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Objectives. To compare 4 COVID-19 surveillance metrics in a major metropolitan area.

Methods.We analyzed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA in

wastewater influent and primary solids in Raleigh, North Carolina, from April 10 through December 13,

2020. We compared wastewater results with lab-confirmed COVID-19 cases and syndromic COVID-like

illness (CLI) cases to answer 3 questions: (1) Did they correlate? (2) What was the temporal alignment of

the different surveillance systems? (3) Did periods of significant change (i.e., trends) align?

Results. In the Raleigh sewershed, wastewater influent, wastewater primary solids, lab-confirmed cases,

and CLI were strongly or moderately correlated. Trends in lab-confirmed cases and wastewater influent

were observed earlier, followed by CLI and, lastly, wastewater primary solids. All 4 metrics showed

sustained increases in COVID-19 in June, July, and November 2020 and sustained decreases in August

and September 2020.

Conclusions. In a major metropolitan area in 2020, the timing of and trends in municipal wastewater,

lab-confirmed case, and syndromic case surveillance of COVID-19 were in general agreement.

Public Health Implications. Our results provide evidence for investment in SARS-CoV-2 wastewater and

CLI surveillance to complement information provided through lab-confirmed cases. (Am J Public Health.

Published online ahead of print November 10, 2022:e1–e11. https://doi.org/10.2105/AJPH.2022.307108)

COVID-19 public health surveillance

relies on multiple data sources to

estimate disease burden. The number

of positive clinical tests over time has

served as a primary metric for tracking

COVID-19 infections in North Carolina

because clinical testing of individuals

accurately identifies cases and is legally

required for surveillance of reportable

diseases, including COVID-19.1 Clinical

testing is, however, costly and ineffi-

cient as a means of population-level

surveillance of COVID-19.2 In addition,

this metric can be limited by sensitivity,3

clinical test availability,4 and changes in

testing behavior such as the rise in use of

nonreportable, at-home rapid test kits.5

Surveillance of severe acute respira-

tory syndrome coronavirus 2 (SARS-

CoV-2) RNA in wastewater influent or

settled wastewater solids has gained

traction in public health practice.6 In

addition to capturing data on symp-

tomatic individuals who are likely to be

tested, wastewater surveillance cap-

tures information on infections among

asymptomatic carriers who shed the

virus in feces but are less likely to be

tested (Figure 1). In retrospective stud-

ies, SARS-CoV-2 RNA concentrations in

wastewater have been shown to corre-

late positively with reported clinical

COVID-19 cases.7,8 Public health offi-

cials have used wastewater surveillance

trends to target public health mitigation

efforts.9 Most wastewater surveillance is

conducted using centralized wastewater

treatment systems; wastewater surveil-

lance is not as efficient in communities
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with a high proportion of people depen-

dent on individual septic systems.

Another form of surveillance used for

COVID-19 response is syndromic sur-

veillance for COVID-like illness (CLI)

based on prediagnostic emergency

department (ED) data not confirmed

through laboratory testing. CLI cap-

tures data on individuals with serious

illness and those seeking care at EDs,

representing a smaller segment of the

infected population. Syndromic surveil-

lance is mandated in North Carolina10

and is routinely used for other respira-

tory conditions, including influenza.

Given the different segments of the

population captured via wastewater,

lab-confirmed case, and CLI surveillance

(Figure 1), it is important to evaluate

how these surveillance systems com-

pare in a given population. Wastewater

may provide more sensitive surveillance

of changing infection rates in areas

where there is incomplete ascertain-

ment of cases through clinical testing.11

Increases in wastewater concentrations

have sometimes preceded increases in

clinical cases.12 CLI surveillance based

on ED data is unlikely to be more timely

than lab-confirmed case surveillance,

but it may be nearly as timely. With elec-

tronic health information systems, data

on CLI ascertained at EDs can be avail-

able in near real time,13 whereas labo-

ratory testing can entail delays from

sample collection to results reporting.

We compared COVID-19 surveillance

data sets from a major metropolitan

area and included 2 wastewater met-

rics. We analyzed SARS-CoV-2 RNA con-

centrations in wastewater influent and

primary solids from a municipal waste-

water treatment plant in Raleigh, NC.

Subsequently, we compared wastewater

levels with lab-confirmed COVID-19 and

CLI counts for the sewershed to answer

3 questions: (1) Did they correlate? (2)

What was the temporal alignment of the

different surveillance systems? (3) Did

trends (i.e., periods of significant

increases or decreases) align across

surveillance systems? This research can

inform how public health officials look

across surveillance systems to estimate

COVID-19 burdens.

METHODS

Raw wastewater influent and primary

clarifier solids (i.e., primary solids) were

sampled from the Neuse River Resource

Recovery Facility in Raleigh between

April 10 and December 13, 2020. We

collected 24-hour composite influent

wastewater samples (100 or 500 mL)

and grab samples of solids (40 mL) 2 or

All infected persons in sewershed

Wastewater
Pros: Captures 
symptomatic and 
asymptomatic 
individuals who 
shed virus in feces 
Cons: Cannot 
identify who is 
infected; captures 
visitors to 
sewershed

Shed virus in feces
Do not shed 
virus in feces

Reported COVID-19 cases
Pros: Lab-confirmed 
Cons: Depends on testing availability

Shed virus in feces
Do not shed 
virus in feces

COVID-19–like illness
Pros: Independent of testing availability
Cons: Represents only those who are 
symptomatic and visit ED; includes false 
positives

False positives

FIGURE 1— Depiction of Populations Captured by COVID-19 Surveillance Systems

Note. ED5 emergency department; SARS-CoV-25 severe acute respiratory syndrome coronavirus 2. The black box contains all SARS-CoV-2 infections in the
sewershed. Infected individuals who shed the virus in feces contribute to SARS-CoV-2 RNA levels in wastewater (blue). Data on individuals seeking diagnostic
testing are captured through reportable communicable disease surveillance (red). Data on individuals exhibiting COVID-like illness (CLI) at an ED are cap-
tured through ED syndromic surveillance (orange). False positives are shown outside the black box (orange for CLI and red for diagnostic testing). All
reported cases are estimates of true cases. Individuals who do not seek testing, visit an ED, or shed the virus in feces are not captured by these surveillance
systems (i.e., the white space inside the black box).
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3 times weekly, with some periods of

daily sampling (102 dates in total;

Figure A, available as a supplement to

the online version of this article at

https://ajph.org). This facility serves

approximately 580000 people and had

average treated flows of 48 million gal-

lons per day in 2020. Solids collected

from primary clarifiers were predomi-

nantly influent solids, but waste-activated

solids were also present because the

facility co-settles waste-activated solids in

its primary clarifiers. Although co-settling

waste-activated solids in primary clari-

fiers is not a common wastewater treat-

ment practice, it is a recognized practice

for improved sludge thickening.14,15 The

residence time of solids in the clarifiers

was, on average, 2.8 days (range51.8–4.

3 days), which is longer than typical pri-

mary clarifier residence times (on the

order of hours).

Concentrations of SARS-CoV-2 N1 and

N2 genes in wastewater samples were

determined via reverse-transcription-

droplet digital polymerase chain reaction

(see Supporting Information, available

as a supplement to the online version

of this article at https://ajph.org).

Wastewater sample processingproto-

cols, depicted in FigureB (influent); avail-

able as a supplement to the online

version of this article at https://ajph.org)

and Figure C (primary solids; available

as a supplement to the online version of

this article at https://ajph.org), incorpo-

rated several of the current best practi-

ces.16 Normalized N1 results (Supporting

Information) were used in subsequent

analyses with lab-confirmed cases

and CLI.

Lab-Confirmed COVID-19
Case Data

Individual-level lab-confirmed COVID-19

cases with residential addresses from

the North Carolina Electronic Disease

Surveillance System were provided

by the North Carolina Department of

Health and Human Services. Positive

case counts included polymerase chain

reaction–positive tests, antigen-positive

tests, and a few polymerase chain

reaction–negative tests determined to

be positive cases based on physician

case notes. Cleaned residential addresses

were geocoded in ArcGIS Pro version

2.7.0 (ESRI, Redlands, CA) via the 2018

ESRI Business Analyst USA_LocalCom-

posite locator (Supporting Information).

As a means of producing daily case

counts, we summed cases in the sew-

ershed using specimen collection dates

or test result report dates.

COVID-Like Illness Data

Data on individual-level CLI cases geo-

coded at the residential zip code level

were acquired from the North Carolina

Disease Event Tracking and Epidemio-

logic Collection Tool, a public health

syndromic surveillance system captur-

ing all civilian ED visits in North Carolina

(as reporting is mandatory).13 CLI ascer-

tained at urgent care centers was not

included because NC does not share

these data with external researchers.

CLI was defined according to Interna-

tional Statistical Classification of Diseases

and Related Health Problems, 10th Revi-

sion (ICD-10; Geneva, Switzerland: World

Health Organization; 1992) diagnostic

codes (B97.2 or B34.2, J12.81 or J12.82,

or U07.1 or U07.217) or 1 of the follow-

ing conditions: a chief complaint related

to coronavirus, triage notes indicating a

loss of sense of taste or smell, or triage

notes indicating shortness of breath

with fever. CLI cases that also had diag-

nostic codes for influenza (J09–J11.89)

were excluded unless they had 1 of the

ICD-10 inclusion codes. The date for

each CLI record was the ED visit date.

We estimated daily CLI counts in the

sewershed by summing counts in each

of the 27 zip codes located entirely or

partially in the sewershed, weighted by

population density according to 2010

census block data.

Correlation Analysis

We used Spearman’s rank correlation

to determine the relationship between

wastewater SARS-CoV-2 N1 concentra-

tions (in influent or primary solids) and

lab-confirmed COVID-19 cases or CLI.

To investigate temporal alignment, we

compared correlation coefficients and

identified the maximum coefficient as 1

data set was offset forward or backward

in time relative to another data set.18–22

To reduce variation in the measure-

ments for this analysis, we used the

rolling 3-sampling-event averages of

normalized SARS-CoV-2 quantities in

wastewater influent and primary solids

and the rolling 7-day averages for

lab-confirmed cases and CLI. We used

2000 resamples with replacement to

calculate bootstrap 95% confidence

intervals for the correlation coefficient

at each lead or lag and for all pairwise

differences between correlations.23

Correlation pairs were considered sig-

nificantly different if the Bonferroni-

adjusted 95% confidence interval for

their difference excluded 0.24

Distributed Lag Model

The distributed lag measurement error

time series model is an accepted epide-

miological model for time series data.25

We adapted a Bayesian distributed lag

model developed previously8 as a sec-

ondary approach to investigate tempo-

ral alignment between SARS-CoV-2 RNA

levels in wastewater influent or primary

solids and changes in clinical case rates.
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The 3-day rolling average of clinical cases

was predicted via wastewater measure-

ments from 3 sampling events before

the report date until 3 sampling events

after. A random effect was included in

the model to account for overdispersion.

Trends

Trends were classified as increasing, de-

creasing, or plateau through a linear

regression with observations from each

surveillance system as the dependent

variable and date as the independent var-

iable; trend classification was based on

slope (positive, negative, or 0) and statisti-

cal significance (P< .05).6 We classified

short-term and sustained trends using

regressionsof 3datapoints (approximate-

ly 1 week in duration) and 7 data points

(approximately 2 weeks), respectively.26

RESULTS

SARS-CoV-2 RNA was frequently detected

in wastewater influent and solids during

the 247-day study period (April 10 to Dec

13, 2020); influent samples had detect-

able levels of the SARS-CoV-2 N1 gene

on 96 of 102wastewater sampling dates

(94%); solids samples haddetectableN1

on all 102 days (Figure B). The SARS-CoV-2

N2 genewas detectable in influent on 94

of 102 days (92%) and solids on 100 of

102days (98%). BecauseN1 andN2gene

concentrationswere highly correlated in

influent (Spearmanρ50.83; P< .001) and

solids (ρ50.93, P< .001) andN1had a

slightly higher detection rate, we focused

our subsequent analyses onN1.

Wastewater, Lab-Confirmed
Case, and COVID-Like Illness

SARS-CoV-2 RNA daily loads in influent

and SARS-CoV-2 RNA concentrations

in primary solids (Figure 2) were moder-

ately correlated over the study period

(ρ5 0.65; P< .001; C). Wastewater in-

fluent was strongly correlated with

lab-confirmed cases (ρ50.74; P< .001;

Figure 2; Figure D, available as a supple-

ment to the online version of this article

at https://ajph.org), as were wastewater

primary solids (ρ50.71; P< .001;

Figure E and Table A, available as sup-

plements to the online version of this

article at https://ajph.org). Furthermore,

wastewater influent was moderately

correlated with CLI (ρ50.61; P< .001;

Figure 2; Figure F, available as a sup-

plement to the online version of this

article at https://ajph.org), whereas sol-

ids were strongly correlated with CLI

(ρ50.71; P< .001; Figure G, available

as a supplement to the online version

of this article at https://ajph.org).

The strongest correlation observed

was between lab-confirmed cases and

CLI (ρ50.84; P< .001; Figure H, avail-

able as a supplement to the online ver-

sion of this article at https://ajph.org);

during the study period, there were

20858 lab-confirmed COVID-19 cases

and 7441 cases of CLI in the sewershed.

Lab-confirmed cases and CLI were

highly correlated in earlier and later

portions of the study period (Table B,

available as a supplement to the online

version of this article at https://ajph.org).

The earlier portion (April 10 through

August 13, 2020) captured the first rise

and fall of infections and was character-

ized by lower testing penetration4 and

fewer ED visits (Figure I, available as a

supplement to the online version of

this article at https://ajph.org). The cor-

relations between cases of CLI and

wastewater (influent and primary solids)

were substantially higher earlier in the

study period (Table B).

Temporal Comparisons

The strongest correlation between

SARS-CoV-2 N1 daily load in wastewater

influent and N1 concentrations in waste-

water primary solids was found for sol-

ids samples collected 2 sampling events

after influent (given our sampling fre-

quency, 2 sampling events represented

5.961.2 days; ρ50.65; Figure J, avail-

able as a supplement to the online ver-

sion of this article at https://ajph.org).

Correlations between lab-confirmed

cases and wastewater influent daily

load increased slightly as cases were

offset from 0 to 3 days ahead of the

influent sample collection date, with

the strongest correlation observed for

case specimens collected 3 days before

an influent sample (ρ5 0.75; Figure 3).

The median duration between speci-

men collection date and results report

date was 1 day (5th–95th percentiles:

0–4 days). When report date for case

results was used instead of specimen

collection date, the strongest correla-

tion between cases and wastewater

influent was observed for cases

reported on the same day that influ-

ent was sampled (i.e., day 0; ρ50.75).

For wastewater primary solids, correla-

tions between solids concentrations

and lab-confirmed cases increased

gradually as cases were offset 0 days to

7 days ahead of solids, with the stron-

gest correlation found for case speci-

mens collected 7 days before a solids

sample (ρ50.80). This correlation was

significantly higher than correlations for

case specimens collected 1 to 7 days

after a solids sample.

The strongest correlation between CLI

and wastewater influent was found for

CLI reported 3 days after an influent

sample was collected (ρ50.64; Figure 3).

The strongest correlation between

lab-confirmed cases and CLI was found

for clinical case specimens collected 1

day before the ED visit date (ρ50.84).

This correlation was significantly higher
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than correlations for case specimens col-

lected on the same day or up to 7 days

after the ED visit date. Correlations were

generally similar but slightly weaker for

the surrounding days. Distributed lag

modeling results were consistent with

the correlation analysis with date offsets:

wastewater influent and primary solids

lagged clinical cases based on case speci-

men collection date (Table C, available as

a supplement to the online version of

this article at https://ajph.org).

Numbers of Significant
Trends

Public health officials monitor for sig-

nificant changes in levels of COVID-19

surveillance metrics to inform public

health action.27 Short-term or weekly

trend monitoring is valuable because

a short-term trend can be an early

indicator of a sustained trend and

because, particularly at the start of

the pandemic, public health officials

acted as quickly as possible. Across

the different surveillance data sets, we

might expect the numbers of trends

to be similar but the temporal align-

ment to be shifted. However,

lab-confirmed cases exhibited sub-

stantially more short-term increases

(n517) than CLI (n510), wastewater

primary solids (n57), and wastewater

influent (n54) over the study period.

Lab-confirmed cases had a number of

periods of sustained increases

(n551) similar to that of CLI (n545;

within 20% of each other), but waste-

water primary solids (n521) and

wastewater influent had substantially

fewer (n520).

In terms of periods of decreasing lev-

els of COVID-19 metrics, the numbers

of short-term decreases were greatest

for lab-confirmed cases (n58) and

wastewater solids (n57), followed by

CLI (n55) and wastewater influent

(n51). Furthermore, the numbers of

sustained decreases in CLI (n5 23) and

cases (n521) were similar, whereas

there were fewer decreases among

wastewater solids (n515) and waste-

water influent (n59).
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FIGURE 2— COVID-19 Surveillance Time Series for (a) Wastewater Influent and Primary Solids, (b) Lab-Confirmed
Cases, and (c) CLI Cases: Raleigh, NC, Sewershed, April 10–December 13, 2020

Note. CLI5COVID-like illness. The wastewater influent and primary solids in panel a are 3-sampling-event averages (mean6SD duration55.761.2 days).
Lab-confirmed (panel b) and CLI (panel c) cases are 7-day averages of daily counts. Dotted lines indicate dates of North Carolina executive orders. The speci-
men collection date was used for cases and the date of emergency department visit for CLI.
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Trend Agreement Across
Surveillance Data Sets

There were 9 periods for which all data

sets agreed with respect to classification

of sustained trends: the periods ending

June 11, July 2, July 7, July 9, July 11, and

November 14 exhibited increasing

trends, and the periods ending August

1, September 12, and September 15

exhibited decreasing trends (Figure 4).

Not surprisingly, there were no short-

term trends that agreed across the 4

surveillance data sets given the tempo-

ral shifting of the different surveillance

metrics. The wastewater influent and

primary solids data sets were in similar

agreement with respect to sustained

increases when each were compared

with lab-confirmed cases.

Specifically, 14 of 51 (27%) increases

in cases were also increases in influent

data; 16 of the 51 (31%) were increases

in solids data. Five of 17 (29%) decreasing

trends in case data were decreasing

trends according to influent data,

whereas 3 (18%) were decreases

according to solids data. There was bet-

ter agreement between lab-confirmed

case and CLI data in sustained increases

and decreases. Thirty-six of 51 (71%) sus-

tained increases in case data were also

sustained increases in CLI data, and 18

of 21 (86%) decreases in case data were

also decreases in CLI data.

DISCUSSION

On the day wastewater sample collec-

tion began (April 10, 2020), there had

been 206 cumulative cases and 41

new cases reported in the sewershed,

although the true number of infections

is unknown (Figure 1). The Raleigh

sewershed had detectable levels of

SARS-CoV-2 RNA in primary solids

in early April, 1 month after the first
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FIGURE 3— Spearman’s Rank Correlation Coefficients for Associations Between COVID-19 Surveillance Data Sets Off-
set Forward or Backward in Time for (a) Lab-Confirmed Cases Offset Relative toWastewater Influent, (b) Lab-Confirmed
Cases Offset Relative toWastewater Solids, (c) CLI Offset Relative toWastewater Influent, and (d) Lab-Confirmed Cases
Offset Relative to CLI: Raleigh, NC, Sewershed, April 10–December 13, 2020

Note. CLI5COVID-like illness. Filled-in markers indicate maximum coefficients. Asterisks indicate coefficients significantly different from the maximum after
Bonferroni adjustment (the specimen collection date was used for case significance testing) according to bootstrap analyses of the distribution of coeffi-
cients (P< .05).
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lab-confirmed COVID-19 case was

reported in the sewershed (March 9,

2020). Detection frequency across solids

samples was high, as others have

reported,28 despite the fact that primary

solids in the Raleigh system also con-

tained waste-activated solids. Monitoring

wastewater primary solids was marginally

more sensitive than monitoring influent.

SARS-CoV-2 RNA levels in wastewater

influent were highly correlated with lab-

confirmed cases, as has been reported

for other wastewater–case compari-

sons.7,20 Despite the longer solids resi-

dence time in primary clarifiers, RNA

concentrations in primary solids were

also correlated highly with lab-confirmed

cases, as others have reported.7,28,29

CLI being correlated with both meas-

ures of wastewater surveillance is nota-

ble given that CLI–wastewater agreement

has not been widely investigated. Case

or CLI correlations with wastewater

becoming substantially lower later in the

study period (Table B) may have been

related to increasing noise in the waste-

water signal. As the pandemic pro-

gressed, increases in wastewater RNA

concentrations from new COVID-19

infections would have occurred in the

presence of RNA contributed by individu-

als who were no longer test positive but

continued to shed RNA in feces30 and

residual RNA in the wastewater sys-

tem.31,32 In addition, more individuals

may have traveled in and out of the sew-

ershed after reopening of public facilities,

contributing to greater measurement

error in COVID-19 burden based on

wastewater.

The strongest correlations observed

were between lab-confirmed cases and

CLI, even early in the pandemic when

there was limited test access and fewer

ED visits. Although fewer ED visits would

have limited the sensitivity of CLI

surveillance for ascertaining infections,

CLI may still have strongly correlated

with lab-confirmed cases because of a

larger overlap in the populations cap-

tured by diagnostic testing and CLI sur-

veillance systems. Early in the pan-

demic, more testing may have been

done on individuals who had severe

COVID-19 and went to the ED. Notewor-

thy differences in case and CLI time

series occurred later in the study

period. A prominent peak in lab-

confirmed cases in late August 2020

was not as pronounced in CLI data.

Furthermore, the extent to which

cases in December 2020 exceeded previ-

ous case peaks in July and August 2020

was not represented in the other surveil-

lance data sets andmay reflect increased

test access or increased testing around

the winter holidays.4 Widespread

COVID-19 vaccinations or a change in

the predominant SARS-CoV-2 variant
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may affect correlations between differ-

ent surveillance systems if, for example,

the asymptomatic rate increases33 or the

fecal shedding profile is altered.18 With

COVID-19 vaccines now being widely

available, wastewater surveillance can be

used to identify locations where viral

fecal shedding into wastewater is not

declining, indicating specific locations of

infection.34

Multiple surveillance metrics are used

in real time by public health officials to

provide a fuller COVID-19 public health

picture. As such, a temporal compari-

son is important for the interpretation

of agreement or disagreement across

surveillance data sets. The reported

lead time for wastewater has ranged

from 0 to 2 days8,29 to as high as 235

and 336,37 weeks. In the Raleigh sew-

ershed, trends in wastewater influent

were observed earlier than lab-

confirmed case trends when case

results report date was used but not

when specimen collection date was

used, underlining that the potential for

wastewater surveillance to provide an

earlier warning than clinical testing

depends on when test results are

reported.38 The current increased avail-

ability of testing and faster turnaround

times for case reporting and wastewa-

ter surveillance38 relative to the study

period in 2020 may further impact tem-

poral alignment.

Wastewater solids lagged wastewater

influent likely because of long solids

storage times in Neuse River Resource

Recovery Facility primary clarifiers.

Wastewater treatment plant design

and operation is aimed at wastewater

conveyance and treatment and, as

such, may not provide ideal conditions

for COVID-19 public health surveil-

lance.39 Therefore, in interpreting

wastewater surveillance results, the

operation of the facility (with increased

communication between plant opera-

tors and public health agencies) must

be considered.40 Although the maxi-

mum correlation coefficient indicated

that rises in CLI were a day behind rises

in lab-confirmed cases, syndromic sur-

veillance can be more timely than clini-

cal case surveillance depending on how

syndromic data are captured.41

The greater numbers of significant

trends in lab-confirmed case and CLI

metrics than with wastewater metrics

indicated a need for public health action

at times when wastewater surveillance

data did not exhibit a significant change.

A limiting factor for numbers of signifi-

cant trends in wastewater data sets was

the 95% statistical confidence require-

ment for trend classification, which the

Centers for Disease Control and Preven-

tion originally recommended but no lon-

ger strictly recommends for wastewater

surveillance trend reporting.42 SARS-

CoV-2 RNA levels in wastewater primary

solids may have had less variability than

influent levels as evidenced by the mini-

mal increase in correlation between sol-

ids and rolling 7-day average of cases

when crude solids data were smoothed

(Table A). Therefore, solids surveillance

was able to meet the statistical confi-

dence requirement more often than

influent surveillance.

PUBLIC HEALTH
IMPLICATIONS

We captured COVID-19 dynamics in a

major metropolitan area during the

first and second waves of infections in

2020. To our knowledge, our study is

the first to report agreement between

CLI and wastewater surveillance and to

demonstrate relationships between key

COVID-19 metrics in NC.43 This study

from early in the COVID-19 pandemic,

when reportable testing data were

better correlated with true disease inci-

dence, supports the use of wastewater

and CLI surveillance to complement

lab-confirmed case surveillance, espe-

cially at times when clinical test pene-

tration is low.
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Additional Details on Materials and Methods 

 

RNA extraction from wastewater influent and primary solids.  Influent samples were thawed 

at 4 ℃ (approximately 36 h for 500-mL aliquots; 18 h for 50-mL aliquots).  HA electronegative 

filters (0.45 µm, Millipore Sigma) were placed on a single-use, analytical filter funnel 

(ThermoScientific Nalgene) on a filtration manifold.  Forty milliliters of influent sample was 

added to the filter cup and then 800 µL of 1.25 M MgCl2 (Sigma Aldrich) was added (25 mM 

final concentration).  The sample was gently swirled with a pipette tip to mix and allowed to sit 

for one minute prior to filtration.  After filtration, filters were placed into sterile 5-mL screw cap 

centrifuge tubes and 1600 µL QIAzol Lysis Reagent (Qiagen) was added to each tube.  The tubes 

were homogenized (TissueLyser II, Qiagen) for 5 min at 30 Hz, front and back.  After 5 min 

incubation at room temperature, the tubes were centrifuged (4198 x g) at 4 ℃ for 3 min.  After 

centrifugation, 330 µL chloroform (>99%, Millipore Sigma) was added and the mixture was 

vortexed briefly.  Tubes were then centrifuged (4198 x g) for 30 min at 4°C.  Afterward, 700 µL 

of aqueous phase was transferred into a 2.2-mL microcentrifuge tube.  A second chloroform 

purification was performed to remove remaining QIAzol Lysis Reagent; this centrifugation 

(6000 x g) was done at 4 °C for 15 min.  After centrifugation, 550 µL of aqueous phase was 

transferred into the ‘S-Block’ provided for automated RNA extraction on a QIAcube HT 

machine (Qiagen) using the RNeasy 96 QIAcube HT kit.  At the final step, 100 µL of elution 

buffer was added in two additions of 50 µL to maximize RNA yield from the filter.   

 

Fifteen-mL aliquots of primary solids were thawed at room temperature for 20 min with periodic 

mixing and incubation on ice to keep cool; 50-mL aliquots were thawed at 4 ℃ overnight.  Then 

2.5 mL of well-mixed solids was added to RNeasy PowerSoil Total RNA Kit (Qiagen) and 

extracted according to the manufacturer’s instructions.  RNA pellets were dissolved in 50 µL of 

nuclease-free water.   

 

Total RNA concentration in RNA extracts was measured by spectrophotometry (NanoDrop, 

Thermo Fisher Scientific).  Extracts were aliquoted into 0.5 mL DNA loBind tubes (Eppendorf) 

and stored at -80 ℃. 
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Reverse transcriptase droplet digital PCR (RT-ddPCR) for SARS-CoV-2 RNA targets.  

Duplicate RT-ddPCR reactions were run and merged for each sample.  Cluster gating was done 

manually using the ellipse gating tool in QuantaSoft Analysis Pro 1.7.4.0917; gate location was 

guided by the location of droplets in a synthetic SARS-CoV-2 RNA (Exact Diagnostics) positive 

control.  For a sample to be considered positive, three or more positive droplets were required.  

We excluded from analysis merged wells with fewer than 10,000 droplets; single wells had to 

have 5000 droplets or more to be merged.   

 

To check RNA extracts for PCR inhibition, synthetic SARS-CoV-2 RNA (Exact Diagnostics) 

was spiked into nuclease-free water (i.e., to represent no inhibition) and a random subset of RNA 

extracts.  SARS-CoV-2 RNA recovery was 95 ± 19 (mean ± SD, n=22) for wastewater influent 

and 114 ± 22% (mean ± SD, n=10) for primary solids.   

 

Three Neuse River Resource Recovery Facility (NRRRF) wastewater influent samples from 

April 2019, before the start of the pandemic, were tested as a negative control.  NRRRF solids 

from before the start of the pandemic were not available.  We used a solids sample from 2011 

from a Mebane, North Carolina (NC), wastewater treatment plant, and a solids sampled from 

2017 from a North Cary, NC, wastewater treatment plant.  All negative controls, including 

extraction blanks and RT-ddPCR no template controls, were negative for SARS-CoV-2 N1 and 

N2 targets.   

 

Limits of detection were calculated based on the average RT-ddPCR droplet count across the 

wastewater influent or primary solids samples and an empirically determined coronavirus RNA 

percent recovery across each processing pipeline (described below). 

 

 

Bovine coronavirus recovery.  Bovine coronavirus vaccine stock (Calf-Guard, Zoetis) was 

resuspended in 3 mL TE buffer, and then 5-fold diluted in TE buffer; 50 uL of the diluted stock 

was added to a subset of wastewater samples prior to RNA extraction as an internal standard.   
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Recovered concentrations were converted to percent recovery by dividing by the total spiked 

concentration (copies of bovine coronavirus) based on RNA extraction from the vaccine stock.  

RNA extraction from the bovine coronavirus dosing stock was done by heat treatment; 20 uL of 

the 5x diluted stock was heated at 95 ℃ for 10 min followed by 4 ℃ for 5 min on a thermal 

cycler.  Bovine coronavirus recovery was the ratio of bovine coronavirus sample concentration 

determined by RT-ddPCR [1] to spike concentration.   

 

Bovine coronavirus recovery through solids sample storage and processing was 1.9% (n=13).  

Bovine coronavirus recovery through influent sample storage and processing was 2.2% (n=18).   

 

 

Total and volatile solids measurements.  Total and volatile solids concentrations in wastewater 

solids samples were determined using Standard Methods (2017) 2540B and 2540E.  Total solids 

content in samples ranged from 14 to 63 mg/mL; volatile solids (VS) ranged from 11 to 41 

mg/mL.  The VS to total solids (TS) ratio, an indicator of organic content, did not vary much in 

primary sludge over the study period (median = 0.78; interquartile range (IQR) = 0.77-0.80).   

 

 

Wastewater sample concentration normalization.  SARS-CoV-2 N1 copies per liter 

wastewater influent was multiplied by daily influent flowrate to calculate daily N1 load.  N1 

concentration in primary solids was divided by the sample VS concentration to calculate N1 

copies per milligram VS.  Furthermore, we multiplied the N1 daily load in wastewater influent or 

N1 copies per milligram VS in wastewater primary solids by the ratio of the 95th percentile total 

RNA concentration across influent or solids samples to the sample total RNA concentration to 

account for variations in RNA extraction efficiency [2].   

 

 

Lab-confirmed COVID-19 case data.  After removing special characters and extraneous white 

space, we iteratively assembled a list of common misspellings of NC city names to reproducibly 

correct the city data.  We applied simple pattern matching to extract other address components, 

such as ZIP Codes and street addresses, that had been improperly recorded.  For cases with only 
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one of specimen collection or test result date, we substituted the other using the median time (1 

day) between specimen collection and test result among the remaining cases.  When the recorded 

test result date preceded specimen collection, we assigned both the specimen collection date.  We 

did not estimate total test volume or percent test positivity because few negative test results were 

submitted early in the pandemic so total test counts at that time are inaccurate.   

 

 

Sewershed delineation.  Residential addresses were matched according to the following spatial 

scale hierarchy: point address, linearly interpolated street address, and street name (midpoint); 

addresses that did not match at the street name level or lower were excluded.  The census block, 

ZIP code, county, and sewershed corresponding to each geocoded case were determined by 

intersecting spatial joins using the sf package in R 4.0.2 [3, 4].  NRRRF sewer network spatial 

data (e.g., gravity mains, force mains, manholes, pump stations) were obtained from the City of 

Raleigh Public Utilities geographic information systems department.  Using ArcGIS Pro 2.8, the 

NRRRF sewershed polygon was delineated by selecting census block polygons that intersect 

gravity mains leading to NRRRF and dissolving the blocks based on a common field.  Small 

holes (<1 mi in diameter) that were inside the boundary were assumed to be part of the 

sewershed and removed.   

 

 

Waste activated solids.  The wastewater solids collected were a mixture of primary clarifier 

solids and waste activated solids because NRRRF co-settled waste activated solids in its primary 

clarifiers.  In comparison to primary sludge, waste activated sludge had similar or lower levels of 

SARS-CoV-2 N1 genes per mg VS based on our comparison of primary and waste activated 

sludge samples collected on four consecutive days.  Concentrations in primary sludge ranged 

from 8.1 N1 copies/mg VS to 18.1 N1 copies/mg VS whereas concentrations in waste activated 

sludge ranged from 1.8 copies N1/mg VS to 17.2 N1 copies/mg VS.   

 

Excluding results from the 11 dates when sample VS/TS was below the 10th percentile (0.74) did 

not significantly change the correlation between the rolling 3-sampling-event average of solids 

and the rolling 7-day average of lab-confirmed cases (from ρ = 0.71, 95% confidence intervals 
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(CI) = 0.60-0.80, to ρ = 0.74, 95% CI = 0.63-0.82) or the correlation between the rolling 3-

sampling-event average of solids and the rolling 7-day average of CLI (from ρ = 0.71, 95% CI = 

0.60-0.80, to ρ = 0.72, 95% CI = 0.61-0.81).   

 

 

Distributed lag model.  Associations between cases and wastewater measured before and after 

case specimens were collected were all positive but decreased the earlier wastewater was 

collected prior to case specimens (Table S3).  The strongest association for wastewater influent 

(0.17 increase in log-rate for a standard deviation-increase in wastewater concentration) was 

obtained for samples collected 0-3 wastewater sampling events after case specimens.  The 

strongest association between cases and wastewater sludge (0.14 log-rate increase) was observed 

for sludge samples collected three wastewater sampling events after case specimen collection 

date.    



Page 7 of 19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A Influent and sludge samples were collected two or three times weekly between Apr 10, 

2020 and Dec 13, 2020 (a), but there were periods when daily samples were collected (black bars 

indicate sampling dates).  Samples were transported on ice from NRRRF to North Carolina State 

University, aliquoted into nuclease-free conical tubes (Fisher Scientific), and stored at -80 ℃ 

until analysis.  Daily primary solids samples and waste activated solids samples were collected 

Dec 7-13, 2020, the last week of the sampling campaign.  Schematics of sample processing for 
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wastewater influent (b) and primary sludge (c) are shown.  Effective sample volumes analyzed 

by each workflow were 4 mL influent and 0.5 mL sludge.    
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Figure B SARS-CoV-2 N1 concentrations in wastewater influent (a) and wastewater solids (b) 

overlaid on lab-confirmed cases (gray bars) over the wastewater sampling period.  The 5th and 

95th percentiles for N1 daily load in wastewater influent (i.e., N1 copies/L adjusted for daily 

flowrate) were 1.36×1010 and 4.78×1012 copies/day, respectively (adjusted by RNA extraction 

efficiency, 2.31×1010  and 6.18×1012 copies/day, respectively).  N1 sample concentrations in 

primary solids, adjusted for VS concentration, were 1.73 copies/mg VS and 20.0 copies/mg VS 

for the 5th and 95th percentiles, respectively (adjusted by RNA extraction efficiency, 1.87 

copies/mg VS and 41.9 copies/mg VS, respectively). 
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Figure C SARS-CoV-2 N1 copies/day in wastewater (WW) influent (3-sampling-event average) 

vs SARS-CoV-2 N1 copies/mg volatile solids in wastewater (WW) solids (3-sampling-event 

average) for 102 days, Apr 10-Dec 13, 2020 

 

 

Figure D Scatterplot of lab-confirmed cases (7-day average) vs. SARS-CoV-2 N1 copies/day in 

wastewater (WW) influent (3-sampling-event average) for 102 days, Apr 10-Dec 13, 2020 
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Figure E Lab-confirmed cases (7-day-average) vs. SARS-CoV-2 N1 copies/mg volatile 

solids (VS) in wastewater (WW) primary solids (3-sampling-event average) for 102 days, 

Apr 10-Dec 13, 2020 

 

 

Figure F Daily COVID-like illness (CLI) (7-day-average) vs. SARS-CoV-2 N1 

copies/day in wastewater (WW) influent (3-sampling-event average) for 102 days, Apr 

10-Dec 13, 2020 
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Figure G Daily COVID-like illness (CLI) (7-day-average) vs. SARS-CoV-2 N1 

copies/mg volatile solids (VS) in wastewater (WW) solids 3-sampling-event average) for 

102 days, Apr 10-Dec 13, 2020 

 

 

Figure H Daily lab-confirmed cases (7-day-average) vs. daily COVID-like illness (CLI) 

(7-day average) for 102 days, Apr 10-Dec 13, 2020 
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Figure I Daily emergency department (ED) visits (7-day average) for Raleigh, NC, sewershed 

residents in 2020.  The study period was April 10-Dec 13, 2020.  ED visits per day decreased in 

March 2020 and dropped to 290 visits on Apr 5, 2020 (51% lower than the 2019 median).  

Subsequently, daily ED visits increased gradually but did not reach 2019 levels by December 

2020 (median: 467, IQR: 454-492; 21% lower than 2019 median). 
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Figure J Spearman’s rank correlation coefficients for associations between SARS-CoV-2 RNA 

concentration in wastewater solids offset forward and backward in time relative to daily load in 

wastewater influent 



Page 16 of 19 

 

Table A Spearman’s rank correlation coefficients (95% confidence intervals).  Each dataset was subsampled down to the 102 

wastewater-sampling dates.  The duration covered by three wastewater sampling events was 5.9 ± 1.2 days (mean ± SD).   

 

 
WW influent 

(crude) 

WW influent 

(3-event avg) 

WW primary  

solids 

(crude) 

WW primary  

solids 

(3-event avg) 

CLI 

(crude) 

CLI 

(3-day avg) 

CLI 

(7-day avg) 

        

Case (crude) 0.55 (0.39-0.67) 0.62 (0.49-0.73) 0.61 (0.47-0.72) 0.61 (0.48-0.72) 0.68 (0.55-0.77) 0.75 (0.66-0.83) 0.73 (0.63-0.81) 

Case (3-day avg) 0.56 (0.41-0.68) 0.71 (0.60-0.79) 0.66 (0.53-0.75) 0.67 (0.55-0.76) 0.69 (0.57-0.78) 0.81 (0.73-0.87) 0.82 (0.74-0.87) 

Case (7-day avg) 0.57 (0.43-0.69) 0.74 (0.63-0.81) 0.69 (0.57-0.78) 0.71 (0.60-0.80) 0.69 (0.57-0.78) 0.81 (0.73-0.87) 0.84 (0.77-0.89) 

        

CLI (crude) 0.35 (0.17-0.51) 0.49 (0.32-0.62) 0.54 (0.39-0.67) 0.56 (0.41-0.68)    

CLI (3-day avg) 0.43 (0.25-0.57) 0.59 (0.45-0.70) 0.64 (0.51-0.74) 0.67 (0.54-0.76)    

CLI (7-day avg) 0.45 (0.28-0.59) 0.61 (0.48-0.72) 0.67 (0.54-0.76) 0.71 (0.60-0.80)    

        

WW primary 

solids (crude) 
0.42 (0.25-0.57) 0.60 (0.46-0.71)      

WW primary  

solids (3-step avg) 
0.47 (0.31-0.61) 0.65 (0.52-0.75)      
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Table B Spearman’s rank correlation coefficients (95% confidence intervals) for the full study period of Apr 10-Dec 13, 2020 (102 

days) and two restricted datasets: Apr 10-Aug 13, 2020 (47 days) and Aug 15-Dec 13, 2020 (55 days).  

 

 

 Spearman’s rho (95% 

CI) for 

Apr 10-Dec 13, 2020, 

n=102 days 

Spearman’s rho 

(95% CI) for Apr10-

Aug13, n=47 days 

Spearman’s rho 

(95% CI) for Aug 

15-Dec 13, 2020, 

n=55 days 

Cases vs. WW 

influent 
0.74 (0.63-0.81) 0.91 (0.84-0.95) 0.49 (0.26-0.67) 

Cases vs. WW 

solids 
0.71 (0.60-0.80) 0.81 (0.68-0.89) 0.60 (0.40-0.75) 

Cases vs. CLI 0.84 (0.77-0.89) 0.94 (0.89-0.96) 0.94 (0.90-0.97) 

CLI vs. WW 

influent 
0.61 (0.48-0.72) 0.87 (0.78-0.93) 0.42 (0.17-0.62) 

CLI vs. WW 

solids 
0.71 (0.60-0.80) 0.85 (0.74-0.91) 0.57 (0.35-0.72) 

WW influent vs 

WW solids 
0.65 (0.52-0.75) 0.73 (0.56-0.84) 0.42 (0.18-0.62) 
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Table C Distributed lag estimates describing association between COVID-19 clinical cases, 

based on specimen collection date, and SARS-CoV-2 N1 gene copy concentrations in 

wastewater influent or primary solids.  Lag estimates are in terms of the expected increase in the 

log-incidence rate for a standard deviation increase in wastewater concentration.  The sample 

standard deviation was 0.3 log10 gene copies/day for wastewater influent concentrations and 0.42 

log10 gene copies/mg volatile solids for wastewater primary solids.  

 

Time (events) 

 Change in log-odds (95% CI) 

for an increase of one standard 

deviation in influent log10 

concentration 

Change in log-odds (95% CI) 

for an increase of one 

standard deviation in primary 

solids log10 concentration 

-3 0.17 (0.13, 0.22) 0.08 (-0.01, 0.15) 

-2 0.17 (0.13, 0.21) 0.09 (0.01, 0.15) 

-1 0.17 (0.12, 0.20) 0.10 (0.03, 0.17) 

0 0.17 (0.13, 0.20) 0.11 (0.04, 0.18) 

1 0.17 (0.13, 0.21) 0.11 (0.03, 0.17) 

2 0.18 (0.14, 0.23) 0.12 (0.06, 0.20) 

3 0.18 (0.14, 0.23) 0.14 (0.07, 0.25) 
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