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1 | INTRODUCTION

| Catherine Noakes'®

Abstract

During the 2020 COVID-19 pandemic, an outbreak occurred following attendance
of a symptomatic index case at a weekly rehearsal on 10 March of the Skagit Valley
Chorale (SVC). After that rehearsal, 53 members of the SVC among 61 in attendance
were confirmed or strongly suspected to have contracted COVID-19 and two died.
Transmission by the aerosol route is likely; it appears unlikely that either fomite or
ballistic droplet transmission could explain a substantial fraction of the cases. It is
vital to identify features of cases such as this to better understand the factors that
promote superspreading events. Based on a conditional assumption that transmis-
sion during this outbreak was dominated by inhalation of respiratory aerosol gen-
erated by one index case, we use the available evidence to infer the emission rate
of aerosol infectious quanta. We explore how the risk of infection would vary with
several influential factors: ventilation rate, duration of event, and deposition onto
surfaces. The results indicate a best-estimate emission rate of 970 + 390 quanta/h.
Infection risk would be reduced by a factor of two by increasing the aerosol loss rate

to 5 h™* and shortening the event duration from 2.5 to 1 h.
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The virus has been detected by PCR in the air in several healthcare

environments.>? Researchers have reported values for the SARS-

SARS-CoV-2 was first reported in China at the end of 2019 and rap-
idly spread to the rest of the world over the subsequent months.
Evidence from laboratory studies has shown that the SARS-CoV-2

virus can remain infectious while airborne for extended periods.!?

© 2020 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

CoV-2 viral load in the mouth that span an extraordinarily broad
range: from 102 to 10! copies per mL of respiratory fluid.***? Viral
loads vary over the course of the disease, tending to peak near the

onset of symptoms.
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Aerosol transmission is now strongly suspected to play a signif-
icant role in superspreading events (SSEs) under certain conditions.
SSEs occur when a large number of secondary transmissions are
produced early in an outbreak and transmission is sustained in later
stages.’® Some people release respiratory aerosol at an order of mag-
nitude greater rate than their peers and might contribute to super-
spreading events.’ The very broad range of viral loads in respiratory
fluids may also be an important factor influencing SSE. An infectious
respiratory aerosol is a collection of pathogen-laden particles in air
emitted during respiring activities of an infected individual.®

Conditions that promote outbreaks of COVID-19 include large
indoor gatherings and poor ventilation. An assessment of over 300
COVID-19 outbreaks involving three or more people confirmed
that all transmission could be linked to indoor environments.’® A
Japanese study based on contact tracing concluded that the odds
that a primary case transmitted COVID-19 in a closed environment
was 18.7 times greater compared to an open-air environment.*’
Another study from Japan concluded that the typical settings for
superspreading events included “singing at karaoke parties, cheering
at clubs, having conversations in bars, and exercising in gymnasi-
ums.”*® Poor ventilation has been a driving factor in other infectious
disease outbreaks. Transmission of influenza from one index case
to 72% of the onboard passengers occurred on an airplane that was
grounded for three hours, during which the ventilation system was
inoperative.'’

In this paper, we first discuss the outbreak and establish the like-
lihood of an important contribution from aerosol transmission. We
then estimate the infectious quanta emission rate during a choir re-
hearsal that has been identified as a superspreading event. Quanta
are used to represent infectious respiratory aerosol when the actual
viral dose in the aerosol and the human dose-response required to
cause infection are unknown.*”?! We then explore the sensitivity of
the secondary attack rate of infection to the loss rate of aerosolized
virus, whether by ventilation, deposition onto surface, or biological

decay, as well as to duration of the event.

2 | CASE STUDY

A SSE occurred in Skagit Valley, Washington, USA.??>2% When the
Skagit Valley Chorale (SVC) met on the evening of March 10, 2020,
one person attending the rehearsal had cold-like symptoms that had
developed 3 days earlier; that individual subsequently tested posi-
tive for COVID-19. This person is considered the “index case.” Within
a few days of the news report, we contacted the journalist that re-
ported on the event, the county health department, and a member
of the choir. An initial questionnaire and multiple follow up questions
were sent to the choir contact, and most of the choir members pro-
vided information on their activities. The responses are included in
the Supplemental Information in the same form as provided to us,
except for items removed due to privacy concerns. At the time of
the rehearsal, the Skagit County Health Department was not recom-

mending widespread closure of public venues or public events. They
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Practical Implications

e During respiratory disease pandemics, group singing in-
doors should be carefully managed as singing can gen-
erate large amounts of aerosolized virus if any of the
singers is infected.

e Ventilation requirements for spaces that are used
for singing (eg, buildings for religious services and re-
hearsal/performance) should be reconsidered in light
of the potential for aerosol transmission of infectious
diseases.

e Systems that combine the functions heating and ventila-
tion (or cooling and ventilation) should be accompanied
with a disclaimer saying “do not shut this system off
when people are using the room; turning off the system
will also shut down outdoor air supply, which can lead to

the spread of airborne infections.”

were recommending that those 60 years of age and older, or persons
with underlying medical conditions, should avoid large public gather-
ings. Choral members were told to not attend on March 10 if they
were sick with any kind of symptoms or if they had concerns.

The chorale met in the Fellowship Hall of a church in Mount
Vernon, Skagit County. The day after the rehearsal on March 11,
the governor of Washington recommended physical distancing and
no large group meetings in three other nearby counties. At the time
of the rehearsal, there were no known COVID-19 cases in Skagit
County, nor were any closures in effect. Before detecting the cluster
on March 17, Skagit County had developed seven COVID-19 cases.
The likelihood of a second index case at the rehearsal can be esti-
mated as 0.32%, from the seven other cases that had been reported
in the county at the time in which the choir outbreak became known,
given the population of the county, and an assumption of 50% as-
ymptomatic cases. Asymptomatic cases were less likely than for an
average population given that the choir members are more elderly
than the general population; for example, 75.5% of those who be-
came ill were 65 or more years old.??

The SVC has 122 members, but only 61 attended rehearsal on
March 10, amid concerns about COVID-19 transmission. Precautions
were taken during rehearsal, including the use of hand sanitizer, no
hugging, and no handshakes.?® All 120 chairs were arranged by 3
people who arrived early, and members sat in their usual chairs,
which increased their distance compared to other well-attended
rehearsals. Lateral distance between chair centers (and thus nose/
mouth distances) was ~0.75 m, while forward distance between
rows was ~1.4 m.

Some members began experiencing illness from March 11 to
March 22. The timing of these potential secondary infections is con-
sistent with what is known about the temporal dynamics of virus
shedding and serial interval for COVID-19.%* In particular three cases

were identified the day after the rehearsal, according to the county
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report,22 although the choir members are not aware of cases before
March 12 (see Supplemental Information). Several published anal-
yses of the incubation time of COVID-19 include some probability
of developing symptoms within 1 day of infection.?>?® This would
be more likely in the case of receiving a high viral dose, as would
be expected in an event like this with such a high attack rate. It is
also possible that there was more than one index case present at
the rehearsal, and the impact of this possibility on our analyses is
discussed below.

Among the 61 attendees at the rehearsal, 53 cases in total were
subsequently identified including the index case, with 33 confirmed
through positive COVID-19 tests and 20 unconfirmed but probable
secondary cases based on symptoms and timing. Testing was unavail-
able to many of the choir members (see Supplemental Information).
Accounting for the one presumed index case, the secondary infec-
tion attack rate is thus in the range 32/60 to 52/60, or 53%-87%.

The large number of infections arising from this event, compared
to the low incidence in the county at the time, makes it unlikely that
they were acquired at a different setting than the choir. This infer-
ence is consistent with the conclusion of the county health investi-
gators, who interviewed all choir members and investigated other
possible avenues for contact: transmission most likely occurred at
the March 10th rehearsal.?? It is also consistent with the opinion
of the choir members (see Supplemental Information). Infection of
many choir members at the prior March 3rd rehearsal is also very

1?2 Given a median incubation

unlikely, as discussed by Hamner et a
time of 4-5 days, if multiple members had been infected at the March
3rd practice, 70%-80% of them should have presented symptoms by
the time of the March 10th practice.?’

A seating chart obtained through personal communication
showed the layout of participants among 120 chairs plus the posi-
tion of the choir director and piano accompanist. Although the chart

22 3 centrally im-

cannot be reproduced because of privacy concerns,
portant point for interpreting the cause of transmission is that the
cases occurred throughout the room with no clear spatial pattern.
Specifically, dividing the 120 seats into quadrants of 30 seats each,
the occupancy levels (seats occupied/seats available) span a narrow
range of 44%-53%. The infection rate (reported infections/seats oc-
cupied) are substantial in each quadrant, with a low of 43% and being
in the range 71%-87% in the other three quadrants.

The rehearsal started at 6:30 PM The SVC rehearsed in a single
group in the Fellowship Hall for 45 minutes, with the members in
fixed positions in their usual seats, then split into two approximately
equal-sized groups for 45 minutes. One group, mostly male singers,
went to practice in a different room of the church, where the sing-
ers sat in the church pews and the piano was off to the side. A sec-
ond group stayed in the Fellowship Hall. The attack rate was higher
in the group that stayed in the Fellowship Hall (see Supplemental
Information), which is consistent with the presence of the index
case in that room during the separate rehearsals. Transitions be-
tween the 3 phases of rehearsal were rapid (see Supplemental
Information). After practicing separately, and following a 10-minute

break, the members reconvened in the Fellowship Hall for another

50 minutes, until 9 PM During the split session, those who remained
in the Fellowship Hall occupied about half of the space, and thus had
a similar person density as during the whole-group rehearsal (see
Supplemental Information).

Limited information is available about the heating and ventilating
system; what was learned from personal communications is sum-
marized here. The Fellowship Hall is heated and ventilated with a
mechanical air heating system including an outdoor air intake and air
recirculation. The air handling unit has a relatively new commercial
forced-air furnace (see Supplemental Information for the system ca-
pacity details). The furnace is installed with an outside make-up air
function and it also has a separate combustion air intake, which is
standard for gas appliances. But it is not known how much outside
make-up air was supplied to the building that evening. The furnace
is also outfitted with a MERV 11 filter, which has a rated single-pass
efficiency of 230%-65% for aerosol particles of diameter 1 um or
larger.2%° Three supply air registers are situated 2.4 m above the
floor on one wall with a single return on an adjacent wall, just above
the floor (~0.15 m). Someone in the front office reportedly turned
on the heating system prior to the rehearsal to warm the space, and
the thermostat was set to 20°C (68 °F). It was about 7°C (45°F) out-
side, so the heating was on at the start of the rehearsal, but with
so many people in the room, it did not need to stay on to maintain
a comfortable temperature. During the entire rehearsal no exterior
doors were open. It is not known whether the forced-air furnace
fan operated (only) under thermostatic control or whether it ran

continuously.

3 | EVIDENCE RELATED TO THE ROUTES
OF TRANSMISSION

There are considered to be three primary routes of transmission for
COVID-19: (a) direct contact (eg, shaking hands) or indirect contact
with contaminated objects (“fomites”), followed by touching one's
eyes, nostrils, or mouth; (b) large ballistic droplets that travel directly
from an infected person's nose or mouth to a susceptible person's
eyes, nostrils, or mouth; (c) exhaled respiratory aerosols, which can
linger in the air for minutes to hours, and may infect by inhalation.
There is no specific evidence that COVID-19 is transmitted via
the fomite route,®! and the US CDC has stated that while possible,
this route is considered less Iikely,32 possibly because of rapid inac-
tivation demonstrated for lipid-enveloped viruses on human skin.3%
3¢ At the time of the chorale rehearsal on 10 March 2020, because
of emerging concern about SARS-CoV-2, person-to-person contact
and touching of surfaces was consciously limited, and hand sanitizer
was used. No one reported direct physical contact between attend-
ees to the County Public Health investigators.?? Although some
choir members helped arrange the chairs and ate snacks during the
intermission, the index case did not participate in these activities,
and many other members reported not eating the snacks.?? Thus
fomite transmission from the index case via chairs or snacks can

be excluded. The index case used one of the bathrooms during the
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event and thus touched the door handle and other surfaces there,
but only about six other choir members used that restroom (see
Supplemental Information), and many choir members who did not
use any of the restrooms were also infected. Indeed, the clustering
of infected cases on the seating chart does not support transmission
from a point surface contact(s) unless the people who sat together
all touched the same contaminated surface. Thus, it appears highly
improbable that the direct and indirect contact routes could account
for a significant fraction of the transmission during this event.

There is no direct evidence of transmission by ballistic droplets
for any disease in the literature.®” The risk of widespread transmis-
sion owing to large ballistic droplets during close proximity situa-
tions would seem to be low in this event, considering that it is likely
to have been only one index case, who was seated in close proximity
to only a small proportion of the other chorale members. One half of
the chairs were unoccupied, increasing the distance between mem-
bers. No one was located within 3 meters in front of the index case
(where respiratory droplets from the index case would be expected
to have landed (see Supplemental Information) during either of the
rehearsal periods. Two other members where located within 1 m to
each side of the index case during parts of the rehearsal, while four
other members were located within 2 m behind (and one 2 m to the
side) of the index case during parts of the rehearsal. Ballistic drop-
lets, propelled forward by exhaled breath, could not have traveled
backwards in this low ventilation situation.

There was a single 10-minute break (see Supplemental
Information), during which the participants talked with each other,
mostly in groups of 3-4 people, while the index case conversed
minimally with others throughout the rehearsal and the break (see
Supplemental Information). Many members arrived shortly before
and left immediately after the practice (see Ref. 19 and Supplemental
Information). However, about 15 minutes of close proximity is
thought to be needed for transmission.®? Thus, it is physically not
possible for the index case (or even several index cases) to have con-
versed with and impacted ballistic droplets onto 53 other members
in such a short time.

Literature evidence suggests that singing could have been a con-
tributing factor to the high secondary attack rate compared to other
common indoor activities. The rate of aerosol emission during vocal
activities increases with voice loudness.** A study of respiratory
emissions also found higher emission rates of respiratory droplets
to be associated with more extensive vocalization.*® Outbreaks of
tuberculosis, a disease known to be transmitted via inhalation, have
been linked to singing.3”"*! At the time this article is being written,
there have been additional media reports of COVID-19 outbreaks
associated with choirs. Cases with high secondary attack rates
have been reported in the Netherlands, Austria, Canada, Germany,
England, South Korea, Spain, and France.*>44

Loudon and Roberts* characterized respiratory aerosol emit-
ted during talking, singing, and coughing. They reported that “fewer
droplets were expelled during singing than during talking, but a
higher proportion of them were in the smaller size range. The per-

centage of droplets still airborne as droplet nuclei after a 30-minute
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settling period were 35.7, 6.4, and 48.9 for singing, talking, and
coughing, respectively.”

If transmission by fomites and/or ballistic droplets were the
dominant modes of transmission, then the secondary attack rate
should have been much smaller than the observed range of 53%-
87%. We would also expect to see the secondary cases predomi-
nantly among those in closer proximity to the index case rather than
distributed throughout the rehearsal room. Even in the case that a
second index case had been present, the same considerations make
such wide transmission by the fomite and ballistic drop routes very
unlikely to explain the observed very high attack rate. Per Occam's
razor, this explanation seems most probable: that inhalation of infec-
tious respiratory aerosol from “shared air” was the leading mode of
transmission.

4 | MODELING AEROSOL INFECTION RISK

This distinctive superspreading event, occurring in an enclosed com-
munity facility, with indoor space shared for a specified period of
time, offers a good opportunity to examine a range of physical pa-
rameters that influence the eventual outcome. Our analysis was un-
dertaken to explore whether this outbreak could have happened due
to aerosol transmission and how future outbreaks could be avoided.
In assuming only aerosol transmission what follows represents a
worst-case scenario for aerosol transmission, that is, highest possi-
ble quanta generation rate from the event. If a few cases arose from
fomite or ballistic droplet routes, the quanta emission rate of the
aerosol route would be proportionally lower.

There is no evidence to suggest that more than one person
was infected and showing symptoms at the time of the rehearsal.
Asymptomatic transmission, however, is important in the spread of
COVID-19.2* Available evidence suggests that 50% of transmission
happens while asymptomatic; it is, however, estimated that only
20% of cases remain asymptomatic.*’%? Thus, it is possible that in-
dividuals at the rehearsal were asymptomatic transmitters; however,
as described earlier, we estimate this probability to be very small be-
cause of the low community prevalence of COVID-19 at the time of
the rehearsal. Assuming that there is only one index case to account
for all transmission and that all transmission was through aerosol is
a conservative approach and provides a basis that can be used to
develop precautionary mitigation approaches.

Hence, on the basis of the available information about this
event, a modeling effort was undertaken with two goals. The first
goal was to estimate an average quanta emission rate that is con-
sistent with the evidence, while assuming that all transmission
happens through exposure to aerosol from a single index case.
This calculation proceeds in two steps: determining the average
aerosol quanta concentration from the reported secondary infec-
tion attack rate, and then evaluating the emission rate that would
have produced the inferred average concentration. The second
modeling goal was to explore how a change in the loss rates, for

example owing to improved ventilation and filtration, would have
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Parameter Value(s) Distribution Reference(s)
Probability of infection, p 53-87 Uniform 22
(%)
Volumetric breathing rate, 0.65-1.38 Uniform 55,56
Q, (m*/h)
Loss rate due to ventilation, 0.3-1.0 Uniform Supplemental Information
-1
2, (h™)
Loss rate due to deposition 0.3-1.5 Uniform 57,58
-1
onto surfaces, Adep (h™)
Loss rate due to virus 0-0.63 Uniform 1,2
inactivation, k (h™)
Volume of rehearsal hall, 810 Constant Personal Communication
V (m®)
Duration of rehearsal, D (h) 2.5 Constant 22

TABLE 1 Parametric values used in the
Monte Carlo simulation for estimating E

altered the infection risk. In pursuing both goals, the modeling ef-
fort uses an idealization of the more complex real situation, in part
because some key data are lacking. A similar approach has been
used in other studies to explore aerosol infection risk in indoor
environments.20-°

The model of infection risk due to aerosol transmission is based

on the Wells-Riley formulation,*¢->

as amended by Gammaitoni
and Nucci.®? In applying this approach, these assumptions are
made: (a) there is one infectious individual who emits SARS-CoV-2
quanta at a constant rate throughout the event, (b) there is no prior
source of quanta in the space, (c) the latent period of the disease
is longer than the time scale of the event, (d) the infectious respi-
ratory aerosol quickly becomes evenly distributed throughout the
room air, and (e) infectious quanta are removed by first-order pro-
cesses reflecting the sum of ventilation, filtration, deposition, and
airborne inactivation. The assumption that the indoor environ-
ment can be modeled as well-mixed is substantiated in this case
by the broad spatial distribution of secondary infections among
the rehearsal participants. Additional information is provided in
the Supplemental Information describing supporting evidence of
the well-mixed assumption. In epidemic modeling, where the aim
is to assess the disease spread in the community, it is impossible to
specify geometries, ventilation efficiency, and the locations of the
infectious sources in each microenvironment. Therefore, adopt-
ing the well-mixed assumption is generally more reasonable than
hypothesizing about specific patterns of emissions, airflow and
removal processes.”®

The modeled probability of infection (p) is related to the number

of quanta inhaled (n) according to Equation (1)%3:

p=1-e™" (1)

Equation (1) is used to estimate the average quanta concentration
during the practice, given estimates of the probability of infection
based on the secondary attack rate. The aerosol quanta concentra-
tion increases with time from an initial value of zero following a “one

minus exponential” form, which is the standard dynamic response of

a well-mixed indoor volume to a constant input source. The time-av-
erage quanta concentration (Cavg, q/m3) is the quantainhaled divided
by the volume of air breathed. The volume of air breathed (m®) is
equal to the duration of the event (D, h) multiplied by the volumetric
breathing rate of rehearsal participants (Q,), m3/h).

A well-mixed material balance model for the room (Equation 2)
is applied next to relate the quanta concentration, C (quanta/m3), to
the emission rate, E (quanta/h):

dC _E

T=v-AC (2)
Here V = volume of the rehearsal hall (m®) and A = first-order loss rate
coefficient for quanta (h™Y) due to the summed effects of ventilation
(4,), deposition onto surfaces (Adep), and virus decay (k).”* Assuming the
guanta concentration is O at the beginning of the rehearsal, Equation
(2) is solved and the average concentration determined as follows
(Equation 3):

Ci= % (1-e) @)
D
cavg=%JC(t)dt:% [1_%’3 (1-e0) @
0

Here, t = time (h). Equation (4) is rearranged to solve for the emission
rate, E:

-1
E=aVC,, 1—% (1-eP) (5)

A Monte Carlo simulation was run (N = 1000 iterations) to es-
timate E for the superspreading event given a range of input val-
ues. The unknown parameters (p, Q,, 4, Adep, k) were specified as
probabilistic using uniform distributions bounded by specified upper
and lower limits. These parameters were assumed to be uncor-

related. A sensitivity analysis was undertaken to explore how using
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different parametric distributions influenced the predictions. see
Supplemental Information for details and results.

The ranges of the uncertain model parameter values explored
in the primary Monte Carlo simulation are summarized in Table 1.
Constant values were used for the volume of the Fellowship Hall and
the rehearsal duration.

The lower breathing rate used in our simulations was from
Binazzi et al®® who reported volumetric inhalation rates of singers
to be in the range 0.22-1.0 m%/h. The upper breathing rate was from
Adams et al®® for light activity (walking female and male middle age
adults).’® SARS-CoV-2 was found in air samples in two size ranges:
0.5-1 um and >2.5 pm.7 The surface deposition loss rate range

I°® and Diapouli et al.”” The

was based on data from Thatcher et a
range of values for virus decay is based on two sources: Fears et alt
showed no decay in virus-containing aerosol for 16 hours at 53%
RH, whereas van Doremalen et al? estimated the half-life of aerosol
SARS-CoV-2 is 1.1 hours, which equates to a decay rate of 0.63 h™2.
The loss rate due to ventilation is likely to have been in the range
from 0.3 to 1 h™* (see Supplemental Information). We did not include

filtration in our estimation of the loss rate.

5 | RESULTS

The mean (+ SD) inferred emission rate was E = 970 (+390) quanta/h.
Additional statistics for the distribution of E from the Monte Carlo
simulation are as follows: geometric mean = 900 g/h; geometric
standard deviation = 1.5; 10th, 25th, 50th, 75th and 90th percen-
tiles: 550, 680, 910, 1180, 1510 g/h.

We reiterate that the emission rate was derived based on a
base case assumption of one index case and all transmission by
aerosol inhalation. It is plausible that more than one person at-
tending the rehearsal was infectious. If this was the case then the
inferred emission rate would represent the sum of emission rates
from each of the infectious individuals. The analysis assumes that
viral transmission all occurred through aerosol inhalation. If addi-
tional transmission routes played some role in this outbreak, then
our the actual quanta emission rates would have been correspond-
ingly lower.

Quanta emission rates for influenza have been reported to be
in the range 15-128 quanta/h2%>?; for measles: 5580 q/h®®; and for
tuberculosis: 1.25-30 840 g/h (the high value attributed to intuba-
tion).?* The quanta for SARS transmission in a hospital and in an ele-
mentary school was estimated to be 28 g/h.%% A forward model was
used to estimate a large range of estimated quanta emission rates for
SARS-COV-2, depending on activity level and respiratory activity:
10.5-1030 quanta/h.*®

To explore the influence of changing the loss rate on the proba-
bility of infection, we performed sensitivity simulations in which we
varied the loss rate. In these simulations, we used the mean emis-
sion rate of E = 970 g/h and a constant volumetric breathing rate of
Q,=10 m3/h. If 1 is systematically increased by some combination

of increased ventilation, deposition, filtration, and inactivation loss
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rates, how would the probability of infection decrease? We also ex-
plored what would happen if the emission rate was set at the 10th
and 90th percentile values from the Monte Carlo simulation. Using
the model equations above with 1 ranging from 0.6 to 12 h™, the
percentage of the rehearsal participants infected is determined. The
results are plotted in Figure 1.

A key point displayed in Figure 1 is that, for the mean value
E =970 qg/h, increasing the loss rate coefficient from a nominal base-
line value of 0.6 to 5 h™* would reduce the probability of infection by
a factor greater than two, from 91% to 42%. For the full range of loss
rates plotted in Figure 1, the infection risks spans a factor of eight:
from 98% to 13%.

We also explored how changing the duration of the event would
impact the probability of infection as a function of loss rate. Again,
we use the mean emission rate of 970 q/h and a volumetric breath-
ing rate of 1.0 m®/h. For durations ranging from 0.5 to 2.5 hours, and
total loss rates ranging from 0.6 to 12 h™%, the predicted percentage
infected spanned a broad extent, from 4% to 91%. The results are
plotted in Figure 2.

6 | DISCUSSION

The inferred emission rate of 970 quanta/h is plausible given obser-
vations of SARS-CoV-2 in aerosol samples collected in hospitals and
exhaled breath condensate collected from patients. Concentrations
of viral RNA in patient rooms averaged 3000 + 2700 gene copies/
m? across 18 measurements in Nebraska’ and 2600 + 1000 gene
copies/m3 across two measurements in Singapore.3 If the dominant
removal mechanism was ventilation at an average rate of 13 h™ in
Nebraska and 12 h™t in Singapore, then these concentrations cor-
respond to emission rates of the order 10° gene copies/h from a
patient. This emission rate matches the range measured directly
in the exhaled breath condensate of patients.®® Evidence suggests

that ratio of gene copies to infectious virus is roughly 108,6465

so
the emission rate of 10° gene copies/h would correspond to 10% in-
fectious virions emitted per hour. This compares favorably to the
quanta emission rate if the infectious dose is close to 1 plaque form-
ing unit (PFU). We do not yet know the dose-response relationship
for SARS-CoV-2, but prior work indicates that the dose of SARS-CoV
corresponding to illness in 10% and 50% of those exposed is 43 and
280 PFU.%! For influenza an inhaled dose as low as 0.7-3.5 PFU is
sufficient to cause seroconversion in 50% of subjects.®®

The emission rate can also be estimated by combining evidence on
respiratory aerosol in exhaled breath with viral loads for SARS-CoV-2
in saliva. Concentrations of respiratory aerosol in exhaled breath that
are smaller than 10 um diameter are in the approximate range 1-10 nL/
m? for vocalization activities.>® For this concentration range, a volu-
metric breathing rate of 1 m%/h would produce an emission rate of
1-10 nL/h of respiratory aerosol. In limited sampling of SARS-CoV-2
in saliva and other respiratory fluids, viral loads as high as 10! gene
copies/mL have been reported.’®2¢7 At 10 nL/h, a viral load in respi-

ratory fluid of 10! gene copies per mL (= 10° gene copies/nL) would
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lead to an emission rate of 10° gene copies/h, similar to the rate cal-
culated above. Several factors contribute to substantial uncertainty
in these comparisons including variability in viral shedding with type

6869 viral load among infectious persons,* the

of respiratory activity,
dose-response relationship, and other factors. However, the estimates

do support the plausibility of the inferred quantum emission rate.

This modeling analysis has explored the very probable situation in
which transmission by inhaling respiratory aerosol that was released
during singing caused a large COVID-19 outbreak. Accumulating
evidence points to these factors being important for increasing the
risk of aerosol transmission indoors: dense occupancy, long duration,

loud vocalization, and poor ventilation.
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In the domain of indoor environmental quality control, the
first and best measure is generally to minimize indoor emissions.”°
Because it is not yet possible throughout communities to identify
individuals who are highly infectious and therefore are potential
superspreaders, effective source control can not be so well prac-
ticed, short of suspending large gatherings of high-risk indoor
events. Risks would be reduced if fewer people attended, if du-
rations were shorter, and if attendees wore masks. The simulation
results presented here show that the risk of secondary infections
can be substantially reduced although not practically eliminated
through a combination of increasing removal rates and by limiting
the duration of indoor activities. The high ventilation rate in the
hospital settings combined with other controls such as use of iso-
lation rooms and effective personal protective equipment is likely
to mitigate transmission from a high viral shedder in the health-
care environment.>? In general community indoor spaces, which
are not dedicated to infection prevention, controlling aerosol dis-
eases transmission remains a great challenge during this pandemic.
Ventilation rates corresponding to current standards would allow
occupancy duration of only about 0.5 hours for an infection risk
level below 10% for a such high emission activity as investigated
here. Indoor environmental quality control measures available to
improve conditions include enhanced ventilation, mechanical fil-
tration, and germicidal ultraviolet disinfection.”>7? Widespread ap-
plication of effective indoor environment controls could help limit
the extent of superspreading events and therefore contribute to

slowing the pandemic spread.
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