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BACKGROUND: Wastewater testing offers a cost-effective strategy for measuring population disease prevalence and health behaviors. For COVID-19,
wastewater surveillance addresses testing gaps and provides an early warning for outbreaks. As U.S. federal agencies build a National Wastewater
Surveillance System around the pandemic, thinking through ways to develop flexible frameworks for wastewater sampling, testing, and reporting can
avoid unnecessary system overhauls for future infectious disease, chronic disease, and drug epidemics.

OBJECTIVES: We discuss ways to transform a historically academic exercise into a tool for epidemic response. We generalize lessons learned by a
global network of wastewater researchers around validation and implementation for COVID-19 and opioids while also drawing on our experience
with wastewater-based epidemiology in the United States.

DiscussIoN: Sustainable wastewater surveillance requires coordination between health and safety officials, utilities, labs, and researchers. Adapting
sampling frequency, type, and location to threat level, community vulnerability, biomarker properties, and decisions that wastewater data will inform
can increase the practical value of the data. Marketplace instabilities, coupled with a fragmented testing landscape due to specialization, may require
officials to engage multiple labs to test for known and unknown threats. Government funding can stabilize the market, balancing commercial pressures
with public good, and incentivize data sharing. When reporting results, standardizing metrics and contextualizing wastewater data with health
resource data can provide insights into a community’s vulnerability and identify strategies to prevent health care systems from being overwhelmed. If
wastewater data will inform policy decisions for an entire community, comparing characteristics of the wastewater treatment plant’s service popula-
tion to those of the larger community can help determine whether the wastewater data are generalizable. Ethical protocols may be needed to protect
privacy and avoid stigmatization. With data-driven approaches to sample collection, analysis, and interpretation, officials can use wastewater surveil-

lance for adaptive resource allocation, pandemic management, and program evaluation. https://doi.org/10.1289/EHP8572

Introduction

In the United States, the COVID-19 pandemic has been exacer-
bated by an inability to track infections in a timely and comprehen-
sive manner (Parodi and Liu 2020). Traditional testing has proven
insufficient to monitor disease transmission, not only because of a
lack of test kits (American Society for Microbiology 2020), but
also because of a lack of symptoms in up to 70% of infected people
(Byambasuren et al. 2020; Oran and Topol, 2020; Poletti et al.
2020). To address this gap, some states have turned to wastewater
testing, which provides a scalable, cost-effective way to anony-
mously track population-level biomarkers of drug use, diseases,
and infections like COVID-19. (Keshaviah 2017; Daughton 2020).
Wastewater surveillance offers three unique strengths: a) broad
population coverage that extends to nearly 80% of U.S. households
(CDC 2020e); b) detection of infections among asymptomatic car-
riers who shed virus in their stools; and ¢) a lead time of 1-2 wks
for changes in community-level infections compared with individ-
ual case data (Peccia et al. 2020; Randazzo et al. 2020).

When COVID-19 hit, several countries—including the
Netherlands (Kitajima et al. 2020), Sweden (Hellmér et al. 2014;
Saguti et al. 2021), Israel (Bogler et al. 2020), India (Kumar et al.
2020a, 2020b), Pakistan (Asghar et al. 2014), and Australia
(Ahmed et al. 2020)—quickly pivoted existing wastewater surveil-
lance systems designed to monitor illicit drugs and other viral
pathogens to monitor for the novel coronavirus (Daughton 2020).
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Based on other countries’ early successes in detecting and quanti-
fying the SARS-CoV-2 virus that causes COVID-19, hundreds of
U.S. wastewater treatment plants across at least 42 states began
testing their wastewater for SARS-CoV-2 (COVID-19 WBE
Collaborative 2020b; NORMAN SCORE Database 2020).
However, coordination across these treatment plants, standards for
sample analysis, and harmonization of reporting metrics is needed,
lest we end up with hundreds of individual pilot studies instead of a
national public health surveillance system (Daughton 2021).

In recognition of this need, the Centers for Disease Control and
Prevention (CDC) and the U.S. Department of Health and Human
Services have begun developing a National Wastewater Surveillance
System (NWSS), with cross-agency collaboration from the U.S.
Environmental Protection Agency, U.S. Department of Homeland
Security, and other partners (CDC 2020e). As agencies coordinate to
build the NWSS from the ground up, thinking through the needs of
not only COVID-19, but also of future infectious disease, chronic
disease, and drug epidemics, can help ensure that the NWSS is not
overly optimized for the current threat. Although COVID-19 has cat-
alyzed the use of wastewater surveillance in the United States, the
next epidemic threat may differ in important ways from the novel co-
ronavirus. We seek to generalize lessons learned by a global network
of wastewater researchers with respect to validation and implementa-
tion of wastewater surveillance for COVID-19 while also drawing
on examples closer to home because the needs of a U.S. NWSS may
differ from those of systems developed abroad. This is in part because
the United States has a much larger and more geographically dis-
persed population, resulting in substantially more wastewater treat-
ment plants across which to coordinate [e.g., the United States has
roughly 15,000 plants (U.S. EPA 2016), compared with roughly
1,200 in Australia (Hill et al. 2012)]. Specifically, we leverage our
experience translating wastewater data for opioid epidemic manage-
ment (Margetts et al. 2020) to provide a roadmap for adapting waste-
water testing for pandemic preparedness and response.

To transform what has historically been an academic exercise
into an operationalized policy tool, that is, from retrospective analy-
sis geared to a peer-reviewed publication to prospective monitoring
that informs policy and program decisions, we see a need to consider
a broad range of factors beyond optimizing laboratory assays,
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including how to translate wastewater surveillance methods and
metrics to address the practical needs and timelines of policymakers.
Key considerations include the following: @) How quickly can test
results be returned? b) How reliable are the wastewater testing
results, given fluctuations in temperature, rainfall, and flow? c¢)
What thresholds should trigger policy actions such as expanding
individual testing or tightening restrictions? And d) what agencies,
institutions, and funding must come together to deploy surveillance
in a sustainable way? Keeping these questions in mind during
NWSS development can enhance the system so that it serves multi-
ple uses, including providing an early warning for new health
threats, assessing how health biomarker levels fluctuate over time,
identifying hotspots of activity, and evaluating the effectiveness of
policies, programs, or community actions.

Discussion

In this paper, we draw on our experience conducting wastewater-
based epidemiology to discuss frameworks for adapting wastewater
surveillance so that it can flexibly guide a data-driven epidemic
management strategy. Ongoing coordination between local public
health officials (and, for a drug epidemic, public safety officials),
wastewater plant operators, testing labs, and the research community
can better ensure that the data generated from wastewater surveil-
lance meet community needs (Figure 1). Routine and rapid commu-
nication across these partners can inform where and when to collect
samples, how to prioritize method validation to align with officials’
informational needs, and the types of data synthesis required to yield
policy insights. Collaborative groups composed of experts from dif-
ferent disciplines and sectors could be useful for method harmoniza-
tion. Existing organizations focused on water quality and water
regulation, such as the Water Research Foundation (WRF) and the
National Association of Clean Water Agencies, could help scale
implementation nationwide. Below, we discuss strategies to opti-
mize sampling, testing, and reporting to enable officials to identify
and respond to broad public health threats.

Adapting Sample Collection to Community Needs

A longstanding challenge of wastewater sampling has been how to
collect a sample that is representative (Polo et al. 2020). In our
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view, representativeness should consider both the technical proper-
ties of the biomarker in the wastewater stream (e.g., how it
degrades as it flows though the sewer), as well as whether the sam-
ple was collected in a manner that covers the population of interest.
This concern is particularly salient when collecting point-in-time
grab samples, rather than timed or flow-weighted composite sam-
ples (Polo et al. 2020). For COVID-19, collecting samples in the
morning (when most people routinely use the bathroom) may help
capture a larger viral load. However, some suggest that larger flows
in the morning could result in a more diluted signal (WRF 2020),
and morning sampling might also overlook certain underrepre-
sented populations, such as shift workers, who may be more sus-
ceptible to COVID-19 and exacerbating chronic conditions (Lim
et al. 2020). The choice of sampling day also has ramifications for
population capture. When monitoring drug use, weekday sampling
is more likely to capture people with habitual drug use, whereas
weekend sampling could additionally reflect recreational use. Last,
representativeness is inherently diminished because wastewater
testing misses roughly 20% of U.S. households served by septic
systems (CDC 2020e). It may be possible to partially mitigate this
data bias analytically, using spatial imputation and predictive mod-
eling (e.g., predicting wastewater biomarker concentrations for
areas served by septic systems based on community demographics
and other characteristics). However, such methods are imperfect
and work best to characterize broad trends—not to pinpoint spe-
cific populations where resources may need to be concentrated dur-
ing a public health threat.

In its regularly updated online guide, the CDC recommends con-
sidering public health data needs and the capacity for wastewater
sampling and testing when developing a wastewater sampling strat-
egy (CDC 2020d). In addition, we believe that a wastewater sam-
pling plan should be flexibly adapted to the threat level, how
vulnerable communities and health care systems are to that threat,
the properties of the health biomarker of interest, and the types of
health and policy decisions that wastewater data will inform. With
respect to threat level and vulnerability, researchers can refer to the
CDC’s Pandemic Intervals Framework, which classifies commun-
ities into one of four phases of pandemic progression: initiation,
acceleration, deceleration, and preparation for future (CDC 2016).
At different phases, officials might prioritize different sampling
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Figure 1. Conceptual framework for a coordinated, broad wastewater surveillance system. The figure highlights the different entities involved in surveillance
for public health; the goals of coordination across these entities during planning, implementation, and reporting; and the data alignment and synthesis needs for

policymaking. Note: QA, quality assurance; QC, quality control.
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strategies, targets, and designs (Figure 2). For example, during ini-
tiation, when community transmission is low, detection at the cen-
tral wastewater treatment plant can be challenging because of
diluted signals. Instead, following Israel’s model of wastewater sur-
veillance for polio pandemic management, sampling might priori-
tize upstream sentinel sites to provide an early warning (Manor et al.
2014), along with the top 5% of wastewater treatment plants, which
together cover more than half of the U.S. population (U.S. EPA
2016). Here, the choice of composite vs. grab sampling has impor-
tant tradeoffs. Composite sampling yields better representativeness
and improves detectability, but it may not be feasible because of
cost constraints (auto-samplers cost $5,000 to $10,000 each) or
practical considerations (e.g., if auto-samplers do not fit into man-
holes targeting specific facilities). Instead, grab sampling can pro-
vide a cost-effective way to collect preliminary information on
threat presence or absence with less delay (Betancourt et al. 2020).
As transmission accelerates, testing might shift from detection to
quantification, and sampling might shift to target vulnerable popula-
tions where the need for care could outweigh capacity. For COVID-
19, vulnerable communities include residents of nursing homes,
correctional facilities, and universities and communities with a high
prevalence of chronic conditions associated with severe COVID-19
(CDC 2020d; Marvel et al. 2020). Prioritizing vulnerable commun-
ities could catch upticks in transmission early and prevent health
care systems from being overwhelmed. As transmission begins to
decelerate, sampling might prioritize key transmission nodes, such
as international airports, shipping ports, travel hubs, and public gath-
ering spaces (Polo et al. 2020), along with threat-specific surveil-
lance sites, such as population centers and areas with dense living
(for an infectious disease) or known trafficking routes (for a drug
epidemic). Finally, when the public health threat has waned, com-
munities can scale back sampling to once again focus on qualitative
detection at sentinel sites. Because a community’s pandemic phase
can change quickly, close monitoring of wastewater data is vital.
However, intensive sampling may not be feasible nor realistic dur-
ing a prolonged epidemic. Instead, communities might tailor sam-
pling frequency to their general risk profile, intensifying sampling
as risk increases. That risk could be determined through epidemio-
logic modeling, which can help determine how quickly 1 case will
eruptinto 10 cases or 100.

Beyond a community’s pandemic phase, biomarker properties
may also influence sample type and location (Polo et al. 2020). For
biomarkers like SARS-CoV-2 that are shed in the stool rather than
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urine, sludge samples may yield more concentrated viral loads than
wastewater samples (Peccia et al. 2020). For biomarkers that are
unstable in the wastewater matrix, sampling upstream of the central
plant could lead to improved detection by reducing biomarker travel
time and thus degradation in the wastewater (Kocamemi et al. 2020;
McCall et al. 2016). Upstream sampling may be easier in some com-
munities than others—for example, in communities with pumping
stations that collect wastewater from subbasins (Polo et al. 2020).
When sampling upstream or in rural communities, researchers and
officials should pay special attention to protecting the privacy of
small segments of the communities surveilled and avoid stigmatiz-
ing specific groups. Although wastewater testing, as a population
surveillance tool, does not yield information on specific individuals,
fears of stigmatization at the municipal level have historically ham-
pered use of this tool in the United States to tackle the opioid epi-
demic (Keshaviah 2017). Even in the current pandemic, some
ethnic groups and those with certain health conditions have been
stigmatized (Roberto et al. 2020), and targeted upstream sampling
could exacerbate discrimination. Developing an ethical framework
can be helpful (Keshaviah 2017), as can moving from a spotlight
sampling approach, focused on a few communities, to broad surveil-
lance in an entire region. For privacy protection, most initiatives for
SARS-CoV-2 are focusing on sampling wastewater from treatment
plants that serve at least 500 people (EMCDDA 2016).

Last, officials may need to tailor wastewater sampling based
on how they plan to use the resulting data. If wastewater surveil-
lance will inform adaptive resource allocation, then a sampling
plan should be designed to identify local hot spots. In this case,
samples could be collected less frequently over time but would
need to include broad spatial coverage in a region. If wastewater
data are used to evaluate the implementation or impact of a partic-
ular policy, program, or community action, such as how marijuana
legalization affects marijuana use, whether vaccine uptake is high
enough to reduce circulating SARS-CoV-2 viral levels (Smith et al.
2021), or whether expanded naloxone distribution reduces opioid
overdose rates, then wastewater sampling would ideally include
not only the target community, but also a comparison community
not subject to the policy, program, or action being studied but with
similar characteristics to the target community. Including a com-
parison community within a quasi-experimental evaluation frame-
work can help control for external confounding and strengthen the
case for a causal association between the outcome of interest and
the policy, program, or action (Campbell and Stanley 2015).
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Figure 2. Design considerations for wastewater surveillance in communities at different stages of a pandemic. The figure provides recommendations for sam-
pling frequency, location, and type during different phases of disease threat prevalence, defined using the Pandemic Intervals Framework from the Centers for

Disease Control and Prevention.
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Optimizing Testing to Monitor for Multiple Threats

When a new public health threat emerges, a consistent set of vali-
dation needs arise with respect to detecting and quantifying that
threat in the wastewater matrix (Polo et al. 2020). There may be
multiple biomarker targets that can be quantified, each with dif-
ferent properties. To identify the optimal target, researchers can
examine the stability of each biomarker to understand degrada-
tion rates as a function of travel time in the sewer, temperature,
heat, ultraviolet light, sunlight, and other environmental parame-
ters (Chen et al. 2014; Hart and Halden 2020; Zhan et al. 2020).
Detailed modeling of viral decay and wastewater travel time
from its point of origin to sampling location would also help
translate the viral load in a wastewater sample to an estimate of
COVID-19 prevalence in the service population, which is still a
work in progress (Larsen and Wigginton 2020). Validation would
also require assessing the influence of different sample prepara-
tion and processing procedures, including filtering, pasteuriza-
tion, and freezing, on biomarker detection (Jafferali et al. 2021).

Once a biomarker is chosen, and labs begin optimizing their ana-
lytic methods, they are likely to encounter tradeoffs between method
precision and ease or speed of implementation. During this process,
we recommend they consider the time and intensity required for dif-
ferent analytic approaches, as well as the practicalities of implemen-
tation, such as the burden placed on utility staff to follow sample
preprocessing procedures like on-site pasteurization. As a leading
indicator, wastewater data can buy valuable time for public health
officials to make tailored decisions about how to manage the pan-
demic. But lab reporting delays eat into those lead-time advantages
(Larsen and Wigginton 2020). To move from retrospective data
analysis to near real-time decision making, officials will need lab
results quickly. In our experience, many academic labs exploring
cutting-edge approaches for wastewater testing for SARS-CoV-2
currently lack the capacity and rapid turnaround needed for policy-
making, compared with their commercial counterparts.

As more and more labs begin implementing new protocols for a
novel public health threat, interlab comparisons are essential and
can be facilitated by identifying early on during method develop-
ment how best to normalize and standardize reporting metrics
(Pecson et al. 2020; Pérez-Cataluiia et al. 2021). A review of the lit-
erature shows that the most common unit of reporting for SARS-
CoV-2is viral RNA copies per liter of wastewater. But the specific
assays used to quantify viral concentrations may differ from study
to study: Across the 35 publications included in a list from the
COVID-19 WBE Collaborative (2020a), more than 10 different
assays were used. Using more than one target region of the SARS-
CoV-2 genome can achieve better quantification of the virus (Polo
et al. 2020), but it also creates difficulties comparing results across
studies and complicates standardized reporting to the NWSS. Even
when assay use is consistent, variations in data summarization
methods could generate different results, leading to confusion for
officials trying to interpret the data. For example, in a pilot study
we led to assess the feasibility of wastewater testing for SARS-
CoV-2 in rural western North Carolina, preliminary results sug-
gested that wastewater trends in SARS-CoV-2 viral levels corre-
lated with trends in COVID-19 case counts observed 8—10 d later
(Keshaviah et al. 2020). Yet alignment across back-to-back days of
timed 24-h composite samples, and the resulting trend line over the
4-wk sampling period, varied depending on how the data were
summarized (Figure 3). The lab originally considered the viral con-
centration (the average of N1 and N2 viral copies per liter across
four replicates) as being below the limit of quantification (LOQ;
2,200-3,530 viral copies per liter, depending on the testing proce-
dure) if all replicates for the N1, N2, or both assays had two or
fewer positive droplets (regardless of the number of viral copies
per liter). With this approach to summarization, a nonspecialist
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Figure 3. Mean SARS-CoV-2 viral RNA copy numbers per liter of waste-
water + the standard error (Keshaviah et al. 2020). The mean is based on
the average of the N1 and N2 viral copy numbers per liter across four repli-
cates on a given day. Values below the limit of quantification (LOQ) were
plotted at the midpoint between the LOQ and the limit of detection (LOD);
dashes were used to denote the uncertainty in the shape of the trend line
when connecting to a value below the LOQ. The panels show how the shape
of the wastewater trend line varies when using two different reporting met-
rics. (A) Mean concentrations were considered below the LOQ if all repli-
cates for N1, N2, or both had <2 positive droplets, regardless of the viral
copy numbers per liter. (B) No such threshold was applied, and values were
reported so long as at least one N1 or N2 replicate a value above the LOD.

might conclude that there was poor alignment between the back-
to-back sampling days (Figure 3A). When we removed that thresh-
old criterion and reported the average viral copies per liter so long
as at least one N1 and N2 replicate had a value above the LOQ,
alignment between the back-to-back days of sampling improved
(Figure 3B). This adjustment also altered the shape of the trend line
somewhat. Beyond assay and metric standardization, researchers
may also need to normalize their results to account for variability
in wastewater flow rates over time, the number of people contribut-
ing to the wastewater using different human biomarkers, and
uncertainties around rates of SARS-CoV-2 excretion in stools, all
of which could render data from different locations not directly
comparable (Chen et al. 2014; He et al. 2020; Polo et al. 2020).
Absent this standardization, though, wastewater data can still be
used to reliably monitor temporal trends for a given wastewater
treatment plant so long as the data are generated by the same lab,
using the same protocols (Medema et al. 2020).

Besides lab-based methods, a broader set of epidemiologic and
statistical approaches can validate and optimize wastewater data for
a new threat (NIST 2020). Analyzing trends in wastewater data
alongside clinical case surveillance data can be useful for validation
and interpretation (CDC 2020c). However, because confirmed cases
may represent only a fraction of total cases, missing asymptomatic
patients and those not seeking care (Mor et al. 2014), other epide-
miologic indicators and novel proxies should also be considered,
including online symptom reports and digital thermometer data that,
like wastewater data, may be leading indicators (Kogan et al. 2020).
Researchers can also use meta-analysis and systematic reviews to
assess how sample preparation methods and other study-level fac-
tors impact quantification, or how different normalization
approaches impact measure variability. Care should be taken, how-
ever, to vet the studies analyzed. Since the beginning of the
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pandemic, the use of preprint servers like bioRxiv and medRxiv has
skyrocketed [representing nearly 40% of English-language COVID-
19 scientific work disseminated between January and April 2020
(Fraser etal. 2020)]. Although preprint platforms facilitate rapid dis-
semination and knowledge building, they can be challenging to nav-
igate because they may include studies with questionable methods
or lower levels of rigor. Rapid Reviews: COVID-19 (https://
rapidreviewscovid19.mitpress.mit.edu/), the Novel Coronavirus
Research Compendium (https://ncre.jhsph.edu/), and similar efforts
to quickly and authoritatively call out misinformation and highlight
valuable research are critical to support public health action.

To scale wastewater surveillance nationally, the marketplace for
testing should be considered. In our experience, the rapid spike in
demand created by the COVID-19 pandemic currently outweighs
capacity in many locations. To meet demand, many academic
researchers have spun off their wastewater testing activities into com-
mercial startups. This destabilization of the supply of testing services
has led to harmful entrepreneurial overpromising. Some city officials
who were promised near real-time information on community
COVID-19 risk through wastewater testing were left waiting weeks,
not days, for test results (Brasileiro 2020). Further, in recent months
we have seen one academic lab decrease their testing price by up to
30% as a result of method optimization, whereas another lab—a com-
mercial start-up—increased their prices 10-fold, prompting many
public health departments to search out more cost-effective options
midstream. From our recent experience, per-sample testing costs
range from about $300 to $1,200 for SARS-CoV-2 and $100 to $150
for drug metabolite panels (which are less time-intensive than viral
detection and quantification). Although both academic and commer-
cial labs currently offer testing for SARS-CoV-2, few commercial
labs have protocols in place to quantify drug metabolites in waste-
water. As with all new technologies, costs should stabilize over time
as supply ramps up to meet demand. But government investments
and oversight may still be needed to ensure that commercial pressures
do not undermine public health. For example, small business technol-
ogy transfer grants, such as the Smart City Tools grants from the
National Institute on Drug Abuse (2019), have been a useful funding
mechanism because they incentivize knowledge transfer from aca-
demic to commercial labs, helping to reconcile the gap that some-
times exists between innovation and implementation.

Finally, the fragmented testing landscape created by scientific
specialization presents a challenge for developing the NWSS. There
is little overlap between the labs testing for disease pathogens and
those testing for drug metabolites. Accordingly, officials will need to
involve new sets of players for new types of threats. To flexibly mon-
itor for a wide range of biomarkers or to study interactive effects
(such as how the pandemic is exacerbating drug use), a mapped roster
reflecting each lab’s testing targets, methods, capacity, and turn-
around time would enable efficient coordination. Such a roster could
also flag labs with the capacity for intensive, nontargeted testing to
identify unknown or unexpected public health threats (O’Brien and
Xagoraraki 2019). Expanding the testing protocols at existing state
labs, and improving coordination across labs in the CDC’s
Laboratory Response Network [composed of federal, state, and local
public health laboratories that respond to biological, chemical, and
other public health emergencies (CDC 2020a)], would enhance
cross-region comparisons. Furthermore, strategically locating some
sentinel labs near central wastewater treatment plants could help
stem degradation of the target compound in the wastewater matrix
during sample transport and thus avoid the need for sample preserva-
tion techniques that might damage the pathogen or weaken detection.

Contextualizing Wastewater Data for Policy Insights

Importantly, because wastewater data cannot identify who is
infected, surveillance using wastewater testing is not meant to
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replace traditional disease surveillance focused on individual cases
and their contact histories. Instead, it should supplement data from
traditional epidemiological routes, such as syndromic surveillance,
to help overcome known limitations due to low population coverage
(particularly of asymptomatic cases), high cost, testing and report-
ing delays (Polo et al. 2020; Sodré et al. 2020), and inaccuracies due
to location misattribution (Calvert County Health Department 2020);
Wang et al. 2020). The European Monitoring Center for Drugs and
Drug Addiction (EMCDDA 2016) has compared the pros and cons
of wastewater-based epidemiology with more traditional epidemio-
logical approaches in the context of tracking the opioid epidemic.
But that comparison may not hold up for COVID-19, which presents
some unique challenges. For example, whereas wastewater concen-
trations of drug metabolites can yield reliable estimates of per capita
drug use that take into account average drug dose sizes and excretion
rates, COVID-19 viral shedding is much more variable, and more
research is needed on the prevalence, timing, and duration of viral
shedding before wastewater data can yield reliable estimates of
COVID-19 prevalence (Hart and Halden 2020).

To realize the full value of wastewater data for policymaking,
wastewater data should be integrated with administrative data dur-
ing sample plan development, testing validation, and result inter-
pretation. Been et al. (2015) illustrated this approach to data
triangulation when testing wastewater for opioids in Switzerland.
By combining wastewater data with population survey data, a
registry on opioid substitution therapy, and data from a needle and
syringe distribution program, they were able to parse illicit heroin
use from prescription opioid use. Likewise, in our analyses of data
from a multisite wastewater study in Montana, by aligning and syn-
thesizing wastewater concentrations of opioid and illicit drug
metabolites with local data on pharmacy prescriptions filled, law
enforcement drug seizures, and calls placed to emergency medical
services for drug overdoses, we were able to generate insights into
where and when drug overdoses may occur, policing impact on
community drug use, and the extent of black-market activity
(Margetts et al. 2020). Although wastewater data cannot identify
health outcomes among specific individuals, the risk of identifying
individuals increases when wastewater data are aligned and linked
with complementary data sources, particularly if the health out-
come is rare. Accordingly, public health officials and wastewater
researchers should implement protocols to protect individuals’ pri-
vacy and avoid community stigmatization (Polo et al. 2020).

To scale data integration for the NWSS, investments in new data
pipelines, interoperable databases, and automated reporting tools
may be needed. For example, interactive, dynamic data dashboards
can help officials see, in real time, how wastewater results vary when
they select a different sampling location, time range, or biomarker of
interest. Dashboards can also be built to automatically link and align
data from multiple sources and visualize the information in a manner
that facilitates data triangulation and prediction. In our North
Carolina pilot study, we built a dashboard that brought together in-
formation on COVID-19 testing rates, case counts, pandemic vul-
nerability, population mobility, and other community demographics
(Figure 4). By providing a more holistic picture of COVID-19 risk
in a county, including the vulnerability of the population and health
care system, such a dashboard can give public health officials the
confidence to act on this relatively new data source and adapt their
decisions to changing profiles of community risk.

There are many practical use cases that wastewater testing
can inform, particularly when combined with administrative data.
Comparing wastewater results with data on testing coverage and
test positivity can help officials see where gaps may exist in indi-
vidual testing. In other words, aggregate testing can inform when
individual testing should be ramped up. Comparing wastewater
data with health care resource data (such as intensive care unit
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Figure 4. A wastewater communication dashboard to contextualize sewage concentration data for policymaking. The dynamic tool uses a series of application pro-
gramming interface calls to state- and county-level data to facilitate rapid data refreshing and reporting. Two trend graphs contextualize the wastewater data with data on
the 3-day rolling average of new cases and a proxy indicator of COVID-19 prevalence that combines doctor visits and Facebook symptom surveys. A series of visual dis-
plays highlight key region-specific indicators, including case growth rate, test positivity, hospitalizations, population mobility, and population vulnerability based on
proportion of the community with underlying conditions associated with severe COVID-19. The dashboard synthesizes wastewater lab results with data from the
USAFacts (https://usafacts.org/data/), University of Washington (https:/github.com/COVID19StatePolicy/SocialDistancing), the Delphi Research Group’s
COVIDCast effort (https://cmu-delphi.github.io/delphi-epidata/api/covidcast.html), the COVID Tracking Project (https://covidtracking.com/), the National Institute of
Environmental Health Sciences (https:/github.com/COVID19PVI/data), the Centers for Disease Control and Prevention (https://www.cdc.gov/brfss/annual_data/
annual_2018.html), Google (https://www.google.com/covid19/mobility/), and the U.S. Census (https://www?2.census.gov/programs-surveys/popest/datasets/2010-
2019/counties/totals/co-est2019-alldata.csv). Note: WWTP, Wastewater treatment plant.

bed capacity in local hospitals) can help assess the community’s
pandemic vulnerability and inform whether restrictive measures
like shutdowns are needed to prevent health care systems from
being overwhelmed. In addition, comparing wastewater viral
loads with population vaccination rates can help identify areas
where vaccine hesitancy may inhibit herd immunity (Smith et al.
2021). Ultimately, if wastewater data collected on a subpopula-
tion will inform policy decisions that affect the larger community,
it will be critical to compare demographic data on the sampled
population vs. the community as a whole (including those on sep-
tic systems), to assess the extent to which the information gener-
ated by wastewater surveillance can be generalized.

Looking Ahead

Epidemics present a rare mix of collective outlook, desire for data,
and temporary bureaucratic abatement. Historically, such crises
have catalyzed the development of new infrastructure (Asghar et al.
2014; Chatterjee et al. 2013; Roberts 2013). With sewage surveil-
lance, we can tap into a data stream that is right beneath our feet for a
continually running system to measure population health. A unique
strength of wastewater testing is the efficiency with which it can
measure multiple public health biomarkers and their interactive
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effects. Wastewater testing has been used to characterize everything
from exposure to pathogenic viruses and bacteria to health behav-
iors (such as drug use and smoking) to chronic disease prevalence
and biomarkers of stress (Choi et al. 2018). It has been used to assess
polio vaccine coverage in India (Chatterjee et al. 2013), eradicate
polio in Israel (Roberts 2013), and combat infectious diseases like
Hepatitis A in Sweden (Hellmér et al. 2014; Roberts 2013). Further,
researchers in Australia are now looking to wastewater testing to
provide more accurate census estimates (Choi et al. 2020). Given
the multilayered bits of information embedded in this data stream,
there is high potential value for building a U.S. NWSS in a manner
that is generalizable and need not be retooled for each new pathogen
or public health threat.

Critically, wastewater surveillance could also help us over-
come systemic psychological biases that hinder our ability to react
to new threats. Humans’ innate cognitive biases prioritize inaction
(status quo) over action and focus our attention on immediate
known problems over future unseen—or unexperienced—threats
(Johnson and Levin 2009). With routine wastewater surveillance,
officials can detect unexpected health threats before they evolve
into epidemics. Because it may not be feasible to deploy waste-
water surveillance at all 15,000 wastewater treatment plants across
the country, we need to strategically identify the most important
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locations for sampling while also ensuring that underserved and
vulnerable populations are being monitored. If we implement the
NWSS correctly, we can equip officials with objective, granular,
and near real-time data on changing public health risks in a local-
ized manner that is tailored to a community.

One hundred fifty years ago, our understanding of how diseases
spread leaped forward when two British pioneers took a systematic
view of raging disease epidemics. During the Crimean War, nurse
Florence Nightingale’s use of data visualization to tally causes of
death among British soldiers revealed that bacterial infections from
poor sanitation led to 10 times more deaths than battle wounds
(Hammer 2020). Around the same time, physician John Snow
mapped clusters of cholera infections around the Broad Street water
pump to show that a tainted water source, not bad air, was the source
of London’s cholera epidemic (Snow 1855). Taking lessons from
those who battled pandemics in centuries past, we see the need to
take a big, bold approach to adapting and advancing our infrastruc-
ture for disease surveillance now, while the crisis window is open. If
we do so strategically, with a view toward the next epidemic, we
may revolutionize public health once more.
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