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Institution-level wastewater-based surveillance was im-
plemented during the COVID-19 pandemic, including in
carceral facilities. We examined the relationship between
COVID-19 diagnostic test results of residents in a jail in At-
lanta, Georgia, USA (average population~2,700), and quan-
titative reverse transcription PCR signal for SARS-CoV-2
in weekly wastewater samples collected during October
2021-May 2022. Thejail offered residents rapid antigen test-
ing at entry and periodic mass screenings by reverse tran-
scription PCR of self-collected nasal swab specimens. We
aggregated individual test data, calculated the Spearman
correlation coefficient, and performed logistic regression to
examine the relationship between strength of SARS-CoV-2
PCR signal (cycle threshold value) in wastewater and per-
centage of jail population that tested positive for COVID-19.
Of 13,745 nasal specimens collected, 3.9% were
COVID-positive (range 0%—29.5% per week). We ob-
served a strong inverse correlation between diagnostic
test positivity and cycle threshold value (r = -0.67; p<0.01).
Wastewater-based surveillance represents an effective
strategy for jailwide surveillance of COVID-19.

ails, which are short-term carceral institutions, ex-

perienced numerous factors during the COVID-19
pandemic that can lead to SARS-CoV-2 transmission,
including crowding, mask shortages, and difficulty
implementing sufficient quarantine and isolation
practices (1,2). In 2020, 7% of US jails were operat-
ing over capacity, despite total admissions decreas-
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ing from 10.3 million in 2019 to 8.7 million in 2020
(16%) (3). Although the Centers for Disease Control
and Prevention published guidelines for COVID-19
management in carceral settings (4), COVID-19 inci-
dence exceeded that of surrounding communities up
to 5-fold (5-7). In addition, there are logistical chal-
lenges to regularly screening jail residents for asymp-
tomatic disease, especially in large jails that house
thousands of persons (5,8-12).

Wastewater-based surveillance (WBS) might de-
tect SARS-CoV-2 before onset of clinical symptoms
and could serve as a sensitive, noninvasive early warn-
ing tool both regionally and at an institutional level
(13-19). WBS might also limit biases that arise from
residents avoiding testing or medical care. If imple-
mented in jails, WBS could potentially save time, re-
sources, and lives. This study examined WBS for moni-
toring SARS-CoV-2 infection in a large jail in Atlanta,
Georgia, USA.

Methods

Setting and Population

The Emory University Institutional Review Board
determined that this study constituted non-human
subject research. The study was set in the Fulton
County (Georgia) Jail, which has a 2,600-person ca-
pacity (20). The mean + SD population during our
study period, October 20, 2021-May 4, 2022, was
2,700 + 133 persons. The main complex has north
and south towers, each with 7 floors, and 6 housing
units per floor. People entering move into housing
units within 24 hours, predominantly to 1 desig-
nated floor of the south tower. Housing units typi-
cally hold 40 persons maximum, in 20 two-person
cells. When volume exceeds capacity, residents sleep
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Figure 1. Moore swab: 4-in by 4-in cotton gauze squares tied
together with nylon fishing line (27).

on mattresses on the floor. The population of this
study was jail residents, who on average outnumber
correctional officers 15-fold.

Wastewater Monitoring

A sampling team from Emory University in Atlanta
collected weekly wastewater samples from the jail
throughout the project period. Moore swabs (Figure
1) were suspended overnight in manhole sites around
the jail property (Figure 2) (21,22). Eluted wastewater
from the swabs was tested by using quantitative real-
time reverse transcription PCR (qRT-PCR) at the Cen-
ter for Global Safe Water, Sanitation, and Hygiene
Laboratory at Emory University, as described (21,23).
The amount of SARS-CoV-2 viral RNA present in a
sample was measured by qRT-PCR cycle threshold
(Ct) value, which is inversely related to the concentra-
tion of SARS-CoV-2 in the Moore swab eluate. Posi-
tive samples were defined as those with qRT-PCR
results in both duplicate wells <40 Ct and within 2 Ct
of each other. For this analysis, wastewater data origi-
nated from a single, downstream collection point, site
3 (Figure 2), which contained a mixture of wastewater
from the south and north towers (Appendix, https://
wwwnc.cde.gov/EID/article/29/13/23-0775-Appl.
pdf). We used those data as proxy for wastewater
concentration of SARS-CoV-2 for the entire jail. Sam-
ples were not collected during 3 holiday weeks in No-
vember-December 2021.

COVID-19 Individual Diagnostic Testing

Healthcare staff routinely offered residents opt-out,
rapid antigen testing at intake, as part of the jail’s
entry protocol (BinaxNOW, Abbott Laboratories,
https:/ /www.abbott.com, through January 31, 2022;
QuickVue; Quidel Corporation, https://www.quidel.
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com, starting February 1, 2022). After intake, antigen
testing was available if residents exhibited COVID-19
symptoms, or upon request.

An Emory University team offered opt-out mass
screening to a subset of jail residents on a weekly ba-
sis. Residents opting in provided self-collected nasal
specimens, which were tested by RT-PCR. Insuffi-
cient staffing precluded offering mass screening to
the entire resident population at any single timepoint.
Each week, areas of the jail screened by RT-PCR were
either randomly selected or targeted on the basis of
known ongoing outbreaks.

Site 4

Site 2

o
- Site 1

Figure 2. Outline of the Fulton County Jail, Atlanta, Georgia,
USA, showing wastewater-based surveillance collection sites.
Site 3 was used for final analysis as a proxy for wastewater-based
surveillance results of the entire jail.
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Data Analysis

We stored, managed, and analyzed all data in Ex-
cel software (Microsoft, https://www.microsoft.
com) and R software (The R Foundation for Statis-
tical Computing, https://www.r-project.org). We
aggregated the PCR data with results of intake anti-
gen testing to calculate the percentage of diagnostic
tests with positive results at each timepoint. First,
we analyzed diagnostic test results and wastewa-
ter RT-PCR results separately to examine temporal
trends. We then compared those trends through
time-matched results from the COVID-19 diagnostic
tests and WBS. We calculated the Spearman corre-
lation coefficient (r) for the relationship between Ct
values of wastewater samples and percentage of the
COVID-19 diagnostic tests that had positive results.
Last, we performed a logistic regression analysis of
the presence or absence of SARS-CoV-2 in wastewa-
ter samples and the percentage of positive COVID-19
diagnostic tests matched by week. We assigned a Ct
value of 40 when the RT-PCR result for a wastewater
sample was negative.

Results

The jail population during the study period ranged
from 2,497 to 2,904 residents. Most (98.4%) per-
sons in the jail during this period were male; 88.8%
were Black.
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Wastewater Monitoring
A total of 79 wastewater samples were collected from
4 manhole sites (Figure 2). Spearman correlation coeffi-
cients showed strong correlations between Ct values of
wastewater samples collected from different sites on the
same day (Appendix Table 2, Figure 2), confirming that
results from 1 site (site 3) sufficed as a jailwide proxy.
SARS-CoV-2 was detected in 20 (80%) of 25
Moore swab samples of wastewater from site 3 dur-
ing the study period. Of the 20 positive samples in the
study period, the mean Ct value was 33.94 (SD 3.74).
There was considerable temporal variability in
the wastewater Ct values during the study period
(Figure 3). The wastewater Ct value decreased sharp-
ly between the samples collections during the week
of December 15, 2021, and during the week of Janu-
ary 5, 2022. This decrease was followed by the lowest
Ct value during the study period (28.1 on January 5,
2022, which was during the Omicron virus surge in
Atlanta). The wastewater Ct values were in that range
for 5 consecutive weeks of the surge (Figure 3). No
SARS-CoV-2 RNA was detected in wastewater sam-
ples from 1 sampling date in November 2021 or from
4 sampling dates in March-April 2022.

COVID-19 Diagnostic Testing

A total of 17 mass diagnostic PCR testing events re-
sulted in 3,770 total self-collected swab specimens
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tested by RT-PCR. A total of 9,975 rapid COVID-19
diagnostic tests were conducted at intake over 28
weeks (Table 1).

The median number of diagnostic tests conduct-
ed each week was 443 (Table 2). Most were rapid an-
tigen tests (median = 363) rather than PCR diagnostic
tests (median = 186). The weekly percentage posi-
tivity for PCR tests and for rapid antigen tests were
highly correlated (r = 0.91) (Table 3). We aggregated
the PCR test and rapid antigen test results to calculate
the weekly diagnostic test positivity rate during Octo-
ber 20, 2021-May 4, 2022. The combined test positiv-
ity averaged 3.9% (SD 6.6%) over the study period.
We compiled the number of weekly COVID-19 diag-
nostic tests administered and the percent positivity
over the study period (Figures 3, 4). The percentage
positivity fluctuated but increased as the study pro-
gressed (Figure 3).

PCR tests consistently had a higher percent posi-
tivity than the routine rapid antigen tests. During the
midwinter surge, there was a much higher proportion
of positive PCR tests (e.g., week of December 28, 2021,
63.5%) compared with positive rapid antigen test re-
sults (24.4%). Nonetheless, the positivity rates for
the PCR test and rapid antigen test were correlated

Table 1. Demographic characteristics of residents in the Fulton
County Jail Main Complex, Atlanta, Georgia, USA, October 20,
2021-May 4, 2022*

Characteristic % Jail population
Reported sexual assignment
M 98.4
F 1.6
Race/ethnicity
Black, non-Hispanic 88.8
White, non-Hispanic 10.3
Hispanic <1
Other <1
Charges
Misdemeanor only 6.8
Felony 93.2

*Source: Fulton County Jail.
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during weeks when both tests were administered
(r=0.65; p = 0.004).

Wastewater and Diagnostic Comparison

When the percent positivity for diagnostic tests was
low for several weeks (e.g., March 9, 2022-April
13, 2022), the Ct values for the wastewater samples
were high (38.1-40) or negative, indicating little or
no detection of SARS-CoV-2 RNA in the wastewater
samples. Low Ct values were measured in the waste-
water samples during the weeks when the COVID-19
diagnostic test percent positivity was high (e.g., early
January 2022). Overall, the total COVID-19 diagnostic
test percent positivity had a strong negative correla-
tion with the wastewater Ct values combined over
time (r = —0.67; p<0.01) (Table 3).

We used logistic regression to analyze the rela-
tionship between percent positivity in diagnostic
testing and WBS results as a dichotomous outcome
(presence/absence of SARS-CoV-2). Holding all other
predictors constant, we found that the odds of a posi-
tive WBS reading increased by 4.773 (95% CI 3.701-
5.845) for each percentage point increase in diagnostic
test percent positivity (Appendix Figure 3).

Discussion
Percent positivity of COVID-19 diagnostic testing
among jail residents correlated with SARS-CoV-2 de-
tection in the jail wastewater during the same time
periods, which provides evidence that WBS can serve
as an indicator of viral infection within the jail. The
study team’s inability to gather self-collected speci-
mens from all jail residents in a single week supports
the need for an aggregate indicator of population
infection. Overall, our data indicate that WBS was a
sensitive signal for COVID-19 cases in the jail popula-
tion and of surges in infection (6,10,24,25).

The experience in this jail indicates that WBS
can detect the beginning of an outbreak before
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Table 2. Summary of COVID-19 diagnostic testing results at the Fulton County Jail, Atlanta, Georgia, USA, October 2021-May 2022*

Minimum—maximum

COVID-19 diagnostics weekly Mean (SD) per week  Median per week per week Totals over entire study
No. diagnostic tests 491 (176) 443 267-961 13,745

No. rapid tests 356 (84) 363 186-554 9,975

No. PCR tests 222 (167) 186 20-591 3,770

% Jail population testedt 18.3 (7.1) 16 9.7-38.2 NA

Overall percentage positivityF 3.39 (6.56) 0.55 0-29.5 NA

*NA, not applicable.

tNumerator is the number of positive test results in a given week, denominator is the jail population for the week.
FNumerator is the number of positive test results in a given week, denominator is the total tests for the same week

clinical signs appear. The spike in COVID-19 cases
in the jail (January 5, 2022) occurred 8 days before
a community surge in Fulton County and aligned
with COVID-19 case surges in Atlanta and nation-
wide caused by the Omicron variant (24). There-
fore, jails might serve as an early warning signal for
community spikes for COVID-19 and other infec-
tious diseases detectable in wastewater. This study
also demonstrated the efficiency and feasibility of
conducting WBS for SARS-CoV-2 on a regular ba-
sis in a jail setting. Although the median number
of rapid (n = 363) and PCR (n = 186) tests differed
during the study period, the strong correlation
between the positivity rate of the 2 different tests
(r = 0.65; p<0.01) suggests relatively accurate re-
sults from both forms of diagnostic tests. Over the
fall of 2021, the portion of the jail population that
participated in the mass testing events (Figure 3)
trended upward because of efficiencies introduced
(Appendix).

As previous WBS studies on university cam-
puses have noted, collecting and processing a few
Moore swab samples in this study was faster and
much less expensive than individual diagnostic
testing of all jail residents (26). Because of this find-
ing, there are still several functioning WBS pro-
grams, with potential to expand to other infectious
diseases. A report on costs of WBS in this study is
pending. Future work will examine the use of WBS
to detect other pathogens present in the jail popu-
lation, and possibly sequencing COVID-19 strains
that are detected in the wastewater to contribute to
molecular surveillance.

Strengths of this study include sufficient numbers
of diagnostic tests and WBS samples to enable weekly
comparisons between the 2 testing methods, and close
collaboration with jail officials that provided the oppor-
tunity to conduct the study over a full 6-month period
that captured temporal trends, including the entirety
of the Omicron variant peak. Over the fall of 2021, the
portion of the jail population that participated in the
mass testing events for this study (Figure 3) trended
upward because of efficiencies introduced (Appendix).

The first limitation of this study is that jail size
precluded diagnostic testing of the entire jail pop-
ulation in any single week; percentage positivity
from the portion tested for COVID-19 was used as
a proxy. In addition, individual PCR tests were run
outside of mass testing events as needed for the
purposes of the jail’s infection control program, not
conducted simply for populationwide surveillance.
Nonetheless, testing was never confined to jail ar-
eas known to have high or low COVID-19 preva-
lence. Second, the qRT-PCR results (Ct values) for
the Moore swab samples are a semiquantitative
indicator of SARS-CoV-2 concentration in waste-
water because of the unknown volume of wastewa-
ter that passes through the swab (16). Third, a jail
is not a closed system; many residents enter and
leave daily. A resident who sheds fecal matter con-
taining SARS-CoV-2 might leave the jail before the
next round of individual COVID-19 screening and
would therefore only be represented in the waste-
water results. Fourth, only COVID-19 tests among
residents were included in our analyses. However,
because there are =15 times as many jail residents

Table 3. Spearman correlation coefficients (r) for percentage positivity of diagnostic tests and wastewater Ct values within and
between variable groupings, Fulton County Jail, Atlanta, Georgia, USA, October 20, 2021-May 4, 2022*

r (p value)
Diagnostic test PCR Rapid antigen Total
PCR Referent 0.91 (<0.01) 0.78 (<0.01)
Rapid antigen Referent 0.97 (<0.01)
Total Referent
Wastewater and diagnostic correlation{
Wastewater Ct values —-0.54 (0.048) -0.64 (<0.01) -0.67 (<0.01)

*Percentage positivity for each category was computed by dividing the number of positive test results in 1 week by the total number of tests administered
for the same week. Each datapoint is correlated with all other datapoints; none are grouped based on date or other variables. Ct, cycle threshold.

tBased on wastewater Ct values.
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than staff, fecal material from staff probably had a
negligible effect on the WBS results.

WBS was an efficient and accurate approach for
tracking trends in SARS-CoV-2 infection in this jail
population. Its most useful role might be as a senti-
nel surveillance tool when the signal switches from
negative to positive, indicating a need for diagnos-
tic testing in specific areas of the jail. Even under
ideal circumstances with adequate resources, ad-
ministering individual weekly COVID-19 diagnos-
tic tests to the entire Fulton County Jail was not a
feasible COVID-19 surveillance strategy. The WBS
results aligned well with the percentage positivity of
COVID-19 diagnostic tests among jail residents and
could serve as a sensitive and economical surveil-
lance tool for COVID-19 for this jail. In addition,
because residents of the jail come from a wide geo-
graphic range in a large county, our results suggest
that WBS at the jail could be useful for understand-
ing COVID-19 trends in the jail itself to guide pri-
mary prevention and response to mitigate transmis-
sion and that jails could serve as a valuable sentinel
site for monitoring trends in COVID-19 cases and
genetic variants in the wider community.
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Appendix
Comparison of Wastewater-Based Surveillance in Jails versus University Dormitories
Wastewater-based surveillance (WBS) has been studied in non-carceral institutions, such
as university residence halls, where the turnover rate of those who reside in the dorm is low, and
students normally live an entire semester in the same room but can have frequent visitors (/-6).
In contrast, the median length of stay for a Fulton County Jail resident has historically been 5
days, and the mean stay is 22 days (7). This contrast between residence times in university
dormitories versus a jail motivates a study specifically for the jail setting. There may be different

utility of WBS data in jails compared with other settings.

Dye Testing at Fulton County Jail to Trace Flow of Wastewater

For this study, we first assumed that the source of wastewater flowing under each
manhole corresponded to only the zone of the building in closest proximity to the collection
point. This assumption was tested by adding tracer dye (EcoClean Solutions, Copiague NY) into
toilets in various housing blocks of the jail. When the dye from one housing block was detected
in wastewater at multiple manholes, we concluded that the sewerage lines from multiple housing
units were connected and that a wastewater sample from one manhole collection point could
represent multiple housing blocks. Dye testing indicated that wastewater from both towers
accumulated in Site 3 (See Figure 2, main manuscript), and the results from this site were used as

a proxy for the wastewater concentration of SARS-CoV-2 for the entire jail.

COVID-19 Individual Diagnostic Testing: PCR Nasal Swab Collection
Concurrent with initiating WBS, a team from Emory University began a mass diagnostic

screening program in October 2021. We piloted self-collection of nasal specimens for PCR
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testing by the jail residents by using a SteriPack swab [SteriPack, Lakeland FL], following a
previously reported qualitative study of the acceptability of this novel specimen collection
strategy (8). On dates when mass collection of nasal swabs was performed, we hired off-duty
correctional officers to escort the Emory specimen collection teams to areas of the jail to
distribute and retrieve the nasal swabs. Bar codes, pre-printed on the tubes, were scanned into a
cloud-based registration portal system for the diagnostic testing laboratory (Northwell Health
Laboratory, Lake Success, NY) and minimized the time from specimen collection to registration
to less than a minute per swab. The direct scanning of barcodes into the portal also minimized
human error by eliminating typing specimen codes into the portal. We shipped swabs overnight
to the laboratory for RT-PCR analysis by an LGC, Biosearch Technologies SARS-CoV-2 ultra-
high-throughput End-Point RT-PCR Test (BT-SCV2-UHTP-EP) to detect positive nasal swabs
(Biosearch Technologies, Hoddesdon, UK).

During the fall of 2021, there was an upward trend in the portion of the jail population
that participated in the mass testing events (Figure 3). This occurred by establishing an efficient
screening method and improving our collection routine over time so that each swab could be
gathered and registered in under a minute. The jail’s housing configuration (cells rather than
open dormitories) slowed the collection process. Nonetheless, we demonstrated that our process

could achieve specimen collection from multiple housing units per hour.
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Appendix Table 1. Descriptions of variables used for analysis of test results, Fulton County Jail, October 5, 2021 — May 4, 2022.

Variable Description
PCR tests Those tests in which SARS-CoV-2 virus was detected.
Jail population The total resident population of the Fulton County Jail determined through the resident count on weeks

that the study team received rosters from jail personnel (point count of the jail). On the weeks that no
rosters were received, public records from the Georgia Department of Community Affairs (DCA) were
used to estimate the jail population (Georgia Department of Community Affairs, 2022).

Positivity rate The total number positive diagnostic tests (PCR plus rapid) in a week divided by the total number of tests
administered in the same week.
Percent of jail tested The total number of diagnostic tests (PCR plus rapid) administered in a week divided by the jail
population in the same week.
Ct Value RT-gPCR cycle threshold value measured in wastewater samples at the Emory laboratory by using

primers and probes for the N1 gene of SARS-CoV-2
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Appendix Table 2. Spearman correlation coefficients of all Ct value wastewater results between 4 manhole sites. All values were
statistically significant (a <0.05), October 2021-May 2022.

Site Manhole 1 Manhole 2 Manhole 3 Manhole 5
Manhole 1 1
Manhole 2 0.7437932 1
Manhole 3 0.8324621 0.8945793 1
Manhole 5 0.7075317 0.6935212 0.8041958 1
Percent Positivity of Diagnostic Tests, by Week, October 2021-May 2022, Fulton
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Appendix Figure 1. Percent positivity of both PCR and rapid diagnostic tests between October 2021—

May 2022 at the Fulton County (Georgia) Jail.
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Average Ct by Fulton County Jail Manhole location from October 20, 2021 to May 5, 2022
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Appendix Figure 2. Average Ct value of the four manholes for wastewater collection between October
2021-May 2022 at the Fulton County (Georgia) Jail. Final analysis used only site 3, due to high

correlation between results from site 1, 2, and 4 with site 3.
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Appendix Figure 3. Logistic regression of diagnostic test percent positivity and wastewater as a
dichotomous outcome (positive or negative), Fulton County (Georgia) Jail, October 2021-May 2022.
Where p is the probability of detecting SARS-CoV-2 in the wastewater sample from site 3 and X is the
percent of positive COVID-19 diagnostic tests, the estimates of B0 and 31 were 0.484 and 4.773,

respectively.
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A Wastewater Results at Correctional Facilities
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Appendix Figure 4. SARS-CoV-2 detected in wastewater at the Fulton County (Georgia) Jail, in
diagnostic tests at the correctional facility, and in Fulton County from October 2021-May 2022. A)
Dichotomous outcome of wastewater monitoring from four selected sampling point in the correctional
facility, with blue tiles indicating a negative sample, red tiles indicating a positive sample, and any text
representing average Rt-PCR Ct values. B) Percentage of positive wastewater samples from all sampling
points in the correctional facility. Areas with a dot indicate that samples were collected that week. C)
COVID-19 diagnostic test positivity rates. Areas with a dot indicate that samples were collected that week.
D) Total reported cases in Fulton County, Georgia, with the line representing the 7-day average.
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