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Strategies to minimize SARS-CoV-2 transmission in classroom
settings: combined impacts of ventilation and mask effective
filtration efficiency

DAVID A. ROTHAMER1� , SCOTT SANDERS1, DOUGLAS REINDL1 , AND TIMOTHY H. BERTRAM2

1Department of Mechanical Engineering, University of Wisconsin-Madison, Madison, WI, USA
2Department of Chemistry, University of Wisconsin-Madison, Madison, WI, USA

ABSTRACT
Strong evidence exists indicating that aerosol transmission of the novel coronavirus SARS-CoV-2 is a significant transmission
modality. We experimentally evaluated the impact of ventilation on aerosol dynamics and distribution along with the effective
filtration efficiency (EFE) of four different mask types, with and without mask fitters, in a classroom setting. These were used to
estimate aerosol conditional infection probability using the Wells–Riley model for three scenarios with different ventilation and mask
interventions. Aerosol measurements confirmed that aerosol in the room was uniform within a factor of 2 for distances >2m from the
source. Mask EFE results demonstrate that most masks fit poorly with estimated leakage rates typically >50%. However, EFEs
approaching the mask material FE were achievable using mask fitters. Infection probability estimates indicate that ventilation alone is
not able to achieve probabilities <0.01 (1%). The use of moderate to high EFE masks reduces infection probability, >5� in some
cases. Reductions provided by ventilation and masks are synergistic and multiplicative. The results reinforce the use of properly
donned masks to achieve reduced aerosol transmission of SARS-CoV-2 and other infectious diseases and motivate improvements in
the EFE of masks through improved design or use of mask fitters.

1. Introduction

Foundational to infection control and prevention is a clear
understanding of the modality of transmission of the conta-
gion. For SARS-CoV-2, early during the COVID-19 pan-
demic, emphasis was placed on direct-contact and indirect-
contact modes of transmission with recommendations
focused on hand hygiene (WHO 2020c) and physical dis-
tancing (WHO 2020b); however, recognition of the long-

range airborne route as a modality of transmission
(Morawska and Milton 2020; CDC, 2020b; Nardell and
Nathavitharana 2020; Morawska and Cao 2020; Morawska
et al. 2021) means that appropriate intervention measures for
infection control and prevention via airborne transmission
are needed (Shen et al. 2021; Zhang 2020). A common
approach for assessing long-range airborne transmission,
referred to here as aerosol transmission, utilizes the
Wells–Riley equation (Wells 1955; Riley, Murphy, and
Riley 1978) to relate aerosol concentrations to infection
probability assuming an exponential dose model (Noakes
and Sleigh 2009). This approach has been applied widely for
SARS-CoV-2, and other diseases (Riley, Murphy, and Riley
1978; Noakes and Sleigh 2009) for both prospective
(Buonanno, Morawska, and Stabile 2020a) and retrospective
analyses (Miller et al. 2020; Buonanno, Morawska, and
Stabile 2020a), with a particular focus on super-spreader
events (Miller et al. 2020; Lu et al. 2020).

1.1. Wells–Riley model

The application of the Wells–Riley equation to a simple well-
mixed room control-volume model (often termed a box model) is
useful for risk assessment and planning of interventions. Use of
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this approach requires information on the setting of the event
(room and heating ventilation and air conditioning (HVAC) sys-
tem information), event duration, the potential emission rate of
infectious aerosol and breathing rates of susceptible individuals,
and information on interventions being considered (Riley,
Murphy, and Riley 1978; Gammaitoni and Nucci 1997). Of these
parameters, the emission rate of infectious aerosol tends to be the
most uncertain, although recent work has better defined the range
of values to consider for SARS-CoV-2 (Buonanno, Stabile, and
Morawska 2020a, 2020b). The next most uncertain parameters are
related to potential interventions such as increasing the room venti-
lation rate and the filtration efficiency of masks donned by individ-
uals. Finally, the well-mixed approximation potentially adds
significant uncertainty to any estimates using the
Wells–Riley model.

The Wells–Riley model has been used in the past to under-
stand the impact of different interventions intended to reduce
the risk of aerosol disease transmission (for different diseases)
and the relative risk of different scenarios. For example, investi-
gators have used the approach to study the impacts of exposure
duration, breathing and quanta emission rates, HVAC air
change rate and particle filtration, respirators and masks, UV
degradation, and particle deposition (Azimi and Stephens 2013;
Gammaitoni and Nucci 1997; Fennelly and Nardell 1998;
Nazaroff, Nicas, and Miller 1998; Buonanno, Morawska, and
Stabile 2020a; Miller et al. 2020), as well as other factors. With
regards to increasing HVAC air changes per hour and/or
HVAC particle filtration, previous work has shown decreasing
transmission probabilities with increases in these parameters
(Fennelly and Nardell 1998; Azimi and Stephens 2013; Fisk
et al. 2005; Miller et al. 2020). However, the dependence on air
changes per hour (ACH) is modest for ACH >2. On the other
hand, use of high efficiency respirators has been shown to sig-
nificantly reduce probability of infection for airborne diseases
like tuberculosis (Fennelly and Nardell 1998).

The Wells–Riley model has also been used to study SARS-
CoV-2 transmission in classrooms, for examples see Foster
and Kinzel (2021), Pavilonis et al. (2021), Shen et al. (2021)
and Stabile et al. (2021). Foster and Kinzel compared esti-
mates of infection probability based on CFD and a
Wells–Riley model for a classroom space with mixing ventila-
tion (MV) at two air change rates and found good agreement
between the two approaches. Pavilonis et al. (2021) used a
Wells–Riley model to estimate the aerosol transmission risk in
New York City public schools for different exposure scenarios
and found mean transmission probabilities (for all rooms con-
sidered) between 0.043 and 0.37, with the highest probabilities
corresponding to transmission from teacher to students (nei-
ther wearing masks) for an exposure duration of 6.3 h. The
Wells–Riley model was also used to look at the impact of
ACH (Stabile et al. 2021; Shen et al. 2021) and other interven-
tions (Shen et al. 2021; Zhang 2020) on transmission risk in
classrooms for different scenarios.

1.2. Aerosols dynamics in indoor spaces

The behavior of aerosols in indoor spaces has seen signifi-
cant study due to the impact of particulates on human health

(for example see the reviews by Wallace (1996), Nazaroff
(2004), and Tham (2016)) and the potential for bioaerosols
to result in disease transmission (Morawska 2006; Zhu,
Kato, and Yang 2006). Recent work has focused on the dis-
persal and dynamics of aerosol particles in indoor spaces
related to the spread of SARS-CoV-2 (Kohanski, Lo, and
Waring 2020; Nissen et al. 2020; Smith et al. 2020; Somsen
et al. 2020a, 2020b). It is well known from these, and other
studies, that ventilation and airflow within a room impact
aerosol concentration and transport (Nazaroff 2004; Zhu,
Kato, and Yang 2006; Lu et al. 2020; Nissen et al. 2020;
Van Der Steen et al. 2017). Room air-exchange rates vary
significantly based on the type of building and specific loca-
tion (Nazaroff 2004), with the majority of residences and
offices in the US having air-exchange rates <3 ACH
(Nazaroff 2004). Although widely studied, there is still a
lack of information on aerosol dynamics and distribution
measurements in conventionally high-occupant density
spaces in the bioaerosol size range relevant for aerosol trans-
mission of COVID-19.

1.3. Mask filtration efficiency

In addition to increasing ventilation rate, it is now recog-
nized that it is critical for the general public who are not
vaccinated to wear masks in indoor environments and out-
doors when physical distancing may not be achievable (CDC
2020a; WHO 2020a). Evidence from work by Ueki et al.
(2020) and Leung et al. (2020) demonstrating the ability of
masks to reduce virus emission and transmission via aero-
sols, and real world examples of masks preventing transmis-
sion of the virus when masks are consistently worn (Hendrix
et al. 2020; Wang et al. 2020), both strongly support the use
of masks. However, the effectiveness of a masks depends
strongly on the material filtration efficiency (MFE) and fit
of the mask to the user’s face (van der Sande, Teunis, and
Sabel 2008; Hill, Hull, and MacCuspie 2020; Mueller et al.
2020), which can result in an effective filtration efficiency
(EFE) that is much lower than the MFE.

The filtration performance of materials for both home-
made cloth masks and commercially produced masks (cloth
masks, disposable non-medical masks, medical masks, and
KN95 and N95 masks) has been studied both before the
COVID-19 pandemic (Davies et al. 2013; Jang Ji and Kim
Seung 2015; Jung et al. 2014; Rengasamy, Eimer, and
Shaffer 2010; van der Sande, Teunis, and Sabel 2008) and
during (Bagheri et al. 2021; Crilley et al. 2021; Drewnick
et al. 2021; Hill, Hull, and MacCuspie 2020; Hao et al.
2020, Hao, Xu, and Wang 2021; Joo et al. 2021; Kelly et al.
2020; Konda et al. 2020b; Lindsley et al. 2021a, 2021b;
Long et al. 2020; Mueller et al. 2020; Pan et al. 2021;
Teesing et al. 2020; Whiley et al. 2020; Zhao et al. 2020)
(also see the recent review by Clase et al. (2020)). However,
the particle size range of the measurements, filtration condi-
tions, and testing equipment and methods vary greatly
between studies, making comparisons difficult.

Most studies have focused on measurements at small par-
ticle sizes (<1 lm) similar to the range of sizes achieved
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with the NaCl aerosol used for certification of N95 respira-
tors (count median diameter of 0.075 ± 0.02 lm and a stand-
ard geometric deviation not exceeding 1.86 (42 CFR Part 84
84 2021)) (Crilley et al. 2021; Hao et al. 2020, Hao, Xu,
and Wang 2021; Joo et al. 2021; Lindsley et al. 2021a;
Long et al. 2020; Rengasamy, Eimer, and Shaffer 2010) or
do not have size-resolved measurements (Davies et al. 2013;
Long et al. 2020; Kelly et al. 2020; Lindsley et al. 2021a;
Long et al. 2020; Mueller et al. 2020). A few studies have
investigated a wider range of particle sizes with size-
resolved measurements for sizes up to 10 lm (Bagheri et al.
2021; Drewnick et al. 2021; Konda et al. 2020b; Pan et al.
2021). Filtration face velocities studied vary from 0.78 cm/s
(Hill, Hull, and MacCuspie 2020) to 16.5m/s (Kelly et al.
2020) with the majority of studies having face velocities in
range of 2–25 cm/s (Bagheri et al. 2021; Crilley et al. 2021;
Drewnick et al. 2021; Hao et al. 2020, Hao, Xu, and Wang
2021; Joo et al. 2021; Lindsley et al. 2021a; Long et al.
2020; Pan et al. 2021; Rengasamy, Eimer, and
Shaffer 2010).

Studies generally measure both particle penetration (i.e.
filtration efficiency) and pressure drop, although instrumen-
tation and the method of generating the challenge aerosol
can vary significantly. The majority of studies have used
NaCl aerosols, although some have utilized ambient aerosol
particles (Bagheri et al. 2021; Drewnick et al. 2021; Teesing
et al. 2020). The NaCl aerosols are typically dried and
diluted. In some instances, they have been charge neutralized
to a Boltzmann equilibrium state, usually in conjunction
with the use of an automated filter tester (e.g. TSI 8130A0)
(Jung et al. 2014; Lindsley et al. 2021a; Rengasamy, Eimer,
and Shaffer 2010; Zhao et al. 2020). The influence of mask
fit and mask leakage has also been studied using fit testing
(Davies et al. 2013; Lindsley et al. 2021a, 2021b; Mueller
et al. 2020; Teesing et al. 2020; van der Sande, Teunis, and
Sabel 2008) and simulated leakage (Drewnick et al. 2021;
Konda et al. 2020b). The study of Pan et al. (2021) is not-
able as it measured the influence of mask fit for both inhal-
ation and exhalation using two head forms facing each
other, separated by 33 cm (mouth-to-mouth), along with
measurements of MFE (albeit at a different face velocity).
Hill, Hull, and MacCuspie (2020) also did measurements
with a mask on a head form, but only for inhalation.

Even with the differences in methods and filtration condi-
tions, there are several consistent findings amongst studies.
Firstly, the MFE of cloth mask materials (knit and woven
cotton and non-woven polypropylene) has been found to be
relatively low for a single layer for particle sizes of
0.3–0.5 lm with typical values in the range of 2–25% and
corresponding filter quality factors (qF ¼ � ln ð1�gf Þ=DP,
where gf is the MFE and DP is the pressure drop) ranging
from qF ¼ 0.0002 to 0.007 Pa–1 (Crilley et al. 2021; Bagheri
et al. 2021; Drewnick et al. 2021; Hao et al. 2020; Joo et al.
2021; Pan et al. 2021; Rengasamy, Eimer, and Shaffer
2010). An exception to this is the work of Konda et al.
(2020b) which found very high filtration efficiency of
90–95% for woven cotton of different thread counts. This
result appears to be in error given the later correction to the

article which indicated that flow rates were not controlled
for the experiments, therefore, this result should be dis-
counted (Konda et al. 2020a). Zhao et al. (2020) found a
substantially higher filter quality factor for a polypropylene
spunbound interfacing material (qF ¼ 0.040 Pa–1) when con-
sidering all particle sizes, but given the lack of size-resolved
results (no direct comparison for 0.3–0.5 lm is available)
and relatively high uncertainties in the pressure drop and fil-
tration efficiency used to determine the quality factor, this
can also be considered a potential outlier. Lindsley et al.
(2021a) studied a range of commercially produced cloth
masks with a TSI 8130 automated filter tester using a modi-
fied version of the NIOSH standard test procedure (NIOSH
2019). They found overall MFEs in the range of 10–20% for
cloth masks (Lindsley et al. 2021b).

Previous work has demonstrated the impact of mask fit
on the EFE of masks, with high MFE masks exhibiting poor
EFE at times to due to the impact of mask fit (Davies et al.
2013; Hill, Hull, and MacCuspie 2020; Lawrence et al.
2006; Lindsley et al. 2021a; Mueller et al. 2020; Pan et al.
2021; van der Sande, Teunis, and Sabel 2008). Pan et al.
(2021) generally found similar EFEs for both inhalation and
exhalation for most masks tested, although a few masks
showed significantly different EFEs for inhalation and exhal-
ation with the exhalation EFE typically being higher. Hill,
Hull, and MacCuspie (2020) demonstrated that when
actively sealed to the head form used filtration efficiencies
very close to the MFE of the mask were achieved. Several
studies have also demonstrated the improvement in fit (i.e.
improved EFE) achieved when using external devices to
assist in fitting masks to the user’s face (Brooks et al. 2021;
Clapp et al. 2021; Mueller et al. 2020; Hill, Hull, and
MacCuspie 2020).

Overall, there is a general lack of data at appropriate fil-
tration conditions (corresponding to normal breathing rates,
i.e., face velocities of 0.5–3 cm/s) that is size resolved, cov-
ers the entire range of interest for human produced bioaero-
sols (from approximately 200 nm to 10 lm), and that
considers the impact of mask fit in specific realistic settings.
The current work addresses these issues for the specific set-
ting of a classroom with physical distancing.

1.4. Human respiratory aerosols

In this work, we define inhalable virus laden aerosol par-
ticles (bioaerosols) as being in the 100 nm–5lm size range
for several reasons. First, aerosol particles in this size range
have been demonstrated to carry viable SARS-CoV-2 (Chia
et al. 2020). Second, they are consistent with the particle
sizes humans generate by common activities in a classroom
that include breathing, speaking, singing, coughing, and
sneezing (Morawska et al. 2009; Johnson et al. 2011; Alsved
et al. 2020). Third, these aerosol particles readily breach the
current 2-m physical-distancing guidelines due to their abil-
ity to remain airborne for extended periods of time and to be
carried by air currents in the indoor environment.
Respiratory droplets less than 10 lm in size rapidly (<1 s)
reach an equilibrium diameter about one-half their original
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diameter due to evaporation and equilibration at the ambient
conditions (Nicas, Nazaroff, and Hubbard 2005; Holmgren
et al. 2011; Alsved et al. 2020; Kohanski, Lo, and Waring
2020). Therefore, the size range considered corresponds to
droplets at the point of emission ranging in size from
200 nm to 10 lm and to an equilibrium particle size range
from 100 nm to 5 lm, consistent with the size range
described by Fennelly (2020).

1.5. Paper focus

The focus of this paper is to provide experimental measure-
ments that reduce the uncertainties of model inputs and
approximations for the Wells–Riley model applied to a
classroom setting, and to study the impact of specific inter-
ventions (ventilation rate and mask filtration efficiency) on
aerosol conditional infection probabilities using the model.
In this work, we assume that measures have already been
put in place to reduce occupant density and to control short-
range droplet and fomite transmission. Aerosol dynamics
and distribution measurements were performed to assess the
impact of HVAC ventilation rates on aerosol concentrations
and to quantify the loss rates of particles. Mask effective fil-
tration efficiency measurements were performed for four
mask types with and without the use of two different mask
fitters. Providing information on the impact of mask fit on
EFE. Estimates of conditional infection probability were per-
formed using the measured ventilation parameters and mask
EFEs as inputs to the Wells–Riley model for three
instructor-student scenarios with different combinations of
HVAC and mask interventions. A primary aim of this paper
is to provide insights regarding the effectiveness of masks
and ventilation interventions, and combinations thereof, for
reducing the likelihood of COVID-19 aerosol transmission
(and other airborne diseases) in traditionally high occupancy
spaces such as classrooms.

2. Methods and materials

2.1. Estimating conditional infection probability

The Wells–Riley equation (Riley, Murphy, and Riley 1978)
predicts the conditional probability of infection, P, based on
a susceptible individual inhaling an infectious quanta dose,
Dq, during the duration of an event, where

P ¼ 1� exp �Dqð Þ: (1)

A single infectious quantum dose is related to the number of
bioaerosol particles (and number of viable virus copies)
inhaled that results in a conditional probability of infection
of P ¼ 1� exp ð�1Þ ¼ 63.2%.

The efficacy of the equation for predicting infection prob-
ability is based on how well the underlying assumptions hold.
These assumption include (Noakes and Sleigh 2009): the virus
incubation period � timescale for the event, a single large
dose is equivalent to multiple small doses over a period of
time, and probabilistic approach, best suited to large popula-
tions. The first two assumptions may hold well for many

scenarios for SARS-CoV-2 in high-risk settings of limited
exposure duration (on the order of hours). The third assump-
tion is related to the limits of deterministic application of the
model to situations with small numbers of individuals.

Estimation of infection probability due to airborne transmis-
sion requires calculation of the evolution of bioaerosol concen-
tration in the space of interest in order to estimate the number
of infectious quanta a susceptible individual inhales. The
Wells–Riley equation is typically utilized by applying a well-
mixed room approximation using a simple control-volume
model (referred to collectively as the Wells–Riley model), as
was done by Riley, Murphy, and Riley (1978), and is subject to
several other assumptions (Noakes and Sleigh 2009). In the
case of an infectious individual(s) present in the room, the con-
centration we are interested in is the concentration of infectious
aerosol, for measurements presented in the paper focused on
the efficacy of different interventions, NaCl aerosol was seeded
into the room to perform evaluations of aerosol distributions
and dynamics and mask filtration efficiency. For those cases,
we are interested in describing the evolution of the concentra-
tion of NaCl particles in the room (derivation of equations for
this are provided in the Supplemental Information).

2.1.1. Infectious quanta number density and dose
In the case of an infectious individual for the Wells–Riley
equation, the dose in Equation 1 is a function of the total
net emission rate of infectious quanta _Q that determines the
number density of infectious quanta in the room (nq) as a
function of time, that is,

nq ¼
_Q

kqVR
1� 1� nq0kqVR

_Q

 !
exp ð�kqtÞ

" #
(2)

where kq is the total first-order loss rate for quanta in the
room, VR is the room volume, and nq0 is the initial quanta
concentration at the start of the exposure duration. The net
total emission rate of quanta _Q is related to the individual
quanta emission rate _q by

_Q ¼ NI _q 1� gf ,Mexh

� �
(3)

where NI is the number of infectious individuals in the room
(usually assumed to be 1) and gf ,Mexh

is the EFE of masks
worn by individuals in the room during exhalation. The net
total quanta emission rate defined in this way enables the
use of masks to be explicitly included in the analysis.

The infectious quantum dose, Dq, is determined by multi-
plying the average number density of quanta in the room
(�nq) during an event and the breathing rate of susceptibles
( _V b) in the room by the duration of the event (tD)

Dq ¼ �nq _V btD 1� gf ,MInh

� �
(4)

where number of quanta inhaled (dose) is written to take
into account the EFE during inhalation (gf ,MInh

) of masks
worn by susceptible individuals in the room. In the current
study, the infectious quanta is assumed to be SARS-CoV-2.

The average concentration of quanta in the room (�nq) is
determined from integration of Equation 2 over the time
period of interest. For the simplified case with no infectious
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quanta initially present in the room at the start of the event
duration of interest, integration of Equation 2 gives

�nq ¼
_Q

kqVR
1� 1

kqtD
1� exp ð�kqtDÞ
� �� �

: (5)

The loss rate kq includes mechanisms for particle removal
and also a loss term for virus inactivation (k), that is,

kq ¼ kFA þ kf þ kTS þ k (6)

where kFA represents the dilution effect of fresh air, kf
accounts for the removal of quanta due to filtration (central
and in-room systems would be additive, as applicable), kTS
is the loss due to quanta settling in the room or due to
HVAC system deposition. Additional loss mechanisms that
may be applicable to a given situation can be added to
Equation 6.

An approximate expression can be derived for the limit-
ing case where Dq is small (i.e. Dq � 0.2) and a steady-state
value of quanta in the room is assumed. Substituting for Dq

and �nq using Equations 4 and 5, and for _Q using 3 we have

P� NI _q

kVR

_V btDð1�gf ,MInh
Þð1�gf ,MExh

Þ: (7)

In this limit, the conditional infection probability is propor-
tional to the quanta emission rate, the breathing rate of sus-
ceptibles, the duration of the exposure, and the product of
the mask penetrations for inhalation and exhalation (penetra-
tion is equal to one minus the filtration efficiency (Hinds
1999)), and is inversely proportional to room volume and
the first-order loss rate. If it is assumed that the susceptible
and infectious individuals are wearing masks with the same
EFE, then there is a squared dependence on mask penetra-
tion, this effect is stronger than the first-order loss coeffi-
cient that can be increased by increasing room ventilation.
Derivation of the expressions in this section are provided in
the Supplemental Information.

2.2. Classroom space studied

The classroom space used for the study measures 126.4m2

with a ceiling height of 2.870m yielding a gross room vol-
ume of 362.6m3. The room is served by a central-station
variable air volume (VAV) air handling unit equipped with
MERV 15 filtration which serves multiple spaces in the
building including classrooms, offices, common areas, and
lab spaces. Each individual space within the building is
equipped with one or more VAV boxes that modulate supply
air to the room in response to load changes. Because the
central-station air handling unit’s maximum and minimum
air flowrates (88,900m3/h and 28,000m3/h, respectively) are
much larger than the air flowrate to an individual room, sig-
nificant dilution occurs prior to recirculation back to the
space. The air handling unit’s outdoor airflow rate ranges
from a minimum of 20,261m3/h to 88,900m3/h.

The classroom space studied is representative of many
classrooms in the building that all utilize a MV system. It
has a single VAV box that supplies conditioned air to four
4-way throw fixed area overhead diffusers arranged in a
rectangular layout. A single overheard return is located in
the rear corner of the room. Air delivery supplied to the
room by the four-way throw fixed area diffusers exits the
diffusers with sufficient velocity, at a small angle relative to
the room ceiling, such that air within the room mixes with it
via the Coanda effect. This tempers the lower temperature
supply air before reaching the occupied portion of the space.
The mixing process at each diffuser and the well-spaced
rectangular arrangement of the diffusers is designed to result
in a room that is well-mixed (typical of MV (Zhang 2020)),
ensuring occupant comfort. Although the room supply and
return air layout is focused on mixing for occupant comfort,
it has the collateral effect of mixing any contaminants that
may be present or generated within the space.

The minimum and maximum total air flowrates for the
classroom where testing was conducted ranged from
487.6m3/h to 1832m3/h, corresponding to air change rates
of 1.34 ACH and 5.05 ACH. The fraction of outdoor air

Fig. 1. Photo showing the classroom space used as a testbed for the current study (in a pre-COVID-19 layout).
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varied from approximately 72% at the low air change rate to
23% at the high air change rate.

Normally, this room accommodates 48 students and a sin-
gle instructor giving an occupant density of 2.58m2/person
(an image of the space in its pre-COVID-19 configuration is
shown in Figure 1); however, the room layout was modified
with a nominal 2.13m separation distance between students
and a 3.05m buffer separation between the instructor and
seated students in response to COVID-19. This reconfigur-
ation of the room reduced occupant capacity to 17 (16 stu-
dents and one instructor) decreasing the occupant density to

7.43m2/person. Figure 2a shows a plan view of the reduced
occupant density classroom along with relative layout of the
room’s HVAC supply and return. In the schematic each stu-
dent desk is occupied by a single student.

To simulate occupants within the room during testing, 17
CPR manikins were deployed and positioned at each of the
16 student locations with the 17th manikin positioned at the
front of the room where an instructor would be. The CPR
manikins were modified to enable a 25.4-mm outside diam-
eter (19.05-mm inside diameter) piece of conductive silicon
tubing to be passed through the back of the manikin heads

Fig. 2. (a) Schematic of the classroom layout used as a testbed for the current study, showing the locations of desks where student
manikins were located (student desk), additional desks that were empty (vacant desk), the instructor podium at the front of the room,
and the supply diffusers and return and (b) classroom layout showing setup for mapping distribution of concentration within the class-
room. Number locations indicate positions where aerosol concentration was measured. Location of single student manikin emitting aero-
sol during the measurements is indicated by a green dot.

Fig. 3. Classroom space setup with manikins (a) view from the front of the room looking back and (b) from the back of the room
looking forward.
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with the exit of the tube filling the manikins’ open mouths.
This tube was connected to either the aerosol sampling
instruments or to an aerosol source. Each student location
also had an incandescent (75W) lightbulb co-located to
simulate sensible heat load from classroom occupants. Light
bulbs were turned on during all testing performed for the
work. Images of the full-scale experimental setup are shown
in Figure 3. Additional details on the room and experimental
setup are provided in the Supplemental Information.

2.3. Aerosol generation and measurement

Aerosol testing was conducted in the classroom to: (1)
assess validity of the well-mixed assumption in the
Wells–Riley model, (2) evaluate the rate of concentration
build-up/decay and loss rates of particles, and (3) obtain
data on the EFE of various masks as worn by occupants. A
polydisperse NaCl (salt) aerosol was generated by atomizing
a 20% by weight solution of NaCl and distilled water using
an aerosol generator (TSI 3076) with a nominal airflow rate
of 3 ± 0.5 SLPM. Output of the aerosol generator was dried
using a diffusion dryer (TOPAS DDU 570/H) followed in
series by two aerosol neutralizers (both TSI 3077s).
Following drying and charge neutralization, an axial diluter
was used to reduce particle concentration and to achieve the
desired total aerosol flowrate. Use of a charge neutralized
aerosol provides a more conservative estimate of mask EFE
relative to the use of an unneutralized aerosol. Total aerosol
flow was varied based on the number of manikins (or sour-
ces) setup to emit aerosol to the room.

Three different types of aerosol measurement instruments
were used to measure size-resolved concentrations at discrete
locations within the classroom and through the mouths of
the manikins. The three instrument types included an elec-
trical low-pressure impactor (ELPI, Dekati) and an

aerodynamic particle sizer (APS, TSI 3321), which both
classify particle size based on a particle’s aerodynamic
diameter, and two optical particle sizers (OPS, TSI 3330),
which size particles individually based on light scattering.
For size-resolved information the ELPI and APS results
were typically used. Aerodynamic diameter was estimated
for the OPS instruments based on comparison with ELPI
size distributions and finding a single diameter scaling factor
that gave the best agreement between distributions.
Equipment specifications are provided in the Supplemental
Information.

A representative NaCl particle size distribution, generated
with a dilution airflow rate of 120 ± 12 SLPM and measured
by the ELPI, is shown in Figure 4a. The distribution has a
count median diameter (CMD) of 0.25 lm, a geometric
mean diameter (GMD) of 0.34 lm, and a geometric standard
deviation (GSD) of 1.86. Particle sizes with significant con-
centrations range from 0.043 lm to approximately 3.2 lm in
aerodynamic diameter. The size distribution is not perfectly
log-normal and appears to have two modes (one centered
around 0.25 lm and a second around 0.8 lm) as indicated by
the bump on the right-hand side of the distribution. The
range of particle sizes tested in the current work is represen-
tative of the typical size range of aerosol particles emitted
while breathing, speaking, and coughing. However, the con-
centration of the aerosol used is several orders of magnitude
higher than emitted during breathing, speaking, or coughing,
in order to discriminate the NaCl aerosol from background
aerosol concentrations in the room.

2.4. Aerosol dynamics and distribution

2.4.1. Aerosol dynamics
Aerosol was dispersed from a source at the center of the
room, exiting upward from a 152-mm diameter duct at an

Fig. 4. a. NaCl aerosol size distribution as a function of aerodynamic diameter (dA) generated by the aerosol generator measured dir-
ectly after dilution. b. NaCl aerosol size distribution measured with the ELPI during filtration efficiency measurements measured at pos-
ition 4 in Figure 2b after steady-state was reached. Error bands representing uncertainty due to random variations during the averaging
interval are smaller than the symbols used and are not visible in the plot.
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exit height of 0.97m with a velocity of 6.15 cm/s (jet
Reynolds number ¼ 576). Time-resolved and size-resolved
aerosol concentration measurements were performed at the
front and rear of the room. Aerosol measurements at the
front of the room were made near the instructor position
(see Figure 2a) at a height of 1.2m. Sampling was per-
formed with the APS and ELPI through their vertically ori-
ented instrument inlets. Sampling in the rear of the room
was performed near the overhead air return grille. Two OPS
instruments were used at this location sampling at a height
of 1.2m through their vertically oriented instrument inlets.
Sampling with two instruments at each location enabled a
consistency check between the instruments. A balometer
(TSI Alnor) was used to measure return and supply air flow-
rates at the start and end of each test.

A second experiment evaluated the steady-state room aero-
sol concentrations at lower and higher room supply air-
exchange rates. Aerosol was seeded steadily into the room
through the mouths of 15 non-sampling student manikins (to
provide a relatively uniform distribution in the room) for a
duration greater than four times the time constant for the low
flow rate of 1.34 ACH (s ¼ 1=k) bringing the room aerosol
concentration to steady-state as measured by the ELPI. Once
steady-state was reached, the airflow supplied to the room by
the HVAC system was increased to 5.05 ACH by biasing the
room thermostat using a local heat source and the time evolu-
tion of the decrease in aerosol concentration was measured.

2.4.2. Aerosol spatial distribution
Measurements of the aerosol spatial distribution in the room
were acquired to assess the accuracy of the well-mixed room
approximation in the Wells–Riley model. For these measure-
ments, aerosol was seeded steadily into the room for a dur-
ation greater than four times the time constant for buildup of
aerosol concentration in the room, resulting in an approxi-
mately steady-state aerosol distribution. Size-resolved aerosol
measurements were made at locations adjacent to each student
position and at probable instructor locations (location are indi-
cated by numbers in Figure 2b) using OPS1.

2.5. Effective filtration efficiency

Four masks designed to cover the nose and mouth with the
intent of providing respiratory particle protection were eval-
uated. The masks tested included a commercial 4-ply knit
cotton mask, a 3-ply spunbond polypropylene (ADO
Products, Pro Pac Insulation Fabric) mask designed by the
UW-Madison emergency operations committee (EOC) and
produced by a local custom sewing manufacturer for UW-
Madison (Laacke & Joys Design & Manufacturing) referred
to as the EOC mask throughout, a 3-ply disposable non-
medical mask with a melt-blown polypropylene center ply
(Hodo, single-use mask) referred to as a procedure mask
throughout, and an ASTM F2100 (ASTM 2019) level-2
rated medical surgical mask (Medicom, SafeMask
FreeFlow). All masks except for the 4-ply knit cotton mask
had a formable metal nose strip. Although not an exhaustive
list, these four masks are representative of a relatively broad
range of filtration performance that individuals may have

access to. The surface of the hard plastic CPR manikin’s
face was modified to be slightly compliant to better repre-
sent a human’s face. Images of the masks as installed on the
manikins for filtration measurements are provided in the
Supplemental Information along with more information on
modification of the manikin’s face.

Measurements were performed with masks fit in a way
that is representative of someone intent on effective use of
the mask, that is, covering the nose and mouth completely
and with the formable nose piece (if present) shaped to the
manikin’s face. Additionally, an adjustable mask ear saver
(Seljan Company, https://earsaver.net/) was used to allow the
masks to be pulled tight to the manikin’s face. The fit of the
masks was close to the best achievable with each individual
mask by itself. Even when fit well, some gaps near the nose
bridge and on the sides and bottom of the mask were visible
resulting in leakage around the mask. This was particularly
true for the knit cotton mask which did not have a formable
nose piece and for the procedure mask whose nose piece did
not maintain its shape well after forming.

We also evaluated the use of two mask fitters, one devel-
oped in collaboration with Lennon Rodgers at the UW-
Madison Makerspace (Badger Seal, https://making.engr.wisc.
edu/mask-fitter/) and a second commercial mask fitter (Fix
the Mask (FTM) mask brace, https://www.fixthemask.com/).
The mask fitters are designed to seal a mask to the user’s
face to minimize leakage around the mask; potentially ena-
bling the full filtration potential of the mask to be reached.
Use of mask fitters requires that the masks used have rea-
sonably low pressure drop at typical breathing flowrates. All
of the mask materials used here fulfill that requirement with
pressure drops <40 Pa for a face velocity of 3.5 ± 0.5 cm/s
(as measured in separate experiments with a 25.4mm diam-
eter flow area), equivalent to a full mask flowrate of 28.3 L/
min. Images of the mask fitters installed on the manikin
with the EOC mask and data on the MFE of the masks used
are provided in the Supplemental Information.

Mask aerosol leakage makes estimating infection probabil-
ities using the Wells–Riley model highly uncertain when try-
ing to take into account the effective mask filtration efficiency.
We define EFE as the filtration efficiency of the mask as worn
by the user. This is lower than the mask MFE which only con-
siders the flow going through the mask material. In reality,
given the pressure drop across the mask filtration material it is
expected that in normal mask wear a large fraction of the flow
will go out the sides of the mask, significantly decreasing the
filtration efficiency as worn, that is, the effective mask filtra-
tion efficiency. A simple estimate of the leakage velocity for a
relatively low mask pressure drop of 20Pa (v ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2DPÞ=qp
from the Bernoulli equation) gives a potential leakage velocity
of 5.9m/s, which for a 1 cm2 leakage area, would result in a
leakage flow rate of 35L/min (assuming a constant pressure
drop). This flowrate is larger than the typical breathing flow-
rates associated with most activities (Adams 1993), indicating
that if such a leakage path exists, most of the flow would fol-
low that path and not go through the mask.

EFE measurements were made by seeding the room
with the same polydisperse neutralized NaCl aerosol used
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for aerosol dynamics and distribution measurements.
Room air was continuously seeded with aerosol during
measurements. Measurements were not performed until
the room aerosol concentration reached an approximate
steady state (>3 time constants after initiating seeding at
1.34 ACH). The aerosol particle size distribution in the
room measured by the ELPI after steady state had been
reached in the room is shown in Figure 4b. The distribu-
tion shown here was measured in the back of the room
near the return grille (position 4 in Figure 2b), whereas
the distribution shown previously in Figure 4a was the
distribution supplied to the room.

EFE for inhalation was tested by sampling air from the
room through the 19.05-mm inside diameter conductive sili-
cone tube installed in the manikin’s mouth connected via a
brass hose fitting reducer to a 6.35-mm inside diameter con-
ductive silicon tube connected to the inlet of the ELPI. The
entire sample was sent to the ELPI with a sample flowrate of
9.7 LPM. This flowrate rate is similar to inhalation rates for
sitting and/or standing for adults (Adams 1993). Typical mask
flow areas for this work were approximately 100–200 cm2,
assuming even flow across this area gives estimated face
velocities of between 0.8 and 1.6 cm/s which are significantly
lower than what has been used in almost all mask MFE studies
listed in Section 1.3. All measurements were performed with
the ELPI using the following procedure: (1) sample room air
for 4min without a mask, (2) install mask on the manikin, (3)
sample room air through the mask on the manikin for 4min
after flow equilibrates (�1min), (4) remove mask from the
manikin, and (5) sample room air for 4min without a mask.

For the size-resolved measurements, filtration efficiency
for each particle size is given by

gf ,MInh
¼ 1� 2�nMðdAÞ

�nBRðdAÞ þ �nARðdAÞ
(8)

where �nMðdAÞ is the average number density of particles at
aerodynamic diameter (dA) measured with the mask on the
manikin, and �nBR and �nAR are the average number densities
measured before and after with the mask off (representing
the room concentration). Uncertainty in the filtration effi-
ciency determined using Equation 8 was estimated using
first-order uncertainty propagation. Uncertainty estimates
include contributions due to random measurement variation
during the averaging period, bias due to drift in the room
concentrations, and bias estimates based on potential zero
drift for each channel on the ELPI assuming a maximum
zero current drift of ±2.5 fA (see the Dekati ELPI manual
for converting this to a number density for each size bin).

Total filtration efficiency was calculated using Equation 8
with the size-resolved number densities replaced with the total
number densities. Uncertainty was calculated in the same
fashion as the size-resolved measurements with the only dif-
ference being that instead of using an assumed current drift
for the zero bias, the zero bias was assumed to have a max-
imum number density value of 150 cm�3 based on observa-
tions during the measurement campaign.

3. Results and discussion

3.1. Aerosol dynamics and distribution

3.1.1. Aerosol dynamics
The transient response of the classroom aerosol concentra-
tion during buildup and a subsequent decay at the two meas-
urement locations is shown in Figure 5. Data collection
started 5min before the initiation of aerosol seeding at 10:20
am from the single centrally-located seeding position (shown
in Figure 2a). Aerosol was seeded at an approximately con-
stant rate for 1 h after which the aerosol flow was stopped.

Fig. 5. Aerosol concentration in the classroom during buildup of aerosol from a single source located at the center of the room and during
the decay of aerosol following shutoff of the aerosol source. a. Aerosol concentrations normalized by their peak value for all four instruments
used; and b. Measured time-resolved aerosol concentrations in the front and rear of the room for a similar range of diameters. Aerosol seed-
ing was started at 10:20 am and stopped at 11:20 am. Measurements are for approximately matched size ranges from �0.7lm to 10lm.
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During the period where data were collected, the supply air-
flow to the classroom averaged 488m3/h (1.34 ACH). After
the aerosol flow was stopped at 11:20 am, the air exchange
in the room and settling reduced the aerosol concentration in
the room.

Once the aerosol was turned on at 10:20 am, the instruments
at the front of the room saw an abrupt increase in aerosol con-
centration followed by a somewhat noisy, approximately expo-
nential (i.e. / 1� exp ð�ktÞ) rise in concentration. The OPS
instruments at the rear of the room, near the air return, showed
a much smoother rise in aerosol concentration. This indicates
some level of non-uniformity in the spatial aerosol distribution
and that the aerosol is more uniformly mixed in the rear loca-
tion. This is likely due to the proximity of the rear sampling
location to the air return. Once the aerosol source was turned
off, the concentration decay for both instruments at the front of
the room is almost completely smooth. Perhaps more interest-
ing is that the absolute total concentrations shown in Figure 5b
for the ELPI and OPS1 are very similar in magnitude for a
similar measurement size range, indicating that the distribution
in the room becomes nearly uniform relatively quickly with the
aerosol source turned off, and the decay at both the front and
rear of the room have nearly the same time constant for the
same range of particle sizes.

Overall, the results for the single source at the center of
the room suggest a relatively uniform buildup of aerosol
concentration in the room with some local non-uniformity
associated with turbulent fluctuations from the plume
(ReD ¼ 576) being emitted at the center of the room. The
fact that the difference in concentration between the front
and back of the classroom varied but the differences were
modest helps support the well-mixed assumption for the
Wells–Riley model. This result is likely applicable to many
classrooms that rely on MV similar to the space studied in
this work. However, for spaces utilizing other air distribution
methods, such as displacement or personal ventilation, the
well-mixed approximation will most likely not be as

accurate. Additionally, the size-resolved data (not shown)
indicate that the loss rate for all particle sizes measured, dur-
ing the period were the aerosol was shutoff, was similar
with only modest size dependence seen in the loss rate.

An additional run evaluated the steady-state room aerosol
concentrations at lower and higher room air-exchange rates.
Aerosol was seeded steadily into the room for a duration
greater than four times the time constant for the low HVAC
flow of 1.34 ACH, bringing the room aerosol concentration
to steady-state as measured by the ELPI. Once a steady-state
was reached, airflow supplied to the room was increased to
5.05 ACH. The factor of 3.8 increase in room air volume
flow rate resulted in the average steady-state concentration
decreasing from 5500 cm�3 to 2100 cm�3 based on ELPI
measurements for the entire range of particle sizes measured
at the instructor position. This decrease in aerosol concentra-
tion is shown in Figure 6.

Both the buildup of aerosol when seeding was first started
with the HVAC flow at 1.34 ACH, and the decrease in aero-
sol when the HVAC flow was increased to 5.05 ACH were
curve fit to the time-dependent concentration equation for a
perfectly mixed room, similar to Equation 2 (see
Supplemental Information). Fitting the rise in concentration
for the ELPI data gave a value of the first-order particle loss
rate klow ¼ 1:6960:07 h�1 for the low HVAC flowrate of
1.34 ACH. Fitting the fall in concentration when switching
to high HVAC flow gave a value of the first-order particle
loss rate khigh ¼ 5:4060:2 h�1 for the 5.05 ACH flowrate.

The number of ACH equals the first-order loss rate due
to fresh air exchange in the room. For the current work, it is
assumed that the air coming in from the HVAC system was
essentially 100% fresh air due to dilution in the central-sta-
tion air handler and the use of MERV 15 filtration. The
curve fit first-order loss coefficients are higher than that due
to air exchange alone (klow ¼ 1:69 h�1 > 1.34 ACH and
khigh ¼ 5:40 h�1 > 5.05 ACH), indicating that additional
loss mechanisms are present such as settling in the room or

Fig. 6. Decrease in aerosol concentration in the room when switching from low flowrate of 1.34 ACH to a high flowrate of 5.05 ACH
while constantly seeding aerosol into the room. Measured with the ELPI for particle sizes from 0.043lm to 10lm.
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in the HVAC system. The value of total loss rate for the
other mechanisms is determined by subtracting the loss rate
due to air exchange from the total loss rate, giving values of
kother ¼ 0:35 ±0.2 h�1. The number weighted loss rate due to
particle settling based on the measured particle size distribu-
tion was estimated to be 0.025 h�1, significantly less than
the observed loss rate, indicating that losses in the air han-
dling system ductwork or other loss mechanisms are pos-
sibly important. The measured value (kother) is used in the
Wells–Riley model to account for particle settling losses.

3.1.2. Aerosol spatial distribution
Figure 7 shows interpolated distribution maps derived from
the discrete location aerosol concentration measurements
with a single student manikin emitting aerosol (see source
location in Figure 2b). Results are shown for two aero-
dynamic diameters, 0.728 lm and 2.71 lm. The results are
normalized by the lowest concentration in the room for each
diameter and each case shown, indicating the non-uniformity
in the room, that is, the relative concentration maps show
how many times higher the local concentration is in com-
parison to the lowest measured concentration in the room for

that scenario and diameter. Measurements were performed
with no mask on the source manikin (Figure 7a and b) and
with the manikin wearing a four-layer knit cloth mask.

All results indicate some spatial non-uniformity in the
aerosol distribution, even under steady-state conditions. This
is not unexpected; obviously, at the exit of the manikin’s
mouth the aerosol concentration will be maximum. As the
jet of aerosol emitted from the manikin’s mouth entrains air
and mixes the concentration will decrease. The level of non-
uniformity appears to be a function of both the use of a
mask and the size of the particles. The use of a mask clearly
changes the penetration of aerosol in the direction that the
jet exits the manikin’s mouth (towards the front of the class-
room ! increasing x-position). Without a mask, higher con-
centrations are seen further from the manikin location in the
x-direction in Figure 7. The use of a mask, appears to local-
ize the high concentration region closer to the emitting
manikin. As will be shown later, the filtration provided by
the mask also reduces overall aerosol concentrations.

Dependence of the distributions on particle size is also
seen in Figure 7. The magnitude of non-uniformity appears

Fig. 7. Relative concentration point measurements (markers) and spatially interpolated relative concentration distributions (relative con-
centration is the local concentration divided by the lowest concentration measured in the room for each diameter and each case) for (a)
no masks donned and average aerosol diameter of 0.728lm and (b) 2.71lm; (c) masks on and average aerosol diameter of 0.728lm
and (d) 2.71lm. Note that higher relative concentration does not indicate higher absolute concentrations.
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to be smaller for the smaller particle size (0.728 lm). This
may be explained by a higher loss rate due to settling for
larger particles (Riley et al. 2002) resulting in lower concen-
trations of large particles farther from the source. The higher
loss rate increases the peak relative concentration for larger
particles since the distributions are normalized by the small-
est concentration in the room for each case and diameter.
This implies that smaller particle sizes are more uniformly
distributed in the room and that the well-mixed assumption
holds better for these particles.

One of the weaknesses of the current measurements is the
coarse x–y resolution and lack of vertical resolution. The net
result of this is that some sampling bias exists in the data.
This is seen for the measurements at sample point 18 taken
almost directly in front of the emitting manikin. In the no
mask case, measurements taken directly in the center of the
jet issuing from the manikin’s mouth should have the high-
est relative concentration of any measurements in the room
and should have a higher relative concentration than the
measurements at the same location for the mask on case.
This is not seen in the relative concentration distributions in
Figure 7 indicating sampling bias close to the source loca-
tion. This may be due in part to vertical stratification, since
measurements were made only at one height for a given x–y
location. As one moves further from the source location,
stratification becomes smaller, and the sampling bias should
be a smaller effect. The relatively modest non-uniformity in
concentrations measured over the majority of the room indi-
cates that the well-mixed assumption in the Wells–Riley
model should result in only modest errors in the infection
probabilities for the reduced occupant densities studied; the
uncertainty this introduces should be similar or smaller in
magnitude than the uncertainty in other model input parame-
ters such as the quanta emission rate.

3.2. Mask EFE

Size-resolved inhalation EFEs for the four masks tested (knit
cotton mask, EOC mask, procedure mask, and surgical
mask) are shown in Figure 8 for the three different cases
tested: without a fitter, with the Badger Seal mask fitter, and
with the FTM mask fitter. Total EFEs are shown in Figure 9
and the values are provided in Table 1. Overall, the results
indicate that use of mask fitters can significantly improve
the observed EFE. The observed EFEs with the mask fitters
are believed to be similar to the MFEs of the masks, allow-
ing comparison to previous work on mask material filtration
efficiencies. The data for the size-resolved filtration efficien-
cies are provided in tables in the Supplemental Information.
Also, data taken on material filtration efficiencies for the
masks for a size range from 20 to 500 nm at a filtration vel-
ocity of 3.4 cm/s are provided in the Supplemental
Information.

The 4-ply knit cotton cloth mask (Figure 8a) without a
mask fitter has the lowest EFE of 7.5 ± 4.3%. With the use of
a mask fitter the filtration efficiency is still relatively low
(26.0 ± 4.3% with the FTM mask brace), but is significantly
improved over the entire size range. The lowest filtration

efficiency corresponding to the most penetrating particle size
(MPPS) occurs around 1lm with and without a mask fitter.
Lindsley et al. (2021a) tested a similar knit cotton 3-layer
mask (Hanes mask) and found a MFE of 18.8%, in good
agreement with the current result with the FTM mask brace
given that their mask had one less layer and that the face
velocities were different between the two studies. For particle
sizes >3.2 lm, the filtration efficiency of the mask is antici-
pated to increase due to increasing efficiency of interception
and impaction capture mechanisms (Hinds 1999), potentially
providing effective filtration of particles >10 lm in diameter.

MFE is a function of the face velocity. Here, low to mod-
erate breathing rates were simulated, at higher face velocities
the MFE at larger particle sizes will increase due to the vel-
ocity dependence of the impaction capture mechanism,
whereas filtration at small particles sizes will decrease due
to a reduction in diffusion capture. Therefore, for high
velocities associated with coughing and sneezing the MFE
for larger particle sizes >2lm is expected to improve, as is
seen in the work of Drewnick et al. (2021) where filtration
efficiency was found to increase with increasing face vel-
ocity at a particle size of 2.5 lm for a range of materials.

The EOC mask, composed of three layers of spunbond
polypropylene (Figure 8b), had much higher EFE than the
knit cotton mask. Additionally, the mask fit and sealed
around the manikin’s face well as evidenced by only a mod-
erate EFE increase when using either of the mask fitters.
The overall EFE without a mask fitter was 54.5 ± 3.1% and
was 64.9 ± 2.9% with the FTM mask brace for the aerosol
distribution used here. The apparent MFE from the mask
brace measurements per a layer (assuming typical exponen-
tial dependence of penetration on thickness (Hinds 1999)) is
in reasonable agreement with data from Joo et al. (2021) for
spunbond materials given differences in face velocity and
other parameters for the measurements. As with the knit cot-
ton mask, EFE is expected to continue to increase for larger
particle sizes due to increased interception and impac-
tion capture.

Of all the EFE results, those for the single-use procedure
mask demonstrate the importance of mask fit the best. Without
a mask fitter, the size-resolved efficiency is <20% for the entire
range measured. With a mask fitter, the size-resolved EFE is
generally greater than 90% with either mask fitter and is
approximately 95% with the FTM mask brace. Measurements
were also performed with the procedure mask with and without
a Badger Seal mask fitter using a fit tester (TSI PortaCount Pro
þ 8038), those results showed similar trends (fit test results are
provided in the Supplemental Information). The low overall
EFE of 15.8 ± 4.2%, shown in Figure 9, for the single-use pro-
cedure mask was due to the poor natural fit of the mask when
not using a mask fitter (as illustrated in the visualization pro-
vided in the Supplemental Information). Using a fitter enables
the mask to achieve EFEs close to the MFE, which is approach-
ing 100% for large particle sizes (>2lm) at the face velocities
used in the current testing. The apparent MFE for the mask
with the fitters is high, but other studies have seen similar high
MFEs for disposable masks, for example, Crilley et al. (2021)
measured MFEs of 95.4 ± 1.9% and 84.3 ± 6.1% for two
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different disposable masks over the size range tested at a face
velocity of 3 cm/s.

The surgical mask results demonstrate that the higher
quality surgical mask provides better fit to the user’s face
than the inexpensive single-use procedure mask (see
Supplemental Information for images of the masks
installed on the manikins). However, even with the better
fit, the surgical mask without a fitter significantly under
performs relative to the same mask worn with a fitter.
Without a fitter the overall EFE was 44.6 ± 3.8% as com-
pared to 91.3 ± 2.5% with the Badger Seal fitter and

93.9 ± 2.6% with the FTM mask brace. Given that the sur-
gical mask was an ASTM F2100 level-2 rated mask, it
should have MFE > 98% at 0.1 lm (ASTM 2019), which
is in good agreement with the size-resolved apparent MFE
based on the measurements with the FTM mask brace in
Figure 8.

The measured filtration efficiencies with and without
the mask fitters can be used to estimate the fraction of
the flow leaking around a mask by making the following
assumptions: (1) MFE does not change appreciably due to
the difference in flow rate through the mask material and

Fig. 8. Size-resolved effective filtration efficiency for inhalation measured in a classroom without a mask fitter used, with a Badger
Seal mask fitter, and with a FTM mask brace installed for (a) the 4-ply knit cotton mask, (b) the EOC 3-ply spunbond polypropylene
mask, (c) a single-use procedure mask, and (d) an ASTM F2100 level-2 rated surgical mask.
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(2) the FTM mask brace case seals the mask perfectly,
that is, there was no leakage for this case. Both assump-
tions will tend to underestimate the leakage rate. Using
the filtration efficiencies for the cases with and without
leakage, the fraction of flow leaking around the mask
(fraction of air not going through the mask material) is
estimated as

fL ¼
_V b, L

_V b
¼ ð1�gf ,MInh

Þ�ð1�gf ,M , fitÞ
ð1� ð1� gf ,M , fitÞÞ

(9)

where fL is the fraction of flow leaking around the mask,
_V b,L is the leakage volumetric flowrate, gf ,MInh

is the EFE

with leakage present, and gf ,M , fit is the MFE assumed to be
equal to the filtration efficiency when using the FTM
mask fitter.

Estimated leakage fractions for the cases with no mask fit-
ters are shown in Figure 10. For the poorly fitting knit cotton
mask and procedure mask, the leakage around the masks is
estimated to be on the order of 70–85%, although the estimate
for the knit cotton mask is highly uncertain due to the low fil-
tration efficiency of the mask. The surgical mask which visu-
ally fits much better, still has an estimated leakage of 52%.
Finally, the EOC mask which fit quite well has considerably
less leakage at around 15%. These estimates emphasize the

Table 1. Measured total effective filtration efficiencies and associated uncertainties during simulated inhalation for masks installed on
a manikin in a classroom setting.

Abbrev. Mask Fitter gf ,Minh
gf ,Minh

uncertainty fL fL uncertainty

KCM Knit Cotton Mask None 0.075 ±0.043 0.710 ±0.661
KCM-B Knit Cotton Mask Badger Seal 0.206 ±0.045 – –
KCM-F Knit Cotton Mask FTM 0.260 ±0.043 – –
EOCM EOC Mask None 0.545 ±0.031 0.160 ±0.084
EOCM-B EOC Mask Badger Seal 0.637 ±0.029 – –
EOCM-F EOC Mask FTM 0.649 ±0.029 – –
PM Procedure Mask None 0.158 ±0.042 0.834 ±0.053
PM-B Procedure Mask Badger Seal 0.900 ±0.025 – –
PM-F Procedure Mask FTM 0.949 ±0.026 – –
SM Surgical Mask None 0.447 ±0.038 0.524 ±0.050
SM-B Surgical Mask Badger Seal 0.913 ±0.025 – –
SM-F Surgical Mask FTM 0.939 ±0.026 – –

Estimated fraction of air leakage (fL) and its associated uncertainty are also provided based on Equation 9.

Fig. 9. Overall effective filtration efficiency for inhalation for the four masks tested in this work measured without a mask fitter, with
the Badger Seal mask fitter, and the FTM mask brace used.
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difficulty in achieving good mask fit without design features
or additional devices to seal masks.

Other recent work has also shown the importance of
mask fit on the EFE achieved with a mask. Clapp et al.
(2021) found a significant increase in EFE from
38.5 ± 22.4% to 78.2 ± 6.6% for a medical procedure mask
when using a rubber-band based mask fitter and up to
80.2 ± 6.2% for a nylon hosiery sleeve placed over the mask
(measured using a fit tester). Significant improvements in
EFEs were also seen by Mueller et al. (2020) when using a
nylon hosiery sleeve to improve mask fit (measurements per-
formed with a fit tester). The improvements in mask fit
when using devices to actively seal the mask to the user’s
face are similar to the improvement seen for all masks in the
current study, although the methods of evaluation between
those studies and the present study are quite different.

The EFEs for each of the mask options were only moder-
ately sensitive to particle size for the range of sizes tested.
Therefore, use of the overall EFEs is reasonable for the
Wells–Riley model. Conditions measured represent an inhal-
ation condition with steady flow, which ignores the unsteadi-
ness of real breathing and does not directly measure
exhalation EFE. However, we expect that the differences in
filtration efficiency this causes will be moderate.
Measurements of room aerosol concentration versus time for
a case with a manikin exhaling and wearing the procedure
mask with a Badger seal mask fitter were acquired and the
results indicate similar EFE for exhalation as for inhalation
in that specific case (see Supplemental Information for more
details). Additionally, the results of Pan et al. (2021) indicate

reasonably similar EFEs for inhalation and exhalation for a
range of mask types.

4. Wells–Riley model results and discussion

The purpose of studying the aerosol dynamics and distribu-
tion in the classroom and the mask effective filtration effi-
ciencies was to determine the accuracy of underlying model
approximations and determine accurate input values for the
Wells–Riley model. This allows increased confidence, that
is, reduced uncertainty, in the model’s ability to estimate
conditional infection probability.

4.1. Model input parameters and assumptions

Aerosol distribution results verified that the well-mixed
approximation is reasonably accurate (to within better than a
factor of 2) when individuals are physically distanced by
>2m. Aerosol dynamics results provided a direct measure-
ment of the particle loss rate due to settling and HVAC sys-
tem losses. Finally, the mask EFE measurements provide
validated inputs for EFE with and without a mask fitter for
the four masks tested.

With the aerosol behavior and EFE characterized, these
results were used as inputs to the Wells–Riley model to
assess the conditional infection probability in the event that
one of the classroom’s occupants was COVID-19 positive
and actively shedding the SARS-CoV-2 virus. We evaluate
conditional infection probability for the following three scen-
arios: (a) Infectious instructor (speaking loudly), susceptible
students (sedentary); (b) Infectious student (speaking), sus-
ceptible students; and (c) Infectious student (speaking), sus-
ceptible instructor (light exercise).

Given the differences in expiratory activity and activity
level, different values of quanta emission rate and breathing
rate are used for the instructor and students. Values used are
provided in Table 2. The breathing rate for the students was
chosen to correspond approximately to those from Adams
(1993) for sitting or standing adults which closely match the
flow rate used in the mask EFE testing. The value used for the
instructor corresponds approximately to the breathing rate for
walking adults from Adams (1993) (similar values were used
in Buonanno, Morawska, and Stabile 2020a). The quanta emis-
sion rate, _q, is higher for the instructor who is assumed to be
speaking loudly and frequently, compared to the students who
are assumed to be seated and speaking less frequently. Values
were determined using the emission rate distributions provided
by Buonanno, Morawska, and Stabile (2020a) for light activity,
speaking loudly, and for light activity, speaking, for the
instructor and students, respectively, and then determining the
approximate value of emission rate which has an infection
probability that is equal to the risk defined by

R ¼
ð1
0
Pð _qÞf ð _qÞd _q (10)

where R is the risk of infection, Pð _qÞ is the quanta emission
rate dependent infection probability, and f ð _qÞ is the probability

Fig. 10. Estimated fraction of flow that leaks around the masks
without use of a mask fitter, calculated using Equation 9.
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density function for the quanta emission rate (more details on
f ð _qÞd _q are given in the Supplemental Information). The risk of
infection takes into account the distribution of potential emis-
sion rates for an infected individual (Buonanno, Morawska, and
Stabile 2020a), whereas the infection probability does not. For
both emission rates, the values correspond approximately to the
77 percentile of the emission rate distribution, making them
representative of a high emission rate scenario.

The number of new infections expected for a given event
can be predicted by multiplying the risk of infection (condi-
tion probability of infection) by the number of susceptible
individuals present

Nevent ¼ RNS: (11)

The number of susceptible individuals (where NS) is
given by

NS ¼ ðNtot�NIÞð1�fVgV Þ (12)

where Ntot is the total number of people present, NI is the
number of infected individuals present, fV is the fraction of
susceptibles who are vaccinated (local vaccination rate), and
gV is the efficacy of the vaccine for the preventing infection
for the vaccinated individuals. This allows for direct
accounting of vaccination rate and vaccine efficacy.

The room used for probability calculations for all three
scenarios was the same classroom used for aerosol dynamics
and spatial distribution measurements. The details of the
room are provided in Table 3 along with values for the other
remaining parameters needed for the calculations. To sim-
plify the estimates, and due to lack of complete information
on the filtration capabilities of the air handling unit (with
MERV 15 filtration), it was assumed that all air supplied to
the room is fresh air (i.e. quanta free), which will tend to

slightly underestimate infection probability. For simplicity, it
is also assumed that time between class periods in the room
is long such that the initial concentration of quanta in the
room is zero. Finally, it is assumed that the mask filtration
efficiencies for inhalation and exhalation are equal.

4.2. Model results with varying mask EFE and
ventilation rate

The conditional probability of infection was predicted (under
the condition of one infectious individual being present) for
the three scenarios in Table 2 as a function of mask EFE
with the baseline air-exchange rate, NACH ¼ 1.34 h�1

(assuming that everyone in the room is wearing the same
type of mask), and as a function of ACH for the case with
no one wearing masks, the results for both cases are shown
in Figure 11. Of the three different scenarios studied,
Scenario A, the case with an infected instructor and suscep-
tible students, results in the highest conditional probability
due to the assumed higher quanta emission rate for the
instructor. Scenario B with an infected student and suscep-
tible instructor had intermediate probability, and Scenario C
with an infected student and susceptible students has the
lowest probability, due to the lower quanta emission rate
combined with the lower breathing rate.

The spacing between curves for the three scenarios shown
in Figure 11a and b remains constant on the vertical log
scale as the parameter of interest is varied. This indicates a
constant factor between the curves as a result of the differ-
ences in quanta emission rate and breathing rates for the
three scenarios. As mask filtration efficiency is increased,
the conditional infection probability decreases, somewhat
slowly at first, then rapidly for higher mask EFEs. At a

Table 3. Parameter values for Wells–Riley conditional infection probability estimates.

Parameter Description Value Units Fixed/variable Source

VR Room volume 362.64 m3 Fixed Facility info.
NACH Air changes per hour 1.34 h�1 Variable Current study
ks Particle settling loss rate 0.35 h�1 Fixed Current study
k Virus inactivation rate 0.63 h�1 Fixed (van Doremalen et al. 2020)
k Total loss rate (baseline) 2.32 h�1 Variable k ¼ NACH þ k þ ks
tD Duration 60 min Fixed 50min class period þ 10min before/after
gf ,M Mask EFE 0 – Variable Baseline ¼ 0 (no masks), for others see Table 1

For parameters that are varied in the calculations (variable) parameter values shown are the baseline values used or determined in the
current study.

Table 2. Scenarios used for the infection probability calculations.

Scenario A Scenario B Scenario C

Setting Classroom Classroom Classroom
Infected individual Instructor Student Student
Emission rate, _q 110 quanta/h 19.1 quanta/h 19.1 quanta/h
Susceptible individual(s) Students Instructor Students
Susceptible breathing rate, _V b 0.540 m3/h 1.38m3/h 0.540m3/h
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mask EFE of 0.5 (50%) the conditional infection probability
is reduced by a factor of four relative to the baseline case
with no masks (NACH ¼ 1.34 h�1). With everyone wearing a
mask with an EFE of 0.9 (90%), the conditional infection
probability is reduced by a factor of 100. This is due to the
10� decrease in quanta emitted to the room combine with
the 10� decrease in quanta inhaled through a mask, result-
ing in a total reduction of a factor of 100 as one would
anticipate from Equation 7, greatly reducing the infection
probability relative to the baseline value.

For the scenarios as a function of varying ACH (Figure
11b), the curves decrease faster at low values of NACH and
conditional probability decreases slower with increasing
NACH at higher values, indicating a diminishing return for
increasing ventilation rates. The horizontal axis in Figure
11b can also be interpreted as total loss rate (k) by increas-
ing the values listed on the axis by ks þ k ¼ 0:98:
Increasing from the baseline value of NACH¼1.34 h�1 to
5.05 h�1 results in a decrease in infection probability by
about a factor of two. Further increasing the air change rate
to 10 h�1 results in an additional factor of 1.7 decrease in
infection probability. It is interesting to note that even at an
air change rate of 10 h�1 the infection probability for
Scenario A cannot be reduced below 0.01 or 1%, whereas
with everyone wearing the EOC mask without a fitter with
the baseline air exchange in the room (NACH ¼ 1.34), the
probability of infection can be reduced to <0.009 (<0.9%).
A heat map showing impacts of simultaneous variation of
both mask EFE and ACH on the conditional infection prob-
ability is provided in the Supplemental Information.

4.3. Results for specific interventions

Conditional infection probabilities for the three scenarios in
Table 2 were also estimated for specific combinations of

HVAC flowrate (ACH), masks worn by students and an
instructor, and the use of mask fitters. Three values of
HVAC flowrate were used: 1.34 ACH (Baseline), 5 ACH,
and 10 ACH. The use of an in-room recirculating air purifier
could be considered as part of the HVAC flowrate in these
calculations assuming 100% filtration efficiency for the puri-
fier and no impact on the well-mixed model approximation.
Calculations were performed for cases with everyone in the
room wearing knit cotton masks (KCM), the EOC mask
(EOCM), and the inexpensive procedure mask (PM), both
with and without use of mask fitters (filtration values used
are those for the masks with the FTM fitter). The surgical
mask was not considered here due to higher cost, low avail-
ability, and the desire not to impact supplies for medical
professionals, but performance would be similar to the
EOCM without a fitter and almost identical to the procedure
mask with a mask fitter. An additional case is also consid-
ered where the instructor is wearing a procedure mask with
a mask fitter and the students are all wearing cloth masks.
This case is focused on source control of the person who
will likely have the highest quanta emission rate due to their
known activity and who could be trained to consistently and
properly don a mask and mask fitter. For each combination
of interventions, conditional infection probabilities were cal-
culated for the three scenarios in Table 2.

The conditional probability results for the different scen-
arios and intervention combinations are shown in Figure 12.
Data for the conditional infection probabilities shown in the
plot are provided in a table in the Supplemental Information.
We have included a dashed line at a conditional probability
of 0.001 on the plot for reference, this value was suggested
in the recent publication of Buonanno, Morawska, and
Stabile (2020a) as a target. The baseline case with no masks
and 1.34 ACH has an estimated probability of infection of
0.042 (4.2%) for Scenario A, 0.0185 (1.85%) for Scenario

Fig. 11. Estimated conditional probability of infection for aerosol transmission in a classroom for different intervention scenarios for
(a) varying mask filtration efficiency (gf ,M ) and (b) varying number of air changes per hour (NACH).
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B, and 0.0074 (0.74%) for Scenario C. For Scenario A con-
sidering the original room configuration with 48 students the
number of estimated infections resulting from the event is
Nevent ¼ 2.0. For the reduced occupant density studied here,
with only 16 students, this drops to Nevent ¼ 0.67 infections,
emphasizing the importance of reducing occupant density as
a first step. It is interesting to note that for the configuration
with 48 students a vaccination rate of 70.2% is required to
achieve Nevent ¼ 0.67, equivalent to the reduced occupant
density case, when assuming a vaccine efficacy of 95%.

The probabilities predicted here align well with those
estimated in other works for conditional infection probabil-
ities in similar classroom spaces when accounting for differ-
ences in exposure duration between the studies (Pavilonis
et al. 2021; Shen et al. 2021; Stabile et al. 2021). For
example, Pavilonis et al. (2021) found estimated mean con-
ditional infection probabilites of 0.35 (35%) for the equiva-
lent of Scenario A, with an exposure duration that was 6.3
times longer; accounting for the difference in exposure dur-
ation gives a result similar in magnitude to that found here.
Shen et al. (2021) found a conditional infection probability
of 3.1% for the equivalent of Scenario C for a 2 h exposure
duration with 3.6 ACH, even correcting for exposure dur-
ation this is slightly higher than the value of 0.74% found
here due to a higher quanta emission rate assumed in
that study.

The addition of knit cotton masks for all classroom occu-
pants yielded a modest 15% reduction in aerosol conditional
infection probability compared to the baseline with no
masks. In comparison, the protective measure of increasing
the ventilation rate from 1.34 ACH to 5.0 ACH resulted in
almost a factor of two (1.87�) reduction, regardless of mask
worn. If a fitter is added to help seal the knit cotton mask to
the user’s face, the conditional probability of infection is
reduced by almost a factor of 2 (1.81�) relative to the no
mask baseline. This reduction is similar to increasing the
ventilation rate from 1.34 to 5.0 ACH, indicating that well
fit cloth masks can play a significant role in reducing infec-
tion probability for aerosol transmission.

Combining higher ventilation rates with masks is syner-
gistic and the impacts are multiplicative as indicated in
Equation 7. For example, the combination of knit cotton
masks with mask fitters and an increase in ventilation rate
from 1.34 to 5.0 ACH results in a factor of 3.4 reduction in
conditional infection probability relative to the no mask
baseline, which is equal to the product of the reductions for
each individually. It is interesting to note that this combined
reduction is greater than could be achieved by increasing
HVAC flow from 1.34 to 10 ACH alone.

For masks with higher EFEs, we see more dramatic
reductions in infection probability. For a moderate efficiency
reusable mask like the EOC mask, factors of 4.75 and 8.2

Fig. 12. Estimated conditional probability of infection for aerosol transmission in a classroom for different intervention combinations.
A vertical dashed line is shown at the 0.001 conditional probability level. The mask abbreviations used on the graphs are:
KCM ¼ Knit Cotton Mask, EOCM ¼ EOC Mask, PM ¼ Procedure Mask.
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reduction can be achieved without and with the use of a
mask fitter, respectively. For the disposable procedure mask,
the fit was poor without a mask fitter, it had only a 15.8%
EFE, but with a mask fitter, an EFE of 94.8% could be
achieved resulting in almost a factor of 400 reduction
(371�) in conditional infection probability. This demon-
strates the potential for reduction in aerosol transmission of
SAR-CoV-2 achievable with relatively inexpensive masks
and mask fitters.

The impact of ventilation rate found here is similar to
that seen in other studies for indoor spaces like classrooms
(Foster and Kinzel 2021; Stabile et al. 2021; Zhang 2020).
On the other hand, other studies tend to over estimate the
reduction in conditional infection probability for scenarios
where masks are added (Shen et al. 2021; Zhang 2020), this
is due to the lack of data in the literature on the influence of
mask fit on EFE when these studies were published. For
example, Shen et al. (2021) found that wearing cloth masks
can reduce the conditional probability of infection by 48%
on average, but only a 15% reduction for the knit cotton
mask was found in the current work. A similar factor of two
reduction in conditional infection probability was assumed
by Zhang (2020). However, that level of reduction in condi-
tional infection probability can likely only be achieved with
typical cloth masks with the use of a mask fitter.

The case with the instructor using a procedure mask and
mask fitter with the students using knit cotton masks, pro-
vides a look at how source control can provide significant
reductions in infection probability and is attractive due to its
cost effectiveness. In this case, by using a high efficiency
mask on the person who is likely the highest emitter due to
their known activity level, a reduction in the maximum con-
ditional infection probability by a factor of 5.67 is achieved.
Therefore, targeted interventions, where one or a few indi-
viduals are performing activities known to have high quanta
emission rates, can have a large impact on infection prob-
ability. It also faces the reality that equipping and training
an instructor on the proper donning of their mask is more
readily achievable than relying on the same administrative
control strategy for a larger number of student occupants.

The conditional infection probability results for the differ-
ent interventions illustrate a few important points. First,
increasing HVAC flowrate (ventilation), when possible, and
ensuring a minimum acceptable ventilation rate, is important
for reducing infection probability, but there is a decreasing
return on investment (see Figure 11). Second, the three scen-
arios (from Table 2) result in significantly different probabil-
ities due to the differences in emission rate and breathing
rate between them. For the infectious instructor and suscep-
tible students case (Scenario A), the conditional probability
of infection is the highest due to the higher emission rate
assumed for the lecturing instructor. For Scenario C, infec-
tious student and susceptible students, the quanta emission
rate is a factor of 5.76 lower (breathing rate is the same)
and the conditional probability drops by a factor of 5.65,
that is, approximately proportional with the reduction in
quanta emission rate, as expected based on Equation 7 (the
results shown here can easily be scaled to make estimates

for different number of infectious individuals in the room,
quanta emission rates, loss rates, room volumes, breathing
rates, and mask filtration efficiencies). This suggests that
source control, for cases where high quanta emission rates
are likely, is a potentially effective strategy. Finally, it is
clear that the use of masks and mask fitters, to reduce mask
leakage (or better mask design to achieve the same result),
can provide significant reductions in aerosol transmission
infection probability, greater than those achievable by venti-
lation alone.

In the classroom space considered for this study, it is evi-
dent that ventilation rate alone will not be sufficient to achieve
conditional infection probabilities below 0.001. Thankfully, as
Equation 7 and the results illustrate, the combined effects of
masks and ventilation are synergistic (multiplicative) and use
of both simultaneously results in greater reductions in infec-
tion probability. For example, use of moderate filtration effi-
ciency masks, like the EOC mask, along with elevated HVAC
flowrates can come close to achieving 0.001 conditional infec-
tion probability in 2 out of the three scenarios (B and C).
When considering return to normal operations with the wide-
spread distribution of vaccines, achieving similar reductions in
disease transmission via vaccination, as have been achieved
through a combination of reduced occupant density and mask
wearing in conventionally high-occupant density spaces like
classrooms, will require high vaccination rates (>70%) and
high vaccine efficacy.

5. Summary and conclusions

In this work, we took the unique approach of experimentally
evaluating required input parameters related to ventilation
and mask filtration efficiency and experimentally assessing
the accuracy of the well-mixed assumption for the
Wells–Riley model in a classroom at the University of
Wisconsin-Madison. The validated inputs were then used in
the Wells–Riley model to estimate conditional infection
probabilities for SARS-CoV-2 in the same classroom setting.
The model results provide valuable information on the
effectiveness of masks, mask fitters, and ventilation rate
interventions, and combinations of these, to reduce aerosol
conditional infection probability in classroom settings.

The major conclusions from this work are summar-
ized here:
1. Particle loss rates estimated from ventilation rates match

well with those determined from aerosol concentration
time evolution.

2. Based on in situ measurements in a representative
classroom with forced air mechanical ventilation, the
well-mixed assumption holds to a reasonable
approximation (within better than a factor of 2) for
distances >2 m from the source for the classroom
space studied.

3. Leakage rates around masks are typically in the range of
20–80% when fit reasonably well to the user’s face,
resulting in EFEs that are much lower than the MFEs.
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4. With mask fitters, EFE approaching the MFE for a mask
can be achieved. Inexpensive disposable masks used
with a mask fitter can achieve close to 95% EFE in
some cases.

5. Ventilation of spaces with fresh air or well-filtered air is
important, but ventilation rates greater than >5 ACH
result in only modest additional reductions in infection
probability and may not be merited due to their high
cost and other factors.

6. With all occupants in the indoor classroom wearing
masks, aerosol conditional infection probabilities are
greatly reduced and reductions of 4�, 10�, or even
100� can be achieved.

7. Source control, that is, providing an individual
performing a known high emission rate activity with a
high EFE mask (with a mask fitter), can be an effective
approach to limit aerosol transmission infection
probabilities.

8. Use of masks and ventilation simultaneously are
synergistic (providing multiplicative reductions) and
together can provide greatly reduced aerosol
transmission infection probability.

The results of the current work provide guidance on the
relative effectiveness of ventilation, mask wearing, mask fit-
ters, and combinations thereof for decreasing aerosol trans-
mission infection probabilities. They specifically emphasize
the large potential for effective mask wearing and improved
masks, or use of mask fitters, to greatly reduce infection
probabilities. The results also indicate that achieving
COVID-19 transmission rates similar to those achieved with
reduced occupant density, improved ventilation, and mask
wearing, will require high vaccination rates (>70%) and
high vaccine efficacy when returning to pre-pandemic levels
of occupancy in classrooms without additional measures
(like masks) in place.
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