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Summary
Background Schools are high-risk settings for SARS-CoV-2 transmission, but necessary for children’s educational and
social-emotional wellbeing. Previous research suggests that wastewater monitoring can detect SARS-CoV-2 infections
in controlled residential settings with high levels of accuracy. However, its effective accuracy, cost, and feasibility in
non-residential community settings is unknown.

Methods The objective of this study was to determine the effectiveness and accuracy of community-based passive
wastewater and surface (environmental) surveillance to detect SARS-CoV-2 infection in neighborhood schools
compared to weekly diagnostic (PCR) testing. We implemented an environmental surveillance system in nine
elementary schools with 1700 regularly present staff and students in southern California. The system was
validated from November 2020 to March 2021.

Findings In 447 data collection days across the nine sites 89 individuals tested positive for COVID-19, and SARS-CoV-
2 was detected in 374 surface samples and 133 wastewater samples. Ninety-three percent of identified cases were
associated with an environmental sample (95% CI: 88%–98%); 67% were associated with a positive wastewater
sample (95% CI: 57%–77%), and 40% were associated with a positive surface sample (95% CI: 29%–52%). The
techniques we utilized allowed for near-complete genomic sequencing of wastewater and surface samples.

Interpretation Passive environmental surveillance can detect the presence of COVID-19 cases in non-residential
community school settings with a high degree of accuracy.
*Corresponding author.
E-mail address: rfieldingmiller@health.ucsd.edu (R. Fielding-Miller).
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Research in context

Evidence before this study
SARS-CoV-2 viral load in wastewater is a leading indicator for
infection trends and can also be used to detect the spread of
new variants of concern (VoC). Wastewater surveillance
systems are an important tool for ongoing VoC and infection
tracking at the municipal level. Higher resolution COVID-19
wastewater surveillance has been adopted in residential
settings such as universities, hospitals, and homeless shelters,
and pilot studies have established the potential feasibility of
conducting wastewater surveillance in non-residential school
settings. However, no data currently exists on the accuracy
and potential cost of wastewater surveillance in non-
residential neighborhood school settings. Additional passive
environmental surveillance approaches such as air and surface
sampling have demonstrated promise in controlled settings.

Added value of this study
We developed, pilot-tested, and evaluated an integrated
passive environmental surveillance system for the early
detection of COVID-19 cases in public elementary schools
(grades K-5). The system was pilot tested from November

2020 to March 2021 in nine school sites with approximately
1700 regularly attending students and staff. We compared
wastewater and classroom floor (surface) sample data against
weekly diagnostic PCR testing of all consenting students and
staff and conducted a costing exercise to identify startup and
ongoing costs. To our knowledge, this is the first study to
measure the accuracy of a scalable, holistic wastewater and
surface sampling SARS-CoV-2 surveillance system in a non-
residential school setting.

Implications of all the available evidence
Wastewater and environmental surveillance is a highly
accurate, potentially cost-effective strategy for early detection
of COVID-19 infection and new VoCs in neighborhood
schools. In areas where neighborhood schools serve a
predefined geographic catchment area, schools have the
potential to provide accurate, real-time community-level data.
Anonymous, aggregate neighborhood level systems are
particularly important for communities with structural
barriers to COVID-19 testing access.
Background
Safely operating schools during the COVID-19
pandemic is a public health challenge. In schools, un-
vaccinated individuals spend extended amounts of time
in close proximity, typically indoors. They are therefore
potentially high-risk spaces for respiratory virus trans-
mission. Minimizing learning loss due to illness is
essential for children’s social, physical, and emotional
wellbeing.1 Additionally, caretaking responsibilities for
children experiencing either acute illness or the long-
term sequalae of COVID-19 infection can seriously
hinder parent workforce participation. Caregiving as a
result of acute illness, long-term consequences, or sec-
ondary infections has been a major driver of the
gendered socio-economic impacts of the pandemic:
Women have experienced higher rates of job loss than
their male counterparts, and households headed by
single mothers are at significantly increased risk of
falling into poverty due to school closures.2–4

Implementing multiple overlapping interventions,
including masking, improved ventilation, and symptom
screening, can reduce viral transmission in school set-
tings.5,6 Timely detection of infections to enable
appropriate isolation of cases, and quarantine or
enhanced screening of exposed contacts is crucial for
preventing in-school transmission that could lead to
larger community outbreaks.

Effective vaccines are now widely available across
much of the world. However, in historically marginal-
ized communities, structural barriers that inhibit access
to diagnostic testing (i.e., medical mistrust, lack of paid
time off, poor geographic access) also present barriers to
vaccine uptake.7–9 Strategies to rapidly identify COVID-
19 cases in communities with low testing and vaccine
uptake are necessary to achieve health equity, reduce
morbidity and mortality, and avoid the emergence of
new variants of concern (VoCs) with increased vaccine
escape potential.10 Moreover, as many have argued from
both an ethical and a pragmatic standpoint, there is a
need for preferential options for poor communities in
which the most promising technological advances are
deployed first to where they are needed, rather than to
where they can be afforded.11–13

Wastewater surveillance has gained attention as a
tool for passive surveillance of community- and
building-level SARS-CoV-2 infections in municipalities
www.thelancet.com Vol 19 March, 2023
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and universities.13 In California, a large residential
university with free, university-mandated testing found
that large-scale wastewater monitoring allowed the uni-
versity to identify cases in specific campus buildings and
residential halls. Notifying building occupants following
a positive wastewater sample was significantly associ-
ated with increased diagnostic testing uptake compared
to testing uptake prior to the notification, and 85% of all
diagnosed infections among on-campus residents were
detected in wastewater.14

The passive nature of wastewater sampling is
promising for school COVID-19 surveillance in com-
munities where students, parents, and staff are more
likely to face structural barriers to vaccination and
diagnostic testing uptake. Proof of concept has been
previously examined in Kindergarten through 12th
grade (K-12) school settings in the UK and the United
States.15,16 However, two concerns about potential
effectiveness of wastewater sampling in these settings
are that 1) not all individuals have daily bowel move-
ments on site; and 2) spatial resolution is limited to
entire buildings or building clusters because of sewer
access locations.

We developed an environmental monitoring system
that utilizes wastewater and daily surface sample sur-
veillance to detect COVID-19 cases in elementary
schools and childcare settings. We named the project
Safer at School Early Alert (SASEA). In this study we
report on the accuracy of wastewater and surface sam-
pling within the SASEA program, measured against
weekly diagnostic testing, as well as the potential
acceptability and efficacy of the program as suggested by
staff and student diagnostic testing uptake.
Methods
We used an observational study design to evaluate the
effective accuracy of passive school-based environmental
surveillance for detecting the presence of asymptomatic
SARS-CoV-2 infection against weekly asymptomatic
surveillance diagnostic (PCR) testing. The SASEA proj-
ect was intended to evaluate the potential real-world
utility (effectiveness) of environmental surveillance in
socially vulnerable, low resource settings which are
arguably entitled to the most scientifically rigorous
support to ensure staff and student safety. We worked
with stakeholders at the school, district, and county
levels to integrate wastewater and surface sampling into
school-based public health programming in a way that
would be feasible and acceptable for communities with
the highest burden of COVID-19 morbidity and
mortality.

Safer at school early alert (SASEA) program and
pilot
SASEA consists of four primary components: (1) Daily
environmental sampling for SARS-CoV-2 using
www.thelancet.com Vol 19 March, 2023
wastewater from all school restrooms and surface swabs
(typically the center of a classroom floor) from individ-
ual classrooms; (2) Rapid results reporting to site ad-
ministrators (approximately 30 h after sample
collection); (3) On-site diagnostic testing of students and
staff when SARS-CoV-2 was detected in wastewater or
surface samples; and (4) Risk mitigation via environ-
mental modification (e.g., moving classes outdoors,
increasing ventilation in classrooms with a potential
case) and health communication messaging (e.g.,
encouraging double masking, recommending wider
testing among household members) (Fig. 1).

Surface sampling was included because although
SARS-CoV-2 transmission though fomites is uncom-
mon,17 our team has previously recovered traces of
viral RNA by surface sampling of rooms occupied by
infected individuals in a hospital setting,18,19 suggest-
ing that surface sampling can provide a complemen-
tary approach to wastewater viral monitoring. The
center of the floor was chosen based on previous
research conducted by our team which suggests that
this is where airborne virus particles are most likely to
settle.

We piloted SASEA in nine public elementary schools
(grades K-6) in San Diego County, California during the
2020–2021 academic year. Pilot sites were selected from
ZIP Codes with COVID-19 rates above the county me-
dian and with high levels of social vulnerability accord-
ing to the California Healthy Places Index (HPI). During
a 12-week validation phase (November 16, 2020–March
1, 2021), we conducted daily wastewater monitoring at
each site and surface sampling in each classroom where
children were present. Approximately 1700 students and
staff were regularly present across all nine sites during
the validation period. The 7-day average case rate in San
Diego County ranged from 6.5 per 100,000 to 69.5 per
100,000 during this phase. Seven-day case rates in our
partner schools ranged from 4 cases/100,000 in late
February 2021 to a high of 211 per 100,000 in mid-
December of 2020.

Wastewater sample collection
Wastewater autosamplers were installed at each site to
collect time-weighted composite samples and pro-
grammed to sample every 10–15 min over a 7 h interval
(typically 6:30 am–4:00 pm). Sites were sampled each
day that children were present (i.e., Monday through
Friday excluding school holidays) using Hach auto-
samplers. Autosamplers were installed at manhole
covers or sewage cleanout sites which captured all
campus restrooms. The SASEA team worked with
school facilities management to ensure that all school
wastewater flow was captured at the selected installation
point, typically just before the school sewer system
joined the main city sewer line. A trained technician
collected samples at the end of each school day (2:00
pm–3:30 pm) and transported them to a laboratory at
3
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the University of California, San Diego campus. To
support the high volume and rapid turnaround neces-
sary for this project, a streamlined, high-throughput
wastewater processing pipeline was implemented.20,21

The sensitivity of the wastewater processing and
detection pipeline was previously validated for building-
level resolution as a part of a large study on the UCSD
campus where wastewater surveillance was conducted
in tandem with clinical surveillance (15, 34).14 Briefly,
SARS-CoV-2 viral RNA was concentrated from 10 mL of
raw sewage using an automated, high-throughput
approach employing affinity capture magnetic hydrogel
particles (Ceres Nanosciences Inc., USA). Samples were
concentrated in 450 μL of lysis buffer and extracted
using the MagMax Microbiome Ultra kit (Thermo
Fisher Scientific, USA) on the Kingfisher platform.
Final elution volume for the extracted nucleic acid was
50 μL.
RT-qPCR reactions were run using Promega SARS-
CoV-2 RT-qPCR Kit for wastewater (Cat.no. CS317402,
Promega, USA). Primer/probe sets targeting the N1,
N2, E gene; primers detecting Pepper Mild Mottle Virus
(PMMoV) as an internal process control; and an internal
amplification control, IAC (for inhibition assessment)
were used. A synthetic RNA encoding the E and N genes
of SARS-CoV-2 was used as the positive control. A lad-
der of 6-fold dilutions was run with every RT-qPCR run
(Promega Cat. #CS317402). The no-template control
(NTC) was nuclease-free water. Additionally, to detect
inhibition in samples, the positive control RNA ladder
was run with every RT-qPCR run (5 1:10 serial dilutions
of a positive control). We did not find any significant
differences for dilutions in nuclease free-water (verified
to be SARS-CoV-2 negative) spiked in with the same
dilutions. Cq values for the no dilution to 1:100,000
dilution were not significantly different, suggesting no
www.thelancet.com Vol 19 March, 2023
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PCR inhibition in the RNA extracts. Two-tailed t tests at
95% confidence interval were used to determine if the
average Cq values were statistically significant from the
spiked-in water control. SARS-CoV-2 RNA were quan-
tified as genome equivalents per liter (GE/L) by deriving
the linear regression between the log10 (GE) and Cq
value of a standard curve comprising an eightfold serial
dilution of heat-inactivated SARS-CoV-2 viral particles
and normalizing for RT-qPCR input material and sam-
ple volume. Four technical replicates were performed
per dilution. Limits of detection (LODs) at 95% confi-
dence were defined as gene equivalents where amplifi-
cation in all replicates was observed.20

Surface sample collection
Surface samples were collected daily from all class-
rooms with stable cohorts (i.e., classrooms used for brief
one-on-one services for students were excluded). Class-
room teachers and/or custodial staff swabbed a one-foot
square area in the center of each classroom floor at the
end of each day prior to classroom cleaning. Additional
details about surface sampling methodology and tech-
nical performance are available elsewhere.22 The prin-
cipal and COVID-19 liaison were notified of wastewater
or surface sample results by email (typical turnaround
timebetween 26 and 36 h). All sites were given template
language to notify staff and parents of positive results,
although sites chose to implement these notifications in
a variety of ways. Sites were also given educational
materials on contact tracing, diagnostic testing access,
and supportive services available for individuals who
tested positive.

Cost estimation
We estimated the one-time start-up costs and weekly
recurrent costs of the wastewater and surface sampling
program per school from a payer perspective using a
micro-costing approach. Start-up costs included:
training, personnel time for installation of the waste-
water sampler and development of training materials,
the wastewater sampler, and additional equipment
associated with installation of the wastewater sampler
(e.g., fencing materials). Equipment costs were identi-
fied from program receipts. Personnel time associated
with training, training material development, and
sampler installation came from study records.

Recurrent costs included personnel costs for sample
collection and transport, mileage, and laboratory pro-
cessing fees. Unit costs of supplies, such as gloves,
KN95 face makes, gowns, disinfectant, and biohazard
bags were identified from program receipts. The labo-
ratory provided a per sample flat fee for the wastewater
($48) and surface sampling ($34) test processing, with 1
wastewater sample and 10 surface samples collected per
school per day. Mileage for specimen transport was
based on a reimbursement rate of $0.54/mile and the
average miles between schools and the laboratory.
www.thelancet.com Vol 19 March, 2023
Personnel included a project manager, engineer, tech-
nical specialist, and field technician. Time and motion
observations were conducted to identify personnel time
involved in sample collection, transport to the labora-
tory, and results notification. The project manager’s
time was distributed across the 12 schools. We valued
economic costs such as the opportunity costs associated
with school staff training and surface sample collection.
We excluded any costs associated with research.

Reference standard
We validated the wastewater and surface samples
against weekly diagnostic testing for all consenting
students and staff on campus. All individuals who
enrolled in weekly diagnostic testing provided written
informed consent (staff) or parental consent and
participant assent (students). Typical turnaround time
from sample collection to results notification was 24 h
or less, and so for individuals who tested positive, the
date of testing was also typically the last day on campus.

Diagnostic anterior nasal swab samples were
collected once a week from all consented students and
staff by trained healthcare personnel (certified nursing
assistants, phlebotomists, or emergency medical tech-
nicians). Samples were processed at the University of
California, San Diego EXCITE CLIA laboratory and
tested for the presence of the SARS-CoV-2 virus with an
RT-qPCR assay based on a miniaturized version of the
ThermoFisher COVID-19 detection kit (PN: A47814,
ThermoFisher, Carlsbad, CA) under an FDA EUA.

The County of San Diego, Health and Human Ser-
vices Agency (SDHHSA) agency shared de-identified
data for all cases that had been present at any of our
pilot sites. We worked with school principals and
COVID-19 liaisons to match each case to a classroom.
School administrators provided additional information
about cases that were reported to them, including the
last known date the individual was on campus.

Statistical validation of environmental samples
against reference standard
We assessed concordance between environmental
samples and diagnostic testing by determining how
often a positive diagnostic test preceded or coincided
with a positive environmental sample (retrospective
analysis) and conversely, how often a positive environ-
mental sample coincided or was followed by a positive
diagnostic test (prospective analysis). Under the retro-
spective analysis, the unit of analysis was positive diag-
nostic tests, and the retrospective outcome was the
proportion of diagnostics tests preceded/coincided,
within 7 days, by a positive wastewater or positive sur-
face sample. A 7-day window was utilized for these an-
alyses based on the frequency of onsite surveillance
testing being offered by the study team. Under the
prospective analysis, the unit of analysis was positive
wastewater samples and positive surface samples, and
5
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the prospective outcome was the proportion of envi-
ronmental samples coincided/followed, within 7 days,
by a positive diagnostic test. We computed 95% confi-
dence intervals for the retrospective and prospective
outcomes by randomly sampling 10,000 times from
independent normal distributions for the two pro-
portions. Analysis was limited to sites that participated
in the SASEA program throughout the validation phase
and whose diagnostic test could be linked back to a
classroom (for assessing concordance between diag-
nostic test and surface samples). All analyses were
conducted in STATA version 16 (StataCorp, College
Station, TX).

Viral sequencing
Next generation sequencing libraries from the SARS-
CoV-2 positive diagnostic (anterior nares) samples
were prepared using a miniaturized version of the Swift
Normalase® Amplicon Panel kit (PN: SN-5×296 (core)
COVG1V2-96 (amplicon primers), Integrated DNA
Technologies, Coralville, IA) and sequenced on the
NovaSeq 6000 platform (Illumina, San Diego, CA). De-
tails on the library generation protocol are provided
elsewhere by Karthikeyan et al.23

Surface and wastewater data were analyzed with
the COVID-19 VIral Epidemiology Workflow (C-
VIEW). C-VIEW, available at https://github.com/ucsd-
ccbb/C-VIEW, is an open-source, end-to-end workflow
for viral epidemiology that is currently focused on
SARS-CoV-2 lineage assignment and phylogenetics.
Starting from raw sequencing data (.fastq) files, it
performs alignment, variant identification, consensus
sequence calling, lineage assignment, phylogenetic
tree building, and calculation of extensive quality
control metrics.

Positive and negative controls were included for all
stages of sample processing including sequencing. In
case any of the controls failed or indicated cross-
contamination, the entire batch was rerun. Clinical
and wastewater samples were processed separately
during sequencing due to significant differences in viral
load between the two sample types. 95.3% of the se-
quences passed QC threshold of at least 70% SARS-
CoV-2 genome coverage with no evidence of cross-
contamination as well as positive and negative controls
passing QC for the run.

Libraries were pooled with equal volume and
sequenced with Single Read 26 basepairs (SR26) on an
Illumina MiSeq using a MiSeq Reagent Nano Kit V2
(Illumina, San Diego, CA) to determine volumes for
balanced loading.

Ethical considerations
All study procedures were reviewed and approved by the
University of California, San Diego Institutional Review
Board (IRB). The IRB determined that wastewater and
surface samples were not human subjects data. Weekly
diagnostic testing of students and staff was determined
to be minimal risk (i.e., not more than the typical risk of
similar weekly diagnostic testing being offered in a va-
riety of school settings at the time), and the whole pro-
tocol underwent full IRB review (protocol 201664).
Linkage of the environmental samples to the human
sample information was also covered by protocol
201664. All participants provided informed consent (if
18 or above) or assent plus parental consent (if under
the age of 18) to engage in diagnostic testing. The study
team only retained de-identified diagnostic outcome
data (sample result, classroom) for the purposes of an-
alyses. The types of ethical considerations we included
for the human specimens (clinical nasal swabs, not fecal
specimens), included possible discomfort to the subject,
possible incidental findings about the subject’s micro-
biome or infection status if the specimens were used for
assays beyond SARS-CoV-2, embarrassment during the
swabbing procedure or when being asked specific
questions on the questionnaire, and the need for secure
storage of the forms and data to prevent accidental data
disclosure.

Role of the funding source
This project was supported by funding from the Na-
tional Institutes of Health (NIH), the National Science
Foundation (NSF), the Centers for Disease Control
(CDC), CRISP, one of six centers in JUMP, an SRC
program sponsored by DARPA, and the San Diego
County Health and Human Services Agency
(SDHHSA). The NIH, NSF, CDC, and DARPA played
no role in study design, data collection, analysis, or
interpretation. ST is a manuscript co-author and
employee of SDHHSA. Because SASEA was imple-
mented as a programmatic service of SDHHSA, study
team leadership (RFM, LK, RSG) met regularly with
SDHHSA personnel to ensure implementation was
consistent with state and county public health guide-
lines. This manuscript was not subject to SDHHSA
clearance processes and all final analytic, interpretation,
and submission decisions rested with the project PI and
first author (RFM).
Results
Consent to participate in weekly diagnostic testing rose
steadily throughout the 12-week study period. By week
12, 1294 (75.4%) of the 1717 individuals consistently
present at the sites had consented to onsite diagnostic
testing, of which 1275 (98.5%) were tested at least once.
Approximately 25% of people on campus on a given day
were staff and 75% were students. Staff had an overall
consent rate of 99.3% by the end of the study period,
compared to 60% consent for students. Median student
age was 8.5 years (range: 0–17.5 years). Median staff age
was 42.5 (range: 18–78). Among students, 37.6% were
female, 39.8% were male, and 22.6% of parents declined
www.thelancet.com Vol 19 March, 2023
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to provide information related to gender. Among staff,
67.3% of consented individuals were female, 14.2%
were male, and 18.6% declined to state. Approximately
23% of students and 34% of staff identified as white and
non-Hispanic, 63% of students and 54% of staff iden-
tified as Hispanic, and 6% of students and 3% of staff
identified as Black or African American.

There were 447 data collection days across the nine
sites (i.e., approximately 50 school days per site over the
12-week study period). In this period, SARS-CoV-2 was
detected in 374 surface samples and 133 wastewater
samples. Eighty-nine individuals tested positive; 42 via
onsite testing and 47 through outside testing. We do not
have data on the number of outside tests among stu-
dents or staff that received negative results.

Of the 89 identified on-campus cases, 83 (93%) were
preceded by a positive wastewater or same-room surface
sample in the 7-day window preceding the individual’s
last day on campus (95% CI: 88%–98%). The majority of
these, 60 (67%), were associated with a positive waste-
water sample (95% CI: 57%–77%). Of the 72 identified
cases among individuals associated with a single class-
room, 29 (40%) corresponded with a positive surface
sample in the associated room in the 7-day window
preceding the individual’s last day on campus (95% CI:
29%–52%).

Positive surface or wastewater signals occurred on
240 (60%) of study days, during which 76 (28%) days
had a positive wastewater and surface signal on the
same day. Just under half (47%, n = 127) of days with
positive signals were associated with a diagnosed case in
the 7-day window following the signal (95% CI: 41%–

52%). Seventy (53%) of positive wastewater signals were
followed by an identified case within 7 days (95% CI:
44%–61%), while 40 (11%) of positive surface samples
were followed by a detected case within 7 days (95% CI:
8%–14%).

By week 9, we had obtained consent for 70% of
eligible students and staff across all sites. In weeks 9–12,
there were 157 positive surface samples, 67 positive
wastewater samples, and 19 identified cases, 15 of which
were associated with a classroom (the remaining 4 cases
were among non-classroom staff members). Nine of the
cases (60%) linked to a classroom were associated with a
positive surface sample (95% CI: 36%–85%) and 18
identified cases (95%) were associated with a positive
wastewater sample (95% CI: 85%–100%). In the same
time period, positive wastewater or surface samples
occurred on 130 days and 44 (34%) of these were
associated with an identified case (95% CI: 26%–42%).
All 19 cases (100%) identified in this were associated
with either a surface sample, wastewater sample, or both
(Fig. 2).

Testing uptake within SASEA partner schools was
higher than in nearby districts. In February of 2021,
approximately 13% of onsite students and staff in a large
local district accessed onsite COVID-19 tests,24
www.thelancet.com Vol 19 March, 2023
compared to 78% of students and staff across all
SASEA partner sites in the same time period. Five
schools achieved consent rates over 90%, and at 3 sites
100% of all on-campus staff and students had consented
to weekly testing by the end of the validation period
(Fig. 3).

Cost estimation for wastewater and surface
sampling collection
Table 1 provides the results of the costing exercise. The
combined SASEA program costs were slightly lower
than the sum of the estimated individual program costs
due to efficiencies in project management and sample
transport arising from running the combined program.
All results are provided in 2020 USD. The one-time
start-up cost was $4228 per school ($3789 for waste-
water start-up, $439 for the surface sample start-up).
The cost of the wastewater sampler ($3200) comprised
the bulk of the start-up costs. The recurrent costs were
$2745 per week per school, of which the majority (71%)
was the sample processing cost. We estimated weekly
recurrent costs of $892/week for a wastewater sampling
only program, and $2136 for surface sampling only
program, with small efficiencies observed by running
both programs together. Assuming 180 school days (36
weeks) and 300 students, the total cost works out to just
under $350 per student per year. Limiting the system to
wastewater surveillance alone would cost approximately
$120 per student per year in a school with 300 students.

Sequencing
Sixty-four of 133 positive wastewater samples yielded
near-complete SARS-CoV-2 viral genomes (average
genome coverage of 93.2%). Ninety-five percent of the
sequenced samples passed QC- at least 70% of SARS-
CoV-2 genome coverage with no evidence of cross-
contamination as well as positive and negative controls
passing QC for the run.24 Sequencing of the environ-
mental samples enabled recovery of near complete
SARS-CoV-2 genomes (>99% genome coverage) from
wastewater samples with cycle threshold values as high
as 37.6 using a miniaturized tiled amplicon sequencing
approach.23 All positive surface samples submitted for
tiled amplicon sequencing (n = 10) generated near-
complete viral genomes (genome coverage > 98%).

One SARS-CoV-2 genome sequenced from a car-
peted floor surface was associated with a genome from a
SASEA clinical testing sample via clustering in a
phylogenetic tree (Fig. 4A). The individual whose diag-
nostic sample was sequenced was confirmed to have
been present in the classroom with a positive surface
sample.

Among the sequenced samples, we identified the
Alpha variant (B.1.1.7) in 14.2% of the wastewater
samples and 8.6% of SASEA diagnostic tests (nasal
swabs) and the Epsilon variant (B.1.427/B.1.429) in
22.2% of wastewater samples, 25.0% of SASEA clinical
7
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Fig. 2: Wastewater and surface sampling and 95% confidence interval across full 12-week pilot period, and with consent at 70% or above (weeks
9–12).
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tests, and 10.0% of surface samples (Fig. 4B). When
sequencing data was available for both environmental
monitoring modalities with matched spatial–temporal
characteristics (same school, 5-day time window), we
were able to match strain identifications between sur-
face and wastewater positive samples. The Alpha
variant was detected in a November 30th wastewater
sample, 30 days before it was first identified in the
region. Following the pilot phase, the Delta variant
(B.1.617.2) was identified at a school site on April 16th,
5 days after it was first identified in the county via
diagnostic testing.
Discussion
Our findings suggest that environmental surveillance
via wastewater and surface sampling can be an effective
passive screening tool to complement and potentially
enhance individual testing approaches. We found high
concordance between diagnosed cases and positive
www.thelancet.com Vol 19 March, 2023
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Fig. 3: Individual diagnostic testing consent over time by site (gray) and total across all nine sites (red) throughout 12-week pilot phase.

Articles
environmental samples, with lower concordance be-
tween positive environmental samples and diagnosed
cases. Diagnostic testing consent is crucial for system
effectiveness; however, it is important to acknowledge
that parents and staff may not consent to onsite diag-
nostic testing for a wide array of reasons. Positive
environmental signals should prompt the increased use
of risk mitigation measures (i.e., masking/double-
masking, social distancing, ventilation) while waiting
www.thelancet.com Vol 19 March, 2023
for responsive testing implementation and results, and/
or in the absence of identifying a case.

Our findings should be interpreted with its limita-
tions in mind. Our observation that SASEA sites had
higher participation in weekly diagnostic testing than
comparable nearby schools was consistent with other
settings where environmental monitoring notifications
have been shown to increase diagnostic testing uptake.14

However, more research is needed to understand how
9
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Wastewater collection
only

Surface sample
collection only

Combined wastewater
and surface sample

Cost (USD) % Cost (USD) % Cost (USD) %

START-UP (one time cost)

Training & training material development $186.00 5% $408.86 93% $594.86 14%

Wastewater sampler installation $299.63 8% $0 0% $299.63 7%

Wastewater sampler $3200.00 84% $0 0% $3200.00 76%

Additional equipment $103.47 3% $29.99 7% $133.46 3%

Total Capital & Start-up Costs $3789.11 100% $438.85 100% $4227.96 100%

RECURRENT (weekly cost)

Wastewater and surface sample test processing $240.00 27% $1700.00 80% $1940.00 71%

Supplies $29.51 3% $10.70 1% $40.21 1%

Personnel $555.00 62% $358.23 17% $696.94a 25%

Mileage $67.50 8% $67.50 3% $67.50a 2%

Total Recurrent Costs (per week) $892.01 100% $2136.43 100% $2744.65a 100%

Bold values are indicate that they are the total of the preceding rows. aTotal costs are less than the wastewater only and surface sampling only costs due to efficiencies in
project management and sample transport mileage.

Table 1: Cost of SASEA intervention (2020 USD $).
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other aspects of our study design, including the
requirement to consent to testing as part of an ongoing
research process, recruitment strategies and school
administrator involvement, influenced school-wide
testing rates. SDHHSA provided data on cases affili-
ated with SASEA partner sites, but our denominator
only includes known campus-associated cases.

We lack data on cases that may have contributed to
surface or wastewater samples during our 12-week
validation phase but did not test through SASEA or an
agency that reports to SDHHSA. San Diego has close
social and economic links with Tijuana, Mexico and four
of our partner schools were within 10 miles of the San
Ysidro Port of Entry. SDHHSA authorities are notified
of all cases in other counties or countries (i.e., Mexico)
that provide a residential address in San Diego County.
However, it is possible that some individuals may have
tested elsewhere without providing a residential address
in the county. It is also possible that individuals may
have tested positive using an at-home test kit and
declined to notify SDHHSA of positive results. We also
do not have data on individuals who tested and received
negative results through outside providers or at home
test kits during our 12-week pilot phase. For these rea-
sons, we are unable to calculate the true sensitivity and
specificity of the environmental monitoring system.
However, to our knowledge, our study is the only sys-
tematic investigation of the accuracy of environmental
monitoring to detect and rapidly respond to cases in
school sites.

Additionally, although we present evidence for the
utility of the SASEA system and the cost of the inter-
vention, we note that the costs presented are based on
the availability of a laboratory which could perform
high-volume, rapid turnaround processing of SARS-
CoV-2 wastewater and surface samples at the scale
implemented. Further scale-up could require additional
laboratory equipment and personnel not considered in
this analysis. Additionally, sample processing costs will
likely vary across laboratories, and some schools may
reside in areas of the country without access to labora-
tories able to provide the rapid turnaround as in our
study, raising important questions of equity.

The US Centers for Disease Control (CDC) has
supported the rapid scale-up of wastewater surveillance
for SARS-CoV-2 through the National Wastewater Sur-
veillance System (NWSS). The NWSS focuses on rela-
tively large regions served by wastewater treatment
plants.25 School-based environmental surveillance can
augment these large regional efforts in three ways: First,
through genomic surveillance with a higher level of
spatial resolution, allowing for more rapid detection and
targeted response to emergent VoCs. Second, by
providing neighborhood level data, allowing public
health officials to deploy finite resources more precisely.
And third, to encourage school community members to
access individual level testing when environmental
surveillance data suggests it is most necessary.

As rapid antigen testing (RATs) becomes more
commonplace among individuals, environmental
monitoring has become an increasingly important tool
for genomic surveillance and rapid identification of new
VoCs. Moreover, while wastewater detection of SARS-
CoV-2 viral RNA via PCR-based approaches is valuable
in tracking the viral prevalence at a municipal level, viral
genome sequencing of positive wastewater samples can
help elucidate strain geospatial distributions, thereby
aiding in identification of outbreak clusters and more
targeted tracking of prevailing or newly emerging vari-
ants. The methods used in this study to detect SARS-
CoV-2 viral RNA allowed us to sequence viral ge-
nomes directly from the wastewater to characterize the
www.thelancet.com Vol 19 March, 2023
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Fig. 4: SARS-CoV-2 genomic surveillance. A. SARS-CoV-2 variant prevalence in the wastewater sequences: The relative proportions of each
variant were calculated using Freyja v.1.3.1123 ‘Other’ contains all lineages not designated as VoC/Variants of Interest (VoI). B. Genomic
sequencing of clinical and environmental samples: Maximum likelihood (ML) phylogenetic tree for the clinical and environmental (wastewater
and surface) samples which had an average SARS-CoV-2 virus genome coverage of 95% or above constructed using IQtree.
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circulating viral variants/lineages. This technique may
have applications in areas where sequencing capacity
and/or individual diagnostic testing uptake is limited.
Similarly, SARS-CoV-2 genomes sequenced from
wastewater can be associated to nasal samples via clus-
tering, while consecutive observations of specific ge-
nomes in wastewater suggest persistent viral shedding.

In the United States, neighborhood public schools
serve specific geographic regions. As a result, environ-
mental monitoring has the additional benefit of acting
as an early warning system for the local community
from which students are drawn. Utilizing public schools
as community sentinel surveillance sites for SARS-CoV-
2 can support community-tailored interventions such as
ensuring materials are translated into languages spoken
in the community, working with field staff to ensure
culturally competent outreach, and providing
community-specific testing and vaccine clinics. School-
based wastewater epidemiological surveillance provides
more spatial granularity than municipal wastewater
treatment, while allowing school communities to pro-
vide specific, timely, and tailored risk mitigation advice
to parents, students, and staff.

While we pilot-tested SASEA in relatively small
elementary schools during a time of limited in-person
attendance, the system has even greater potential to be
cost-effective in larger school settings such as middle
and high schools. Because students frequently change
classrooms in middle and high schools surface sam-
pling would be of limited utility. The average high
school in the United States has approximately 850 stu-
dents. At just under $36,000 per year, a year of passive
wastewater surveillance in this setting would be less
than $50 per student per year, equivalent to less than
half of one diagnostic PCR test,26 with nearly equivalent
accuracy and entire school coverage.

The SASEA system was designed for communities
that face social and structural barriers to diagnostic
testing and vaccine access. These barriers are likely to
become more pronounced with the impending end of
the federal COVID-19 emergency declaration in the
United States, which will severely reduce access to RATs
and diagnostic testing.27 Wastewater and surface sample
monitoring are anonymous, aggregate, and can provide
sentinel surveillance for early detection of outbreaks and
VoCs. Even in the absence of a diagnosed case, positive
environmental samples serve as a behavioral cue to in-
crease or re-implement risk mitigation measures in a
classroom or entire school.
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