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• Wastewater-based epidemiology with
clinical testing monitored SARS-CoV-2
in dorms.

• 79.2% of SARS-CoV-2 infections were
asymptomatic, and 20.8% were symp-
tomatic.

• Clinical and wastewater data aggre-
gated to estimate SARS-CoV-2 fecal
shedding rate.

• Mean fecal shedding rate based on the
N1 gene was 7.30 ± 0.67 log10 gc/g-
feces.
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Wastewater-based epidemiology (WBE) was utilized to monitor SARS-CoV-2 RNA in sewage collected from man-
holes specific to individual student dormitories (dorms) at the University of Arizona in the fall semester of 2020,
which led to successful identification and reduction of SARS-CoV-2 transmission events. Positive wastewater sam-
ples triggered clinical testing of residents within that dorm; thus, SARS-CoV-2 infected individuals were identified
regardless of symptom expression. This current study examined clinical testing data to determine the abundance
of asymptomatic versus symptomatic cases in these defined communities. Nasal and nasopharyngeal swab samples
processed via antigen and PCR tests indicated that 79.2% of SARS-CoV-2 infections were asymptomatic, and only
20.8% of positive cases reported COVID-19 symptoms at the time of testing. Clinical data was paired with corre-
sponding wastewater virus concentrations, which enabled calculation of viral shedding rates in feces per infected
person. Mean shedding rates averaged from positive wastewater samples across all dorms were 7.30 ± 0.67 log10
genome copies per gram of feces (gc/g-feces) based on the N1 gene. Quantification of SARS-CoV-2 fecal shedding
rates from infected individuals has been the critical missing component necessary for WBE models to measure
and predict SARS-CoV-2 infection prevalence in communities. The findings from this study can be utilized to create
models that can be used to inform public health prevention and response actions.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

SARS-CoV-2 infections may not conclude with current vaccination
efforts alone. Some scientists conjecture that the virus’ evolution may
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require long-term monitoring and more intensive public health mea-
sures to control transmission of new variants. Thus, additional public
health surveillance strategies should be implemented to prevent and re-
spond to outbreaks; wastewater based epidemiology (WBE) may be
one of those tools.

Humanwastewater (i.e., sewage)may be among thefirst indications
of aggregated, population-based SARS-CoV-2 infections in a defined
community (Medema et al., 2020b), followed by healthcare facility re-
ported number of infections, hospitalizations, and ultimately deaths.
WBE is an effective tool that has been demonstrated tomonitor concen-
trations of SARS-CoV-2 RNA in wastewater as an indicator to survey the
SARS-CoV-2 infection prevalence at a population level (Medema et al.,
2020b). Scientists have adapted results from these surveys to track
community infection dynamics (Peccia et al., 2020) and guide targeted
public health response actions (Betancourt et al., 2021). Therefore,
fecal shedding of SARS-CoV-2 may be utilized as a biomarker to esti-
mate SARS-CoV-2 infections in a population.

Viral shedding estimates of SARS-CoV-2 from infected individuals
have strong implications for the effectiveness of WBE to determine dis-
ease prevalence and guide public health interventions. Estimations of
disease prevalence is one tool which should be pairedwith other public
health interventions including clinical testing, public outreach and edu-
cation, outbreak prevention and response action, and multidisciplinary
collaboration (Lundy et al., 2021). Although SARS-CoV-2 has been dem-
onstrated to shed in the upper respiratory tract, the lower respiratory
tract, feces, urine and blood serum (Cevik et al., 2020), WBE leverages
RNA shedding of SARS-CoV-2 in feces. Infected individuals shed virus
into sewage via feces (Cevik et al., 2020), or urine (Brönimann et al.,
2020), both of which can then be used to monitor population-level in-
fection changes. Although SARS-CoV-2 has been isolated in urine of a
COVID-19 patient (Sun et al., 2020), the incidence of the virus in urine
is reported to be low (Brönimann et al., 2020; Morone et al., 2020);
whereas, SARS-CoV-2 particles have been isolated in larger concentra-
tion from feces (Wang et al., 2020; Xiao et al., 2020; Zhang et al.,
2020). Further, SARS-CoV-2 RNA has been recovered even in the ab-
sence of intact virus isolation from stool samples (Wölfel et al., 2020),
demonstrating the sensitivity of molecular methods applied for WBE.

During the early stages of the pandemic in the Netherlands, SARS-
CoV-2 was detected in sewage six days before initial cases were re-
ported (Medema et al., 2020a). Mulitple jurisdictions around the
world have monitored concentrations of SARS-CoV-2 RNA in sewage
samples to quantify the total number of infected individuals in the com-
munity that excreted the virus into wastewater (Ahmed et al., 2020;
Chavarria-Miró et al., 2021; Curtis et al., 2020). More recently, the
University of Arizona (UArizona) used WBE, dovetailed with targeted
clinical testing, to prevent COVID-19 outbreaks in student dormitories
(dorms). In particular, 91 wastewater samples containing SARS-CoV-2
RNA provided early-warning that at least one infected individual was
present in the community (Betancourt et al., 2021). The UArizona case
study highlights the effectiveness of WBE to detect the presence of
SARS-CoV-2 infected individuals in a defined community and to ulti-
mately contain outbreaks by triggering public health response actions.
Although WBE has been utilized to raise the alert of SARS-CoV-2 pres-
ence with a dichotomous threshold, quantifying the number of SARS-
CoV-2 infected individuals is limited in the absence of accurate fecal
shedding rate estimates.

This research aims to estimate SARS-CoV-2 fecal shedding rates in
infected university students by aggregating data from positive waste-
water samples with numbers of clinically positive, symptomatic and
asymptomatic individuals in defined communities. To that end, the
Campus Re-entry study at the UArizona in Fall 2020 (Betancourt et al.,
2021) provided a unique setting to calculate mean shedding rates for
defined communities composed of young adults (18-20 years old). Spe-
cifically, 13 student dorms in UArizona served as a case study to test the
utility ofWBE tomonitor SARS-CoV-2 levels in sewage and initiate pub-
lic health action based upon those results. Positive SARS-CoV-2
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detection in wastewater samples from any given dorm led to point
prevalence antigen and/or PCR testing for dormitory residents regard-
less of symptomatic expression. This study determines the proportion
of COVID-19 infections that were asymptomatic versus symptomatic
and pairs these clinical data with wastewater results to extrapolate
the fecal shedding rate of SARS-CoV-2 in infected university students.
Findings from this study may act as a benchmark to assess SARS-CoV-
2 prevalence in a population and inform public health prevention and
response actions.

2. Methods

2.1. Dormitory sites

In total, 13 student dorms (Dorm A–M) at UArizona main campus
were monitored throughout the Fall 2020 Semester (August 17–
November 20). Data from the final weeks of classes and exams follow-
ing the Thanksgiving break (November 21–December 17) are not in-
cluded in this analysis, given students were advised to complete the
semester virtually and not return to campus. Each wastewater sample
was collected from sewer manholes specific to each dorm's effluent
prior to convergence with other sewer pipelines; thus, all wastewater
samples were specific to the defined communities living in each dorm.
However, two sets of dorms (Dorm E and F; Dorm H and I) required
sampling from a single sewer manhole distal from themixing of waste-
water from the two dorms but proximal to convergence with other
pipelines. The dorms in each set are juxtaposed and were considered a
‘combined dorm’ for all public health response actions (i.e., clinical test-
ing interventions) and data analysis. Dorms varied in infrastructure and
resident occupancy (Table 1). Due to the pandemic, UArizona limited
dorm room occupancy to a maximum of two persons.

2.2. Wastewater sampling and analysis

Wastewater samples from each dorm were collected between
9:00 am and 10:30 am, then analyzed for SARS-CoV-2 RNA at least
twice per week. One set of dorms was monitored on Monday/Wednes-
day/Friday (Dorms A, B, C, D, G, L), while a second set was monitored
Tuesday/Thursday/Saturday (Dorms E-F, H-I, J, K, M). Grab samples
were collected inside sewer manholes with sterile Nalgene® bottles
that were affixed to extension poles, which allowed collection at depths
of 5 to 15 ft. Sewer pipeswere concrete, spherical, and 6 in (15.2 cm) di-
ameter. Velocity (ft3/s) of wastewater within the sewer was measured
using a Global Water FP 211 flow probe (Global Water, College Station,
TX). Multiple readings of the minimum and maximum flow rates (gal-
lons perminute) over a one-minute periodwere averaged and recorded
daily. Flow rates were calculated using Manning's equation for partially
full pipes (Akgiray, 2005). For all wastewater samples, sewage height
and depth were estimated to be approximately 5.08 cm, based upon
the height of thefluid on thepropellor sensor since exactmeasurements
were infeasible insidemanholes. The sewage depthwas never observed
to be above the propellor sensor and a velocity reading could not be re-
corded if wastewater height was not near the top of the propellor
(5.08 cm height). Statistical methods were used to estimate flow rates
for samples for which velocity could not be measured due to site ob-
struction or the flow probe not being available (see Section 2.6).

Grab samples collected at the same time of each sampling day were
considered adequate based on a prior multiple sampling event. In that
case, multiple samples were collected at a particular site over a 30-
min period, and analysis indicated virtually identical virus concentra-
tions (5.49 ± 4.17 log10 gc/L) (Betancourt et al., 2021). This suggests
that virus particles disperse upon entering the piping and remain in
the sewer for extended periods of time. Samples were stored on ice
and travel time to the WEST Center laboratory was under 30 min.
Wastewater processing and analysis for SARS-CoV-2 RNA followed pro-
cedures previously described (Betancourt et al., 2021). Samples were



Table 1
Meta-data for student dormitories.

Dorm Fall 2020 occupancya Capacity Room type Bathrooms

A 611 722 Single, double Community, all-gender
B 342 400 Single, double Community
C 123 181 Single, double, tripleb Community
D 623 731 Single, double, suite-style Suite
E 206 300 Single, double Community, all-gender
F 56 60 Single Community
G 231 300 Apartments In-room (1 per bedroom)
H 195 238 Single, double Community, all-gender
I 181 238 Single, double Community, all-gender
J 424 482 Single, double Community
K 328 369 Double Community, all-gender
L 76 106 Single, double, tripleb Community, sink-in-room
M 132 152 Single, double Community

a Occupancy varied throughout the Fall 2020 semester, so the highest numbers of residents at any given time throughout the semester are shown.
b Due to the pandemic, UArizona limited rooms to a maximum of two occupants. No triple-occupant rooms were offered during the time of this analysis.
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tested for the virus using the United States (U.S.) Centers for Disease
Control and Prevention (CDC) RT-PCR assays that target regions of the
nCoV nucleocapsid gene (N1; Table S1) (Research use only kit,
Integrated DNA Technologies, Coralville, IA). Real-time PCR for the
detection of N1 gene was performed on a LightCycler 480 Instrument
II (Roche Diagnostics) with the LightCycler® Multiplex RNA Virus
Master (Roche Diagnostics) (Table S2). Detection of N2 gene was not
considered, as the assay efficiency (0.65) was unacceptable and did
not generate reliable data (Table S2). The average percent recovery
(10.9%) was estimated based on 23 matrix spike samples with human
coronavirus (HCoV) 229E (data not shown). However, virus concentra-
tionswere not adjusted because percent recoverieswere unavailable for
all 319 study samples.

2.3. Clinical testing data

Positive detection of SARS-CoV-2 RNA (via the N1 gene region) in
wastewater acted as the leading indicator for the presence of SARS-
CoV-2 infections within the dorm communities. Results were immedi-
ately communicated to the UA Task Force and Campus Re-Entry Work-
ing Groups, which planned and conducted clinical testing of residents
(Betancourt et al., 2021).

Clinical tests for COVID-19 diagnosis were performed via antigen
testing from nasal swab samples and RT-PCR from nasopharyngeal
swab samples (Betancourt et al., 2021). Analytical performance charac-
teristics for the antigen test were 96% sensitivity and 100% specificity
(Sofia SARS Antigen FIA, Quidel, San Diego, CA, USA). Performance of
the RT-PCR tests were determined by the University of ArizonaGenetics
Core for Clinical Services (CDC 2019-nCoV RT-PCR Diagnostic Panel)
with a limit of detection at 150 viral copies/reaction, or 30 viral cop-
ies/μl of sample.

Clinical testing data was obtained from the University Campus
Health Services (CHS) and the Test All Test Smart (TATS) program.
Symptomatic and asymptomatic cases in the study were tracked
based on location and program where clinical tests were conducted.
Individuals with COVID-19 symptoms who sought clinical testing
were tested through CHS. Clinical testing of non-self-reporting
(i.e., asymptomatic and sub-clinical) students and employees was con-
ducted through the TATS program that runs several testing locations on
campus and mobilizes pop-up sites as needed (i.e., targeted clinical
testing at dorms with positive wastewater detection of SARS-CoV-2).
A negative antigen test at CHS, where patients were exhibiting symp-
toms, was followed by PCR testing to confirm results; data was de-
duplicated in situations when both testing methods were used to con-
firm test results (Betancourt et al., 2021). According to UArizona public
health and safety guidelines, students who tested positive for COVID-19
and completed isolation protocols were exempt from clinical testing for
90 days, which was a duration longer than the remainder of the
3

semester. Studentswhohad not tested positive for COVID-19 in the pre-
vious 90 dayswere required to participate in clincal testing via TATS and
CHS programs. The percent of eligible students who agreed to partici-
pate in clinical testing was reported (Table S3). In some cases, the per-
cent testing numbers over 100% because some individuals who were
not required to undergo clinical testing may have volunteered regard-
less; however, this occurred infrequently.

To ensure compliance with the Human Subjects Protection Program
(HSPP), the use of clinical data was reviewed and approved by a
UArizona Institutional Review Board (IRB).

2.4. Alignment of wastewater and clinical data

To estimate the number of SARS-CoV-2 infected individuals who
contributed to a single positive wastewater sample, a 6-day range of
clinical data was considered. Positive clinical cases from the day before,
day-of, and four days after sampling were included in the count of in-
fected individuals contributing to viral shedding. The rationale for this
approach is:

1) Residual virus—shed from individuals testing positive for COVID-19
the day prior to sampling—may be detected in wastewater the fol-
lowing day. Previous sampling indicates that virus can persist for ex-
tended periods of time and be detected even when an estimated
1000 gal of wastewater has continued to flow through a sewer sys-
tem (Betancourt et al., 2021).

2) Individuals infectedwith SARS-CoV-2may shed virus into wastewa-
ter prior to showing symptoms and/or being identified as a clinical
case. The viral load of SARS-CoV-2 appears to peak in the upper re-
spiratory tract of infected individuals within the first week of infec-
tion (Cevik et al., 2020) and the median incubation period for
COVID-19 is estimated to be approximately five days (Lauer et al.,
2020).

Following a positive wastewater sample, clinical testing was per-
formed on nearly all residents living in the dorm via the TATS program
(Betancourt et al., 2021). Individuals that tested positive were removed
from the dorm and transferred to another location for isolation. How-
ever, some individuals in the early stages of infection may have tested
negative on the day of wastewater testing, and tested positive after sub-
sequently reaching peak viral load of SARS-CoV-2 at a later date. It was
also possible that students were shedding virus in feces, but tested neg-
ative by TATS within the 24-h period after the positive wastewater sig-
nal. Additionally, the full dorm community was not always available on
the first day of targeted testing; some were tested a day or more after a
positivewastewater detection. Therefore, clinical data for 4 days follow-
ing positive wastewater samples was included in the count of infected



Table 2
Clinical positives for COVID-19 in wastewater-monitored dorms, 8/17/20-11/20/20.

Dorm Clinical Symptomatic (CHS) Asymptomatic (TATS)a

Positives Total Percentb Total Percentb

A 164 35 21.3% 129 78.7%
B 92 16 17.4% 76 82.6%
C 10 3 30.0% 7 70.0%
D 171 34 19.9% 137 80.1%
E & F 16 8 50.0% 8 50.0%
G 2 0 0.0% 2 100.0%
H & I 74 17 23.0% 57 77.0%
J 111 16 14.4% 95 85.6%
K 66 15 22.7% 51 77.3%
L 0 0 – 0 –
M 5 4 80.0% 1 20.0%
Total 711 148 20.8% 563 79.2%

a Asymptomatic cases may also include mildly symptomatic individuals that did not
self-report.

b Percent of total new clinical positive cases of infection.
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individuals since these individuals likely shed and contributed virus to
the wastewater samples for several days.

Although infected individuals can shed virus several weeks after in-
fection (Cevik et al., 2020), the 6-day window for calculating shedding
rates was appropriate since wastewater testing was performed at least
twice per week and all infected individuals that tested positive within
the 3-4 day window between samples were removed into isolation
prior to the next sampling event. Also, individuals were assumed to be
at peak shedding for the first 6 days in which an infected person could
be identified via UArizona WBE protocols.

2.5. Viral shedding rate estimation

The fecal shedding rate of SARS-CoV-2 RNA per gram of feces from
an infected individual was enumerated based on known concentrations
of viral RNA in positive wastewater samples and the fact that the total
numbers of infected individuals contributing to the total virus load in
the samples were also known. Equations from previous reports using
viral loads inwastewater to estimate the number of infected individuals
in a community (Ahmed et al., 2020; Chavarria-Miró et al., 2021; Curtis
et al., 2020) were modified so that the fecal shedding rate of viral RNA
per infected person could be quantified. The fecal shedding rate (FS) de-
fined as genome copies per gram-feces (gc/g-feces) was calculated as
follows:

FS ¼ VC∗Q∗f ∗hð Þ
G∗I

, ð1Þ

where VC is the virus concentration (genome copies/L) in thewastewa-
ter sample, Q is the flow rate (gpm) of wastewater in the sewer man-
hole at time of sample collection, f is the conversion factor between
gallons and liters, h is the conversion factor betweenminutes and days,
G is the averagemass of stool produced per person per day (Curtis et al.,
2020; Rose et al., 2015), and I is total number of infected individuals
contributing to the wastewater sample based on the 6-day range for
clinical data (see Section 2.5). Confidence intervals were calculated
based on the standard deviations between sample calculations.

Fecal shedding rates were based on the N1 gene concentration.
Overall, the average percent recovery ratewas 10.9% based on 23matrix
spike samples. However, wastewater virus concentrations were not ad-
justed as we did not have percent recoveries for all 319 samples.

2.6. Statistical analysis

Statistical analyses were performed in Microsoft Excel (version
16.47.1, 2021) and RStudio ((RStudio, 2020) RStudio: Integrated
Development for R. RStudio, PBC, Boston, MA. http://www.rstudio.com/).
Multiple imputation for measurement error (MIME) was utilized to esti-
mate flow rates for missing data when the flow probe was unavailable.

2.7. Sensitivity analyses

Sensitivity analyses were conducted to explore how three variables
within the fecal shedding rate estimation equation (Eq. (1)) may have
influenced results: 1) depth of wastewater in the pipeline, 2) viral
RNA concentration inwastewater (VC), and 3) proportion of infected in-
dividuals who shed SARS-CoV-2 in feces. Potential measurement error
of sewage depth may have biased actual flow rate estimations (refer
to Section 2.2) and subsequent calculations in shedding rates. Flow
rates, originally calculated with the assumption of a 5.08 cm depth
(29% of pipe filled)were resestimated using 2.54 cm (11% of pipe filled),
3.81 cm (20% of pipe filled), 6.35 cm (39% of pipe filled), 7.62 cm (50% of
pipe filled), and 15.24 cm (100% of pipe filled).

Measurement errors in themolecular detection of viral RNA concen-
trations may be attributed due to several factors (e.g., assay efficiency
and inhibition). Mean virus concentrations detected in wastewater
4

were increased and decreased by one log to determine its influence on
the calculated mean fecal shedding rate.

Lastly, not all infected individuals may shed SARS-CoV-2 particles in
feces. Therefore, fecal shedding rates were calculated based on different
proportions (i.e. 50% vs. 100%) of infected individuals who shed viral
particles/RNA in feces.

3. Results

3.1. Asymptomatic and symptomatic clinical COVID-19 cases

Asymptomatic and symptomatic cases of COVID-19 were differenti-
ated based on clinical testing program – TATS for asymptomatic and
CHS for symptomatic (see Section 2.4). For all dates in the study period,
a total of 711 clinical cases were reported among the 13 unique dorms.
Clinical data was combined for dorms with converged sewage systems
(Dorm E-F and Dorm H-I). Across all dorms, 148 symptomatic cases
and 563 asymptomatic cases were reported; thus, 79.2% of SARS-CoV-
2 infections were asymptomatic and only 20.8% were symptomatic
(Table 2).

Examining specific dorm communities, reported clinical cases
ranged from zero in Dorm L to 171 in Dorm D (Table 2). Dorms G and
M had the fewest reported infections, as well as the highest and lowest
asymptomatic rates. With limited data (two infections in Dorm G and
five infections in Dorm M), the asymptomatic rate was calculated as
100% for Dorm G and 20% for Dorm M. Combined Dorm E & F was the
only dorm to report equal number of symptomatic and asymptomatic
cases (Table 2). Seven of the eleven monitored communities had
asymptomatic rates between 70 and 85% (Table 2). Two dorms (E & F
and M) had asymptomatic rates at 50% or below, while Dorm G was
the only to report 100% of new cases as asymptomatic (Table 2).

3.2. Virus fecal shedding estimation

In total, 74 samples in the study period were positive for the SARS-
CoV-2 N1 gene and 246 samples resulted in no detection of the virus
(Table S3). Clinical and wastewater data were aggregated (see
Section 2.5) to calculate the viral shedding rate per infected person
(see Section 2.6). One sample was omitted because it did not meet
MIQE guidelines (Bustin et al., 2009). Fourteen other samples were
omitted due to zero reported cases of infection within the 6-day range
for clinical data (Table S3). This situation may have arisen when it was
not possible to test all individuals following a positive wastewater de-
tection (Table S3). The majority (68 out of 81) of positive wastewater
samples were concordant with new reported cases of infections within
this 6-day period. Negative wastewater samples were not included in

http://www.rstudio.com/
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viral shedding estimations due to no detection of SARS-CoV-2. Negative
samples did not trigger a response action to conduct clinical testing on
residents; thus, there is limited clinical data for the days that wastewa-
ter was negative. Overall, 59 total positive wastewater samples were
aligned with clinical data to extrapolate the fecal shedding rates of
SARS-CoV-2 N1 gene.

The average N1 shedding rate per infected person was calculated to
be 7.30 ± 0.67 log10 gc/g-feces, considering all positive wastewater
samples (n = 59) across all dorms (Table 3). While there is likely to
be shedding rate differences between specific individuals, analysis of a
large number of individuals within a community provides a more pre-
cise shedding rate. The median was 6.64 log10 gc/g-feces with a full
range 5.74 - 8.28 log10 gc/g-feces (Table 3). Within specific defined
communities, Dorm K had the highest average shedding rate at
7.73 ± 0.89 (n = 12), while Dorm C had the lowest average at
6.53 ± 0.14 log10 gc/g-feces (n = 2). The widest range of shedding
rates was found in Dorm K with a minimum at 5.80 and a maximum
at 8.28 log10 gc/g-feces.

3.3. Sensivity analysis for virus fecal shedding estimation

Several sensitivity analyseswere conducted on equation variables to
test the impact of possiblemeasurement error on fecal shedding rates of
SARS-CoV-2 particles. Sensitivity analysis showed that altering sewage
depth between 11 and 50% of the pipe filled (2.54 cm, 3.81 cm,
5.08 cm, 6.35 cm, and 7.62 cm) did not result in significant changes in
the computed shedding rates (Table S4). One exception is when the
pipe was completely filled (15.24 cm) (Table S4). Of note, sample
could not be collected if the sewage depth was less than 2.54 cm (11%
pipe filled) and no instance occurred where the sewage height was ob-
served to be over half the diameter (7.62 cm).

Upon adjusting the viral RNA concentration by one log, fecal shed-
ding rates were proportionally altered (Table S5). Across all dorms,
virus RNA in wastewater was detected at 4.77 ± 0.59 log10 gc/L (min.
3.39; max. 6.06), which resulted in a mean 7.30 ± 0.67 log10 gc/g-
fecal shedding rate.

Lastly, no significant difference in calculated fecal shedding rates
was observed when considering the proportion (50% vs. 100%) of in-
fected individuals who shed viral particles/RNA in feces (Table S6).

4. Discussion

4.1. Estimation of asymptomatic cases as a percent of total cases

The total number of asymptomatic and symptomatic cases of
COVID-19 were discerned in this study based on clinical testing pro-
grams: TATS for asymptomatic and CHS for symptomatic (see
Section 2.4). Of the total 711 cases of COVID-19 that were reported via
positive antigen and/or PCR clinical tests, the vast majority (79.2%)
Table 3
Fecal shedding rates of SARS-CoV-2 RNA extrapolated from Uarizona dormWBE.

Dorma Avg. Stdev Med. Min. Max. n

A 6.90 0.60 6.36 5.78 7.66 13
B 7.15 0.49 7.21 6.21 7.40 5
C 7.27 0.14 7.26 7.16 7.35 2
E & F 6.66 0.12 6.65 6.57 6.73 2
H & I 7.15 0.68 6.65 5.74 7.71 12
J 7.08 0.56 6.55 5.98 7.69 13
K 7.73 0.89 6.68 5.80 8.28 12
Total 7.30 0.67 6.64 5.74 8.28 59

All values are presented in log10 genome copies per gramof feces (log10 gc/g-feces), except
for n (number of samples). Avg., average; Stdev, standard deviation; Med., median; Min.,
minimum; Max., maximum; n, number of samples.

a Shedding rates could not be calculated from Dorms D, L, or M due to no positive
wastewater samples associatedwith a new reported case(s) of infection or clinical positive
test.
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were identified through the TATS testing program and were therefore
considered asymptomatic (Table S3). However, it is important to note
that follow-up data on students was unavailable to distinguish between
asymptomatic and pre-symptomatic cases. This high rate of asymptom-
atic cases may in part be due to the younger and likely healthier
population surveyed in this study based upon their university
enrollment and dormitory setting. However, findings suggest that the
amount of people infected with SARs-CoV-2 in the U.S. may be vastly
underestimated, which could have downstream effects for determining
the immune population and herd immunity thresholds.

4.2. Viral shedding estimation

Fecal shedding rates of SARS-CoV-2 RNAwere estimated from dorm
wastewater samples using a modified equation from previous reports
(Ahmed et al., 2020; Chavarria-Miró et al., 2021; Curtis et al., 2020).
This calculation accounts for the number of infected people within a de-
fined community, the amount of fecal material excreted, the shedding
rate of infected individuals, the flow rate of the wastewater, and the
viral load within the wastewater. Of these parameters, the fecal shed-
ding rate of SARS-CoV-2 from infected individuals is the least under-
stood. Until this research, shedding rate estimations were derived
from limited results that indicated a large variance across a small num-
ber of individuals (Wölfel et al., 2020). Shedding rates were further ex-
trapolated from the 90th percentile of this limited dataset and used to
calculate the number of infected individuals contributing to viral loads
in wastewater (Ahmed et al., 2020; Chavarria-Miró et al., 2021; Curtis
et al., 2020). However, models and predictions based on these percen-
tile shedding rates are likely to be inaccurate without pairing wastewa-
ter results with clinical data.

In this study, wastewater effluent from student dorms with defined
and enumerated communities was sampled and assayed for SARS-CoV-
2 RNA. Wastewater samples that tested positive for SARS-CoV-2 RNA
triggered targeted clinical testing of almost all residents within the spe-
cific dorm. Consequently, fecal shedding rates were calculable since
virus wastewater concentrations from dorm-specific manholes and
the corresponding numbers of infected dorm residents were both
known. These shedding rate estimations are reasonable since each
dorm was a theoretically closed population: nonresidents were
prohibited from entering dorms, and previously identified COVID-19
positive individuals were isolated within other facilities. This also
prevented recounting of positive individuals and further shedding into
monitored wastwater (Cevik et al., 2020; Gupta et al., 2020). Therefore,
the shedding rates calculated from the dorms represent incident infec-
tions only.

For estimating the number of individuals shedding and contributing
to the viral load in wastewater samples, a 6-day range of clinical data
was considered (see Section 2.5). Then, fecal shedding rates of SARS-
CoV-2 RNA were extrapolated from wastewater viral loads in samples
specific to UArizona dorms in which the exact number of infected indi-
viduals was known. This estimation is based on a calculation that ac-
counts for the number of infected individuals within a defined
community; the amount of fecal material excreted per person; the
flow rate of wastewater in the sewer pipeline; and the viral load within
the wastewater (see Section 2.5).

The aggregation of wastewater and clinical data enabled quantifica-
tion of SARS-CoV-2 fecal shedding rates per infected person. Mean
shedding rates averaged over all dorms with positive wastewaters
was 7.30± 0.67 log10 gc/g-feces based on the N1 gene (Table 3). Statis-
tical parameters calculated include number of samples (N), average
values (Avg), standard deviation (Std dev), median (Med), minimum
(Min), and maximum (Max) (Table 3). These statistics are important
to establish the precision of the calculated shedding rates since several
factorsmay have influenced final estimates. Sensitivity analyses suggest
that detected RNA concentrations in wastewater samples is the most
influential factor for estimating viral shedding rates in infected
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individuals. Other factors such as demographics of a specific community
(i.e., median age) and disease severitymay also influence viral shedding
rates in feces. Further, the duration of shedding appears to be affected
by the severity of the COVID-19 disease: asymptomatic (6 days) <mild
symptoms (10 days) < moderate symptoms (12 days) < serious
(14 days) < critical (32 days) (Chen et al., 2020). Recent reports also
suggest that asymptomatic individuals had a shorter duration of viral
shedding than pre-symptomatic individuals (Hu et al., 2020). Further
investigations are needed to determine observed virus concentrations
inwastewater samples across various demographics and the viral shed-
ding rate variance among specific demographics.

Our shedding rate figure is an assumed early infection shedding rate
estimate because students were identified within the 6-day period and
transferred from the dorm into an isolated living quarters. However, it is
possible that some individualsmay have started and/or continued shed-
ding viral RNA in feces outside of the assumed 6-day period. Although
fecal shedding rates may vary within this 6-day period, literature has
not defined fluctuations in shedding in initial stages of infection. There-
fore, individuals were assumed to be at peak shedding for the first
6 days in which infected individuals could be identified from UArizona
WBE protocols. The shedding rate may also be overestimated based on
case capture definitions, as although the vast majority of individuals in
each dorm were tested after positive wastewater sample results, a mi-
nority of residents were not tested. Shedding rates in this study are
based on young university students (18–20 years old) who reside in
dormitories and do not necessarily approximate the general population.
Nevertheless, a recent studywhich estimated the total number of active
shedders from SARS-CoV-2 RNA levels in wastewater from a large met-
ropolitan area similarly demonstrated that virus shedding occurred in a
high proportion of asymptomatic individuals (Chavarria-Miró et al.,
2021).

Some studies have reported similar initial shedding rates from
symptomatic and asymptomatic infections (Lavezzo et al., 2020; Van
Vinh Chau et al., 2020); whereas, other studies have found lower viral
loads in asymptomatic cases (Han et al., 2020; Zhou et al., 2020). Also,
some reports indicate that only approximately 50% of COVID-19 pa-
tients shed viral RNA in stool samples (Gupta et al., 2020; Medema
et al., 2020a), suggesting the possibility that not all infected individuals
shed viral RNA in feces. Regardless of these considerations, viral load in
wastewater in this study were based on all individuals (symptomatic
and asymptomatic) contributing to the sewage system. Therefore,
fecal shedding estimates are general for defined communities of
mixed clinical cases, while considering the high proportion of asymp-
tomatic to symptomatic reported cases.

Lastly, it is important to note that no fecal samples were collected
from individual COVID-19 patients directly. Therefore, results in this
study are specific to wastewater from defined communities. Data and
results from this study should be compared with clinical research and
evaluations.

4.3. Concluding remarks

This study may have significant implications for public health. The
fecal shedding rate of SARS-CoV-2 RNA derived in this studymay be uti-
lized to estimate the total number of infections in communities with
similar demographics based on wastewater viral concentrations. How-
ever, direct estimates may require clinical fecal shedding rates from
COVID-19 positive patients as a reliable comparison to this study, and
more generalizable shedding rate estimates may require a community
with more diverse demographics. Knowledge of disease prevalence, es-
pecially as a leading indicator, can be used to assist communities in effi-
cient resource allocation to prevent and contain COVID-19 outbreaks.
This study also provides further understanding for the total number of
cases that are symptomatic versus asymptomatic. Moving forward, the
number of reported cases can provide context for estimating the num-
ber of cases that were asymptomatic and/or unreported. This, in turn,
6

could have implications for understanding the proportion of individuals
that has been exposed to COVID-19 and for understanding progress to-
wards immunity within a community.
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