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BACKGROUND: Evidence is needed on the presence of SARS-CoV-2 in various types of environmental samples and on the
estimated transmission risks in non-healthcare settings on campus.
OBJECTIVES: The objective of this research was to collect data on SARS-CoV-2 viral load and to examine potential infection risks of
people exposed to the virus in publicly accessible non-healthcare environments on a university campus.
METHODS: Air and surface samples were collected using wetted wall cyclone bioaerosol samplers and swab kits, respectively, in a
longitudinal environmental surveillance program from August 2020 until April 2021 on the University of Michigan Ann Arbor campus.
Quantitative rRT-PCRwith primers and probes targeting gene N1were used for SARS-CoV-2 RNA quantification. The RNA concentrations
were used to estimate the probability of infection by quantitative microbial risk assessment modeling and Monte-Carlo simulation.
RESULTS: In total, 256 air samples and 517 surface samples were collected during the study period, among which positive rates were
1.6% and 1.4%, respectively. Point-biserial correlation showed that the total case number on campus was significantly higher in weeks
with positive environmental samples than in non-positive weeks (p= 0.001). The estimated probability of infection was about 1 per 100
exposures to SARS-CoV-2-laden aerosols through inhalation and as high as 1 per 100,000 exposures from contacting contaminated
surfaces in simulated scenarios.
SIGNIFICANCE: Viral shedding was demonstrated by the detection of viral RNA in multiple air and surface samples on a university
campus. The low overall positivity rate indicated that the risk of exposure to SARS-CoV-2 at monitored locations was low. Risk modeling
results suggest that inhalation is the predominant route of exposure compared to surface contact, which emphasizes the importance of
protecting individuals from airborne transmission of SARS-CoV-2 and potentially other respiratory infectious diseases.
IMPACT: Given the reoccurring epidemics caused by highly infectious respiratory viruses in recent years, our manuscript reinforces the
importance of monitoring environmental transmission by the simultaneous sampling and integration of multiple environmental
surveillance matrices for modeling and risk assessment.
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INTRODUCTION
OnMarch 11th, 2020, the World Health Organization (WHO) declared
Coronavirus Disease 2019 (COVID-19)—a contagious disease caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)—
to be a global pandemic [1]. The median incubation time of the virus
is 5.1 days post-exposure, with 97.5% of the people who develop
symptoms, the most common of which are fever, dry cough, and
shortness of breath, doing so within 11.5 days [2]. As of August 2021,
the COVID-NET surveillance data from the CDC (Centers for Disease
Control and Prevention) shows that, among COVID-19 associated
hospitalizations across 14 participating US states, ~22.8% were
admitted into intensive care units and roughly 10.2% succumb to
their illness [3]. Knowledge of exposure risks is critical to prioritize
mitigation strategies to control the spread of this highly infectious
respiratory viruses.

The CDC categorizes the transmission modes of SARS-CoV-2 as
inhalation of virus, virus deposition on mucous membranes, and
contact of mucous membranes with virus-contaminated hands [4].
Based on this information, mask wearing, physical distancing, and
contact tracing/quarantine are critical preventive measures for the
control of outbreaks until large fractions of the population can be
vaccinated against the disease or gain natural immunity through
infection.
Studies and experimental results on the environmental persistence

of SARS-CoV-2 have indicated the possibility of environmental
transmission via surfaces and air in the vicinity of infected persons
[5, 6]. Early studies showed that asymptomatic, pre-symptomatic, and
symptomatic carriers may shed virus particles, which can remain
viable and infectious for hours in aerosol and up to 3 days on
surfaces, depending on environmental factors such as temperature,
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relative humidity, and surface materials [7–9]. More recent studies
have found that the virus can remain viable on surfaces such as
plastic, stainless steel, glass, ceramics, wood, cotton, and paper for 4
to 7 days [7]; however, it may remain viable for longer under
appropriate temperatures (<30 °C in experimental conditions) [10].
Understanding the extent of non-clinical environmental transmission,
especially through aerosol and fomite (i.e., inanimate objects that are
contaminated by infectious agents and can potentially transmit
disease to a new host) pathways, has been crucial to tailoring
interventions that control the spread of SARS-CoV-2.
University campuses offer a wide range of diverse non-

healthcare but potentially risky settings, for example, musical
rehearsal studios, performance halls, and indoor intensive physical
exercise facilities (i.e., gyms). The exposure risk to SARS-CoV-2
needs to be evaluated in these environments. Aerosol concentra-
tions generated from wind instruments, such as trumpet, oboe, or
bass trombones tends to be higher than those generated by
normal speaking [11]. In a gym, the sustained heavy breathing
during intensive aerobic exercise generates proportionately (to
heart rate) higher concentrations of aerosols [12], and mask fit is
often intentionally compromised when people have trouble
breathing to allow for more air exchange, which can further
diminish the effectiveness of face masks in obstructing respiratory
jets [13]. Use of shared exercise equipment and public drinking
fountains may also spread the virus through surface touch points,
given high virus stability on non-porous surface [7]. Given these
circumstances, it is important to evaluate the risk of exposure
through air and fomites for indoor musical and fitness facilities.
Environmental surveillance represents a straightforward

method to assess the exposure to SARS-CoV-2 virus in the air
and on surface and can complement other public health
surveillance measures (i.e., contact tracing, clinical reports, and
laboratory-based testing). However, this strategy is complicated by
the limited knowledge in environmental contamination levels for
different settings. In this study, we conducted longitudinal air and
surface sampling to measure SARS-CoV-2 contamination levels in
various campus venues, since aerosols and fomites are considered
to be the two major environmental transmission routes for this
virus [14]. Our primary goals were to evaluate the presence of viral
RNA in aerosols and on surfaces and to describe the relationship
between our environmental surveillance results and epidemiolo-
gical data at the university level. Finally, we estimated the
probability of infection inferred from the RNA-positive samples
using quantitative microbial risk assessment (QMRA) [15]. Envir-
onmental public health surveillance studies such as this have the
potential to provide insight on real-life environmental exposure
risks to infectious respiratory diseases in preparation for future
outbreaks and may represent an additional source of information
to support evidence-based decisions on mitigation strategies.

METHODS
Sampling sites
Air and surface samples were collected at a variety of non-healthcare
settings on the University of Michigan (U-M) Ann Arbor Campus. Locations
included classrooms, rehearsal rooms, office areas, cafeterias, buses, gyms,
student activity buildings and heating, ventilation and air-conditioning
(HVAC) system tunnels. Details on our sampling locations, sampled touch
points and the corresponding U-M site specific mitigation strategies are
provided in the Supplementary Materials (Sampling Sites Descriptions and
Mitigation Strategies sections). Our study began in mid-August 2020,
2 weeks before students returned to campus for the Fall semester and
continued through the Fall and Winter semesters (i.e., the end of
April 2021).

Environmental-sample collection
Aerosols of 0.5 to 10 μm in diameter were collected using SASS 2300
Wetted Wall Cyclone Samplers (Research International, Inc. Monroe, WA,
USA) operating at a flow rate of 325 liters per minute (L/min) [16] and

automatically concentrated into 4 milliliters (mL) of distilled water after
drawing air for defined sampling times. The collected samples were
transferred to a Biosafety Level 2 (BSL-2) microbiology laboratory within 20
min at room temperature for immediate sample processing or stored at
−80 °C overnight for next-day analysis. Sampling time varied from 30min
(9750 L of air) to 10 h (195,000 L of air) based on estimated exposure
duration, rush hours, and logistical feasibility. Observational notes of
indoor temperature and ventilation were recorded when aerosol samples
were collected. A summary of sampling time and environmental
measurements are provided in the Supplementary Materials (Sampling
Site Descriptions). Due to the lack of an appropriately equipped and
controlled chamber required for infectious aerosol experiments, we were
unable to determine the recovery rate for air samples in our lab. Therefore,
we decided to use the recovery rate of 48 ± 10% (mean ± SD) reported in
Dybwad et al. [17] where they used a SASS 2300 Wetted Wall Cyclone
Sampler to recover bacteriophage MS2 in aerosols.
Surface samples were collected using a wet swabbing technique with

3 M™ Quick Swab 6432 (3M Center, St. Paul, MN, USA) on high-touch areas
on the same day as the aerosol samples. Swab samples were kept in the
letheen broth provided by the kit and sent to the laboratory following
the same handling protocols as air samples’. The recovery rate of the
surface swabs used in this study was 51 ± 13% (mean ± SD) evaluated in-
house using Human Coronavirus OC43 (HCoV-OC43).

RNA extraction and quantitative rRT-PCR
For each quantification, viral RNA was extracted using a TRIzol reagent
method (see Supplementary Materials, RNA Extraction and quantitative
rRT-PCR section). Total SARS-CoV-2 viral count was assessed using one-step
quantitative real-time reverse transcription-polymerase chain reaction
(quantitative rRT-PCR) assay on an Eppendorf Mastercycler® RealPlex2

Real-Time PCR Detection System (Eppendorf, Hamburg, Germany) accord-
ing to the MIQE guidelines [18]. We used primer/probe sets from the US
CDC that target a region of the nucleocapsid (N1) gene (Supplementary
Materials, Table S3). Synthetic DNA (VR-3276SD™, ATCC®, Manassas, VA,
USA) was used as a PCR positive control and to generate the standard
curve. The detailed quantitative rRT-PCR parameters can be found in the
Supplementary Materials (Standard Curve and Limit of Detection section).
For positive samples, we calculated the genome copy concentration based
on the standard curve and converted the detected viral RNA concentration
from genome copy per micro liter (gc/μL) of liquid (gc/μL of liquid) into
gene copies per liter of air collected (gc/L) or per square centimeter of
surface swabbed (gc/cm2).
In addition to calculating viral RNA concentrations for each positive

sample, we used reverse Kaplan–Meier method (reverse K-M) to compute
the 95th and 98th percentile concentrations in air samples collected from
gym rooms in Fall 2020 and Winter 2021, because 90% of the
environmental samples from that location were below the limit of
detection (i.e., left-censored) and the reverse K-M method does not
require assumptions about the distribution of values below the limit of
detection [19].

COVID-19 data collection
In order to better understand the association between measured environ-
mental contamination and campus case trend, we linked our data with the
verified weekly campus-wide COVID-19 case and testing data from the
University of Michigan COVID-19 Dashboard [20]. The weekly case numbers
represent positive COVID-19 cases among university students, faculty, staff,
and employees identified through the university’s general and occupational
health services, athletic department, university COVID-19 sampling and
tracking program, and the county health department. COVID-19 cases
identified through these methods were verified and cross-checked with the
Michigan Disease Surveillance System [21]. Weekly testing data represent the
tests—which identified both symptomatic and asymptomatic cases—
performed by the various university units listed above.

Statistical analysis
We conducted point-biserial correlation analysis to explore the relationship
between campus-wide COVID-19 case number and environmental-sample
positivity. Each week during the study period was categorized into two
groups: environmental-sample positive or environmental-sample negative.
Campus weekly case numbers were paired with environmental samples
from all locations, (i.e., gym, office, bus, and classroom). To examine if
testing capacity could affect the identification of COVID-19 cases between
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the two semesters, we implemented Welch two-sample t test and linear
regression analysis. All analyses were performed using the open-source
statistical package R v.4.1.0. [22].

Quantitative microbial risk assessment (QMRA)
We used QMRA [15] as an analytical approach to estimate the probability
of infection after exposure to SARS-CoV-2 when information on the
exposure dose and dose–response relationship are available. Briefly, our
QMRA involved: (1) creation of two transmission scenarios, i.e., the
inhalation of viral-loaded aerosols during exercise [23] and contact with
contaminated surfaces [24]; (2) consideration of accounting for transmis-
sion loss [25, 26] and infection efficiency [17] to calculate the actual
exposure dose, and (3) calculation of the infection probability by
incorporating the estimated dose into an exponential dose–response
model (parameter k) provided by Watanabe et al. [27]. They used pooled
data from transgenic mice susceptible to SARS-CoV and murine hepatitis
virus (MHV-1), these data are considered a better estimate of infection
probability for SARS-CoV-2 than other microorganisms [28]. The detailed
modeling steps and the references for model parameters are summarized
in Supplementary Table S4. To merge the aggregated and single
parameters into QMRA, we applied Monte-Carlo simulation in R software,
with 10,000 replications for each summary parameter. A normal
distribution assumption was central to this simulation, although further
studies are needed to verify the accuracy of this assumption.

RESULTS
Virus detection in environmental samples
In total, we collected 256 air samples and 517 surface samples
from August 2020 to April 2021. Due to temporal changes that
could potentially influence campus environmental contamination
levels, e.g., campus positive COVID-19 cases, testing capacity, and
campus activity intensity, we grouped our study results into two
time periods: Fall 2020 (August–December 2020) and Winter 2021
(January–April 2021). A summary of sample results overall and for
each semester is shown in Table 1. Overall, 98.4% air samples and
98.5% surface samples were negative for SARS-CoV2 RNA. No
positive samples were ever collected from dining halls, rehearsal
rooms, performance halls, or student activity buildings.
Positive sample details and detected viral RNA concentrations

are shown in Table 2. There were four positive air samples and
eight positive surface samples in total, presented in Fig. 1 over the
on-campus weekly COVID-19 case numbers identified during the
sampling period. Sample-positive rates were 1.6% (aerosols) and
1.8% (surface), and 1.4% (aerosols) and 1.1% (surface) for Fall and
Winter semesters, respectively. During the Fall 2020 semester,
positive air samples were collected from gym rooms (positive/total
samples: 2/23) and a campus bus (1/12). Positive surface samples
were collected in Fall 2020 from gym drinking fountains and floors
(3/76), an office lab (1/12), a classroom student desk surface (1/32),
and a campus bus (1/20). During the Winter 2021 semester, viral
RNA was detected in each of the following samples: air from a
gym weight room (1/48), a gym drinking fountain’s surface
(1/143), and surfaces in an office lunchroom (1/6). In gym rooms,
the air sample-positive rate dropped from 8.7% to 2.1% between
Fall and Winter semesters, and the surface sample-positive rate
dropped from 3.9% to 0.7%.
The average temperature measured across locations of positive

samples (22 ± 1 °C) was the same as that of measured across
locations of negative samples (22 ± 2 °C). There were no significant
changes in ventilation systems on the days when positive air

samples were detected compared to days when negative samples
were collected.
The surface viral RNA concentrations varied from 0.00678 to

0.148 genome copy per square centimeter (gc/cm2). The viral
aerosol concentration on the bus was detected at 0.023 genome
copy per liter of air (gc/L). Using reverse Kaplan–Meier
estimation, the viral aerosol concentration in gym rooms was
0.028 gc/L at the 95th percentile (mean, SE, 95% CI: 0.029,
0.0019, 0.026–0.033) in the fall, and 0.06 gc/L at 98th percentile
(mean, SE, 95% CI: 0.029, 0.00098, 0.026–0.033) during the whole
study period.

COVID-19 trends and longitudinal environmental surveillance
Point-biserial correlation indicated that in the weeks with positive
environmental samples, the campus COVID-19 case numbers were
significantly higher than in non-positive weeks (p= 0.001), with
means (mean ± standard deviation, SD) of 256 ± 100 and 156 ± 94,
respectively (Fig. S2a). No similar trend was found in the building-
specific data.
The trends of weekly COVID-19 cases and tests and the

relationship between COVID-19 case and test numbers are
presented in Fig. S2b. While the Welch two-sample t test showed
testing capacity from Fall 2020 to Winter 2021 grew threefold
(p < 0.001), weekly campus cases in the two phases were not
significantly different (p= 0.98) with an overall mean of 166 ± 103.
Linear regression analysis indicated that the weekly COVID-19 case
number was significantly positively associated with weekly test
number during Fall semester (β= 0.025, p= 0.002), but not the
Winter 2021 semester (β= 0.003, p= 0.467).

Probability of infection
We estimated the mean and 95th percentile infection risks for
locations with positive viral RNA samples (Table 2). The infection
risk through inhalation varied depending on the exposure
duration (Fig. 2). For example, after a 40min moderate- to high-
intensity interval training in a gym at the 98th percentile sampled
virus concentration level (0.06 gc/L), a mask-less person’s prob-
ability of infection would be 15 ± 6 per 1000 exposures through
the inhalation of infectious aerosols. On the bus, 15 out of 100,000
mask-less passengers might be infected through inhalation if they
take a 5–15min bus ride when the air on the bus is contaminated
by SARS-CoV-2 at the concentration of 0.023 gc/L. Using viral
concentration detected on surfaces, the estimated infection risk
through fomite transmission was as high as 10−5 (Fig. 2). This level
of risk means that after a single touch of the contaminated surface
followed by a single finger-to-mucus membrane touch, there is a 1
in 100,000 chance of infection by SARS-CoV-2.

DISCUSSION
Environmental contamination level in various non-healthcare
settings
Several studies have evaluated the existence of SARS-CoV-2 in
non-healthcare public places, however, sampling strategies,
sample types, and detection primers/probes have varied across
studies. Primers/Probes frequently used in rRT-PCR for SARS-CoV-2
virus are E gene [24, 29–32], N gene [24, 31, 33–38], and RdRp/
Orf1ab gene [29–32, 35, 36, 39]. In our study, we decided to use
the N target gene as is recommended in the CDC protocol.

Table 1. Summary of environmental-sample number and their positive rate breakdown by phase.

Phase Air total Air positive Surface total Surface positive

Fall 2020 185 3 (1.6%) 328 6 (1.8%)

Winter 2021 71 1 (1.4%) 189 2 (1.1%)

Total 256 4 (1.6%) 517 8 (1.5%)
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As of August 2021, we have found three studies that measured
air and/or surface contamination levels in K-12 school settings;
viral RNA was detected in multiple samples from classrooms,
washrooms, and choir room samples [29, 32, 34]. In our study, a
single positive classroom sample was collected from the surface of
a student desk, and no air or surface samples from restrooms or
choir rooms were positive. In a study by Cordery et al. [32] positive
COVID-19 cases were identified after the choir room was found to
be contaminated (i.e., positive environmental samples), yet no
disease spread was observed following the positive detection. This
is consistent with our observation that the environmental
transmission efficiency was limited during school musical
rehearsal, unlike some documented outbreaks during choir
practices where physical distancing was not well implemented
during the early stages of the pandemic [40–42].
We found that detection of SARS-CoV-2 was most common in

gym rooms (75% of the positive air samples and 50% of the
positive surface samples). Interestingly, three out of four positive
gym surface samples came from the drinking fountain buttons,
none came from shared gym equipment. This finding may have
resulted from the fact that users of the space were not instructed
to clean the water fountain after use as they were with gym
equipment (i.e., wipe down sweat as a common courtesy), and so
the water fountains were only cleaned occasionally by gym
employees. Kozer et al. also detected virus on playground
equipment (4.6%) and water fountains (4%) in their study [43].
Nevertheless, the copy concentrations of the positive surface
samples were 8 to 1000 times lower than those found in previous
studies involving community samples which were positive for E
and N1 genes [24, 33], and 10 to 400 times lower than those in

healthcare units positive for the N1 gene [33]. The air viral
concentration measured in gym rooms was 2500–5000 times
lower than that found in hospital air with N1 and N2 primers [37].
Taken together, these finding suggest that viral shedding on this
university campus was less than viral shedding in healthcare
settings and some public community settings that lack routinely
scheduled cleaning and disinfection.
In public service sites, despite substantial anthropic trace

contamination on public surfaces [31], surfaces of essential
businesses show positive rates ranging from 4.1 to 18.2% using
E, N1/N2 or RdRp gene primers [30, 33, 38]. Two studies calculated
viral concentration of 1.75 to 16.1 gc/cm2 from public transit
surfaces [34], and 0.84 gc/cm2 from bus terminal handrails in
comparison with 1.17–39.3 gc/cm2 on healthcare-based surfaces
[33]. One study used no-power cold traps to collect air samples
into condensed water (1–10mL) and found viral RNA concentra-
tions that were location dependent, 6.0 gc/mL (3 h concert hall
samples), 2.0–5.4 gc/mL (5 h shopping mall samples) [39]. Of the
studies that collected air samples in public places, no positive
samples were found in outdoor settings [37, 44], while indoor
public areas (shopping center, bank, grocery store, markets, and
governmental offices, etc.) had a positive rate ranging from 10 to
67%, especially among high traffic flow areas, such as airports,
subways, and buses [35, 39]. The higher positivity rates in
community settings, compared to the campus results herein,
suggest that intervention measures implemented on campus may
have helped to reduce environmental transmission.
Throughout the study, no positive air samples were collected

from dining halls, rehearsal rooms, performance halls, or student
activity buildings. Given the high air flow rate of our sampler and

Table 2. Genome copy concentration and probability of infection for each positive sample location.

Air Sample Date Sample Time
(min)

Cgc (gc/L) Pinf
a

Mean SD 95% CI

Gym: weight room 10/15/20 257 6.00 × 10−2 1.45 × 10−2 5.75 × 10−3 3.29 × 10−3,
2.58 × 10−2

Gym: weight room 10/30/20 253 2.80 × 10−2 6.82 × 10−3 2.71 × 10−3 1.51 × 10−3,
1.21 × 10−2

Gym: weight room 2/8/21 242 7.60 × 10−2 1.84 × 10−2 7.24 × 10−3 4.19 × 10−3,
3.26 × 10−2

Bus: passenger area 11/18/20 72 2.30 × 10−2 1.46 × 10−4 5.95 × 10−5 2.93 × 10−5,
2.62 × 10−4

Gym: weight room, rKM 95th
percentile

Fall NA 2.80 × 10−2 6.82 × 10−3 2.71 × 10−3 1.51 × 10−3,
1.21 × 10−2

Gym: weight room, rKM 98th
percentile

Fall+
Winter

NA 6.00 × 10−2 1.45 × 10−2 5.75 × 10−3 3.29 × 10−3,
2.58 × 10−2

Surface Sample Date Sample Time
(min)

Cgc (gc/cm
2) Pinf

Mean SD 95% CI

Gym: water fountain 10/30/20 NA 2.68 × 10−1 3.25 × 10−5 2.04 × 10−5 0, 7.25 × 10−5

Gym: water fountain 11/19/20 NA 6.78 × 10−3 8.79 × 10−6 5.50 × 10−6 0, 1.95 × 10−5

Gym: floor 11/19/20 NA 1.77 × 10−1 4.24 × 10−7 2.65 × 10−7 0, 9.43 × 10−7

Gym: water fountain 3/10/21 NA 2.36 × 10−2 4.24 × 10−7 2.66 × 10−7 0, 9.46 × 10−7

Office: door handle, keyboard, light
switch, table

9/29/20 NA 1.48 × 10−1 7.40 × 10−6 5.80 × 10−6 0, 1.88 × 10−5

Office: microwave, fridge
handles, tables

2/10/21 NA 1.12 × 10−2 2.64 × 10−7 1.65 × 10−7 0, 5.88 × 10−7

Classroom: student’s desks 11/9/20 NA 7.95 × 10−2 3.72 × 10−6 2.33 × 10−6 0, 8.28 × 10−6

Bus: handles, rails, stop string, hold
strap, seat back

11/18/20 NA 1.68 × 10−1 3.54 × 10−6 2.56 × 10−6 0, 8.57 × 10−6

Cgc genome copy concentration measured with quantitative rRT-PCR in this study, Pinf probability of infection, 95% CI 95% Confidence Interval, rKM reverse
Kaplan–Meier estimate.
aThe actual probability of infection will increase with longer duration of exposure. This table provides an estimation based on our built scenarios.
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relatively long sampling times, we propose three possible
explanations for negative results: (1) the infected persons did
not stay long enough to shed a measurable amount of virus; (2)
the infected persons were present, but they wore high quality
masks properly and disinfected the surfaces after use; (3) aerosols
deposited on surfaces or were diluted by the room’s ventilation
system before samplers could collect them. Wearing a mask while
failing to disinfect the surface may explain why there were days
when surface samples were tested positive, yet air samples were
negative.

Risk assessment of environmental exposure to SARS-CoV-2
Risk modeling showed higher infection risk through inhalation
during intensive exercise without masks than through fomite
transmission, which is consistent with CDC’s findings that
inhalation is the dominant pathway of spreading the disease as
compared to contact with contaminated surfaces [45]. Estimated
probability of infection in gym weight rooms (1.45 × 10−2 to
1.84 × 10−2) in this study was similar to modeled probability of
infection reported in another fitness center (1.77 × 10−2) [46].

It is equally important to interpret risk with epidemiological
data in order to evaluate the public health priorities. In comparing
the relative disease burden of SARS-CoV-2, Zaneti et al. developed
the tolerable infection risk benchmark of 55 in 100,000 persons
based on WHO’s tolerable Disability Adjusted Life Years (DALY)
loss per person per year (pppy) and disease/infection ratio
observed during the COVID-19 pandemic [28]. The infection risk
from exposure to our surface samples in the present study were
estimated to be at least 1000 times lower than this tolerable level,
while the risk from positive aerosol samples was twenty times
higher than the benchmark. The infection risks can be reduced by
87% if a room has 10 air changes per hour (ACH), with
recirculation of 36% of air, and filters in its air handling units
[46]. The estimated infection risks could be reduced by 38.1 to
98.5% when N95 respirators or available respirator alternatives
were used regardless of the ventilation situation [47], and by
49.7% if wearing a cloth mask that has a filtration efficiency of 50%
[46]. These findings further reinforce the need to prevent airborne
transmission through the implementation of multiple mitigation
strategies, such as increased ventilation, air filtration, capacity

Fig. 1 Viral RNA concentrations in comparison with campus COVID-19 case number (dashed line). Positive samples are labeled with
sample locations.
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control, and face coverings, especially considering the risk of
breakthrough infections among fully vaccinated people.
A few studies have also adapted QMRA models to quantify

infection risk through either aerosol or fomite transmission during
the COVID-19 pandemic. Yet, these models have several limita-
tions or need parameter updates. For example, in Harvey et al. [24]
the estimated infection risk is between 1 and 40 per 100,000
exposures thru contact with contaminated surfaces. Their
exposure dose was calculated using results from positive surface
samples collected in an urban community area, where concentra-
tions ranged from 2.54 to 102.43 gc/cm2. At that time, the genome
copies to infectious virus ratio (gc:inf, 100 to 1000 gc/PFU) was
derived from influenza A (H1N1 and B (H3N2). In our study, we
used a gc:inf ratio of 80 gc/PFU based on a SARS-CoV-2 isolation
experiment [48], which is more stringent and specific to our QMRA
model. Dada and Gyawali [49] and Zaneti et al. [28] used QMRA
modeling to estimate the infection risk from occupational
exposure of wastewater treatment plant workers through inhala-
tion or accidental ingestion of SARS-CoV-2 virus-contaminated
droplets, respectively. Instead of directly measuring the viral
aerosol concentration in the air as in our study, they estimated the
exposure dose from viral concentration in sewage samples for use
in the exponential dose–response equation. Factors such as
difference in work type, workers’ proficiency in certain tasks, and
the actual aerosolization status could introduce uncertainties for
estimating the exposure dose from sewage virus concentration
[28]. Moreover, none of the aforementioned studies were able to
compare the infection risks between inhalation and surface
contact, because: (1) only air or surface samples (but not both)
were collected, or (2) when both types of samples were collected

in a study, RNA was only detected from either air or surface
samples. In this study, aerosols and surface samples were
collected simultaneously, analyzed with same methods, and both
types of samples had positive detections at the same location (i.e.,
gym rooms and buses). Therefore, it is possible to compare the
risk of infection between the two routes of exposure.

Environmental public health surveillance
As shown in the timeline in Fig. 1, the implementation of several
restrictions on social gatherings and other activities were followed
by a substantial drop in the weekly case number. In Winter 2021,
the weekly case number dropped immediately after COVID-19
testing became mandatory for students at the university following
the expansion of testing capacity. A similar drop in the
environmental-sample positivity rate was also observed between
the two semesters as testing capacity expanded, possibly
suggesting an effect of COVID-19 testing on the identification of
asymptomatic individuals followed by in-time quarantine and
other preventive measures. As testing capacity stabilized, weekly
case number reached a low peak in April 2021, which suggested
that mandatory testing was an effective but limited mitigation
strategy.
Our longitudinal surveillance data shows there were about 100

more COVID-19 weekly cases in environmental-sample-positive
weeks than in the weeks with no positive samples, and we suspect
that the Fall case number was underreported therefore the case-
number gap was likely more than one hundred. Because the
positive correlation between weekly case number and testing
number became insignificant in the Winter semester may mean
that the identification of cases during the Fall semester was

Fig. 2 Probability of infection of positive samples. Probability of infection (Pinf, mean with upper bound of 95% confidence interval) for air
samples (upper panel) and surface samples (lower panel) derived from Monte-Carlo simulation. Pinf for each sample are presented in
chronological order. The tolerable infection risk (dashed lines) is set at 5.5 × 10−4 in Zaneti et al. [28] which can be interpreted as 55 infections
per 100,000 exposures.
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limited by testing capacity but this limitation did not continue into
the Winter semester due to expanded capacity. Therefore,
considering that 75% of the positive samples were detected in
Fall, the COVID-19 case number elevation in environmental-
sample-positive weeks may have been higher than what was
observed in this study, indicating a potential bias toward the null
for the findings in this study. Given the correlation between
COVID-19 case numbers and the environmental positive samples,
our air and surface environmental samples may represent a
convenient indicator of virus activity in the community.
Routine, campus-wide environmental sampling could be

adopted as a tool for community outbreak surveillance. In Harvey
et al. [24] surface samples were shown to serve as a predictive
tool, with a 7-day lead time for increases in infections. This
suggests the potential use of nowcasting (i.e., estimation of the
relatively current situation) or forecasting of outbreaks using
comprehensive, routine air and surface surveillance. An approach
such as this is a non-invasive way to monitor infectious disease
risk in a community, especially where clinical testing resources are
scarce. However, we found that COVID-19 cases for specific
buildings did not correlate well with our environmental-sample
results from those buildings. This is possibly because contact
tracing may not identify all positive COVID-19 cases, especially
asymptomatic residents, and because random error may cause
significant deviation when the positive sample size is small, as is
the case when evaluating individual buildings.
In this study, we analyzed SARS-CoV-2 viral RNA in air samples

and surface samples collected simultaneously from various public
non-healthcare settings on a university campus using quantitative
rRT-PCR. The low positivity rate (1.6% and 1.5%, respectively)
suggests that the overall risk of environmental transmission in the
tested facilities was very limited on campus but more likely in
certain locations (i.e., gyms). The estimated risk of infection
derived from QMRA modeling revealed higher infection risks from
viral aerosol inhalation than from surface contact. This study has
several limitations. First, location accessibility, personnel avail-
ability, and sample representativeness were heavy considerations
during this study and, therefore, limited the scale and frequency
of our sampling. Second, given the lockdowns and policies in
place to mitigate the spread of COVID-19, no samples were
collected among a large aggregation of people, and some
samples were collected when only a few people were present,
so the negative results need to be interpreted with caution
especially as the indoor activities are gradually back to pre-
pandemic levels. Third, our study was conducted on a university
campus, so extrapolation of these findings to the general
population or other non-healthcare settings should be done with
caution. Despite these limitations, we believe our results are a
valuable addition to the environmental contamination and
infectivity data in various non-healthcare settings. The study
results support the use of proactive disease mitigation on
campuses during this pandemic. The modeling procedures used
herein are also valuable in studies of the respiratory infectious
diseases with similar transmission mechanisms in preparation for
future outbreaks.

DATA AVAILABILITY
Observational notes used in this study can be found in Supplementary Files,
additional data (e.g., sample notes, lab results, case data) are available from the
corresponding author upon reasonable request.
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