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GRAPHICAL ABSTRACT

ABSTRACT

Public health surveillance systems for COVID-19 are multifaceted and include multiple indicators reflective of different
aspects of the burden and spread of the disease in a community. With the emergence of wastewater disease surveil-
lance as a powerful tool to track infection dynamics of SARS-CoV-2, there is a need to integrate and validate wastewa-
ter information with existing disease surveillance systems and demonstrate how it can be used as a routine surveillance
tool. A first step toward integration is showing how it relates to other disease surveillance indicators and outcomes,
such as case positivity rates, syndromic surveillance data, and hospital bed use rates. Here, we present an 86-week
long surveillance study that covers three major COVID-19 surges. City-wide SARS-CoV-2 RNA viral loads in wastewa-
ter were measured across 39 wastewater treatment plants and compared to other disease metrics for the city of
Houston, TX. We show that wastewater levels are strongly correlated with positivity rate, syndromic surveillance
rates of COVID-19 visits, and COVID-19-related general bed use rates at hospitals. We show that the relative timing
of wastewater relative to each indicator shifted across the pandemic, likely due to a multitude of factors including
testing availability, health-seeking behavior, and changes in viral variants. Next, we show that individual WWTPs
led city-wide changes in SARS-CoV-2 viral loads, indicating a distributed monitoring system could be used to enhance
the early-warning capability of a wastewater monitoring system. Finally, we describe how the results were used in real-
time to inform public health response and resource allocation.
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1. Introduction

Wastewater disease monitoring is an effective and resource-efficient tool
for tracking community infection dynamics of the severe acute respiratory
syndrome coronavirus (SARS-CoV-2) (Xiao et al., 2022; Olesen et al.,
2021; Kaplan et al., 2021; Galani et al., 2022; Peccia et al., 2020; D’Aoust
et al., 2021; Wurtzer et al., 2022; Wurtz et al., 2021). It has advantages as
an independent surveillance tool because it captures symptomatic and
asymptomatic infections, it does not depend on access to healthcare or test-
ing capacity, and is not biased by individual health-seeking behavior. These
advantages, combined with early demonstrations of detecting SARS-CoV-2
in wastewater, sparked implementation of SARS-CoV-2 wastewater monitor-
ing systems across the globe (Naughton et al., 2021). Numerous studies have
since demonstrated that wastewater monitoring of SARS-CoV-2 provides a
useful, independent, quantitative estimate of community infection trends
(Xiao et al., 2022; Olesen et al., 2021; Kaplan et al., 2021; Galani et al.,
2022; Peccia et al., 2020; D’Aoust et al., 2021; Fernandez-Cassi et al., 2021).

For public health intervention, wastewater surveillance's main strength is
not use in isolation or in place of other metrics, but instead as a complemen-
tary metric for evaluating trends alongside a suite of key disease metrics.
Other key disease metrics include clinical case counts or positivity rate, and
percent of emergency department visits and hospital bed use rates (general
and ICU) that are COVID-19 related. State and local health departments
can use wastewater surveillance alongside these other metrics to understand
the level of severity of COVID-19 in their communities over time. Public
health departments rely on a suite of indicators as opposed to a single metric
because they represent different aspects of disease surveillance. The waste-
water viral load indicates the level of the virus in the community where
symptomatic and asymptomatic are represented, with no specificity of ill-
ness. The positivity rate or case counts, particularly in early waves of the pan-
demic, was indicative of the cases in the community but was biased toward
symptomatic infections (Symanski et al., 2021). The percent of emergency
department visits that are COVID-19-related indicates the percent of people
seeking treatment for the illness. The percent of general hospital bed use
that are COVID-19 related and then the percent of ICU hospital bed use
that are COVID-19 indicate progressively increasing severity of illness.

To establish wastewater monitoring as a part of routine disease surveil-
lance, wastewater information needs to be integrated with existing disease
surveillance systems. For interpretation, an understanding of how wastewa-
ter levels relate to other disease indicators and how those relationships
shifted over the pandemic is needed. This is necessary because the repre-
sentativeness of the traditional disease indicators and their relationship to
wastewater levels changed as the pandemic progressed in time. For exam-
ple, as the pandemic progressed, the bias in the positivity rate increased
likely due to the decline of the clinical PCR testing rate and wide availabil-
ity of at-home rapid tests which are not picked up by surveillance. Also, as
the pandemic progressed, vaccines and new treatments became available,
and new variants emerged, which impacted the severity of the disease at
the population-level (Christensen et al., 2022). Wastewater, in theory, rep-
resents a more consistent disease indicator as it does not depend on health-
seeking behavior or available resources. But even the representativeness of
the viral load in the wastewater may have changed over time as variants of
the virus and vaccination resulted in different shedding rates (Siedner et al.,
2022; Prasek et al., 2022). The changing landscape of metrics and what
they represent underscores the need for a better understanding of how to
use multiple disease indicators to triangulate an understating of the level
of concern and inform planning and resource allocation accordingly.

In this study we present the wastewater viral load and other key indica-
tor data used for COVID-19 surveillance in Houston. We examine the
relationship between the city-wide wastewater viral load and other indica-
tors including positivity rate, emergency department COVID-related visit
rates, and COVID-related general bed and ICU bed use rates. We perform
this analysis on data collected 86 weeks between September 1, 2020 and
April 25, 2022 which included three major waves of COVID-19 due to the
Alpha, Delta, and Omicron SARS-CoV-2 variants and discuss how wastewa-
ter data is used to threshold city-wide COVID concern levels. Further, we
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identify instances where changes in the viral load at individual wastewater
treatment plants led city-wide changes in viral load. Our results demon-
strate how wastewater monitoring can complement existing disease sur-
veillance systems, and how having numerous distributed monitoring sites
may enable early detection of city-wide COVID-19 surges.

2. Methods
2.1. Wastewater samples and wastewater treatment plant flow data

Samples were collected from 39 different wastewater treatment plants
(WWTPs) within Houston serving approximately 2.3 million people and
covering a total service area of approximately 580 mile. Details for each
WWTP including average daily flow rate, sewershed area, and service pop-
ulation are provided in Table S1.

Raw wastewater samples were collected from the influent channel of
each WWTP using refrigerated 24-hour composite samplers. Influent
flowrates per WWTP was also provided by Houston Water personnel for
each 24-hour sampling period. After sample collection, samples were stored
on ice and transported to Houston Water's laboratory, aliquoted into
250 mL and 500 mL bottles and transported on ice for further processing
to Rice University (Rice) for the entire study period, and to Rice and the
Houston Health Department (HHD) laboratory starting June 7, 2021.
Methods used for sample concentration, RNA extraction, and quantification
differed slightly between laboratories and evolved over time. Sample pro-
cessing methods and procedures for calibrating results across laboratories
and method changes are described in the following sections.

2.2. Wastewater concentration, nucleic acid extraction, and SARS-CoV-2
quantification

Rice methods. Concentration was performed in duplicate for each waste-
water sample. For each replicate, 50 mL of wastewater was concentrated
via filtration using electronegative filters. Between September 1, 2020 and
January 25, 2021, nucleic acid extraction was performed on a Maxwell 48
RSC automated platform (AS8500, Promega) using a modified protocol
for the Maxwell RSC PureFood GMO and Authentication Kit (AS1600,
Promega). From February 1, 2021 to April 25, 2022, extraction was per-
formed on a chemagic 360 automated platform using the Viral DNA/RNA
300 Kit H96 (CMG-1433, PerkinElmer) following the manufacturer's proto-
col. The extraction method was changed to adjust for the increase in weekly
samples. SARS-CoV-2 N1 and N2 gene targets were quantified in wastewater
samples using a one-step RT-ddPCR assay. RT-ddPCR was performed on a
QX200 AutoDG Droplet Digital PCR System (Bio-Rad) and a C1000 Thermal
Cycler (Bio-Rad). Further details on concentration, extraction, and quantifi-
cation including information on assay setup and thermocycling conditions,
controls, and limit of detection, are provided in the Supporting Information.

2.2.1. HHD methods

xConcentration and extraction were performed identically to the Rice
method using the chemagic 360 extraction platform with the exception of
the volume of lysate supernatant transferred into the RNA extraction plate
(600 pL instead of 300 pL) and the final eluate volume (60 pL instead of
50 pL). Quantification of N1 and N2 were performed by RT-qPCR using the
Water SARS-CoV-2 RT-PCR test kit (IDEXX Laboratories, Inc., Westbrook,
ME) following the manufacturer's instructions. Further details are provided
in the Supporting Information.

2.3. Diagnostic testing, syndromic surveillance, and hospital bed use data

Positive and negative COVID-19 diagnostic (PCR) testing results
were extracted from the Houston Electronic Disease Surveillance System
(HEDSS). The daily positivity rate was calculated as follows:

No.of persons with a positive PCR result

T — - %100%
No.of persons with either a positive or negative PCR result

Daily Positivity Rate =
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Results were limited to patients located within one of the 105 Houston-
area ZIP codes. Test records were deduplicated by person by specimen
date (i.e., if a person is tested multiple times in a single day, they are
counted once for that day; if a person is tested across multiple days,
they are counted once per each of those days). Results were aggregated
by specimen date.

COVID-related emergency department (ED) visit data were extracted
from the Southeast Texas Electronic Syndromic Surveillance System for
the Early Notification of Community-Based Epidemics (HHD-ESSENCE)
and includes data from over 130 healthcare facilities across the Public
Health Region 6/5 South in Texas. Syndromic surveillance via the HHD-
ESSENCE system is routinely used for monitoring other influenza-like ill-
nesses. A COVID-related ED visit was defined as an emergency-related
visit with a COVID-19 diagnosis code in the discharge diagnosis field. The
daily COVID ED Visit Rate was calculated as follows:

No.ofemergency visits with « COVID discharge diagosis code

Daily COVID ED Visit Rate = —
No.of emergency visits

%100%

The ED data was not limited geographically and reflects data from all fa-
cilities currently reporting to HHD-ESSENCE for the Texas Public Health
Region 6/5 South. Results were aggregated by visit date.

Hospital bed usage data were extracted from the Southeast Texas
Regional Advisory Council (SETRAC) COVID Executive Hospital Summary
dashboard (Covid Executive Hospital Summary; SENTRAC). The daily
COVID ICU and general bed usage rates were calculated as follows:

No.of ICU beds in use with COVID patients

Daily COVID ICU Bed Rate =
awy ¢ ¢ No.of ICU beds in use

*100%

No.of general beds in use with COVID patients

Daily COVID G 1 Bed Rate =
el enerdl Bed Rate No.of general beds in use

*100%

The hospital bed usage variables were limited to the county-level and
reflect data from Houston's main county, Harris. Results were aggregated
to bed usage date.

2.4. Statistical methods

2.4.1. Aggregating data across labs

As mentioned, the 24-hour composite wastewater samples collected
each week from the 39 wastewater treatment plants are analyzed by multi-
ple labs using multiple methods (additional details are provided in the SI).
Before statistical analysis is performed on the sample results, calibration
across labs is performed. This calibration is calculated through regression.
Measurements from Rice using Maxwell platform and HHD were adjusted
to Rice chemagic 360 levels using two different regressions. The Rice
Maxwell regression model for adjustments is a linear regression model
that was built on samples from January 25, 2021 in which we extracted
replicate samples (n = 24) via Maxwell and chemagic 360 in a head-to-
head comparison. The HHD regression model for adjustments is a cubic-
polynomial regression model that was built on samples from April 12,
2021 to August 16, 2021 (n = 387). For the HHD regression model, the
sample results are converted to the log10 scale prior to the regression,
as such the adjusted values are raised to the 10th power after adjust-
ments are applied. The transformation of log10 resolves the issue of
extreme values and skewness of the copies per liter measurements.
Additional details on the regressions are provided in the Supporting
Information.

2.4.2. Spline-smoothing of wastewater viral load

Once the regression adjustments are applied, and the adjusted values
are on the copies per liter scale rather than the logl0 copies per liter
scale, they are normalized by flow. The flow for each of the 39 wastewater
treatment plants is reported in liters per day. After flow normalization, the
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measurements are in copies per day. The flow normalized measurements
are calculated as follows:

No.of Copies No.of Liters

Viral Load (No.of Copies per Day) = Titer * Day

A regression spline model is used to fit the time series of the log10 cop-
ies per day for each of the 39 wastewater treatment plants. The transforma-
tion of 1og10 again resolves the issue of extreme values and skewness. The
knots in the spline are chosen optimally based on the quantiles of the copies
per day. The number of knots or degrees of freedom is a sensitivity param-
eter that is checked each week. To estimate the city-wide total copies per
day, the log10 estimated copies per day at each wastewater treatment
plant are raised to the 10th power, summed and then again transformed
to log10. The total estimated copies per day is an estimate of the median
of the probability distribution for copies per day.

2.4.3. Weekly percent change

The relative week-to-week percent change is calculated for each of the
39 wastewater treatment plants as well as the city-wide total. The weekly
relative percent change for a certain week is calculated using the below
formula:

Weekly Relative Percent Change

10Current week estimated viral load — 10Week prior estimated viral load
10Week prior estimated viral load

The estimated viral load values used in the relative week-to-week per-
cent change calculations for each of the 39 wastewater treatment plants
are the log10 copies per day estimates produced by the spline regressions
described in the prior section. The estimated viral load values used in the
relative week-to-week percent change calculations for the city-wide total
is the summed total log10 copies per day estimate described in the prior
section.

2.4.4. Cross-correlation analysis

To assess whether there was a leading or lagging relationship between
the wastewater viral load and other metrics, we performed a time-step
cross-correlation analysis where the city's wastewater viral load was lagged
—7 to +21 days against each raw daily rate: positivity, COVID ED visits,
COVID ICU beds, and COVID general beds rates. The Pearson correlation
coefficient was calculated for each day interval lag in wastewater viral
load for each of the aforementioned daily rates. The cross-correlation anal-
ysis was performed for each of the COVID-19 waves individually. The first
(Alpha) wave corresponded to September 1, 2020 to January 20, 2021; the
second wave ran from June 15, 2021 to August 31, 2021; and the third
wave was November 20, 2021 to January 15, 2022. These date ranges
were selected to include the lead time before the peak, i.e., the date of the
minimum before the peak, to the date of the peak of the most lagging met-
ric. Confidence intervals for the correlation coefficients were calculated
where the lower confidence bound for each cross-correlation took into
account the fact that each series is autocorrelated (Shumway et al., 2000).
Details on how the cross-correlation analysis was performed are provided
in the Supporting Information.

3. Results

3.1. City-wide wastewater SARS-CoV-2 viral loads were strongly correlated with
positivity rate, ED visits, hospital general bed use rates

We quantified SARS-CoV-2 RNA concentrations in wastewater samples
collected at 39 wastewater treatment plants that serve approximately 2.3
million people over 86 weeks. The study period captured three major infec-
tion waves of COVID-19 that corresponded to the emergence of Alpha
(B.1.1.7 and Q lineages), Delta (B.1.617.2 and AY lineages), and Omicron
(B.1.1.529, BA.1 lineages) variants. We used a flow-based normalization
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approach to calculate the viral load at each WWTP by multiplying the
SARS-CoV-2 RNA concentration by the influent flow rate for each WWTP,
an approach that numerous other studies have applied for normalization
and to account for impacts of dilution (Acosta et al., 2022; van Boven
et al., 2022; Yaniv et al., 2021; Nagarkar et al., 2021; Isaksson et al.,
2022; Tiwari et al., 2022). Fig. 1 shows the time series data for the city-
wide aggregated SARS-CoV-2 RNA viral load, disease indicators including
positivity rate, COVID ED visit rate, COVID ICU bed use rate, and COVID
general bed use rate. Wastewater viral load and all other conventional
metrics experienced peaks corresponding to the three waves caused by
different SARS-CoV-2 variants. Across the entire 86-week study period
(September 1, 2020 — April 25, 2022), the wastewater viral load was
strongly correlated with positivity rate (p = 0.91), ED visit rate (p =
0.80), general bed use rate (p = 0.71), and moderately correlated with
ICU bed use rate (p = 0.47) (Table S2).

3.2. The leading indicator metric for city-wide SARS-CoV-2 infection burden
varied across COVID-19 waves

We next compared the relative timing of the wastewater viral load to
the other disease indicators for each wave individually. In this analysis,
we used the data corresponding to the rising edge of the peak for each
wave (Fig. 1, grey shaded time periods) and computed the correlation coef-
ficients between the wastewater and indicators. To evaluate if wastewater
viral load lead or lagged the other timeseries datasets, we performed a
cross-correlation analysis and compared the correlation between the waste-
water viral load and other indicators after offsetting by a period of —7 to
+21 days. The leading metric differed for each COVID-19 wave, as deter-
mined by comparing lead/lag offset with the strongest correlation coeffi-
cient between the wastewater viral load and other disease indicators. In
the first (Alpha) wave, all other indicators were strongly correlated with
wastewater viral load, over lag windows between —7 and 21 days. In this
wave, the wastewater viral load, COVID ED visit rate, and positivity rate
generally moved together and led COVID ICU and general bed use rates
(Fig. 2A and Table 1). In the second (Delta) wave, the strongest correlation
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coefficients were observed when positivity rate led, followed by wastewa-
ter viral load, COVID ED visit, COVID general bed use, and COVID ICU
bed use rates. The third (Omicron) wave was more similar to the second
wave than the first in terms of the temporal patterns of each of the metrics,
with the exception that the strongest correlation between wastewater viral
load and COVID ED visit rates occurred when there was no lag between the
datasets.

3.3. Individual wastewater treatment plant viral loads had greater lead times for
city-wide positivity rates, ED visits, and hospital bed use rates

We next asked whether changes in viral load at individual wastewater
treatment plants led changes in the city-wide viral load. For each wave,
there was some spatial variation in timing and rate of change of the viral
load observed at each individual wastewater treatment plants (Fig. 3A).
Certain wastewater treatment plants experienced earlier increases in
weekly percent change in viral loads than the city-wide total, serving as
early indicators of a city-wide surge. To identify sewersheds that were
early indicators of the city-wide surges, we compared the relative timing
of the trough (minimum) leading up to each wave for each individual
wastewater treatment plant versus the city-wide minimum (Fig. 3B, mini-
mums indicated as black diamonds). For example, in wave 1, the 69th
wastewater treatment plant's wastewater viral load began increasing prior
to the city-wide total (Fig. 3B, red line), with the minimum for the 69th
wastewater treatment plant occurring 6 days before the city-wide mini-
mum. In contrast, other wastewater treatment plants lagged behind the
city-wide trend in wave 1, such as Clinton Park (Fig. 3B, orange line), for
which the minimum was 13 days after the city-wide minimum. In total,
there were 17, 18, and 14 wastewater treatment plants whose minimums
led the city-wide minimum for waves 1, 2 and 3, respectively. There were
a three wastewater treatment plants that led the citywide total waves across
all three waves: Beltway, Chocolate Bayou, and Intercontinental Airport.
The Intercontinental Airport wastewater treatment plant serves the George
Bush Intercontinental Airport, and these results suggest that it may be a
good sentinel site for early detection of infection surges.
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Fig. 1. Positivity rate, COVID-diagnosis ED visit rate, hospital general bed use rate, and ICU bed use rate (left y-axis), and smoothed city-wide wastewater viral load (right y-
axis) time series for September 1, 2020 through April 25, 2022. Positivity rate is the daily positivity rate for the City of Houston's 105 zip codes. ED visit rate is the daily rate of
COVID-related emergency department visits for the Texas PH Region 6/5S. General and ICU bed rates are the daily rates of general and ICU beds in use for COVID patients for
Harris County, respectively. City wastewater is the daily spline-smoothed aggregate viral load for the city of Houston. Grey shading indicates the time period included for each

wave in the time-step correlation analysis.
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Fig. 2. Pearson correlation coefficients for the cross correlation between disease metrics and daily spline-smoothed wastewater viral load for the city offset between —7
(lagging) and + 21 (leading) days. The correlation analyses were performed using the raw daily rates for positivity, ED visit, general bed use, and ICU bed use rates.

Triangles indicate correlation coefficients significantly different from zero.

4. Discussion

In this study, we showed that SARS-CoV-2 RNA viral loads in wastewa-
ter were positively correlated to all other disease metrics used for city-wide
COVID-19 surveillance: positivity rate, syndromic surveillance of ED visits,
and hospital general and ICU bed use rates. The strong relationship
between these metrics and wastewater viral loads across three COVID-19
surges demonstrates that wastewater can provide an independent, comple-
mentary source of surveillance information for a major city that is a
relatively inexpensive, rapid, and broad as compared to diagnostic testing.
Our findings are consistent with other studies reporting correlations
between SARS-CoV-2 wastewater levels and new cases, positivity rate,
and/or hospitalizations (Galani et al., 2022; Peccia et al., 2020; D’Aoust
et al., 2021; Krivonédkova et al., 2021; Graham et al., 2021; Feng et al.,
2021; Hoar et al., 2022; Wang et al., 2021; Stadler et al., 2020; Pileggi
etal., 2022; Zhao et al., 2022), and underscores its value as a tool for public
health action (Medema et al., 2020; McClary-Gutierrez et al., 2021; Farkas
et al., 2020; Kirby et al., 2021; Deng et al., 2022; Sharara et al., 2021). The
strong correlations between wastewater and metrics such as positivity rate,
syndromic surveillance, and hospitalizations occurred across three major
waves of COVID-19, despite an evolving virus and new variants, wide-
spread vaccination and boosters, and natural immunity. This highlights
the strength of wastewater as a reliable metric of community infections.
Wastewater surveillance will become more valuable as diagnostic testing
declines and the use of at-home tests increases. Further, as SARS-CoV-2
evolves and medical treatments improve, resulting in overall less severe
disease and fewer hospitalizations, wastewater can still serve as a reliable
metric of community spread, and even provide information on the relative
severity of the a given variant by comparing it against hospitalizations.

Beyond using wastewater as an independent, quantitative measure of
community infection trends, there is interest in applying wastewater

Table 1

Lead time of wastewater relative to other disease indicator metrics based on maximum
correlation coefficient from time-step analysis. Positive values indicate wastewater
led, while negative values indicate wastewater lagged other metrics.

Wave Positivity ED visit General bed ICU bed
1 +6 +4 +12 +10
2 -4 +3 +13 +16
3 -4 0 +7 +10

monitoring as an early-warning system that can be used to forecast surges
in infections that stress healthcare resources. Previous studies have claimed
that concentrations of SARS-CoV-2 in wastewater can lead reported case
counts (Xiao et al., 2022; Olesen et al., 2021; Kaplan et al., 2021; Peccia
et al., 2020; D’Aoust et al., 2021). However, many of these reports were
from the initial surge of COVID-19, when there were no or very few
known infections, and testing rates were low and/or testing resources
were scarce. However, in later infection waves, where there was more
availability and access to testing resources, lead times were generally non-
existent or even found to lag behind reported cases (dated by specimen
date) (Xiao et al., 2022; Feng et al., 2021). One explanation for why waste-
water may lead case counts is that individuals start shedding virus in their
stool before they seek testing, which typically occurs after symptoms pres-
ent. However, many other factors contribute to the relative timing between
wastewater viral loads and case counts, such as health-seeking behavior,
disease severity and progression, and access to testing resources, which
are difficult to separate during analysis.

Here, we compared the timing of the city-wide wastewater viral load to
other disease indicators using a time-step cross-correlation analysis. We
discreetly analyzed each COVID-19 wave's leading edge, and thus can com-
pare the relationship between each metric across three different COVID
surges. The lead/lag with the maximum correlation coefficient between
wastewater and other metrics shifted across the different waves. Wastewa-
ter had the strongest correlation as a leading indicator in wave 1, with the
maximum correlation coefficients occurring when it led positivity rate by
6 days, ED visits by 4 days, and hospitalizations by 10-12 days (Table 1).
In contrast to the first wave, wastewater lagged behind the positivity rate
in the Delta and Omicron surges based on the maximum cross-correlation
coefficients. Testing resources were more widely available in the Delta
and Omicron surges, which may have resulted in more timely diagnostic
testing and a shift in timing as compared to wastewater levels in the first
wave (Xiao et al., 2022). The timing of wastewater levels relative to other
metrics across each wave could also be due to differences in fecal shedding
and symptom onset due to the different viral variants responsible for each
wave (Wade et al., 2022; Tlhagale et al., 2022). To understand if wastewa-
ter would be expected to lead new cases (independent of testing resources
and behavioral factors), a better understanding of typical fecal shedding
rates over the course of an infection is needed, and whether different vari-
ants result in different fecal shedding patterns. It is important to note that if
we account for autocorrelation, the cross-correlation coefficients are only
significantly different from zero in the first wave (Table S2). This is because
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Fig. 3. (A) Heatmap of the week-to-week percent change in wastewater viral load for the city-wide total and each of the 39 wastewater treatment plants. Wastewater
treatment plants are ordered by population on the y-axis. Grey boxes indicate no sample was collected. (B) Wastewater viral load trends (splines) for city-wide total (top
green line with 95 % confidence band in grey) and individual wastewater treatment plants. As examples, 69th Street is shown in red, Intercontinental Airport in dark
orange, and Clinton Park in light orange. Black markers indicate the minimums for the city total and each site leading up to each wave. Dotted line indicates the date of
the city-wide total minimum. Grey shaded areas indicate the date ranges corresponding to each wave.

timeseries data is strongly autocorrelated, and only in the first wave is the
sample size large enough to overcome the autocorrelation, whereas in
waves 2 and 3 the number of days included in the wave are not sufficiently
large. This is consistent with a previous study that found that more frequent
sampling (twice weekly) resulted in significant associations between waste-
water measurements and case counts, but down sampling to fortnightly or
weekly measurements resulted in no significant associations when account-
ing for autocorrelation (Graham et al., 2021). Regardless, because of the
overall strong association between the wastewater viral load and other met-
rics, wastewater could be implemented to serve as an early warning system
and reflect community infection prevalence.

In all waves, wastewater viral loads and syndromic surveillance were
relatively consistent with respect to timing, and both led changes in
COVID-related general and ICU bed use rates by one to two-weeks. This
underscores the complementary role that wastewater surveillance can

play with syndromic surveillance. Syndromic surveillance data is available
in real-time, but may be biased toward severe infections and captures a
much more limited portion of the population. However, discharge diagno-
ses can be omitted or entered into the system after the fact, resulting in
incomplete or delayed information. Wastewater surveillance data can
have a turnaround time of less than a day (Smruthi et al., 2021), can detect
both symptomatic and asymptomatic cases (Schmitz et al., 2021; Gibas
et al., 2021), and can represent the population of an entire metropolis in
a single sampling event (Hoar et al., 2022; Wang et al., 2021; Stadler
et al., 2020). Both wastewater and syndromic surveillance will become in-
creasingly critical for detecting future surges of COVID-19 as diagnostic
testing declines. Early detection could mitigate the impact of surges on hos-
pitals, resulting in better patient outcomes and mitigation of large financial
losses experienced by hospitals (Kumar et al., 2020; Coughlin et al., 2020).
Our results suggest that syndromic and wastewater surveillance could be



L. Hopkins et al.

used together to establish thresholds for when community spread is increas-
ing and trigger hospitals for emergency preparation measures.

Increasing the lead time of wastewater for early detection of future surges
could be achieved through a distributed monitoring system. In Houston, the
numerous wastewater treatment systems that serve the city enabled a distrib-
uted wastewater monitoring system for SARS-CoV-2. We show that monitor-
ing at 39 different wastewater treatment plants could have enabled earlier
detection of city-wide surges on the order of two weeks. Our results are
aligned with a previous study that used spatial autocorrelation analysis to
show that identified neighborhood hot spots led city-wide infection surges
(Haak et al., 2022). As expected, these findings suggest that outbreaks of
SARS-CoV-2 occurred in clusters, and were not homogeneously distributed
across the city. Interestingly, we observed that the Intercontinental Airport
viral load led the citywide total across all three waves, indicating airport
may serve as sentinel sites for citywide surges of infections. Of note, infected
individuals may have contributed to the wastewater signal in multiple
sewersheds if they moved throughout the day (i.e., go to the bathroom at
home and at work, located in two different sewersheds). This may have con-
tributed to the strong spatial association in the wastewater signal observed
across sewersheds. Understanding the impact of wastewater travel time on
lead/lag time, and whether decay of signal may be differentially impacting
the viral load observed at each wastewater treatment plant is an area that
requires further research. We know from previous work that travel times
across and within sewersheds in Houston can vary widely (McCall et al.,
2022). We did not observe any trends between wastewater treatment plant
size or service area and relative timing of each wave. Effective approaches
for identifying early hot spots of infection could potentially contain and
mitigate a city-wide outbreak if acted upon via public health measures
such as targeted communication, deployment of vaccination and testing
resources. Integration of wastewater and other disease surveillance with
epidemiologic models (Kaplan et al., 2021; Cao and Francis, 2021; Vallejo
et al., 2020; Nourbakhsh et al., 2022; McMahan et al., 2021; Huisman Jana
et al.) could be used to assess the impact of distributed versus centralized
wastewater monitoring systems and the impact of early detection on differ-
ent outbreak scenarios.

The strong associations between wastewater viral load and positivity
rate and hospitalizations led the City of Houston to incorporate information
from the wastewater monitoring system into its COVID-19 alert system.
Specifically, each week, the (1) percent of population served by a wastewa-
ter treatment plant with an increasing trend in viral load, and (2) weekly
increase in the percent of population with an increasing trend in viral
load, reported and classified based on thresholds as low, medium, or high
concern. These metrics, along with city-wide positivity rates, positivity
rates in the lowest income areas, general and ICU hospital bed use rates,
and number of new outbreaks in K-12 schools, are used to assess the current
level of concern for COVID for the city. This alert system represents one of
a growing number as cities and states begin to incorporate wastewater
levels into routine public health disease surveillance and response systems
(e.g., https://covid19.ncdhhs.gov/dashboard, https://www.cdph.ca.gov).

5. Conclusions

This study advances the field of wastewater disease surveillance as it
represents one of the longest longitudinal analyses of wastewater viral
levels and four different disease indicators. It is one of the only to include
syndromic surveillance data. By performing a cross correlation analysis
over the entire study period, as well as each of the three waves driven by
different variants, we were able to compare how the relative timing of
wastewater levels shifted across the pandemic. Our results and interpreta-
tion are limited by the fact that numerous factors changed across each
wave, including the dominant variant, testing availability, and human
behavior, which are difficult to disentangle. Regardless, we should expect
that the relative timing and representativeness of the disease indicators
will continue to shift as the virus evolves, attitudes toward the pandemic
and behaviors change over time, and updated vaccines become available.
This again underscores the need for multiple, complementary disease
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surveillance metrics to understand disease burden in our communities
and guide public health response. Our results are also impacted by the res-
olution of wastewater sampling, which occurred weekly, and the inherent
variability in the measurements of SARS-CoV-2 in wastewater samples.
To overcome these limitations, we used splines to smooth the wastewater
viral load data and interpolate daily values, an approach used and recom-
mended by several other studies (van Boven et al., 2022; Arabzadeh
et al., 2021; Aberi et al., 2021; Karthikeyan et al.). Further research should
help to establish methods for assessing the optimal sampling frequency and
sample locations given resource constraints and better understand and
minimize the factors contributing to measurement variability. In addition,
incorporating wastewater surveillance information into existing epidemio-
logical disease surveillance systems used by local, state, federal, and inter-
national systems will be critical to integrating as a routine surveillance
metric.
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