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ABSTRACT: Some infectious diseases, including COVID-19, can undergo airborne
transmission. This may happen at close proximity, but as time indoors increases, infections
can occur in shared room air despite distancing. We propose two indicators of infection
risk for this situation, that is, relative risk parameter (H,) and risk parameter (H). They
combine the key factors that control airborne disease transmission indoors: virus- ]
containing aerosol generation rate, breathing flow rate, masking and its quality, ventilation 0~
and aerosol-removal rates, number of occupants, and duration of exposure. COVID-19 0.001 0.1 0.1 1
outbreaks show a clear trend that is consistent with airborne infection and enable Relative infection risk parameter H, (h* m®)
recommendations to minimize transmission risk. Transmission in typical prepandemic

indoor spaces is highly sensitive to mitigation efforts. Previous outbreaks of measles, influenza, and tuberculosis were also assessed.
Measles outbreaks occur at much lower risk parameter values than COVID-19, while tuberculosis outbreaks are observed at higher
risk parameter values. Because both diseases are accepted as airborne, the fact that COVID-19 is less contagious than measles does
not rule out airborne transmission. It is important that future outbreak reports include information on masking, ventilation and
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aerosol-removal rates, number of occupants, and duration of exposure, to investigate airborne transmission.
KEYWORDS: COVID-19, airborne transmission, outbreaks, indoor air, risk assessment, mitigation

Bl INTRODUCTION

Some respiratory infections can be transmitted through the
airborne pathway in which aerosol particles (<100 ym) are
shed by infected individuals and inhaled by others, causing
disease in susceptible individuals.'~* It is widely accepted that
measles, tuberculosis, and chickenpox are transmitted in this
way,”® and acceptance is growing that this is a major and
potentially the dominant transmission mode of COVID-
197" There is substantial evidence that smallpox,"*
influenza,® SARS,'® MERS,® and rhinovirus'® are also trans-
mitted via inhalation of aerosols.

There are three airborne transmission scenarios of interest in
which infectious and susceptible people: (a) are in close
proximity to each other (<1—2 m), so-called “short-range
airborne transmission,” with overlapping breathing zones, ~
which is effectively mitigated by physical distancing; (b) are
sharing air in the same room, that is, “shared-room airborne;”
and (c) are not sharing a room, far apart in a very large room,
or even in different buildings as in the Amoy Gardens SARS
outbreak, called “longer-distance airborne transmission.”"®
Often (b) and (c) are lumped together under “long-range
transmission,” but in Scenario (c) transport of pathogen-
containing air is more complex, so that the approximation of
well-mixed air is less valid. It is thus useful to separate these
scenarios given the substantial differences in the risk of these
situations and actions needed to abate the risk of transmission.
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Airborne diseases vary widely in transmissibility, but all of
them are most easily transmitted in a short range because of
the higher concentration of pathogen-containing aerosols close
to the infected person. For SARS-CoV-2, a pathogen of initially
moderate infectivity (more recently increased by some variants
such as Delta or Omicron), many instances have been reported
implicating transmission in shared indoor spaces. Indeed,
multiple outbreaks of COVID-19 have been reported in
crowded spaces that were relatively poorly ventilated and that
were shared by many people for periods of half an hour or
longer. Examples include choir rehearsals,"' religious serv-
ices,'® buses,"” workshop rooms,'’ restaurants,”*° and gyms,21
among others. There are only a few documented cases of
longer-distance transmission of SARS-CoV-2, in build-
ings.zz_24 However, cases of longer-distance transmission are
harder to detect as they require contact tracing teams to have
sufficient data to connect cases together and rule out infection
acquired elsewhere. Historically, it was only possible to prove
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longer-distance transmission in the complete absence of
community transmission (e.g., ref 14).

Being able to quickly assess the risk of infection for a wide
variety of indoor environments is of utmost importance given
the impact of the continuing pandemic (and the risk of future
pandemics) on so many aspects of life in almost every country
of the world. We urgently need to improve the safety of the air
that we breathe across a range of environments including child-
care facilities, kindergartens, schools, colleges, shops, offices,
homes, eldercare facilities, factories, public and private
transportation, restaurants, gyms, libraries, cinemas, concert
halls, places of worship, and mass outdoor events across
different climates and socio-economic conditions. There is
limited evidence to specify to minimum ventilation rates
required to mitigate airborne transmission in buildings.*®
However, data from COVID-19 outbreaks consistently show
that a large fraction of buildings worldwide have very low
ventilation rates despite the requirements set in national
building standards. A host of policy questions—from how to
safely reopen schools to how to prevent transmission in high-
risk occupational settings—require accurate quantification of
the multiple interacting variables that influence airborne
infection risk.

Qualitative guidance to reduce the risk of airborne
transmission has been published.”*** Different mathematical
models have been proposed to help manage risk of airborne
transmission,””*" and several models have been adapted to
COVID-19.'7** Tt is important to define quantitative
infection risk criteria for different spaces and types of events
to more effectively manage the pandemic.” Such criteria could
then be used by authorities and policy makers to assist in
deciding which activities are permitted under what conditions,
so as to limit infection risk across a society. To our knowledge,
no such quantitative criteria have been proposed. In addition,
often recommendations are complex and vague, for example,
“reduce duration and density of occupancy and increase
ventilation.” However, it is not clear how to combine the
different measures together (e.g., is half the duration equivalent
to doubling the ventilation?), and it is also not clear what level
of mitigation is sufficient to reduce outbreak probability to a
low level.

Here, we use a box model to estimate the viral aerosol
concentration indoors and combine it with the Wells—Riley
infection model.”” The combined model is used to derive two
quantitative risk parameters that allow comparing the relative
risk of transmission in different situations when sharing room
air. We explore the trends in infections observed in outbreaks
of COVID-19 and other diseases as a function of these
parameters. Finally, we use the parameters to quantify a
graphical display of the relative risk of different situations and
mitigation options.

B MATERIALS AND METHODS

Box Model of Infection. The box model considers a single
enclosed space in which virus-containing aerosols are assumed
to be rapidly uniformly mixed compared with the time spent
by the occupants in the space. This assumption is
approximately applicable in many outbreaks, but there are
some exceptions such as rooms where clear directional flow
causes transmission.'*" Infection in close proximity (over-
lapping breathing zones) is not included. The mathematical
notation used in the paper is summarized in Table S1. The
mass balance equation is first written in terms of ¢, the
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concentration of infectious quanta in the air in the enclosed
space (units of quanta m~>). Compared with a model written
in terms of aerosol or viral particle concentrations, ¢ has the
advantage of implicitly including effects such as the deposition
efficiency of the aerosol particles in the lungs of a susceptible
person, as well as the efficiency with which such deposited
particles may cause infection, the multiplicity of infection, and
so on. The balance of quanta in the space can be written as:
de/dt = Ef /V = (Ag + Agec + Agep + Aae)c (1)
where E; is the emission rate of quanta into the indoor air from
an infected person present in the space (quanta/h); f, is the
penetration efficiency of virus-carrying particles through masks
or face coverings for exhalation (which takes into account the
impact of whether the infector wears a face covering); V is the
volume of the space; 4 is the first-order rate of removal of
quanta by ventilation with outdoor air (h™"); 1, is the removal
of quanta by air cleaning devices (e.g., recirculated air with
filtering, germicidal UV, portable air cleaners, etc.); Aq.. is the
infectivity decay rate of the virus; Aq, is the deposition rate of
airborne virus-containing particles onto surfaces, which is in
theory size-dependent but not treated in a size-resolved
manner in this study. E; is a critical parameter that depends
strongly on the disease, and it can be estimated with a forward
model based on aerosol emission rates and pathogen
concentration in saliva and respiratory fluid*>*® or by fitting
a model such as the one used here to real transmission
events.' >
This equation can be solved analytically or numerically for
specific situations. Given the enormous number of possible
situations, and given the prevalence of outbreaks resulting from
events where air is shared for a significant period of time, we
consider a simplified situation where the presence of all
occupants is stable and continuous. Writing 4 = A + g, + Agec
+ Agep for simplicity leads to a steady-state infectious quanta
concentration of:
c=Ef /(V2) )
Under the assumption of no infectious quanta at the
beginning of the event, a multiplicative factor, r,, can be
applied for events too short to approximately reach steady state
(see Section S1 for details) to correct the deviation of the

quanta concentration averaged over the event (cavg) from that
at the steady state:
Cuvg = TiEyf, / (VA) 3)

Because the goal is to analyze outbreaks, we assume that
only a single infectious person is present in the space, which is
thought to be applicable to the outbreaks analyzed below. This
allows calculation of the probability of infection, conditional to
one infectious person being present. The model can also be
formulated to calculate the absolute probability of infection, if
we assume that the probability of an infectious person being
present reflects the prevalence of a disease at a given location
and time (e.g., refs 31, 37).

The infectious dose inhaled by a susceptible person present
in the space (n) is expressed in quanta (one quantum is
defined as the infectious dose corresponding to a probability of
infection of 1 — 1/¢) below:

n = fBey D (4)

https://doi.org/10.1021/acs.est.1c06531
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where f; is the penetration efficiency of virus-carrying particles
through masks or face coverings for inhalation (which takes
into account the effect of the fraction of occupants wearing
face coverings) (see the description of eq 1 for the definition of
the other penetration efficiency used in this paper, i.e., f.); B is
the breathing volumetric flow rate of susceptible persons; D is
the duration of exposure, assumed to be the same for all the
susceptible persons. Substituting:

n= rssEpfefiBD/(V/'L) ()

The number of expected secondary infections increases
monotonically with increasing n. For an individual susceptible
person, by definition of an infectious quantum, the probability
of infection is:*’

P=1-¢" (6)

For low values of n, the use of the Taylor expansion for an
exponential allows approximating P as:

P~n (7)

The total number of secondary infections expected, which
may also be regarded as the effective reproduction number
(R,) in a given situation, is then:

N. = PN, . ~ nN, (8)

si T sus sus

where N, is the number of susceptible individuals present,
which is generally lower than the number of occupants because
of vaccination or immunity from past infection. All the
outbreaks studied here occurred before COVID-19 vaccines
became available. Thus, the number of secondary infections
increases linearly with n at lower values and nonlinearly at
higher values. We retain the simplified form to define and
calculate the risk parameters but use eq 6 for fitting the
outbreak results in Figure 1b.

Risk Parameters for Airborne Infection. We define the
relative risk parameter, H,, and the risk parameter, H, for
airborne infection in a shared space. The purpose of H, and H
is to capture the dependency of P and Ny, respectively, on the
parameters that define an event in a given space, in particular
those parameters that can be controlled to reduce the risk of
shared-room airborne transmission. To better capture the
controllable actions, E, and B were split into factors that can
and cannot be controlled. E, can be expressed as the product
Eyo X rg where E,; and rg are, respectively, the quanta shedding
rate of an infectious person resting and only orally breathing
(no vocalization), which takes into account the amount of
virus shedded, the infectivity of each virus shed, and the
susceptibility of the person who became infected; and the
shedding rate enhancement factor relative to E,, for an activity
with a certain degree of vocalization and physical intensity (see
Table S2a for details). B can be expressed as B, X rg, where B,
and ry are the average volumetric breathing rate of a sedentary
susceptible person (under the assumption of the same size of
all age groups) and the relative breathing rate enhancement
factor (vs B,) for an activity with a certain physical intensity
and for a certain age group (see Table S2b for details). E,, is
uncertain, likely highly variable across the population, and
variable over time during the period of infectiousness.””***® It
may also increase due to new virus variants such as the SARS-
CoV-2 Delta and Omicron variants, that are more contagious,
assuming that the increased contagiousness is due to increased
viral emission or reduced infectious dose (both of which would
increase the quanta emission rate).”’40 We note that some

variants could in principle also increase transmissibility by
lengthening the period of infectiousness for a given person,
which by itself would not increase the quanta emission rate in a
given situation. B, is relatively well known and varies with a
susceptible person’s age, sex, and body weight, in addition to
the physical activity level. ry and ry are less uncertain than E,,
and are functions of the specific physical and vocalization
activities.”*>*' Thus, they are useful in capturing the
quantitative impact of specific controllable factors. There
could be factors beyond those considered here that lead to
variation of viral emissions, such as the respiratory effort of
patients with breathing disorders, such as emphysema or
asthma.”” Such factors can be incorporated into updated tables
and computations from the model in the future.

Then P can be expressed as a function of E, B, and the
product of the other controllable factors as:

P=1- eXP(_EpoBoHr) ~ EBoH, 9)
Where H, is the relative risk parameter:
H, = serrBf?f;D/(Vl) (10)

It has a unit of h*> m™3, which indicates the increase of risk
with duration (h), the inverse of the ventilation rate expressed
as air changes per hour (1/h™" = h), and the inverse of the
volume of the space (1/m?). The other parameters such as the
effect of masking are dimensionless. H, includes the relative
increase of the emission with activity (rg), but not the quanta
emission rate by a resting and orally breathing infector (Epo).
This allows using the same risk parameters for different
diseases, which will naturally separate in the graphs according
to their transmissibility. The four terms that make up 4 may
vary in relative importance for different diseases and
conditions. Ag. ~ 1.1 h™* has been reported for COVID-
19. Agec depends on temperature and relative humidity.**** Adep
depends on the particle size and the geometry and airflow in a
given space. Respiratory particle sizes in the range from 1-5
pum are thought to play a role in aerosol transmission of
COVID-19, because of a combination of high emission rates
by activities such as talking*® and low deposition rates. Agep for
a typical furnished indoor space spans 0.2—2 h™" over this size
range, with faster deposition for larger particles.*” 1, varies
from ~12 h™ for airborne infection isolation rooms,” ~6 h™!
for laboratories, ~0.5 h™' for residences,” ~1 h™! for
offices,*° and ~2 h™! for classrooms.’”*' Limited ventilation
data are available for many semipublic spaces such as shops,
restaurants, and bars or transportation. Ay, can vary from 0, if
such systems are not in use, to several h™" for adequately sized
systems. Ventilation with clean outdoor air will be important in
most situations, while virus decay and deposition likely
contribute but are more uncertain for COVID-19, based on
current information. In particular, the size distribution of
aerosols containing infectious viruses is uncertain.

We consider a worst-case scenario where rates of deposition
and infectivity decay are small compared with ventilation and
air cleaning and can therefore be neglected. This also allows
using the same relative risk parameter to compare different
airborne diseases. This yields:

Hr = rserrBfEfiD/(V (AO + )“cle)) (11)
H, can be recast as:
Hr = rserrBfeﬁD/(Ll\Tsus) (12)

https://doi.org/10.1021/acs.est.1c06531
Environ. Sci. Technol. 2022, 56, 1125—1137


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c06531/suppl_file/es1c06531_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c06531/suppl_file/es1c06531_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c06531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/est

Environmental Science & Technology

“UORIPUOd 10303JuI-]3uls 3y} 03 pafeds,; *((/paId/a03'parsadu//:sdiy) BIe( JO 9100 UOWIWOY) SONSHEIS UOHEINPH 10§ 19JU)) [euoneN o3 Supiodde) AN ‘Ayuno)
S0IUOTA] 10J 94¢ T T JO OTeI JUIPNIS-0)-I9YDE] B UO paseq pajewnss ‘quednaso 1ad ayer wonemuaa ay) 10§ st sasayjuared ur aqunu ay T, ‘uosiad sjqudassns 1ad ajex uonemuap , ‘pawnsse Arsuajur 3y
JTey/aatssed /Arejuspas JeR],, ‘pawnsse Sunyiealq [eIo - IspIAXa Y Jrey/Suryiesiq [e1o - Sunsaz Jrey,,, **+ 10y Lirun jo uondwmnsse sy 10§ y3nous Juoj JUSAY, "PIWNSSE W A} JO €/ Surmp Sunyeads -
wcﬁmmﬂf "8T—¢1 paSe syuapnis 10§ aarssed /Kreyuapag ( 19YDE3) SNONd3JUT ) 10§ Sunyeads - mc%sﬁm.u *sdnoid a3e [[e 105 Ay1suayur AITIPOIN, “3ury)eaq [e10 - ISIIIGXD 3JLIIPOIAg ‘PIIIPISUOD ST UIQED SSB[D
ssaursnq Y3 A[uQ e ‘Bunyre; pue 3ury3noo 10y syunod josorde parndxs aderaae a1y Jo oner ayy pue Junjeads - Junsar 10§ & Jo 1onpoid ayy st anfea oy T, ‘Surydnod 10§ sjeumsy, “Junyeads A[pnoy - m::mommu
‘s1eak 1/> -T9 10§ m_wcuus_ 1y3r, “Sunfeads A[pnoj - asoIIXd Ewﬁ“~ ‘pawnsse Sup{[e) pnojy Jey/[ewiou Jiey pue awr 3y} jo jrey Suump Junype, ‘sases dyads 1o sajowered Jo 9510Yd $330U00,,

ERliif)
14 €€ +100°0 L10°0 L10°0 wo 69 Tl 0St (4! ! ! I mwwﬁmw:&
L €T 91000 S0'0 S0'0 I o(SS) oLt € 0€ I 1 16, 100YS
St (4 +000°0 6100 6100 ! o(9°L) 0ST 8t 0T ! I 6c100Ys so[seowr
St 98 ST 880 L4 650 S¥'o S0 891 6¢ [N4 ! 0S Pk A il ezusnjur
L 8T 8tV S'LE 0Tt s €T 9 00t ST 008T uLl'T w61 o&ﬁ_mmoa
LT (U4 910 €9 11 ! TL L9 091 ! LT 50O sIso[mareqny
mww:ﬁwwﬁ
LT 100 790 (4! 0LI [4 ! LT Luewian
134 10 60 LT 0ST 4 AT LS olO0Y2S [28IST
9 £6000°0 €60 0T 0ST ST ! I ¢oC [007ds UII™g
01 67000 L6°0 €8 08T S ! ! col [0072S UIIg
16 6¥°0 610 LT0 00CT ST 5ST 4S8 ¢TI0 UTpIog
9t €800 LLO €50 000¢€ 8 4S et S%sofoimsﬂw
(4] €9 0 LT°0 '8 T 8T 1c 09 461 1T T 508 [WeIITE
6 L4 7900 S¥0 €1 860 6 9 0€9 91¢ 8 ! »0€ 0o TOFUR T[>
€S L8 S0 ¥1°0 0¢ €50 9T L0 018 09 ST -S'T 458 e 3Beg
Tea1qino
(4 (4t S¥00°0 LL0°0 LL0°0 680 e 68 (44 L1 ! ! ! snq qrews
8 LT 1100 050 0S°0 +6°0 L1 Ly 09 9 e ! I gc1ER1qIN0 snq 31q
jjueine)sar
6 N4 +S0°0 1710 T'T 1€°0 60 L9°0 L6 0c Tl ! »€6 noyzduenn  61-QIAOD
sased Arepuodas (%) (e ATE A ATE 4 ATaoEmm ATQV AﬂEv N (W) a 1030¥] 931 10308 9361 (eouareyer) 9sBISIP
Jo IPqunu dje1 yoepe Naw ‘H suostad) |y y suosiad) ff ST T Oy A Suryyearq aanepax 84 Surppays sanepar L Jyea1qno

S$32UDI9JoY 2INJEIIT 9] Ul USAID) UONJLULIOJUT 9] WIOJJ paje[nde) ag JON pPno)) siajourereq Mﬁ_mmmz mnq @hﬂumhvumﬂ 9] Ul pajuawindo(J syearqinQ Ioj sisjowered 1 I[qeJ,

https://doi.org/10.1021/acs.est.1c06531
Environ. Sci. Technol. 2022, 56, 1125—1137

1128


https://nces.ed.gov/ccd/)
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c06531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(a) +
(%]
o 80—
& + COVID-19
3 + Tuberculosis
S 60— + Influenza
2 + Measles +
3
b - Stronger
I i sk oGS
@ * + +
E 20+ ‘
z Typ::al case * + + + Typlca:'llcase

0+ —r—rrrr——r T ——rrrr

0.01 0.1 1 10 100
Infection risk parameter H (persons h’ m’a)

(b)

100 S~y —

// ’ ) , ’ + COVID-19

80 - / // s 2 + Tuberculosis
~ / , R / + Influenza
S Stronger / ;i + Measles
o) 60 — outbreak ’ )
= ! / / ;
o g / /i S'/ Predicted attack rates
5] - / . , ronger ' 4
S 40 "outbreak / ffor different E_; (in quanta h )
< s Typical case ,’ g + 0.1

20 — = 7 ’ Typical o 1'

- - case
- . .- — 18.6 (COVID-19 fitted)
0 et T 847431 S6th porconlos
0.001 0.1 1 10 (- _ 1000
(h2 m'a) --- 10000

Relative infection risk parameter H,

Figure 1. (a) Number of secondary cases vs. the risk parameter H and (b) attack rate vs. the relative risk parameter H, for outbreaks of COVID-19,
tuberculosis, influenza, and measles reported in the literature. A stronger outbreak in this figure refers to (i) more secondary infections, (ii) a higher
attack rate, and (iii) a more infectious index case than typical outbreaks. The fitted trend line of attack rate as a function of H, and its estimated
uncertainty range (Sth and 95th percentiles) are also shown in (b). All of the outbreaks investigated here involve the original variants of the virus. A
variant twice as contagious (E, X 2) should shift the fitted line to the left by a factor of two and displace the points of individual outbreaks upward.

where:

L=V (/10 + ﬂcle)/lvs (13)

Assuming that all of the people present in a space are
susceptible to infection, L is equivalent to the ventilation plus
air cleaning rate per person present in the space, (typically
expressed in liters s™' person™ in standards and guidelines
such as from refs 52—54). If some fraction of the people
present are immune to the disease, then L is larger than the
corresponding personal ventilation rate in the guidance. While
this recasting will be useful to persons familiar with ventilation
guidelines, we keep the form in eq 11 for most further analyses,
because the number of people allowed in a space is one of the
critical variables that can be examined with this relative risk
parameter.

We insert eq 9 into eq 8 and obtain

us

Z\Tsi = l\rsus (1 - exp(_EPOBOHr)] ~ Z\IsusEPOBOHr = EPOBOH
(14)
where we define the risk parameter
H= l\]suer = rserrBfef;Dleus/(V (20 + A’cle))
= rserrBfefiD/L (15)

When there is only one infector present and n is small, H is
proportional to N, that is, the outbreak size. When it is
unknown whether an infector is present, H is an approximate
indicator of the absolute probability of infection (P,), because
the expected value of the number of infectors (N;) is the
product of the number of occupants (N) and probability of an
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occupant being infectious, a measure of prevalence of
infectious individuals in local population (7;), as shown below:

B, ~ Ny, Eof £ BD/(VA) = nNi.EyoByryrf.f D/ (V2)

~MNowsH EpoBo = mEoBoH
(16)

The precise estimation of #; is complex for several reasons.
Most transmission may be associated with those infected with
high viral loads,”**° as many infected individuals may not shed
virus into the air.”® Also much spread is by individuals with few
or no symptoms who may not know that they are infected;”
however, a fraction of symptomatic infectious individuals are
typically in isolation. There is also significant variation in viral
load and infectivity during the course of the disease.”® For
these reasons, it is very difficult to determine #; precisely based
on test data. For a situation with multiple potential infectors
present (e.g, a COVID-19 ward in a hospital), the risk
parameters should be multiplied by the number of infectors.

For the analysis later in the paper that does not involve the
activity type or face covering choice (and thus does not involve
e, Ty fo OF f;), we define another parameter (H'), which is
closely related to H:

H'=DN,

sus/(V (AO + A’cle)) = rssD/L (17)

This parameter only captures the characteristics of
susceptible individuals’ presence in the indoor space, not of
their behavior.
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B RESULTS

Value of the Risk Parameters for Documented
Outbreaks of COVID-19. An important advantage of the
simple risk parameters is that their values can be calculated for
outbreaks that are documented in the scientific literature.
Values for documented COVID-19 outbreaks are shown in
Table 1 (rg and ry are estimated based on the likely types of
activities in each case,*****' see Table S2 for typical values).
Also included are values for outbreaks documented in the
literature for tuberculosis and measles, which are widely
accepted to transmit through the air, and an influenza outbreak
that was clearly due to airborne transmission. We have
included all the outbreaks known to us for which sufficient
information was available to estimate airborne infection risk.
Most public health investigations so far in this pandemic have
neglected to report ventilation rates, the volume of the space,
filter and air cleaner efficiencies, and other building science
details, and thus, their airborne risk cannot be estimated. It is
important that future outbreak reports include this informa-
tion, to allow expanding our knowledge of the circumstances
conducive to airborne transmission of different diseases.

We see that the COVID-19 outbreaks that have been
documented span ~2.5 orders of magnitude range of the risk
parameter H ~ 0.09-30 persons h*> m™. Numbers of
secondary cases of these outbreaks generally increase with H
(Figure 1a). Aiming to maintain values far below the threshold
of 0.05 persons h* m™ should help reduce outbreaks.

H, correlates well with the attack rates for the outbreaks
reported in Table 1 (Figure 1b, H, can be calculated for more
reported outbreaks than H because the number of susceptible
occupants is needed for the calculation of H, but not for that of
H,). COVID-19 outbreaks are observed for H, > 0.001 h> m™3,
and thus, indoor activities should be limited to conditions
below this value during the pandemic whenever possible.

A trend line can be fitted to the attack rate vs H, with the
Box/Wells—Riley model based on eq 9 (Figure 1b), with the
fitting parameter being E,, that is, the basic quanta shedding
rate (when breathing only, no vocalization). A best-fit E,, of
18.6 quanta h™ was obtained (with By = 0.288 m® h™" assumed
for all occupants for simplicity). When the uncertainties of H,
and attack rates are considered, the uncertainty of E,, can also
be estimated through Monte Carlo uncertainty propagation,
described in detail in Section S2. The Sth and 95th percentiles
of the E; values are 8.4 and 48.1 quanta h™', respectively. This
range is higher than that suggested by Buonanno et al. (2
quanta h™'),>*® but overlapping with the uncertainty range
provided by those authors. Note that outbreaks are typically
only observed for individuals with higher quanta emission
rates; many infected individuals have low emission rates, and
the risk in those situations will be lower than that estimated
here.”>*° The attack rates estimated according to this trend
line have a high correlation with the actual attack rates (> =
0.90; Figure S1). Given the small size of the dataset of H, and
attack rates, we cross-validate this fitting by the leave-one-out
method.”® The 12 values of E,,, obtained in the cross validation
have maximum and mean relative absolute deviations of 20 and
6%, respectively, from the best-fit value, showing the
robustness of the fitting,

Close alignment supports the dominant shared-room
airborne character of these COVID-19 outbreaks. If the
outbreaks had major components of other transmission modes
(e.g., fomite or close-range transmission), we would expect a
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dependence on other parameters not considered here and
overall much lower correlation with the risk parameters.
Nevertheless, it can be observed that the attack rates of the
outbreaks at low H, (~0.01 h* m™ or lower) are higher than
the fitted curve. This can be due to several factors, including
(i) other transmission routes (e.g, short-range airborne
transmission, for which the risk cannot be well captured by
the model in this study and can still be significant at low H,) or
(ii) the detection of only outlier cases of long-range airborne
transmission resulting from the variability of E, (e.g., cases
where the infector’s actual quanta emission rate was extremely
high), as the other cases may have too few secondary infections
to be documented in the literature.

Effect of Building Parameters vs. Human Activities.
The type of activity performed in each case (captured by the
product of rg and ry) contributes substantially to the difference
in H between these cases. When human activities are not taken
into account, the parameter H' only spans a narrow range of
0.09—0.56 person h?> m™>. This is probably due to similar per-
person ventilation rates in many public indoor spaces (on the
order of a few liter s~ person~')** and similar lengths of
common events (in hours).

Similar to H, the variation in the values of H, for the
outbreaks in Table 1 is also largely determined by rg and rp. If
they are not taken into account, H, for all outbreaks would vary
in the narrow range of 0.001 to ~0.01 h* m™>, as V and 4, are
building characteristics and D, as discussed above, is usually in
hours. This implies that, in the presence of a single infector,
reducing vocalization and/or physical intensity levels of the
indoor activity is a very effective way to lower the infection risk
of susceptible individuals. Reducing the event length can also
help, while reducing occupancy cannot in this case, as shown
by eq 10.

It is possible that some of the most visible outbreaks are
associated with super-emitter individuals, who shed virus
particles at higher rates than others.*””" ™" If that is the case,
the actual H, values at which significant transmission starts to
appear in the presence of individuals that are not super
emitters may be higher than those determined here. However,
if super-emitters are important, so will be their contribution to
total spread, and thus one should try to reduce the risk to
reduce the probability of such events occurring.

Values of the Risk Parameters for Outbreaks of Other
Airborne Diseases. In Table 1 and Figure 1, we also include
a few reported indoor outbreaks of three other diseases with
significant airborne transmission, that is, tuberculosis,
influenza, and measles. For outbreaks to have a similar number
of secondary cases or attack rate, H or H, needs to be higher
for tuberculosis and influenza and lower for measles than that
for COVID-19 (Figure 1). Note that many of the children
present in the measles outbreak were vaccinated, but the risk
parameter framework can still be applied by considering the
number of susceptible children present. This difference is
mainly due to differences in E,, (lower for tuberculosis and
influenza and higher for measles; Figure 1b). A higher Ey for
measles may indicate a larger amount of airborne measles virus
in breath or a steeper dose—response curve for the measles
virus than SARS-CoV-2, or both. A novel disease as contagious
as measles would make almost any indoor situation prone to
superspreading. On the other hand, tuberculosis and influenza
are less contagious. Tuberculosis transmission is propagated
because untreated infected people remain contagious for
years.”* The influenza outbreak occurred in an airplane
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without ventilation with the index case constantly coughing
and represents an extreme for this disease.”’ Most influenza
patients are thought to emit significantly less virus.”> More
discussions about quanta emission rates of different diseases
can be found elsewhere.**”°

Given that both the measles and tuberculosis pathogens are
widely accepted as airborne, the intermediate risk profile for
COVID-19 in Figure 1b is not inconsistent with airborne
transmission, contrary to frequently made arguments.w’78
Contagiousness of a disease does not necessarily indicate the
transmission route.”” Airborne diseases can vary in their
contagiousness depending on parameters such as the amount
of virus shed, the survival of the virus in the air, the dose—
response relationship for infection, and other parameters. The
only fundamental requirement is that transmission needs to be
sufficient for the disease to survive as such, something COVID-
19 has had no trouble with so far.

Graphical Representation of Relative Risks of Differ-
ent Situations. When it is not known whether infectors are
present at an indoor event, all occupants must be considered
possible infectors. We assume that the probability of an
occupant being infectious is the same as the fraction of
infectious people in the local population (77;). H indicates the
risk of an outbreak. Consequently, the risk also depends on the
number of occupants in addition to the vocalization level,
event duration, ventilation, and mask wearing. Jones et al.”®
estimated the dependency of the infection risk on these factors
and tabulated it in a manner similar to Table 2. However, they
only did so qualitatively. Having defined H as a risk parameter,
we can assess the risk more quantitatively based on H values
(as well as contact times allowed until outbreak risk is
significant (H = 0.05 persons h* m™>) and attack rates) under
different conditions (Table 2). Although the actual risk also
depends on #; and the choice of the threshold for high risk
(red cells in Table 2) is subjective, the risk parameter (H
value) in Table 2 seems to vary in a smaller range than the
corresponding table in the study by Jones et al.”® We also show
that being outdoors (with much better ventilation than
indoors) has a greater expected benefit than they estimated.

Note that, although occupancy has no impact on the attack
rate if an infector is present, occupancy affects the risk in two
ways when the presence of infector(s) is unknown, that is, (i)
the probability of the presence of an infector in a certain
locality and (ii) the size (number of secondary cases) of the
outbreak if it occurs. Therefore, lowering occupancy has
double benefits.

Risk Evaluation for Indoor Spaces with Prepandemic
and Mitigation Scenarios. Values of the risk parameter H
for some typical public spaces under prepandemic conditions
are tabulated in Table S4 and shown in Figure 2. H in all
prepandemic settings is on the order of 0.05 persons h> m™ or
higher, implying a significant risk of outbreak during the
pandemic (Figure 2a). Often, ventilation rates may be lower
than official guidance due to many factors includin
malfunction, lack of maintenance, or attempts to save energy'.8
Substandard ventilation, coupled with poor air distribution,
substantially increases the risk and size of an outbreak through
shared-room airborne transmission (Figure 2a,b). This is
consistent with observations that indicate that COVID-19
outbreaks are disproportionately observed in poorly ventilated
environments, which are specifically spaces with little to no
added outdoor air or adequately filtered air.®’ However, H and
H, of all of the prepandemic spaces are in a regime highly
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Table 2. (a) Values of the Airborne Infection Risk
Parameter (H, in Persons h> m™3), (b) Exposure Times
Corresponding to H = 0.05 Persons h*> m~3, and (¢)
Predicted Attack Rates with 0.1% Infectious People in Local
Population for (Equivalent) Shared-Room Airborne
Transmission under Different Conditions in the Similar
Format of Figure 3 of ref 25.”

(a) Risk parameter H (persons h> m*)

Low occupancy
Indoor

High occupancy

Outdoor Outdoor  Indoor

Poorly

ventilated
ventilated ventilated

Wear face coverings, contact for short time
silent
Speaking
Shouting, singing 5
Heavy exercise 1
Wear face coverings, contact for prolonged time
silent

Speaking
Shouting, singing

Type and level of group activity

and well  and well andwell  and well

ventilated  ventilated

3.46-02
2.0E-01

Heavy exercise
No face coverings, contact for short time
Silent

Speaking
Shouting, singing
Heavy exercise
No face coverings, contact for prolonged time
Silent

Speaking
Shouting, singing
Heavy exercise

(b) Exposure time (in h) corresponding to an infection risk parameter (H) value of 0.05 person h®

m?

Low occupancy
Type and level of Outdoor Indoor
. Poorly
group activity  and well and well N

} . ventilated
ventilated ventilated
Wear face coverings
Silent
Speaking
Shouting, singing
Heavy exercise
No face coverings
Silent
Speaking
Shouting, singing
Heavy exercise

High occupancy
Outdoor  Indoor

Poorly
and well and well

. } ventilated
ventilated ventilated

(c) Estimated attack rate when 0.1% of the local population are infectious

Low occupancy
Outdoor  Indoor
andwell  and well P°?”V
; . ventilated

ventilated  ventilated
Wear face coverings, contact for short time
Silent
Speaking
Shouting, singing
Heavy exercise
Wear face coverings, contact for prolonged time
Silent
Speaking
Shouting, singing
Heavy exercise 0.009%
No face coverings, contact for short time
Silent
Speaking
Shouting, singing
Heavy exercise
No face coverings, contact for prolonged time
Silent
Speaking
Shouting, singing
Heavy exercise

High occupancy
Outdoor  Indoor
andwell  and well

ventilated ventilated

Poorly
ventilated

Type and level of group activity

0.010%

“An additional type of activity (“heavy exercise”) is included. Table
S3 details the specific choices of the conditions in Table 2. Note that
these specifications can be changed as needed, which is easy to
implement in the COVID-19 Aerosol Transmission Estimator (Figure
S2). Color of a cell varies (a) with H value from green (0 persons h?
m™?) via yellow (0.05 persons h> m™) to red (>0.5 persons h> m™),
(b) with exposure time from red (0.1 h) via yellow (1 h) to green (10
h), and (c) with predicted attack rate from green (0) via yellow
(0.0001) to red (0.001). The selection of the colors in Table 2a was
based on the following considerations: (i) no risk (H = 0 persons h*
m™) for green; (ii) no documented outbreaks when H < 0.05 persons
h* m™® (Figure la) (thus 0.05 persons h> m™ for yellow); (iii)
outbreaks with significant numbers of secondary infections when H >
0.5 persons h*> m™ (Figure 1a) (thus red). For that in Table 2b,
relatively simple numbers are chosen for the thresholds that
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Table 2. continued

correspond to the thresholds for H in Table 2a. As probability of
infection is given in Table 2, its colors are chosen based on the
personal risk tolerance of the authors. Note that significant
uncertainties remain in the parameters for the table (which are for
the wild-type SARS-CoV-2) and that the colors should be interpreted
in relative terms. These tables are available in the online transmission
risk estimator, and all of their aspects can be modified depending on
specific situations and preferences.

sensitive to mitigation efforts (Figure 2ab). Therefore,
mitigation measures such as increasing ventilation or air
cleaning, reducing voice volume when speaking, reducing

occupancy, shortening duration of occupancy, and mask
wearing are required to reduce the risk of transmission in
similar settings (Table S4). With mitigation measures
implemented, H in these settings can be lowered to the
order of 0.01 persons h? m73, low enough to avoid major
outbreaks (Figure 2a). Particularly, for hospital general
examination room, a high-risk setting where there can be
coughing infectors emitting quanta at a high rate, a
combination of an improvement of ventilation rate to 6 h,
application of higher efficiency air filters, a halved duration,
and a requirement of fit-tested N95 respirators can lower the
attack rate from ~90% to negligible (Figure 2c). Use of high-

—~
Q&

Number of secondary cases

+ Literature COVID-19 outbreaks
—— COVID-19 fitted trend
-~ (5th and 95th percentiles)

H and H, for indoor spaces

100 — » Pre-pandemic setting
] O Pre-pandemic setting with 50% ventilation
50 * € Pre-pandemic setting with 50% occupancy
] « Pandemic lower-risk setting
] N + * ASHRAE standard cases
0= Prison dayroom
0.01 0.1 1 L Middle school classroom
Infection risk parameter H (persons h° m>) [ Concert hall/theater
------ Restaurant
(b) Hospital general examination room
Library
----- Place of religious worship
Supermarket
Other cases
Physical education class
R D T st Dot o <A R S Wty Large family dinner
< orreneneenanananas > Outbreaks
g 100 Guangzhou restaurant
8 1 T T [ Skagit Choir
< ]
50 —
. T ~
0 L e
10* 10° 107 10" 10°
Relative infection risk parameter H, (h2 m's)
(c)
< <
+ Literature COVID-19 outbreaks
100 4| — COVID-19 fitted trend [ e
— 4= (5th and 95th percentiles)
S
:u:; : Effect of mitigation measures for
S hospital general examination room 4
S | mem Better mask (surgical—N95) v
£ 50 4 Half duration .
< || mem Better ventilation + air filtration |-
0 s
0.001 0.01 0.1 1

Relative infection risk parameter H, (h2 m'a)

Figure 2. (a and b) Same format as Figure 1, but for COVID-19 only. Also shown are the H and H, values for several common indoor situations
(both prepandemic and pandemic) listed in Table S4. The H values for the cases with prepandemic settings except for a lower occupancy and the
H and H, values for the ASHRAE standard cases®* (not other cases or outbreaks) with prepandemic settings except for a lower ventilation rate are
shown for comparison. The standalone legend box is for (a) and (b) only. (c) Approximately multiplicative effects of various mitigation measures
for the hospital general examination room case are also shown as an example.
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quality masks (e.g, N9S/FFP3) that fit well is highly effective
as a mitigation measure.

Calculation of Risk Parameters for Specific Situa-
tions. The calculation of H, H', and H, for specific situations
of interest has been implemented in the COVID-19 aerosol
transmission estimator, which is freely available online.”" The
estimator is a series of spreadsheets that implement the same
aerosol transmission model described by Miller et al.'' It
allows the user to make a copy into an online Google
spreadsheet or download it as a Microsoft Excel file for
adaptation to the situations of interest to each user. The model
can be used to estimate the risk of specific situations, to
explore the reduction in transmission because of different
control measures (e.g, increased ventilation, masking, etc.),
and to understand aerosol transmission modeling for
incorporation into more complex models. The model also
allows the estimation of the average CO, concentration during
an activity, as an additional indicator of indoor risk, and to
facilitate the investigation of the relationship between infection
risk and CO, concentrations.””*” A screenshot of the estimator
is shown in Figure S2.

In addition, a sheet allows recalculating Table 2 in this paper
for sets of parameters different from those used here (and
shown in Table S2).

B DISCUSSION

We have explored the relationship between airborne infection
transmission when sharing indoor spaces with distance
between occupants greater than their breathing zones and
the parameters of the space using a box/Wells—Riley model.
We have derived an expression for the number of secondary
infections and isolated the controllable terms in this expression
in two airborne transmission risk parameters, H and H..

We find a consistent relationship, with increasing attack rate
in the known COVID-19 outbreaks, as the value of H,
increases. This provides some confidence that airborne
transmission is important in these outbreaks and that the
models used here capture the key processes important for
airborne transmission.

Outbreaks have been observed when H, is on the order of
0.001 h* m™~* and higher. A criterion based on H, (e.g, H, >
0.01 or 0.1 h*> m? depending on available contact tracing
resources) can also be used to determine if an occupant of an
indoor space is a “close contact” of an identified infector in the
same space through the shared-room air airborne transmission
(note that this criterion does not apply to close contacts at risk
of infection through short-range (<2 m) airborne trans-
mission). The lowest H for the major COVID-19 outbreaks in
indoor settings reported in the literature is ~0.1 person h> m™.
Note that all the outbreaks investigated here concern the early
to mid-2020 variants of SARS-CoV-2, and a variant twice as
contagious as those should reduce the tolerable values of the
parameters by about a factor of 2. H can be orders of
magnitude higher for the superspreading events where most
attendees were infected (e.g, the Skagit Valley choir
rehearsal)."' However, if human activity-dependent factors
are not taken into account, H' for all the outbreaks discussed in
this paper is ~0.1—0.5 person h* m™. H’ values for public
indoor spaces usually fall in or near this range primarily due to
similar per-person ventilation rates and public event durations.
Substandard ventilation, coupled with poor air distribution, is
associated with substantial increases in the risk of outbreak.
However, all of the prepandemic example spaces analyzed are
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in a regime in which they are highly sensitive to mitigation
efforts.

The relative risk of COVID-19 infection falls between that of
two well-known airborne diseases: the more transmissible
measles and the less transmissible tuberculosis. This shows that
the fact that COVID-19 is less transmissible than measles does
not rule out airborne transmission. These risk parameters can
be applied to other airborne diseases, if outbreaks are
characterized in this framework. This approach may be useful
in the design and renovation of building systems. For a novel
disease that was as transmissible as measles, it would be very
difficult to make any indoor activities safe aside from highly
effective/protective vaccination.

Our analysis shows that mitigation measures to limit shared-
room airborne transmission are needed in most indoor spaces
whenever COVID-19 is spreading in a community. Among
effective measures are reducing vocalization, avoiding intense
physical activities, shortening the duration of occupancy,
reducing the number of occupants, wearing high-quality well-
fitting masks, increasing ventilation, improving ventilation
effectiveness, and applying additional virus removal measures
(such as HEPA filtration and UVGI disinfection). The use of
multiple “layers of protection” is needed in many situations,
while a single measure (e.g., masking) may not be able to
reduce risk to low levels. We have shown that combinations of
some or all of these measures are able to lower H close to 0.01
person h> m™, so that the expected number of secondary cases
is substantially lower than 1 even in the presence of an
infectious person, hence would be likely to avoid major
outbreaks.
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