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ABSTRACT: To evaluate the use of wastewater-based surveil-
lance and epidemiology to monitor and predict SARS-CoV-2 virus
trends, over the 2020�2021 academic year we collected waste-
water samples twice weekly from 17 manholes across Virginia
Tech’s main campus. We used data from external door swipe card
readers and student isolation/quarantine status to estimate
building-speci�c occupancy and COVID-19 case counts at a
daily resolution. After analyzing 673 wastewater samples using
reverse transcription quantitative polymerase chain reaction (RT-
qPCR), we reanalyzed 329 samples from isolation and nonisolation
dormitories and the campus sewage out�ow using reverse
transcription digital droplet polymerase chain reaction (RT-
ddPCR). Population-adjusted viral copy means from isolation
dormitory wastewater were 48% and 66% higher than unadjusted viral copy means for N and E genes (1846/100 mL to 2733/100
mL/100 people and 2312/100 mL to 3828/100 mL/100 people, respectively; n = 46). Prespeci�ed analyses with random-e�ects
Poisson regression and dormitory/cluster-robust standard errors showed that the detection of N and E genes were associated with
increases of 85% and 99% in the likelihood of COVID-19 cases 8 days later (incident�rate ratio (IRR) = 1.845, p = 0.013 and IRR =
1.994, p = 0.007, respectively; n = 215), and one-log increases in swipe card normalized viral copies (copies/100 mL/100 people) for
N and E were associated with increases of 21% and 27% in the likelihood of observing COVID-19 cases 8 days following sample
collection (IRR = 1.206, p < 0.001, n = 211 for N; IRR = 1.265, p < 0.001, n = 211 for E). One-log increases in swipe normalized
copies were also associated with 40% and 43% increases in the likelihood of observing COVID-19 cases 5 days after sample
collection (IRR = 1.403, p = 0.002, n = 212 for N; IRR = 1.426, p < 0.001, n = 212 for E). Our �ndings highlight the use of building-
speci�c occupancy data and add to the evidence for the potential of wastewater-based epidemiology to predict COVID-19 trends at
subsewershed scales.
KEYWORDS: wastewater-based surveillance, wastewater-based epidemiology, subsewershed, COVID-19, SARS-CoV-2,
digital droplet PCR

� INTRODUCTION
Wastewater-based surveillance (WBS) has long been used as a
supplement to clinical surveillance for diseases such as polio
(since the 1940s)1 as well as for other purposes such as
monitoring illicit drug use2,3 and supporting vaccination
campaigns aimed at eradicating poliomyelitis and vaccine-
derived poliovirus outbreaks.4 During the early stages of the
current coronavirus disease 2019 (COVID-19) pandemic, it
was established that SARS-CoV-2, the virus that causes
COVID-19, was shed in feces.5,6 Subsequently, globally
distributed teams adopted WBS to monitor and assess
infection trends, particularly in regions with limited clinical
testing.

SARS-CoV-2 may be quanti�ed in clinical or wastewater
samples through the detection of viral RNA; this requires

targeting viral genes that are unique to the virus. Early in the
pandemic, national health agencies and private companies
worked to develop diagnostic kits primarily using reverse
transcription quantitative polymerase chain reaction (RT-
qPCR).7 The World Health Organization (WHO) released
guidelines for diagnosing COVID-19 in which they recom-
mended nucleic acid ampli�cation methods (e.g., RT-qPCR)
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that target regions on the N, E, and S genes of the virus.8 The
U.S. Centers for Disease Control and Prevention (CDC)
developed its own primers targeting three regions of the
nucleocapsid gene (N1, N2, N3),9 whereas others developed
primers targeting the envelope (E) and spike protein (S)
genes.10 RT-qPCR results yield cycle threshold (Ct) values
that indicate the number of cycles needed for a sample to
amplify above a speci�ed threshold level, and these Ct values
are expected to be inversely correlated with viral concen-
trations.11

Once it was shown that viral RNA was detectable in
wastewater by RT-qPCR and could be used to predict trends
in clinical cases,12 other groups adopted WBS as a means to
attempt to monitor and predict COVID-19 infection trends
and outbreaks.13�16 Building on this work, in mid 2020,
Virginia Tech (VT), a large university that comprises the
majority of the population of rural Blacksburg, VA, added
wastewater surveillance to the university’s COVID-19 opera-
tional plan17,18 with the goal of providing additional data to
support campus-wide public health decision-making and the
allocation of testing resources for the university’s on-campus
residential facilities (dormitories). Many other universities and
colleges also initiated COVID-19-focused WBS programs for
their campuses as well as surrounding communities.19�21

While WBS can be used to support disease monitoring and
mitigation e�orts, there are many challenges associated with
the use of WBS for the detection and monitoring of viruses
such as SARS-CoV-2. For one, viral shedding timing and
concentrations vary by pathogen, pathogen variant, and
infected individual, meaning that, depending on the size of a
given population and case incidence, WBS results may or may
not reliably re�ect infection trends.22�24 Constituents that are
common in wastewater may also inhibit the ampli�cation of
genes, resulting in false negatives.23 The manner in which
samples are collected also plays an important role, as does the
method of analysis.25 Composite and grab sampling techniques
must be considered along with heterogeneity in the volume,
�ow, and nature of the wastewater sampled.26 With regard to
extending WBS to wastewater-based epidemiology (WBE), in
addition to the challenges associated with measuring and
quantifying the signal in wastewater samples, su�ciently
reliable and linked outcome data are needed, as are data on
the size and nature of the population contributing to the
wastewater being sampled. Estimation bias associated with
these interrelated issues varies spatially and temporally, as well
as by scale of sampling and analysis, from sewershed to
subsewershed and building-speci�c WBS.

In the process of assisting the VT administration with the
establishment of a COVID-19 WBS program that could
e�ectively generate data to support e�orts to monitor and
control SARS-CoV-2 infections on campus, we identi�ed
knowledge gaps that needed to be addressed to advance the
application of WBS and WBE of COVID-19 more broadly.
The overarching objective of this research was to improve the
understanding of the relationships between SARS-CoV-2
detected in sewage and COVID-19 case data at building-
scales, and to improve guidance on subsewershed sample
collection and analysis strategies. To achieve this, we collected
and analyzed wastewater samples from a cross-section of
buildings across the VT campus with an emphasis on
dormitories to quantify SARS-CoV-2. To extend from WBS
to WBE, we coupled these data with building-speci�c high-
resolution occupancy data and student COVID-19 case status

data. With regard to speci�c research objectives, we sought to
evaluate whether the analysis of unadjusted and population-
adjusted SARS-CoV-2 viral concentrations in wastewater
samples could be used to reliably predict cases of COVID-19
at building-speci�c scales using prespeci�ed lead times from
sample collection to case identi�cation. We anticipate that
�ndings from this research can be used to help improve WBS
and WBE application at subsewershed scales.

� METHODS
Our analyses were based on a number of data sources
described in more detail in the sections that follow. Brie�y,
wastewater samples were collected from multiple sites/
buildings as well as the university’s primary wastewater out�ow
twice weekly starting September 2020 through May 2021 (the
VT fall 2020 semester started in August and concluded in
December 2020, and the spring 2021 semester started in
January and concluded in May 2021). Building occupancy
estimates were derived from two data sources: swipe card data
for those buildings with exterior doors operated via card
readers and weekly occupancy counts from university
administration. Building-speci�c estimated COVID-19 cases
were derived from data on student-speci�c assignments to
isolation and quarantine. University-wide COVID-19 case data
were obtained from the university’s health center and COVID-
19 dashboard management team.

Our study was approved by VT’s Institutional Review Board
(#21-110). Prior to data analysis, we prepared a prespeci�ed
statistical analysis plan (uploaded to Open Science Frame-
work).27

Wastewater Sampling Sites and Protocols. With the
broader goal of sampling widely across the campus, sampling
sites were selected on the basis of practicality (layout and
accessibility of the sewer) and with a focus on sites from which
we could collect out�ow from speci�c dormitories/buildings
rather than those sampling sites with mixed wastewater �ows
from multiple residential and nonresidential buildings (though
we did also collect samples from several multibuilding
collection points). Wastewater samples were collected twice
weekly (typically Mondays and Thursdays) from 17 manholes
across the VT main campus in Blacksburg, VA from September
17, 2020 to May 6, 2021.

During the fall 2020 semester, grab samples were collected
at all locations until composite samplers became available in
October 2020. Depending on manhole access and depth as
well as other logistical considerations, samples were collected
as 24 h composite samples where possible and as grab samples
otherwise. Composite samples were collected using either
ISCO 6712 or ISCO 3700 (Teledyne Inc., Louisville, KY)
automatic samplers every 30 min for 24 h (7 am to 7 am) on
weekends and during the week. Some sampling dates were
missed due to extreme weather, university holidays (e.g.,
Thanksgiving, November 21�29, 2020), and the winter break
between the fall and spring semesters (December 18, 2020 to
January 19, 2021). Data on selected sampling sites and
methods by building and semester are summarized in Table
S1.

With regard to protocols, one liter was collected from each
site and stored on ice until transported to the laboratory for
analysis (typically within 1.5�2 h of collection). A subset from
each sample was prepared for further processing following the
methods described in Ahmed et al.28 Brie�y, MgCl2 was added
to 150�200 mL samples for a �nal concentration of 25 mM,
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and the pH was adjusted to 3�4. To quantify loss through
�ltering and extraction, bovine coronavirus (CALF-GUARD;
Zoetis, Parsippany, NJ) was spiked into the samples at 1 �L of
BCoV/1 mL of sample (between 1.43 × 107 and 1.90 × 107

copies). Following these adjustments, samples were �ltered
through 0.45 �m mixed cellulose ester �lters (Thermo�sher
Scienti�c, Waltham, MA) using sterilized vacuum �lter holders
within a BSL-2 hood. Filters were then rolled and torn into 3�
5 mm sized pieces using �ame sterilized tweezers and then
transferred into centrifuge tubes. Torn �lters were stored at
�80 °C until they could be transported on ice to the Molecular
Diagnostics Laboratory at the VT Fralin Biomedical Research
Institute where RNA extraction and RT-qPCR was performed
(described below).

Extraction and PCR. To determine the viral concen-
trations in wastewater samples, we used two PCR approaches.
Samples were labeled using coded identi�ers so those
conducting the RT-qPCR and reverse transcription digital
droplet polymerase chain reaction (RT-ddPCR) analyses
would not know from which sites the samples had been
collected. Initially, we used an RT-qPCR assay developed by
Ceci et al.,29 who had received Emergency Use Authorization
(EUA #200383) from the U.S. Food and Drug Administration
(FDA). We opted to use this approach because it was FDA
authorized and used for clinical testing for the VT campus (as
well as for samples from Health Districts across southwest VA)
and because the Molecular Diagnostics Laboratory at the VT
Fralin Biomedical Research Institute had the capacity and sta�
to analyze wastewater samples in a timely fashion (typically
providing results the same day processed samples were
received).

Specimens from �lter membranes were eluted in a DNA/
RNA stabilizer bu�er (137 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, 2 mM KH2PO4, 50 mM KCl, 8 mM DTT, 40
Units/mL of RNasin, pH 7.6) following a mechanical
procedure to facilitate the release of particles from the
membrane. An aliquot of the eluate (300 �L) was subjected
to a TRIzol/EtOH-based nucleic acid extraction protocol in a
96-well format column system (ZYMO RESEARCH) follow-
ing standard extraction/washing procedures as described in
Ceci et al.29 Total RNA was eluted in water and quanti�ed
using a Nanodrop system (Nanodrop 200c [Thermo�sher];
RNA concentrations varied from 5 to 280 ng/�L depending on
the original sample). Five nanograms of RNA was used as
template in a Power SYBR Green RNA-to CT 1-Step
(Thermo�sher) RT-qPCR reaction in a formulation that
contains RNase inhibitor and additives to reduce the primer’s
secondary structure formation. Under these conditions, false
positives resulting from primer dimers were less likely to occur.

Three sets of SARS-CoV-2 genes, N, E, and S, along with a
housekeeping gene (hRPP30), were evaluated for ampli�cation
in independent reaction mixtures (standard curves were
included in each plate and for each run, and curves were
considered acceptable when R2 values were >0.98). This
approach allowed for higher speci�city (and helped reduce the
would-be number of false negative results among clinical
samples). Serial dilutions (10 000 to 10 copies per reaction) of
2019-nCoV_N_Positive control (200 000 copies/�L, IDT)
and 2019-nCoV_N_ Hs_RPP30_Positive control (200 000
copies/�L, IDT) plasmids were used for each standard curve.
Because the primers were designed to anneal in the 5� and 3�
�anking regions of the target control gene, there was no need
to linearize either plasmid control. Cut-o� Ct and 95%

con�dence interval (CI) values were experimentally deter-
mined on the basis of standard curves. The limit of detection
(LoD) was 10 copies per reaction and determined as
previously described.29 Negative controls were used to monitor
cross-contamination during RNA extraction and sample set up
(no template RT-qPCR reaction for each set of primers tested
in each plate). Heat-inactivated SARS-CoV-2 (ATCC cat# VR-
1986HK) was used as a positive ampli�cation control for N, E,
and S sets of primers.

To explore the potential for improved detection sensitivity,25

following analysis of the RT-qPCR results from all collected
wastewater samples (described below), in November 2021,
RNA extracts from sampling sites matched to dormitories for
which we had relatively complete occupancy and COVID-19
case data (n = 280 samples) as well as RNA extracts from the
campus out�ow site samples (n = 49) were sent on dry ice to
the Hampton Roads Sanitation District (HRSD), Virginia
Beach, VA, for independent analysis using RT-ddPCR. For this
subset of samples, a one-step RT-ddPCR multiplex was used to
quantify N and E genes in the samples using no template
controls, �eld blanks, and Twist Synthetic SARS-CoV-2 RNA
Control 4 (Twist Bioscience, San Francisco, CA, USA)
positive standards according to methods described in Gonzalez
et al.30 The LoDs, irrespective of sample volume, were 2.2 and
16 copies per reaction for the N and E gene assays,
respectively. RT-ddPCR total process percent recoveries
using spiked bovine coronavirus had a mean of 4.12 and a
standard deviation (SD) of 5.22.

COVID-19 Case Data. We used dormitory-speci�c student
case status data as the primary outcome variable for our WBE
analyses. During the 2020/21 academic year, VT students
living in on-campus housing who tested positive for COVID-
19 or who were in close-contact to someone who tested
positive (as identi�ed via contact tracing) were assigned by the
administration to isolation (for diagnosed cases) or quarantine
(for those likely exposed to diagnosed cases). These data were
received in the form of daily reports (similar to that of hotel
bookings) with information on current assignment status
(isolation or quarantine), status start and end dates, o�- or on-
campus housing status, and the names of the dormitories
where students were assigned (for isolation) or already residing
(for quarantine). See Figure S1 for aggregate assignment data
by day of the week and semester.

For our analyses and reporting of results, we used codes in
place of names for university dormitories, other buildings, and
wastewater sampling sites. The university used one dormitory
for housing students assigned to COVID-19 isolation (referred
to here as the isolation dormitory or building code 25) as well
as a second dormitory when the primary isolation dormitory
was at capacity (building code 19). We used building code 99
to represent the sampling point for wastewater out�ow from
most of the university main campus.

We used a silo-based approach for data management in that
only two members of the team interacted with the full and
identi�ed data provided by the university administration.
Identi�ed data were stored on a secure server, and we used
automated code/scripts to remove personal identi�ers and
extract and collate daily isolation and quarantine counts per
building per day for students living in on-campus housing (i.e.,
the number of new students assigned to isolation or quarantine
by building and by day as well as running tallies of the total
number of students by assignment status and building).
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the nature of the occupancy data, we primarily used swipe card
data for our analyses.

To assess building-speci�c associations between SARS-CoV-
2 detection in wastewater samples and associated COVID-19
cases, we used random-e�ects Poisson regression with cluster-
robust standard errors (SEs), treating each of the �ve
dormitories in our primary analysis as a cluster (to control
for variance within and between clusters). Prior to running the
models, data were organized with buildings/clusters serving as

panel variables and the date (daily) as the time variable;
unadjusted and population-adjusted viral copy data were log10
transformed, coding nondetects and values < LoD as zero. Beta
coe�cients from the models were exponentiated to yield
incident�rate ratios (IRRs) which, given the underlying
structure of the data, may be interpreted as a percentage
change in likelihood. SEs and associated p-values were
calculated using a standard con�dence level of 95%.

Figure 1. Composite sampler surrounded by safety fencing in August of the 2020 fall semester (a), another composite sampler surrounded by
safety fencing in January of the 2021 spring semester (b), and a submerged strainer (connected to tubing a�xed to a PVC pipe) inside a manhole
connected to a composite sampler (c) (photo credits: A. Maile-Moskowitz).

Table 1. Wastewater Samples and SARs-CoV-2 Detection by Gene and Building Codes: RT-qPCR and RT-ddPCR
Comparisona

building codes for dormitories with site-
speci�c sampling points

building codes for grouped/clustered buildings
and sampling points campus out�ow

gene SARs-CoV-2 B8 B13 B15 B17 B19 B22 B25 G1 G2 G3 G4 G5 G6 G7 B99 total

RT-qPCR not detected 46 41 47 19 16 47 42 46 50 42 41 47 43 46 48 621
N detected 1 6 5 0 0 2 6 3 2 7 6 3 6 2 3 52

total 47 47 52 19 16 49 48 49 52 49 47 50 49 48 51 673
not detected 44 44 43 19 14 40 39 43 47 40 40 40 45 45 46 589

E detected 3 3 9 0 2 9 9 6 5 9 7 10 4 3 5 84
total 47 47 52 19 16 49 48 49 52 49 47 50 49 48 51 673
not detected 38 42 37 17 14 37 35 34 37 40 39 37 43 44 34 528

S detected 9 5 15 2 2 12 13 15 15 9 8 13 6 4 17 145
total 47 47 52 19 16 49 48 49 52 49 47 50 49 48 51 673

RT-ddPCR not detected 26 23 19 10 11 15 15 9 128
N detected 23 26 32 9 6 33 32 40 201

total 49 49 51 19 17 48 47 49 329
not detected 36 36 31 15 15 26 24 31 214

E detected 13 13 20 4 2 22 23 18 115
total 49 49 51 19 17 48 47 49 329

aNote: RT-qPCR and RT-ddPCR data are from samples collected in the fall 2020 and spring 2021 semesters.
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