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Fitness centers are considered high risk for SARS-CoV-2 transmission due to their high human
occupancy and the type of activity taking place in them, especially when individuals pre-symptomatic
or asymptomatic for COVID-19 exercise in the facilities. In this study, air (N = 21) and surface (N
= 8) samples were collected at a fitness center through five sampling events from August to
November 2020 after the reopening restrictions were lifted in Florida. The total attendance was
~2500 patrons during our environmental sampling work. Air samples were collected using
stationary and personal bioaerosol samplers. Moistened flocked nylon swabs were used to
collect samples from high-touch surfaces. We did not detect SARS-CoV-2 by rRT-PCR analyses in
any air or surface sample. A simplified infection risk model based on the Wells-Riley equation
predicts that the probability of infection in this fitness center was 1.77% following its ventilation
system upgrades based on CDC guidelines, and that risk was further reduced to 0.89% when
patrons used face masks. Our model also predicts that a combination of high ventilation, minimal
air recirculation, air filtration, and UV sterilization of recirculated air reduced the infection risk up
to 94% compared to poorly ventilated facilities. Amongst these measures, high ventilation with
outdoor air is most critical in reducing the airborne transmission of SARS-CoV-2. For buildings that
cannot avoid air recirculation due to energy costs, the use of high filtration and/or air disinfection
devices are alternatives to reducing the probability of acquiring SARS-CoV-2 through inhalation
exposure. In contrast to the perceived ranking of high risk, the infection risk in fitness centers
that follow CDC reopening guidance, including implementation of engineering and administrative
controls, and use of personal protective equipment, can be low, and these facilities can offer a
relatively safe venue for patrons to exercise.
Keywords: COVID-19, Airborne transmission, Inhalation exposure, Risk assessment, Biohazard
risk

1 INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome
coronavirus (SARS-CoV-2) officially started in December of 2019 (WHO, 2020). It has made significant
marks in history, as the pandemic has: (a) resulted in more than 4.3 million deaths worldwide as
of August 18, 2021; (b) caused lockdowns of cities/states/provinces; (c) transitioned reliance of
business, school, and other day-to-day operations from human-to-human interactions to virtual
online processes, etc. As awareness of how COVID-19 is spread increases among the public, users
of fitness centers and gyms have expressed safety concerns regarding their use of such facilities
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(Kaur et al., 2020). In particular, whereas those with clinically apparent COVID-19 are likely to
self-quarantine or be hospitalized, users of fitness facilities who are pre-symptomatic or
asymptomatic are potential sources of virus transmission. Indeed, fitness centers have been
implicated as high-risk environments for acquiring COVID-19 compared to other indoor environments
due to their high human occupancy and the type of human activities that take place in them
(Salonen et al., 2020). In fitness centers, it may be difficult for patrons to wear masks during
heavy exercise, wash hands after touching equipment surfaces, and maintain physical distancing,
and these places are often crowded. However, all of these preventive actions are recommended
by the US Centers for Disease Control and Prevention (CDC) for reopening fitness facilities (CDC,
2020). Therefore, the reopening of fitness centers and gymnasiums (gyms) has been severely
restricted by States and Counties. For example, Florida did not lift the 50% capacity restriction
for fitness centers until June 5, 2020, when the state entered Phase 2 of the COVID-19 pandemic
(Florida Phase 2, 2020). New York reopened gyms and fitness centers at up to 33% of capacity on
March 31, 2021 (Reopening New York, 2021), and Los Angeles County in California permitted the
operation of fitness centers at up to 10% capacity on March 15, 2021 (County of Los Angeles,
2021). Furthermore, at least one professional medical association that provides medical and
public health education as well as legislative and regulatory advocacy and health policy research,
the Texas Medical Assoc., ranked the risk of developing COVID-19 infection when working out at
a gym as high (Texas Medical Assoc., 2020). An epidemiological study that analyzed mobile
application data in Chicago from March–April 2020 inferred that reopening fitness centers can
be particularly risky for SARS-CoV-2 transmission (Chang et al., 2020). Noteworthy, environmental
sampling was not performed during the acquisition of that data.
When fitness centers and gyms follow CDC fitness center reopening guidance (CDC, 2020), it is
important to evaluate whether the risk of acquiring SARS-CoV-2 infections is still high in these
facilities. Airborne transmission is an important route for the spread of SARS-CoV-2. During the
early phase of COVID-19, about 40–45% of SARS-CoV-2-infected individuals were pre-symptomatic
and asymptomatic (Oran and Topol, 2020). These asymptomatic and pre-symptomatic persons
can release millions of virus-containing particles per hour during breathing, coughing, sneezing,
and speaking (Ma et al., 2020; Prather et al., 2020). These virus-containing particles occur in two
size categories: (a) small droplets whose diameters are ≤ 5 µm, and (b) large droplets with diameters
> 5 µm. As they are expelled, the small droplets can also evaporate quickly to form much smaller
droplet nuclei, and both the small droplets and droplet nuclei can remain airborne in aerosols
that drift long distances away from the emitter. SARS-CoV-2 can remain viable (infectious) for
several hours in aerosols (van Doremalen et al., 2020), and aerosols with viable virus can travel
more than 2 m (Lednicky et al., 2020b), the recommended distance for physical distancing. Airborne
SARS-CoV-2 has been detected in hospital rooms for COVID-19 patients (Chia et al., 2020; Razzini
et al., 2020; Wang et al., 2020). SARS-CoV-2 can also remain viable on surfaces, such as plastic
and stainless steel, for several days (Pastorino et al., 2020; van Doremalen et al., 2020), and the
virus has been found in swab samples of environmental surfaces in hospitals (Feng et al., 2020;
Wei et al., 2020). Therefore, environmental surveillance comprised of air and surface samplings
for SARS-CoV-2 can be used to assess the risk of acquiring infection in fitness centers and reveal
whether adoption of CDC reopening guidance and implementation thereof with additional
mitigation strategies lowers airborne transmission of SARS-CoV-2 in such facilities. To the authors’
knowledge, this study presents the results of the first environmental sampling for SARS-CoV-2 in
a fitness center in the US.

2 METHODS
2.1 Fitness Center

This fitness center is located at an urban/suburban mix area of north-central Florida (FL),
wherein air and environmental samplings were performed five times during peak hours (16:00–
19:00) from August–November 2020 (Fig. 1). Although fitness centers in FL were permitted to
operate at full capacity since June 5, 2020, the occupancy (~1600 daily) was approximately 65–
70% of that pre-COVID-19 pandemic (before March 2020) through samplings. During the testing
period reported in this study, it was operated at a temperature of 21 ± 1°C and a relative humidity
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Fig. 1. Daily and 7-day average positive cases in Alachua County, FL.
of 51 ± 2%. The site’s heating, ventilation, and air conditioning (HVAC) system consisted of 12 air
handler units (AHUs) that produced a total of 10 air changes per hour (ACH) with 36% of the air
recirculated. The filters in each AHU had a minimum efficiency reporting value (MERV) of 10 and
were replaced monthly. During the lockdown in April 2020, new dual ultraviolet germicidal
irradiation (UVGI) lamps (57–288 watts inside each AHU depending on the heating/cooling load
and dimensions) were installed inside the AHUs (Table S3; Table and Figure numbers preceded by
an “S” are in the Supplementary Materials) to disinfect air passing through the coils. Additionally,
15 fans using multi-vane stator and venturi nozzle technology built with UVGI lamps in the center
(9 watts per lamp) were distributed in the upper room throughout the space. The flow rate of
each fan was 930 m3 h–1.
The floor space dedicated to exercise covers an area of 7,000 m2 partitioned between two
floors in the facility. The fitness center consists of a large fitness space (Table S5), five studios for
group/personal classes (e.g., aerobic, cycling, cardio muscular, yoga, and stretching activities), an
indoor swimming pool, and an indoor basketball court. There is a children’s club that offers free
babysitting; with a floor area of 120 m2 and volume of 330 m3, it uses the same HVAC system as
the other parts of the fitness center. Children aged 6-weeks to 12-years can stay in the children’s
club for up to two hours under staff supervision, with access to TVs, toys, and art supplies, etc.
There were 10–13 children in the room during the sampling events of this report.

2.2 Air Sampling

A total of 21 air samples were collected in the fitness center during five sampling visits (Table 1).
Air was collected by four devices (Fig. S1): VIable Virus Aerosol Sampler (VIVAS) and BioSpotVIVAS (Aerosol Devices Inc., Fort Collins, CO) as stationary samplers, and a 47 mm PTFE filter in
an in-line holder (Millipore, Bedford, MA) and a NIOSH two-stage cyclone bioaerosol sampler
(BC-251) as personal samplers. A 3-h air sampling at 8 L min–1 was performed during each visit
using either the VIVAS or BioSpot-VIVAS with their air intakes positioned ~1.5 m above ground
in the center of the large fitness space on the first floor. The sampling duration and sampled
volume are well within those of other studies that detected SARS-CoV-2 virus using stationary
samplers (Lednicky et al., 2020a, b; Santarpia et al., 2020). The BioSpot-VIVAS is a commercial
version of the VIVAS, and both collect airborne particles on a 35 mm Petri dish containing 1.5 mL
of liquid collection medium (LCM) as the collection vessel. Both VIVAS and BioSpot-VIVAS work
by condensing water vapor onto particles in the air being sampled, thus enlarging the particle
diameters in eight parallel growth tubes, making the larger particles easier to collect as they
gently impact onto the LCM in the Petri dish (Ward et al., 2020). The four major sections of the
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Table 1. SARS-CoV-2 rRT-PCR results of air and surface samples collected in the fitness center.
Date
8/31/2020
9/8/2020
9/14/2020
10/5/2020
11/2/2020

Type
Air (Stationary)
Air (Personal)
Air (Stationary)
Air (Stationary)
Air (Personal)
Air (Stationary)
Air (Personal)
Air (Stationary)
Air (Personal)
Air (Stationary)
Surface swab

Location
Center of fitness center
Throughout the fitness center
Center of fitness center
Center of fitness center
Throughout the fitness center
Center of fitness center
Throughout the fitness center
Center of fitness center
Throughout the fitness center
Center of the children's club
Bean bag chair in Children's club
Toy in children's club
Baby mat in children's club
Check-out touchpad in fitness center
Door handrail in fitness center
Treadmill
Deadlift bar
Bench press

Number of Samples
1
2
1
1
2
1
6
1
3
3
1
1
1
1
1
1
1
1

rRT-PCR results
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

device are the conditioner, initiator, moderator, and collector, which were operated at 4°, 40°,
31°, and 25°C, respectively (Lednicky et al., 2020a). For this work, the LCM consisted of sterile 1×
brain-heart infusion broth without dextrose (Thermo Fisher Scientific, Carlsbad, CA) supplemented
with cell culture grade neomycin sulfate (0.4 mg mL–1) (Sigma Aldrich, St. Louis, MO), cell culture
grade amphotericin B (2.5 µg mL–1) (Sigma Aldrich), 0.2 M cell culture grade sucrose (68.46 g L–1)
and 0.4% w/v bovine albumin fraction V (4 g L–1) (Thermo Fisher Scientific). Details regarding
transport methods were described in Lednicky et al. (2020b).
During each visit, the PTFE filter and NIOSH BC-251 sampler were operated at 3 L min–1 for 1 h
using SKC Airchek and Zefon ELF sampling pump (Table 1), respectively, as a personal sampler to
investigate the spatial-weighted average of virus aerosol concentrations in the facility. The
sampling duration and sampled volume are well within those by other studies that detected
SARS-CoV-2 virus using personal samplers (Chia et al., 2020; Feng et al., 2020; Santarpia et al.,
2020). The personal sampler was clipped onto masked sampling team member who walked
through the workout area at the fitness center’s first and second floors. The air inlet of the personal
sampler was held vertically at a height corresponding to the breathing zone of the sampling team
member. A 5 µm pore size PTFE membrane filter (Millipore) was used to collect total airborne
particles, whereas the NIOSH BC-251 collected airborne particles in three size groups: > 4.4 µm
in a 15 mL centrifuge tube (Fisher Scientific, Waltham, MA), 1.1–4.4 µm in a 1.5 mL centrifuge
tube (Fisher Scientific), and < 1.1 µm on a 2 µm pore size 37 mm diameter PTFE membrane filter
(SKC Inc., Eighty Four, PA). After sampling, all personal samplers were sealed in a resealable
polypropylene bag (26 cm × 27 cm), positioned vertically in a Styrofoam cooler (interior: 25 cm ×
20 cm × 18 cm) with two ice packs (14 cm × 10 cm × 2 cm), then transported to a BSL2-enhanced
laboratory for initial work-up. In the children’s club, air was collected using NIOSH BC-251
sampler, which was placed ~1.5 m above the ground, following the same sampling, transport,
and storage process described above.
Initial work-up of the samples was performed in a Class II, Type A2 biosafety cabinet (BSC) by
trained analysts wearing personal protective equipment including masks, gloves and lab coats.
Filters of the personal samplers were aseptically retrieved and immersed in sterile 1.5 mL of LCM
for 30 minutes at room temperature to help rehydrate and dislodge virions stuck on the filter
surface. The filters and fluids were subsequently transferred to sterile 100 × 15 mm plastic Petri
dishes, and the filters scraped with flocked swabs pre-wetted with LCM and residual fluid in each
swab extruded into the liquid corresponding to each filter. The recovery solutions were concentrated
by centrifugation in Amicon Ultra-15 centrifugal filter units with Ultracel-100 membranes with a
molecular mass cutoff of 100 kDa (Millipore) at 4,000 × g for 12 min to a volume of approximately
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< 400 µL, and the concentrates adjusted to 400 µL by addition of recovery solution. They were
then aseptically transferred to 2 mL sterile plastic cryotubes with O-ring seals (Sarstedt, Numbrecht,
Germany), and the tubes stored in a locked –80°C freezer for subsequent analyses.
For the NOISH BC-251 sampler, 0.5 mL of LCM was added to the 1.5 mL tube, and 1.5 mL to
the 15 mL tube, and after gentle mixing to resolubilize material collected on the surfaces, the
resuspended particulates were concentrated and stored as for the VIVAS and BioSpot-VIVAS
samples.

2.3 Surface Sampling

Moistened flocked nylon swabs were used to sample approximately 5 cm × 5 cm high-touch
surfaces. As shown in Table 1, eight surface samples were collected in the fitness center and the
children’s club. After sampling on the surfaces, swabs were inserted into 1.5 mL of LCM in sterile
transport tubes. The transport and storage of the surface swabs followed the same general
procedures used for air samples.

2.4 Detection of SARS-CoV-2 Genome

For molecular analyses, the frozen samples were thawed on ice, then analyzed by real-time
reverse transcriptase-polymerase chain reaction (rRT-PCR) within 72 hours of collection at the
University of Florida Emerging Pathogens Institute (EPI). The SARS-CoV-2 genomic RNA in air and
surface samples were analyzed following the rRT-PCR procedures detailed in Lednicky et al. (2020a).
The rRT-PCR method used in this work has been used to detect SARS-CoV-2 RNA in nasopharyngeal,
throat, and saliva specimens from COVID-19 patients and environmental samples (Lednicky et al.,
2020b). The limit of detection (LOD) is 1.5 SARS-CoV-2 genome equivalents per 25 µL rRT-PCR assay
(Supplementary Materials Section S1).

3 RESULTS AND DISCUSSION
The rRT-PCR tests for SARS-CoV-2 vRNA were negative for all air (N = 21) and surface (N = 8)
samples (Table 1). In each 3-h sampling period, there were 400-500 patrons in the fitness center,
and the total attendance was ~2500, counting all five sampling events. Unfortunately, we were
unable to test any patron for SARS-CoV-2, and how many infected patrons exercised during
sampling was unknown. Considering the positive COVID-19 cases in Alachua County, FL, where
the fitness center is located, the maximum daily cases were ~200 (Fig. 1). With the hypothesis
that ~40% of infected individuals may be pre-symptomatic or asymptomatic (Oran and Topol,
2020), the maximum daily positive cases could be estimated to be 333, assuming the positive
tests were merely from symptomatic individuals. Because symptomatic individuals were potentially
isolated or quarantined, that means ~133 per 269000 people (county population), i.e., 1 per 2022,
might work out in the fitness center and shed virus. In this situation, there were 1.2 contagious
individuals in the fitness center throughout the five sampling events, or 0.24 contagious individual
per sampling event; thus, the possibility that one patron spread the virus was low in the facility.
That is in contrast with the previously perceived high-risk ranking (Texas Medical Assoc., 2020).
The sampled fitness center also followed CDC guidance to minimize the infection risk of SARSCoV-2. The engineering control measures included: 1) improved ventilation with high-efficiency
filter and additional UVGI systems in both AHU and upper room; 2) anti-bacterial wipes and hand
sanitizers in multiple locations throughout the facility; 3) modified weight equipment for 2 m
apart and opened only every other cardio equipment; 4) basketball court open for individual
shooting only; 5) limited number of participants in each studio and 2.4 m × 2.4 m floor assignment
for individuals to use; 6) touchless check-in at the front desk; 7) signs of wearing masks, hand
washing, and physical distancing at the entrances, main fitness areas, and studios. Besides, the
fitness center developed administrative policies for both employees and patrons, such as isolation
of infected individuals, temperature screening, and offering virtual and outdoor classes. Mandatory
face covering policy was implemented to further reduce the SARS-CoV-2 transmission in the
fitness center.
The children’s club was operated with the same engineering and administrative control strategies
as the main area, such as sanitizing toys multiple times per day, asking children to use hand
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sanitizer, allowing only one parent in check-in area at a time. Children 2 years of age and older
are encouraged to wear face coverings in the club.
Since the reopening of the fitness center, the facility managers have not been made aware of
claims by any patron that they acquired COVID-19 at the facility. Yet, it may not be the same in
other fitness centers. During June–July 2020, community transmission of SARS-CoV-2 occurred
at three fitness facilities in Hawaii, where two pre-symptomatic instructors potentially spread the
virus through training interactions and possibly contributed to 21 positive COVID-19 cases (Groves
et al., 2021). In September 2020, a training coach at a fitness center in Virginia tested positive for
SARS-CoV-2 (CNN, 2020). He denied personal or environmental exposure to SARS-CoV-2 at the
fitness facility and attributed its happenstance elsewhere. While he was pre-symptomatic for
COVID-19, he potentially exposed ~50 patrons to SARS-CoV-2 through coaching, but none of
them tested positive within a two-week period following revelation of his illness. A review of
these cases reveals differences in how the space was ventilated: one of the three fitness facilities
in Hawaii was poorly ventilated with only floor fans operational for air cooling, while the gym in
Virginia had implemented the infrastructure of ventilation. The contrast in these cases echoes
the CDC reopening guidance (CDC, 2020) that ventilation, i.e., provision of clean air by natural or
mechanical means to a space or building (ISO, 2017), can play an important role in reducing
airborne transmission of SARS-CoV-2.
While ventilation is expected to reduce the transmission, how much infection risk in such a
fitness center can be lowered is not known. To evaluate the effectiveness of ventilation systems
in minimizing the infection risk due to airborne transmission, an analysis was undertaken based
on the Wells-Riley equation (Riley et al., 1978), which was developed for assessing the association
of ventilation strategy to a measles outbreak in an elementary school. It has been used for
assessing the impacts of ventilation on reducing airborne transmission of influenza A virus
(Wagner et al., 2009), Mycobacterium tuberculosis (Knibbs et al., 2011), SARS-CoV-1 (Qian et al.,
2009), and SARS-CoV-2 (Miller et al., 2020) in different indoor settings, including airplane, vehicle,
choir rehearsal hall, and healthcare facilities. The Wells-Riley equation can be written as:
T

Pi = 1 − e

∫

− Q b C ( t ) dt

(1)

0

where Pi is the probability of infection risk defined as the probability of an individual patron
getting infected due to inhalation exposures at the fitness center, Qb is the breathing rate of an
individual at heavy exercise, T is the duration of stay, and C(t) (quanta m–3) is the quanta concentration
at time t. The term “quanta” in the infection risk model is a hypothetical infection dose unit,
typically calculated from epidemiological studies. One quantum is the presence of pathogen in
the air that can probably infect 63% of the people in the same indoor environment (Riley et al.,
1978). The parametric values are listed in Table 2.
There are two key assumptions in the Wells-Riley equation: the room air is well-mixed, and the
droplet nuclei of infectious aerosol quickly becomes evenly distributed in the confined space once
released from the contagious individual. Additional assumptions are summarized in Supplementary
Materials Section S2. In epidemiological modeling, which aims to assess the pathogen spread in the
community, it is impossible to specify the geometries, ventilation, and the locations of the infectious
pathogens in each microenvironment (Gammaitoni and Nucci, 1997). Therefore, the well-mixed
assumption is commonly adopted rather than hypothesizing specific scenarios on the basis of
statistical results (Dai and Zhao, 2020; Miller et al., 2020; Rudnick and Milton, 2003). Accordingly, a
well-mixed room model (Fig. 2) was developed to assess the quanta concentration C in the fitness
center:
V

dC
= N × E + C × Qre (1 − ηm )(1 − η A ) − C ( Qre + Qout + β V + nQrηr )
dt
= N × E − C ( Qre (η A + ηm − η Aηm ) + Qout + β V + nQrηr )

(2)

where E = 896 quanta h–1 person–1 is the quanta emission rate from the contagious person, which
is calculated from average estimated levels of SARS-CoV-2 quanta emission rates in previous
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Table 2. Parametric values used in the infection risk assessment.
Parameter
Qb

Definition
Breathing rate of an individual
at heavy exercise
Duration of stay
Volume of the fitness center
Number of contagious
individuals

Value
3.3 m3 h–1

Type
Constant

References
Morawska et al. (2009)

3h
4.3 × 104 m3
1

Constant
Constant
Constant

Flow rate of recirculated air in
the fitness center
Flow rate of exhausted air to
outdoors in the fitness center
Flow rate of the fan with UVGI
systems in the room
Number of fans with UVGI
systems in the fitness center
Filter removal efficiency of 1–
3 µm particles
Virus inactivation efficiency of
fans with UVGI systems

1.5 × 105 m3 h–1

Constant

Peak hours at the fitness center
Provided by facility owner
Assessment assumption; N can be
increased to other values when
evaluating its impacts
Measured by facility HVAC personnel

2.8 × 105 m3 h–1

Constant

Measured by facility HVAC personnel

930 m3 h–1

Constant

Manufacturer

15

Constant

Provided by facility owner

65, 90, and
99.97%
89.10%

Varied

ηA

Virus inactivation efficiency of
UVGI in AHU

82–100%

Varied

β
βdep
βina

0.93 h–1
0.3 h–1
0.63 h–1

Constant
Constant
Constant

ACH

First-order loss-rate coefficient
Deposition rate onto surfaces
Decay rate due to virus
inactivation
Total air change per hour

MERV 10, 13, and HEPA filters (U.S.
EPA, 2020)
Buonanno et al. (2020); Tseng et al.
(2005) (Supplementary Materials
Section S5)
Calculated based on the air flow rate
passing through, residence time, and
UVC lamp intensity (Supplementary
Materials Section S6)
Sum of βdep and βina
Thatcher et al. (2002)
van Doremalen et al. (2020)

1, 5, 10 ACH

Varied

Qre/(Qre + Qout)

Ratio of air recirculated

0, 50, 100%

Varied

T
V
N
Qre
Qout
Qr
n
ηm
ηr

Constant

Low to high ventilation; sum of outdoor
air (Qout/V) and recirculated air
(Qre/V) ventilations
High to low outdoor air intakes

studies (Buonanno et al., 2020; Dai and Zhao, 2020; Harrichandra et al., 2020; Kriegel et al., 2020;
Miller et al., 2020) considering the corresponding expiratory activities and breathing rates
(Supplementary Materials Section S3). Other parameters in evaluating the infection risk are listed
in Table 2. While an infection risk assessment can range widely for any real-world situation
according to the stochastic variations in the parameters of the model used (Noakes and Sleigh,
2009), the determined values in the present study in Table 2 are justified and indicate the
significance of ventilation strategies in reducing the risk level. It should be noted that with the
assumption of well-mixed air in the room, the Wells-Riley model cannot determine the infection
risk at an exact spot in the fitness center, due to the complexity of air flow in a large space (Noakes
and Sleigh, 2009). To assess the effects of each ventilation measure, the impacts of ventilation
and recirculation were examined when neither filtration nor disinfection devices were used (i.e.,
ηm = ηr = ηA = 0%); the influences of filtration and air disinfection were evaluated when the air was
100% recirculated (i.e., Qout = 0). MATLAB R2019a was used for modeling and calculations of Pi.
Fig. 3 shows that at the sampled fitness center that was ventilated with 10 ACH, 36%
recirculated air, MERV 10 filter, and UVGI in both upper-room and AHU, the calculated probability
of infection was 1.77%, much lower than previous infection risk of outbreaks in a call center, a
restaurant, and a choir rehearsal hall, which were 8.5%, 11.7%, and 87%, respectively (Li et al.,
2020; Miller et al., 2020; Park et al., 2020). If there were 500 patrons in the facility, the probable
number of infected people was 9, a value derived from the product of the probability of infection
and the total number of occupants. With a conservative assumption that the cloth mask has a
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Fig. 2. Schematic representation of the IAQ model for the fitness center.

Fig. 3. Effects of ventilation, recirculation, filtration, and air disinfection on the probability of
infection.
filtration efficiency of 50% (Konda et al., 2020), the infection risk at the fitness center was 0.89%
(Supplementary Materials Section S7) when patrons use face masks. Alternatively, if the number
of contagious individuals in the fitness center was reduced from 1 to 0.24, i.e., the ratio considering
attendance through 3-h sampling period and the county pre-symptomatic and asymptomatic
cases, the probability of infection risk decreased from 1.77% to 0.43%. The estimated infection
risks of SARS-CoV-2 in the fitness center in aforementioned scenarios (i.e., 0.43–1.77%) were even
lower than that predicted for a customer with 10-min exposure to a contagious case in a poorly
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ventilated pharmacy store (i.e., 2.8%) (Buonanno et al., 2020). The result suggests that the high
ranking of infection risk in fitness centers should be reevaluated for those that follow CDC guidance.
When the fitness center is operated at 100% recirculated air (i.e., no outdoor air intake) without
any filtration or air disinfection devices, the resultant probability of infection is 13.7%. Considering
up to 500 patrons in the facility, the probable number of infected people is 69. That means, using
the ventilation control strategies adopted by the fitness center, the probable number of infected
people may be reduced by 87%, from 69 to 9. The infection risk can be further reduced by 94%
considering the filtration effects of face masks. The modeling results illustrate that the ventilation
strategies adopted by the fitness center may effectively lower the transmission risk of SARS-CoV-2.
This reduction is consistent with the findings that the aerosol concentrations in a gym were
decreased by 80–90% when ventilation and air disinfection was implemented, according to
measurements of the aerosol particle concentrations with individuals performing physical exercise
in the facility (Blocken et al., 2021). Dai and Zhao (2020) also reported that increasing the
ventilation rate from 100–350 m3 h–1 to 1200–1400 m3 h–1 allows exposure time to be increased
from 0.25 h to 3 h while maintaining infection probability below 1% in a confined space. For a
multi-room building using central air handling system, Pease et al. (2021) echoed that increasing
the air change rate could remove virus from the source room faster but cautioned that it may
contribute to increased infection probability in connected rooms, if there is no filtration. It should
be noted that when the air is 100% recirculated, the ventilation rate does not affect the Pi and
the infection risk remains at 13.7% from 1 to 10 ACH, since the airborne SARS-CoV-2 is simply
distributed from one room to other indoor spaces using the same HVAC system. If the air is 50%
recirculated, the infection risk can be reduced from 10.5% to 3.23% by increasing the ventilation
from 1 to 10 ACH, and the probable number of infected people with ~500 patrons in the fitness
center can be decreased from 53 to 16. Further reducing the air recirculation and introducing
more outdoor air can minimize the infection risk from 13.7% to 1.81% when the facility is operated
at 10 ACH with 0% air recirculation (i.e., 100% outdoor air intake). In other words, by introducing
outdoor air to indoor environments, the ventilation systems can dilute quanta concentrations
and reduce airborne transmission. This agrees with the real-world cases that a well-maintained
ventilation system contributed to the negative results of air samples in the COVID-19 patient rooms
in a hospital (Young et al., 2020), while poor ventilation in a restaurant drove the community
spread of COVID-19 in Guangzhou, China (Li et al., 2020). Similarly, a modeling study for airborne
transmission of influenza A virus in passenger cars shows that infection risk can be reduced if no
air is recirculated (Knibbs et al., 2012).
For fitness centers where it is challenging to introduce sufficient outdoor air in the central air
systems, filtration and air disinfection are essential to reduce the infection risk. As shown in Fig. 3,
using MERV 10 and MERV 13 filters at 10 ACH, the estimated probability of infection from the
infection risk model can be reduced from 13.7% to 2.62% and 1.99%, respectively. The infection
risk can be further reduced to 1.81% using HEPA filters, i.e., 99.97% removal efficiency for 0.3 µm
particles (U.S. EPA, 2019), which is as effective as the outdoor air ventilation strategy. The highefficiency filtration may contribute to the lack of airborne transmissions from an infected passenger
on a long-distance flight (Schwartz et al., 2020). An infection risk assessment study found highefficiency filters can reduce the risk by up to 93% in rooms that are connected to a COVID-19
patient’s room through ventilation with the same AHU (Pease et al., 2021). Fig. 3 also shows that
using UVGI in the upper room and in AHU at 10 ACH, the probability of infection can be reduced
from 13.7 to 11.7 and 2.15%, respectively. Using UVGI in the AHU may be more effective under
this situation since a large volume of air was recirculated and disinfected by the UVGI. The
efficiency of UVGI in the upper room can be increased based on the intensity, flow rate, and
residence time of each unit and the total number of installed units.

4 LIMITATIONS
Due to relatively low positive COVID-19 cases in Alachua county during the study period of this
report, it was not surprising that the air and surface samples tested negative for SARS-CoV-2. In
fitness centers located at areas with a much higher incidence of COVID-19, the effectiveness of
reopening measures warrants further sampling studies. We did not get access to other fitness
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centers, and the presence of virus in air and surfaces may be different in those facilities that are
poorly ventilated and crowded with patrons. The infection risk model is related with SARS-CoV-2
quanta emission rates that were estimated from attack rates in outbreaks, and little is known for
the quanta emission rates of new variants of SARS-CoV-2. The air is assumed evenly distributed,
while SARS-CoV-2 exposure can be higher near the contagious individual; a more comprehensive
computational fluid dynamic (CFD) modeling can provide details about the spatiotemporal
distribution of the virus, though it is far beyond the scope of the present study. Borro et al. (2021)
developed CFD models to investigate the impacts of ventilation rates on the flow of airborne
particles; they found that high ventilation rates may promote turbulent transport of the particles
emitted by an infected individual, resulting in droplet disruption and enhance dispersion within
the room. Although the inlet and outlet vents were fixed in that study, they recommended further
evaluation of how to redesign vents in reducing the dispersion effects. The removal and inactivation
efficiencies for SARS-CoV-2 using filter and UVGI were obtained from the manufacturers or
estimated by empirical equations; laboratory testing of their true performance in the given setting
can improve the accuracy of risk assessment. Other measures such as reducing duration of stay
and avoiding crowded fitness centers can also decrease the probability of infection (Morawska
et al., 2020). The vaccination effects and reopening measures, such as physical distancing and
hygiene efforts, were not considered in the infection risk assessments resulting from inhalation
exposure, though they are expected to further reduce the transmission risk.

5 CONCLUSIONS
Complementing many epidemiological studies based on statistics of human mobility data to
evaluate SARS-CoV-2 exposure in public spaces (Cheng et al., 2020; Ghinai et al., 2020; McMichael
et al., 2020), we conducted the first environmental sampling study during peak hours in a fitness
center in the US. All air (N = 21) and surface (N = 8) samples tested negative for SARS-CoV-2 RNA
by rRT-PCR. The fitness center was operated at 10 ACH ventilation, 36% recirculated air, MERV
10 filter, and UVGI in both upper room and AHU, which resulted in the probability of infection
due to airborne SARS-CoV-2 transmission of 1.77%. Compared to the ventilation system of all air
recirculated without any filtration or air disinfection, the infection risk was reduced by 87% in the
adopted situation. Considering the filtration of virus-laden aerosols by face masks, the infection
risk was further reduced to 0.89%, and the probable number of infected people in a fitness center
with ~500 patrons can be decreased by 94%, from 69 to 4. To minimize airborne transmission, it
is recommended for fitness centers to ventilate with high ACH, minimize air recirculation, use
high efficiency filter, and install air disinfection devices. Amongst these measures, operating at high
ventilation with minimal air recirculation is critical, which can effectively reduce the probability
of infection from 13.7 to 1.81%, even without any further treatment. For buildings that cannot
avoid air recirculation due to energy consideration, using filtration and air disinfection devices
are essential to reducing the probable infection risk. In fitness centers following CDC guidance,
including engineering controls (especially improved ventilation), administrative controls, and
face coverings, the risk of developing COVID-19 infection can be low in the facility, which is in
contrast to the ranking of high risk by the professional medical association. The restrictions of
reopening fitness centers warrant re-evaluation by policy makers, in terms of the infection risk at
facilities adopting CDC guidance.

ACKNOWLEDGEMENTS
This work was supported by National Science Foundation (Grant No. 2030844) and National
Institutes of Health (Grants No. R44ES030649 and R01AI158868). The authors are grateful to Joe
Cirulli, the owner and founder, and the staff in the visited fitness center for access and assistance
in sampling and providing operating information. The authors thank Dr. William Lindsley (NIOSH)
for free loan of the NIOSH bioaerosol samplers to us and Dr. David Kaplan for loaning us the statelicensed truck for transporting the sampling system. Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the authors and do not necessarily
reflect the views of the National Science Foundation and National Institutes of Health.
Aerosol and Air Quality Research | https://aaqr.org

10 of 14

Volume 21 | Issue 11 | 210106

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210106

DISCLAIMER
No conflict of interest declared.

SUPPLEMENTARY MATERIAL
Supplementary material for this article can be found in the online version at https://doi.
org/10.4209/aaqr.210106

REFERENCES
Blocken, B., van Druenen, T., Ricci, A., Kang, L., van Hooff, T., Qin, P., Xia, L., Ruiz, C.A., Arts, J.H.,
Diepens, J.F.L., Maas, G.A., Gillmeier, S.G., Vos, S.B., Brombacher, A.C. (2021). Ventilation and
air cleaning to limit aerosol concentrations in a gym during the COVID-19 pandemic. Build.
Environ. 193, 107659. https://doi.org/10.1016/j.buildenv.2021.107659
Borro, L., Mazzei, L., Raponi, M., Piscitelli, P., Miani, A., Secinaro, A. (2021). The role of air
conditioning in the diffusion of Sars-CoV-2 in indoor environments: A first computational fluid
dynamic model, based on investigations performed at the Vatican State Children’s hospital.
Environ. Res. 193, 110343. https://doi.org/10.1016/J.ENVRES.2020.110343
Buonanno, G., Morawska, L., Stabile, L. (2020). Quantitative assessment of the risk of airborne
transmission of SARS-CoV-2 infection: Prospective and retrospective applications. Environ. Int.
145, 106112. https://doi.org/10.1016/j.envint.2020.106112
Buonanno, M., Welch, D., Shuryak, I., Brenner, D.J. (2020). Far-UVC light (222 nm) efficiently and
safely inactivates airborne human coronaviruses. Sci. Rep. 10, 10285. https://doi.org/10.1038/
s41598-020-67211-2
Centers for Disease Control and Prevention (CDC) (2020). What gym and fitness center
employees need to know about COVID-19. https://www.cdc.gov/coronavirus/2019-ncov/com
munity/organizations/gym-employees.html (accessed 15 October 2020).
Chang, S., Pierson, E., Koh, P.W., Gerardin, J., Redbird, B., Grusky, D., Leskovec, J. (2020). Mobility
network models of COVID-19 explain inequities and inform reopening. Nature 589, 82–87.
https://doi.org/10.1038/s41586-020-2923-3
Cheng, H.Y., Jian, S.W., Liu, D.P., Ng, T.C., Huang, W.T., Lin, H.H. (2020). Contact tracing
assessment of COVID-19 transmission dynamics in Taiwan and risk at different exposure
periods before and after symptom onset. JAMA Intern. Med. 180, 1156–1163. https://doi.org/
10.1001/jamainternmed.2020.2020
Chia, P.Y., Coleman, K.K., Tan, Y.K., Ong, S.W.X., Gum, M., Lau, S.K., Lim, X.F., Lim, A.S., Sutjipto,
S., Lee, P.H., Son, T.T., Young, B.E., Milton, D.K., Gray, G.C., Schuster, S., Barkham, T., De, P.P.,
Vasoo, S., Chan, M., Ang, B.S.P., et al. (2020). Detection of air and surface contamination by
SARS-CoV-2 in hospital rooms of infected patients. Nat Commun 11, 2800. https://doi.org/10.
1038/s41467-020-16670-2
CNN (2020). A gym trainer exposed 50 athletes to Covid-19, but no one else got sick because of
a ventilation redesign - CNN. https://www.cnn.com/2020/11/19/us/gym-ventilation-covidtrnd/index.html (accessed 19 November 2020).
County of Los Angeles (2021). County of Los Angeles department of public health order of the
health officier Appendix L: Reopening protocol for gyms and fitness establishments.
Dai, H., Zhao, B. (2020). Association of the infection probability of COVID-19 with ventilation rates
in confined spaces. Build. Simul. 13, 1321–1327. https://doi.org/10.1007/s12273-020-0703-5
Feng, B., Xu, K., Gu, S., Zheng, S., Zou, Q., Xu, Y., Yu, L., Lou, F., Yu, F., Jin, T., Li, Y., Sheng, J., Yen,
H.L., Zhong, Z., Wei, J., Chen, Y. (2020). Multi-route transmission potential of SARS-CoV-2 in
healthcare facilities. J. Hazard. Mater. 402, 123771. https://doi.org/10.1016/j.jhazmat.2020.1
23771
Florida PHASE 2 (2020). Phase 2.jpg (2534×3294). https://www.flgov.com/wp-content/upl
oads/covid19/Phase 2.jpg (accessed 31 March 2021).
Gammaitoni, L., Nucci, M.C. (1997). Using a mathematical model to evaluate the efficacy of TB
Aerosol and Air Quality Research | https://aaqr.org

11 of 14

Volume 21 | Issue 11 | 210106

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210106

control measures. Emerg. Infect. Dis. 3, 335–342. https://doi.org/10.3201/eid0303.970310
Ghinai, I., Woods, S., Ritger, K.A., McPherson, T.D., Black, S.R., Sparrow, L., Fricchione, M.J.,
Kerins, J.L., Pacilli, M., Ruestow, P.S., Arwady, M.A., Beavers, S.F., Payne, D.C., Kirking, H.L.,
Layden, J.E. (2020). Community transmission of SARS-CoV-2 at two family gatherings —
Chicago, Illinois, February–March 2020. MMWR. Morb. Mortal. Wkly. Rep. 69, 446–450.
https://doi.org/10.15585/mmwr.mm6915e1
Groves, L.M., Usagawa, L., Elm, J., Low, E., Manuzak, A., Quint, J., Center, K.E., Buff, A.M., Kemble, S.K.
(2021). Community transmission of SARS-CoV-2 at three fitness facilities — Hawaii, June–July
2020. MMWR. Morb. Mortal. Wkly. Rep. 70, 316–320. https://doi.org/10.15585/mmwr.mm70
09e1
Harrichandra, A., Ierardi, A.M., Pavilonis, B. (2020). An estimation of airborne SARS-CoV-2
infection transmission risk in New York City nail salons. Toxicol. Ind. Health 36, 634–643.
https://doi.org/10.1177/0748233720964650
ISO (2017). ISO 17772-1:2017(en), Energy performance of buildings — Indoor environmental
quality — Part 1: Indoor environmental input parameters for the design and assessment of
energy performance of buildings. https://www.iso.org/obp/ui/#iso:std:iso:17772:-1:ed-1:v1:en
(accessed 22 March 2021).
Kaur, H., Singh, T., Arya, Y.K., Mittal, S. (2020). Physical fitness and exercise during the COVID-19
pandemic: A qualitative enquiry. Front. Psychol. 11, 2943. https://doi.org/10.3389/fpsyg.2020.
590172
Knibbs, L.D., Morawska, L., Bell, S.C., Grzybowski, P. (2011). Room ventilation and the risk of
airborne infection transmission in 3 health care settings within a large teaching hospital. Am.
J. Infect. Control 39, 866–872. https://doi.org/10.1016/j.ajic.2011.02.014
Knibbs, L.D., Morawska, L., Bell, S.C. (2012). The risk of airborne influenza transmission in passenger
cars. Epidemiol. Infect. 140, 474–478. https://doi.org/10.1017/S0950268811000835
Konda, A., Prakash, A., Moss, G.A., Schmoldt, M., Grant, G.D., Guha, S. (2020). Response to letters
to the editor on aerosol filtration efficiency of common fabrics used in respiratory cloth masks:
Revised and expanded results. ACS Nano 14, 10764–10770. https://doi.org/10.1021/acsnano.
0c04897
Kriegel, M., Buchholz, U., Gastmeier, P., Bischoff, P., Abdelgawad, I., Hartmann, A., Kriegel, I.M.
(2020). Predicted infection risk for aerosol transmission of SARS-COV-2. medPxiv.
https://doi.org/10.1101/2020.10.08.20209106
Lednicky, J.A, Shankar, S.N., Elbadry, M.A., Gibson, J.C., Alam, M.M., Stephenson, C.J., EigurenFernandez, A., Glenn Morris, J., Mavian, C.N., Salemi, M., Clugston, J.R., Wu, C.Y. (2020a).
Collection of SARS-CoV-2 virus from the air of a clinic within a university student health care
center and analyses of the viral genomic sequence. Aerosol Air Qual. Res. 20, 1167–1171.
https://doi.org/10.4209/aaqr.2020.05.0202
Lednicky, J.A., Lauzard, M., Fan, Z.H., Jutla, A., Tilly, T.B., Gangwar, M., Usmani, M., Shankar, S.N.,
Mohamed, K., Eiguren-Fernandez, A., Stephenson, C.J., Alam, M.M., Elbadry, M.A., Loeb, J.C.,
Subramaniam, K., Waltzek, T.B., Cherabuddi, K., Morris, J.G., Wu, C.Y. (2020b). Viable SARSCoV-2 in the air of a hospital room with COVID-19 patients. Int. J. Infect. Dis. 100, 476–482.
https://doi.org/10.1016/j.ijid.2020.09.025
Li, Y., Qian, H., Hang, J., Chen, X., Cheng, P., Ling, H., Wang, S., Liang, P., Li, J., Xiao, S., Wei, J., Liu,
L. (2020). Probable airborne transmission of SARS-CoV-2 in a poorly ventilated restaurant.
Build. Environ. 196, 107788. https://doi.org/10.1016/j.buildenv.2021.107788
Ma, J., Qi, X., Chen, H., Li, X., Zhang, Z., Wang, H., Sun, L., Zhang, L., Guo, J., Morawska, L.,
Grinshpun, S.A., Biswas, P., Flagan, R.C., Yao, M. (2021). Coronavirus disease 2019 patients in
earlier stages exhaled millions of severe acute respiratory syndrome coronavirus 2 per hour.
Clin. Infect. Dis. 72, e652–e654. https://doi.org/10.1093/cid/ciaa1283
McMichael, T.M., Currie, D.W., Clark, S., Pogosjans, S., Kay, M., Schwartz, N.G., Lewis, J., Baer, A.,
Kawakami, V., Lukoff, M.D., Ferro, J., Brostrom-Smith, C., Rea, T.D., Sayre, M.R., Riedo, F.X.,
Russell, D., Hiatt, B., Montgomery, P., Rao, A.K., Chow, E.J., et al. (2020). Epidemiology of covid19 in a long-term care facility in King County, Washington. N. Engl. J. Med. 382, 2008–2011.
https://doi.org/10.1056/NEJMoa2005412
Miller, S.L., Nazaroff, W.W., Jimenez, J.L., Boerstra, A., Buonanno, G., Dancer, S.J., Kurnitski, J.,
Marr, L.C., Morawska, L., Noakes, C. (2020). Transmission of SARS‐CoV‐2 by inhalation of
Aerosol and Air Quality Research | https://aaqr.org

12 of 14

Volume 21 | Issue 11 | 210106

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210106

respiratory aerosol in the Skagit Valley Chorale superspreading event. Indoor Air 31, 314–323.
https://doi.org/10.1111/ina.12751
Morawska, L., Johnson, G.R., Ristovski, Z.D., Hargreaves, M., Mengersen, K., Corbett, S., Chao,
C.Y.H., Li, Y., Katoshevski, D. (2009). Size distribution and sites of origin of droplets expelled
from the human respiratory tract during expiratory activities. J. Aerosol Sci. 40, 256–269.
https://doi.org/10.1016/j.jaerosci.2008.11.002
Morawska, L., Tang, J.W., Bahnfleth, W., Bluyssen, P.M., Boerstra, A., Buonanno, G., Cao, J.,
Dancer, S., Floto, A., Franchimon, F., Haworth, C., Hogeling, J., Isaxon, C., Jimenez, J.L.,
Kurnitski, J., Li, Y., Loomans, M., Marks, G., Marr, L.C., Mazzarella, L., et al. (2020). How can
airborne transmission of COVID-19 indoors be minimised? Environ. Int. 142, 105832.
https://doi.org/10.1016/j.envint.2020.105832
Noakes, C.J., Sleigh, P.A. (2009). Mathematical models for assessing the role of airflow on the risk
of airborne infection in hospital wards. J. R. Soc. Interface 6, S791–S800. https://doi.org/10.10
98/rsif.2009.0305.focus
Oran, D.P., Topol, E.J. (2020). Prevalence of asymptomatic SARS-CoV-2 infection a narrative
review. Ann. Intern. Med. 173, 362–367. https://doi.org/10.7326/M20-3012
Park, S.Y., Kim, Y.M., Yi, S., Lee, S., Na, B.J., Kim, C.B., Kim, J. Il, Kim, H.S., Kim, Y.B., Park, Y., Huh,
I.S., Kim, H.K., Yoon, H.J., Jang, H., Kim, K., Chang, Y., Kim, I., Lee, H., Gwack, J., Kim, S.S., et al.
(2020). Coronavirus disease outbreak in call center, South Korea. Emerg. Infect. Dis. 26, 1666–
1670. https://doi.org/10.3201/eid2608.201274
Pastorino, B., Touret, F., Gilles, M., de Lamballerie, X., Charrel, R.N. (2020). Prolonged infectivity
of SARS-CoV-2 in fomites. Emerg. Infect. Dis. 26, 2256–2257. https://doi.org/10.3201/eid2609.
201788
Pease, L.F., Wang, N., Salsbury, T.I., Underhill, R.M., Flaherty, J.E., Vlachokostas, A., Kulkarni, G.,
James, D.P. (2021). Investigation of potential aerosol transmission and infectivity of SARS-CoV-2
through central ventilation systems. Build. Environ. 197, 107633. https://doi.org/10.1016/j.bu
ildenv.2021.107633
Prather, K.A., Wang, C.C., Schooley, R.T. (2020). Reducing transmission of SARS-CoV-2. Science
368, 1422–1424. https://doi.org/10.1017/jfm.2020.330
Qian, H., Li, Y., Nielsen, P. V., Huang, X. (2009). Spatial distribution of infection risk of SARS
transmission in a hospital ward. Build. Environ. 44, 1651–1658. https://doi.org/10.1016/j.buil
denv.2008.11.002
Razzini, K., Castrica, M., Menchetti, L., Maggi, L., Negroni, L., Orfeo, N. V., Pizzoccheri, A., Stocco,
M., Muttini, S., Balzaretti, C.M. (2020). SARS-CoV-2 RNA detection in the air and on surfaces in
the COVID-19 ward of a hospital in Milan, Italy. Sci. Total Environ. 742, 140540. https://doi.org/
10.1016/j.scitotenv.2020.140540
Reopening New York (2021). Reopening New York. https://www.governor.ny.gov/sites/gov
ernor.ny.gov/files/atoms/files/Gyms_and_Fitness_Centers_Summary_Guidelines.pdf (access
ed 31 March 2021).
Riley, E.C., Murphy, G., Riley, R.L. (1978). Airborne spread of measles in a suburban elementary
school. Am. J. Epidemiol. 107, 421–432. https://doi.org/10.1093/oxfordjournals.aje.a112560
Rudnick, S.N., Milton, D.K. (2003). Risk of indoor airborne infection transmission estimated from
carbon dioxide concentration. Indoor Air 13, 237–245. https://doi.org/10.1034/j.16000668.2003.00189.x
Salonen, H., Salthammer, T., Morawska, L. (2020). Human exposure to air contaminants in sports
environments. Indoor Air 30, 1109–1129. https://doi.org/10.1111/ina.12718
Santarpia, J.L., Rivera, D.N., Herrera, V.L., Morwitzer, M.J., Creager, H.M., Santarpia, G.W., Crown,
K.K., Brett-Major, D.M., Schnaubelt, E.R., Broadhurst, M.J., Lawler, J. V, Reid, S.P., Lowe, J.J.
(2020). Aerosol and surface contamination of SARS-CoV-2 observed in quarantine and isolation
care. Sci. Rep. 10, 12732. https://doi.org/10.1038/s41598-020-69286-3
Schwartz, K.L., Murti, M., Finkelstein, M., Leis, J.A., Fitzgerald-Husek, A., Bourns, L., Meghani, H.,
Saunders, A., Allen, V., Yaffe, B. (2020). Lack of COVID-19 transmission on an international
flight. CMAJ 192, E410. https://doi.org/10.1503/cmaj.75015
Texas Medical Assoc. (2020). TMA Chart Shows COVID-19 Risks for Various Activities.
https://www.texmed.org/TexasMedicineDetail.aspx?Pageid=46106&id=54216 (accessed 14
October 2020).
Aerosol and Air Quality Research | https://aaqr.org

13 of 14

Volume 21 | Issue 11 | 210106

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.210106

Thatcher, T.L., Lai, A.C.K., Moreno-Jackson, R., Sextro, R.G., Nazaroff, W.W. (2002). Effects of
room furnishings and air speed on particle deposition rates indoors. Atmos. Environ. 36, 1811–
1819. https://doi.org/10.1016/S1352-2310(02)00157-7
Tseng, C.C., Li, S., Li, C.S. (2005). Inactivation of virus-containing aerosols by ultraviolet germicidal
irradiation. Aerosol Sci. Technol. 39, 1136–1142. https://doi.org/10.1080/02786820500428575
U.S. EPA (2019). What is a HEPA filter? | Indoor Air Quality (IAQ) | US EPA. https://www.epa.gov/
indoor-air-quality-iaq/what-hepa-filter-1 (accessed 12 February 2021).
U.S. EPA (2020). What is a MERV rating? https://www.epa.gov/indoor-air-quality-iaq/whatmerv-rating-1 (accessed 12 November 2020).
van Doremalen, N., Bushmaker, T., Morris, D.H., Holbrook, M.G., Gamble, A., Williamson, B.N.,
Tamin, A., Harcourt, J.L., Thornburg, N.J., Gerber, S.I., Lloyd-Smith, J.O., De Wit, E., Munster,
V.J. (2020). Aerosol and surface stability of SARS-CoV-2 as compared with SARS-CoV-1. N. Engl.
J. Med. 382, 1564–1567. https://doi.org/10.1056/NEJMc2004973
Wagner, B.G., Coburn, B.J., Blower, S. (2009). Calculating the potential for within-flight
transmission of influenza A (H1N1). BMC Med. 7, 81. https://doi.org/10.1186/1741-7015-7-81
Wang, J., Feng, H., Zhang, S., Ni, Z., Ni, L., Chen, Y., Zhuo, L., Zhong, Z., Qu, T. (2020). SARS-CoV-2
RNA detection of hospital isolation wards hygiene monitoring during the Coronavirus Disease
2019 outbreak in a Chinese hospital. Int. J. Infect. Dis. 94, 103–106. https://doi.org/10.1016/j.i
jid.2020.04.024
Ward, R.X., Tilly, T.B., Mazhar, S.I., Robinson, S.E., Eiguren-Fernandez, A., Wang, J., SaboAttwood, T., Wu, C.Y. (2020). Mimicking the human respiratory system: Online in vitro cell
exposure for toxicity assessment of welding fume aerosol. J. Hazard. Mater. 395, 122687.
https://doi.org/10.1016/j.jhazmat.2020.122687
Wei, L., Lin, J., Duan, X., Huang, W., Lu, X., Zhou, J., Zong, Z. (2020). Asymptomatic COVID-19
patients can contaminate their surroundings: an environment sampling study. mSphere 5, 3–
6. https://doi.org/10.1128/msphere.00442-20
World Health Organization (WHO) (2020). Listings of WHO’s response to COVID-19. https://www.
who.int/news/item/29-06-2020-covidtimeline (accessed 30 April 2021).
Young, B.E., Ong, S.W.X., Kalimuddin, S., Low, J.G., Tan, S.Y., Loh, J., Ng, O.T., Marimuthu, K., Ang,
L.W., Mak, T.M., Lau, S.K., Anderson, D.E., Chan, K.S., Tan, T.Y., Ng, T.Y., Cui, L., Said, Z.,
Kurupatham, L., Chen, M.I.C., Chan, M., et al. (2020). Epidemiologic features and clinical course
of patients infected with SARS-CoV-2 in Singapore. JAMA 323, 1488–1494. https://doi.org/10.1
001/jama.2020.3204

Aerosol and Air Quality Research | https://aaqr.org

14 of 14

Volume 21 | Issue 11 | 210106

