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ABSTRACT: Using aerosol-based tracers to estimate risk of infectious
aerosol transmission aids in the design of buildings with adequate
protection against aerosol transmissible pathogens, such as SARS-CoV-2
and influenza. We propose a method for scaling a SARS-CoV-2 bulk
aerosol quantitative microbial risk assessment (QMRA) model for
impulse emissions, coughing or sneezing, with aerosolized synthetic DNA
tracer concentration measurements. With point-of-emission ratios
describing relationships between tracer and respiratory aerosol emission
characteristics (i.e., volume and RNA or DNA concentrations) and
accounting for aerosolized pathogen loss of infectivity over time, we scale
the inhaled pathogen dose and risk of infection with time-integrated
tracer concentrations measured with a filter sampler. This tracer-scaled QMRA model is evaluated through scenario testing,
comparing the impact of ventilation, occupancy, masking, and layering interventions on infection risk. We apply the tracer-scaled
QMRA model to measurement data from an ambulatory care room to estimate the risk reduction resulting from HEPA air cleaner
operation. Using DNA tracer measurements to scale a bulk aerosol QMRA model is a relatively simple method of estimating risk in
buildings and can be applied to understand the impact of risk mitigation efforts.
KEYWORDS: qmra, aerosol tracer, infectious aerosol, aerosol transmission, risk modeling

1. INTRODUCTION
Inhalation of infectious aerosols can lead to transmission of
airborne pathogens,1 such as SARS-CoV-22 and influenza.3

During the COVID-19 pandemic, organizations such as
ASHRAE,4 AIHA,5 and WHO6 released guidance for
improving ventilation and filtration systems in buildings and
for setting building policies, such as reduced occupancy density
and masking, to reduce infectious aerosol exposure. Estimating
the extent of risk reduction resulting from implementation of
such policies in buildings is a challenge, due partially to the
lack of adequate respiratory aerosol exposure proxies. We
propose a method for combining airborne pathogen trans-
mission risk modeling and physical tracer measurements for
modeling the risk reduction that results from infectious aerosol
exposure mitigation measures. This is accomplished by
integrating quantitative microbial risk assessment
(QMRA)7−9 with aerosol concentrations of synthetic DNA
tracers collected in buildings.10−12

QMRA relates an environmental concentration and
exposure scenario to a probability of an adverse outcome
using a process of hazard identification, exposure assessment,
dose−response measurement, and risk characterization.13

QMRA applied to the inhalation of infectious aerosols

estimates transmission risk based on parametrizations of (1)
the volume of respiratory aerosol emission, (2) infectious
pathogen concentrations and loss of viability and/or infectivity,
(3) building operating conditions and policies, (4) inhalation
doses, and (5) a dose−response curve, representing a
relationship between the dose (i.e., number of pathogens)
and the probability of an adverse outcome such as infection,
illness, or death.13 Schijven et al. developed a QMRA model to
estimate SARS-CoV-2 aerosol transmission risk,7 described
here as a “bulk aerosol” QMRA model, as once aerosolized
pathogen numbers are estimated the particle size distribution is
not further considered. Henriques et al. developed a particle
size-resolved QMRA model for SARS-CoV-2, increasing the
accuracy of the inhalation dose by modeling particle size-
dependent emission, transport, and removal.8,14 Due to the
complexity and computational intensity of the particle size-
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resolved approach, and due to the use of bulk aerosol
collection methods with aerosol tracers, the bulk aerosol
QMRA model approach is adopted here. We iterate on the
model of Schijven et al., incorporating parametrizations for the
survival of pathogens during aerosolization, biological decay of
aerosolized pathogens, multiple-occupant scenarios, and
interventions such as adding ventilation and masking.

Surrogates for exposure to respiratory aerosols include tracer
gases15−19 and solid particles,20,21 though tracer gases do not
simulate particle evaporation, transport, and removal. Solid
particle tracers and particle mass concentration monitoring can
indicate how aerosols are dispersed and removed, though these
techniques do not simulate the changes in composition and
size distribution that respiratory aerosols undergo following
emission and evaporation.22−25 Using an aerosol tracer
solution with a composition comparable to that of mucosali-
vary fluid,26 it is possible to emulate the physicochemical
changes that occur during respiratory aerosol emission and
transport. Upon incorporation of a tracer molecule into the
liquid aerosol, such as nucleic acid sequences (i.e., synthetic
DNA), such a tracer solution becomes quantifiable through
quantitative polymerase chain reaction (qPCR). Aerosol
tracers tagged with synthetic DNA were originally validated
by Harding et al.10 As currently deployed, a synthetic DNA
tracer solution is aerosolized as a burst from a nebulizer,
simulating the emission of aerosols similar in composition to
and within the size distribution of respiratory aerosols
produced during a cough or sneeze.11

Presented is a framework for integrating QMRA model
estimates of infectious aerosol transmission risk with filter
sample-based measurements of aerosolized DNA tracers in
buildings to inform the effectiveness of mitigation efforts. We
derive a scaling factor for converting from time-integrated
aerosolized DNA tracer concentrations to pathogen dose and
infection risk using a bulk aerosol QMRA model for SARS-
CoV-2. This model is applied for a range of DNA tracer
concentrations and modes of emission to analyze the impact of
interventions on risk. We apply the framework using modeling
parameters from a restaurant outbreak and a case study in an
ambulatory care room using real-world measurement data. It is
proposed that using aerosol tracer measurements to constrain
infectious aerosol risk models is a means of estimating risk-
based engineering design parameters in buildings.

2. MATERIALS AND METHODS
2.1. Bulk Aerosol QMRA Model. Equation 1 models the

concentration of aerosolized pathogens from a cough or sneeze
in a perfectly mixed room

=n t N c v
v

( ) (1 )
e t

pth inf msk,out imp rsp rsp
r

pth

(1)

where npth(t) is the concentration of aerosol-bound pathogens
(pathogen count per liter of air) in a room with volume vr
(liters of air), crsp is the viral load (pathogen count per milliliter
of saliva), θinf estimates the percent of pathogens remaining
infectious following aerosolization, ηmsk,out is the bulk aerosol
removal efficiency due to the emitter wearing a mask
(percent), λpth is the bulk aerosolized pathogen removal rate
(min-1), vrsp is the volume of respiratory aerosols (milliliters of
saliva), and Nimp is the number of impulse events. The number
of impulse events can be assumed to be from an initial release
(i.e., infectious person coughs Nimp times) or spaced

throughout the exposure time, assuming impulse events are
separated by sufficient time for pathogen concentrations to
decay to near-background levels between events. We assume a
single infectious individual coughs or sneezes at the start of the
exposure scenarios, and all other room occupants are non-
infectious, breathe at a steady rate, and remain in the room for
the duration of the exposure scenario. This model does not
estimate the contribution to risk from breathing emissions.
The cumulative aerosolized pathogen concentration, Npth
(pathogen count-minute per liter of air), is calculated by
integrating npth over an exposure time period [T, minutes (eq
2)].
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The inhaled pathogen dose (Dpth, pathogen count) is
calculated by multiplying the cumulative aerosolized pathogen
concentration by the inhalation rate of a room occupant (qinh,
liters of air per minute). Equation 3 includes ηinh, the bulk
respiratory aerosol lung deposition efficiency (percent), and
ηmsk,in, the bulk inward mask filtration efficiency (percent).
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The risk of infection (Ppth, percent) of an exposed individual
is calculated from a dose−response curve (eq 4).

=P T( ) 1 e frD T
pth

( )pth (4)

Using an RNA-based viral load for pathogen emissions, the f
factor converts the inhaled dose from RNA copies to infectious
units. The r factor estimates the dose of infectious units leading
to infection in half of the population on average. Dose−
response parametrization values are based on the work of
Schijven et al., with an f factor of 1/80 (PFU/RNA copies) and
an r factor of 1/18 (infection/PFU inhaled).7

A human challenge study of SARS-CoV-2 infection by
Killingley et al. with intranasal droplet inoculation of D614G-
containing pre-alpha wild-type virus to healthy SARS-CoV-2
seronegative volunteers without prior vaccination or history of
COVID-19 determined the median infectious dose to be 10
TCID50, equivalent to 55 FFU (r = 1/55).27 As Killingley et al.
also report the viral load in FFU per milliliter of saliva, we use
this viral load parametrization with the FFU-based r factor ( f =
1; r = 1/55) to compare to the risk indicated by models using
RNA-based viral load values.

We assume the exposed population is fully and equally
susceptible to illness, and there are no modifications to the
dose−response relationship to accommodate the effects of
vaccination or prior infection. Therefore, risk estimates can be
considered an upper bound on infection risk for a highly
susceptible population. As room occupancy increases, and we
assume equal risk to all individuals corresponding to the
median exposure dose, the risk that one or more occupants will
become infected (Ppth,multi) follows eq 5
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=P P1 (1 )p
pth,multi pth (5)

where p is the number of exposed occupants.
Section S1 of the Supporting Information describes the

modeled respiratory aerosol volume emission distributions,
based on distributions reported by Schijven et al.7 Section S2
describes the viral load distributions.7,27 Section S3 describes
the inhalation rate distribution.28

The bulk aerosolized pathogen removal rate (λpth, eq 6) is
the sum of physical and biological removal rates of pathogen-
laden aerosols.8

= + + + +pth vnt flt dep inh bio (6)

Physical removal processes include ventilation (λvnt), filtration
(λflt), deposition (λdep), and inhalation (λinh). The biological
decay of aerosolized SARS-CoV-2 due to environmental
conditions (λbio) has been assessed in rotating drum aerosol
chambers, resulting in a parametrization of the decay constant
based on temperature, humidity, and UVB irradiance.29 We
assume an indoor temperature of 23 °C, a relative humidity of
50%, and no sunlight (0 WUVB/m2), resulting in a decay
constant for viral infectivity (kinfectivity) of 0.023 min−1 (1.4
h−1). Converting from loge units results in a biological decay
rate [λbio = ln(2)/kinfectivity] of 0.008 min−1 (0.5 h−1), which is
comparable to biological decay rates in other risk modeling
studies.8,30 In buildings where the distributions of temperature
and humidity are known, these two variables can be sampled
during Monte Carlo simulation to quantify the variability in
the biological decay rate. Other factors that impact decay of
infectivity, such as pH, are not currently incorporated into this
model of biological decay.31,32

To estimate the inhalation removal rate (eq 7), the
inhalation volumetric flow rate was summed across the room
occupants (p) and multiplied by factors describing the bulk
deposition efficiency of aerosols in the respiratory system (ηinh,
percent) and the inward mask aerosol filtration efficiency
(ηmsk,in, percent) and then scaled by the room volume (vr, liters
of air).

=
q

v

(1 ) p
i

inh
inh msk,in 1 inh,

r (7)

2.2. Synthetic DNA Tracer Emission and Sampling.
The synthetic DNA tracer solution is a nonhazardous aqueous
solution (98% water by mass; the composition balance is a
trade secret) containing a concentration of synthetic DNA
tracers (ctrc, DNA copies per milliliter of solution) quantified
via qPCR. The tracer solution composition simulates human
mucosalivary secretions, composed of ∼99% water and a
mixture of salts, proteins, surfactants, and other organic
matter.26 Synthetic DNA tracers do not decay in the
environment over time scales used for testing, for example,
due to changes in aerosol pH, and are stable during
aerosolization. Therefore, tracer concentrations are an upper
bound of pathogen transport where biological decay processes
do not occur.

The DNA tracer solution is emitted using a pneumatic
nebulizer with a known volumetric emission rate.11 Volumetric
particle size distributions upon emission were measured in
triplicate 0.15 m from the nebulizer with a Spraytec laser
diffraction particle counter (0.12−1000 μm, Malvern Pan-
alytical Ltd.) and converted to normalized particle number
concentrations. The average relative particle number distribu-

tion of the nebulizer is compared to a normalized distribution
from the BLO trimodal model of cough aerosols in Figure
S1.33 Additional analysis of the nebulizer emission character-
istics is included in Section S4.

The volume of the tracer solution emitted during each
application is typically a few milliliters. We assume the
nebulizer emission size distribution measured by the Spraytec
is representative of this entire volume (i.e., no droplets of
>1000 μm). Not all emitted mass from the nebulizer is
aerosolized due to ballistic droplets being removed through
gravitational deposition. We define an aerosolization cutoff
diameter of 73.5 μm, the estimated cutoff size at which
respiratory particles stay aerosolized with assumed conditions
of a room temperature of 23 °C, an exhalation velocity of 4.1
m/s, a relative humidity of 50%, and an ambient air velocity of
0.3 m/s.34 The nebulizer emits 88.5% of the tracer solution
volume below the aerosolization cutoff diameter, and the
volumetric emission per application (vtot, milliliters of solution
per application) is multiplied by this aerosolization fraction
(ηaero) to estimate the volume of the aerosolized tracer solution
emitted per application (vtrc, milliliter of solution per
application). The number of aerosolized DNA copies emitted
per application (etrc, DNA copies per application) is calculated
using eq 8. Details of DNA tracer filter sampling and
quantification are included in Section S5.35,36

= =e c v c vtrc trc trc trc tot aero (8)

2.3. Aerosolized DNA Tracer Removal Rate. Measuring
bulk aerosolized DNA tracer removal rates (λtrc,meas) in
buildings, which accounts for the combined removal rates of
ventilation, filtration, and deposition, can be accomplished
using aerosolized tracer concentration decay techniques,11 and
we assume bulk aerosolized tracer removal rates are equivalent
to bulk respiratory aerosol removal rates due to similarities in
particle size distributions and composition. When aerosol
tracer decay rates cannot be measured, gaseous tracer removal
rates (λgas) or ventilation rates (qv/vr) can be used to estimate
tracer aerosol removal rates using the linear regression
described in Section S6. The measured or estimated
aerosolized DNA tracer concentration removal rate is assumed
to be representative of the physical removal from ventilation,
filtration, and deposition (eq 9). As aerosolized DNA tracer
concentrations are assumed to decay at the same rate as
aerosolized pathogen concentrations, λpth can be estimated by
substituting the tracer removal rate for ventilation, filtration,
and deposition removal (eq 10).

= + + =
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v
( ) ,trc vnt flt dep trc,meas trc,chm gas

v
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= + + + + = + +pth vnt flt dep inh bio trc inh bio

(10)

2.4. Relating Airborne DNA Tracer Concentration to
Infection Risk. Table S4 summarizes point-of-emission ratios
for respiratory and tracer aerosols in terms of volume,
pathogen/tracer concentration in saliva/solution, and the
number of pathogens/tracers emitted, using distribution
means of respiratory aerosol emission volume and viral load
and typical tracer solution characteristics. To account for the
differences in time-integrated pathogen and tracer concen-
trations, the modeled cumulative pathogen concentration
[Npth(T)] is divided by the modeled cumulative tracer
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concentration [Ntrc(T)], resulting in the cumulative pathogen
tracer concentration ratio [R(T) (eq 11)], which includes the
point-of-emission ratios.

= =R T
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(11)

Assuming respiratory and tracer aerosols are transported in a
proportionally consistent manner due to similarities in particle
size distributions and composition, concentrations of DNA
tracers measured on a filter can be proportionally related to the
number of pathogens inhaled from a cough or sneeze. To scale
the inhaled dose based on measurements of tracer concen-
trations, the measured cumulative aerosolized tracer concen-
tration (Ntrc,meas), from time-integrated tracer concentrations
measured with a filter sampler (ctrc,meas), can be calculated with
the filter sampling time (T, minutes), which is the same as the
modeled exposure time (eq 12). To model how interventions
that impact the removal rate (λint) alter pathogen concen-
trations, we assume that the ratio of measured and modeled
cumulative tracer concentrations is consistent as the removal
rate changes (eq 13).

=N T c T( , )trc,meas trc trc,meas (12)

+

= +

N T

N T
N T

N T

( , )

( , )
( , )

( , )

trc,meas trc int

trc,mod trc int
trc,meas trc

trc,mod trc (13)

We multiply the pathogen dose equation, with λint added to
the pathogen removal rate, by the tracer scaling factor
(Ntrc,meas/Ntrc,mod), resulting in the tracer-scaled dose equation
[Dtrc (eq 14)].

= [ ] +

+
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The tracer scaling factor is the ratio of the measured to
modeled cumulative tracer concentrations and represents the
proportional deviation from the modeled tracer emission
scenario that occurred during transport from emission to
sampling point, implicitly including the impact of effects such
as mixing effectiveness on the resulting concentrations. R(T)
emerges when adopting this convention. Substituting eq 13 for
Ntrc,meas(λtrc + λint) and eq 12 for Ntrc,meas(λtrc) in eq 14 leads to
the tracer-scaled dose model parametrized by tracer measure-
ments (eq 15). The tracer-scaled dose is used to calculate the
tracer-scaled risk (Ptrc) using eq 4, and the tracer-scaled risk is
used to estimate risk in scenarios with multiple occupants
(Ptrc,multi) using eq 5.

= [ ]
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pth,mod pth int
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2.5. Model Evaluation and Sensitivity Analysis. For
each exposure scenario, Monte Carlo simulation (nsim =

10 000) in R37 was used to evaluate three models during the
exposure/filter sampling period (t = 0−T min) using the
distributions in Table S5: model 1, the pathogen emission and
risk model (npth, Npth, Dpth, and Ppth); model 2, the tracer
emission model (ntrc and Ntrc); and model 3, the tracer-scaled
pathogen dose and risk model (Dtrc and Ptrc). Output
distributions were statistically summarized with percentiles.
We compare the absolute risk across model scenarios, as well
as the relative risk (RR) normalized by a baseline model (eq
16).

= P
P

RR
(comparison model)

(baseline model)
trc

trc (16)

In scenario testing, we simulate an office-sized space (46.24
m2 with 2.4 m ceilings) with a typical range of measured tracer
concentrations (3.7 × 103, 3.7 × 104, and 3.7 × 105 DNA
copies per liter of air) and adjust model inputs over realistic
ranges. Each tracer concentration and mode of emission was
treated as an independent exposure scenario. The range of
tracer concentrations was set such that the tracer scaling factor
ranged from 0.0097 to 0.97. The highest tracer concentration
value roughly matches the risk of the unscaled pathogen
model. It is possible for the tracer scaling factor to be higher
than unity, for example, if there is highly directional flow from
the emission to sampling points and poor room mixing, leading
to less spatial dispersion than assumed in the model with
immediate and perfect mixing. We assume a 60 min exposure
time with eight impulse events.

The occupant density was assumed to range from low, with
one other occupant (23.1 m2/occupant), to dense, with 30
other occupants (1.5 m2/occupant). The tracer gas-indicated
outdoor air change rate is assumed to be 0.0083 min−1 (0.5
h−1), resulting in a tracer removal rate of 0.046 min−1 (2.79
h−1). Intervention removal rates ranged from −0.015 min−1

(−0.925 h−1), representing only deposition removal with no
ventilation, to a high ventilation rate of 0.167 min−1 (10 h−1).

Respiratory emission volumes were sampled from a normal
distribution of log 10-transformed data (Section S1).7,38−40

Upon simulation of a multiple-release event (Nimp > 1), a
single emission volume was sampled and multiplied by the
number of impulse events, representing a person who
consistently emits the same volume. The viral load was
sampled from a normal distribution of log 10-transformed data
(Section S2).7,41 Distributions of viral load and respiratory
aerosol volume span multiple orders of magnitude, resulting in
a broad range of simulated emitted pathogen numbers. For
example, the 10th percentile, median, and 90th percentile of
pathogens emitted for the Cough-Hi emission mode for eight
emission events were 3.6, 8.9 × 102, and 9.86 × 104 RNA
copies, respectively.

Inhalation rates were sampled from a normal distribution for
each occupant (Section S3).28 Ratios of viable virus counts to
virus genome equivalents42 were fit with a beta distribution
using the fitdistrplus package in R to estimate the distribution
of the percent of pathogens remaining infectious following
aerosolization (θinf). Normal distributions of inward and
outward filtration effectiveness for 1.75 μm particles from
Koh et al. for a fitted N95 respirator, a surgical mask, and a
cloth mask (cloth mask 2, no filter) were used to compare
against the data of an unmasked population.43 The inhalation
deposition fraction was based on the sum of the percent
deposition into the head airways, tracheobronchial region, and
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alveolar region from Marr et al. for a respiratory aerosol
particle initially 10 μm in diameter emitted into a room below
64% relative humidity.44

Input−output relationships were assessed with Spearman
rank correlations between risk and viral load, emission volume,
and the fraction of pathogens surviving aerosolization. Five
exposure scenarios were analyzed in which baseline scenario
model inputs were held constant (Table S5) while other input
variables were manipulated. Scenario testing parameters are
included in Table S6. Scenarios were designed to compare the
impact of the following factors on risk: (a) ventilation, (b)
occupancy, (c) masking, (d) layering interventions, and (e)
dose−response curve. For dose−response comparisons, the
first two models use an RNA-based viral load and then convert
to infectious units with different f factors, and the last two
models use an infectious unit-based viral load (FFU per
milliliter of saliva) with the f factor set to unity and the same r
factors. In dose−response scenario testing, the impact of a
high-ventilation intervention was assessed.

Parameters from Parhizkar et al. for a SARS-CoV-2 outbreak
that occurred in a restaurant in Guangzhou, China, were used
to compare to the predicted risk from the tracer-scaled QMRA
model.45 In this outbreak, 10 of 21 individuals sitting near each

other were infected from a single emitter while dining at a
restaurant. The high attack rate (47.6%) from this outbreak is
attributed to a low outdoor air ventilation rate and exposed
individuals sitting in a “bubble” of higher pathogen
concentrations created by a recirculating air conditioning
unit.46 We assumed 17.08 L/s of outdoor air supply, a 110 m3

room volume estimating the bubble dimensions, 20 adult
occupants besides the emitter, eight emission events, a 75 min
exposure time, an indoor temperature of 23 °C, an indoor
relative humidity of 50%, indoor UVB of 0 W/m2, and the
same tracer solution and emission characteristics used in the
scenario modeling presented above. The occupant density in
this restaurant was 1.55 m2/occupant, similar to the high-
occupant density scenario presented above. We assume
measured tracer concentrations of 104, 105, and 106 DNA
copies/L of air, corresponding to tracer scaling factors of
0.033, 0.33, and 3.3, respectively. This range of tracer scaling
factors was tested due to air flow in this restaurant being highly
directional and recirculated via mini-split air conditioning units
with little filtration. Poor air mixing between recirculation
zones was measured in this restaurant with tracer gas testing;
therefore, we estimated that it is conceivable that tracer scaling
factors could be greater than unity.46 The impact of adding

Figure 1. Tracer-scaled risk vs measured tracer concentration as the ventilation rate is varied. The line is the median; the dark ribbon shows the
25th to 75th percentiles, and the light ribbon shows the 10th to 90th percentiles. The horizontal red line indicates 0.1% risk.
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medium or high ventilation as an intervention on risk was
modeled.
2.6. Case Study Modeling and Data Analysis. Case

study data from an ambulatory care room where DNA tracer
measurements were collected before and after installation of a
HEPA air cleaner were used to evaluate whether the model
could simulate the changes in tracer concentrations resulting
from the intervention and whether it is necessary to collect
post-intervention tracer measurements to confirm the
effectiveness of the air cleaner. DNA tracer decay testing was
conducted in an ambulatory care room containing a HEPA air
cleaner with a clean air delivery rate (CADR) of 6.3 m3/min
(NSF-X1, Aurabeat AG+). A single emission point and
sampling point were placed on different sides of the room
∼6 m apart. Filter samples were collected from 45 to 50 min,
from 50 to 55 min, and from 55 to 60 min, and DNA tracer
decay rates were derived from the slope of a line fit between an
initial room concentration, estimated on the basis of tracer
aerosolized volume and concentration in a perfectly mixed
room (same as the initial concentration of ntrc mentioned

above), and the final concentration from the 55−60 min
sample, using natural log-transformed tracer concentrations.
Decay testing was conducted with the air cleaner turned off
and turned on with two DNA tracer batches with different
tracer concentrations in the solution.

Tracer concentration time series were assumed on the basis
of the tracer decay rate, and ctrc,meas was estimated by
integrating the tracer concentration time series and dividing
by the sampling time. Four scenarios were assessed: (1) HEPA
Off, Measured, using the measured decay rate from when the
HEPA air cleaner was turned off; (2) HEPA On, Measured,
using the measured decay rate from when the HEPA air
cleaner was turned on; (3) HEPA On, Model Actual, using the
HEPA Off, Measured case and modeling the addition of an air
cleaning intervention (λint) equal to the difference in tracer
decay rates from the HEPA Off, Measured and HEPA On,
Measured cases; and (4) HEPA On, Model Claim, using the
HEPA Off, Measured case and modeling the addition of an air
cleaning intervention equivalent to the claimed CADR of the
HEPA air cleaner. Table S7 summarizes the case study

Figure 2. Input−output relationship between tracer-scaled risk and viral load, grouped by mode of emission (columns) and ventilation intervention
(rows).
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parameters that differ from those of the scenario testing
described above.

3. RESULTS AND DISCUSSION
3.1. Scenario Testing and Input−Output Correla-

tions: Ventilation. Four levels of ventilation were assessed,
with pathogen removal rates ranging from zero ventilation
[median λpth + λint = 0.039 min−1 (2.3 h−1)] to baseline low
ventilation [λtrc = 0.046 min−1 (2.8 h−1), λint = 0 min−1, and
λpth = 0.055 min−1 (3.3 h−1)] to adding moderate ventilation
[median λpth + λint = 0.11 min−1 (6.6 h−1)] to adding high
ventilation [median λpth + λint = 0.22 min−1 (13.2 h−1)]. In the
zero ventilation case, the pathogen removal rate is the sum of
the biological removal rate [λbio = 0.008 min−1 (0.5 h−1)],
deposition removal [λtrc,chm(λgas = 0) = 0.031 min−1 (1.9 h−1)],
and inhalation removal [λpth = 0.0004 min−1 (0.024 h−1)].

Figure 1 summarizes the relationship between tracer
concentrations and infection risk for the four modes of
emission and four simulated ventilation rates. The red
horizontal line indicates 0.1% risk, a target risk value suggested
by Buonanno et al. on the basis of the SARS-CoV-2 mortality
rate being ∼1 order of magnitude lower than values used in
carcinogenic disease mortality, where target reference risk
defined by the U.S. Environmental Protection Agency ranges
from 0.01% to 0.0001%.9 Median and 90th percentile tracer-
scaled dose and associated risk are plotted on the dose−
response curve in Figure S2. We interpret 90th percentiles as
indicating risk from a superspreading event, resulting from
simulating individuals with elevated viral load and respiratory
aerosol emission volume, based on an estimate of 10% of
infectious individuals being responsible for ∼80% of SARS-
CoV-2 transmission events, though there is no widely accepted
definition for SARS-CoV-2 superspreading.47

The median respiratory aerosol volumes emitted from the
Cough-Hi and Sneeze-Lo emissions are on the same order of
magnitude, as is the associated risk, while the volumes emitted
from the Cough-Lo and Sneeze-Hi emissions were ∼1.5 orders
of magnitude lower and higher, respectively, than the Cough-
Hi and Sneeze-Lo events. Only at the highest tracer
concentration, when the tracer scaling factor is near unity
(0.97), with no or low ventilation does the Cough-Lo scenario
pose a risk above 0.1% in the 10th to 90th percentile range. At
the highest simulated tracer concentrations, the median tracer-
scaled risk for a large-volume cough event with no added
ventilation was 0.31%, with 75th and 90th percentiles of 2.4%
and 14%, respectively. With high ventilation, the median and
90th percentile risks decrease to 0.07% and 4%, respectively,
for a large-volume coughing event and the highest tracer
concentration, suggesting additional interventions would be
required to reduce near-field superspreader risk below 0.1%.

Just below the upper asymptote of the dose−response curve
and above the low-dose region, risk scales linearly with
measured tracer concentrations, and as a result, 1 and 2 log 10
reductions in tracer concentrations resulted in similar
reductions in risk. For example, the median tracer-scaled risk
for a large-volume cough event with no added ventilation
decreased from 0.31% at 3.7 × 105 DNA copies/L of air to
0.03% with a tracer concentration of 3.7 × 104 DNA copies/L
of air.

The relative impact of ventilation is compared by calculating
relative risk using the low-ventilation condition with no added
ventilation as a baseline. Relative risk values were relatively
consistent as measured tracer concentrations and mode of

emission varied. As shown in Figure S3, when ventilation is
reduced to zero, the median relative risk is increased by 30 ±
8%, averaged (±standard deviation) across tracer concen-
trations and emission modes. Increasing ventilation by adding
3.5 and 10 h−1 of aerosol removal reduced the relative risk by
50 ± 4% and 74 ± 1%, respectively. Increasing ventilation
increases the removal rate of an initial spike of pathogens
resulting from an impulse emission, and therefore, the relative
risk reduction resulting from ventilation interventions on
impulse emissions tends to be different than for continuous
emissions, where ventilation decreases steady state pathogen
concentrations.

The variability in risk estimates is mainly driven by the
variability in viral load and respiratory aerosol volume emitted,
as distributions for these parameters vary over multiple orders
of magnitude. Figure 2 demonstrates the relationship between
viral load and risk for each simulation. Stratification of risk in
Figure 2 indicates the three simulated tracer concentrations.
Spearman rank correlations between viral load and risk range
from 0.96 to 0.98, while correlations between respiratory
aerosol volume and risk range from 0.15 to 0.28. Correlations
between θinf and risk range from 0.07 to 0.11. Figure S4
visualizes the relationship among viral load, respiratory aerosol
volume, and total pathogens emitted. As shown in Figure S5,
for each ventilation scenario, emission mode, and measured
tracer concentration, there is a threshold of the number of
pathogens emitted resulting in a significant increase in the
range of predicted risk.

Section S7 summarizes the impact of occupancy and
masking on risk, and Section S8 describes dose−response
curve testing.
3.2. Scenario Testing: Layering Interventions. Layer-

ing interventions is an effective method of reducing SARS-
CoV-2 transmission risk, especially in high-occupancy
settings.48,49 We quantify the impact of layering interventions
by simulating six scenarios ranging from a high-risk scenario
with a high occupant density to low ventilation and no masking
to a lower-risk scenario with medium occupant density, adding
medium-high ventilation (5 h−1), and surgical masking. Figure
S11 shows the reduction in absolute risk as interventions are
applied, and relative risk reduction compared to the high-risk
scenario is plotted in Figure S12. In the Cough-Hi scenario,
adding medium-high ventilation and reducing occupancy
reduced the median risk to 0.1% at the highest tracer
concentration. When surgical masks are layered in addition
to lower occupancy and increased ventilation, the risk of
transmission from a superspreader remains above the 0.1%
threshold, suggesting more aggressive interventions would be
required to reach this risk target. Compared to the high-risk
scenario, reducing the occupancy from 30 to 10 reduced the
relative risk by 66 ± 2% and adding 5 h−1 of intervention
ventilation reduced the relative risk by 58 ± 2%. Layering
reduced occupancy with increased ventilation reduced relative
risk by 86 ± 1%, and adding surgical masks resulted in a 98 ±
0.1% reduction in relative risk.
3.3. Scenario Testing: Guangzhou Restaurant Out-

break. Figure S13 summarizes the analysis of a SARS-CoV-2
outbreak in a restaurant in Guangzhou, China. The pathogen
removal rate was estimated to be 0.057 min−1 (3.4 h−1) in this
scenario, compared to a tracer removal rate of 0.048 min−1

(2.9 h−1), calculated using the outdoor air supply flow rate and
room volume with eq S1. At the highest simulated tracer
concentrations, corresponding to a tracer scaling factor of 3.3,
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the median tracer-scaled risk for a large-volume cough event
with no added ventilation (λint = 0 min−1) in the restaurant was
2.1%, with 75th and 90th percentiles of 15% and 63%,
respectively. Parhizkar et al. estimated an inhalation dose of 11
PFUs based on an attack rate of 47.6%,45 a value within the
75th to 90th percentile range of the tracer-scaled model.
Adding 3.5 and 10 h−1 of ventilation in this scenario was
estimated to reduce the median relative risk by 51 ± 2% and
74 ± 1%, respectively, though significant superspreader risk
remained.
3.4. Case Study: Ambulatory Care Room. The tracer-

scaled QMRA model was used to estimate the risk of infection
inside an ambulatory care room using measured tracer
concentrations. Without the HEPA air cleaner operating, the
pathogen removal rate was estimated to be 0.09 min−1 (5.4
h−1), with a measured tracer removal rate of 0.08 min−1 (4.7
h−1). Turning on the HEPA air cleaner increased the pathogen
removal rate to 0.13 min−1 (7.8 h−1), though on the basis of
the CADR of the HEPA air cleaner, the removal rate would be
expected to be 0.14 min−1 (8.4 h−1). Table S8 summarizes the
absolute risk values, as well as relative risk reductions
compared to those of the HEPA Off, Measured scenario.
The median absolute risk is <0.1% for all modes of emission,
except Sneeze-Hi, regardless of intervention performance,
partially due to the space having a ventilation rate comparable
to the medium-high ventilation rate from scenario testing prior
to turning on the HEPA air cleaner. Average relative risk
reduction from measurements of turning on the HEPA air
cleaner was 30 ± 3%. The average difference in median relative
risk reduction predicted from the measured and modeled
operation of the HEPA air cleaner was 1.7%, demonstrating
comparability between modeling and measuring the impact of
this intervention, despite using tracer batches with different
tracer concentrations in solution when testing the HEPA Off,
Measured and HEPA On, Measured scenarios. Modeling the
claimed CADR of the HEPA air cleaner resulted in
overestimating median relative risk reductions by 6−8%.

The impact of the intervention on superspreader risk was
somewhat inconsistent. While the 90th percentiles of risk from
the baseline scenario were consistently higher than for the
intervention scenarios, the scenario with the highest ventilation
rate (HEPA On, Model Claimed) was not always the scenario
with the lowest 90th percentile of absolute or relative risk (e.g.,
Cough-Hi). As shown in input−output correlation analysis
described above, this observed inconsistency is impacted by
the variability in sampling the extremes of the viral load and
respiratory aerosol volume distributions, despite running
10 000 simulations for each scenario, as well as the relative
similarities in intervention removal rates between tested
scenarios.
3.5. Limitations of the Tracer-Scaled Bulk Aerosol

QMRA Model. The tracer-scaled bulk aerosol QMRA model
has multiple limitations that may be improved with more
complex modeling schemes and improved constraints on input
parametrizations. Treating aerosols as a bulk substance does
not account for differential removal of larger aerosol particles
due to deposition, and particles of increasing size could be
more enriched with tracers and/or pathogens following the
evaporation process, leading to potential discrepancies in bulk
aerosol removal estimates. An additional factor correcting for
discrepancies between tracer and pathogen bulk removal rates
resulting from differences in size distributions may be derived
with further testing. A particle size-resolved model could

improve the accuracy of aerosol transport modeling,
accounting for the particle size dependence of emission,
removal rates, and inhalation deposition.8,50 Incorporating
tracer measurements into such a model requires particle size
selective filter sampling equipment.

We considered only impulse modes of respiratory emission,
matching how the tracer is currently deployed. This framework
can be adopted to continuous respiratory emissions if a
continuous tracer emission scheme is developed. Impulse
events are likely drivers of superspreading events due to the
large respiratory aerosol volumes emitted, making this tool
useful in assessing risk mitigation strategies in such situations.

Assumptions were made regarding respiratory aerosol
transport being consistent with tracer transport, and more
accurately recreating the particle size distribution, emission
velocity, and aerosol volume of tracer emissions may improve
the accuracy of this assumption. Respiratory aerosol emission
volume distributions are based on historical measurements, but
measurements using modern tools that accurately measure the
entire size distribution of respiratory aerosols and their
physicochemical changes during transport are needed for
impulse emissions. The impulse emission aerosol volume
variability over repeated emission events can be better
parametrized with experimental data when available. We do
not compare differences in air velocity between respiratory and
tracer aerosol emissions, though this factor can be important in
determining the spatial transport of aerosols indoors, especially
in poorly mixed spaces. While not practical for use in
commercial applications of the tracer, a cough simulator
could improve tracer emission comparability with a physio-
logically realistic cough.51 When ventilation interventions are
modeled, changes in mixing effectiveness that may result are
not currently simulated.

The dose−response determination was performed in
individuals without prior vaccination or infection. Individuals
with partial immunity may require a larger dose for infection,
for which this model does not account. In addition, the static
QMRA model described here does not account for population-
scale aspects of transmission risk (e.g., secondary spread),
though this model could be expanded into a dynamic
QMRA.52−54

DNA tracers are promising candidates for environmental
modeling as it is not feasible to measure multiple pathogen
targets due to challenges associated with low biomass,
recovery, and pathogen exposure during testing. DNA tracers
are nonpathogenic and nontoxic, allowing testing in occupied
spaces. A limitation of DNA tracers is that they do not simulate
pathogen inactivation during emission and transport, as the
DNA tracer is stable in aerosolized form, and this factor must
be accounted for using parametrizations for the fraction of
pathogens that survive aerosolization and the biological decay
rate. Measurements of SARS-CoV-2 and DNA tracer decay
concurrently would be useful in confirming the parametrization
of pathogen biological and physical removal compared to
tracer physical removal. A benefit of the environmental stability
of this DNA tracer is that with accurate pathogen physical and
biological removal parametrizations, one tracer test can predict
risk from multiple different pathogens by adjusting model
inputs accordingly.
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