growing distrust in our basic
institutions including big business

and government, with an increasing
number of younger people questioning
the efficacy of democracy and
capitalism; and

“Our open society and
values make America
a magnet for talented
individuals all over the
world. But to secure our
future and maintain our
leadership position, we
must recognize and lead
with our advantages
and strengths while
correcting things that
hold us back. We need to
run a better race.”




e Insecurity and anger from the feeling
that our way of life, our communities
and our well-being are somehow
threatened by “foreigners,” particularly
those south of the border.

Our failure to address problems makes
them begin to appear intractable, and
because we focus predominantly on
what’s wrong, we lose perspective and
that causes us to lose confidence in our
country and what has made us great.

As Americans, we have many reasons
to be optimistic. Just look at everything
we have: basic natural resource
security such as food, energy and
water; physical security from two
oceans and two neighbors bordering
us that are our allies; a society built

on values that protect the sanctity of
the individual and private property;

a democracy supported by an active
civil society, the rule of law and
independent institutions to safeguard
and administer them; an economic
and political system with the flexibility
and tolerance to embrace creative
destruction, a basis for the fostering of
innovation and economic dynamism;
finally, the English language is the
global lingua franca of business, science
and diplomacy around the world. Our
open society and values make America

Premium Distribution
by Product

2019 net premiums written
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a magnet for talented individuals all
over the world. I have confidence in
America. But to secure our future
and maintain our leadership position,
we must recognize and lead with

our advantages and strengths while
correcting things that hold us back.
We need to run a better race.

Our global system of alliances is a
force multiplier. Size matters on the
world stage. Just add the number of
citizens and economic output of our
long-term allies to our own influence
and strength and you have over a
billion people and tens of trillions in
GDP aligned around common value and
goals. All alliances require trade-offs
and are bound by national self-interest
— you give to get. Our brand of America
First nationalism, however, fails to
account for this trade-off. We should
be working together with our allies to
defend and improve the rules-based,
market-oriented trading system that
has contributed enormously to our
mutual prosperity. America has been
and should remain the model for other
nations to follow. After all, the liberal
world order that we constructed and
have supported for over 70 years was
built around this. In this regard, we
were the motivating force behind
globalization. Through our alliances,
we should share the burden of global

security. With a clearer sense of our
own national security interests and
priorities, while recognizing the limits
of our own resources, we should
strengthen our security alliances,
leading efforts in some cases and
supporting in others. For example, our
government is giving increasing priority
to developments in Asia Pacific. After
nearly 20 years of war in the Middle
East, and supported by our own
energy self-sufficiency, we can now
concentrate our national focus on
other priorities.

We should double down on
capitalism. No other system on the
planet is more efficient at allocating
resources than an open market-
oriented system. Governments cannot
solve all of our problems and they
create distortions. No other system
has improved the quality of life for the
largest and broadest number of people
in history than capitalism. However, it
is not perfect. We should do a better
job spreading its benefits to all by
further democratizing capitalism and
creating greater equality of opportunity
and access to capital. Our frontier
nation was created by bold and driven
explorers and entrepreneurs willing

Global Reinsurance 2%

Agriculture 5%

Global A&H and Life 17%

Personal Lines 21%

Large Corporate
Commercial P&C 19%

Middle-Market/
Small Commercial
P&C 26%

Wholesale Specialty
Commercial P&C 10%




to take risks to build something out of
nothing. We need to focus on creating
the conditions for more builders to
flourish in our country while, at the
same time, care for the millions who
are marginalized or displaced by
technological advancements or by
globalization. Closing the opportunity
gap will require massive investment

in people. For this, the private and

the public sectors must develop
partnerships at scale for skills-based
training. We must work together to
reform our education system to be able
to prepare and accompany individuals
from early childhood to career or

late career. The business community
needs to do a better job of telling
leaders of our community colleges and
universities what skills we will need and
what jobs will be available in the future.
Colleges and universities will adapt
their educational programs if they
receive stronger and clearer market
signals from the business world.

We need immigration at scale.

In order to remain competitive,

we need to increase the size of our
population. If we want to grow the
size of our economy, and grow much
faster, we need many millions more
of young people working and paying
taxes. For this, we need a pragmatic
immigration policy that satisfies
America’s economic needs while, at the
same time, recognizes and preserves
the fundamental values of our society
and secures our borders. We need

to attract the best and brightest by
the millions from all over the world.
And we welcome those who want to
improve their lives and can contribute
in productive ways at all levels of our
society. In the process they strengthen
our culture and values of personal
opportunity, responsibility and

hard work.

We should borrow to invest in our
future. Our public debt exceeds 18
trillion dollars and represents 80%

of our GDP. Moreover, nearly 70% of
government spending is committed

to debt service and entitlements. This
level of indebtedness and the health of
our public finances put us at risk. The
rest of the world will not endlessly lend
to us at current low rates. And, we need
to reform our entitlement programs,
especially Social Security and Medicare.
More young migrants will lower

the average population age and will
translate into a bigger workforce. That
will improve worker-retiree ratios and
reduce the pressure of entitlements on
our government finances. As a nation,
we should basically borrow to invest

in our future prosperity — to improve
our competitiveness — and in our
security. Otherwise, we are mortgaging
the future of our kids. With more

fiscal discipline and more revenue,

the government will be able to invest
in people, infrastructure, security and
R&D. It will also be able to support

and nurture key industries that will

be crucial to sustain our economic

and military preeminence in the

21st century.

In sum, America is the most
productive, creative and innovative
nation on the planet, and we should be
more optimistic but more disciplined
about our future. If we run a better race
and have more confidence in ourselves,
we will have more strategic patience in
imagining and guiding the geopolitical
future, including our relationship with
arising China.

The U.S.-China relationship

Without a doubt, the U.S.-China
relationship is the most important
bilateral relationship in the world.
However, over the last decade, we have
seen it deteriorate. Our relationship

is marked by increasing tension and

“We strive to be an
inclusive meritocracy,
where all employees
regardless of gender or
background can thrive,
and we develop citizens
of our culture with our
values, work ethic and
discipline.”




a growing distrust. We have a clash of
national interests, values and political
systems. We are in strategic drift,
failing to define a strategic vision that
recognizes each of our priorities and
current realities. We need a framework
for cooperation in key areas, and rules
or understandings for competition and
rivalry in others. Today, constituents
in both countries see each other

as a threat or even as an enemy.

Many advocate for disengagement

or economic and technological
decoupling, and this may form an
element of our strategy to defend,

but it’s hardly the entire answer. In
the absence of strategic purpose and
sustained diplomatic engagement, we
will continue to move in the wrong
direction and increase the risk

of conflict.

The relationship is broad with many
issues of mutual interest and concern.
These include, but are not limited to,
global warming, terrorism, nuclear
proliferation and protection of the
commons. We should work together
in areas where our interests are
aligned and create a framework for
dialogue and hopefully clear rules of
engagement in the areas where we
compete or are at odds. Technology
and cybersecurity come to mind.

China is an old civilization with highly
talented people, an admirable work
ethic and an ambition to be number
one in the world. New technologies
are seen as their opportunity to reach
economic and military primacy. While
it is true they have the advantage of size
and scale (which is important when

it comes to economic and political
influence), they are not a juggernaut —
and we should not view them as such.
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China, too, has many weaknesses

and vulnerabilities. First of all, and

as opposed to America, they are not
resource self-sufficient. They depend
on other countries to supply the
natural resources they need to survive
and grow. They do not have enough
food, raw materials or energy, and
they are surrounded by distrustful or
hostile neighbors, a number of which
are nuclear-armed. Their political
system is a one-party-controlled
techno-authoritarian state that values
social stability above all else — a system
less conducive to innovation. China’s
centrally directed economy allocates
capital inefficiently, led by Chinese
state-owned enterprises (SOEs) whose
return on capital is in the low single
digits. China substantially lacks the rule
of law and the independent institutions
to administer it, and this creates
uncertainty. Private entrepreneurs are
slowing investment as the uncertainty
about the future of China’s market
economy rises. And the Chinese
language and a more-closed society
are less conducive to attracting outside
talent and ideas.

The trade agreement announced at the
end of 2019, although modest, created
a temporary floor under our trade
relationship. The American business
community does not support tariffs

as a strategy. However, we advocate

for fair rules-based competition and a
level playing field. We need agreements
that address China’s predatory policies
and practices intended to dominate
markets and technologies. We need

the same level of access to their
markets and opportunities as they find
abroad. China is a huge beneficiary

of the global trading system, yet their
markets remain closed and protected in
important ways.

Make no mistake, China is and will be
a formidable rival and, in the future,
we will share global leadership and

influence. We should recognize this
fact. If we run our own race well, and
have confidence in who we are and our
ability, we will sustain our leadership
advantages.

Attracting, developing and
retaining top talent

Foundational to Chubb’s long-term
success is our disciplined approach to
attracting, developing and retaining
the next generation of insurance
professionals and leaders. We strive
to be an inclusive meritocracy, where
all employees regardless of gender

or background can thrive, and we
develop citizens of our culture with our
values, work ethic and discipline. We
recognize and reward responsibility,
ambition and results with opportunity
for individuals to achieve their full
potential and advance through our
organization. We offer colleagues
opportunities to continuously learn,
gain valuable new experiences

and prove themselves — to grow as
individuals. We strive to get to know
our people, and we are constantly on
the lookout for top performers and
those who have the aspiration and
commitment to succeed.

We begin by attracting and nurturing
early career talent. Hundreds of college
grads join us every year on a two-

year development journey primarily
in the basic core competencies of
underwriting and claims, IT and other
functional areas. We have been doing
this for years now and our success rate
has been quite good, with high levels
of engagement and rates of promotion.
Our talent development efforts are

for all employee levels, including



mid-career and senior managers. Our
Craftsmanship curriculum includes
on-the-job and formal training, and
opportunities to continuously broaden
skills, achieve technical proficiency
and hone leadership effectiveness. We
give talented employees opportunity to
experience a new country and culture,
and to bring their skills and knowledge
from one market to another, which is
so important for a global company. For
more seasoned employees, we provide
education on new technologies and
new areas of insurance. All employees
have access to a mix of traditional

and virtual classes and team-based
projects, which we encourage in their
individual development plans.

The development of our leadership
and talent pipelines is a focus of
senior management, starting with

me. We spend several days each

year on succession plans including
development priorities, talent gaps and
ways to further strengthen our bench.
In 2019, we promoted from within to
fill 100% of all senior executive roles
that became open due to retirement or
resignations. This resulted in seamless
transitions and continuity of service
that benefited both Chubb and our
customers and business partners. Just
as we measure results in other areas
of our business, we set clear goals for
ourselves concerning our people and
we track our progress. Our retention
of employees at all levels is at or above
external benchmarks and we are
achieving improved representation

of employees as measured by

gender, nationality and experience,
including at middle and senior levels
of management. We can continue to
improve our ability to attract, develop,
recognize and retain our employees as
we strive to create a company where

all who choose to achieve their full
potential can do so. As the company
grows bigger and we compete for
talent, it’s mission critical.

A decade of growth and
accomplishment

I have many to thank for a gratifying
2019 and a decade of tremendous
growth and accomplishment for our
company, beginning with my fellow
employees and senior management
team. I’'m surrounded by dedicated,
engaged and supportive professionals
— amazing people who care so

much about our company and their
customers. We are a company of
builders, and builders want to win.
Without their personal and collective
sacrifice, our achievements, and the
mission we are on to create greatness,
simply would not have been possible.

I also want to thank Chubb’s active and
supportive board of directors, whose
commitment and counsel have been
essential to our company’s success.
This year marks the retirement of our
lead director, Robert Hernandez. Bob
was here at the beginning — he joined
the board of ACE when the company
was founded in 1985, and for over
three and a half decades he actively
supported and helped govern the
company. As lead director he helped
to lead the board in independent
governance and deliberation. Bob has
been a partner to me for over 15 years.
Always supportive yet independent,
he exemplifies model governance

and represented the interests of
shareholders while counseling
management — a clear example why
rigid term limits are an unnecessary
crutch. Bob is a model of wisdom, duty
of care and loyalty, and I will miss him.
Bob’s successor as lead director will
be Michael Connors, who has been on

our board since 2011. I and my fellow
directors look forward to working with
Mike and benefiting from his years of
experience and counsel in this critical
role. Lastly, I want to thank Kimberly
Ross, who served as a director from
2014 to 2019, for her contributions
and service.

Chubb is a compelling long-term
shareholder value creation story. We
have a unique, highly competitive
global franchise featuring a well-
diversified portfolio of market-

leading businesses with substantial
capabilities, including presence and
scale, backed by a world-class service
quality reputation and a sterling
brand. We have clarity of strategy,
purpose and opportunity. Our product
and distribution capabilities are well
integrated with a disciplined, well-
tested execution-oriented culture. Add
to that our balance sheet strength and
long-term revenue growth and earning
power. As we close out one decade and
enter an exciting new one with great
anticipation, we are confident that our
best days are in front of us, and that we
will outperform and deliver exceptional
value to you, our shareholders, long
into the future.

On behalf of the entire organization,
thank you for your investment and

trust in us.

Sincerely,

St

Evan G. Greenberg
Chairman and Chief Executive Officer
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Elevating the Customer Experience

Consumer and commercial customers have long recognized Chubb for its finely crafted coverage and superior
service. We also aspire to create a truly differentiated customer experience. This begins with empathy, is fueled
by inspiration and innovation, and brought to life through commitment and resources. We’re focused on
meeting the insurance needs of customers in ways that provide greater value, ease, speed, convenience and
peace of mind. Elevating the customer experience means being there during the moments that matter with
relevant capabilities and products that match each customer’s lifestyle and life stage.
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Using digital technology
to enhance the customer
experience

In Mexico, where Chubb is the third-largest
auto insurer, the company uses technology to
get customers back on the road faster after an
accident. To expedite the claims process and
accelerate car repairs, Chubb insureds use an
app to take photos of their damaged auto and
digitally select a body

shop while a remote
adjuster evaluates
the claim instantly.
When a field
adjuster is needed,
in-app technology
uses a geospatial
algorithm to locate

the closest adjusters
and automatically dispatches one of them for
assistance. In most cases — more than 75% of
the time in 2019 — a Chubb adjuster arrives

at the scene of an accident within 15 minutes
of notification, drastically reducing the
customer’s on-site wait time after an accident.

In the U.S., Chubb Personal Risk Services
customers can use Chubb at the Wheel, a
new mobile app for family members such as
teen drivers and their parents who choose to
improve driving safety through monitoring
and education. When a teen logs into the
app, it records their driving habits, including
acceleration and braking, and distracting
behaviors, such as texting or calling. The app
compiles data to provide a driving score at
the end of each ride. New and inexperienced
drivers can use app feedback to hone their
driving skills. Parents and teens both feel safer
knowing that roadside assistance and vehicle
location are easily accessible, providing a
sense of security in the event of an accident.

For policyholders, the experience that matters
most is what happens when they have a claim.
But what is the value of an insurer — armed
with risk engineering expertise, technology,
data and analytics — that can prevent a claim
from happening in the first place?

Chubb is helping to answer that question by
installing sensors that alert consumer and
commercial customers to risks from water,
failing equipment and other exposures that
can damage property and displace people
from their home or workplace for weeks or
even months.

For homeowners, sensors installed in wine
cellars track temperature and humidity data
to diagnose issues before they can cause
spoilage of a valuable collection. Chubb-
installed sensors can help ensure a stable
cellar environment, allowing customers to
know their collection is safe.

For commercial customers, Chubb is installing
sensors that monitor water, temperature and
humidity changes in hospitals and other large,
complex properties. Chubb has the expertise
to know where large
interior water loss
damage is likely to
occur, and places
sensors in the right
locations. Avoiding
a loss provides real
value beyond just the
claim payment. It’s
about avoiding the
disruption to the customer that comes with
getting damaged assets repaired or replaced.



Insurance companies often talk about the
coverages they offer as “products.” As
digital capabilities

advance, and

opportunities to

create tailored

and frictionless

experiences for

customers increase,

the experience itself

— fast, customized,

simple and mobile

— can be the product. That vision stands
behind a growing number of innovations
at Chubb featuring a digital service and
experience.

Through its exclusive distribution partnership
with Grab, the leading ride-hailing and
mobile payments company in Southeast Asia,
Chubb offers Singapore-based customers an
affordable daily travel product, called Travel
Cover. Using the Grab app, customers get an
instant quote to purchase travel insurance
right up to the time of departure. Available
for travel to any destination globally, the per
day cost begins at less than $2. Customers can
also save their travel profiles on the Grab app,
making future purchases easy and convenient.

Beginning in 2019, travel insurance customers
in Singapore benefited from a completely
automated experience for certain frequent
travel-related claims, including overseas
medical expense reimbursement, and baggage
and travel inconvenience claims. Using their
smart phone, computer or tablet, customers
complete the claims process in minutes and
without the need to download an app or
create an account.

Making it easier to do
business with Chubb

|
A decade ago, Chubb introduced Worldview®,
an award-winning web-based application that
provides real-time access to Chubb’s systems
and expertise in one application. Worldview®
transformed program management for the
complex insurance needs of multinational
clients and their brokers, and it remains the
most powerful, effective and transparent tool
of its kind in the industry. Today, more than
10,000 Chubb clients and brokers utilize

the system.

The application has been expanded to include
additional product lines and capabilities,
including a seamless user experience
bolstered by an interactive dashboard. With
Worldview®, clients and brokers can also
request and upload translations of policies
from a local language to English. Adoption
and use of Worldview continues to grow,

with the number of active users increasing
14% in 2019.

A growing number of small business owners
in the U.S. and

globally are using the
Chubb Commercial
Client Center, an
intuitive self-service
platform that

allows insureds to
view their billing
history and recent

statements, pay
bills, submit claims, access policy documents
and request an endorsement or a certificate
of insurance (COI). In addition to bringing
greater convenience to customers, Client
Center reduces administrative overhead for
independent agents. Chubb’s investments in
the Client Center customer experience are
paying off: since its launch, an average of
1,000 new users per month have been added.
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A Global Leader in Property and Casualty Insurance

Argentina Chile France Japan Pakistan Saudi Arabia Tunisia
Australia China Germany Korea Panama Singapore Turkey
Austria Colombia Gibraltar Macau SAR Peru South Africa United Arab
Belgium Czech Hong Kong SAR  Malaysia Philippines Spain BULEEE
Bermuda Republic Hungary Mexico Poland Sweden }(Jinr:;i%m
. Denmark . .

Brazil Eeuador Indonesia Myanmar Portugal Switzerland United States
Canada Ireland Netherlands Puerto Rico Taiwan Vietnam

Egypt Italy New Zealand Russia Thailand

Finland

Norway

A local presence in 54 countries and territories around the world

Chubb has operations in the countries and territories listed here
and can help clients manage their risks anywhere in the world.
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John Lupica

Vice Chairman,

Chubb Group;

President, North America
Major Accounts and
Specialty Insurance

Chubb Senior Operating Leaders

John Keogh

Executive Vice Chairman,
Chubb Group;
Chief Operating Officer

Paul J. Krump

Executive Vice President,
Chubb Group;

President, North America
Commercial and
Personal Insurance

Chubb’s senior operating leadership includes the company’s
Chief Operating Officer and the leaders of North America
and Overseas General insurance operations.

Juan Luis Ortega

Executive Vice President,
Chubb Group;

President, Overseas
General Insurance




Key Financial Results

Dollars in millions

Total North America
P&C Insurance

2019

Gross premiums written $25,480
Net premiums written $19,972
Combined ratio 87.8%

P&C current accident year
combined ratio excluding
catastrophe losses 87.1%

North America Commercial
P&C Insurance

2019

Gross premiums written $17,604
Net premiums written $13,375
Combined ratio 85.6%

P&C current accident year
combined ratio excluding
catastrophe losses 87.4%

Segment income $3,942

North America Personal
P&C Insurance

2019

Gross premiums written $5,461
Net premiums written $4,787
Combined ratio 91.1%

P&C current accident year
combined ratio excluding
catastrophe losses 81.4%

Segment income $660

North America Agricultural

Insurance

2019

Gross premiums written $2,415
Net premiums written $1,810
Combined ratio 95.1%

P&C current accident year
combined ratio excluding
catastrophe losses 99.1%

Segment income $90
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North America Insurance

Chubb’s insurance businesses in North
America serve clients ranging from the
largest multinationals, middle-market
companies and small businesses to
successful individuals and families, and
the agriculture community.

For commercial property and casualty
insurers in North America, the major
theme of 2019 was the improving
operating environment. For Chubb,

a market with firming pricing and
conditions created an opportunity

to bring the company’s signature
capabilities to more clients in more
lines of business at risk-adjusted rates
in line with rising loss costs.

“The quality of Chubb stood out in
2019,” said John Keogh, Executive

Vice Chairman, Chubb Group and
Chief Operating Officer. “In a market
that was sometimes chaotic, Chubb
demonstrated that we are professional,
stable, consistent and a reliable
partner. As a result, we further
burnished the Chubb brand and
reinforced our industry leadership.”

Three North American businesses
— Major Accounts, Westchester
and Chubb Bermuda — were best
positioned to benefit as headwinds
were replaced by tailwinds. The
operating environment for Chubb’s
Commercial Insurance retail P&C
business serving middle-market
companies began to turn bullish

mid-year and accelerated in the
second half. Chubb core strengths,
along with its investments in people
and digital technology, have also
positioned the company’s other North
American businesses for secular
growth opportunities, including the
Commercial Insurance segment serving
small businesses, Chubb Personal
Risk Services and the company’s
agricultural insurance business.

Total net premiums written for

the company’s North America P&C
insurance businesses were $20.0
billion, up 6.6% from 2018. Chubb
reported a world-class combined

ratio of 87.8% for its North American
P&C insurance operations. Excluding
catastrophe losses, the current accident
year combined ratio was 87.1%.

“Our combination of products,

claims and risk engineering services,
expertise and underwriting excellence
is a powerful differentiator for Chubb,
particularly in a firming P&C market
cycle,” said Paul Krump, Executive
Vice President, Chubb Group and
President, North America Commercial
and Personal Insurance. “When others
are reducing capacity and appetite,
Chubb’s consistency and quality

make us a go-to source for agents and
brokers to serve their customers.”

John Lupica, Vice Chairman of Chubb
Group and President, North America
Major Accounts & Specialty Insurance,
pointed to another Chubb strength:
the North American field operation
with 49 branches across the U.S. and
Canada. “The field plays a critical

role in managing the flow of business,
cross-sell opportunities and the



Chubb’s North America Insurance Business Units

Major Accounts

Commercial P&C insurance products
for the large corporate market sold
by retail brokers

Commercial
Insurance

Commercial P&C insurance products
for middle market and small businesses
sold by independent agents and

retail brokers

Personal Risk
Services

Personal lines coverage, including
home, auto, valuables, umbrella and
recreational marine insurance, for
successful individuals and families

sold by independent agents and brokers

Westchester

Commercial P&C excess and surplus
lines sold through wholesale brokers

Chubb Bermuda

Liability, property, political risk
coverage and captive programs sold
by large international brokers

Agriculture

Crop insurance from Rain and Hail
and farm and other P&C coverages
sold by agents and brokers

introduction of new products,” he
said. “The market environment in 2019
really put a spotlight on the strength
and value of our field operation. With
our local presence, agents know we’re
there for them and, at the same time,
we can educate clients on the need for
adequate pricing.”

North America Commercial P&C
Insurance

Chubb is one of the largest commercial
P&C insurers in the U.S., offering a

full range of traditional and specialty
products for businesses of all sizes. Net
premiums written for North America
Commercial P&C Insurance increased
7.1% from 2018. The combined ratio for
the segment was 85.6%. Underwriting
income was $1.9 billion, and segment
income was $3.9 billion.

Major Accounts, Chubb’s P&C
business unit that serves large
companies, is recognized for the
breadth and depth of its product
and service offerings, technical
underwriting experience, superior
client service, and a global platform
built to service complex, bespoke

insurance programs in many countries
around the world. It’s a high-touch
business where Chubb, with its strong
client- and broker-centric culture,

has developed long-term, enduring
relationships. Chubb serves more than
90% of the Fortune 1000.



North America Insurance

“In a market that was
sometimes chaotic,
Chubb demonstrated
that we are professional,
stable, consistent and
a reliable partner.

As a result, we

further burnished

the Chubb brand and
reinforced our industry
leadership.”

— John Keogh
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“Over the past two decades we’ve built
a franchise that is second to none and
very difficult to replicate,” said Mr.
Lupica. “With our proven reputation
as a thoughtful underwriter and a
partner known for service excellence,
we were able to benefit from the

‘flight to quality’ in 2019. We knew

it was important to lead the market

by communicating with clients and
brokers, expressing the need for rate
adequacy in lines where premiums
have not kept up with loss costs. A
healthier market, where insurers are
able to be paid more appropriately for
the risk they assume, is good for Chubb
because clients value our consistency,
services and the relationships we have
built over time.”

In 2019, the retention rate for Major
Accounts was more than 95%, a record.
Cross-selling services to existing
customers accounted for more than
81% of new business.

Among Major Accounts’ distinguishing
capabilities are its industry practices,
including transportation, private
equity, real estate and construction.
Multiline clients also have access to a
Global Client Executive, who knows the
insured and serves as a single point of
contact to navigate the Chubb network
across the globe. For claims handling,
customers also have access to a Claims
Client Executive. Worldview®, Chubb’s
award-winning proprietary portal,
enables client risk managers and
brokers to manage and track all aspects
of their insurance program in real time.
More than 10,000 clients and brokers
utilize the system.

For the year, Major Accounts and the
excess and surplus (E&S) wholesale
businesses generated 7.9% growth in
net written premiums.

In the E&S lines market, Westchester
specializes in hard-to-place casualty,
property catastrophe and specialty
lines for large corporate, middle-
market and small businesses.
Wholesale brokers distribute these
products, including specialty classes
such as financial lines, product
recall and cyber. Traditional
brokerage accounts for about 60%
of Westchester’s premiums, with

the balance from its binding and
programs divisions.

In recent years, Chubb has pointed
to Westchester as a proof point for
the underwriting discipline that
defines the entire company: We will
trade market share for profitability.
From 2015 to 2018, Westchester’s net
premiums written shrunk an average
of 2.6% per year. Yet over the past

13 years, the business produced an
average combined ratio of 92.8%. In
the current environment, Westchester
demonstrates Chubb’s ability to
react quickly to market changes,

and outperform the broader market,
which began to turn in late 2018 and
accelerated throughout 2019. For the
year, the business grew 9.1%.

Westchester’s ability to seize
opportunities in a changing market is
due to investments made to broaden
the product set, retain experienced
talent, develop the next generation

of underwriters, reward experienced
underwriters for remaining disciplined,
and deploy technology that enables

the business to scale efficiently.
Investments in digital capabilities, for
example, allowed Westchester to make
arecord number of API connections
with E&S agents in the binding division.



North American Business Unit Leaders

Chubb Bermuda provides excess
coverage in three product areas:
casualty, property and financial lines.
It also houses the company’s political
risk group. Operating with a high
severity/low frequency business model
and offering broad coverage and sizable
capacity to clients and brokers around
the world, the business produced
strong results across all products

in 2019.

“Our property business produced
record results for the year. Because
brokers have been trading with our
property team for years — or even
decades — they knew where to find
access to quality capacity at the right
price,” said Mr. Lupica.

Commercial Insurance is Chubb’s
division that provides P&C coverages
to middle-market companies with
revenues up to $1 billion and small
businesses. In the middle-market
segment, Chubb is distinguished by
its more than 25 industry practices,
each handled by teams of experienced
underwriting, claims and risk
engineering professionals who
understand the particular exposures
of that industry. The business’s core
package product is complemented

by the industry’s largest offering of
standard and specialty coverages,
including auto, workers compensation,
marine, cyber, environmental,
multinational, directors and officers
(D&O) and errors and omissions
(E&O) coverages.

(From left)

Scott Arnold

Vice President,
Chubb Group;
Division President,
Chubb Agriculture;
President,

Rain and Hail

Judy Gonsalves
Vice President,
Chubb Group;
Division President,
Chubb Bermuda

Christopher A. Maleno
Senior Vice President,
Chubb Group;

Division President,
North America

Field Operations

Bruce L. Kessler
Senior Vice President,
Chubb Group;
Division President,
Westchester

Chubb’s commercial P&C offering

for small businesses includes a

core package product as well as an
expanding range of specialty products.
This segment is growing rapidly,
drawing strength from the company’s
middle-market expertise as well as
capabilities from Marketplace, Chubb’s
fully automated digital platform that
makes it easy for agents to quote, issue
and service all of their small business
accounts. In 2019, net premiums
written in Chubb’s middle market and
small business division grew 6.1%.

Together, the addressable market

for Commercial Insurance includes
businesses from sole proprietorships,
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“A healthier market,
where insurers are
able to be paid more
appropriately for the
risk they assume, is
good for Chubb because
clients value our
consistency, services
and the relationships we
have built over time.”

— John Lupica
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family businesses and single-location
private companies to publicly traded
entities with a multinational footprint.
Chubb’s commercial P&C business has
the expertise and appetite to address
about 85% of this important growth
sector of the economy.

“In the middle market we were able

to capitalize on the market shift and
seek more opportunities,” said Mr.
Krump. “This was a direct result of

our continued focus on underwriting
discipline, delivering exceptional
service to our customers and
producers, and writing new business in
the industries where we have distinct
expertise and appetite.”

Chubb’s North American middle-
market and small commercial
businesses are at the nexus of several
important company initiatives. They
serve as the model for Chubb to export
and expand its ability to serve these
market segments in other regions

of the world. The growing technical
capabilities of the Marketplace
platform, which originally focused

on small businesses, are increasingly
relevant to companies at the lower
end of the middle market. The branch
network is also a key channel to
distribute Chubb’s specialty insurance
products to middle-market customers.

Cross-selling is an important part of
the Chubb middle-market story. In
2019, nearly 50% of new business
written was sold to existing clients.
“For mid-market companies, we are
an account solution. Our account
retention is high — 92% in 2019 — and
our average time on a risk is 15 years,”
said Mr. Krump. “We grow with clients,
and work with them to manage through
market cycles.”

In 2019, Chubb’s middle-market
business continued to deepen its
product offering, developing and
launching 15 enhancements to its
package coverage, including expanded
flood and earthquake coverage.

Chubb has invested in the success
of its agents, including developing
online resource centers and providing
research and marketing and
prospecting resources to help them
fuel their own business growth. In
2019, Chubb introduced The Cyber
COPE Insurance Certification®™
program, an eight-month program
for Chubb brokers and agents to
learn best practices in cybersecurity
risk management, governance

and operations.

Chubb also sponsors the National
Center for the Middle Market (NCMM)
at The Ohio State University. Along with
NCMM, Chubb is publishing the Middle
Market Indicator, a quarterly survey of
1,000 C-suite middle market company
executives across all industries.

For Chubb’s small business segment,
which had its beginnings just four years
ago, 2019 was a year of strong growth
and progress. Net written premiums
were up 35%, with new business
growth approaching 35%. Transactions
on Marketplace were up 55% from 2018.
The business unit ended 2019 with an
annual run rate of $400 million of gross
written premium.
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Adoption of Marketplace continued to
grow. By year-end 2019, the platform
was deployed to more 