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In 2020, the Centers for Disease Control and Pre-
vention (CDC) established the National Waste-

water Surveillance System to detect and quantify 
SARS-CoV-2 RNA through wastewater in the United 
States. Subsequently, wastewater surveillance (WS) 
for infectious diseases expanded dramatically from 
independent, local efforts into a coordinated nation-
al system (1). This supplemental issue of Emerging 
Infectious Diseases describes the substantial progress 
during the first 5 years of the National Wastewater 
Surveillance System, including the dramatic growth 
of WS epidemiology and the increasing public 
health applications of WS for infectious diseases. In-
novation is occurring in multiple sectors, including 
frontline health departments, which is reflected in 
the supplement article authorship. WS has quickly 
developed into a valuable tool for responding to in-
fectious disease threats.

WS is unique in that it does not depend on 
whether persons have symptoms, have access to 
healthcare, visit a provider, or have a clinical di-
agnostic test performed. As such, it can fill gaps in 
other surveillance systems, most of which are re-
liant on clinical diagnostic tests being performed 
and reported to public health. WS also can act as 
an early warning system and detect small changes 
in community transmission of infectious diseases, 
helping public health agencies take action to pre-
vent further infections. 

WS is funded by CDC but relies on a multi-
tude of partners, including academic researchers, 
commercial laboratories, community stakeholders, 

wastewater operators and engineers, healthcare pro-
fessionals, and public health professionals, as seen 
throughout the articles in this supplement. Key to 
jurisdictional involvement are the Wastewater Mon-
itoring Centers of Excellence, regional leaders who 
foster innovation, develop and conduct training, 
and provide technical assistance to jurisdictions. The 
6 Centers of Excellence are led by public health de-
partments through a collaborative partnership with 
academic and utility partners in California, Colo-
rado, Houston (Texas), New York, North Carolina, 
and Wisconsin (1).

This network of partners (public health, aca-
demia, and utilities) is necessary to navigate the 
complex process of operationalizing WS and making 
it useful for public health. The WS process involves 
collecting untreated wastewater from a sewershed, 
often as it flows into a wastewater treatment plant. 
Wastewater samples are typically collected by waste-
water treatment plant operators and sent to laborato-
ries for testing, which includes sample preparation 
and concentration and extraction and quantification 
of viral genetic material, most commonly using re-
verse transcription digital PCR or reverse transcrip-
tion droplet digital PCR. Isolates can be further se-
quenced to compare with clinical sequences and 
elucidate the spread of variants. Several sequence-
based detection approaches (e.g., hybrid capture or 
shotgun metagenomics) are being explored to in-
crease the usefulness of WS.

Laboratories submit data to the health depart-
ment, commercial contractor, or academic partner 
program, who then send data to CDC through the One 
CDC Data Platform, a cloud-based data integration 
and management platform. Frontline jurisdictions are 
able to immediately access and use their data for pub-
lic health action while sharing it securely with CDC. 
CDC currently receives data from ≈1,500 wastewater 
sampling sites across the United States in all 50 states, 
7 territories, and some tribal communities.

Building National Wastewater  
Surveillance for Infectious  

Diseases in the United States
Jonathan S. Yoder, Nicole Fehrenbach, Alexander Yu, David A. Larsen, Scott Santibanez, Margaret A. Honein
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As noted in the articles in this supplement, WS 
data complement, but do not replace, other public 
health surveillance data. Health departments use 
wastewater data for a multitude of reasons, in-
cluding to confirm trends, provide early warning 
about transmission, inform public health messages, 
monitor disease activity in communities with lim-
ited clinical testing or reporting, direct prevention 
efforts (e.g., vaccination), inform resource alloca-
tion decisions, provide insight on the presence and 
scope of emerging and rare infectious diseases, and 
track the emergence of variants. Hospital systems 
use the information to plan for upcoming increases 
in visits and hospitalizations, whereas healthcare 
providers use it to increase their own awareness 
of locally circulating diseases and refine their dif-
ferential diagnoses. Individual persons can use WS 
data to make decisions about their risk for disease 
and how best to protect themselves and their com-
munity. WS is adaptable, can meet changing pub-
lic health needs, and can rapidly adjust to address 
emerging and reemerging health threats, such as 
measles (2). However, that flexibility requires a sus-
tained national WS system; ongoing partnerships; 
continued investment in innovation for different 
diseases, approaches (e.g., metagenomics), and 
settings (e.g., nonsewered communities); ongoing 
evaluation of population and geographic coverage 
of the system; improvements in timeliness; and bet-
ter ways to combine data from multiple disparate 
laboratory sources.

The authors of the articles in this supplement sum-
marize some of the current perspectives on WS for in-
fectious diseases and implications for public health in 
the United States. Themes include innovations in WS 
and epidemiology; comparison of WS data with clinical 
and syndromic surveillance; evaluation of sampling fre-
quency and cadence; representativeness at county, state, 
territory, and national levels; case studies of specific 
programmatic applications in public health surveillance 
and outbreak response in state and local jurisdictions; 
and critical gaps and directions for the future, such as 
the impact and future potential of coordinated WS in 
shaping public health strategies. As the field of public 
health evolves to face new threats and challenges, data 
from WS and other innovative sources will be essential 
in ensuring we are prepared to address emerging and 
reemerging infectious diseases in the 21st Century.
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Wastewater surveillance (WS) has become a 
valuable component of the United States pub-

lic health infrastructure since late 2020, when the 
Centers for Disease Control and Prevention (CDC) 
launched the National Wastewater Surveillance Sys-
tem (NWSS) to coordinate testing and reporting for 
SARS-CoV-2 in wastewater (1,2). NWSS is a partner-
ship between state, tribal, local, and territorial public 
health departments (hereafter referred to as health 
departments), commercial entities, and academia to 
track a range of pathogen targets in sewersheds, or the 
community area contributing wastewater to a sample 

site. As a relatively new surveillance system, NWSS 
has quickly transformed from a rapid-response effort 
into an adaptive surveillance structure that can sup-
port long-term infectious disease monitoring. NWSS 
complements case-based and syndromic surveillance 
by providing timely insights into infectious disease 
signals at the community level (3).

Since 2020, NWSS has expanded its wastewa-
ter sampling network across the continental United 
States and its territories, growing from 295 sites 
representing ≈12% of the US population in 2020 to 
>1,800 sites representing ≈45% of the US population 
in 2024 (4). During that same period, NWSS broad-
ened its scope from a single-pathogen system track-
ing only SARS-CoV-2 to one that monitors multiple 
pathogen targets. In 2022, NWSS added testing for 
monkeypox virus (MPXV) in response to the 2022 
global outbreak and has since expanded to addition-
al targets such as influenza A (and subtypes), influ-
enza B, and respiratory syncytial virus (RSV). That 
growth has been supported by the One CDC Data 
Platform (1CDP, formerly DCIPHER), alongside 
improvements in analytic methods and data visual-
izations (3,5). The NWSS program has also fostered 
collaboration across the public and private sector, 
including with health departments, commercial 
laboratories, nonprofit entities, and academic insti-
tutions to further WS science. This article describes 
NWSS from its inception through 2024, updating 
previously published findings (4), with an emphasis 
on advances in system coverage, pathogen monitor-
ing, analytic capabilities, and public health applica-
tion during 2023 and 2024.

Materials and Methods
WS data are submitted to NWSS via 1CDP by health 
departments, CDC commercial contractors, and an  

Progress and Expansion of the  
National Wastewater Surveillance 
System, United States, 2020–2024
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Wastewater surveillance in the United States has evolved 
from an emergency response initiative into a valuable 
component of public health infrastructure. During its first 
4 years, the Centers for Disease Control and Preven-
tion’s National Wastewater Surveillance System (NWSS) 
expanded its national testing coverage, suite of pathogen 
targets, analytics capabilities, data visualizations, and 
laboratory methods. Collaborations across public, private, 
and academic sectors continue to drive progress toward 
standardization of practices, interpretation of wastewater 
signals, and translation of wastewater surveillance into 
public health action. This article describes the evolution 
of NWSS from late 2020 through 2024, highlighting its in-
tegration into public health practice and its demonstrated 
adaptability and scalability as a surveillance system sup-
porting timely, data-driven decision-making to address 
community-level public health threats.
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academic partner program (6). We limited our anal-
yses to calendar years through 2024, encompassing 
the first 4 years of NWSS implementation and cap-
turing substantial growth in participating sites and 
pathogen targets. After downloading concentra-
tion data on May 4, 2026, we filtered it to include 
samples collected from September 1, 2020, through 
December 31, 2024, and categorized data into 3 time 
periods: January–December 2023, January–Decem-
ber 2024, and September 2020–December 2024. On 
May 1, 2026, we downloaded and analyzed sequenc-
ing metadata corresponding to paired concentra-
tion samples available on June 5, 2025. We included 
wastewater sites with >1 sample collected during 
each analytic period. Data for other pathogen tar-
gets were collected, but our analysis mainly focused 
on SARS-CoV-2, MPXV, influenza A virus, influenza 
A(H5) subtype, and RSV, given broad national test-
ing coverage for those pathogens.

We mapped wastewater sampling sites by using 
the centroid coordinates of the wastewater treatment 
plant postal (ZIP) codes, stratified by year and number 
of targets assayed. We assessed county urbanicity by 
using the US Department of Agriculture 2023 Rural-
Urban Continuum Codes (7) and calculated counts 
of NWSS sites by US Census Region (8). Assessing 
data submission timeliness involved parsing dates 
and excluding records with invalid dates. We used a 
Python script using Palantir’s Foundry API (https://
www.palantir.com/docs/foundry/api/v2) and the 
pandas library (https://pandas.pydata.org) to scan 
the metadata of archived submissions to determine 
start dates for automated 1CDP submissions. We con-
ducted descriptive analyses by using R software ver-
sion 4.4.0 (The R Foundation for Statistical comput-
ing, https://www.r-project.org) and Python version 
3.12.4 (https://www.python.org) pandas library ver-
sion 2.2.2 and geospatial analyses using ArcGIS Pro 
3.1.7 (https://www.esri.com). We pulled SARS-CoV-2 
wastewater sequencing data and metadata submitted 
to the National Center for Biotechnology Information 
(NCBI) by health department and commercial contract 
partners into 1CDP to determine the dominant vari-
ant at each participating wastewater site on the basis 
of the highest relative lineage abundance from mixed 
SARS-CoV-2 samples. We processed all sequencing 
samples by using the CFSAN Wastewater Analy-
sis Pipeline (C-WAP; https://github.com/CFSAN-
Biostatistics/C-WAP). This activity was reviewed by 
CDC and conducted consistent with applicable federal 
law and CDC policy (see, e.g., 45 C.F.R. part 46.102(l)
(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. §552a; 
44 U.S.C. §3501 et seq.).

NWSS Site Coverage and Characteristics
NWSS has achieved broad geographic coverage of the 
United States, representing 178 million persons across 
53 states and territories. US population coverage was 
>45% in both 2023 and 2024 and for the full 2020–2024 
period (Table 1). Most wastewater sampling sites were 
in the South and Midwest US Census Regions across 
all time periods (Table 1; Figure 1). Wastewater sam-
pling sites were concentrated in highly populated ur-
ban counties; in 2023 and 2024, metropolitan counties 
represented ≈60% of counties served by the NWSS net-
work but 39% of all US counties (Table 1; Figure 2). 
Approximately 80% of sites were managed by health 
departments. The number of wastewater sampling 
sites and counties decreased slightly from 2023 to 2024 
(1,967 sites in 2023 to 1,871 sites in 2024 and 1,029 coun-
ties in 2023 to 990 counties in 2024).

The number of sites testing for influenza A virus 
and RSV increased from 2023 to 2024, whereas total 
sites across all targets and sites testing for SARS-
CoV-2 and MPXV decreased slightly from 2023 to 
2024 (Table 1; Figure 1). Influenza A(H5) virus testing 
in wastewater increased substantially from 2023 to 
2024 (25 to 551 sites) as multiple sectors collaborated 
in a One Health approach to respond to the highly 
pathogenic avian influenza (HPAI) A(H5N1) out-
break in dairy cattle in 2024 (9,10).

NWSS also worked with health departments and 
other partners to increase the coverage of sewershed 
polygons representing the geographic areas contrib-
uting to wastewater sampling sites. In 2024, NWSS re-
ceived 1,233 sewershed polygons representing 82% of 
CDC-funded sites. That extensive catalog of geospa-
tial data helps NWSS more accurately define commu-
nities served by WS for more effective interpretation 
of pathogen activity.

NWSS Sampling and Pathogen Testing
Data for >456,500 samples from 139 laboratories were 
submitted to NWSS during 2020–2024. Health depart-
ments submitted ≈70% of sample data, including test-
ing results generated by state public health, commer-
cial, and academic laboratories (Tables 1, 2). Sample 
data submitted by the academic partner program 
peaked at 18% of total samples reported in 2024 and 
accounted for 12% of samples submitted for the over-
all analysis period. The median number of samples 
reported per site per week was 2 (IQR 1–2) across all 
analysis periods (Table 1).

Although wastewater sampling and testing meth-
odologies varied across sites and data submitters, 
>70% of samples were from untreated liquid influent 
wastewater (Table 2). Liquid influent is easier for most 
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utility operators to sample, whereas other sample types 
(such as primary sludge) are not available at all treat-
ment plants (11,12). Of samples collected during 2023 
and 2024, >80% were composite samples (e.g., time-
weighted, flow-proportional, and manual composite 
samples). More than two thirds of samples overall 
were tested using digital or digital droplet PCR, with a 
notable increase from 2023 (66%) to 2024 (86%). 

Endogenous and exogenous controls are impor-
tant for validating the accuracy, consistency, and 
reliability of wastewater testing processes, thereby 
ensuring high-quality and actionable data (13,14). In 
2023 and 2024, ≈65% of samples tested used pepper 
mild mottle virus as the endogenous control, whereas 
no control was used in ≈30% of samples (Table 2). 
Most samples tested in 2023 and 2024 used bovine 
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Table 1. Characteristics of sites participating in the National Wastewater Surveillance System, United States, 2023, 2024, and 2020–
2024* 
Characteristics 2023 2024 2020–2024 
States and territories, no. 53 52 53 
Counties, no.† 1,029 990 1,180 
County RUCC, by population, no. (%)‡ 

   

 Metropolitan    
  >1 million 274 (27) 245 (25) 280 (24) 
  250,000–1 million 187 (18) 197 (20) 214 (18) 
  <250,000 156 (15) 155 (16) 175 (15) 
 Nonmetropolitan    
     Adjacent to metro area >20,000 102 (10) 105 (11) 119 (10) 
        Not adjacent to metro area >20,000 39 (4) 30 (3) 45 (4) 
  Adjacent to metro area 5,000–20,000 94 (9) 94 (10) 119 (10) 
        Not adjacent to metro area 5,000-20,000 78 (8) 75 (8) 96 (8) 
  Adjacent to metro area <5,000 45 (4) 42 (4) 62 (5) 
  Not adjacent to metro area <5,000 54 (5) 47 (5) 70 (6) 
Sites by US Census region, no.§ 

   

 Midwest 705 662 829 
 Northeast 376 340 404 
 South 480 509 642 
 West 393 356 443 
Site population    
    Persons served by all sites, no. (% of US population), in millions¶ 163 (49) 150 (45) 178 (54) 
    Persons served per site, median (IQR), in thousands 24 (8–77) 24 (8–75) 21 (7–67) 
Site characteristics 

   

 Sites, no. 1,967 1,871 2,331 
 Tribal land sites, no. 7 8 14 
 Site location 

   

  WWTP 1,672 1,605 1,988 
  Upstream 295 266 343 
 Targets tested for at site, no.# 

   

  SARS-CoV-2 1,952 1,847 2,308 
  Monkeypox virus 650 481 731 
  Influenza A 870 1,301 1,364 
  Influenza A(H5) 25 551 551 
  Respiratory syncytial virus 723 1,215 1,256 
 Site management, no. (%)** 

   

  Local health department 63 (3) 62 (3) 63 (2) 
  State health department 1,523 (77) 1,551 (83) 1,853 (79) 
  Commercial national contractor 397 (20) 188 (10) 493 (21) 
  Academic partner program 198 (10) 192 (10) 199 (9) 
 Laboratories testing samples from sites, no. 95 102 139 
 No. samples collected per site per week, median (IQR)†† 2 (1–2) 2 (1–2) 2 (1–2) 
 Automated concentration data submission, sites (health departments), no. 312 (5) 452 (10) 469 (10) 
 Sewershed boundaries, no. (%)‡‡ 1,224 (77) 1,233 (82) 1,407 (73) 
*IQR, interquartile range; RUCC, Rural-Urban Continuum Code; WWTP, wastewater treatment plant. 
†Counties were included as long as a wastewater site served some part of the county. 
‡By 2023 RUCC (https://www.ers.usda.gov/data-products/rural-urban-continuum-codes). 
§Some sites are not part of a US Census Region. 
¶The US Census Bureau population estimate of 331,449,281 persons (as of April 1, 2020) was used to estimate percent of the US population covered by 
wastewater sampling sites. That number represents the sum of population served by WWTP sampling locations. Wastewater sewersheds may serve 
overlapping populations. 
#Sites may be testing for >1 target; the numbers of sites testing for each target in the table are not mutually exclusive. 
**Sites may be managed by >1 entity; the numbers of sites managed by each entity in the table are not mutually exclusive. Wastewater data from health 
departments may reflect testing from public health, commercial, and academic laboratories. 
††All samples collected at a site were included in the median of number of samples collected per week regardless of site management. 
‡‡Sewershed boundaries are submitted for sites located at a WWTP managed by local or state health departments or the commercial contractor. 
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coronavirus as the exogenous control organism (57% 
in 2023 and 74% in 2024) (14).

NWSS accelerated pathogen target ingestion in 2023 
and 2024, adding 25 (81%) of 31 total targets to 1CDP 
and broadening coverage beyond MPXV and SARS-
CoV-2 to include bacterial, fungal, other viral, and an-
timicrobial resistance gene targets (Figure 3 ). Influenza 
A virus and RSV were 2 of 14 targets added in 2023, and 
influenza A(H5) subtype was 1 of 11 targets added in 
2024. By expanding its pathogen portfolio, NWSS trans-
formed into a flexible, multipathogen surveillance sys-
tem supporting both routine and emerging infectious 
disease surveillance. In addition, the existing 1CDP 
data infrastructure enabled the rapid integration of new  
targets through standardized data pipelines and pro-
vided a common platform for multipathogen WS used 
by internal and external partners.

NWSS Concentration Data Submission,  
Quality Control, and Timeliness
NWSS collaborates with data submitters to promote 
timely and accurate data submissions through auto-
mation and integrated quality control measures (15). 
Concentration data were ingested into 1CDP through 
a kill-and-replace method that overwrites the previous 
upload, enabling easy error correction and backfilling 
of historical data. Data submitters were encouraged 
to upload data on a weekly basis (i.e., samples col-
lected during the previous MMWR reporting week) 
before 11:59 PM on Wednesdays. An automated 
pipeline in 1CDP flagged data quality issues and re-
ported them via a quality control dashboard available 
to jurisdictions soon after data submission. NWSS 
program staff developed additional tools, including 
submitter-specific reports and pipeline health checks, 
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Figure 1. Geographic distribution of National Wastewater Surveillance System testing sites in the United States and territories, 
September 2020–December 2024. Each site is categorized by the number of viral targets tested during the specified period.  
Site coverage and viral target testing are shown for September 2020–December 2021 (A), 2022 (B), 2023 (C), and 2024 (D).  
US Census Regions are available from https://www.census.gov/geographies/mapping-files/time-series/geo/cartographic-boundary.html. 
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to triage data quality issues and provide direct tech-
nical assistance. We cleaned, parsed, analyzed, and 
quality-checked wastewater data on Thursdays and 
made data available for public display and download 
after successful internal review (16–18).

Data were submitted to 1CDP via manual upload or 
automated methods, such as an application program-
ming interface (API) or secure file transfer protocol. All 
data from academic and national commercial contract 
partners were submitted via API, whereas most health 
departments submitted data manually. Automated 
submissions began with 2 health departments in 2022, 
expanded to 3 additional health departments in 2023, 
and added 5 more health departments in 2024, totaling 
10 health departments (469 sites) (Table 1).

Although the number of samples and pathogen 
targets submitted to NWSS increased substantial-
ly over time, overall reporting times from sample  

collection to 1CDP data upload improved markedly; 
the median decreased from 14 days in 2022 to 7 days in 
2023 and 2024 (Table 2; Figure 4). Consistent with rec-
ommendations from the Association of Public Health 
Laboratories, samples from the NWSS laboratory net-
work were processed and tested rapidly, resulting in 
a median time from sample collection to testing of 2–3 
days (Table 2) (13). The median time from laboratory 
testing to 1CDP upload was 4 days in 2023 and 2024 
(Table 2). Accordingly, in 2023 and 2024, more than 
half of sample data submitted were reported within 
7 days of sample collection, and >75% of sample data 
were reported within 14 days of collection (Figure 4).

Wastewater Metric and Data  
Visualizations Improvements
In 2023, NWSS developed the wastewater viral 
activity level (WVAL) metric and corresponding 
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Figure 2. National Wastewater Surveillance System county coverage by US Department of Agriculture RUCC, United States, January 
1–December 31, 2024. Counties with >1 wastewater site that reported to NWSS are displayed as bolder colors; muted colors with 
hatching represent no site coverage. RUCC data were from the 2023 RUCC dataset (https://www.ers.usda.gov/data-products/ 
rural-urban-continuum-codes). Metro, metropolitan; RUCC, Rural–Urban Continuum Code.
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categories to standardize and aggregate SARS-
CoV-2 data across state, territorial, regional, and 
national levels and to compare trends over time, 
replacing the 15-day rolling detection proportion, 
percentage change, trend, and percentile metrics 
(3,4,19). For the 2022 MPXV outbreak, we devel-
oped a site-level metric to indicate virus detection 
in samples collected during the previous 4 weeks 
(3,20). That metric categorized detections as persis-
tent detection, detection, no recent detection, or no 
recent data. In 2024, we developed WVALs for in-
fluenza A and RSV and created an avian influenza 
A(H5)–specific metric to classify sites as having 
a detection, no detection, or no sample tested by  
reporting week.

WVAL data visualizations on NWSS CDC web-
pages display historical national, regional, and state-
level trends and include national maps showing state- 
and territory-level activity. Those visualizations  

enable comparisons of SARS-CoV-2, influenza A, 
and RSV activity across geographic scales. MPXV 
and influenza A(H5) visualizations display site-level 
detection status to support more localized monitor-
ing of potential disease activity. Corresponding data 
tables are available for all visualizations, and influ-
enza A(H5) includes an additional table displaying 
detections over a 6-week lookback period to support 
interpretation of recent detection patterns.

Wastewater Genomic Sequencing
Wastewater sequencing became a powerful tool 
for tracking the emergence of genetic SARS-CoV-2 
variants over time (21). Samples were processed 
using specialized bioinformatic pipelines that es-
timate variant proportions in mixed samples, en-
abling characterization of genetically diverse, 
mixed populations of multiple co-circulating ge-
nomes, rather than determining a single consensus  
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Table 2. Characteristics of samples submitted to the National Wastewater Surveillance System, United States, 2023, 2024, and 2020–
2024* 
Samples 2023 2024 2020–2024 
Total no. samples tested† 155,165 148,023 456,594 
Time from sample collection to testing, d, median (IQR) 3 (1–4) 2 (1–4) 2 (1–4) 
Time from sample collection to reporting to 1CDP, d, median (IQR) 7 (5–14) 7 (4–10) 8 (5–22) 
Time from sample testing to reporting to 1CDP, d, median (IQR) 4 (2–9) 4 (1–7) 5 (2–17) 
Sample collection method, no. (%)‡    
 Grab 20,170 (13) 20,073 (14) 58,553 (13) 
 Manual composite 2,382 (2) 926 (<1) 6,106 (1) 
 Flow-weighted composite 58,552 (38) 57,404 (39) 189,379 (41) 
 Time-weighted composite 73,031 (47) 68,635 (46) 200,086 (44) 
 Passive 1,030 (<1) 984 (<1) 2,462 (<1) 
Sample type, no. (%)    
 Untreated wastewater 116,347 (75) 104,958 (71) 353,935 (78) 
 Wastewater post–grit removal 30,286 (20) 34,702 (23) 78,122 (17) 
 Primary effluent 189 (<1) 186 (<1) 465 (<1) 
 Primary sludge 8,343 (5) 8,177 (6) 24,072 (5) 
Sample management, no. (%)§    
 Local health department 3,614 (2) 2,745 (2) 10,429 (2) 
 State health department 102,602 (66) 105,578 (71) 331,293 (72) 
 Commercial contractor 23,692 (15) 13,413 (9) 58,332 (13) 
 Academic partner program 25,553 (16) 26,287 (18) 56,993 (12) 
PCR type, no. (%)    
 qPCR 51,768 (33) 19,656 (13) 145,494 (32) 
 dPCR 103,114 (66) 127,891 (86) 310,011 (68) 
 Multiple PCR types used 283 (<1) 476 (<1) 1,089 (<1) 
Endogenous wastewater control, no. (%)    
 Pepper mild mottle virus 98,542 (64) 96,592 (65) 277,996 (61) 
 CrAssphage 9,436 (6) 10,049 (7) 30,962 (7) 
 Other 268 (<1) 201 (<1) 670 (<1) 
 None 46,919 (30) 41,181 (28) 146,966 (32) 
Exogenous wastewater control, no. (%)    
 Bovine coronavirus 88,511 (57) 109,731 (74) 270,720 (59) 
 Bovine respiratory syncytial virus 29,865 (19) 4,418 (3) 58,258 (13) 
 Other 23,011 (15) 21,821 (15) 82,648 (18) 
 None 13,778 (9) 12,053 (8) 44,968 (10) 
No. samples sequenced for SARS-CoV-2 45,824 40,748 114,394 
*1CDP, One CDC Data Platform (https://www.cdc.gov/data-modernization/php/one-cdc-data-platform/index.html); dPCR, digital PCR (including droplet 
digital PCR); IQR, interquartile range; qPCR, quantitative PCR. 
†Samples were counted based on unique sample identifications; if a sample was tested for multiple targets, the sample was only counted once. 
‡Sample collection methods were determined using the most recent collection-method record associated with each sample. Collection method 
information may be missing for some samples, and a small number of samples were associated with multiple collection methods. 
§Sample management counts were not mutually exclusive. Samples could be associated with >1 management category. 
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genome, as is common in clinical sequencing anal-
ysis (22). In 2023 and 2024, approximately half of 
sites submitted both concentration and sequenc-
ing data for SARS-CoV-2 to NWSS, for a total of 
>86,000 samples (Table 2).

Wastewater whole-genome sequencing at 
NWSS sites contributed to the early detection and 
tracking of emerging SARS-CoV-2 variants. NWSS 

wastewater genomic data demonstrated some of 
the initial detections of notable lineages, such as 
initial Omicron variants in 2021, BA.2.86 across 
multiple US states within weeks of its first iden-
tification in August 2023, and JN.1 as it emerged 
and rapidly attained national predominance in 
late 2023, paralleling its ascent in clinical genomic  
surveillance (23–26). 
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Figure 4. Sample counts and 
reporting timeliness for the 
National Wastewater Surveillance 
System, United States, 2020–
2024. Stacked bars display total 
number of samples submitted 
during each period stratified by 
reporting intervals (0–7 days, 
8–10 days, 11–14 days, and >14 
days from sample collection to 
reporting). Data include samples 
tested for SARS-CoV-2, influenza 
A virus, influenza A(H5) subtype 
virus, monkeypox virus, and 
respiratory syncytial virus.

Figure 3. Pathogen targets accepted by the National Wastewater Surveillance System over time, United States, 2020–2024. Stacked 
bars display pathogen targets for each period, stratified by pathogen target category (viral, fungal, bacterial, and AMR gene targets). 
Each year’s bar is labeled with the pathogen target(s) added that year. Numbers at tops of bars indicate cumulative number of pathogen 
targets over time. AMR, antimicrobial resistance; DENV, dengue virus; EV-D68, enterovirus D68; HAdV-F41, human adenovirus type 41 
species F; IAV, influenza A virus; IVB, influenza B virus; MPXV, monkeypox virus; NVO, nonvariola orthopoxvirus; OROV, Oropouche 
virus; pan-DENV, all DENV types; RSV, respiratory syncytial virus.
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Collaborations and Public Health  
Capacity Building
The success of NWSS was driven by sustaining col-
laboration among public and private sector part-
ners and internally with other CDC programs. To 
strengthen technical capacity across the network, 
CDC established 4 Wastewater Surveillance Centers 
of Excellence (CoEs) in California, Colorado, Hous-
ton (Texas), and Wisconsin during 2021–2022 and ex-
panded to 6 CoEs in 2024 with the addition of New 
York and North Carolina (27,28). Led by state and 
local public health departments in partnership with 
academic institutions and wastewater utilities, the 
CoEs served as regional hubs for technical assistance, 
workforce development, applied research, and evalu-
ation to advance WS implementation and innovation. 
Monthly regional calls organized across the 6 CoE re-
gions provided a forum for jurisdictions to exchange 
surveillance findings, discuss implementation chal-
lenges, share best practices, and enhance regional 
situational awareness.

CDC incorporated WS into its incident manage-
ment structure during the 2022 MPXV and 2024 avian 
influenza A(H5) outbreaks, enabling NWSS data to be 
integrated with epidemiologic, laboratory, and other 
surveillance information to inform response activi-
ties and public health actions. NWSS worked closely 
with other CDC programs that provide subject matter 
expertise for each pathogen target supported by the 
system, ensuring coordinated interpretation of waste-
water signals alongside complementary surveillance 
data (9,20). A prime example of cross-program collab-
oration was NWSS wastewater data for SARS-CoV-2, 
influenza A, and RSV being displayed with clinical 
data on CDC’s public respiratory illness webpages 
starting in 2024 to provide a more comprehensive 
understanding of community-level respiratory dis-
ease activity (29,30). Those efforts have strengthened 
NWSS’s role and utility within CDC’s emergency re-
sponse and routine surveillance frameworks.

Discussion
Since its launch in 2020, NWSS has evolved from a 
rapid response SARS-CoV-2 surveillance pilot into 
an adaptable, multipathogen surveillance system to 
support national public health preparedness and re-
sponse. During 2020–2024, NWSS received wastewa-
ter data from >2,300 sites across 53 states and territo-
ries, representing 54% of the US population. Although 
the system achieved broad geographic coverage, site 
distribution was concentrated in the South and Mid-
west and included predominantly urban counties. 
The robust collection of >1,400 sewershed boundary 

polygons enhanced the geospatial precision of WS 
catchment areas, enabling improved characterization 
of communities and community-level indicators that 
might influence the public health impact of wastewa-
ter detections (31).

NWSS expanded nationally coordinated surveil-
lance to include influenza A virus, influenza A(H5) 
virus, RSV, and MPXV and supported surveillance 
for a total of 31 pathogen targets through 2024, dem-
onstrating the flexibility and scalability of the system 
to address local and emerging public health priorities. 
NWSS also strengthened its laboratory and analytic 
capabilities through increased adoption of digital and 
digital droplet PCR methods, expansion of wastewa-
ter genomic sequencing to support early detection and 
monitoring of emerging variants, and implementation 
of pathogen-specific metrics such as the WVAL and as-
sociated visualizations. Together, those advancements 
improved the standardization and interpretation of 
wastewater data across jurisdictions and over time.

Enhancements to NWSS’s data systems helped 
improve the timeliness of wastewater concentration 
data. Greater adoption of automated data submission 
reduced the time from sample testing to reporting 
through 1CDP. In addition, code improvements and 
automated data health checks reduced pipeline run 
times and improved data quality, further reducing re-
porting lags. Those improvements have been crucial, 
given that wastewater signals provide population-
level information that can sometimes precede clinical 
detections and variant identification. That capabil-
ity supports the utility of NWSS as a public health 
surveillance system that is independent of health-
seeking behavior and testing practices, complements 
clinical surveillance systems, and can provide early 
warning of emerging disease activity (32,33).

The continued growth of NWSS has been sup-
ported by sustained collaboration among health 
departments, wastewater utilities, commercial labo-
ratories, academic institutions, and federal partners. 
The Wastewater Surveillance CoEs expanded tech-
nical capacity, enhanced regional collaboration, and 
enabled the exchange of best practices across the 
network. Integration of NWSS into CDC response 
efforts for mpox and avian influenza A(H5) dem-
onstrated the value of wastewater in monitoring 
emerging public health threats. NWSS has shown 
that WS can support coordinated One Health ap-
proaches to monitoring zoonotic diseases such as in-
fluenza A(H5) while also being sensitive enough to 
detect emerging infections such as mpox (9,20,34,35). 

WS has demonstrated substantial progress as a 
valuable component of public health infrastructure.  
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Continued development focused on representa-
tive coverage, data timeliness, and wastewater 
sequencing capacities across NWSS will further 
strengthen its public health utility (12,36–39). De-
spite NWSS serving ≈178 million persons, coverage 
gaps persist in some states, rural areas, and unsew-
ered communities. Balancing resource availability  
with representative coverage and surge capacity 
needs for emerging threats will remain a critical 
consideration as jurisdictions continue to optimize 
WS activities. 

Although reporting times have decreased overall, 
further reductions could strengthen early responses 
to emerging infectious disease threats. The overall 
higher reporting times observed in 2020–2022 were 
partly the result of newly onboarded partners up-
loading historical sample results. Timeliness of NWSS 
data could be improved through faster onboarding of 
data submitters and earlier submission of data after 
new assays are validated and implemented. Finally, 
broader application of wastewater genomic sequenc-
ing beyond SARS-CoV-2 to include other emerging 
pathogens may enhance understanding about com-
munity transmission patterns and case-based clinical 
investigation.

In just over 4 years, NWSS matured into a na-
tional surveillance platform that complements tra-
ditional case-based and syndromic surveillance and 
can be leveraged to address national public health 
threats. NWSS expanded national WS coverage to 5 
viral pathogen targets during this period and used its 
scalable data pipeline architecture to support surveil-
lance of additional viral targets, as well as bacterial, 
fungal, and antimicrobial resistance targets. Strong 
partnerships with health departments, commercial 
laboratories, and academic institutions were central 
to this progress, as were efforts to augment concen-
tration and sequencing data infrastructure to support 
timely signal interpretation and visualizations for 
public health decision-making.

Short-term priorities for NWSS include several 
core system improvements, including optimizing cov-
erage to improve representativeness; increasing stan-
dardization of sampling, laboratory, and reporting 
practices; and scaling up automated data submission 
to strengthen timeliness and comparability across the 
network. Future system enhancements will focus on 
expanding pathogen sequencing capabilities and in-
tegrating wastewater data more systematically with 
clinical and syndromic surveillance data. Sustained 
funding, workforce capacity building, and continued 
cross-sector collaboration will be essential to achieving 
those goals.
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WASTEWATER SURVEILLANCE

Public health surveillance is essential for monitor-
ing health trends, detecting outbreaks, and in-

forming and evaluating public health responses. A 
critical public health innovation from the COVID-19 
pandemic was the establishment of wastewater sur-
veillance (WS) for infectious diseases in communi-
ties across the United States. WS detects pathogens 
anonymously in community wastewater to increase 
understanding of community disease spread and 
transmission. This system complements traditional 
public health surveillance that relies on clinical test-
ing of symptomatic patients who seek medical care 
and syndromic surveillance during patient visits to 
medical facilities. Because WS is a relatively new 
capability, the Centers for Disease Control and Pre-
vention (CDC) worked with key partners to address 
multiple challenges to effectively implement and 
sustain a national public health WS system; vali-
dating laboratory assays that could reliably detect 

pathogens in wastewater and developing reasonable 
signal thresholds; establishing a network of waste-
water utility partners to provide samples; setting up 
data systems that provide real-time, bi-directional 
data; increasing WS capacity and training for the 
public health workforce; developing the science 
base, innovation, and ethical framework for WS; and 
providing response tools for state, territorial, local, 
and tribal (STLT) health departments to respond to 
infectious disease threats detected through WS, in-
cluding tools for engagement with local communi-
ties and healthcare providers.

The success of adding WS as an innovative 
public health tool with applicability far beyond  
COVID-19 is only possible because of the collab-
orative efforts of multiple stakeholders. Each stake-
holder contributes unique expertise and resources 
to the continued development of this innovation 
(Figure).
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The National Wastewater Surveillance System rep-
resents a groundbreaking initiative aimed at enhanc-
ing public health surveillance for infectious diseases 
through wastewater analyses. We have outlined current 
and planned collaborative efforts between the Centers 
for Disease Control and Prevention and key partners, in-
cluding academic institutions, utilities, jurisdictions, and 
public health partner networks, to develop, implement, 
and sustain wastewater surveillance for infectious dis-
eases to inform public health activities. By addressing 
critical challenges in assay development, community  

and clinician engagement, governance structures, pub-
lic health ethics, data system development and integra-
tion, and innovation fostering, those partnerships lay 
the groundwork for a robust public health surveillance 
framework. Establishing this novel public health sur-
veillance capability required developing new partner-
ships and skills, incorporating basic principles of public 
health surveillance, validating assays, and envisioning 
a system to meet current and future public health chal-
lenges. This capability will foster improved public health 
responses nationwide.
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Partnerships to Address Key Challenges

Validating WS Assays
Developing specific and sensitive molecular assays 
for detecting pathogens in wastewater was a sub-
stantial challenge. Existing clinical assays needed to 
be evaluated and adapted for the complex and vari-
able wastewater matrix. In addition, many clinical 
assays were not in the open knowledge domain, lim-
iting understanding of possible cross-reactions in a 
complex wastewater matrix. Academic and indepen-
dent research partners, such as the Research Coor-
dination Network members and WastewaterSCAN, 
a national program based at Stanford and Emory  

Universities, played a crucial role in this phase by 
using their speed and research capabilities to de-
velop, pilot, and validate assays. Concurrently, sev-
eral state and local public health laboratories began 
developing analytical capabilities and nurturing re-
lationships with wastewater and public health part-
ners to expand WS nationally. Public health part-
ners field-tested those assays by using their applied 
technical expertise and resources to ensure the as-
says were accurate and met the necessary standards 
for public health surveillance and the public health 
actions associated with detections. The WS Centers 
of Excellence, launched in August 2022 and led by 
public health departments and academic partners  

Figure. Visualization of the 
connections between the multiple 
partners needed to implement 
and sustain wastewater 
surveillance to aid public health 
actions in the United States. 
CDC, Centers for Disease 
Control and Prevention; STLT, 
state, territorial, local, and tribal.
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located in California, Colorado, Texas, New York, 
North Carolina, and Wisconsin, became learning 
laboratories for the development and evaluation of 
assays for new pathogens. Together, those partners 
established a framework for continuous assay im-
provement, incorporating feedback from field ap-
plications, transparent sharing of available assays, 
assay validation, and ensuring a nimble response 
to current infectious disease threats. This approach 
proved effective during recent outbreaks of mon-
keypox, influenza A(H5), and measles. Because the 
Houston Center of Excellence (Houston, TX, USA) 
developed an assay for measles, they were able 
to deploy it promptly in Texas and New Mexico. 
WastewaterSCAN was able to quickly develop, vali-
date, and deploy an assay nationally. CDC used 
those assays to rapidly implement national surveil-
lance while generating additional validation data 
and distributing to national testing partners.

Building Relationships with Wastewater Utilities
The involvement of wastewater utilities was es-
sential to the success of WS because WS is not fea-
sible without their routine collection of samples. 
The Water Environment Federation was a pivotal 
partner in bridging the gap between the public 
health and wastewater sectors. Through cross-
sector workshops, an annual national wastewater 
disease surveillance summit, training programs, a 
community of practice, development of a toolkit to 
inform health departments collaboration with utili-
ties, podcast episodes and a video series, a utility-
focused Web site, and a free autosampler and flow 
meter initiative, the Water Environment Federa-
tion enabled introductions across disciplines and 
lowered barriers to entry for utilities joining WS 
efforts. The collaboration enhanced the quality of 
data collected and promoted a shared understand-
ing of the necessity of WS in public health.

Data Systems for Bidirectional Communication
A robust data infrastructure was necessary to en-
able bidirectional communication between CDC 
and STLT health departments, on the basis of the 
foundational concept that the “basis of effective sur-
veillance is the current and accurate 2-way flow of 
information among all those who need to know” 
(1). Before the COVID-19 pandemic, public health 
surveillance platforms were not designed for waste-
water data, which includes metadata on the sample, 
spatial sewershed data, and the ability to collect, 
analyze, and provision the data in real time to front-
line health departments. WS was established on a  

platform that enabled real-time data sharing be-
tween CDC and STLT partners, had the ability to 
rapidly set up data pipelines for new pathogen tar-
gets, and was in alignment with CDC’s Data Mod-
ernization Initiative (2). National public health part-
ners provided guidance on data standardization and 
interoperability and convened key state and territo-
rial stakeholders to ensure data were available for 
public health response. The development of plain-
language data dashboards enabled the public and 
public health jurisdictions to visualize trends, make 
data meaningful for public audiences, and respond 
promptly to emerging public health threats. This 
system exemplified the principles of public health 
surveillance by promoting timely data sharing and 
actionable insights and communicating findings for 
public health action (3,4).

Increasing Capacity, Knowledge, and Training  
for a WS Workforce
A critical component of WS for infectious diseases is 
the public health capacity to test and analyze data and 
interpret results in a way that informs public health 
action. Funding was provided directly to state, terri-
torial, local, and tribal health departments to establish 
their wastewater testing laboratories and surveillance 
programs. Public health partners provided input to 
guide capacity building by mentoring, developing 
standards, and addressing public health ethics (5). 
Academic and clinical partners, including those as-
sociated with the WS Centers of Excellence, equipped 
public health professionals with the necessary skills in 
data interpretation, laboratory techniques, and com-
munity and clinician engagement strategies. Com-
munities of practice developed by partner organiza-
tions were instrumental in helping the new utility, 
laboratory and health department workforce connect 
and share successes and challenges. The Association 
of Public Health Laboratories (APHL) Wastewater 
Surveillance Laboratory Community of Practice start-
ed in 2020 as a small group of laboratories who met 
monthly to discuss the challenges of onboarding this 
testing; it has grown to include 643 members. Month-
ly presentation- and discussion-based calls cover all 
aspects of laboratory implementation of WS, includ-
ing new targets for testing, workflow efficiencies, and 
sequencing. Other workforce development efforts 
include APHL and Council of State and Territorial 
Epidemiologists peer-to-peer network programs that 
provided bidirectional in-person visits between juris-
dictions to learn new techniques and establish collab-
orative relationships. Those development efforts in-
clude APHL fellowship and internship programs that 
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have sponsored 432 fellows and 298 interns in state 
and local public health laboratories.

Throughout the United States, local and state 
health departments are working in collaboration with 
utilities, academic institutions, and private partners to 
advance WS. Local health departments (LHDs) play a 
critical role in those efforts by using wastewater data 
to inform public health action. Although some LHDs 
lead WS activities and manage testing directly, oth-
ers play a more supportive or coordination-based 
role; however, all contribute critically to developing 
a comprehensive WS system.

To strengthen local capacity, the National Asso-
ciation of County and City Health Officials (NAC-
CHO), with support from CDC, launched the Waste-
water Surveillance Mentorship Program. NACCHO 
identifies LHDs that have extensive WS experience 
(mentors) and pairs them with LHDs in the early 
stages of program development (mentees). Through-
out the program, mentors provide tailored technical 
assistance to help mentees design, implement, and 
strengthen their WS programs on the basis of their 
specific goals and jurisdictional needs.

To further expand support and create wider ac-
cess to WS expertise, NACCHO launched the Fos-
tering Local Wastewater Monitoring Network, a 
community of practice designed for LHD staff at all 
experience levels. By investing in workforce capacity 
in frontline public health, health departments can ef-
fectively use wastewater data to inform public health 
decisions and align with the principles of public 
health surveillance that continually adapt to evolving 
health challenges (6,7).

Developing the Science Base, Innovation,  
and Ethical Framework
To meet emerging and reemerging infectious disease 
threats, WS requires continual innovation. Although 
it began as an innovative system to provide critical 
data on community levels of COVID-19, WS has ex-
panded to numerous pathogens on the basis of the 
public health need, most recently including influenza, 
monkeypox, and measles virus. Innovation requires 
continued engagement with academic partners such 
as WastewaterSCAN and the Centers of Excellence to 
expand the science base.

The collective expertise of academic partners, 
public health organizations, and wastewater utili-
ties fosters an environment that is conducive to ex-
perimentation and adaptation but also promotes 
ethical public health practice. The Association of 
State and Territorial Health Officials engaged with 
CDC and the Centers of Excellence to develop an  

applied ethical framework (5). This framework of-
fers guidance to utility partners, health departments,  
academic partners, and policymakers involved in 
protecting privacy, preventing stigma, ensuring 
proper data stewardship, and helping build trust 
with contributing communities and clinical profes-
sionals to enable the effective use of wastewater data 
for infectious disease surveillance (8,9). A strong fo-
cus on partnerships enabled the US WS program to 
embrace new technologies and methodologies and 
demonstrate leadership in public health innovation, 
which is a key marker of successful public health 
innovation (6,7).

Supporting Public Health Action
The core purpose of public health surveillance is ef-
fective and timely public health action. Public health 
partners provided key support to ensure that waste-
water signals informed public health action for each 
new pathogen target. They developed response 
checklists, public communication strategies, and data 
visualizations that enabled health departments to use 
wastewater data for the early detection of outbreaks, 
monitoring persistent infectious disease threats, as-
sessing public health interventions, and providing 
data that the public can use to inform and protect 
themselves. Partners provided ongoing feedback and 
input to develop and continually refine those public 
health action tools.

Future Challenges
The launch of the National Wastewater Surveil-
lance System in the United States underscores the 
importance of collaborative partnerships in address-
ing complex public health challenges. By leverag-
ing the respective infrastructure and strengths of 
diverse partners and working to build community 
trust, WS enhances our ability to monitor and re-
spond to infectious disease public health threats. 
Continued innovation in testing methods (e.g., se-
quence-based or metagenomic approaches), data 
analysis, and use of wastewater for public health 
action will be essential to adapt to evolving public 
health needs and ensure the effectiveness of sur-
veillance efforts. Integration of wastewater data 
into communication with key partners such as  
clinical professionals will extend the benefit of these 
data to protect the health of their patients.

Data sharing among different parties is critical 
to advance the use of data for public health action 
and advance science; data sharing protocols are 
needed to ensure data are used responsibly and 
to benefit society. Whereas clinical laboratories 
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generally use US Food and Drug Association–ap-
proved methods for diagnostics, WS requires new 
approaches to ensure data quality. Wastewater 
matrices are extremely complex and diverse; some-
times specific samples require bespoke methods for 
analysis. Because methods might be more compli-
cated, it is essential for groups to make methods 
publicly available to aid data interpretation and 
advance wastewater-based epidemiology science. 
Biobanking of wastewater samples is practiced by 
some groups but not others. Biobanked samples 
are extremely valuable for retrospective studies, in-
cluding studies that test new assays, but there are 
ethical and legal issues associated with the practice 
that should be addressed. Some sequence-based 
and metagenomic approaches are being applied 
to wastewater and might greatly expand the scope 
and value of WS; those approaches need refinement 
as public health surveillance tools (10).

In conclusion, WS is an emerging field that re-
quires continued investment and robust partner-
ships to reach its full potential. Wastewater sur-
veillance aligns with the vision of modern public 
health surveillance that is adaptable, integrated, 
and capable of addressing emerging health threats 
(11,12,6). Integration of WS into existing pathogen 
and genomic public health surveillance systems 
is an opportunity to fundamentally transform our 
understanding of infectious disease transmission 
within communities. 
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Wastewater-based surveillance (WBS) for patho-
gens is increasingly recognized as a valuable 

complement to traditional clinical monitoring, serv-
ing as a leading indicator of increased disease trans-
mission and providing less biased, cost-efficient 
community monitoring (1,2). Through the Centers 
for Disease Control and Prevention (CDC) National 
Wastewater Surveillance System (NWSS), the Unit-
ed States has established a network of laboratories 
reporting pathogen concentrations in wastewater, 
supporting public health decision-making (3,4).  

However, the rapid expansion of the network has 
outpaced the development of standardized protocols, 
resulting in substantial methodologic heterogeneity 
across laboratories (3,5).

With limited tools to assess the existing diverse 
methods used by laboratories with varied WBS ex-
perience, the comparability and utility of the data 
submitted to the NWSS program are compromised. 
Many potential sources of data variability in WBS are 
known, but only a handful of studies have systemati-
cally investigated their relative influence on pathogen 
recoveries (2,6–9). To date, very few interlaboratory 
comparisons have been conducted (10,11). Further-
more, many laboratories have insufficient resources 
for method optimization and operate with limited ex-
pertise and support.

A recent report from the National Academies of 
Sciences, Engineering, and Medicine emphasized the 
importance of cross-network data standardization for 
endurance of the network and pointed to proficien-
cy testing (PT) as an avenue to improve data com-
parability (12). PT programs are a well-established 
mechanism in clinical and environmental testing 
for benchmarking performance (13–16), yet to our 
knowledge no such program exists for pathogens 
in wastewater, except for the Canada-focused pro-
gram operated by the Ontario Clean Water Agency 
(17). Moreover, PT programs can provide insights on 
inter- and intra-laboratory variability, identify low- 
and high-performing protocols, and guide the estab-
lishment of networkwide uncertainty metrics to aid 
in data interpretation (5).

We describe preliminary outcomes of the first 2 
rounds of a PT program designed and implemented 
by the Wisconsin Wastewater Monitoring Program 

Implementation and Early  
Outcomes of Laboratory Proficiency 
 Testing Program for the National 
Wastewater Surveillance System, 

United States, 2024
H. Auguste Dutcher, Dagmara S. Antkiewicz, Adélaïde J. Roguet, Martin M. Shafer

Author affiliation: Wisconsin State Laboratory of Hygiene,  
University of Wisconsin–Madison, Madison, Wisconsin, USA

DOI: https://doi.org/10.3201/eid3213.251612

Underlying the core goals of the Centers for Disease 
Control and Prevention National Wastewater Surveillance 
System (NWSS) in the United States is the need for ro-
bust and reliable pathogen data. The rapid build-out of 
the NWSS network and participation of many laboratories 
with varying expertise in environmental molecular meth-
ods has resulted in a lack of method standardization and 
poor data comparability. Proficiency testing is a powerful 
strategy to address this challenge. We describe prelimi-
nary outcomes from 2 proficiency testing rounds with 38 
total participating laboratories, where reported respira-
tory virus concentrations from replicate samples spanned 
roughly 2 orders of magnitude; the program identified key 
opportunities for improvement. Although still in its infancy, 
this program proved an effective tool for quantifying vari-
ability across the network, offering preliminary insights on 
method performance, and improving data quality through 
laboratory support. Our results suggest that wastewater 
proficiency testing for disease surveillance will improve 
data quality and strengthen the NWSS.
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(WWMP), a Center of Excellence in wastewater sur-
veillance (WS) supported by the Centers for Disease 
Control and Prevention. We report on variability in 
pathogen quantification, methodologic diversity, 
and the effect of PT participation on laboratory per-
formance. We identify key factors that contribute 
to interlaboratory variability, paving the way for 
future recommendations that could improve cross-
network comparability. Finally, we discuss the im-
plications of our findings for future rounds of our 
PT program as part of a broader effort to strengthen 
nationwide WS.

Methods
We spiked influent from the same water reclamation 
facility with inactivated influenza A/B and respi-
ratory syncytial virus and inactivated SARS-CoV-2 
B.1.1.7 whole virus (Microbiologics, https://www.
microbiologics.com) at levels above the detection 
limit (Appendix, https://wwwnc.cdc.gov/EID/
article/32/13/25-1612-App1.pdf). We added spikes 
per tube to preserve material (round 1) or to a bulk 
sample prior to aliquoting (round 2). We evaluated 
wastewater samples for select physiochemical char-
acteristics, which were consistent with historical 
norms. We prepared 3 replicate samples per par-
ticipant by using a polypropylene churn splitter (SP 
Bel-Art, https://www.belart.com) and shipped all 
samples chilled for next-day delivery. We verified 
replicate consistency (sample homogeneity) with 
the start-to-finish turbidity (Appendix Table 2) and 
digital PCR analysis. We conducted a 2-week decay 
study to ensure stability of the viral signal over the 
assigned sample analysis window. Viral concentra-
tions decreased an average of 30% at 1 week from 
preparation for influenza and SARS-CoV-2 (Appen-
dix Table 1).

Results and Discussion
The WWMP PT program maintained some elements 
of traditional PT while incorporating features de-
signed to support laboratories and improve data 
comparability across the NWSS network. Participat-
ing laboratories received wastewater samples, and 
we instructed them to perform their standard waste-
water pathogen protocols (consistent with NWSS, 
which imposes no prescribed workflow). Alongside 
quantification results, laboratories submitted detailed 
metadata of their wastewater processing workflows 
(https://doi.org/10.6084/m9.figshare.32301843). We 
used those metadata for quality assurance and to bet-
ter understand the methodologic factors that can in-
fluence performance.

Metadata Overview and Influence of Sample  
Pretreatment on Data Interpretation
We conducted the first 2 rounds of our WS PT pro-
gram in 2024 and focused on the respiratory patho-
gens SARS-CoV-2, influenza A virus, influenza B vi-
rus, and respiratory syncytial virus, along with any 
fecal markers and process recovery controls assessed 
by participating laboratories. Across both rounds (in-
volving 38 unique laboratories total), 27 participants 
were state public health laboratories, representing 
most of the state jurisdictions reporting to NWSS. 
Enrolled laboratories used a wide variety of concen-
tration and extraction methods (Figure 1; Appendix 
Tables 4–6).

To assess the effects of viral partitioning be-
tween the liquid phase and particulate matter on 
method performance, we asked laboratories to spec-
ify the wastewater phase processed in their work-
flows. Most laboratories analyzed a bulk sample (18 
laboratories in round 1 and 24 in round 2), defined 
as a sample with no solids removal. Laboratories 
processing liquid-only samples (11 laboratories in 
round 1 and 14 in round 2) used a solids removal 
method such as centrifugation or filtration. Prior 
work has shown that SARS-CoV-2 and other viruses 
can associate strongly with solids and that sample 
prefractionation can substantially influence mea-
sured concentrations (18,19). NWSS uses a purely 
relative measure to interpret and visualize wastewa-
ter data, which does not account for this bulk ver-
sus liquid only distinction; however, the magnitude 
of partitioning between liquid and solid fractions 
can vary by pathogen and may result in systemati-
cally different pathogen recoveries. To investigate 
this question, we selected results from the most 
prevalent concentration method (Ceres Nanotrap, 
https://www.ceresnano.com) and compared data 
from laboratories that analyzed bulk and liquid frac-
tions. We observed no statistically significant differ-
ence in SARS-CoV-2 concentration distributions be-
tween the 2 fractions (Appendix Figure 2), although 
substantial variability across laboratories limits our 
ability to statistically resolve particle-partitioning ef-
fects. In addition, our PT metadata review revealed 
that some laboratories also pretreat samples with 
proteases, detergents, or both to help mobilize viral 
particles into the liquid phase, introducing addition-
al complexity into the interpretation of liquid only 
versus bulk categories. Because our current defini-
tions of liquid-only versus bulk might not accurately 
reflect true viral partitioning behavior, we opted to 
pool results across sample fractions for the purposes 
of this analysis.
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Value of Follow-up and Summary Report for Participants
As previously mentioned, our comprehensive data 
review and follow-up with participating laboratories 
was a key component of each PT round. Many labo-
ratories benefited from the support provided by the 
WWMP throughout their participation, including re-
ceiving guidance that led to reporting corrections. In 
round 2, for example, 25 of 36 laboratories required 
follow-up for calculation, metadata, or other clarifi-
cations to ensure accurate reporting (Appendix Table 
3). Some important corrections included unit conver-
sion and dilution adjustments and correction of mis-
applied processing factors, which resulted in substan-
tial changes (sometimes by orders of magnitude) to 
final pathogen concentrations (Figure 2). In the sec-
ond round of PT, 3 of 9 new participants required cor-
rections to their pathogen concentration calculations, 
compared with just 5 of 27 returning participants, 
highlighting the value of continued engagement.

After data analysis by the WWMP, we sent par-
ticipating laboratories a report representing com-
piled data (Appendix Figure 8), including summary 
statistics for each pathogen and an associated z-score 
for each laboratory. That report enabled participants 
to independently assess their performance com-
pared with all laboratories and those laboratories 
with similar workflows. Several survey respondents 
highlighted these benefits; one respondent noted, “It 
was very useful seeing our results plotted out with 
other labs to see how our results compare,” and an-
other wrote, “Having this resource provides us with 

a clear way to verify that our processing methods 
are robust.” Overall, survey responses indicated that 
follow-up interactions and PT reports were valuable 
for participants and useful for cross-laboratory per-
formance comparisons.

Interlaboratory and Intralaboratory Variability
Compiled results showed that measured concen-
trations for each pathogen, which do not incorpo-
rate any recovery corrections (Appendix Figure 6), 
spanned approximately 2 orders of magnitude in 
each PT round (Figure 3, panel A), a modest improve-
ment over the wide range reported by an interlabo-
ratory comparison conducted in 2020 (11). The range 
observed in our exercises was comparable to 2 other 
interlaboratory comparison studies conducted with 
smaller laboratory cohorts (17,20). Normalization of 
pathogen concentrations by the fecal marker pepper 
mild mottle virus, which is not reported by all labora-
tories, did not consistently reduce data spread across 
pathogens (Appendix Figure 1, 3), and variances 
were not significantly different before versus after 
normalization, with the exception of SARS-CoV-2 in 
round 2 (p = 0.04 by Brown–Forsythe test).​ Restricting 
pathogen concentration comparisons to laboratories 
by using the most common workflow (bulk wastewa-
ter samples processed by using Ceres Nanotrap con-
centration and MagMAX extraction [Thermo Fisher 
Scientific, https://www.thermofisher.com]) modest-
ly improved the comparability of reported results 
(range of 1.4 log10 units for SARS-CoV-2 in round 1, 

Figure 1. Laboratory workflows 
represented by the participants of 
the first 2 rounds of the Wisconsin 
Wastewater Monitoring Program 
wastewater proficiency testing 
program in study of implementation 
and early outcomes of laboratory 
proficiency testing program for 
National Wastewater Surveillance 
System, United States, 2024. Each 
symbol represents a single laboratory’s 
wastewater processing workflow 
(some laboratories tested multiple 
workflows). Laboratories are separated 
by the wastewater fraction processed 
(y-axis). Bold outline indicates new 
participants in round 2. Asterisks 
indicate laboratories that implemented 
a method change from round 1 to 
round 2. Nanotrap (Ceres Nanosciences, Inc., https://www.ceresnano.com); InnovaPrep (InnovaPrep LLC, https://www.innovaprep.
com); Direct Capture (Promega, https://www.promega.com); GeneXpert (Cepheid, https://www.cepheid.com); Thermo MagMAX (Thermo 
Fisher Scientific, https://www.thermofisher.com); QIAGEN AllPrep Power Viral (QIAGEN, https://www.qiagen.com); Promega HT Env Kit 
(Promega, https://www.promega.com); Zymo Quick RNA-Viral (Zymo Research, https://www.zymoresearch.com); Beckman RNAdvance 
Viral (Beckman Coulter, Inc., https://www.beckman.com); Maxwell RSC Enviro TNA Kit (Promega, https://www.promega.com); QIAmp 
Viral (QIAGEN, https://www.qiagen.com); Revvity Chemagic Viral DNA/RNA 300 Kit (Revvity, Inc., https://www.revvity.com).
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compared with nearly 2 log10 units for all laborato-
ries [Appendix Figure 4]). However, sample size is 
limited given the overall diversity of methods used 
(Figure 1). Recruiting laboratories that all employ the 
same concentration and extraction method would en-
able a more rigorous assessment of cross-laboratory 
variability and could be a valuable design for future 
PT rounds.

To complement this cross-laboratory analysis, 
we also examined intralaboratory variation by using 
the 3 replicate samples included in both rounds of PT 
(Figure 3, panel B). Across both rounds and all patho-
gens, the interquartile range of relative SD across rep-
licates was 12%–30%, and roughly 80% of all patho-
gen results had a relative SD <35%. Although no 
universally accepted benchmarks for intralaboratory 
variability exist for WBS, those values are very mod-
est in the context of high interlaboratory variability 
and suggest that most laboratories can achieve a rea-
sonably high level of reproducibility. Across rounds, 
SARS-CoV-2 z-scores were moderately correlated 
(Appendix Figure 7), particularly when laboratories 
that changed methods between round 1 and round 2 
were omitted (adjusted r-squared = 0.669; p = 6.29 × 
10–7), supporting NWSS’ use of site-relative reporting.

Points of Intervention Identified in First 2 Rounds of PT
A comparative analysis of method performance from 
the 2 rounds of PT results is inherently limited by 
the sample size, specifically by the small number of 
results representing any 1 workflow. Nonetheless, 
preliminary results suggest some methods might be 
underperforming; for example, laboratories using the 
Innovaprep Concentrating Pipette (https://www.
innovaprep.com) reported significantly lower patho-
gen concentrations than those using Ceres Nanotrap 
particles (p<0.01 by 2-sided Mann–Whitney U test) 
(Appendix Figure 5, panel A). When we compared 
raw viral concentrations (PCR instrument data re-
ported in gene copies/µL of PCR reaction), that lower 
performance was statistically significant for SARS-
CoV-2 and influenza B virus only (Appendix Figure 
5, panel B). Even so, those preliminary results sug-
gest that identifying underperforming methods can 
be successful within the structure of the program and 
may be a valuable route to improving cross-network 
comparability.

We also noted that, for SARS-CoV-2 (the only 
pathogen quantified by all participating laboratories), 
the lowest quartile contributed disproportionately 
to overall variability. In round 1, the lowest 25% of  

Figure 2. Reported SARS-CoV-2  
concentrations in wastewater 
before and after Wisconsin 
Wastewater Monitoring 
Program proficiency testing 
(PT) intervention and laboratory 
resubmission of corrected 
concentrations in study of 
implementation and early 
outcomes of laboratory proficiency 
testing program for National 
Wastewater Surveillance 
System, United States, 2024.  
A) Round A; B) round 20. Each 
point represents the reported 
concentration of SARS-CoV-2 
from a given laboratory workflow, 
averaged across gene targets 
and replicates (n = 3). Total 
number per PT round is larger 
than the number of participating 
laboratories because of multiple 
workflows tested by some 
participants. Lines connect results 
from the same laboratory before 
and after correction; dotted 
lines indicate results from new 
participants in round 2. Red lines 
highlight results that required 
substantial correction reflecting 
issues such as unit conversion errors, misapplied processing factors, or other calculation discrepancies in the initially reported data 
identified during PT data review; no re-analysis of samples was performed. Blue shaded area denotes the interquartile region across 
laboratories before and after correction; line denotes median. gc/L, gene copies per liter.
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concentrations spanned approximately 0.8 log10 units, 
and in round 2, nearly 1.4 log10 units. In contrast, the 
upper 75% of values ranged just over 1 order of magni-
tude in round 1 and approximately 0.7 units in round 
2 (Figure 3, panel A). That finding suggests that a rela-
tively small subset of results accounts for a substantial 
fraction of interlaboratory variability. Focusing im-
provement efforts on laboratories and methods repre-
sented in the lowest recovery quartile could prove to 
be an effective means of improving network data com-
parability, at least for some pathogens.

Qualitative Outcomes
Results from the follow-up surveys of partici-
pants highlight the PT program’s ability to identify  

problem areas and provide critical support to labora-
tories. Survey responses identified areas for program 
improvement and mirrored many of our existing 
plans for program expansion. For example, multiple 
laboratories suggested that a “PCR quantification 
only” PT round would be of interest. Narrowing 
PT exercises to focus on specific steps of the overall 
method may prove an important strategy to deter-
mine sources of variability, a strategy our program 
has since implemented with a digital PCR–focused 
round in late 2025. One respondent noted, “It is hard 
to compare our results to others since our protocol is 
not aligned with the majority. Maybe including an 
RNA sample for PCR only so we can determine if 
our PCR assay is comparable.” Another laboratory 

Figure 3. Results from first 2 rounds of Wisconsin Wastewater Monitoring Program proficiency testing, including respiratory pathogens 
SARS-CoV-2, influenza A, influenza B, and RSV in study of implementation and early outcomes of laboratory proficiency testing program 
for National Wastewater Surveillance System, United States, 2024. A) Concentrations of pathogens reported by the laboratories 
participating in proficiency testing rounds 1 and 2. Each symbol represents 1 laboratory’s results from a single workflow, averaged over 
gene targets (if applicable) and replicates (n = 3 for both rounds). B) RSD (%) of pathogen concentrations reported from the replicates 
in panel A (n = 3). Shapes and colors denote different methods of wastewater concentration and extraction (Figure 1). Horizontal lines 
within boxes indicate median, top lines of each box indicate 75th percentiles, and bottom lines represents 25th percentiles. gc/L, gene 
copies per liter; RSD, relative standard deviation; RSV, respiratory syncytial virus.



WASTEWATER SURVEILLANCE

S24	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 13, Summer Supplement 2026

expressed interest specifically in high-consequence 
pathogens: “It would be interesting to investigate 
how different targets such as mpox and measles 
compare with the respiratory targets to determine 
if there are alternate processing methods needed to 
provide robust data for these targets.” Recognizing 
that need, our recently completed rounds of the PT 
program have included high-consequence patho-
gens that are relatively new additions to wastewater 
testing panels.

Of note, several laboratories reported correct-
ing mistakes or reevaluating internal processes as 
a result of participation. In the follow-up survey, 4 
respondents in round 1 and 5 respondents in round 
2 indicated that their laboratories had corrected 
a mistake in calculations or their reported results 
(13 survey responses per round). One participant 
noted in their follow-up survey, “We found many 
problems with our method which without the PT 
report we would not have found.” Another labora-
tory reported changing methods to improve patho-
gen recovery after seeing their laboratory’s relative 
performance. Survey responses confirmed that en-
rolled laboratories welcome ongoing guidance; one 
respondent noted, “I’m looking forward to contin-
ued guidance on method optimization.” Together, 
those findings confirm that the program not only 
provides a comparative assessment of method per-
formance but also is a powerful approach to im-
prove data quality and laboratory practices.

Conclusions and Future Directions
Early results from WWMP’s wastewater PT pro-
gram demonstrated the value of structured interlab-
oratory comparisons in improving overall network 
data quality. Our findings corroborate previously 
reported variability in cross-laboratory pathogen 
quantification from wastewater and highlight the 
critical role of PT in identifying areas of improve-
ment. From the first 2 rounds alone, we lack suf-
ficient data to confidently reject any specific meth-
ods; instead, a key outcome of the initial rounds was 
identifying reporting errors, often stemming from 
calculation mistakes or unfamiliarity with stan-
dard practices. Incorporating individual consulta-
tions and collecting raw data (including metadata) 
as part of our program design proved essential for 
improving data quality. For multiple laboratories, 
the exercise provided an avenue for scientific guid-
ance for their programs, and the act of participat-
ing alone improved data quality, suggesting that all 
laboratories reporting to NWSS would benefit from 
participating in PT.

Looking ahead, the goals for our wastewa-
ter PT program include expanding participation,  
incorporating additional pathogens, and improv-
ing various aspects of program implementation, 
such as metadata capture and reporting. Progress 
on those goals has already been made, including 
implementation of cloud-based data capture in 
round 3 and a measles-focused PCR quantifica-
tion–only round 4. Contingent on continued fi-
nancial support, we aim to continue our program 
implementation into the foreseeable future, with a 
long-term goal to make more specific recommen-
dations regarding laboratory methodology and 
performance. Those efforts will improve the qual-
ity and comparability of WS data, strengthening 
NWSS and ensuring that the underlying data are 
as robust and reliable as possible for unbiased and 
defensible public health decision-making.
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During July 15–24, 2022, the University of Oregon 
(Eugene, Oregon, USA) hosted the 18th World 

Athletics Championships. More than 1,700 athletes 
from 179 nations competed, and ≈54,000 persons at-
tended the first 3 days of the event (1,2). During the 
event, Oregon Health Authority, in collaboration 
with Oregon State University, Lane County Health 
and Human Services, University of Oregon, and the 
city of Eugene, implemented targeted wastewater 
testing for common or high-consequence pathogens 
unlikely to be detected through existing surveillance 
mechanisms: SARS-CoV-2, influenza A and B virus-
es, hepatitis A and E viruses, measles virus, Middle 
East respiratory syndrome coronavirus (MERS-
CoV), and poliovirus.

Methods

Study Design
We adapted Oregon Health Authority and Oregon 
State University’s existing wastewater surveillance 
(WS) system for the event. Wastewater samples were 
collected from Eugene’s wastewater treatment plant 

(WWTP) influent and 8 microsewershed sites rele-
vant to the event (Figure 1; Appendix Figure, https://
wwwnc.cdc.gov/EID/article/32/13/26-0537-App1.
pdf). We initiated surveillance ≈2 weeks before the 
event and continued through 4 weeks after the event 
(June 28–August 23, 2022). Wastewater samples were 
collected daily during the event, 2× times/week for 2 
weeks before and after the event, and 1× time/week 
during the final 2 weeks of the surveillance period. 
We analyzed wastewater data in R Studio version 
4.3.1 (https://rstudio.com/products/rstudio). We 
published results to a public-facing dashboard within 
24 hours. We did not make poliovirus results publicly 
available because confirmatory testing was negative.

Sample Collection and Analyses
We concentrated 24-hour composite wastewater 
samples, extracted nucleic acids, and quantified vi-
ral concentrations, as previously described (3), and 
conducted droplet digital reverse transcription PCR 
(ddRT-PCR) (Appendix Tables 1–3). We sequenced 
samples that contained >4.0 log10 gene copies/L of 
SARS-CoV-2, as previously described (4). We ana-
lyzed all samples and controls in duplicate, using a 
limit of detection of 3 droplets for positive samples 
and controls.

Poliovirus Cross-Reactivity Analysis
We evaluated in silico cross-reactivity of the poliovirus 
ddRT-PCRs against 164 reference genomes obtained 
from the National Center for Biotechnology Infor-
mation Virus database (https://www.ncbi.nlm.nih.
gov/labs/virus), representing 12 enterovirus C types 
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Targeted wastewater surveillance during the 18th World 
Athletics Championships in Eugene, Oregon, USA, 
in 2022 detected influenza A virus, SARS-CoV-2, and 
hepatitis A virus. Poliovirus detections were inconclu-
sive. Influenza B, hepatitis E, and measles viruses and 
Middle East respiratory syndrome coronavirus were not 
detected. Wastewater surveillance augments traditional 
surveillance to mitigate risks associated with large multi-
national gatherings.
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known to have cross-reactivity with other poliovirus  
assays. We conducted those analyses using Geneious 
Prime version 2025.2.2 software (https://www. 
geneious.com) as described previously (5,6). Potential 
cross-reactivity required that the forward primer, re-
verse primer, and probe were located within the same 
reference sequence with <4 mismatches each, and none 
occurring in the last 3 bases of the 3′ end.

Results
We collected a total of 178 samples (Table; Figures 
2–5). We detected influenza A in 24 (14%) samples 
(Table; Figure 2): 1 detection before the event, at mul-
tiple sites during the event, and intermittently after 
the event. Despite microsewershed detections, we de-
tected influenza A only once in WWTP influent. We 
detected SARS-CoV-2 in 147 (83%) samples (Table; 
Figure 3); sequencing revealed a decrease in the vari-
ants BA.2, BA.4, and BA.5 that were most prevalent 

in Oregon at that time and an increase of previously 
abundant variants B.1.1.529 and BA.1 (Figure 6). We 
detected low concentrations of hepatitis A once, 17 
days before the start of the event (Table 1; Figure 5).

We detected panpoliovirus at very low concen-
trations in 42 (24%) samples; however, none were 
positive on serotype-specific poliovirus assays (Sa-
bin 1, 2, or 3) (Table; Figure 5; Appendix Table 4). For 
further characterization, we retested 32 samples with 
higher concentrations of panpoliovirus; 11 of those 
were positive (Appendix Table 4). We sent those 11 
samples for confirmatory testing to the Centers for 
Disease Control and Prevention (Atlanta, Georgia, 
USA), where they tested negative on a panpoliovirus 
quantitative reverse transcription PCR (qRT-PCR). 
We observed no cross-reactivity between the poliovi-
rus assays and enterovirus C types (Appendix Table 
5). Poliovirus concentrations were insufficient for 
sequencing. We did not detect influenza B, hepatitis 
E, measles, or MERS-CoV viruses during the surveil-
lance period. We reviewed and posted results on a 
public-facing dashboard daily and interpreted them 
in the context of case and syndromic data.

Discussion
Targeted WS during the WAC documented possible 
new introductions of influenza A and SARS-CoV-2 
variants. Hepatitis A was detected once. Poliovirus 
detections could not be confirmed. Thirty-three (18%) 
of 179 participating nations were located entirely in 
the Southern Hemisphere, where seasonal influenza 
typically peaks in July and August. After a second 
cluster of influenza A detections, we found no evi-
dence of further propagation; we detected influenza 
A once at the WWTP, which suggested that it was 
not widespread in the community. Trend analysis in 
influenza percent positivity from 3 clinical laborato-
ries in the region showed no change (7). Similarly, 
we observed no increase in the proportions of emer-
gency department and urgent care visits attributed 
to influenza-like illness among the 6 facilities within 
25 miles of the event (8); those results suggested that 

Figure 1. Flow of wastewater and sampling locations during the 
World Athletics Championship, Eugene, Oregon, USA, 2022. 
Locations indicate A, Eugene Airport area; B, city of Eugene 
before water flow enters the University of Oregon campus 
(precampus); C and D, city of Eugene plus University of Oregon 
campus (campus); E, city of Eugene, University of Oregon 
campus, and neighborhood immediately west of the campus 
(postcampus); F, G, H, hotels and adjacent neighborhood. 
Location details are available in the Appendix Figure (https://
wwwnc.cdc.gov/EID/article/32/13/26-0537-App1.pdf). EUG 
WWTP, Eugene Wastewater Treatment Plant; HF, Hayward Field.

 
Table. Summary of pathogen detections and concentrations in wastewater at the World Athletics Championship, Oregon, USA, 2022* 

Pathogen No. detections 
No. sites with 

detections 
Average concentration, 

log10 gene copies/L Range, log10 gene copies/L 
Influenza A 24 8 3.70 3.38—4.42 
SARS-CoV-2 147 9 4.96 3.34—6.92 
Poliovirus† 42 9 3.84 3.43—5.04 
Hepatitis A 3 2 3.33 3.26—3.37 
Hepatitis E 0 0 NA NA 
Influenza B 0 0 NA NA 
Measles 0 0 NA NA 
MERS-CoV 0 0 NA NA 
*MERS-CoV, Middle East respiratory syndrome coronavirus; NA, not applicable.  
†Results not confirmed by Centers for Disease Control and Prevention.  

 

Wastewater Surveillance, World Athletics Championship 



WASTEWATER SURVEILLANCE

S28	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 13, Summer Supplement 2026

targeted WS was more sensitive in identifying influ-
enza A when the pathogen was not widespread in 
the community. 

The WAC reintroduced variants of SARS-CoV-2 
that had not been in circulation in Oregon since June 
2020 (9). Population-level immunity and intervariant 
competition likely prevented ongoing community 
transmission (10). Most variant proportions returned 
to preevent baseline proportions after the event.

The detections of panpoliovirus nucleic acids 
by ddRT-PCR might represent cross-reactivity with 
nonpolio enteroviruses or true detection of poliovi-
ruses at levels too low to be identified by qRT-PCR 
or serotype-specific assays. WS has documented 
circulating vaccine-derived poliovirus in several  

nonendemic countries, including the United States, 
after importation from countries with ongoing oral 
poliovirus vaccine use (11–13). Previous studies 
have shown ddRT-PCR to have greater analytical 
sensitivity; limit of detection was significantly low-
er (in 1 study, more than tenfold lower) than qRT-
PCR in detecting wastewater viruses (14,15). In our 
study, the poliovirus assays did not cross-react with 
12 enterovirus C genomes; it is possible that the as-
say would cross-react with enteroviruses we did not 
include in our analysis (Appendix Table 5) (5,6). No 
human polio cases were reported in Oregon during 
the surveillance period.

Because the ddRT-PCR we used was highly sen-
sitive, we inferred that influenza B, hepatitis E, and 

Figure 2. Mean concentrations of influenza A virus detected in wastewater before, during, and after the World Athletics Championship, 
Eugene, Oregon, USA, 2022. Results are shown by sampling locations: A) all sites; B) Eugene Wastewater Treatment Plant; C) city 
of Eugene, University of Oregon campus, and neighborhood immediately west of the campus (postcampus); D) city of Eugene plus 2 
sites on the University of Oregon campus (on-campus); E) city of Eugene before the point at which water flow enters the University of 
Oregon campus (precampus); F) Eugene Airport area; G) 3 local hotels and adjacent neighborhood. Location details are available in the 
Appendix Figure (https://wwwnc.cdc.gov/EID/article/32/13/26-0537-App1.pdf).

Figure 3. Mean concentrations of SARS-CoV-2 detected in wastewater before, during, and after the World Athletics Championship, 
Eugene, Oregon, USA, 2022. Results are shown by sampling locations: A) all sites; B) Eugene Wastewater Treatment Plant; C) city 
of Eugene, University of Oregon campus, and neighborhood immediately west of the campus (postcampus); D) city of Eugene plus 2 
sites on the University of Oregon campus (on-campus); E) city of Eugene before the point at which water flow enters the University of 
Oregon campus (pre-ampus); F) Eugene Airport area; G) 3 local hotels and adjacent neighborhood. Location details are available in the 
Appendix Figure (https://wwwnc.cdc.gov/EID/article/32/13/26-0537-App1.pdf).
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measles viruses and MERS-CoV were not introduced 
during the event because they were not detected. No 
local cases of those diseases were reported to public 
health during the surveillance period.

This study demonstrated the feasibility and util-
ity of WS for pathogens of public health significance 
that might not be detected through traditional sur-
veillance systems during a large-scale international 
event. Through targeted microsewershed surveil-
lance, we detected possible introductions of influ-
enza A and SARS-CoV-2 variants. However, we 
lacked the metadata to normalize microsewershed 
viral concentrations by population or flow. Further-
more, because visitors arrived at different times  

before and during the event, distinctions between 
event periods are not clear.

Our results strengthen previous studies of waste 
WS surrounding large events and provide additional 
considerations regarding panpoliovirus detections 
in wastewater (16). Our findings regarding increased 
influenza circulation could specifically indicate miti-
gation efforts to include alerting healthcare provid-
ers to potential influenza outbreaks and ensuring 
supplies of oseltamivir. Overall, targeted WS should 
be considered during international events as a tool 
to enable early outbreak detection and response, in-
form public health efforts, and mitigate the risk of 
large gatherings. 

Figure 5. Mean concentrations of hepatitis A detected in wastewater before, during, and after the World Athletics Championship, 
Eugene, Oregon, USA, 2022. Results are shown by sampling locations: A) all sites; B) Eugene Wastewater Treatment Plant; C) city 
of Eugene, University of Oregon campus, and neighborhood immediately west of the campus (postcampus); D) city of Eugene plus 2 
sites on the University of Oregon campus (on-campus); E) city of Eugene before the point at which water flow enters the University of 
Oregon campus (precampus); F) Eugene Airport area; G) 3 local hotels and adjacent neighborhood. Location details are available in the 
Appendix Figure (https://wwwnc.cdc.gov/EID/article/32/13/26-0537-App1.pdf).

Figure 4. Mean concentrations of poliovirus detected in wastewater before, during, and after the World Athletics Championship, Eugene, 
Oregon, USA, 2022. Triangles indicate poliovirus samples that tested positive at retest. Poliovirus results were not confirmed by the 
CDC. Results are shown by sampling locations: A) all sites; B) Eugene Wastewater Treatment Plant; C) city of Eugene, University of 
Oregon campus, and neighborhood immediately west of the campus (postcampus); D) city of Eugene plus 2 sites on the University 
of Oregon campus (on-campus); E) city of Eugene before the point at which water flow enters the University of Oregon campus 
(precampus); F) Eugene Airport area; G) 3 local hotels and adjacent neighborhood. Location details are available in the Appendix Figure 
(https://wwwnc.cdc.gov/EID/article/32/13/26-0537-App1.pdf). 
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Antimicrobial-resistant infections caused >35,000 
deaths in the United States (1) and 1,270,000 

deaths worldwide (2) in 2017; US costs exceeded 
$13.5 billion (1). By 2050, antimicrobial resistance 
(AMR)–related deaths are projected to rise by 70%, 
to >208 million (3). Among the Centers for Disease 
Control and Prevention–classified urgent threats are 
carbapenem-resistant Enterobacterales (CRE), which 
are responsible for ≈13,100 hospital-associated infec-
tions in the United States annually (1). Intermediate 

and long-term acute care facilities are particularly 
vulnerable to CRE because of high transmission risk 
and limited treatment options for antimicrobial-re-
sistant infections (4).

Routine patient surveillance for infection and 
colonization by antimicrobial-resistant pathogens is 
costly (5) and invasive (6), whereas monitoring hos-
pital wastewater offers a nonnvasive, cost-effective 
alternative (7,8) that captures signals of AMR from 
large patient populations, including colonized per-
sons. Multiple studies have attempted to correlate 
wastewater AMR genes with infections or hospitaliza-
tions in associated communities (9–11), although few 
were longitudinal studies (12–14). One notable study 
detected a blaNDM-producing CRE in hospital waste-
water that matched a patient isolate (12), whereas an-
other found blaCTX-M wastewater concentrations were 
reflective of the patient population (11).

Carbapenem-resistant infections are a growing 
threat in healthcare settings, highlighting the need for 
practical surveillance methods to detect outbreaks early. 
Wastewater surveillance (WS) might be such a solution, 
although sampling techniques might influence waste-
water gene concentrations. To address those concerns, 
we monitored 5 carbapenemase genes of clinical concern 
(blaKPC, blaVIM, blaOXA-48-like, blaNDM, and blaIMP) (15) in waste-
water from a rehabilitation hospital over 16 months. We 
collected samples weekly, twice weekly, or monthly us-
ing composite, passive, and biofilm-based methods and 
analyzed them by quantitative PCR (qPCR), metage-
nomics, and culturing. We evaluated sampling method, 
hold time, and storage temperature to determine their 
effects on data reliability; we focused on inexpensive 
and simple approaches suitable for facilities without 
nearby diagnostic laboratories. By examining trends 
in carbapenemase gene abundance, we aimed to estab-
lish a baseline of carbapenemase genes for the facility  
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Carbapenem resistance in bacteria is an urgent public 
health threat. Wastewater surveillance could support an-
timicrobial resistance monitoring at long-term care facili-
ties. We assessed feasibility of wastewater sampling at 
such facilities for carbapenemase genes (blaKPC, blaVIM, 
blaOXA-48-like, blaNDM, and blaIMP) detected by quantitative 
PCR or GeneXpert Carba-R (Cepheid, https://www.
cepheid.com) over 16 months and compared those 
findings with those for clinical infections. The blaKPC, 
blaOXA-48-like, and blaVIM genes were routinely detected in 
composite wastewater samples, passive samples, and 
sewer biofilm swab specimens. Wastewater and sewer 
biofilm resistomes differed, but both contained blaKPC, 
blaVIM, and blaIMP. Wastewater surveillance for carbapen-
emases shows promise, but few clinical infections during 
the study period and contributions from sewer biofilms 
complicate correlations between wastewater measure-
ments and clinical incidence, underscoring the need for 
further research.
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and evaluate whether those trends correlated with clini-
cal infections. 

This study used deidentified patient data correlat-
ed with wastewater samples. The University of Utah 
Institutional Review Board determined the protocol 
to be exempt under Category 4 of 45 CFR 46.101(b) 
(protocol no. 00177673; exemption date November 26, 
2024). All samples were handled in accordance with 
biosafety precautions.

Materials and Methods

Site Description and Wastewater Parameters
We collected sewer samples from a 5-story rehabili-
tation hospital with multiple wards in Utah, USA; 
no other wastewater sources contributed to the flow. 
With a staff of ≈140, the 75-bed facility provides in-
patient and outpatient care (600 outpatient clinical 
visits per month) and food services. Inpatient care 
was estimated to contribute 48% of water use, outpa-
tient care 2%, staff 14%, and food services 36% (16). 
Daily visitor count was not known. We confirmed 
wastewater travel time from various facility floors 
by flushing dye (Bright Dyes tablet tracer dyes, 
Kingscote Chemicals, https://www.kingscotechem-
icals.com) and visually monitoring wastewater in 
the sewer manhole for arrival of the appropriate 
dye, as previously reported (17).

Limits of Detection of Antimicrobial-Resistant  
Genes and Cultures in Composite Wastewater
In brief, we serially diluted bacterial cultures with 
carbapenemase genes in wastewater (n = 5 for each 
dilution, n = 3 trials per gene). We then processed 
samples according to standard methods (Appendix, 
https://wwwnc.cdc.gov/EID/article/32/13/25-
1490-App1.pdf) and determined the viable cul-
ture and qPCR gene copies (GC) per milliliter for  
each dilution.

Wastewater Methods

Sample Collection and Processing
We compared 3 sampling methods (Table 1): com-
posite wastewater collected using a peristaltic sam-
pler (Hach, https://www.hach.com) collected over 
24 hours (n = 297), passive absorptive samples (tam-
pons) typically deployed for 24 hours except when 
field conditions did not allow for 24-hour collection 
(n = 110), and sewer biofilm swabs (World Bioprod-
ucts, https://www.worldbioproducts.com) from 
the periodically wetted area of the sewer pipe above 
the flowing wastewater (n = 32) (Appendix). We de-
sorbed bacteria from passive samplers and biofilm 
swabs by vortex at maximum speed for 10 minutes in 
1X phosphorus-buffered saline (PBS) (Thermo Fisher 
Scientific, https://www.thermofisher.com). We add-
ed a spike-in recovery control to all samples (Zymo 
Research, https://www.zymoresearch.com). We pre-
cipitated bacteria by adding polyethylene glycol 6000 
and 0.9% of NaCl, shaking (80 RPM), centrifuging 
(typically 10 minutes at 31,400 × g), and resuspending 
in 1X PBS. We subsampled the resuspended pellet for 
culturing by using MacConkey I (Avantor, https://
www.wvr.com) and CHROMagar KPC agar (DRG 
International, https://store.drg-international.com), 
analyzed by using GeneXpert Carba-R (Cepheid, 
https://www.cepheid.com), and extracted DNA (18) 
for qPCR (19–21) and metagenomics (Appendix).

Comparison of Sample Volume, Handling, and Storage
We investigated the effects of concentrating 40 mL 
or 500 mL of sample for gene abundance. The treat-
ments compared 40-mL samples centrifuged at 2 
different speeds and times with 500-mL samples 
(Table 2). We tested those speeds and temperatures 
with the understanding that not all laboratories have 
access to high-speed, temperature-controlled cen-
trifuges. After centrifugation, we extracted nucleic  

 
Table 1. Sample types, frequency of collection, numbers of samples, and handling methods for trend analysis over 16 months in study 
of detection methods for wastewater surveillance of antimicrobial-resistant bacteria from healthcare facilities* 

Sample type 
Frequency of 

collection 
No. days of 

observations Replicates 
Total no. of samples, 
including replicates† Handling method‡ 

Composite Weekly or twice 
weekly 

61 Primarily laboratory-
split triplicates 

297 40-mL concentrated for extraction 

Sewer biofilm Weekly or monthly 16 Field duplicates 32 Sponge shaken in sterile 1X PBS 
for 10 min, supernatant 

concentrated for extraction 
Passive Weekly or twice 

weekly 
53 Primarily field 

duplicates 
110 Tampon shaken in sterile 1X PBS 

for 10 min, supernatant 
concentrated for extraction 

*PBS, phosphate-buffered saline. 
†Total number of samples includes days when more replicates were collected (e.g., 6 replicates rather than the typical 3 replicates). 
‡All samples were stored at 4°C until processing, which occurred within 24 hours of collection. All samples were processed by concentration with 
polyethylene glycol/NaCl precipitation for 2 hours at 4°C, centrifugation at 31,400  g, and then nucleic acids were extracted from the pellet (Appendix, 
https://wwwnc.cdc.gov/EID/article/32/13/25-1490-App1.pdf). 
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acids from the samples (Appendix). We used 1-way 
analysis of variance (ANOVA) using SigmaStat 
software version 14.5 (Grafiti, https://grafiti.com) 
with p<0.05 to assess significant differences among 
mean carbapenemase GC per milliliter when dif-
ferent water volumes were concentrated. If means 
were significantly different, we conducted mul-
tiple comparison tests using the Holm-Sidak or  
Dunn method.

We evaluated the effect of sample handling 
conditions, including hold time, temperature, and 
processing stage, on gene abundance in 5 treat-
ment types, each with >2 replicates. We concen-
trated samples using polyethylene glycol centrif-
ugation and resuspension in 1X PBS as described 
in the previous section. Samples processed imme-
diately served as controls (Table 2). We compared 
controls with samples held for different days and 
temperatures before performing concentration and 
nucleic acid extraction with and without preser-
vation with 1:1 50% glycerol:10 mM 2-amino-2-
(hydroxymethyl)propane-1,3-diol (Tris). We used 
a general linearized model to determine the effect 
of sample handling and storage conditions on gene 
abundance (Appendix).

Wastewater Trends and Alignment with Facility  
Patient Testing Data
The facility provided monthly average patient 
census, carbapenem days of therapy, numbers of  
patients screened for carbapenem-resistant organ-
isms (CRO), numbers of infections with carbapen-
emase-producing organisms, percentage of patients 

that were independently performing all steps of toi-
leting and showering, infected patient admission and 
discharge dates, and building water use. Composite, 
passive, and sewer biofilm samples were collected 
weekly during January–December 2023 and then 
twice monthly during January–April 2024 (Table 1). 
We determined carbapenemase gene composition in 
samples by qPCR and Carba-R analysis. We deter-
mined total bacteria by quantifying the conserved 
region of the 16S rRNA gene (Unibac primers) (25). 
We adjusted carbapenemase gene abundance by 
qPCR for Zymo recovery and log10 transformed or 
normalization by 16S rRNA GC or wastewater flow 
(Appendix).

We conducted Spearman rank order correla-
tions of carbapenemase gene detections by method 
and multivariate linear regressions among antibi-
otic-resistance gene (ARG) abundance in SAS ver-
sion 9.4 (SAS Institute Inc., https://www.sas.com). 
We used a nonparametric regression technique to 
smooth scatter plots of ARG over time using PROC 
LOESS in SAS with smoothing parameters from 0.1 
to 0.25.

Results

Limits of Detection of Antimicrobial-Resistant Genes 
and Cultures in Composite Wastewater
The detection limits of blaNDM, blaVIM, and blaIMP in 40 
mL of wastewater was 146–5,486 GC/mL with aver-
age and SDs of 3 trials (Table 3). We observed varia-
tions in cycle threshold (Ct) values for the different 
dilutions (Figure 1; Appendix). 

 
Table 2. Sample handling methods for comparison of sample volumes, preservation method, hold time, hold temperature, and 
centrifugation speeds in study of detection methods for wastewater surveillance of antimicrobial-resistant bacteria from healthcare 
facilities* 

Sample type Comparisons 
No. for each 

treatment 
Volume, 

mL Hold time, d Hold temp, °C 
Centrifuge 

settings 
G Sample volumes and 

centrifugation 
4 40 NA NA 10 min at 

31,400  g 
G Sample volumes and 

centrifugation 
2 40 NA NA 1 h at 3,400  g 

G Sample volumes and 
centrifugation 

4 500 NA NA 1 h at 3,400  g 

C Control, processed 
immediately 

3 40 NA NA 10 min at 
31,400  g 

C Holding times and 
temperatures of raw samples 

3 40 1, 7, or 29 4, −20, or −70 10 min at 
31,400  g 

C Effect of preservatives, hold 
time and temperatures† 

3 40 1, 7, or 29 4, −20, or −70 10 min at 
31,400  g 

C PEG concentrated and 
centrifuged sample with hold 

3 40 1 4, −20, or −70 10 min at 
31,400  g 

C Nucleic acid stability 3 40 7 −20 or −70 10 min at 
31,400  g 

C Nucleic acid stability 6 40 29 −20 10 min at 
31,400  g 

*C, composite; G, grab sample; NA, not applicable; PEG, polyethylene glycol. 
†Preservative is 1:1 vol:vol mix of wastewater: sterile 50% glycerol in tris. 
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Wastewater Methods
Comparison of Composite, Passive and Biofilm  
Sampling Methods
The blaKPC, blaVIM, and blaOXA-48-like GC normalized by 
water usage showed a strong correlation among com-
posite wastewater and passive samples (Spearman 
ρ<0.05) (Table 4; Appendix Figure 1, whereas blaNDM 
and blaIMP were not correlated. In biofilm samples, 
blaOXA was correlated with passive samples and with 
blaKPC. We observed inverse correlations between blaK-

PC in biofilms and blaVIM in passive samplers but only 
in 7 samples, thus decreasing the power of the analy-
sis. Regardless of method, fewer gene concentrations 
were correlated when the data were not water usage–
normalized (Appendix Table 5, Figure 2). When nor-
malized to facility water usage, sewer biofilm qPCR 

concentrations correlated with composite wastewater 
samples. Deployment of passive samplers for >24 
hours (n = 29) was shown to increase only total bac-
teria (i.e., conserved region of 16S rRNA gene) and 
blaKPC (p<0.05) (i.e., 0.8-day to 7-day deployment with 
2.3 +1.5 day, [average + SD]), but R2 values were all 
<0.15 (Appendix Figure 3).

We correlated CHROMagar KPC and MacCon-
key I culture counts in passive or composite samples 
for E. coli, Pseudomonas spp., and Acinetobacter spp. 
(Appendix Tables 6, 7). Metagenome sequencing re-
vealed a wide range of ARGs (Appendix Figure 4), 
including detection of bla genes in all sample types 
(Appendix Figure 5). All target bla genes were de-
tected in the metagenomes of >1 sample (Appendix 
Figure 4). Passive samples had more blaKPC (Appendix  

 
Table 3. Limits of detection for isolates diluted in wastewater and detected by qPCR and culture-based methods and for qPCR-
positive controls diluted in 1X PBS in study of detection methods for wastewater surveillance of antimicrobial-resistant bacteria from 
healthcare facilities* 

Antimicrobial-
resistant gene 

Observed GC/mL 
wastewater, mean +SD 

Extrapolated culture detection limit, CFU/mL 
wastewater Observed qPCR positive 

control detection limit, 
GC/μL qPCR reaction§ 

Independent estimate, 
mean +SD† 

Combined estimate, limit 
(95% CI)‡ 

blaKPC Not estimable Not estimable 32 
blaOXA-48-like Not estimable Not estimable 34 
blaVIM 146 +92¶ 38 +41 26 (2.9–865) 241 
blaNDM 284 +154 25 +24 17 (2.2–1,592) 390 
blaIMP 5,486 +3,137 337 +341 216 (4.2–1,5437) 2200 
*Not estimable indicates wastewater contained blaKPC and blaOXA-48-like genes. GC, gene copies; PBS, phosphate-buffered saline; qPCR, quantitative PCR. 
†The culture detection limit for each of 3 trials was estimated independently based on linear regressions and a cycle threshold (Ct) cutoff of 35; then, the 
mean and SD of those detection limits was estimated. 
‡The detection limit for all 3 trials combined was estimated from the linear regression. 
§Estimated from qPCR standard curves.  
¶Analysis of variance or analysis of variance on ranks was used to determine for each trial the mean Ct value for the lowest dilution that was above a Ct 
of 35 and at a significantly different concentration than the next lowest dilution. The qPCR standard curve calculation was then used for this Ct to estimate 
the GC/mL. Mean and SD GC/mL for the 3 trials was then estimated. 

 

Figure 1. Measured Ct (mean +SD), calculated log GC/mL, and extrapolated log CFU/mL for detection limit studies in study of detection 
methods for wastewater surveillance of antimicrobial-resistant bacteria from healthcare facilities. A) blaNDM; B) blaIMP; C) blaVIM. Each 
point represents 5 replicates. Horizontal line represents a Ct cutoff of 35 cycles. All data points were included in the linear regression 
for each plot; dashed lines represent 95% CIs of the regression. The log CFU/mL was extrapolated from the initial isolate concentration, 
which was then serially diluted by 6 log into each of 5 replicates. The log GC/mL was estimated from the Ct response from standard 
curves using either geneblock DNA or antimicrobial-resistant isolates as positive controls. Ct, cycle threshold; GC, gene copies
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Figure 5) than the biofilm and grab metagenomes, 
which had very low abundances (1–5 transcripts/
million [TPM]). The blaVIM gene was most abundant 
(14 TPM) in the biofilm metagenome. Neither blaNDM 
nor blaOXA-48-like genes were detected in any metage-
nomes, despite detection by qPCR. We examined the 
relationship between metagenomic sequence cover-
age and qPCR abundance (Appendix Figure 6) and 
found a significant correlation for blaKPC (R2 = 0.66). In 
contrast, blaVIM was only detected in 1 of 3 metage-
nomes, where the qPCR abundance was 4 log10 GC. 
The blaOXA-48-like abundance was 2 to 6 log10 GC and the 
blaNDM abundance was <5 log10 GC, but they were not 
detected in metagenomes. Therefore, the absence of 
blaOXA-48-like and blaNDM genes in the metagenomes is 
surprising but reasonable because of the limits of de-
tection for metagenomic sequencing.

We sequenced and classified 7 isolates from com-
posite wastewater in January 2023 as Citrobacter, E. 
coli (1 isolate; serotype O8 + H19), and Providencia 
(1 isolate). Of 12 isolates sequenced and classified 
in October 2023, 6 of 12 were also Citrobacter, 3 were  
Comamonas, and 3 were Aeromonas. The Aeromonas 
and Citrobacter isolates had similar ARGs (Appendix 
Figure 7), including blaKPC-2, blaKPC-3, blaOXA-2, blaTEM-1, 

and blaSHV. The E. coli genome includes blaCTX-M-15, blaEC, 
and blaTEM-1.

Comparison of Carbapenemase Gene Detection Methods
Among all samples and collection methods, there 
was close agreement between the Carba-R assay 
and qPCR detections (Appendix Tables 10–12); 551 
(85.4%) of 645 replicate carbapenemase gene assay 
results were either both present or both absent. The 
blaVIM gene was more frequently detected by Carba-R 
assay than by qPCR; 76 (58.9%) of 129 samples were 
positive by Carba-R but negative by qPCR. The blaIMP 
gene was not detected by Carba-R, whereas 7% (5/69) 
of samples were qPCR positive.

Comparison of Composite Wastewater Sample Volume, 
Handling, and Storage
We conducted studies to evaluate the effect of 
wastewater sample volume, sample concentra-
tion method, and sample handling methods on 
ARG abundance. In the first study of wastewater 
sampling volumes, we found no significant differ-
ence (p>0.05 by Dunn method) in gene abundance 
among 2 40-mL samples centrifuged at different 
speeds (31,400 × g or 3,400 × g) and times (10 or 

 
Table 4. Spearman rank order correlations among building water usage-normalized blaKPC, blaOXA-48-like, and blaVIM log gene 
concentrations for composite, passive, and sewer biofilm sample collection methods in study of detection methods for wastewater 
surveillance of antimicrobial-resistant bacteria from healthcare facilities* 

Gene 
Composite  

 
Passive  

 
Biofilm  

KPC OXA VIM KPC OXA VIM KPC OXA VIM 
Composite            
 KPC –  = 0.66, 

p<0.001,  
n = 58 

 = 0.56,  
p = 0.008, 

n = 21 

  = 0.40, 
p = 0.003, 

n = 51 

 = 0.41, 
p = 0.003, 

n = 50 

 = 0.68,  
p = 0.005, 

n = 15 

 NS NS NS 

 OXA  –  = 0.64,  
p = 0.002, 

n = 21 

 NS  = 0.4,1 
p = 0.003, 

n = 50 

 = 0.70,  
p = 0.004, 

n = 15 

 NS NS NS 

 VIM  
 

–  NS NS  = 0.78,  
p = 0.005, 

n = 10 

 NS NS NS 

Passive            
 KPC  

  
 –  = 0.60, 

p<0.001,  
n = 51 

NS  NS NS NS 

 OXA  
  

 
 

– NS  NS  = 0.67, 
p = 0.008, 

n = 14 

NS 

 VIM  
  

 
  

–   = −0.821, 
p = 0.01,  

n = 7 

NS NS 

Biofilm            
 KPC  

  
 

  
  –  = 0.76 

p<0.001,  
n = 15 

NS 

 OXA  
  

 
  

   – NS 
 VIM           – 
*Daily values were calculated for composite samples as log(GC/mL)/(monthly average gal  103/d), for passive samplers as log(GC/g)/(monthly average 
gal  103/d), and for biofilm samples as log(GC/cm2)/(monthly average gal  103/d); nonnormalized data correlations are shown in Appendix Table 5 
(https://wwwnc.cdc.gov/EID/article/32/13/25-1490-App1.pdf). blaNDM and blaIMP are not included because they were not correlated or only correlated in <5 
samples. B, sewer biofilm; C, composite; CKPC, blaKPC; NS, not significant at p<0.05; OXA, blaOXA-48-like; P, passive; VIM, blaVIM.  
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60 minutes); therefore, we combined those data for 
further analysis. Overall, 40-mL samples had a sig-
nificantly higher mean abundance than the 500-mL 
samples for blaVIM (p<0.05 by Holm-Sidak method), 
16S rRNA gene (p = 0.02 by ANOVA on Ranks), 
and blaOXA-48-like (p = 0.01 by ANOVA on Ranks), but 
not for blaKPC (p = 0.1 by ANOVA) (Appendix Fig-
ure 8). Therefore, we used 40-mL samples with cen-
trifugation at 31,400 × g for 10 minutes.

We compared sample holding times (1, 7, and 29 
days), holding methods (concentrated before storage 
or not), and preservation methods (raw sample or 
glycerol preserved) with samples extracted and ana-
lyzed immediately to determine how sample han-
dling influenced ARG abundance (Table 5, Figure 
2). Sample preservation method (Table 5) generated 
the most variation in gene abundance. Specifically, 
the sample preservation method accounted for 24%–

 
Table 5. Effects of sample handling and storage conditions on gene abundance determined by qPCR in study of detection methods for 
wastewater surveillance of antimicrobial-resistant bacteria from healthcare facilities* 
Factor 16S rRNA gene blaKPC blaVIM blaOXA-48-like blaKPC/16S rRNA† blaVIM/16S rRNA† 
Overall model F (p value) 1.98 (0.02) 2.23 (0.008) 6.33 (<0.001) NS 3.99 (<0.01) 9.67 (<0.001) 
Source of variation 

   
 

  

 Hold time‡ 38 (0.002) 25 (0.01) 30 (<0.001) NA§ NS 31 (<0.001) 
 Hold temp¶ NS NS 16 (0.01) NA NS 10 (0.008) 
 Hold method 41 (<0.001) 42 (<0.001) 30.1 (<0.001) NA 27 (<0.001) 24 (<0.001) 
 Time  temp NS NS 12.5 (0.008) NA NS 11 (0.002) 
 Temp  method NS NS NS NA NS 15 (0.007) 
 Time  method NS NS 9 (0.04) NA 22 (<0.001) 9 (0.006) 
 Time  temp  method NS 15 (0.05) Not estimable** NA 27 (<0.001) Not estimable** 
*Source of variation is percent of total variation (p value) of type 1 error for the general linearized model. NA, not applicable; NS, not significant; qPCR, 
quantitative PCR. 
†Calculation based on log10 ARG/mL divided by log10 16S rRNA gene/mL. 
‡Hold times were 1, 7, or 29 days. 
§The overall model was not significant for this gene. 
¶Temperature was 4°C, −20°C, or −70°C. 
#Hold methods: extracted immediately versus raw samples held at temperature, glycerol preserved unprocessed samples, polyethylene glycol 
concentrated and resuspended samples, or nucleic acids extracted and stored. 
**These values were not estimable because of limited degrees of freedom. 

 

Figure 2. Holding time and 
preservation temperature 
comparison for log10 blaKPC 
(A), blaOXA-48-like (B), and blaVIM 
(C) measured by quantitative 
PCR in triplicate in study 
of detection methods for 
wastewater surveillance of 
antimicrobial-resistant bacteria 
from healthcare facilities. 
Triangles indicate 1 day 
holding time, circles indicate 7 
days, and squares indicate 29 
days. Gray symbols indicate 
4°C. white symbols indicate 
–20°C, and black symbols 
indicate –70°C. All gene 
copies are normalized to log10 
16S rRNA gene. Horizontal 
gray lines show the range of 
values for each treatment. 
Control sample DNA was 
extracted immediately upon 
receipt in laboratory. Raw 
sample represents processed 
raw wastewater. Glycerol 
preserved are unprocessed 
samples preserved with 
50% glycerol with Tris. 
Concentrated samples 
were polyethylene glycol 
precipitated for 2 hours and centrifuged, and the resulting pellet was resuspended and held at the listed temperature.
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42% of the variation in GC per milliliter. The high-
est recovery was observed in concentrated samples 
(57%–121% average recovery of ARG among all tem-
peratures and times) or extracted nucleic acid sam-
ples (59%–94% recovery). Sample hold time before 
handling accounted for 25% to 38% of variability. 
Hold time significantly influenced ARG abundance 
(Table 5); shorter hold times are recommended.

Wastewater Carbapenemase Gene Trends and  
Alignment with Facility Clinical Infections
During the 16-month study, only 5 CRO clinical infec-
tions were identified in 4 patients within the facility. 

Infections 1 and 2 were identified as Klebsiella (Entero-
bacter) aerogenes and Enterobacter cloacae, isolated from 
urine specimens collected 9 days apart in April 2023 
from the same patient; both were negative for car-
bapenemase genes. Infection 3 was a carbapenem-re-
sistant Pseudomonas aeruginosa (CRPA) from a wound 
in April 2023, which was not tested for carbapen-
emase genes. Infection 4 was a case of CRPA from a 
urine specimen in December 2023, also not tested for 
carbapenemase genes. Infection 5 was determined to 
be Escherichia coli and Citrobacter freundii and came 
from a perianal screen in March 2024; it was not test-
ed for carbapenemase genes. Of note, the patient with 

 
Table 6. Concentrations of carbapenemase genes in composite wastewater by month and frequency of carbapenemase gene 
detection over 16 months in study of detection methods for wastewater surveillance of antimicrobial-resistant bacteria from healthcare 
facilities* 

Month 
No. sampling 

dates 
log GC/mL, mean +SD (no. [%] detected)† 

blaKPC blaOXA-48-like blaVIM blaNDM blaIMP 
2023 Jan  1 7.8 (1 [100]) 6.3 (1 [100]) 8.7 (1 [100]) ND ND 
2023 Feb 2 7.1 + 0.1 (2 [100]) 6.2 + 0.4 (2 [100]) 7.8 + 0.3 (2 [100]) ND ND 
2023 Mar 4 7.3 + 0.3 (4 [100]) 5.8 + 0.2 (4 [100]) 7.3 (1 [25])  ND ND 
2023 Apr 3 6.5 + 0.6 (3 [100]) 4.9 + 0.5 (3 [100]) ND ND ND 
2023 May 8 6.9 + 0.5 (8 [100]) 5.8 + 0.8 (8 [100]) 6.1 + 0.6 (2 [25]) ND ND 
2023 Jun 9 6.5 + 0.4 (9 [100]) 5.4 + 0.5 (9 [100]) 5.4 + 0.5 (2 [22]) ND ND 
2023 Jul 7 6.3 + 0.6 (7 [100]) 5.8 + 0.6 (6 [86]) 4.2 (1 [14]) ND ND 
2023 Aug 6 5.2 + 0.6 (6 [100]) 5.2 + 0.7 (6 [100]) 5.5 + 0.5 (2 [33]) ND ND 
2023 Sep 4 6.1 + 0.8 (4 [100]) 5.0 + 0.5 (4 [100]) 5.2 (1 [25]) ND ND 
2023 Oct 3 6.3 + 0.5 (3 [100]) 5.4 + 0.1 (3 [100]) 5.3 + 0.2 (2 [67]) 4.6 (1 [33]) ND 
2023 Nov 4 6.1 + 0.4 (4 [100]) 4.8 + 0.3 (4 [100]) 4.8 + 0.2 (3 [75]) 5.7 (1 [25]) ND 
2023 Dec 2 5.5 + 0.1 (2 [100]) 4.4 + 0.2 (2 [100]) 4.8 (1 [50]) ND ND 
2024 Jan 2 5.6 + 0.2 (2 [100]) 4.8 + 0.5 (2 [100]) ND ND ND 
2024 Feb 2 6.1 + 0.3 (2 [100]) 5.7 + 0.3 (2 [100]) 5.6 + 0.2 (2 [100]) 5.1 + 0.6 (2 [100]) ND 
2024 Mar 2 5.8 + 0.9 (2 [100]) 5.1 + 0.6 (2 [100]) 4.8 (1 [50]) 4.6 + 0.6 (2 [100]) 6.5 (1 [50]) 
2024 Apr 2 5.9 + 0.5 (2 [100]) 5.0 + 0.4 (2 [100]) ND 5.3 + 0.4 (2 [100]) 6.6 (1 [50]) 
Total (% positive) 61 (100) 60 (98) 21 (34) 8 (13) 2 (3) 
*GC, gene copies; ND, not detected. 
†Concentrations without SD indicate carbapenemase genes were detected in only 1 sample among multiple sampling dates in a month or only 1 sampling 
date in a month.  

 

 
Table 7. Concentrations of carbapenemase genes collected with passive samplers by month and frequency of carbapenemase gene 
detection over 16 months in study of detection methods for wastewater surveillance of antimicrobial-resistant bacteria from healthcare 
facilities* 
 
Month, no. samples 

log GC/mL, mean +SD (no. [%] detected)† 
blaKPC blaOXA-48-like blaVIM blaNDM blaIMP 

2023 Jan, n = 1 8.03 (1 [100]) 6.8 (1 [100]) 7.9 (1 [100]) ND ND 
2023 Feb, n = 2 7.5 + 0.1 (2 [100]) 5.9 + 0.1 (2 [100]) 7.9 + 0.2 (2 [100]) ND ND 
2023 Mar  Not tested Not tested Not tested Not tested Not tested 
2023 Apr, n = 1 9.0 (1 [100]) 6.2 (1 [100]) ND ND ND 
2023 May, n = 8 8.5 + 0.6 (8 [100]) 7.0 + 0.7 (8 [100]) ND ND ND 
2023 Jun, n = 9 8.3 + 0.5 (9 [100]) 6.9 + 0.4 (9 [100]) 6.8 (1 [11]) ND ND 
2023 Jul, n = 7 8.3 + 0.3 (6 [86]) 6.5 + 0.2 (6 [86]) ND ND ND 
2023 Aug, n = 7 7.9 + 0.3 (7 [100]) 6.4 + 0.1 (6 [86]) ND ND ND 
2023 Sep, n = 3 8.0 + 0.5 (3 [100]) 6.4 + 0.4 (3 [100]) ND ND ND 
2023 Oct, n = 3 7.9 + 0.2 (3 [100]) 6.1 + 0.1 (3 [100]) 6.4 (1 [33]) 5.4 (1 [33]) ND 
2023 Nov, n = 4 8.1 + 0.4 (4 [100]) 6.1 + 0.2 (4 [100]) 6.0 + 0.2 (3 [75]) 6.0 (1 [25]) ND 
2023 Dec, n = 2 7.8 + 0.001 (2 [100]) 6.3 + 0.2 (2 [100]) 6.4 + 0.1 (2 [100]) ND ND 
2024 Jan, n = 2 7.9 + 0.03 (2 [100]) 6.5 + 0.1 (2 [100]) 6.3 + 0.1 (2 [100]) ND ND 
2024 Feb, n = 2 8.3 + 0.7 (2 [100]) 6.8 + 0.5 (2 [100]) 6.4 + 0.2 (2 [100]) 5.1 (1 [50]) 7.9 + 0.3 (2 [100]) 
2024 Mar, n = 2 8.2 + 0.7 (2 [100]) 7.0 + 0.9 (2 [100]) 6.2 (1 [50]) 5.4 (1 [50]) 7.8 (1 [50]) 
2024 Apr, n = 2 8.0 + 0.6 (2 [100]) 6.7 + 0.2 (2 [100]) 6.2 + 0.5 (2 [100]) 6.1 (1 [50]) 7.6 + 0.2 (2 [100]) 
Total (% positive), n = 55 54 (98) 53 (96) 17 (31) 5 (9) 5 (9) 
*GC, gene copies; ND, not detected.  
†Concentrations without SD indicate carbapenemase genes were detected in only 1 sample among multiple sampling dates in a month or only 1 sampling 
date in a month.  
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CRE identified in urine specimens in April 2023 used 
ostomy bags, which might not have been disposed of 
in the toilet. All other patients were recorded as toilet-
ing by nurses. Carbapenem antibiotic use in the facil-
ity was documented (Appendix Table 13).

Over 16 months (Tables 6, 7), blaKPC and blaOXA-48-

like were detected in >98% of composite and passive 
samples, but blaVIM, blaNDM, and blaIMP were detected 
less frequently (35% in composite and 31% in passive 
for blaVIM, 10% in composite and 9% in passive for 
blaNDM, 3% in composite and 9% in passive for blaIMP). 
All sewer biofilm samples contained blaKPC and blaOXA-

48-like, but only 24% of samples contained blaNDM and 
blaVIM, and 18% contained blaIMP (Table 8).

Abundance of blaKPC and blaOXA-48-like, normalized 
for facility water usage, increased after April 2023 
when CRE- and CRPA-infected patients were present 
(Figure 3). A general increase in blaKPC and blaOXA-48-like 
abundance was also observed in the last 4 months of 
the study period (Figure 3, panels A, B, D, and E), al-
though that increase was not attributable to a patient 
infection. The blaVIM abundance generally decreased 
over the study period for flow-normalized and non-
normalized data (Figure 3, panels G, H, I; Appendix 
Figure 9). The low incidence of CRO infections (5 over 
16 months) and lack of confirmed carbapenemase-
producing CRE infections precluded modeling of re-
lationships between wastewater carbapenemase gene 
abundances and clinical infection occurrence.

Discussion
This study standardized methods for carbapene-
mase gene detection in hospital wastewater. Sample  

handling conditions significantly affected gene abun-
dance measurements. Gene recovery was highest 
when 40 mL of sample was processed using a higher 
centrifuge speed, compared with 500 mL processed 
at lower centrifugation speeds. Recovery decreased 
with prolonged storage or higher temperature unless 
samples were preserved with glycerol. Those findings 
emphasize the importance of standardized, practical 
protocols (22). Our results demonstrate that passive 
sampling is as effective as composite sampling, as 
suggested by others (23), and that storing raw sam-
ples at 4°C up to 29 days was comparable to immedi-
ate processing. That finding is especially relevant for 
resource-limited settings, because those facilities can 
collect and store a passive sample before processing 
in lieu of composite samples processed the next day.

Over 16 months, 2 carbapenemase genes, blaKPC 
and blaOXA-48-like, were consistently detected by qPCR 
and Cepheid Carba-R assays in each of the 3 collection 
methods. Among sampling strategies, the composite 
and passive sampling outperformed biofilm sampling 
in terms of gene richness and antimicrobial-resistant 
gene detection frequency. Passive samples also yield-
ed higher concentrations of carbapenemase genes. The 
sewer biofilm gene concentrations when normalized 
to building water usage was correlated with waste-
water concentrations, suggesting the sewer biofilm 
might influence the wastewater carbapenemase gene 
abundance, but additional studies are needed to eluci-
date that relationship. Differences in gene abundance 
between sewer biofilms and composite samples might 
reflect shedding from colonized patients, environmen-
tal persistence, or microbial community dynamics.

 
Table 8. Concentrations of carbapenemase genes observed in sewer biofilms by month and frequency of carbapenemase gene 
detection over 16 months in study of detection methods for wastewater surveillance of antimicrobial-resistant bacteria from healthcare 
facilities* 

Month, no. samples 
log GC/cm2, mean +SD (no. [%] detected)† 

blaKPC blaOXA-48-like blaVIM blaNDM blaIMP 
2023 Jan, n = 1 4.6 (1 [100]) 3.9 (1 [100]) 6.9 (1 [100]) ND ND 
2023 Feb, n = 1 4.4 (1 [100]) 3.9 (1 [100]) 6.0 (1 [100]) ND ND 
2023 Mar, n = 1 5.6 (1 [100]) 3.5 (1 [100]) ND ND ND 
2023 Apr Not tested Not tested Not tested Not tested Not tested 
2023 May, n = 1 6.9 (1 [100]) 5.7 (1 [100]) ND ND ND 
2023 Jun, n = 1 6.0 (1 [100]) 5.0 (1 [100]) ND ND ND 
2023 Jul Not tested Not tested Not tested Not tested Not tested 
2023 Aug, n = 1 4.5 (1 [100]) 4.0 (1 [100]) ND ND ND 
2023 Sep, n = 1 6.3 (1 [100]) 5.6 (1 [100]) ND ND ND 
2023 Oct, n = 1 5.4 (1 [100]) 4.5 (1 [100]) ND ND ND 
2023 Nov, n = 3 5.6 + 0.8 (3 [100]) 4.2 + 1.1 (3 [100]) ND ND ND 
2023 Dec, n = 1 4.8 (1 [100]) 4.1 (1 [100]) 5.0 (1 [100]) ND ND 
2024 Jan, n = 1 5.0 (1 [100]) 4.1 (1 [100]) ND ND ND 
2024 Feb, n = 1 5.3 (1 [100]) 5.5 (1 [100]) ND 6.8 (1 [100]) ND 
2024 Mar, n = 1 5.1 (1 [100]) 4.8 (1 [100]) ND 4.5 (1 [100]) 6.5 (1 [100]) 
2024 Apr, n = 2 4.3 + 0.7 (2 [100]) 4.5 + 0.2 (2 [100]) 4.2 (1 [50]) 5.0 + 0.1 (2 [100]) 6.3 + 0.2 (2 [100]) 
Total (% positive), n = 17 17 (100) 17 (100) 4 (24) 4 (24) 3 (18) 
*GC, gene copies; ND, not detected. 
†Concentrations without SD indicate carbapenemase genes were detected in only 1 sample among multiple sampling dates in a month or only 1 sampling 
date in a month. 
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Temporal trends of gene abundance in waste-
water were not correlated with patient infections 
because of the limited clinical infections during the 
study. Longer-term sampling is required to evaluate 
the utility of WS as a complement to hospital AMR 
surveillance methods. Two critical points require fur-
ther consideration: first, wastewater results should be 
interpreted considering reservoirs for antimicrobial-
resistant bacteria, such as sinks and sewer biofilms, 
which were found to harbor carbapenemase genes 
(Appendix Figure 5) and CRE as reported elsewhere 
(24,25); and second, CRE or carbapenemase gene 
sources in addition to infected patients such as colo-
nized patients, hospital staff, outpatients, and visitors 
should be considered. Additional research is needed 
to investigate the contribution of sewer biofilms to 
wastewater from hospitals, because those biofilm  

signals might confound temporal gene signals. Iden-
tifying the nonpatient contribution of CRE or car-
bapenemase genes to wastewater will also be critical 
for successful surveillance efforts.

Because of the limited clinical infections dur-
ing the study period, it remains an open question 
whether WS might enhance outbreak detection, sup-
port infection control, and aid antibiotic steward-
ship, and additional study is needed. Further, the 
contribution of sewer biofilms to wastewater signals 
needs investigation. In conclusion, wastewater sam-
pling, particularly composite and passive methods 
combined with sensitive molecular detection, might 
be a practical, noninvasive approach for monitoring 
carbapenemase genes in healthcare facilities, as dem-
onstrated by other reports (26,27). Passive sampling 
might be suitable in low-resource settings, situations 

Figure 3. GC of blaOXA-48-like, blaKPC, and blaVIM in wastewater collected by autosamplers, passive samplers, or swabs of sewer biofilm 
in study of detection methods for wastewater surveillance of antimicrobial-resistant bacteria from healthcare facilities, January 2023–
April 2024. A–C) Composite samples for blaOXA-48-like, blaKPC, and blaVIM. D–F) Passive sampler results for blaOXA-48-like, blaKPC, and blaVIM. 
G–I) Biofilm samples for blaOXA-48-like, blaKPC, and blaVIM. Values are normalized by recovery control and water usage. Nonparametric 
regression smoothing factors range from 0.1 to 0.25. Dashed lines (admit date) and dotted lines (discharge date) indicate periods when 
patients infected with carbapenem-resistant Enterobacterales (CRE) or carbapenem-resistant Pseudomonas aeruginosa were in the 
facility. Infections consisted of Klebsiella aerogenes, Enterobacter cloacae, and Pseudomonas aeruginosa in period 1 (April 2023); P. 
aeruginosa in period 2 (December 2023); and Escherichia coli and Citrobacter freundii in period 3 (March 2024). The CRE infections 
in April 2023 were not carbapenemase-producing organisms, based on PCR. The CRE infection in March 2024 was not tested for 
carbapenemase genes by PCR. None of the carbapenem-resistant Pseudomonas aeruginosa were tested for carbapenemase genes.
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with space constraints, or situations in which sewer 
access is limited. 

This article was preprinted at https://www.biorxiv.org/
content/10.64898/2025.12.14.694051v1.
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Respiratory viruses, specifically influenza, respi-
ratory syncytial virus (RSV), and SARS-CoV-2, 

cause a broad spectrum of illness (1,2), from mild 
symptoms to severe pneumonia and acute respira-
tory failure. Those pathogens are primary drivers 
of global morbidity and mortality, placing immense 
strain on healthcare systems (2). Worldwide, influ-
enza causes ≈400,000 deaths every year (3), and the 
COVID-19 pandemic resulted in over 7.1 million 
deaths by early 2025 (4). Historical outbreaks under-
score the critical need for robust, diversified surveil-
lance to track transmission and guide public health 
interventions (5).

Traditional public health surveillance provides 
the foundation for monitoring those trends. In the 
United States, the National Syndromic Surveillance 
Program (NSSP) offers near–real-time indicators of 
community respiratory activity by tracking emer-
gency department (ED) visits (6). However, ED 

data primarily reflect more severe cases and spe-
cific care-seeking behaviors, potentially serving 
as an incomplete proxy for total community-level 
infection rates (7,8). Furthermore, operational dif-
ferences and reporting inconsistencies can create 
artificial fluctuations in temporal trends (9). To ad-
dress those gaps, alternative data streams are need-
ed. Administrative health insurance claims data 
represent a promising but underutilized resource; 
they capture a broad range of clinical encounters 
beyond the ED, offering a high-resolution view of 
healthcare utilization and disease across diverse 
demographics (10).

Wastewater-based epidemiology (WBE) has 
emerged as a powerful, noninvasive complement 
to clinical data (11). Modern virome sequencing-
based WBE enables the simultaneous quantification 
and variant characterization of thousands of viruses 
from a single sample (12,13). Although WBE was 
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In the COVID-19 postpandemic era, declining clinical 
testing for SARS-CoV-2 has led to the exploration of 
complementary early detection methods. We evaluated 
metagenomic wastewater-based epidemiology (WBE) in 
Texas, USA, by comparing viral signals with the Nation-
al Syndromic Surveillance Program tracked emergency 
department visits and Texas All-Payer Claims Database 
insurance claims across several Texas counties during 
2022–2024. By analyzing SARS-CoV-2, influenza, and 
respiratory syncytial virus, we found moderate-to-strong 
temporal correlations between wastewater and clinical in-

dicators. Influenza showed the most stable associations 
(r<0.98), whereas SARS-CoV-2 signals generally preced-
ed clinical metrics. Respiratory syncytial virus exhibited 
higher geographic and temporal heterogeneity, reflecting 
differences in clinical data capture. Despite sampling fre-
quency and geographic alignment challenges, metage-
nomic WBE consistently tracked community trends. 
Our findings suggest WBE can offer valuable situational 
awareness and a resilient complement to clinical surveil-
lance, supporting public health preparedness in an evolv-
ing respiratory disease landscape.
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widely adopted during the COVID-19 pandemic, 
few studies have rigorously evaluated how metage-
nomic viral detection in wastewater sequencing 
data for viruses with pandemic potential, other than 
SARS-CoV-2, correlates with clinical metrics in the 
postpandemic context.

We leveraged viral metagenomic sequencing 
data from a statewide monitoring initiative in Texas, 
USA, to evaluate the utility of WBE for ongoing re-
spiratory disease monitoring. We compared waste-
water signals for SARS-CoV-2, influenza, and RSV 
across 10 counties to both NSSP syndromic surveil-
lance and health insurance claims data. Our analysis 
focuses on the strength and consistency of those cor-
relations and the lead and lag timing of wastewater 
signals relative to clinical indicators across diverse 
sites and seasons. By integrating insurance claims as 
a primary comparative metric, we evaluate the po-
tential of this administrative data source to fill gaps 
in traditional surveillance, ultimately enhancing sit-
uational awareness and supporting broader public 
health monitoring efforts.

Method 

Study Region and Population
We conducted a hybrid surveillance validation study 
across 10 Texas counties (Cameron, Chambers, El 
Paso, Fort Bend, Harris, Hays, Lubbock, Travis, 
Wichita, and Williamson) in the Texas Wastewa-
ter Environmental Biomonitoring (TexWEB) pro-
gram (12). During June 2022–June 2024, we collected 
wastewater samples near-weekly and sequenced for  

SARS-CoV-2, influenza (A and B), and RSV. Coverage 
for El Paso, Fort Bend, Harris, and Lubbock spans the 
full 24-month period, whereas data for the remain-
ing counties were available for June 2023–June 2024. 
Those jurisdictions represent diverse demographic 
profiles, including major metropolitan areas like 
Houston (Harris County) (Table 1). 

Wastewater Sample Collection 
We obtained wastewater samples through the Tex-
WEB network, which monitors 41 publicly owned 
treatment sites across Texas (12). This study included 
23 sites within the TexWEB network that maintained 
near-weekly sampling and consistent sequencing-
based reporting for SARS-CoV-2, influenza, and 
RSV during June 2022–June 2024 (Appendix Table 
1, http://wwwnc.cdc.gov/EID/article/32/13/26-
0141-App1.pdf). We report viral abundance as reads 
per million filtered (RPMF), a metagenomic metric 
that captures a genomewide, variant-inclusive signal. 
Unlike traditional quantitative PCR–based concentra-
tions (e.g., gene copies per liter), this metagenomic 
approach enables the simultaneous detection of 
multiple pathogens and remains resilient to primer-
mismatch errors caused by viral evolution, although 
it measures relative abundance rather than absolute 
concentration (14–16). For counties with multiple 
sampling sites, we calculated a county-level RPMF 
by using a population-weighted average to ensure a 
stable comparison with NSSP records and adminis-
trative insurance claims.

Validation Clinical Outcome Datasets
We used 2 complementary clinical data sources 
to validate wastewater signals: the NSSP and the 
Texas All-Payer Claims Database (TX-APCD). The 
NSSP Electronic Surveillance System for the Early 
Notification of Community-based Epidemics pro-
vides near–real-time data from participating Texas 
facilities, capturing ≈90% of healthcare facilities in 
the Houston region (17), enabling the detection of 
rapid shifts in community respiratory activity (6). 
We derived pathogen-specific counts for COVID-19, 
influenza, and RSV (June 2022–June 2024) by using 

 
Table 1. County population estimates and number of 
wastewater-based surveillance sites, Texas, USA, 2024 
County Estimated population No. sampling sites 
Cameron 431,874 2 
Chambers 31,475 2 
El Paso 875,784 4 
Fort Bend 958,434 6 
Harris 5,009,302 8 
Hays 292,029 3 
Lubbock 278,902 2 
Travis 1,363,767 3 
Wichita 137,363 1 
Williamson 727,480 3 
 

 
Table 2. Diagnosis and treatment codes used to identify respiratory diseases in the Texas All-Payer Claims Database emergency 
department claims data, Texas, USA, 2024* 
Respiratory disease Coding system Codes used 
COVID-19 ICD-10 U07.1, U09, U09.9, U04.9, J12.82 

CPT J0248 
NDC 11 COVID-19–related NDC codes (Appendix Table 2†) 

Influenza ICD-10 J09–J11 
NDC 65 influenza-related NDC codes (Appendix Table 3†) 

Respiratory syncytial virus ICD-10 B97.4, J12.1, J20.5, J21.0 
*CPT, current procedural terminology; ICD-10, International Classification of Diseases, 10th Edition; NCD, national drug codes. 
†https://wwwnc.cdc.gov/EID/article/32/13/26-0141-App1.pdf. 
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queries from the Electronic Surveillance System for 
the Early Notification of Community-based Epidem-
ics that integrate chief complaints with discharge 
diagnoses, including clinical term codes from the 
International Classification of Diseases, 10th Revi-
sion, Clinical Modification (ICD-10-CM); Interna-
tional Classification of Diseases, 9th Revision, Clini-
cal Modification; and Systematized Nomenclature  
of Medicine (18).

The TX-APCD, managed by UTHealth Hous-
ton, offers high-resolution diagnostic confirmation 
across commercial, Medicaid, and Medicare advan-
tage payers, covering 74% of insured persons from 
Texas (19). We extracted ED claims through June 
2024, identifying encounters through ICD-10-CM di-
agnosis codes supplemented by current procedural 
terminology and national drug codes for laboratory 
testing and treatment (Table 2; Appendix Tables 

Figure 1. Association between daily wastewater signals (RPMF) and daily NSSP ED visits (per 100,000 population) for SARS-
CoV-2, influenza, and respiratory syncytial virus (RSV) in Harris and El Paso Counties, Texas, June 2022–June 2024. A–C) Harris 
County interpolated daily time series of RPMF values versus NSSP ED visits for SARS-CoV-2 (A), influenza (B), and RSV (C). Solid 
lines represent ED visits; dashed lines represent RPMF data. D–F) Daily RPMF values versus NSSP ED visits for SARS-CoV-2 
(D), influenza (E), and RSV (F). Triangles represent single-day observations. G–I) El Paso County interpolated daily time series of 
RPMF values versus NSSP ED visits for SARS-CoV-2 (G), influenza (H), and RSV (I). Solid lines represent ED visits; dashed lines 
represent RPMF data. J–L) Daily RPMF values versus NSSP ED visits for SARS-CoV-2 (J), influenza (K), and RSV (L). Triangles 
represent single-day observations. Corresponding Pearson correlation coefficients (r) and p values are shown. ED, emergency 
department; NSSP, National Syndromic Surveillance Program; RPMF, reads per million filtered.
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2, 3). Although the NSSP excels in timeliness, the 
TX-APCD provides superior diagnostic specificity 
across a broad payer mix.

We aggregated claims to weekly counts by resi-
dential postal (ZIP) code. To differentiate new in-
fection episodes from follow-up care, we defined 
a new case by using a 30-day disease-free interval 
for COVID-19 and influenza and a 45-day interval 

for RSV. Those thresholds are consistent with es-
tablished epidemiologic standards for administra-
tive data to minimize duplicate counting of single 
illness episodes (20–22). That dual-source approach 
pairs the broad, population-level coverage of syn-
dromic surveillance with the diagnostic specificity 
of administrative claims to provide a robust valida-
tion of metagenomic wastewater metrics.

Figure 2. Association between weekly wastewater signals (RPMF) and weekly TX-APCD ED claims for SARS-CoV-2, influenza, and 
RSV in Harris and El Paso Counties, Texas, June 2022–June 2024. A–C) Harris County weekly trends in wastewater RPMF values 
versus TX-APCD ED visits for SARS-CoV-2 (A), influenza (B), and RSV (C). Solid lines represent TX-APCD claims; dashed lines 
represent RPMF data. D–F) Weekly RPMF values versus NSSP ED visits for SARS-CoV-2 (D), influenza (E), and RSV (F). Triangles 
and diamonds represent single-week observations. G–I) El Paso County interpolated daily time series of RPMF values versus TX-APCD 
ED visits for SARS-CoV-2 (G), influenza (H), and RSV (I). Solid lines represent TX-APCD claims; dashed lines represent RPMF data. 
J–L) Weekly RPMF values versus NSSP ED visits for (J) SARS-CoV-2, (K) influenza, and (L) RSV. Triangles and diamonds represent 
single-week observations. Corresponding Pearson correlation coefficients (r) and p values are shown. ED, emergency department; 
RPMF, reads per million filtered; TX-APCD, Texas All-Payer Claims Database.
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Statistical Analysis
We interpolated wastewater viral signals by RPMF 
to daily resolution by using natural cubic splines to 
enable comparison with clinical data (23). As a glob-
al smoothing method, this spline interpolation uses 
information from both past and future observations; 
consequently, we can interpret the resulting tempo-
ral relationships as descriptive associations rather 
than strictly real-time predictive leads. For clinical 
data, we smoothed daily ED visits by using a trailing 
7-day moving average (right-aligned) to reduce day-
of-week variability while ensuring only past informa-
tion was used for each data point.

We conducted a time-lagged cross-correlation 
analysis to evaluate the temporal relationships be-
tween wastewater signals and clinical indicators. For 
the daily NSSP data, we assessed correlations across 
a +21-day window. For the TX-APCD administrative 
claims, which are reported at a lower temporal reso-
lution, we compared weekly aggregated wastewater 
data to weekly claims data using a +3-week window. 
We used Pearson correlation coefficients to quantify 

those associations, because that metric directly cap-
tures the linear relationship and signal intensity (e.g., 
peak magnitude) between viral concentrations and 
visit rates. We adjusted CIs for autocorrelation to en-
sure valid inference.

To account for evolving viral dynamics and spa-
tial heterogeneity, we performed separate analyses 
for each county and stratified the results by dominant 
variant or respiratory season. For SARS-CoV-2, we 
defined 2 major periods: June 2022–June 2023 (XBB 
variant dominance) and June 2023–June 2024 (emer-
gence of EG.5, HV.1, and JN.1 variants). We strati-
fied influenza and RSV analyses by the 2022–23 and 
2023–24 respiratory seasons (24). Those stratifications 
enabled us to evaluate the consistency of wastewater 
signal associations across shifts in viral lineages and 
seasonal patterns.

Results
During June 2022–June 2024, wastewater RPMF val-
ues demonstrated positive correlations with NSSP ED 
visits at 0 lag across SARS-CoV-2, influenza, and RSV 

Figure 3. Cross-correlation 
between daily wastewater 
signals (RPMF) and National 
Syndromic Surveillance 
Program ED visit rates for 
SARS-CoV-2, influenza, 
and respiratory syncytial 
virus (RSV) in Harris and El 
Paso Counties, Texas, June 
2022–June 2024. A) Harris 
County, SARS-CoV-2. B) El 
Paso County, SARS-CoV-2. 
C) Harris County, influenza. 
D) El Paso County, influenza. 
E) Harris County, RSV. F) El 
Paso County, RSV. Wastewater 
RPMF time series were 
shifted from −21 to +21 days 
relative to National Syndromic 
Surveillance Program ED 
visits, with Pearson correlation 
coefficients calculated at each 
daily lag. Negative lags indicate 
wastewater signals leading 
clinical visits. ED, emergency 
department; RPMF, reads per 
million filtered.
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(Figure 1). In Harris and El Paso counties, Pearson cor-
relation coefficients (r) for influenza were strong over 
the full study period (r = 0.79–0.98). For those 2 coun-
ties, SARS-CoV-2 correlations were moderate to strong 
(r  =  0.57–0.72), whereas RSV associations revealed 
greater seasonal variability (r  =  0.57–0.82). Compari-
sons between weekly wastewater signals and TX-
APCD claims revealed a wider range of associations 
(Figure 2). Although influenza showed strong concor-
dance in both Harris (r >0.62) and El Paso (r >0.8) coun-
ties, RSV correlations varied widely, including weak 
associations in Harris County. Those discrepancies 
were highlighted by divergent peak timings; a June 
2022 RSV surge was evident in wastewater and NSSP 
ED visits but absent in TX-APCD claims.

We identified the lag and lead intervals by us-
ing cross-correlation analysis yielding maximum 
correlation coefficients (rmax) for each pathogen 
(Figures 3, 4). SARS-CoV-2 wastewater signals gen-
erally preceded clinical metrics, with leads ranging 
from 3–15 days for NSSP ED visits and 1 week for 
TX-APCD claims. Of note, influenza patterns were 
more synchronous, typically showing rmax at 0 or 
short lags (0–4 days) across counties. In contrast, 
RSV demonstrated the most variable lead-lag pat-
terns between wastewater and clinical indicators; 
in most counties the wastewater signal lagged 
NSSP ED visits, trailing them by up to 2 weeks 
(Tables 3, 4), and aligned inconsistently with TX-
APCD claims.

Figure 4. Cross-correlation 
between weekly wastewater 
signals (RPMF) and Texas 
All-Payer Claims Database 
ED claims for SARS-CoV-2, 
influenza, and RSV in Harris 
and El Paso Counties, Texas, 
from July 2022–June 2024. A) 
Harris County, SARS-CoV-2. B) 
El Paso County, SARS-CoV-2. 
C) Harris County, influenza. 
D) El Paso County, influenza. 
E) Harris County, RSV. F) El 
Paso County, RSV. Wastewater 
RPMF time series were 
shifted from −3 to +3 weeks 
relative to Texas All-Payer 
Claims Database claims, with 
Pearson correlation coefficients 
calculated at each weekly lag. 
ED, emergency department; 
RPMF, reads per million filtered.

 
Table 3. Pearson correlation coefficients between RPMF and 2 ED visits data sources for respiratory syncytial virus during the 2022–
23 season across 4 counties, daily NSSP ED visit rates and weekly TX-APCD ED claims rates, Texas, USA* 

County 
RPMF versus NSSP ED visit 

 
RPMF versus TX-APCD ED claims 

Original r Optimal lag, d rmax Original r Optimal lag, wk rmax 
El Paso 0.56 15 0.61  0.34 2 0.51 
Fort Bend 0.61 10 0.64  0.22 3 0.41 
Harris 0.57 15 0.75  0.31 6 0.43 
Lubbock 0.22 −7 0.24  0.31 6 0.49 
*Optimal lag is reported relative to the clinical indicator. A negative value indicates that the wastewater signal leads the clinical indicator; a positive value 
indicates that it lags. The table shows the correlation at 0 lag (original), the optimal shift required to maximize the association (lag), and the resulting rmax. 
ED, emergency department; NSSP, National Syndromic Surveillance Program; rmax, maximum correlation; RPMF, reads per million filtered; TX-APCD, 
Texas All-Payer Claims Database. 
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Across the 10 study counties (Tables 3–8; Ap-
pendix Figure), influenza consistently demonstrated 
the strongest correlations with clinical data; influ-
enza demonstrated 0-day optimal lags relative to 
NSSP visits in counties such as El Paso and Fort Bend 
(Tables 7, 8). In contrast, SARS-CoV-2 and RSV dis-
played greater heterogeneity; SARS-CoV-2 typically 
led NSSP visits by 3–15 days; rmax values reached 0.87 
in Cameron County and 0.85 in Harris County during 
the EG.5, HV.1, and JN.1 SARS-CoV-2 variants pe-
riod and remaining more moderate in Harris County 
(rmax = 0.58) during the XBB period. RSV demonstrat-
ed the longest and most variable lead-lag patterns 
between wastewater and clinical indicators; in most 
counties, the wastewater signal lagged NSSP visits, 
with optimal lags of <15 days (Tables 3, 4), and the 
alignment between wastewater signals and TX-APCD 
claims was weak and inconsistent. For example, the 
contemporaneous (0-lag) correlation between waste-
water and RSV claims ranged from weakly negative 
in Cameron County (r = −0.14) to only modestly posi-
tive in Wichita County (r = 0.17) and improved only 
slightly after temporal shifting.

Discussion
WBE can offer a population-level view of respira-
tory virus circulation that complements compre-
hensive clinical reporting in a changing surveillance  

landscape. Although WBE lacks a formal biological 
denominator to provide absolute prevalence, the use 
of normalized metrics such as RPMF enables a semi-
quantitative assessment of community viral load. Our 
study indicates that metagenomic WBE remains a 
highly informative tool, although we observed major 
heterogeneity in both correlation strength and lead-
lag timing across diverse pathogens and geographies. 
Because wastewater data are most actionable for pub-
lic health when they lead clinical indicators, we em-
phasize the direction of the wastewater–clinical rela-
tionship, and not only its strength.

Influenza exhibited the most consistent contem-
poraneous (0-lag) alignment with both NSSP ED vis-
its and TX-APCD claims, demonstrating the highest 
correlation coefficients across the study region. Of 
note, influenza was often near-synchronous with 
clinical trends, showing 0-day lags in 5 of 10 counties, 
which likely reflects its robust seasonal dynamics. 
Furthermore, the generally shorter wastewater-to-ED 
lags for influenza compared with SARS-CoV-2 might 
be attributed to its shorter incubation period (25). In 
contrast, wastewater signals for RSV demonstrated 
the longest and most variable lag times, generally 
trailing NSSP ED visits by up to 2 weeks. That extend-
ed lag, coupled with inconsistencies between clinical 
data sources, such as RSV signals lagging NSSP visits 
while aligning inconsistently with TX-APCD claims, 

 
Table 4. Pearson correlation coefficients between RPMF and 2 ED visits data sources for respiratory syncytial virus during the 2023–
24 season across 10 counties, daily NSSP ED visit rates and weekly TX-APCD ED claims rates, Texas, USA* 

County 
RPMF versus NSSP ED visit 

 
RPMF versus TX-APCD ED claims 

Original r Optimal lag, d rmax Original r Optimal lag, wk rmax 
Cameron 0.56 15 0.83  −0.14 −2 0.44 
Chambers 0.64 0 0.64  0.33 4 0.47 
El Paso 0.82 6 0.84  0.58 1 0.69 
Fort Bend 0.49 15 0.7  0.37 4 0.62 
Harris 0.77 13 0.81  0.38 2 0.4 
Hays 0.77 12 0.89  0.62 0 0.62 
Lubbock 0.95 2 0.96  0.83 0 0.83 
Travis 0.72 15 0.87  0.74 1 0.78 
Wichita 0.85 3 0.87  0.17 −1 0.49 
Williamson 0.65 15 0.81  0.49 4 0.78 
*Optimal lag is reported relative to the clinical indicator. A negative value indicates that the wastewater signal leads the clinical indicator; a positive value 
indicates that it lags. The table shows the correlation at 0 (original), the optimal shift required to maximize the association (lag), and the resulting rmax. ED, 
emergency department; NSSP, National Syndromic Surveillance Program; rmax, maximum correlation; RPMF, reads per million filtered; TX-APCD, Texas 
All-Payer Claims Database. 

 
 

 
Table 5. Pearson correlation coefficients between RPMF and 2 ED visit data sources for SARS-CoV-2 during the XBB variant period 
across 4 counties, daily NSSP ED visit rates and weekly TX-APCD ED claims rates, Texas, USA, 2024* 

County 
RPMF versus NSSP daily ED visit 

 
RPMF versus TX-APCD ED claims 

Original r Optimal lag, d rmax Original r Optimal lag, wk rmax 
El Paso 0.72 −5 0.74  0.62 1 0.73 
Fort Bend 0.55 −3 0.56  0.7 0 0.7 
Harris 0.57 −5 0.58  0.65 0 0.65 
Lubbock 0.79 4 0.8  0.61 1 0.66 
*Optimal lag is reported relative to the clinical indicator. A negative value indicates that the wastewater signal leads the clinical indicator; a positive value 
indicates that it lags. The table shows the correlation at 0 (original), the optimal shift required to maximize the association (lag), and the resulting rmax. ED, 
emergency department; NSSP, National Syndromic Surveillance Program; rmax, maximum correlation; RPMF, reads per million filtered; TX-APCD, Texas 
All-Payer Claims Database. 
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might stem from age-specific infection patterns and 
differences in healthcare-seeking behavior (26), par-
ticularly among pediatric populations who might 
contribute less to the wastewater aggregate (27); be-
cause young children shed comparatively little virus 
into the wastewater aggregate, such lower shedding 
might also dampen the wastewater signal and reduce 
any potential RSV lead time.

Discrepancies between NSSP ED visits and TX-
APCD claims in their correlation with wastewater 
signals highlight the unique limitations of each clini-
cal proxy. Although the NSSP captures encounters 
regardless of payer status, the TX-APCD is limited 
to insured populations (6,19). The lower correlations 
observed in Cameron County, which has the highest 
uninsured rate among the studied counties, suggest 
that socioeconomic factors and insurance coverage 
majorly influence clinical surveillance sensitivity. 
Furthermore, whereas the TX-APCD relies on con-
firmed ICD-10 diagnosis codes, NSSP data represents 
a hybrid of syndromes and diagnoses, which might 
introduce nonspecificity.

Our lead–lag findings are broadly consistent with 
the wider WBE literature (29,30). For SARS-CoV-2, 
a systematic review of COVID-19 wastewater stud-
ies reported lead times relative to clinical cases that 
are short and highly variable across settings, from 

roughly 0 to about 2 weeks, broadly consistent with 
the 3–15-day NSSP leads we observed (28). Direct 
comparisons are rarer for influenza and RSV, but the 
available studies likewise report short and inconsis-
tent lead times. Surveillance in Wisconsin found that 
wastewater influenza A and RSV signals tracked 
closely with, and did not consistently precede, emer-
gency department visits (29), and municipal influen-
za A wastewater signals have been reported to align 
with clinical cases only after substantial time-shifting 
(30). Our finding that influenza was near-synchro-
nous and that RSV wastewater signals tended to lag 
clinical indicators is therefore consistent with that 
body of work and reinforces the view that metage-
nomic WBE is best positioned as a complementary, 
situational-awareness tool rather than a consistently 
leading early-warning system for these pathogens.

The first limitation of this study is the spatial 
misalignment between wastewater and clinical 
catchment areas. Sewershed boundaries often do not 
follow county lines, meaning the contributing popu-
lation to a wastewater sample might not perfectly 
overlap with the persons captured in county-level 
clinical datasets. That geographic mismatch, com-
bined with variations in sampling frequency and the 
lack of human-versus-animal source differentiation, 
might explain some of the observed variability in 

 
Table 6. Pearson correlation coefficients between RPMF and 2 ED visit data sources for SARS-CoV-2 during the combined EG.5, 
HV.1, and JN.1 SARS-CoV-2 variant period across 10 counties, daily NSSP ED visit rates and weekly TX-APCD ED claims rates, 
Texas, USA, 2024 

County 
RPMF versus NSSP ED visit 

 
RPMF versus TX-APCD ED claims 

Original r Optimal lag, d rmax Original r Optimal lag, wk rmax 
Cameron 0.86 −4 0.87  0.5 0 0.5 
Chambers 0.43 −14 0.56  0.22 2 0.35 
El Paso 0.67 0 0.67  0.36 1 0.5 
Fort Bend 0.75 −3 0.76  0.61 1 0.62 
Harris 0.65 −15 0.85  0.49 −2 0.51 
Hays 0.71 −11 0.8  0.62 0 0.62 
Lubbock 0.72 −8 0.74  0.35 0 0.35 
Travis 0.75 −9 0.81  0.63 0 0.63 
Wichita 0.26 7 0.27  0.32 1 0.41 
Williamson 0.77 −11 0.84  0.54 −1 0.57 
*Optimal lag is reported relative to the clinical indicator. A negative value indicates that the wastewater signal leads the clinical indicator; a positive value 
indicates that it lags. The table shows the correlation at 0 (original), the optimal shift required to maximize the association (lag), and the resulting rmax. ED, 
emergency department; NSSP, National Syndromic Surveillance Program; rmax, maximum correlation; RPMF, reads per million filtered; TX-APCD, Texas 
All-Payer Claims Database. 

 

 
Table 7. Pearson correlation coefficients between RPMF and 2 ED visits data sources for influenza during the 2022–23 season across 
4 counties, daily NSSP ED visit rates and weekly TX-APCD ED claims rates, Texas, USA* 

County 
RPMF versus NSSP ED visit 

 
RPMF versus TX-APCD ED claims 

Original r Optimal lag, d rmax Original r Optimal lag, wk rmax 
El Paso 0.98 0 0.98  0.79 1 0.87 
Fort Bend 0.89 0 0.89  0.75 1 0.76 
Harris 0.91 0 0.91  0.74 1 0.77 
Lubbock 0.68 −13 0.95  0.52 −1 0.68 
*Optimal lag is reported relative to the clinical indicator. A negative value indicates that the wastewater signal leads the clinical indicator; a positive value 
indicates that it lags. The table shows the correlation at 0 (original), the optimal shift required to maximize the association (lag), and the resulting rmax. ED, 
emergency department; NSSP, National Syndromic Surveillance Program; rmax, maximum correlation; RPMF, reads per million filtered; TX-APCD, Texas 
All-Payer Claims Database. 
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lead times. Second, the potential for nonhost genetic 
material to fluctuate on the basis of environmental 
factors remains an inherent limitation of metage-
nomic normalization. Finally, we computed all 
correlations we report on smoothed signals, waste-
water RPMF interpolated to daily resolution with 
natural cubic splines that draw on both past and 
future observations, and clinical counts smoothed 
with a 7-day moving average, rather than on raw 
data streams. Such smoothing tends to inflate ap-
parent correlation strength relative to unsmoothed 
data; for SARS-CoV-2, correlations computed on 
raw wastewater data are typically lower (r ≈ 0.35). 
Because the spline interpolation incorporates future 
and past observations, the lead and lag estimates 
reported here should be interpreted as descriptive 
temporal associations rather than strictly real-time 
predictive leads.

Future systems should prioritize the harmoniza-
tion of clinical data streams and the refinement of spa-
tial matching at a subcounty level to better account for 
system-level variability. However, we emphasize that 
WBE should be used to complement, not replace, tra-
ditional case reporting. Our results align with previous 
city-level studies showing that WBE can be a reliable 
and timely indicator of respiratory trends (31,32). 

De-identified aggregated data and analytic code will be 
made available to researchers for the purpose of  
replicating the results or conducting related public health 
surveillance research. To request access, interested  
parties should contact the corresponding author. Access 
to certain datasets, particularly those derived from the 
Texas All-Payer Claims Database or sensitive syndromic 
surveillance, might be subject to a Data Use Agreement 
and approval from the relevant institutional review boards 
or data stewards to ensure continued compliance with 
privacy and security protocols.
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Influenza virus and respiratory syncytial virus (RSV) 
cause substantial illness and death in the United States 

(1,2). Public health agencies use influenza and RSV sur-
veillance data to track annual seasonal patterns, known 
as respiratory virus seasons. That surveillance is used 
for hospital capacity planning, public and healthcare 
provider awareness, resource allocation, and planning 
for vaccinations and therapeutics. National influenza 
and RSV surveillance relies primarily on data from 
state, tribal, local, and territorial health departments. 
Those entities, in turn, rely on surveillance drawn from 
heterogenous data sources, including public health  

laboratories, clinical laboratories, vital statistics offices, 
health care providers, emergency departments, and 
long-term care facilities that variably contribute testing, 
genomic sequencing, and syndromic, hospitalization, 
and death data (3). Although effective, that surveillance 
approach has heterogenous coverage gaps and is sub-
ject to biases caused by disparate healthcare access and 
healthcare seeking behavior because persons with mild-
ly symptomatic or asymptomatic infections might not 
seek clinical testing (4).

Wastewater surveillance (WS) could fill some of 
those gaps in surveillance by providing information 
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We evaluated correlations between influenza A virus and 
respiratory syncytial virus (RSV) wastewater concentra-
tions in California, USA, and 3 clinical laboratory–based 
disease surveillance datasets: sentinel laboratory surveil-
lance, mandatory electronic laboratory reporting data, and 
laboratory-confirmed influenza hospitalizations. We evalu-
ated data from 10 counties and 18 wastewater treatment 
plants in California during July 2022–March 2024. We 
observed strong, positive, and statistically significant cor-
relations between individual sewershed-level wastewater 

concentrations and county-aggregated wastewater con-
centrations of influenza A and RSV and clinical laboratory–
based surveillance datasets (median Kendall τ 0.62 [range 
0.40–0.78]; p<0.05). A lead–lag analysis did not show con-
sistent evidence of wastewater leading other surveillance 
datasets across all counties and wastewater treatment 
plants (influenza A –16 to 22 days; RSV –8 to 35 days). 
Wastewater surveillance can augment other disease sur-
veillance modalities and improve situational awareness of 
influenza A and RSV transmission in communities.
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about disease circulation in areas with limited test-
ing and case reporting, warning of unexpected out-
breaks, and helping public health practitioners deter-
mine when respiratory virus seasons begin and peak 
(5). WS has been used as a complementary tool along-
side COVID-19 clinical surveillance to track trends 
in SARS-CoV-2 transmission, identify surges or 
outbreaks, and monitor virus variants (6–13). When 
evaluated alongside clinical surveillance data, waste-
water data have provided a more complete picture of 
SARS-CoV-2 transmission in geographic areas with 
low testing or reporting rates. In addition, evidence 
suggests that WS might provide an early warning sig-
nal for the start of COVID-19 outbreaks (5–7,9,11–13), 
which in turn could provide lead time for prepared-
ness measures.

Other viral pathogens, such as influenza A and B 
viruses, RSV, monkeypox virus, measles virus, human 
metapneumovirus, and norovirus, have also been suc-
cessfully detected and quantified in wastewater (14–22; 
M.K. Wolfe et al., unpub. data, https://doi.org/10.1101/ 
2022.09.06.22279312). Previous studies have found that 
wastewater concentrations of influenza virus and RSV 
correlated with clinical influenza and RSV metrics (15). 
However, evidence for wastewater as an early indica-
tor for influenza A has been inconsistent; some stud-
ies found that wastewater concentrations led clinical 
indicators for influenza (20,21,23), and other studies 
found that it lagged (24). For RSV, multiple studies 
have found that wastewater lagged RSV clinical data 
with variable lag periods (25–27). Those studies sup-
port the feasibility of WS for monitoring influenza and 
RSV transmission in communities and provide insight 
into the temporal relationship between wastewater 
concentrations and clinical indicators. However, ad-
ditional work with longer study periods and a broad 
variety of comparative clinical datasets could improve 
the epidemiologic interpretability of wastewater con-
centrations and help inform the role that WS can play 
in overall community-level influenza and RSV surveil-
lance. In this study, we examined correlations between 
influenza A and RSV wastewater concentrations from 
18 California sewersheds and data from California’s 
clinical laboratory–based surveillance systems. We 
also examined whether wastewater-based surveil-
lance data led or lagged clinical laboratory–based  
surveillance data.

Materials and Methods

Study Period
We evaluated influenza A and RSV surveillance data 
collected from sentinel laboratory data, mandatory 

electronic laboratory reporting (ELR) data, and man-
datory hospital reporting data during July 3, 2022–
March 16, 2024. Our study’s assay for influenza A 
in wastewater targets the matrix gene, conserved in 
all influenza A subtypes (e.g., H1, H3, H5) (28). We 
used March 16, 2024, as the cutoff because high H5 
virus subtype concentrations have been detected in 
some California wastewater samples since March 25, 
2024. Those high concentrations likely are because 
of discarded contaminated dairy products or waste 
from dairy processing facilities, resulting in H5-asso-
ciated increases in influenza A wastewater concen-
trations (29). To avoid the possibility of nonhuman 
sources of influenza A in wastewater affecting our 
correlation analyses, we did not analyze wastewater 
samples collected after influenza A(H5N1) virus was 
detected in dairy cattle in California.

Electronic Influenza A Laboratory Results 
During the study period, all laboratories in Califor-
nia were required to report all PCR-positive influenza 
inpatient and outpatient laboratory results to local 
health jurisdictions via an ELR platform. Reporting of 
influenza A–negative results and RSV results (posi-
tive or negative) was not mandatory during the full 
study period. 

To evaluate correlations between influenza A 
wastewater and ELR data, we geocoded residential 
addresses associated with persons who received in-
fluenza A virus–positive test results to the spatial 
boundaries of sewershed catchment areas, as pro-
vided by wastewater treatment plant operators (7). 
Each influenza A virus–positive test has an associ-
ated specimen date code, which is calculated as the 
earliest of the following: specimen collection date, 
specimen received date, and specimen result date. 
We summed positive tests within each sewershed 
by using the specimen date code, resulting in daily 
sewershed-specific ELR counts of influenza A virus–
positive specimens. To account for possible day-of-
the-week reporting effects while maintaining day-
to-day granularity reflecting changes over time, we 
smoothed daily counts by using a rolling average of 
positive specimens over the preceding 7 days. Waste-
water utilities self-reported population estimates for 
each sewershed catchment area. Those estimates re-
mained constant over the study period, and we used 
them to calculate the number of influenza A–positive 
specimens per 100,000 population.

Sentinel Laboratory Influenza A and RSV Data
The clinical sentinel laboratory network consists 
of clinical laboratories throughout California that  
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conduct routine testing as requested by clinicians 
from inpatient or outpatient settings (30). Data re-
ported from those laboratories include the number 
of positive and negative influenza A and RSV speci-
mens reported to the California Department of Public 
Health (CDPH) by epidemiologic week (31). Sentinel 
laboratory data are reported by the county where 
each sentinel laboratory is located, and some test re-
sults might represent persons who reside outside the 
county. During July 3, 2022–March 12, 2023, addi-
tional hospital-reported influenza A and RSV test re-
sults were available from Santa Clara Valley Medical 
Center (San Jose, CA, USA) and San Mateo Medical 
Center (San Mateo, CA, USA), both of which are out-
side of the sentinel laboratory network. We combined 
data from those 2 hospitals and from 5 sentinel clini-
cal laboratories in California. We calculated the total 
number of positive influenza A and RSV samples and 
percentage test positivity from the hospitals and sen-
tinel laboratories weekly. We calculated percentage 
positivity for each virus as the sum of positive tests 
divided by the sum of all tests for that virus. We com-
bined results across all clinical sentinel laboratories 
and hospitals within each county.

RSV Testing by Age Group
San Mateo Medical Center and Santa Clara Valley 
Medical Center provided 2,062 RSV-positive test re-
sults by age group for patients 0–4 years, 5–17 years, 
18–49 years, 50–64 years, and >65 years of age. We 
evaluated weekly age-grouped RSV-positive speci-
men counts; RSV-negative test results were not avail-
able by age group for San Mateo Medical Center, so 
we did not analyze age-grouped test positivity for 
this analysis.

Hospital Admission Data
During the COVID-19 public health emergency, all 
hospitals were mandated to report daily, laboratory-
confirmed influenza hospital admissions via the US 
Department of Human Health and Services Protect/
National Hospital Surveillance Network (NHSN) 
dataset (32). Those admission counts did not differ-
entiate between influenza A and B. We aggregated 
NHSN influenza admission data by the county of 
the reporting hospital and smoothed by using a roll-
ing sum of the preceding 7 days of daily admissions 
(i.e., rolling 7-day county-level influenza hospital 
admissions).

Wastewater Sample Collection and Processing
The WastewaterSCAN program (https://www.
wastewaterscan.org), a collaboration between  

research partners at Stanford University (Stanford, 
CA, USA) and Emory University (Atlanta, GA, 
USA) and laboratory implementing partner Verily 
Life Sciences (https://verily.com), began monitor-
ing for RSV in November 2021, and for influenza A 
in January 2022 (14). WastewaterSCAN processes 
wastewater samples using previously described 
methods (33). Wastewater settled solids were col-
lected 3–7 times/week from the primary clarifier 
of each wastewater treatment plant or from liquid 
wastewater influent samples using an Imhoff cone 
(6,33–35); samples were transported to the labora-
tory at 4oC. WastewaterSCAN extracted RNA from 
settled solids and analyzed viral RNA concentra-
tions by using droplet digital reverse transcription 
PCR (33). We included only WastewaterSCAN data 
in this study because no other laboratory conduct-
ed continuous influenza A and RSV wastewater 
monitoring in California throughout the full study 
period. We excluded influenza B from this study 
because those virus concentrations were only ana-
lyzed from a small subset of treatment plants dur-
ing the full study period.

Wastewater Data Analysis
We analyzed raw, nonnormalized wastewater 
concentrations of influenza A and RSV RNA. For 
wastewater samples without detectable virus, we 
used a single imputation using half of the labora-
tory-assigned viral limit of detection. For county- 
level comparisons, we calculated county waste-
water aggregates (Appendix, https://wwwnc.
cdc.gov/EID/article/32/13/26-0306-App1.pdf).  
Analyses included influenza A and RSV wastewa-
ter concentrations collected during July 3, 2022–
March 16, 2024, from 18 sewersheds in California 
(Appendix).

Correlation Analyses
We used Kendall rank correlation to assess correla-
tions between wastewater concentrations and corre-
sponding clinical data because this method is robust 
to nonnormal and skewed data distributions (36–38). 
We defined strong correlations as Kendall τ values 
>0.49 (39) and considered p<0.05 statistically signifi-
cant. We performed analyses in R version 4.0.4 (The 
R Project for Statistical Computing, https://www.r-
project.org) (Appendix). 

Lead–Lag Analyses
To assess whether wastewater served as a leading 
or lagging indicator of circulating viruses, we cal-
culated the cross correlations of wastewater with 
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respect to corresponding clinical laboratory-based 
datasets for influenza A and RSV. Datasets were 
compared at daily lag intervals, where wastewa-
ter data was offset relative to corresponding clini-
cal data. Date offsets ranged from –35 to 35 days. 
We calculated the maximum Kendall τ correlation 
value across all lags and determined the range of 
lags for which the observed τ was within 0.05 of 
the maximum τ. When analyzing the range of maxi-
mum lagged τ, we inferred that ranges including 
only negative values indicated wastewater data 
led clinical laboratory–based data. For ranges in-
cluding only positive τ values, we inferred that the 
clinical laboratory–based data led wastewater data. 
For ranges including both negative and positive 
τ values, we inferred that neither dataset demon-
strated a clear leading signal (Appendix).

RSV Sensitivity Analysis
We also conducted an exploratory analysis evaluat-
ing county-aggregated weekly average RSV waste-
water concentrations and weekly age-grouped 
RSV-positive specimen counts. For that analysis, we 
repeated Kendall τ correlation and lead–lag analyses 
by using the number of RSV-positive patient samples 
per age group reported from the San Mateo and Santa  
Clara hospitals.

Results
During the study period, we processed 6,715 waste-
water samples from 18 sewersheds for influenza A vi-
rus and RSV. A total of 51,847 influenza A virus–posi-
tive specimens were reported via ELR and geocoded 
to included sewersheds. Through clinical sentinel 
laboratory surveillance, we also included 41,976 in-
fluenza A virus–positive specimens from 10 counties 
and 33,173 RSV-positive specimens from 9 counties. 
We also included 8,025 influenza hospital admissions 
from 8 counties reported through NHSN (Table 1).

Influenza A Correlations
We observed strong, positive, and statistically sig-
nificant correlations between sewershed-level raw 
wastewater influenza A virus concentrations and 
the number of ELR influenza A virus–positive speci-
mens per 100,000 persons in the sewershed over the 
entire study period (median τ 0.64 [range 0.52–0.72]; 
p<0.001) (Table 2; Figure 1). Of 18 sewersheds as-
sessed for ELR data comparisons, wastewater data 
led ELR data in 3 sewersheds, ELR data led waste-
water data in 3 sewersheds, and neither dataset dem-
onstrated a clear lead in 12 sewersheds (Table 2; Ap-
pendix Figure 1).

At the county level, we observed similar results 
between county-aggregated weekly averages of raw  

 
Table 1. Descriptive characteristics for each county and sewershed included in a study of correlations between wastewater 
concentrations of influenza A and respiratory syncytial viruses and clinical laboratory testing and hospitalization data, California, USA* 

County 

County-level 

 

Sewershed-level 

Population 
No. influenza 

hospitalizations 

Sentinel laboratory, 
no. positive 
specimens 

Sewershed 
Estimated 
population 

No. ELR 
influenza A 

virus–positive 
specimens 

No. 
wastewater 

samples 
processed Influenza A RSV 

Alameda 1,658,061 991 7,184 5,999  East Bay 740,000 4,057 261 
Contra Costa 1,158,249 852 6,686 5,167  Central Contra 

Costa 
484,800 3,460 223 

  
  

 
 Richmond 100,000 1,215 207 

Marin 254,743 144 703 1,544  Novato 53,000 618 241 
Sacramento 1,596,281 1,657 6,692 5,092  Sacramento 1,480,000 16,362 548 
San Francisco 845,355 574 2,706 2,847  Oceanside 250,000 1,133 524   

  
 

 Southeast† 750,000 3,607 541 
San Mateo 747,777 293 3,503 2,043  Half Moon Bay 28,000 151 224   

  
 

 San Mateo 150,000 1,149 232   
  

 
 Silicon Valley 199,000 1,900 546 

Santa Clara 1,921,406 3,066 11,336 8,278  Gilroy/Morgan Hill 110,338 1,631 550   
  

 
 Palo Alto† 236,000 1,225 549   

  
 

 San Jose 1,500,000 12,746 550   
  

 
 Sunnyvale 153,000 998 536 

Santa Cruz 263,454 NA‡ 113 NA‡  Santa Cruz City 70,000 272 238   
  

 
 Santa Cruz 

County 
94,000 350 239 

Sonoma 482,050 448 2,938 1,957  Petaluma 65,000 641 163 
Yolo 224,088 NA‡ 115 165  Davis 70,717 332 343 
Total 9,151,464 8,025 41,976 33,173  Total 6,689,855 51,847 6,715 
*ELR, electronic laboratory reporting; NA, not applicable; RSV, respiratory syncytial virus. 
†The San Francisco Southeast sewershed and the Palo Alto sewershed both encompass small portions of neighboring San Mateo County. As a result, 
the total population coverage for the 2 San Francisco sewersheds is larger than the San Francisco County population, and the total population coverage 
for the 4 Santa Clara sewersheds is larger than the Santa Clara County population.  
‡Numbers insufficient for inclusion in the analysis. 
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influenza A virus wastewater concentrations and week-
ly sentinel laboratory influenza A percentage test posi-
tivity (median τ 0.57 [range 0.47–0.63]; p<0.001) (Table 
2, Figure 2), influenza A virus–positive weekly speci-
men counts (median τ 0.66 [range 0.53–0.71]; p<0.001) 
(Table 2; Appendix Figure 2), and rolling 7-day coun-
ty-level influenza hospital admissions (median τ 0.65 
[range 0.50–0.67]; p<0.001) (Table 2; Figure 3). Of 10 
counties assessed for sentinel laboratory influenza A 
comparisons, percentage test positivity led wastewater 
in 3 counties and neither dataset demonstrated a clear 
lead in 7 counties. Influenza A virus–positive speci-
men counts led wastewater in 1 county and neither 
dataset demonstrated a clear lead in 9 counties. Of 8 
counties assessed for influenza hospital admissions, 
neither wastewater nor hospital admissions demon-
strated a clear lead in any county (Table 2; Appendix  
Figure 3).

RSV Correlations
We observed moderate to strong, positive, and sta-
tistically significant correlations in overall compari-
sons between county-aggregated weekly averages of 
raw RSV wastewater concentrations and both weekly 
sentinel laboratory percent test positivity (median τ 
0.45 [range 0.40–0.58]; p<0.001) (Table 3; Figure 4) and 
RSV-positive specimen counts (median τ 0.70 [range 
0.48–0.78]; p<0.001) (Table 3; Appendix Figure 4). 
RSV percentage test positivity led wastewater con-
centrations in all 9 counties assessed. RSV-positive 
specimen counts led wastewater in 3 counties and 
neither dataset demonstrated a clear lead in 6 coun-
ties (Table 3).

Age-Specific RSV Correlations
We observed strong, positive, and statistically signifi-
cant correlations between county-aggregated weekly 

 
Table 2. Kendall  correlations between wastewater concentrations of influenza A virus and clinical laboratory testing and 
hospitalization data, California, USA* 

County 

County-level correlations 

 

 
Sentinel laboratory 

% positivity 

 

Sentinel laboratory no. 
positive specimens 

 

Laboratory-confirmed 
hospitalizations 

Sewershed-level correlations† 

Sewershed 

Population-level 

Overall 
Maximum lag 

(range) Overall 
Maximum lag 

(range) Overall 
Maximum lag 

(range) Overall 
Maximum lag 

(range) 
Alameda 0.56 0.61  

(–2 to 15) 
 0.62 0.66  

(–3 to 12) 
 0.67 0.67  

(–14 to 12) 

 
Alameda 0.6 0.61 (–6 to 6) 

Contra 
Costa 

0.53 0.6 (2–8)  0.7 0.75  
(–9 to 11) 

 0.65 0.66  
(–15 to 5) 

 
Central Contra 

Costa 
0.72 0.73 (1–5) 

  
 

  
  

  
Richmond 0.63 0.66  

(–11 to –3) 
Marin 0.57 0.57 

(–10 to 21) 
 0.61 0.62 

(–8 to 16) 
 0.5 0.53 

(–16 to 12) 

 
Novato 0.64 0.65 (–1 to 5) 

Sacramento 0.55 0.57 
(–10 to 11) 

 0.69 0.7 
(–12 to 10) 

 0.65 0.66 
(–15 to 9) 

 
Sacramento 0.64 0.64 (–7 to 6) 

San 
Francisco 

0.57 0.58 
(–8 to 14) 

 0.69 0.69 
(–9 to 12) 

 0.56 0.57 
(–15 to 18) 

 
Oceanside 0.6 0.63  

(–7 to –3)   
 

  
  

  
Southeast 0.64 0.65 (–9 to 7) 

San Mateo 0.57 0.58 
(–9 to 17) 

 0.65 0.66 
(–9 to 17) 

 0.67 0.67 (–7 to 8) 
 

San Mateo 0.67 0.67 (–2 to 6)  
 

 
  

  
Half Moon Bay 0.66 0.67 (–3 to 3)   

 
  

  
  

Silicon Valley 0.62 0.62 (–2 to 5) 
Santa Clara 0.47 0.47 

(–16 to 17) 
 0.67 0.67 

(–8 to 7) 
 0.58 0.59 

(–12 to 14) 

 
Gilroy Morgan 

Hill 
0.6 0.6 (–3 to 1) 

  
 

  
  

  
San Jose 0.67 0.67 (–5 to 1)   

 
  

  
  

Sunnyvale 0.7 0.7 (–6 to 2)   
 

  
  

  
Palo Alto 0.66 0.66 (–1 to 5) 

Santa Cruz 0.54 0.61 (1–16)  0.62 0.7 (3–16)  NA NA 
 

Santa Cruz 
City 

0.7 0.71  
(–4 to –1)    

 
  

  
  

Santa Cruz 
County 

0.75 0.78 (3–9) 

Sonoma 0.63 0.69 (2–22)  0.71 0.75 
(–3 to 16) 

 0.64 0.65 
(–11 to 6) 

 
Petaluma 0.54 0.57 (3–7) 

Yolo 0.57 0.59 
(–3 to 19) 

 0.53 0.55 
(–8 to 20) 

 NA NA 
 

Davis 0.52 0.53 (–6 to 1) 

*Kendall  correlations between laboratory-confirmed influenza hospital admissions and wastewater influenza A concentrations from ELR, sentinel 
laboratories, and influenza A–positive specimen counts. Overall correlations represent Kendall  correlation coefficients for the indicated datasets, 
calculated over the entire study period with no lags. Maximum lag correlations represent the maximum Kendall  correlation coefficients for the indicated 
datasets when comparing lagged clinical datasets to wastewater datasets, including lags of –35 to 35 days. The range of maximum lagged  (days) 
represents the range of days around a date of the maximum lagged correlation in which the lagged correlation coefficient is within 0.05 of the maximum  
value. The negative direction indicates that wastewater data is leading clinical data, and the positive direction indicates that wastewater data is lagging 
clinical data. ELR, electronic laboratory reported. 
†Data from mandatory ELR reporting calculated as no. positive specimens/100,000 population.  
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averages of raw RSV wastewater concentrations and 
weekly RSV-positive specimen counts among all age 
groups that had enough positive specimens to calcu-
late correlations (Appendix Table 2). In the 0–4 years 
of age group, RSV-positive specimen counts led waste-
water concentrations by 7–21 days across both coun-
ties. In the 5–17 years of age group, RSV-positive spec-

imen counts led wastewater concentrations by 12–31 
days in Santa Clara, but we noted no clear lead in San 
Mateo. Only Santa Clara had enough positive speci-
mens from older age groups to calculate correlations. 
In age groups >18 years, we noted no clear lead, but 
the range of maximum lagged τ shifted towards the 
negative direction, reducing the lead time of positive 

Figure 1. Time series comparison of wastewater and influenza A virus–positive specimens via electronic laboratory reporting from 
study of correlations between wastewater concentrations of influenza A and respiratory syncytial viruses and clinical laboratory testing 
and hospitalization data, California, USA, July 2022–March 2024. Reported influenza A virus–positive specimens were geocoded 
to sewersheds for comparisons. We calculated 7-day rolling average numbers of influenza A virus-positive specimens per 100,000 
persons reported via electronic laboratory reporting (yellow bars) and influenza A viral wastewater concentrations in gene copies per 
gram (light blue line) for 18 sewersheds: A) Alameda (Alameda East Bay); B) Contra Costa (Central Contra Costa); C) Yolo (Davis); D) 
Santa Clara (Gilroy/Morgan Hill); E) San Mateo (Half Moon Bay); F) Marin (Novato); G) Santa Clara (Palo Alto); H) Sonoma (Petaluma); 
I) Contra Costa (Richmond); J) Sacramento (Sacramento); K) Santa Clara (San Jose); L) San Francisco (San Francisco Oceanside); 
M) San Francisco (San Francisco Southeast); N) San Mateo (San Mateo); O) Santa Cruz (Santa Cruz City); P) Santa Cruz (Santa Cruz 
County); Q) San Mateo (Silicon Valley); R) Santa Clara (Sunnyvale).
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specimens compared to wastewater (Appendix Table 
2, Figure 5).

Discussion
This study demonstrated that influenza A virus and 
RSV wastewater concentrations correlated with Cali-
fornia clinical laboratory–based surveillance datasets 
for both viruses. Correlation results were consistent 
across datasets, including laboratory test results re-
ceived via ELR, sentinel laboratory–reported data, 
and laboratory-confirmed influenza hospital admis-
sions. We observed strong and statistically significant 
correlations for both daily and weekly correlation 
analyses and at the sewershed and county geograph-
ic levels. Influenza A wastewater concentrations did 

not consistently lead or lag clinical laboratory–based 
data. RSV wastewater concentrations consistently 
lagged clinical laboratory–based data. Those findings 
support the consideration of using WS as a comple-
mentary public health tool for monitoring these re-
spiratory viruses.

We found that both clinical laboratory–based 
and wastewater-based surveillance systems were 
highly correlated in geographic areas and time-
frames where both disease surveillance systems are 
available. That finding supports the combined, mul-
timodal use of laboratory-based and wastewater- 
based surveillance for a more complete overall pic-
ture of disease transmission. Clinical sentinel labora-
tory surveillance systems are robust for monitoring 

Figure 2. Time series comparison of influenza A virus wastewater concentrations and sentinel laboratory percentage test positivity 
from study of correlations between wastewater concentrations of influenza A and respiratory syncytial viruses and clinical laboratory 
testing and hospitalization data, California, USA. Graphs show weekly county influenza A percentage test positivity reported by sentinel 
laboratories (dark orange bars) and county-aggregated population-weighted averages of nonnormalized influenza A wastewater 
concentrations in gene copies per gram from all sewersheds sampling within each county (dark blue line) for 10 counties: A) Alameda; 
B) Contra Costa; C) Marin; D) Sacramento; E) Santa Clara; F) Santa Cruz; G) San Francisco; H) San Mateo; I) Sonoma; J) Yolo.
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respiratory viruses but are subject to biases related 
to testing rates and case ascertainment. Those biases 
are particularly notable for mildly symptomatic or 
asymptomatic cases, within populations with lower 
testing access and utilization, and for illnesses with 
readily available home testing. Sentinel laboratory 
surveillance systems for RSV have historically pri-
oritized surveillance in vulnerable pediatric popula-
tions and could underestimate RSV burden in older 

populations (40). WS is also subject to limitations 
because infections are likely to be missed in dia-
pered children who contribute little waste to sewer 
systems and because wastewater samples collected 
at wastewater treatment plants will not represent 
populations that rely on septic systems (25–27). 

Strengths of WS include its ability to track 
changes in community transmission regardless of 
symptomatology, healthcare utilization, or clinical 

Figure 3. Time series comparison of influenza A virus wastewater concentrations and hospital admissions from study of correlations 
between wastewater concentrations of influenza A and respiratory syncytial viruses and clinical laboratory testing and hospitalization 
data, California, USA. Graphs show rolling 7-day county-level influenza hospital admissions (green bars) and county-aggregated 
population-weighted averages of nonnormalized influenza A wastewater concentrations in gene copies per gram from all sampling 
sewersheds within each county (dark blue line) for 8 counties: A) Alameda; B) Contra Costa; C) Marin; D) Sacramento;  
E) San Francisco; F) San Mateo; G) Santa Clara; H) Sonoma.

 
Table 3. Kendall  correlations between wastewater RSV concentrations sentinel laboratory testing, California* 

County 
% RSV positivity 

 
No. RSV-positive specimens 

Overall* Maximum lag (range)† Overall* Maximum lag (range)† 
Alameda 0.45 0.65 (16 to >35)  0.64 0.7 (–4 to 18) 
Contra Costa 0.46 0.63 (19 to >35)  0.75 0.77 (–2 to 16) 
Marin 0.44 0.63 (12 to >35)  0.57 0.65 (2–23) 
Sacramento 0.57 0.66 (4 to >35)  0.78 0.82 (–1 to 16) 
San Francisco 0.58 0.72 (10 to >35)  0.73 0.75 (–8 to 18) 
San Mateo 0.5 0.63 (4–31)  0.7 0.74 (–4 to 10) 
Santa Clara 0.42 0.64 (18 to >35)  0.75 0.77 (–5 to 22) 
Santa Cruz 0.39 0.48 (1–32)  0.48 0.57 (1–24) 
Sonoma 0.4 0.54 (16 to >35)  0.69 0.74 (–2 to 26) 
Yolo 0.4 0.64 (28 to >35)  0.48 0.58 (9–34) 
*Overall correlations represent Kendall  correlation coefficients for the indicated datasets, calculated over the entire study period with no lags. Maximum 
lag correlations represent the maximum Kendall  correlation coefficients for the indicated datasets when comparing lagged clinical datasets to 
wastewater datasets, including lags of –35 to 35 days. The range of maximum lagged  (days) represents the range of days around a date of the 
maximum lagged correlation in which the lagged correlation coefficient is within 0.05 of the maximum  value. The negative direction indicates that 
wastewater data is leading clinical data, and the positive direction indicates that wastewater data is lagging clinical data. RSV, respiratory syncytial virus. 
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testing rates. Strategic implementation of WS in lo-
cations where clinical laboratory–based surveillance 
has known gaps, such as rural or medically under-
served areas, could serve as a cost-effective way to 
improve public health surveillance coverage and 
representation. Of note, small wastewater utilities 
in rural or underserved areas might not have the 
resources to easily participate in wastewater moni-
toring and might require additional financial and 
logistic support.

This study showed that RSV wastewater data 
lagged overall clinical laboratory–based data. How-
ever, the exploratory age-grouped analyses, although 
reliant on limited data, suggested that wastewater 
RSV concentrations were more temporally aligned 
with RSV-positive specimen counts in age groups >18 

years (Appendix Table 2, Figure 5). In the Santa Clara 
age-grouped RSV-positive specimen counts, RSV was 
detected in children 0–4 years of age before older age 
groups, a pattern that another study observed in a 
larger population and across multiple respiratory vi-
rus seasons in 2025 (41). Although we did not have 
sufficient age-specific RSV testing data to draw a con-
clusion from this exploratory age-group analysis, the 
RSV wastewater lag observed in this study might be 
partially explained by early RSV infections among 
young, diapered children that do not contribute to 
the wastewater signal. In addition, RSV percent test 
positivity led wastewater by a larger margin than 
RSV-positive specimen counts, indicating that per-
cent test positivity could be more sensitive to changes 
in disease dynamics than both wastewater and case 

Figure 4. Time series comparison of RSV wastewater concentrations and sentinel percentage test positivity from a study of correlations 
between wastewater concentrations of influenza A and RSV and clinical laboratory testing and hospitalization data, California, USA. 
Graphs show weekly county RSV percentage test positivity reported by sentinel laboratories (dark pink bars) and county-aggregated 
population-weighted averages of nonnormalized RSV wastewater concentrations in gene copies per gram from all sampling sewersheds 
within each county (purple line) for 10 counties: A) Alameda; B) Contra Costa; C) Marin; D) Sacramento; E) Santa Clara; F) Santa Cruz; 
G) San Francisco; H) San Mateo; I) Sonoma; J) Yolo. RSV, respiratory syncytial virus.
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incidence estimates, a dynamic that has also been ob-
served for COVID-19 (42).

Although the correlation analyses we used to as-
sess lead–lag patterns did not demonstrate that waste-
water provided a leading signal, other wastewater-
based data indicators, such as wastewater sample 
positivity rates, might provide better leading indica-
tors. Another study explored incorporating wastewa-
ter sample positivity rates into surge prediction algo-
rithms for COVID-19 (43). A similar algorithm could 
prove useful for providing a leading indicator of the 
start of influenza and RSV seasons. Also, evaluating 
correlations and lead–lag patterns during shorter pe-
riods within seasons rather than across multiple years 
might provide more insight into whether wastewater 
data provides a sensitive or early indicator at time-
points most advantageous to public health, such as 
the start, peak, and end of each season.

One strength of this study is the inclusion of 
20 months of data and multiple clinical laboratory–
based surveillance datasets, supporting the robust-
ness of reported results across 2 respiratory virus 
seasons. This study also implemented a wastewater 
aggregation method to combine data from multiple 
sewersheds into county-level wastewater estimates, 
which enabled more robust comparisons of county 
wastewater aggregates to county-level clinical sur-
veillance datasets. This analysis focused on data 
(sewershed and county) at the local level, highlight-
ing that WS can be an effective tool for tracking local-
ized disease transmission.

The first limitation of this study is that we did not 
normalize raw wastewater data by pepper mild mottle 
virus (PMMoV), an endogenous human fecal indicator 
commonly used in WS to normalize viral wastewater 
concentrations to account for variations in wastewater 
flow, dilution, and fecal strength (44); thus, these study 
findings might not be directly applicable to surveillance 
systems that do rely on PMMoV-normalized wastewa-
ter concentrations (44). A future comparison between 
raw and PMMoV-normalized data would be valuable, 
although previous work has shown that PMMoV nor-
malization did not consistently improve correlations 
between SARS-CoV-2 wastewater concentrations and 
clinical indicators across all sewersheds evaluated 
(44). Second, the clinical data in this study might have 
been subject to testing biases, which are challenging to 
measure and can vary by season and surveillance sys-
tem. For example, influenza and RSV laboratory test-
ing might have been elevated during the 2022–23 sea-
son because of higher demand for testing to identify  
COVID-19 cases. Thus, correlation estimates report-
ed here might be biased by testing rate variability,  

potentially reducing the generalizability of these find-
ings to other seasons or geographies. Future analyses 
should explore how clinical testing rates affect waste-
water correlations. In addition, other future analyses 
could assess correlations and lead–lag patterns when 
both wastewater concentrations and ELR test results 
are organized by reporting date, rather than collec-
tion date, to clarify wastewater data’s utility for real-
time public health response. Third, sentinel laboratory 
surveillance data and hospital admissions potentially 
were misclassified to the county where a patient re-
ceived care, rather than the county of residence. Simi-
larly, wastewater concentrations might represent 
shedding from residents of neighboring counties who 
routinely cross sewershed and county boundaries be-
cause many of the sewersheds included in this study 
are in areas with high commuting rates. We also re-
lied on county-aggregated wastewater concentrations, 
even within counties where WS did not cover an entire 
county. Given those factors, county-level wastewater 
and clinical datasets compared in this study likely do 
not represent identical populations, which could affect 
the strength of correlations observed between datas-
ets and complicate the comparison of correlations be-
tween counties. Nonetheless, demonstrating whether 
those surveillance systems capture similar disease 
trends, even in somewhat different populations, is 
still useful. Fourth, this study only included influenza 
A wastewater concentrations, but hospital admission 
sums included both influenza A and B admissions, 
which could skew the observed temporal relationships 
observed between wastewater concentrations and hos-
pital admissions in the lead–lag analysis. Future work 
should investigate correlations between influenza B 
wastewater concentrations and different clinical sur-
veillance systems. Fifth, this study excluded areas with 
low numbers of positive specimens counts and hospi-
tal admissions, which could limit the generalizability 
of this analysis to communities with small populations, 
low testing rates, few cases, or a combination thereof. 
The strong correlations observed in this study provide 
encouraging evidence that wastewater could serve as 
a useful proxy for disease activity in populations with 
lower testing rates (45), but more work is needed for 
confirmation.

In addition to the future analyses already noted, 
repeating and expanding analyses with wastewater 
data aggregated to substate regions, states, multi-
state regions, and national levels could be useful for  
determining how those aggregates compare to  
clinical laboratory data combined across broader 
geographic levels. In addition, cost-benefit analyses 
could assess the economic effectiveness of WS as a 
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tool for monitoring influenza and RSV activity and 
would be useful for jurisdictions considering when 
and where to implement WS. 

In summary, the results from this study sup-
port the use of WS for monitoring influenza A virus 
and RSV activity. WS could bolster existing surveil-
lance and provide improved public health situational 
awareness of respiratory virus circulation.
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Seasonal influenza A and B viruses cause signifi-
cant illness and death annually (1,2). During the 

early 2025–26 influenza season, an antigenetically 
drifted influenza A(H3N2) strain, known as subclade 
K, emerged with reduced antibody binding to con-
temporaneous vaccine strains (3,4). The emergence 
of subclade K was correlated with early seasonal 
influenza activity observed in several countries (5). 
Colorado was among 3 states in the United States 
to observe early influenza activity based on outpa-
tient respiratory illness reported to ILINet (6). By the 
week ending November 22, 2025, Colorado reported  
high activity.

The Colorado Department of Public Health and 
Environment supplemented conventional surveil-
lance, including hospitalization rates, clinical spec-
imen sequencing, and wastewater detection using 
digital PCR (dPCR), with wastewater sequenc-
ing for genetic surveillance. We sequenced the  
influenza A virus hemagglutinin (HA) gene from 
wastewater and assessed its added value for moni-
toring influenza trends during the respiratory ill-
ness season.

The Study

Hospitalization Cases
Colorado requires the reporting of influenza-associat-
ed hospitalizations. We retrieved data for influenza-
associated hospitalizations with admission dates of 
September 1, 2025–February 14, 2026, from the state-
wide surveillance system. During that period, Colora-
do recorded 4,426 influenza A–associated hospitaliza-
tions and 110 influenza B–associated hospitalizations. 
Cases began increasing the week ending November 
25, 2025, and peaked the week ending December 27, 
2025 (Figure 1, panel A).

Clinical Sequencing
The state laboratory received up to 5 influenza A–posi-
tive clinical specimens weekly from hospitals of both 
inpatient and outpatient cases participating in the 
statewide influenza sentinel surveillance system. We 
subtyped specimens and sequenced those meeting 
sequencing criteria (Appendix, https://wwwnc.cdc.
gov/EID/article/32/13/26-0431-App1.pdf); we se-
quenced 812 specimens during September 1, 2025–Feb-
ruary 14, 2026. Of those specimens, 720 (89%) were in-
fluenza A(H3N2). Of those samples, we characterized 
704 (98%) as influenza A(H3N2) subclade K (hereafter, 
subclade K) (Figure 1, panel B). The first sample charac-
terized as subclade K was collected on October 12, 2025. 
Colorado’s right-size target is 50 samples per week to 
confidently provide situational awareness; we reached 
that threshold the week ending December 6, 2025. 

Wastewater Detection
Established in 2020, the Colorado Wastewater Sur-
veillance Program monitors wastewater across the 
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We assessed the value of wastewater sequencing for 
monitoring influenza circulation in Colorado, USA, fo-
cusing on the emergence of influenza A(H3N2) subclade 
K. We detected subclade K in wastewater 31 days be-
fore clinical detection. Our results demonstrated that 
wastewater sequencing can provide real-time situational 
awareness for public health officials.
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state for respiratory viruses and emerging pathogens 
using dPCR (7). The state laboratory received samples 
2×/week from 21 sentinel wastewater treatment facil-
ities. We retrieved wastewater detection data for Sep-
tember 1, 2025–February 14, 2026. We detected and 
quantified influenza A, influenza A H1, and influenza 
A H3 by using previously described methods (M.C. 
Hetherington-Rauth et al., unpub. data, https://doi.
org/10.1101/2025.10.15.25338105) (Appendix). 

We defined the limit of detection by dPCR as the 
presence of 1 positive partition. We refer to the limit 
of quantification by dPCR as 1,200 gene copies (gc)/L. 

Concentration values calculated that fall below the 
limit of quantification can be interpreted to mean that 
target genetic material was present but cannot be accu-
rately quantifiable. Concentration values recorded as 0 
/L indicate no positive partitions were observed. The 
number of sewersheds with influenza A viral concen-
tration above our limit of quantification began increas-
ing the week ending November 8, 2025, and peaked 
the week ending December 20, 2025, mirroring influ-
enza hospitalization trends (Figure 1, panel C). 

The average viral concentration of influenza A 
in wastewater peaked the week ending December 

Figure 1. Comparison of 
hospitalizations, clinical 
specimens sequenced, 
and wastewater detection 
in study of early-season 
detection of influenza A(H3N2) 
subclade K in wastewater, 
Colorado, USA, 2025–2026. 
A) Influenza hospitalizations 
of influenza A and influenza 
B case-patients, by collection 
week. B) Clinical specimens 
sequenced and grouped by 
subclade characterization, by 
collection week. C) Unique 
wastewater utility sites at which 
concentrations of influenza 
A were above the limit of 
quantification, by collection week. 
No sites had concentrations 
above the limit of quantification 
for the weeks ending October 18 
and 25, 2025. Collection week is 
shown by the week ending date.

 Influenza A(H3N2) Subclade K in Wastewater



27, 2025 (Figure 2). Influenza A H3 average viral 
concentrations mirrored the average influenza A 
viral concentrations. Influenza A H1 average viral 
concentrations remained low at or below the level of 
quantification.

Wastewater Sequencing
The state laboratory sequenced the HA gene from 
wastewater samples using previously described 
methods (M.C. Hetherington-Rauth et al., unpub. 
data, https://doi.org/10.1101/2025.10.15.25338105) 
(Appendix). We sequenced 649 samples collected 
during September 1, 2025–February 14, 2026. Of the 
samples sequenced, 112 (17%) met the 60% coverage 
threshold of the HA gene required for deconvolution 
(subclade characterization and abundance estima-
tion) (Appendix). We observed that influenza A vi-
ral concentration in wastewater was moderately cor-
related with percent coverage of the HA gene (0.66 
Spearman correlation coefficient) (Figure 3, panel A).

We first identified subclade K in wastewater from 
a sample collected on September 11, 2025; we detected 

subclade K by clinical sequencing 31 days later (Figure 
3, panel B; Appendix Figure). The sample had 74.4% 
coverage of the HA gene; subclade K was detected at 
100% relative abundance. (Coverage is the percentage 
of the reference gene sequenced at 10× depth; abun-
dance is the estimated relative frequency of the sub-
clade in the sample.) Viral concentration of influenza 
A in the sample was 4,300 gc/L. After the initial de-
tection, we observed subclade K at near 100% abun-
dance in nearly all wastewater samples meeting the 
60% coverage threshold. We detected subclade J.2.4 
in 2 samples at 11% and 10% abundance and subclade 
J.2.3 in 3 samples at 83%, 64%, and 12% abundance. 
We observed subclade J.2 and J.2.1 at <1% abundance 
on average. We detected subclade K in 20 of 21 sen-
tinel sites. We detected subclade K in 13 wastewater 
samples with influenza A viral concentrations below 
the limit of quantification.

Conclusions
We assessed the value of wastewater sequencing 
alongside hospitalization data, clinical sequencing, 

Figure 2. Influenza A viral 
concentration in wastewater 
in study of early-season 
detection of influenza A(H3N2) 
subclade K, Colorado, USA, 
2025–2026. A) Influenza A 
target concentration. Blue points 
and connecting lines show the 
average concentration and 
trend by week. Gray points 
show concentrations for each 
sample collected by week. 
Error bars show the range of 
concentration by week. Dashed 
horizontal line indicates the 
defined limit of quantification, 
1,200 gc/L. No sites had 
influenza A detection for the 
weeks ending October 18 and 
25, 2025. B) Influenza H1 and 
H3 concentration in wastewater. 
Points and connecting lines 
show the average concentration 
and trend by week. Error bars 
show the range of concentration 
by week. Dashed horizontal line 
indicates the defined limit of 
quantification, 1,200 gc/L. No 
sites had H3 detections for the 
weeks ending October 4, 11, 18, 
and 25 and November 1, 2025.  
There were no H1 detections for 
the weeks ending October 18 
and 25 and November 1, 8, and 
15, 2025, or for January 10 and 
17 and February 7 and 14, 2026. Concentration is shown in log10 scale. Collection week is shown by the week ending date. gc, 
gene copies.
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and wastewater viral quantification to track influenza 
trends during the respiratory illness season. Dur-
ing the early 2025–26 influenza season, wastewater 
viral concentration trends mirrored hospitalization 
trends. The characterization of wastewater and clini-
cal samples revealed that the rise in cases correlated 
with the emergence of subclade K. Using wastewater 
sequencing, we detected subclade K 31 days earlier 
than in clinical samples. Furthermore, the detection 
of subclade K in wastewater samples with influenza 
concentrations below the limit of quantification by 
dPCR demonstrates the high sensitivity of wastewa-
ter sequencing.

In addition to earlier detection, wastewater se-
quencing captures asymptomatic and less severe cas-
es, as well as cases from underserved communities 
and persons who do not seek medical care, compared 
with conventional genetic surveillance systems that 
rely on specimens from hospital case-patients (8,9). 
Although wastewater samples inherently provide 
aggregate population-level data, they are subject to 
factors including the number of infected persons and 
population mobility, such as tourism and travel be-
tween work, home, and school. To clarify how those 
factors could affect the interpretation of wastewater 

data, especially for local public health response, fu-
ture studies could compare clinical and wastewater 
data at finer geographic scales.

Integrating wastewater sequencing into exist-
ing surveillance systems provides an innovative ap-
proach to monitor genetic variation, especially early 
in an influenza season when clinical specimens are 
typically scarce. Genetic characterization of the vi-
rus is integral to monitoring antigenic drift, antiviral 
resistance markers, vaccine drift, and mutations in 
primer/probe binding regions of diagnostic assays 
at national scale. Early characterization of genetic 
changes of influenza virus through wastewater se-
quencing can strengthen public health action and re-
duce response time.

All sequence reads were deposited in the National Center 
for Biotechnology Information Sequence Read Archive 
(BioProject PRJNA1458849, accession nos. SRR38394854–
5502). All human sequences have been removed from the 
sequencing reads.

This project was made possible through funding provided 
under the Epidemiology and Laboratory Capacity for 
Prevention and Control of Emerging Infectious Diseases 
(ELC) Cooperative Agreement (no. CK24-0002), Project D: 

Figure 3. Wastewater 
sequencing metrics in study 
of early-season detection of 
influenza A(H3N2) subclade 
K in wastewater, Colorado, 
USA, 2025–2026. A) 
Percentage coverage of HA 
gene plotted against influenza 
A viral concentration. Orange 
represents sample with the 
first subclade K detection, 
collected October 16, 2025. 
Red represents samples with 
>60% coverage required for 
performing deconvolution. 
Gray represents samples with 
<60% coverage. Horizontal 
dashed line indicates the 
tiled amplicon scheme, which 
covers 86.7% of the HA gene 
reference sequence. Vertical 
dashed line indicates the 
defined limit of quantification, 
1,200 gc/L. B) Percentage 
coverage of HA gene plotted 
against sample collection 
date. Horizontal dashed line 
indicates the tiled amplicon 
scheme, which covers 86.7% 
of the HA gene reference 
sequence. Vertical dashed 
line indicates the collection date of the first clinical sample characterized as subclade K, October 23, 2025. gc, gene copies;  
HA, hemagglutinin.
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etymologia revisited
Petri Dish  
[pe′tre ′dish]

The Petri dish is named after the German inventor and bac-
teriologist Julius Richard Petri (1852–1921). In 1887, as an 

assistant to fellow German physician and pioneering microbi-
ologist Robert Koch (1843–1910), Petri published a paper titled 
“A minor modification of the plating technique of Koch.” This 
seemingly modest improvement (a slightly larger glass lid), 
Petri explained, reduced contamination from airborne germs 
in comparison with Koch’s bell jar.
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Wastewater surveillance (WS) expanded sub-
stantially during the COVID-19 pandemic (1). 

Testing wastewater for the SARS-CoV-2 virus has 
several advantages over traditional case-based dis-
ease surveillance, including its efficiency in monitor-
ing community disease trends, independence from 
healthcare-seeking behaviors that inform traditional 
surveillance approaches, and scalability from build-
ing-level monitoring to sewersheds serving millions 
of persons (2). WS has yielded actionable COVID-19 
public health information across a variety of set-
tings (3). Subsequently, WS platforms have expand-
ed to include additional respiratory viruses, such as 

respiratory syncytial virus (RSV) and influenza vi-
rus (4), and have supported public health responses 
during respiratory virus seasons (5).

Smaller and remote communities have had lower 
uptake of WS (6). Barriers to adoption in rural and 
remote areas include limited access to wastewater 
testing laboratories, costs, insufficient human re-
sources, lack of centralized wastewater collection and 
treatment systems, and competing priorities (7). Lo-
cal implementation of WS could overcome the high 
cost and logistical challenges of shipping samples to 
third-party laboratories, thus improving the timeli-
ness of wastewater data (8). Early in the COVID-19 
pandemic, a team from Canada demonstrated the fea-
sibility and accuracy of using a rapid and user-friend-
ly clinical PCR platform to measure SARS-CoV-2 vi-
rus levels on site in a remote community (9). Their 
WS pilot uncovered previously unknown COVID-19 
infections in the community and initiated a public 
health response. The reported effectiveness and rela-
tive simplicity of the WS approach used by Canada 
team informed the implementation of WS in a remote 
community in Alaska, USA.

Rural Alaska is home to hundreds of mostly In-
digenous communities located off the road system, 
relying on water and air transportation for travel. 
Historic inequities and socio-environmental con-
ditions, such as lack of in-home piped water and 
household crowding, have contributed to high rates 
of respiratory virus infections, particularly in ru-
ral southwest Alaska (10). The Yukon-Kuskokwim 
Health Corporation (YKHC) is a comprehensive 
regional Tribal Health Organization that provides 
most of the healthcare in the region. YKHC respond-
ed proactively to the COVID-19 pandemic with 
timely vaccine campaigns, physical distancing mea-
sures, and an expansive clinical testing and contact 
tracing program (11,12). As pandemic response mea-
sures transitioned to routine public health activities, 
YKHC invested in WS to monitor respiratory virus 
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Wastewater surveillance (WS) is underused in rural com-
munities. We evaluated WS performance in the remote, 
subarctic, mostly Indigenous, community of Bethel, Alas-
ka, USA, during October 2022–May 2024. Wastewater 
was collected >3 times weekly and underwent on-site 
PCR testing for SARS-CoV-2, respiratory syncytial virus 
(RSV), and influenza A and B viruses. We compared WS 
virus detection with local clinical data by using results 
from 318 wastewater samples and 7,392 clinical tests. 
We detected SARS-CoV-2 in 265 (83.3%) wastewater 
samples, influenza A virus in 128 (40.3%), RSV in 78 
(24.5%), and influenza B virus in 29 (9.1%). Wastewa-
ter signals correlated with clinical results for influenza B 
virus (Spearman ρ = 0.85), influenza A virus (ρ = 0.62), 
RSV (ρ = 0.60), and SARS-CoV-2 (ρ = 0.59), providing 
corroborating data that informed the timing of seasonal 
respiratory virus immunization campaigns. Our findings 
show that WS is feasible and useful for disease surveil-
lance in rural Alaska.



trends in the community. We analyzed 2 years of WS 
data for SARS-CoV-2, RSV, and influenza A and B 
viruses and compared wastewater viral signals with 
clinical testing data from the YKHC-operated YK 
Delta Regional Hospital.

Methods

Study Setting
YKHC initiated WS on October 19, 2022, in the regional 
hub community of Bethel, Alaska. Bethel is located 400 
miles west of Anchorage in southwestern Alaska and 
is home to ≈6,300 residents living in 2,450 households; 
74% of residents identify as Alaska Native. Many of 
the additional 22,000 residents in the region regularly 
pass through Bethel because it serves as the transporta-
tion hub and has the only hospital in the region.

Wastewater management in Bethel is complex 
and is served by 2 different systems: a piped sewer 
system in the central part of town and a truck-hauled 
system for households and businesses outside that 
area. The piped system accounts for 25% of residen-
tial and commercial connections and serves 479 cus-
tomers, including the YK Delta Regional Hospital. 
Piped services account for ≈65% of the wastewater 
produced by volume in the community. In contrast, 
the 1,373 residential and commercial hauled custom-
ers account for 75% of connections but produce only 
35% of Bethel’s wastewater. Hauled customers rely 
on 3,000-gallon trucks to deliver water to onsite stor-
age tanks; wastewater trucks haul away wastewater 
to dump into the centralized sewer system or the sew-
age lagoon. Hauled services are expensive to operate, 
resulting in higher utility costs, which causes hauled 
customers to minimize water use.

We obtained wastewater samples from Bethel’s 
last lift station, which pumps raw sewage to a higher 
elevation so it can flow via gravity into the Bethel 
sewage lagoon. Previous research identified stron-
ger viral signals from lift station samples than lagoon 
samples (13). Approximately 90% of piped wastewa-
ter in Bethel passes through that lift station, including 
sewage from the regional hospital and long-term care 
facilities. The only piped wastewater that does not 
pass through that site is from the Lower Kuskokwim 
School District campus, which discharges its sew-
age into the lagoon. Approximately 50% of Bethel’s 
hauled sewage also passes through that lift station.

Wastewater Sampling
During October 2022–May 2024, we passively sam-
pled wastewater by using the Moore swab method 
(14) (Appendix, https://wwwnc.cdc.gov/EID/

article/32/13/26-0709-App1.pdf). During October 
19, 2022–January 24, 2023, and June 28–September 
19, 2023, sampling frequency ranged from 1 to 3 
(mean 1.7) times/week. During January 25–June 
27, 2023, and September 20, 2023–May 31, 2024, 
sampling frequency ranged from 3 to 5 (mean 4.7) 
times/week. Initially, we conducted sampling 
once per week while we developed collection and 
processing methods; we also reduced sampling 
to 1 time/week during periods of low respiratory 
virus activity. Sampling frequency increased with 
virus activity but varied depending on staffing 
and supply constraints. We collected Moore swabs 
24 hours after placement except for swabs placed 
on Fridays, which the team collected the following 
Monday, resulting in 72-hour samples.

Wastewater Analysis
We analyzed wastewater samples via real-time PCR 
on a GeneXpert Xpress with Xpert Xpress CoV-2/
Flu/RSV plus viral respiratory cartridges (both Ce-
pheid, https://www.cepheid.com), which test for 
SARS-CoV-2, influenza A and B viruses, and RSV. 
That system includes sample processing and probe 
check controls and reports results as cycle threshold 
(Ct) values. Scientists with the Public Health Agency 
of Canada validated the use of a clinical testing plat-
form for wastewater analysis (9), but YKHC did not 
validate this laboratory method.

We evaluated a concentration step before PCR 
analysis in samples collected during October 2022–
May 31, 2023 (Appendix). However, we elected to 
use unconcentrated samples for surveillance be-
cause the concentration step required additional re-
sources and time without notable improvement in 
virus detection (Appendix Tables 1, 2). To analyze 
the unconcentrated wastewater samples, we added 
300 µL of wastewater to a Cepheid GeneXpert car-
tridge and followed the manufacturer’s protocol for 
testing clinical specimens.

Clinical Testing
Clinical respiratory virus testing followed YKHC 
standards of care. Patients of all ages with respiratory 
symptoms in the ambulatory, emergency, or inpa-
tient settings at the YK Delta Regional Hospital (the 
only hospital in the region) were tested via collection 
of midturbinate nasal swab sample as part of routine 
clinical care. Swab samples were analyzed in the hos-
pital’s medical laboratory by using the Cepheid Gen-
eXpert respiratory panel kit to detect SARS-CoV-2, 
influenza A and B viruses, and RSV. We extracted dei-
dentified clinical testing data from YKHC’s electronic  
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health record system. During the study, some com-
munity members reported results from SARS-CoV-2 
tests to the YKHC Department of Public Health. We 
conducted a separate correlational analysis by using 
self-reported SARS-CoV-2 test results. We considered 
positive virus testing results or self-reported results 
occurring within 30 days of a prior confirmed posi-
tive result for the same virus part of the same illness 
and excluded those results from the analysis.

Statistical Analyses
We performed analyses for the entire evaluation pe-
riod, partitioning our data into 2 respiratory virus 
seasons because of year-to-year variability in respira-
tory virus circulation. We followed respiratory virus 
activity levels from the Centers for Disease Control 
and Prevention to define respiratory virus season as 
week 27 to week 26 in the following year (15) and 
adjusted for seasonal onset and offset of WS at our 
site. Hence, the 2022–23 season included wastewa-
ter samples collected during October 19, 2022–June 
30, 2023, and the 2023–24 season included samples 
collected during July 1, 2023–May 31, 2024. We cal-
culated 7-day moving averages for virus Ct values 
from wastewater samples and for clinical test results. 
For wastewater samples spanning multiple days, we 
averaged Ct values for each day sampled. Spearman 
rank-order correlation (ρ) assessed the association be-
tween positive clinical test counts and wastewater Ct 
values. We conducted time-lag correlation analyses 
for each respiratory virus overall and by season using 
7-day moving averages from wastewater and clinical 
data. We shifted wastewater Ct values from 10 days 
before (i.e., preceding) to 4 days after (i.e., lagging) 
the clinical testing data series. Of note, a lower Ct val-
ue indicates a higher relative viral concentration in 
the wastewater sample, which when correlated with 
the frequency of positive clinical tests yields negative 
correlation coefficients. We report absolute values of 
those correlation coefficients in the results for ease of 
interpretation; a larger coefficient represents a stron-
ger correlation.

We evaluated the sensitivity, specificity, and con-
cordance of the detection of each virus in wastewater 
with reference to its detection in clinical testing data. 
We separately aggregated wastewater and clinical 
data by surveillance week and virus, comparing pres-
ence (positive test) and absence (no positive test). We 
used contingency tables to organize the data with 
clinical testing serving as the reference standard. Be-
cause the GeneXpert platform runs 45 cycles, we de-
fined a Ct value <45 as a positive wastewater test and 
used unlagged data. Influenza B analysis was limited 

to the 2023–24 season because influenza B was not de-
tected in clinical or wastewater samples during the 
2022–23 surveillance season.

This evaluation was deemed research not involv-
ing human subjects (45 CFR 46.102(e)) by the Centers 
for Disease Control and Prevention. YKHC and the 
Alaska Native Tribal Health Consortium approved 
this project.

Results

Wastewater and Clinical Virus Tests
YKHC initiated wastewater sampling 321 times dur-
ing October 19, 2022–May 31, 2024, and PCR viral test 
results from 318 samples (99.1%) were available; in 3 
instances, the Moore swab was lost in the wastewater 
stream during the passive sampling process. During 
the same timeframe, a total of 7,392 clinical respira-
tory tests detected influenza A virus 543 times (7.3% 
positivity), SARS-CoV-2 372 times (5.0% positivity), 
RSV 364 times (4.9% positivity), and influenza B 107 
times (1.4% positivity) (Table). YKHC received 779 
self-reports of positive SARS-CoV-2 tests.

SARS-CoV-2 Surveillance
In wastewater, SARS-CoV-2 was detected on 91.4% 
(192/210) of sample days in the 2022–23 season and 
73.0% (214/293) of sample days in the 2023–24 season 
(Table). For clinical samples, SARS-CoV-2 was detect-
ed 49.4% (126/255) of days in the 2022–23 season and 
32.5% (106/326) of days in the 2023–24 season. In the 
2022–23 season, clinical cases were detected through-
out the year, and SARS-CoV-2 was detected year-
round in wastewater. A notable peak in clinical case 
detections occurred in late January 2024, and a waste-
water concentration peak occurred 8 days later. Cor-
relation of SARS-CoV-2 wastewater and clinical test 
data was strongest with limited time shift (ρ = 0.59; 
wastewater shifted 1 day before clinical data) (Figure 
1). An analysis using self-reported SARS-CoV-2 test 
results yielded a stronger correlation than observed 
with healthcare-based testing (Appendix Table 3). 
WS for SARS-CoV-2 was 95.9% sensitive and 87.1% 
concordant with weekly clinical testing results (Fig-
ure 2; Appendix Table 4).

RSV Surveillance
Overall, RSV was detected in wastewater on 22.1% 
(111/503) of surveillance days; observed wastewa-
ter positivity was lower in the 2022–23 season than 
in the 2023–24 season (13.8% vs. 28.0%) (Table). Lab-
oratory-confirmed clinical RSV cases occurred on 
37.0% (215/581) of days and observed daily clinical  



positivity was higher in the 2022–23 season than the 
2023–24 season (46.7% vs. 29.4%). RSV circulation 
seasonality was similar across wastewater and clini-
cal data. In the 2022–23 season, RSV clinical cases 
occurred during October 29, 2022–June 12, 2023, 
compared with RSV detection in wastewater during 
November 7, 2022–April 26, 2023 (Table; Figure 3). In 
the 2023–24 season, RSV was first detected in waste-
water on September 26, 2023, and the first positive 
clinical test was on October 9, 2023. RSV was detected 
in wastewater through May 21, 2024, and by clinical 
testing through May 22, 2024. The correlation be-
tween the wastewater RSV signal and clinical testing 
data increased with increasing time shift of the waste-
water data before the clinical data. The peak RSV  

correlation of 0.60 occurred with 8-day wastewater 
lead time. RSV correlations were stronger in the 2023–
24 season than the 2022–23 season. WS for RSV was 
55.0% sensitive and 67.1% concordant with weekly 
clinical testing results (Figure 2; Appendix Table 4). 
Sensitivity and concordance of RSV WS was marked-
ly higher in the 2023–24 season: sensitivity increased 
from 36.7% to 73.3% and concordance increased from 
48.6% to 81.3%.

Influenza A Virus Surveillance
Wastewater testing detected influenza A virus on 
36.8% (185/503) of surveillance days; detections were 
more frequent during the 2023–24 season (44.4%; 
130/293 days) than the 2022–23 season (26.2%; 55/210 

 
Table. Results of wastewater and clinical respiratory virus testing for surveillance in remote community, Bethel, Alaska, USA,  
2022–2024* 
Season† RSV Influenza A virus Influenza B virus SARS-CoV-2 
Overall surveillance period     
 Samples     
  Wastewater, n = 318 78 (24.5) 128 (40.3) 29 (9.1) 265 (83.3) 
  Clinical, n = 7,392 364 (4.9) 543 (7.3) 107 (1.4) 372 (5.0) 
 Surveillance days     
  Wastewater, n = 503 111 (22.1) 185 (36.8) 41 (8.2) 406 (80.7) 
  Clinical, n = 581 215 (37.0) 203 (34.9) 49 (8.4) 232 (39.9) 
 Surveillance weeks, n = 85     
  Wastewater 34 (40.0) 52 (61.2) 9 (10.6) 78 (91.8) 
  Clinical 60 (70.6) 57 (67.1) 12 (14.1) 73 (85.9) 
2022–23 season     
 Samples 

  
 

 

  Wastewater, n = 135 18 (13.3) 33 (24.4) 0 129 (95.6) 
  Clinical, n = 3,781 228 (6.0) 303 (8.0) 0 193 (5.1) 
 Surveillance days 

  
 

 

  Wastewater, n = 210 29 (13.8) 55 (26.2) 0 192 (91.4) 
  Clinical, n = 255 119 (46.7) 79 (31.0) 0 126 (49.4) 
 Surveillance weeks, n = 37 

  
 

 

  Wastewater 11 (29.7) 19 (51.4) 0 37 (100) 
  Clinical 30 (81.1) 21 (56.8) 0 36 (97.3) 
 First detection date 

  
 

 

  Wastewater 2022 Nov 7 2022 Nov 7 NA 2022 Oct 19‡ 
  Clinical 2022 Oct 29 2022 Oct 21 NA 2022 Oct 20  
 Last detection date     
  Wastewater 2023 Apr 26 2023 Jun 14 NA 2023 Jun 26 
  Clinical 2023 Jun 12 2023 Jun 3 NA 2023 Jun 20 
2023–24 season 

    

 Samples 
    

  Wastewater, n = 183 60 (32.8) 95 (51.9) 29 (15.8) 136 (74.3) 
  Clinical, n = 3,611 136 (3.8) 240 (6.6) 107 (3.0) 179 (5.0) 
 Surveillance days 

    

  Wastewater, n = 293 82 (28.0) 130 (44.4) 41 (14.0) 214 (73.0) 
  Clinical, n = 326 96 (29.4) 124 (38.0) 49 (15.0) 106 (32.5) 
 Surveillance weeks, n = 48 

    

  Wastewater 23 (47.9) 33 (68.8) 9 (18.8) 41 (85.4) 
  Clinical 30 (62.5) 36 (75.0) 12 (25.0) 37 (77.1) 
 First detection date 

    

  Wastewater 2023 Sep 26 2023 Jul 3 2024 Mar 21 2023 Jul 3 
  Clinical 2023 Oct 9 2023 Jul 23 2024 Jan 5 2023 Jul 14 
 Last detection date  

   

  Wastewater 2024 May 21 2024 May 30 2024 May 20 2024 May 24 
  Clinical 2024 May 22 2024 May 7 2024 May 31 2024 Apr 23 
*Values are no. (%) positive for each virus. NA, not applicable; RSV, respiratory syncytial virus. 
†Dates for combine surveillance were October 19, 2022–May 31, 2024; for the 2022–23 season, dates were October 19, 2022–June 30, 2023; and for the 
2023–24 season, dates were July 1, 2023–May 31, 2024. 
‡Eight SARS-CoV-2–positive clinical test results were detected in the 14 days before wastewater surveillance was initiated. 
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days). Influenza A virus–positive clinical tests oc-
curred on 34.9% (203/581) of days (Table). Influenza 
A virus was first detected clinically on October 21, 
2022, and in wastewater on November 7, 2022. Waste-
water detection patterns mirrored clinical detection 
patterns (Figure 3). Both surveillance systems identi-
fied a wave of influenza A virus during the winter of 
2022–23, followed by sporadic cases during the sum-
mer of 2023 and several subsequent waves of infec-
tion later in the 2023–24 season. We observed consis-
tent, strong influenza A virus wastewater and clinical 
data correlations, and most lagged correlations were 
near or above 0.60 (Figure 1). Influenza A virus corre-
lations were stronger during the 2022–23 season and 
peaked at 0.82 when the wastewater signal shifted 10 
days before clinical signal (Appendix Table 3). WS for 
influenza A virus was 70.2% sensitive and 65.9% con-
cordant with weekly clinical testing results (Figure 2; 
Appendix Table 4).

Influenza B Virus Surveillance
Influenza B virus was not detected in wastewater or 
through clinical testing during the 2022–23 season. 
In the 2023–24 season, influenza B virus was detect-
ed in wastewater on 14.0% (41/293) of sample days 
and clinical tests were positive on 15.0% (49/326) of 
surveillance days. An initial clinical case of influenza 
B infection occurred in January 2024 with no con-
cordant detection in wastewater. Additional clinical 
cases of influenza B infection were identified starting 
March 17, 2024, and in wastewater on March 21, 2024, 
and ongoing detection occurred through May 2024 

(Figure 3). Influenza B virus wastewater and clinical 
data had correlations >0.80 across all time shifts and 
peaked at 0.85 when the wastewater signal shifted 
5-days before clinical signal (Figure 1). WS for influ-
enza B virus was 75.0% sensitive and 96.5% concor-
dant with weekly clinical testing results (Figure 2; 
Appendix Table 4).

Discussion
Implementation of WS by YKHC was unique in 
several respects. Bethel is a remote community off 
the road system with limited laboratory capacity 
and a sanitation system uncommon in the United 
States. At the time YKHC initiated WS, Alaska as 
a state lacked a coordinated WS program, neces-
sitating sample shipment to a contracted labora-
tory, leading to additional costs, delays, and po-
tential sample degradation. YKHC, as the regional 
Tribal healthcare and public health organization, 
was well positioned to locally implement WS. The 
YKHC Office of Environmental Health & Engineer-
ing had experience with water quality testing, were 
trusted by the community, had access to clinical 
testing data to validate WS, and were able to act 
on the information generated by WS. The simplic-
ity of the cartridge-based rapid PCR testing system 
and its performance with unprocessed wastewater 
contributed to timely results; in most instances, 
samples were tested the same day they were col-
lected. Local ownership of WS and the associated 
data likely mitigated community concerns and en-
hanced program sustainability (16).

Figure 1. Time-lagged 
correlations between wastewater 
respiratory virus concentrations 
and clinical case counts in 
remote community, Alaska, USA, 
2022–2024. Spearman rank-
order correlation (ρ) assessed 
the association between 
positive clinical test counts and 
wastewater cycle threshold 
values for the number of days 
wastewater data shifted. For 
example, the value −7 on the 
x-axis indicates that wastewater 
values were shifted 7 days 
before (earlier) the clinical 
results from a given date. All 
correlation coefficients >0.17 are 
statistically significant at p<0.05. 
RSV, respiratory syncytial virus.



Given uncertainties in the performance of WS in a 
subarctic, low water use, partially sewered communi-
ty, YKHC used the 2022–23 season of WS to internally 
validate its performance. The strong correlations ob-
served between clinical testing and wastewater re-
sults for influenza A virus and RSV during the 2022–
23 season encouraged additional investment in WS 
and led to the creation of a public facing dashboard 
on the YKHC website (17). The dashboard provides 
background on WS, interpretation of the data, and 
suggests specific public health actions for community 
members depending on the wastewater results.

WS data showed moderate to high concordance 
with laboratory-confirmed clinical instances of respi-
ratory viral infection. The strengths of the correlations 
were similar to those reported by a shorter study of 
COVID-19 WS in small, rural communities (18). Time-
lagged correlation analysis suggests that wastewater 
detection of RSV could serve as a leading indicator 
of virus circulation in Bethel. Early identification of 
RSV circulation enables timely prevention through 
nirsevimab distribution and clinical and community 
information sharing. As a current best practice (19), 
YKHC does not use wastewater data in isolation but 
integrates it with other data sources, such as clinical 
data, for public health decision making.

Several factors could explain observed discor-
dances between wastewater and clinical data. Waste-
water detections in the absence of positive clinical 
tests suggest circulating virus in the community but 
no persons ill enough to seek healthcare and receive 
clinical testing. In addition, some persons shed viral 
material for prolonged periods following infection, 
as noted for SARS-CoV-2 (20), resulting in waste-
water detection in the absence of new clinical cases. 
A positive clinical test in the absence of a detectable 
wastewater signal might be because waste from the 
ill person has not entered the centralized sewer sys-
tem, viral RNA was diluted in wastewater to below 
the limit of detection for the assay, or PCR inhibitors 
were in the wastewater (21).

A strength of this study is evaluation of 2 years of 
comprehensive clinical testing and wastewater data, 
resulting in a robust dataset. The first limitation of 
our study is that identification of clinical infections 
relied upon community members seeking healthcare 
and receiving viral testing, likely leading to under-
ascertainment of infections. However, YKHC pro-
vided care for almost everyone in the region operat-
ing the only hospital and emergency department in 
the Yukon-Kuskokwim Delta. YKHC standard of care 
was to test all persons with respiratory symptoms, 
which provided a comprehensive clinical picture of  

SARS-CoV-2, influenza, and RSV circulation in the 
community. A second potential limitation common 
to WS evaluations was the possible mismatch be-
tween the population accessing clinical testing and the 
population contributing to the sampled wastewater. 
Bethel serves as the medical and transportation hub 
for the region, potentially leading to mismatches in 
persons receiving clinical testing and contributing to 
the wastewater system. However, the remote nature 
of Bethel, which is off the road system and primarily 
accessed by plane, likely minimizes that population 
mismatch compared with road-connected communi-
ties in the United States with a variety of clinical test-
ing options. Our analysis only used clinical test results 
from the YK Delta Regional Hospital, meaning all 
clinical test results came from persons physically in 
Bethel who could contribute to the city’s wastewater.  

Figure 2. Sensitivity, specificity, and concordance of weekly 
wastewater testing results compared with weekly clinical 
testing from wastewater respiratory virus surveillance in remote 
community, Alaska, USA, 2022–2024. A) Overall study period 
2022–2024; B) 2022–23 respiratory virus season; C) 2023–24 
respiratory virus season. RSV, respiratory syncytial virus.
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A third limitation relates to the unique sanitation sys-
tem in Bethel, where sewage stored at the household 
level might be introduced into the centralized sewage 
system days to weeks after it was created. That delay 
could weaken correlations with clinical testing or de-
crease the sensitivity of WS because of decay of the viral  

biomarkers in the wastewater. To explore that issue, 
we conducted lagged correlational analyses, which 
found the strongest correlations when the wastewa-
ter results were shifted earlier in relation to clinical 
testing. A fourth limitation is that the passive waste-
water sampling method yielded semiquantitative  

Figure 3. Daily 7-day moving 
average positive clinical tests 
and Ct values for respiratory 
virus surveillance in remote 
community, Alaska, USA, 
October 2022–May 2024. A) 
Respiratory syncytial virus; B) 
influenza A virus; C) influenza 
B virus; D) SARS-CoV-2. Ct, 
cycle threshold.



viral wastewater concentrations. Thus, we report Ct 
values and not estimated viral concentrations.

In summary, YKHC implemented WS in a ru-
ral and remote community midway through the 
COVID-19 pandemic. That surveillance system fre-
quently identified respiratory viruses in wastewa-
ter and demonstrated statistically significant cor-
relations with clinical testing. WS provided YKHC 
respiratory virus surveillance information that 
complemented and corroborated traditional clini-
cal surveillance data. WS data helped inform YKHC 
public health decision-making related to the timing 
of influenza vaccine campaign and the distribution 
of nirsevimab, a long-lasting monoclonal antibody 
used to protect infants from RSV, and supported 
education and messaging for patients and clini-
cians. New components of the YKHC WS program 
include testing for additional respiratory and en-
teric pathogens, exploratory efforts to enhance ac-
tive case finding of tuberculosis, and expansion of 
WS to remote villages in the region. YKHC dem-
onstrated the feasibility of WS in rural Alaska and 
that correlation between WS and clinical results can 
support and inform public health activities to pro-
tect the community.
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etymologia revisited
Nipah Virus
[ne´-pə vī´-rəs]

In 1994, a newly described virus, initially called equine morbillivi-
rus, killed 13 horses and a trainer in Hendra, a suburb of Brisbane, 

Australia. The reservoir was subsequently identified as flying foxes, 
bats of the genus Pteropus (Greek pteron [“wing”] + pous [“foot”]). In 
1999, scientists investigated reports of febrile encephalitis and respi-
ratory illness among workers exposed to pigs in Malaysia and Singa-
pore. (The pigs were believed to have consumed partially eaten fruit 
discarded by bats.)

The causative agent was determined to be closely related to 
Hendra virus and was later named for the Malaysian village of 
Kampung Sungai Nipah. The 2 viruses were combined into the 
genus Henipavirus, in the family Paramyxoviridae. Three addition-
al species of Henipavirus—Cedar virus, Ghanaian bat virus, and 
Mojiang virus—have since been described, but none is known to 
cause human disease. Outbreaks of Nipah virus occur almost an-
nually in India and Bangladesh, but Pteropus bats can be found 
throughout the tropics and subtropics, and henipaviruses have 
been isolated from them in Central and South America, Asia, Oce-
ania, and East Africa.
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Noroviruses are genetically diverse icosahedral 
viruses belonging to the family Caliciviridae; 

they consist of a single-stranded, positive-sense 
RNA genome. They are a leading cause of diarrheal 
disease. and can infect a wide variety of hosts (1). 
Norovirus consists of 10 genogroups (GI–GX) and 49 
genotypes. Genogroups GI, GII, GIV, GVIII and GIX 
are known to infect humans, whereas genogroup 
GIII primarily infects cows and GV mice (1–4). Nor-
ovirus infections are highly contagious, causing gas-
troenteritis that is typically mild and self-limiting 
in healthy adults but can be severe and even fatal 
in children, elderly, and immunocompromised per-
sons. In the United States, outbreaks peak during 
November–April (5,6) and cause $2.3 billion in di-
rect medical costs and $1.4–$20.7 billion in loss of 
productivity annually (7).

As of August 2026, norovirus surveillance relies 
primarily on either outbreak detection with case in-
vestigations or individual case reporting. Most noro-
virus infections in healthy adults are either asymp-
tomatic or self-limiting and thus not tested, leading 
to a large burden of unreported incidence (1,8,9). In 
most US jurisdictions norovirus is not a notifiable dis-
ease. Poor clinical surveillance provides inaccurate 
estimates of norovirus incidence, which leads to low-
er prioritization for prevention and control. Under-
standing the true epidemiologic burden of norovirus 
requires an approach that addresses those limitations. 
Wastewater surveillance is one potential data source; 
it does not depend on symptomatic persons seeking 
medical care but enables community-level infectious 
disease surveillance (10).

The level of norovirus RNA in wastewater has 
been associated with the monthly incidence of acute 
gastroenteritis hospitalizations across diverse geo-
graphic regions (11). Several studies have found a 
strong correlation between norovirus genogroup–
specific concentrations in wastewater and clinical 
outcomes (12–15). GII strains are more strongly asso-
ciated with large-scale outbreaks and severe gastro-
enteritis (16), but they infect animals as well as hu-
mans, which could decrease the utility of wastewater  

Correlation of Norovirus in  
Wastewater with Gastroenteritis-

Related Hospitalizations,  
New York, USA, 2022–2024 
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Aishwarya Jadhav, Ian Bradley, Mila Neyra-Blatz, Yinyin Ye, Kirsten St. George, David A. Larsen

Norovirus is a substantial public health burden, yet sur-
veillance is challenging because infections are underre-
ported. Wastewater surveillance offers a complementary 
approach. We quantified norovirus genogroups GI and 
GII from 2,823 wastewater samples collected in New 
York, USA, during September 2022–July 2024. Across 4 
counties in New York, we detected norovirus GI in 100% 
of samples and GII in 92%–100%. Both genogroups ex-
hibited strong seasonal trends. During the study period, 
499 norovirus-specific and 50,004 all-cause acute gas-
troenteritis hospitalizations occurred. Weekly correlations  

between GII concentrations and norovirus-specific hos-
pitalizations showed moderate positive relationships 
(ρ = 0.23–0.28); GI concentrations showed weak correla-
tions (ρ = −0.18 to 0.06). Correlations between norovirus 
in wastewater and all-cause acute gastroenteritis hospi-
talizations were weaker. Although wastewater surveil-
lance reliably detects seasonal norovirus circulation in the 
population, correlations with hospitalizations were mod-
erate. GII showed stronger associations with clinical out-
comes than GI, supporting the importance of genogroup- 
specific monitoring.
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surveillance (17); GI strains are often linked to spo-
radic cases and specifically infect humans (18). Here, 
we investigate epidemiologic trends of norovirus GI 
and GII by measuring the concentration of both geno-
groups in wastewater across 4 counties in the state 
of New York, USA. We hypothesized that higher 
wastewater concentrations would correlate with an 
increase in norovirus and acute gastroenteritis hos-
pitalizations, especially during colder months, when 
norovirus activity tends to be higher, in light of pre-
vious studies linking wastewater viral concentrations 
to disease incidence. We correlated genogroup-spe-
cific norovirus wastewater concentrations with hospi-
talized cases of acute gastroenteritis to better under-
stand the potential utility of wastewater surveillance 
to support norovirus surveillance.

Methods

Study Design
We designed an ecologic study to assess the relation-
ship between the concentration of norovirus in waste-
water and the incidence of norovirus-attributable 
and all-cause acute gastroenteritis-related hospital-
izations. We conducted the study during September 
2022–July 2024, taking samples from 24 wastewa-
ter treatment plants in 4 counties in New York: Erie 
(Buffalo, NY, USA), Onondaga (Syracuse, NY, USA), 
Jefferson (Watertown, NY, USA), and Westchester 
(north of New York, NY, USA) (Figure 1).

Setting
The New York State Wastewater Surveillance Network 
was initiated in March 2020 as a tool to track and ad-
dress emerging diseases and monitor evolving public 
health threats (19); its purpose is to provide popula-
tion-level data on community health status and disease 
burden through sampling and analysis of wastewater 
from across the state. As part of the study, we sampled 
9 treatment plants in Erie County; for each, capacity 
was 2.20–180 million gallons permitted discharge per 
day (MGD) and population served was 2,854–431,141, 
covering ≈83.4% of the county population. In West-
chester County, we sampled 7 treatment plants, each 
with a capacity of 5.0–120 MGD, serving a population 
of 26,651–523,765, covering ≈83.6% of the county popu-
lation. In Onondaga County, we sampled 7 treatment 
plants, each with a capacity of 0.99–84 MGD, serving 
a population of 3,272–242,377, covering ≈85.7% of the 
county population. In Jefferson County we sampled 
5 treatment plants, each with a capacity 0.06–15.9  
MGD, serving a population of 81–26,270, covering 
≈46.7% of the county population. The New York State 

Wastewater Surveillance Network does not routinely 
collect treatment plant flow data.

Wastewater Sampling and Processing
Plant operators collected 24-hour flow-weighted 
composite influent (before treatment) wastewater 
samples 1 or 2 times each week at wastewater plants 
(WWTPs) participating in the state network (19). In 
Erie County, the samples were processed at an envi-
ronmental engineering laboratory located at the Uni-
versity at Buffalo. Specifically, we processed 9.75-mL 
wastewater samples using Nanotrap Microbiome A 
particles (Ceres Nanosciences, https://www.ceresna-
no.com), then performed nucleic acid extraction with 
MagMAX viral/pathogen nucleic acid isolation kits 
(Thermo Fisher Scientific, https://www.thermo-
fisher.com). We eluted nucleic acids in 50 µL of Mag-
MAX elution buffer. We automated both steps on the 
KingFisher Apex purification system (Thermo Fisher 
Scientific), as described previously (20). Samples from 
Jefferson, Onondaga, and Westchester counties were 
shipped overnight on wet ice to Quadrant Biosciences 
(Syracuse, NY, USA). In brief, we ultracentrifuged 20-
mL samples at 150,000 × g at 40°C on a Sorvall WX 
Ultra series (Thermo Fisher Scientific) with a Sorvall 
SureSpin 630 (6 × 36 mL) with a sucrose cushion (21). 
We resuspended pellets in 200 μL 1X PBS and trans-
ferred them to 1.7-mL microcentrifuge tubes stored at 
−20°C for <24 h until nucleic acid extraction.

Molecular Testing
We extracted total nucleic acids from pellets using 
the AllPrep PowerViral DNA/RNA Kit (QIAGEN, 
https://www.qiagen.com). We eluted nucleic acids in 
50 μL elution buffer and synthesized cDNA using the 
QuantiTect reverse transcription kit (QIAGEN). We 
quantified total nucleic acid and cDNA by quantita-
tive reverse transcription PCR and quantitative PCR. 
We used QuantStudio 3 or QuantStudio 5 (Thermo 
Fisher) real-time PCR systems for all quantitative PCR 
reactions. We detected and quantified norovirus nucleic 
acid with 5 µL of the extracted nucleic acid added to 45 
µL of norovirus master mix, containing 900 µM of prim-
ers and 250 µM of probes with the QIAcuity microflu-
idic digital PCR instrument (QIAGEN), according to the 
manufacturer’s specifications. The cycling profile was 1 
× 50°C for 40 minutes, 1 × 95°C for 2 minutes, and 40 
× 95°C for 5 seconds followed by 60°C for 30 seconds. 
We performed an internal assay validation, including 
limit of detection, specificity, and reproducibility, be-
fore implementation of the pilot study. We empirically 
determined the limit of detection as 5 gene copies/µL 
of reaction and quantified mean norovirus GI and GII 
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concentrations per microliter of reaction. The specific-
ity panel for digital PCR detected no cross-reactivity for 
any of the 23 targets tested (22). We included negative 
and positive controls on all plates. We used norovirus 
GI- and GII-specific primers and probes implemented 
for a previously described digital PCR assay for the de-
tection and quantification of hepatitis A and norovirus 
(23) (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/32/13/26-0472-App1.pdf).

Hospitalization Data
We retrieved patient-level acute gastroenteritis hos-
pitalization data from the Statewide Planning and 
Research Cooperative System that captures hospital-
izations from all hospitals in New York. We consid-
ered 2 types of hospitalizations: those specifically for 
norovirus-confirmed acute gastroenteritis and those 
related to acute gastroenteritis from any cause. We 
used specific codes for gastroenteritis from the Interna-
tional Classification of Diseases, 10th Revision, Clinical 
Modification (24) (Appendix Table 2), to identify hos-
pital admissions for acute gastroenteritis (AGE). We 
removed patient records with missing address infor-
mation, geocoded addresses to latitude and longitude, 
and aggregated hospitalizations to county level.

Wastewater Measures
We considered 2 different measures of the amount of 
norovirus in wastewater. First, we used the concen-
tration of norovirus RNA for each genogroup per unit 
of wastewater. Second, we calculated the norovirus 
wastewater activity level (WVAL) as a continuous 
metric with equation 1. WVAL is a metric established 
by the Centers for Disease Control and Prevention 

(CDC) to monitor the level of virus in wastewater 
across diverse geographies and laboratory testing 
methodologies (25). For both approaches, we did not 
normalize the amount of norovirus in wastewater to 
the flow of the WWTP. We calculated the wastewater 
activity level (WVAL) for each wastewater sample i in 
wastewater treatment plant j as the concentration of 
norovirus RNA in a sample (Cij) relative to the mean 
of norovirus concentrations in the treatment plant (μj) 
and the standard deviation of norovirus concentra-
tions in the treatment plant (σj) using this equation:

Correlation of Norovirus in Wastewater and Acute 
Gastroenteritis Hospitalization
We considered 2 different outcomes of AGE hospital-
izations: all-cause AGE hospitalizations and norovi-
rus-specific AGE hospitalizations. For each outcome 
we conducted 2 types of analyses to estimate the cor-
relation of norovirus in wastewater and AGE hos-
pitalizations. First, we compared the mean monthly 
concentration or WVAL of norovirus in wastewater 
to the monthly incidence of AGE hospitalizations 
as previously described (11). Second, we compared 
weekly wastewater norovirus concentrations or 
WVALs with AGE hospitalizations. We conducted 
those analyses for both GI and GII norovirus concen-
trations. We used a Spearman rank correlation coef-
ficient (ρ) to assess relationships between norovirus 
concentrations in wastewater and AGE hospitaliza-
tions. We also conducted cross-correlation analysis 
to identify potential time lags between wastewater 
norovirus concentrations and AGE hospitalizations.

Figure 1. Spatial distribution 
of sampled wastewater 
treatment plants in study of 
correlation between norovirus 
in wastewater with norovirus-
attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, 
USA, 2022–2024. Norovirus 
genotype I was detected in 
every sample across the study. 
Colors indicate detection 
rate (proportion of samples 
tested that are positive) of 
norovirus genotype II across 
the wastewater treatment plants 
included in this study.
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To create county-level measures of norovirus con-
centration and WVAL, we estimated a population-
weighted mean concentration of norovirus within a 
county by weighting each weekly or monthly noro-
virus concentration by the proportion of the county 
population served by each WWTP. We then regressed 
the monthly correlation coefficient between norovi-
rus concentrations in wastewater and AGE hospital-
izations to identify county-level factors that may have 
influenced the relationship. Last, using analysis of 
variance (ANOVA), we compared seasonal concen-
trations of GI and GII. We conducted all analyses us-
ing R version 4.4.1 (The R Project for Statistical Com-
puting, http://www.r-project.org).

Results
We analyzed 2,823 wastewater samples collected over 
2 years. Detection rate for norovirus GI was 100% and 
for GII 92%–100% (Figure 1). During the study peri-
od, we observed 499 norovirus-specific AGE hospi-
talizations and 50,004 all-cause AGE hospitalizations.

Quantification of Viral Load in Wastewater Samples
Weekly concentrations of norovirus GI and GII in 
wastewater samples aggregated to the county level 
revealed strong seasonal trends (Figures 2, 3). GI 
concentrations were highest in winter (December– 

February) and lowest in summer (June–August) 
(Figure 4). GII concentrations were highest in 
spring (March–May) and also lowest in summer 
(Figure 4). ANOVA of norovirus GI revealed that 
the differences in mean virus concentrations across 
seasons were statistically significant (F[3; 2,816] 
=  8.054; p<0.001). Tukey post-hoc tests showed 
significant differences between winter and fall 
(p<0.01), winter and spring (p<0.01), and winter 
and summer (p<0.001); we saw higher mean GI 
concentrations in winter in all comparisons. How-
ever, we found no significant differences between 
spring and fall, summer and fall, or summer and 
spring (p>0.05 for all). For norovirus GII, ANOVA 
result showed statistically significant differences in 
means across seasons (F[3; 2,816] = 34.86; p<0.0001). 
Tukey post-hoc tests indicated significant differ-
ences between spring and fall (p<0.001), summer 
and fall (p<0.001), summer and spring (p<0.001), 
winter and spring (p<0.001), and winter and sum-
mer (p<0.001). However, we found no significant 
difference between winter and fall (p = 0.3385). Erie 
County had an additional surge in norovirus GII 
wastewater levels during October–December 2023 
that we did not observe in other counties (Figure 3); 
Erie County also had the highest concentrations of 
both GI and GII norovirus.

Figure 2. Population-weighted concentration of norovirus genotype I in wastewater over time by area in study of correlation between 
norovirus in wastewater with norovirus-attributable and general acute gastroenteritis-related hospitalizations, New York, USA, 2022–
2024. A) Erie County. B) Jefferson County. C) Onondaga County. D) Westchester County. gc, gene copies.
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Wastewater Norovirus Activity Level 
In all the counties, both norovirus GI and GII WVAL 
showed seasonal trends similar to those observed 

with GI and GII norovirus wastewater trends (Fig-
ure 5). Across the counties, GI and GII WVAL were 
relatively low (mean values <2). A 1-way ANOVA 

Figure 3. Population-weighted concentration of norovirus genotype II in wastewater over time by area in study of correlation between 
norovirus in wastewater with norovirus-attributable and general acute gastroenteritis-related hospitalizations, New York, USA, 2022–
2024. A) Erie County. B) Jefferson County. C) Onondaga County. D) Westchester County. gc, gene copies.

Figure 4. Distribution of norovirus recovered from wastewater by season in study of correlation between norovirus in wastewater with 
norovirus-attributable and general acute gastroenteritis-related hospitalizations, New York, USA, 2022–2024. A) Erie County. B) Jefferson 
County. C) Onondaga County. D) Westchester County. Horizontal lines within box plots indicate median concentrations, box tops and 
bottoms indicate interquartile range, and vertical bars indicate the full range of the data. gc, gene copies.
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showed that weighted WVAL GII differed signifi-
cantly by season (F[3; 796] = 90.33; p<0.001). Simi-
larly, weighted WVAL GI differed significantly by 
season (F[3; 796] =  23.9; p<0.001). Tukey post-hoc 
test showed noticeable seasonal structuring for 
weighted WVAL GII. Winter and spring showed 
significantly higher values compared with summer 
and fall. In contrast, weighted WVAL GI revealed 
a modest seasonal pattern of a visible winter peak 
and relatively similar values for spring, summer, 
and fall. Temporal trends of norovirus-specific 
and all-cause AGE hospitalization incidence with 
GI and GII WVAL showed no notable similarities  
(Appendix Figure 1).

Temporal and Spatial Distribution of  
AGE Hospitalizations
Weekly hospitalizations across the participating 
counties revealed both the temporal and spatial pat-
terns in norovirus and all-cause AGE hospitalization 
incidence; incidence of norovirus-specific hospital-
izations was slightly higher in the winter and spring 
(Figure 6). ANOVA indicated statistically significant 
difference in seasonal norovirus hospitalization inci-
dence (F[3; 376] = 4.666; p<0.01). Tukey post-hoc anal-
ysis showed significant differences in norovirus hos-
pitalization incidence between spring and fall (p<0.01) 
and between winter and fall (p<0.01); we observed 
no significant differences between other season pairs 

Figure 5. Incidence of all-cause and norovirus-specific hospitalizations for acute gastroenteritis over time in study of correlation between 
norovirus in wastewater with norovirus-attributable and general acute gastroenteritis-related hospitalizations, New York, USA, 2022–
2024. A) Erie County. B) Jefferson County. C) Onondaga County. D) Westchester County.

Figure 6. Relative abundance 
of norovirus in wastewater in 
study of correlation between 
norovirus in wastewater with 
norovirus-attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, USA, 
2022–2024. Abundance was 
measured as wastewater activity 
level, which increased in the winter 
months and decreased in the 
summer months. A) Erie County. 
B) Jefferson County. C) Onondaga 
County. D) Westchester County. 
WVAL, norovirus wastewater 
activity level.
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(p>0.05). The incidence of all-cause AGE hospitaliza-
tions remained relatively stable over the study period 
(p>0.05); seasonal mean incidence was 2.87 for spring, 
2.87 for winter, 2.91 for fall, and 2.74, for summer. 
Onondaga County had the highest mean incidence of 
all-cause AGE hospitalizations (3.15/100,000 popula-
tion), followed closely by Erie County (3.02/100,000 
population), then Westchester County (2.94/100,000 
population) and Jefferson County (2.31/100,000 pop-
ulation). Jefferson County had the highest norovirus 
AGE mean incidence (0.251/100,000 population); 
Erie County had the lowest norovirus AGE mean in-
cidence (0.039/100,000 population). Mean incidence 
of norovirus hospitalizations for Onondaga County 
was 0.159/100,000 population and for Westchester 
County was 0.103/100,000 population.

GI and GII Concentrations and Norovirus  
and All-Cause AGE Hospitalizations Incidence
We determined weekly correlations between popula-
tion-weighted GI and GII concentrations and the in-
cidence of norovirus hospitalizations (Figures 7, 8) or 
all-cause AGE hospitalizations for the 4 counties (Fig-
ures 9, 10). Correlation between population-weighted 
GI concentrations with incidence of norovirus hos-
pitalizations was −0.18 to 0.06 (Figure 7) and for all-
cause AGE hospitalizations was −0.12 to 0.03 (Figure 
9). Correlations between population-weighted GII 
concentrations and incidence of norovirus hospital-
izations showed moderate positive relationship in 3 
counties; Spearman ρ was 0.23–0.28 (Figure 8). Pop-
ulation-weighted GII concentrations and all-cause  

AGE were also weakly correlated; Spearman ρ was 
−0.02 to 0.17 (Figure 10). Monthly correlations be-
tween population-weighted GI concentrations and in-
cidence of norovirus hospitalizations or all-cause AGE 
for the 4 counties showed no significant correlation, 
whereas correlations between population-weighted 
GII concentrations and incidence of norovirus hos-
pitalizations and all-cause AGE hospitalizations im-
proved in 3 counties (Appendix Figure 2).

Monthly correlations between norovirus WVAL 
and the incidence of norovirus-specific and all-cause 
AGE incidence showed a similar relationship to cor-
relations between norovirus concentrations and inci-
dence (Figures 11–14). County-specific correlations 
revealed no significant correlations between monthly 
norovirus incidence (Figure 11) and monthly all-
cause AGE hospitalization incidence (Figure 13) with 
GI WVAL. County-specific association between noro-
virus incidence and GII WVAL indicated moderate 
correlation in Jefferson, Onondaga, and Westchester 
counties (Spearman ρ 0.29–0.38) (Figure 12); correla-
tion with all-cause AGE hospitalization incidence was 
low (ρ<0.2) for all 4 counties (Figure 14). However, we 
observed no significant correlations between weekly 
norovirus GI or GII WVAL and norovirus incidence 
and gastroenteritis incidence (Appendix Figure 3).

Discussion
We consistently detected GI and GII norovirus in 
wastewater collected during October 2022–July 2024 
across 4 counties in New York: GI in 100% of sam-
ples and GII in 92%–100% of samples. We observed 

Figure 7. Correlations 
between population-weighted 
concentration of norovirus 
genotype I in wastewater and 
norovirus-specific incidence of 
acute gastroenteritis–related 
hospitalizations in study of 
correlation between norovirus 
in wastewater with norovirus-
attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, 
USA, 2022–2024. Blue line 
represents linear regression 
fit and gray shading indicates 
95% CIs. A) Erie County; 
Spearman rank correlation 
coefficient (ρ) = −0.18. B) 
Jefferson County; ρ= 0.06. C) 
Onondaga County; ρ = 0. D) 
Westchester County; ρ = −0.1.
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strong seasonal trends, with higher concentrations of 
both genogroups in winter and spring and lower con-
centrations in summer, aligning with the established 
seasonality of norovirus hospitalizations (26,27). 
Hospitalizations showed significant seasonal differ-
ences (Figure 5), with higher incidence in winter and 
spring, which we did not observe for all-cause AGE 
hospitalizations. Because incidence of norovirus- 

specific AGE was low, it is difficult to see those dif-
ferences. Correlations between wastewater concen-
trations and hospitalization incidence were generally 
weak to moderate (−0.18 to 0.28). Neither monthly 
nor weekly correlations were significantly stronger 
with the WVAL metric.

Our findings are consistent with previous studies 
that reported weak to moderate positive correlations  

Figure 9. Correlations 
between population-weighted 
concentration of norovirus 
genotype I in wastewater 
and incidence of all-cause 
acute gastroenteritis–related 
hospitalizations in study of 
correlation between norovirus 
in wastewater with norovirus-
attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, 
USA, 2022–2024. Blue line 
represents linear regression fit 
and gray shading indicates 95% 
CIs. A) Erie County; Spearman 
rank correlation coefficient (ρ) = 
−0.12. B) Jefferson County; ρ = 
−0.07. C) Onondaga County; ρ 
= 0.03. D) Westchester County; 
ρ = −0.04.

Figure 8. Correlations 
between population-weighted 
concentration of norovirus 
genotype II in wastewater and 
norovirus-specific incidence of 
acute gastroenteritis–related 
hospitalizations in study of 
correlation between norovirus 
in wastewater with norovirus-
attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, 
USA, 2022–2024. Blue line 
represents linear regression fit 
and gray shading indicates 95% 
CIs. A) Erie County; Spearman 
rank correlation coefficient (ρ) = 
−0.03. B) Jefferson County; ρ = 
0.26. C) Onondaga County; ρ = 
0.28. D) Westchester County; ρ 
= 0.23.
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between norovirus wastewater measures and clini-
cal measures. A study of county data in Michigan, 
United States (12), showed human norovirus GII 
wastewater levels leading total weekly gastrointesti-
nal illness–related emergency room visits by 2 weeks; 
correlations were ρ = −0.20 to 0.81. In British Colum-
bia (14), norovirus levels in wastewater and weekly 
norovirus outbreaks were also positively correlated; 
Kendall τ correlation was  0.21–0.36, depending on 
normalization method. A linear regression analysis 
of data in England (15) showed a significant linear 

relationship between norovirus levels in wastewa-
ter and weekly cases (R2 = 0.614). Last, a systematic 
and meta-analysis study (11) of norovirus wastewa-
ter correlations with cases and outbreaks reported 
associations of −0.03 to 0.44. However, difference in 
scale of spatial aggregation of wastewater data, such 
as nationwide aggregation (13), might suggest that 
improved correlations are a product of the modifi-
able area unit problem, whereas ecologic studies are 
subject to risk masking at regional or higher spatial 
aggregation (28). Large-scale spatial aggregation can 

Figure 10. Correlations between 
population-weighted concentration 
of norovirus genotype II in 
wastewater and incidence of 
all-cause acute gastroenteritis–
related hospitalizations in 
study of correlation between 
norovirus in wastewater with 
norovirus-attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, USA, 
2022–2024. Blue line represents 
linear regression fit and gray 
shading indicates 95% CIs. A) 
Erie County; Spearman rank 
correlation coefficient (ρ) = 0.12. 
B) Jefferson County; ρ = 0.02. C) 
Onondaga County; ρ = 0.17. D) 
Westchester County; ρ = 0.07.

Figure 11. Correlations between 
population-weighted wastewater 
activity level of norovirus genotype 
I in wastewater and incidence of 
norovirus-specific hospitalizations 
in study of correlation between 
norovirus in wastewater with 
norovirus-attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, USA, 
2022–2024. Blue line represents 
linear regression fit and gray 
shading indicates 95% CIs. A) Erie 
County; Spearman rank correlation 
coefficient (ρ) = −0.12. B) Jefferson 
County; ρ = 0.3. C) Onondaga 
County; ρ= 0.07. D) Westchester 
County; ρ = −0.09. WVAL, 
norovirus wastewater activity level.
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affect risk perception and association and is unreli-
able for local epidemiologic interventions. Similarly, 
correlations between wastewater and clinical data 
might vary because of fundamental differences across 
case, hospitalization, and outbreak data. Also, waste-
water data normalization methods using wastewater 
flow rate in liters/day or population served by each 
WWTP might affect the relationship between norovi-
rus levels in wastewater and clinical data.

The correlations we observed between norovirus 
GI and GII in wastewater and hospitalizations were 
lower than those observed in WBE studies of other 
pathogens (29–31). The observed seasonality, with 
peaks in winter and spring, corroborates established 

norovirus transmission patterns in temperate regions 
(26,27). Higher correlations between hospitalizations 
and GII concentrations may reflect the dominance 
of GII strains in large-scale outbreaks (16). Weak to 
moderate correlations between wastewater concen-
trations (GI or GII) and hospitalization incidence sug-
gest that although WBE can capture population-level 
norovirus trends, it might not directly predict hospi-
talizations. That finding is consistent with previous 
inferences that, although WBE is effective for detect-
ing community-level disease circulation, WBE results 
might not directly correlate with clinical disease oc-
currence (32,33). Possible reasons include temporal 
misalignment, spatial mismatch, scale of aggregation, 

Figure 13. Correlations between 
population-weighted wastewater 
activity level of norovirus 
genotype I in wastewater 
and incidence of all-cause 
acute gastroenteritis–related 
hospitalizations in study of 
correlation between norovirus 
in wastewater with norovirus-
attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, 
USA, 2022–2024. Blue line 
represents linear regression fit 
and gray shading indicates 95% 
CIs. A) Erie County; Spearman 
rank correlation coefficient (ρ) = 
−0.35. B) Jefferson County; ρ = 
−0.03. C) Onondaga County; ρ 
= 0.07. D) Westchester County; 
ρ = −0.1. WVAL, norovirus 
wastewater activity level.

Figure 12. Correlations between 
population-weighted wastewater 
activity level of norovirus genotype 
II in wastewater and incidence of 
norovirus-specific hospitalizations 
in study of correlation between 
norovirus in wastewater with 
norovirus-attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, USA, 
2022–2024. Blue line represents 
linear regression fit and gray 
shading indicates 95% CIs. A) 
Erie County; Spearman rank 
correlation coefficient (ρ) = 0.05. 
B) Jefferson County; ρ = 0.38. C) 
Onondaga County; ρ = 0.32. D) 
Westchester County; ρ = 0.29. 
WVAL, norovirus wastewater 
activity level.



heterogeneity in pathogen shedding, testing and re-
porting bias, and environmental and technical noise 
in wastewater data. Because norovirus infections are 
often asymptomatic or self-limiting and reporting is 
not mandatory, cases are underreported and clinical 
data are underrepresented (34). In addition, the lack 
of strong correlation between wastewater and clinical 
data likely reflects the self-limiting nature of norovi-
rus and the fact that norovirus cases are underreport-
ed in clinical data.

The higher concentrations of norovirus in waste-
water from Erie County are likely a result of differenc-
es in laboratory processing methods; some samples 
from Erie County underwent magnetic bead process-
ing. We did not find evidence of elevated numbers of 
hospitalizations in Erie County, which suggests that 
the laboratory method is the likely reason for the dif-
ference. We observed similar differences in the recov-
ery of SARS-CoV-2 in wastewater with the different 
concentration methods.

A limitation of our study is that WBE as a surveil-
lance method cannot attribute viral loads to specific 
persons, which limits its use for providing granular 
epidemiologic data and follow-up crucial to outbreak 
investigations (35). Second, norovirus-specific hospi-
talization data are likely an underestimate of norovi-
rus-caused hospitalizations. All-cause AGE is overly 
broad, and the norovirus-specific AGE International 
Classification of Diseases codes require laboratory 
confirmation of norovirus; not all patients will nec-
essarily be tested for all pathogens. Third, wastewa-
ter was sampled weekly; however, disease duration 
of norovirus is often shorter, which might result in a 

temporal mismatch of data that could obscure finer-
scale temporal dynamics and weaken the observed 
associations between wastewater viral concentra-
tions and hospitalization incidence. We attempted 
to address that limitation by using the 7-day mov-
ing average but found no significant temporal lags 
or leads. Fourth, our study used 2 different labora-
tory methods, which made comparison between Erie 
County and the others more difficult but suggests 
that the method used to process Erie County samples 
resulted in greater nucleic acid recovery. Fifth, hos-
pitalizations were relatively rare across the study 
area and period. It is likely that not all patients who 
sought care for norovirus infection at a hospital were 
tested or received diagnosis. Last, the New York state 
wastewater surveillance network does not routinely 
collect flow data from participating WWTPs, which 
precludes any examination of whether normalizing 
the norovirus concentration in wastewater by flow 
could improve correlation with hospitalization data.

The results of this study reinforce the ability of 
WBE to monitor circulating norovirus and suggest 
that AGE hospitalizations are a small part of the 
norovirus public health burden. Contrary to its use 
for other pathogens, such as COVID-19 (29), WBE is 
unlikely to be useful for predicting norovirus hospi-
talizations. The moderate correlations observed in 
Erie County and during peak seasons suggest that 
WBE could be optimized to inform public health in-
terventions, especially during peak seasons, but more 
evidence is needed. Distinguishing between GI and 
GII trends highlights the importance of genogroup-
specific monitoring; the association of GII with severe 

Figure 14. Correlations between 
population-weighted wastewater 
activity level of norovirus genotype 
II in wastewater and incidence of 
all-cause acute gastroenteritis–
related hospitalizations in 
study of correlation between 
norovirus in wastewater with 
norovirus-attributable and general 
acute gastroenteritis–related 
hospitalizations, New York, USA, 
2022–2024. Blue line represents 
linear regression fit and gray 
shading indicates 95% CIs. A) Erie 
County; Spearman rank correlation 
coefficient (ρ) = 0.14. B) Jefferson 
County; ρ = −0.03. C) Onondaga 
County; ρ = 0.13. D) Westchester 
County; ρ = 0.14. WVAL, norovirus 
wastewater activity level.

S90	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 13, Summer Supplement 2026

WASTEWATER SURVEILLANCE



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 13, Summer Supplement 2026	 S91

Norovirus in Wastewater and Hospitalizations

outbreaks (36,37) could guide resource allocation for 
outbreak preparedness. In this capacity, WBE is use-
ful for understanding which norovirus genotypes are 
circulating in a particular population.
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Since cases were first identified outside mpox–
endemic regions in 2022 mpox has emerged as 

an increasing public health concern in the United 
States. The global outbreak in 2022 affected 75 
countries and territories; >2,300 cases had been 
confirmed in the United States by July 2022 (1). Be-
cause of evolving transmission dynamics, severity, 
and uncertainty surrounding social and economic 
impacts, the World Health Organization declared 

mpox a public health emergency of international 
concern on July 23, 2022 (2–3).

Mpox is an infectious disease endemic to regions 
of Central and West Africa. It is caused by the envel-
oped DNA virus monkeypox virus (MPXV) and is 
characterized by fever, headache, myalgia, lymph-
adenopathy, and a vesiculopustular rash that can 
involve the face, extremities, and genital region (3). 
Mpox is primarily transmitted through direct contact 
with active lesions, contaminated materials, bodily 
fluids, or respiratory secretions during dose contact 
(4,5). Mpox infections are categorized into 2 genetical-
ly distinct clades, clade I and clade II. Clade II infec-
tions, which were responsible for the global outbreak 
that began in 2022, are generally associated with less 
severe disease and reduced transmissibility (5). His-
torically, clade I mpox infections have demonstrated 
greater virulence, mortality, and transmission (6).

The Centers for Disease Control and Prevention 
(CDC) National Wastewater Surveillance System 
initiated wastewater testing for MPXV in October 
2022, five months after the mpox outbreak began in 
the United States. For underreported and stigma-
tized infections such as mpox, traditional case-based 
surveillance can present challenges, including in-
complete capture of subclinical or unreported cases, 
making wastewater surveillance (WS) a valuable 
complementary approach to clinical mpox surveil-
lance (5,6). Early work demonstrated that viral shed-
ding through urine, feces, respiratory secretions, and 
skin lesions can result in detectable MPXV in waste-
water, supporting wastewater-based epidemiology 
as a viable approach for monitoring and quantifying 
community transmission (2,7,8). In 1 study, MPXV 
detections in wastewater were shown to precede the 
identification of the clinical cases, highlighting its 
potential for early outbreak detection (9). Another 
study reported increases in wastewater viral concen-
trations ahead of reported clinical cases (5). Studies 
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In September 2023, the North Carolina Department of 
Health and Human Services identified a new case of 
mpox clade II 5 months after the last previous report. To 
assess possible unrecognized transmission, nonvariola 
orthopoxvirus testing was implemented at select waste-
water sites. During October 29, 2023–May 2025, a to-
tal of 801 samples were collected across 16 treatment 
plants serving ≈2 million residents. We analyzed waste-
water detections (n = 47) and clinical cases (n = 45) using 
a +17-day window. Overall sensitivity of identifying the 
presence of >1 temporally aligned mpox case within a 
sewershed was 10.6% (95% CI 6.5%–16.7%); specificity 
was 95.1% (95% CI 93.2%–96.5%), positive predictive 
value was 31.9% (95% CI 20.4%–46.2%), and negative 
predictive value was 83.2% (95% CI 80.3%–85.7%). Re-
stricting detections above the limit of detection reduced 
sensitivity but increased specificity. Overall, wastewater 
surveillance showed low sensitivity but provided comple-
mentary awareness for public health response.
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have also documented correlations between waste-
water MPXV concentrations and incident mpox 
cases within corresponding sewersheds, support-
ing the utility of WS as a proxy for community-level 
transmission (10). Finally, wastewater detections in 
areas without corresponding clinical reports may 
help identify communities where mpox transmission 
might otherwise remain undetected because of social 
stigma, limited clinical recognition, or constrained 
diagnostic capacity (5,9).

Recognizing WS as a valuable strategy for early 
identification of infectious disease activity, the North 
Carolina Department of Health and Human Ser-
vices (NCDHHS) integrated mpox monitoring into 
its statewide WS program. In September 2023, non-
variola orthopoxvirus testing was implemented at 
selected WS sites across the state. That assay detects 
orthopoxviruses including vaccinia, cowpox, and all 
clades of MPXV. Primary sites were facilities in Ashe-
ville, Charlotte, Greensboro, Greenville, and Raleigh; 
additional periodic testing was conducted at selected 
sites in Cary, Chapel Hill, North Durham, and South 
Durham. To evaluate mpox WS program in North 
Carolina, we conducted this study to estimate sensi-
tivity, specificity, positive predictive value (PPV), and 
negative predictive value (NPV) relative to confirmed 
clinical cases. 

Methods

Study Area and Surveillance Period
We conducted a retrospective diagnostic perfor-
mance analysis to evaluate WS for detecting MPXV 
circulation in North Carolina. For the period October 
29, 2023–May 31, 2025, we compared wastewater de-
tections from the North Carolina Wastewater Moni-
toring Network, operated by the NCDHHS, with con-
firmed clinical mpox cases using a +17-day temporal 
window. We assumed clinical case reporting to be 
complete for the purposes of this analysis. The study 
included data from 16 publicly owned wastewater 
treatment plants (WWTPs) with defined catchment 
areas serving a combined population of 2,002,864 
persons (Table 1). Facilities were in urban and se-
miurban regions and consisted of 4 plants in Char-
lotte, 3 plants each in Cary and Raleigh, and 1 plant 
each in Asheville, Chapel Hill, Greensboro, Green-
ville, North Durham, and South Durham. During 
the study period, 45 confirmed mpox cases occurred 
within the included sewersheds. We excluded sites 
sampled through CDC-contracted programs (Verily, 
https://verily.com) and WastewaterSCAN (https://
www.wastewaterscan.org) because of differences in  

laboratory methods, assays, reporting structures, and 
sampling frequency.

Clinical Case Data
We also obtained clinical case data from NCDHHS. 
A confirmed mpox case was defined according to the 
Council of State and Territorial Epidemiologists case 
definition from 2022 (22-ID-10) as detection of non-
variola orthopoxvirus or MPXV DNA in a clinical 
specimen by PCR in a patient with compatible symp-
toms (11). We defined case date as date of symptom 
onset. We geocoded cases using residential address 
and spatially assigned them to sewersheds by using 
ArcGIS Pro (Esri, https://www.esri.com).

Wastewater Sample Collection and Laboratory Testing.
Influent wastewater was collected as 24-hour com-
posite samples approximately 1 time/week at each 
WWTP except for the 3 plants in Cary and those in 
Chapel Hill, North Durham, and South Durham, 
which were only sampled selectively over the study 
period, generally in response to concerns about a 
confirmed or suspected mpox case in the general 
area. Samples were transported on ice and processed 
within 24 hours at the University of North Carolina 
at Chapel Hill. We quantified MPXV DNA using the 
CDC Non-variola Orthopoxvirus Generic Real-Time 
PCR Test (12). We originally optimized the assay in a 
wastewater matrix by conducting a thermal gradient 
from 62°C–52°C to see which annealing temperature 
resulted in the greatest separation from positive and 
negative droplet clusters (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/32/13/26-0414-App1.
pdf). We reported results as viral gene copies nor-
malized to flow rate and population within the sew-
ershed. We classified samples with concentrations 
above the assay limit of detection (LOD) as positive 
(n = 17). We experimentally determined the assay 
limit of blank (LOB) to be 0 copies/L by using meth-
ods adapted from Clinical and Laboratory Standards 
Institute document EP17 (13). Because the LOB was 
0, we theoretically estimated the assay LOD to be 
500 copies/L, because Poisson distribution requires 
roughly 3 copies per sample to detect >1 copies with 
95% probability (14,15). Using this strategy, we clas-
sified samples with concentrations from one half the 
LOD to the LOD as trace detections (n = 30).

Overall Sensitivity, Specificity, PPV, and NPV
We classified wastewater observations as positive or 
negative on the basis of laboratory results, as described 
previously. For each wastewater sample, the presence 
of >1 confirmed clinical case within +17 days in the 
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same sewershed was assessed. We selected a +17-day 
alignment window to approximate the biologically 
plausible period during which MPXV might be detect-
able in wastewater relative to a reported clinical case. 
Available data suggest that viral shedding is most like-
ly to occur at 4 to 25 days (16,17) and might begin before 
diagnosis. Additional delays related to seeking care, 
laboratory confirmation, case reporting, and wastewa-
ter sampling can create temporal offsets between infec-
tion and detection. We selected the +17-day window to 
balance those biological and operational considerations 
while minimizing misclassification. We defined diag-
nostic categories as follows: true positive (TP), waste-
water-positive and >1 clinical case within +17 days; 
false positive (FP), wastewater-positive and no clinical 
case within +17 days; true negative (TN), wastewater-
negative and no clinical case within +17 days; and false 
negative (FN), wastewater-negative and >1 clinical case  
within +17 days.

We calculated sensitivity (TP/[TP + FN]), speci-
ficity (TN/[TN + FP]), PPV (TP/[TP + FP]), and NPV 
(TN/[TN + FN]) overall and stratified results by 
WWTP/sewershed catchment. We calculated 95% 
CIs using Wilson score intervals because several sites 
had small denominators and proportions near 0 or 1. 
The primary analysis classified both positive and trace 
detections as wastewater-positive (n = 47). A second-
ary sensitivity analysis restricted wastewater-positive 

observations to samples exceeding the LOD (n = 17). 
Because clinical case surveillance is an imperfect ref-
erence standard and does not capture all infections, 
TP/FP/TN/FN classifications should be interpreted 
as concordance with reported cases rather than true 
infection status. All analyses were conducted in R 
version 4.2.3 (The R Project for Statistical Computing, 
https://www.r-project.org).

Results
During October 29, 2023–May 31, 2025, a total of 801 
wastewater samples were collected across 16 WWTPs 
serving an estimated population of ≈2 million people. 
Of those, 47 (5.9%) were classified as wastewater-pos-
itive (17 above the LOD and 30 trace detections) and 
754 (94.1%) were wastewater-negative. During the 
same period, 45 confirmed mpox cases were reported 
that fell within sewersheds representing the WWTPs 
in this study.

Using a +17-day temporal alignment window, 
we classified 15 wastewater observations as TPs, 32 
as FPs, 627 as TNs, and 127 as FNs (Table 2). The over-
all sensitivity of wastewater detection identifying the 
presence of >1 temporally aligned reported mpox case 
within a sewershed was 10.6% (95% CI 6.5%–16.7%). 
Specificity was 95.1% (95% CI 93.2%–96.5%). The PPV 
was 31.9% (95% CI 20.4%–46.2%), and the NPV was 
83.2% (95% CI 80.3%–85.7%).
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Table 1. Wastewater treatment plant/sewershed characteristics in study of mpox surveillance in wastewater, North Carolina, USA, 
October 2023–May 2025* 
Sewershed Population served Days measured Positive days Negative days Clinical cases 
Cary 1 84,189 7 2 5 0 
Cary 2 74,331 7 0 7 1 
Cary 3 75,886 7 1 6 1 
Chapel Hill 78,141 2 0 2 0 
Charlotte 1 68,685 82 4 78 0 
Charlotte 2 182,501 84 6 78 6 
Charlotte 3 120,000 78 3 75 11 
Charlotte 4 82,158 80 9 71 10 
Greensboro 135,821 70 3 67 0 
Greenville 89,616 73 2 71 0 
MSD Buncombe (Asheville) 173,000 61 2 59 5 
North Durham 142,000 7 1 6 0 
Raleigh 550,000 83 5 78 11 
Raleigh 2 30,655 75 4 71 0 
Raleigh 3 7,776 78 3 75 0 
South Durham 108,105 7 2 5 0 
Total 2,002,864 801 47 754 45 
*MSD, Metropolitan Sewerage District. 

 

 
Table 2. Diagnostic performance metrics of wastewater monitoring in study of mpox surveillance in wastewater, North Carolina, USA, 
October 2023–May 2025* 

Study TP FP TN FN 
Sensitivity, % 

(95% CI) 
Specificity, % 

(95% CI) PPV, % (95% CI) NPV, % (95% CI) 
Detections above LOD and 
trace detections 

15 32 627 127 10.6 (6.5–16.7) 95.1 (93.2–96.5) 31.9 (20.4–46.2) 83.2 (80.3–85.7) 

Detections above LOD only 2 15 644 140 1.4 (0.4%–5.0%) 97.7 (96.3–98.6) 11.8 (3.3–34.3) 82.1 (79.3–84.7) 
*FN, false negative; FP, false positive; LOD, limit of detection; NPV, negative predictive value; PPV, positive predictive value; TN, true negative;  
TP, true positive. 

 



WASTEWATER SURVEILLANCE

At the WWTP sewershed level, sensitivity was 
highest at Charlotte WWTP 2 (25.0%) and ranged 
from 0% to 25.0% across sites with clinical activ-
ity (Table 3). Several sewersheds had no temporally 
aligned clinical cases during the surveillance period, 
resulting in undefined sensitivity estimates. Specific-
ity was consistently high across sites, ranging from 
71.4% to 100%. PPV varied widely by facility, rang-
ing from <1% to 100%, reflecting differences in case 
occurrence and sampling frequency. NPV exceeded 
69% at all sites with clinical activity and was 100% at 
several facilities without aligned cases.

When restricting wastewater-positive observa-
tions to samples exceeding the LOD (n = 17), sensi-
tivity decreased from 10.6% (95% CI 6.5%–16.7%) to 
1.4% (95% CI 0.4%–5.0%), and specificity increased 
from 95.1% (95% CI 93.2%–96.5%) to 97.7% (95% CI 
96.3%–98.6%) (Table 2). The number of FP observa-
tions decreased from 32 to 15, whereas FN observa-
tions increased from 127 to 140. PPV decreased from 
31.9% (95% CI 20.4%–46.2%) to 11.8% (95% CI 3.3%–
34.3%), and NPV was similar (83.2% vs. 82.1%). Site-
level performance patterns were unchanged.

Discussion
This evaluation assessed the performance of WS 
for detecting MPXV across 16 WWTPs in North 
Carolina during October 2023–May 2025. Using a 
+17-day alignment window, wastewater detection 
demonstrated low sensitivity for identifying tem-
porally aligned clinical cases (10.6% overall when 
including trace detections and 1.4% when restricted 
to detections above the LOD) but high specificity 
(>95%) and moderate NPV of ≈83%. We selected a 

+17-day window to account for the expected du-
ration of MPXV shedding and potential delays 
between symptom onset, clinical diagnosis, and 
case reporting, while also accommodating once-
weekly wastewater sampling. Because wastewater 
represents a composite, time-integrated signal and 
samples are collected weekly, this window reduces 
misclassification that could arise from temporal  
offsets between individual infections and waste-
water detection.

Those findings compare with national estimates 
reported in another study (16) that observed a daily 
sensitivity of 13.8% for detecting >1 person shedding 
MPXV and a weekly sensitivity of 31.7%. The lower 
sensitivity observed in North Carolina likely reflects 
differences in analytic approach, case density, and 
assumptions about viral shedding. Adams et al. (16) 
assumed complete case ascertainment and uniform 
25-day viral shedding after symptom onset of mpox, 
whereas our analysis relied on confirmed case on-
set dates and a fixed +17-day temporal alignment 
window. This approach likely provides a more con-
servative estimate of sensitivity because wastewater 
detections occurring outside the defined window 
were classified as discordant even if they reflected 
prolonged or presymptomatic shedding. In addi-
tion, only 45 cases were identified across a popula-
tion of >2 million persons, limiting the probability 
that wastewater concentrations would exceed detec-
tion thresholds.

Despite low sensitivity for detecting single cas-
es, specificity was high (95%–98%), indicating that 
wastewater-negative observations were generally 
concordant with the absence of reported cases. The 
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Table 3. Diagnostic characteristics stratified by wastewater treatment plant/sewershed in study of mpox surveillance in wastewater, 
North Carolina, USA, October 2023–May 2025 

Sewershed TP FP TN FN 
Sensitivity, % 

(95% CI) 
Specificity, % 

(95% CI) PPV, % (95% CI) NPV, % (95% CI) 
Cary 1 0 2 5 0 – 71.4 (35.9–91.8) <1 (0–65.8) 100 (56.6–100) 
Cary 2 0 0 7 0 – 100 (64.6–100) – 100 (64.6–100) 
Cary 3 0 1 2 4 <1 (0–49.0) 66.7 (20.8–93.9) <1 (0–79.3) 33.3 (9.7–70.0) 
Chapel Hill 0 0 2 0 – 100 (34.3–100) – 100 (34.3–100) 
Charlotte 1 0 4 78 0 – 95.1 (88.1–98.1) <1 (0–49.0) 100 (95.3–100) 
Charlotte 2 6 0 60 18 25 (12.0–45.0) 100 (93.8–100) 100 (61.0–100) 77.0 (66.4–84.9) 
Charlotte 3 3 0 52 23 11.5 (3.5–29.0) 100 (93.1–100) 100 (43.9–100) 69.3 (58.2–78.6) 
Charlotte 4 3 6 44 27 10.0 (0.03–25.6) 88.0 (76.2–94.4) 33.3 (12.1–64.6) 62.0 (50.3–72.3) 
Greensboro 0 3 67 0 – 95.7 (88.1–98.5) <1 (0–56.2) 100 (94.6–100) 
Greenville 0 2 71 0 – 97.3 (90.6–99.1) <1 (0–65.8) 100 (94.9–100) 
MSD Buncombe 
(Asheville) 

0 2 42 17 <1 (0–18.4) 95.4 (84.9–98.7) <1 (0–79.3) 71.2 (58.6–81.1) 
North Durham 0 1 6 0 – 85.7 (48.7–97.4) <1 (0–79.3) 100 (61.0–100) 
Raleigh 3 2 40 38 7.3 (2.5–19.4) 95.2 (84.2–98.7) 60.0 (23.1–88.2) 51.3 (40.4–62.1) 
Raleigh 2 0 4 71 0 – 94.7 (87.1–97.9) <1 (0–49.0) 100 (94.9–100) 
Raleigh 3 0 3 75 0 – 96.2 (89.3–98.7) <1 (0–56.2) 100 (95.1–100) 
South Durham 0 2 5 0 – 71.4 (35.9–91.8) <1 (0–65.8) 100 (56.6–100) 
*Dashes indicate that sensitivity cannot be evaluated in sewersheds with no clinical cases (TP+FN) and PPV cannot be evaluated in sewersheds with no 
detections (TP+FP). FN, false negative; FP, false positive; MSD, Metropolitan Sewerage District, NPV, negative predictive value; PPV, positive predictive 
value; TN, true negative; TP, true positive. 

 



Monkeypox Virus Surveillance in Wastewater 

NPV exceeded 80% overall and was higher at sev-
eral individual sites, suggesting that the absence of a 
wastewater detection was associated with a low like-
lihood of concurrent reported cases. However, the 
PPV was modest (31.9% in the primary analysis and 
11.8% in the LOD-only analysis), reflecting that some 
wastewater detections occurred without temporally 
aligned reported cases. Such detections could rep-
resent travel-associated cases, delayed reporting, 
prolonged shedding, asymptomatic or subclinical 
infections, or infections among persons residing out-
side the mapped catchment area. As a consequence, 
wastewater detections occurring without temporally 
aligned reported cases should not necessarily be in-
terpreted as analytical FPs and might indicate true 
but unrecognized infections, suggesting that PPV 
might be underestimated. Therefore, if even a sub-
set of those observations represented true infections, 
the PPV of WS would be higher than estimated in 
this analysis.

Of note, sensitivity increased substantially when 
trace detections were included, indicating that low-
level signals contributed meaningfully to temporal 

concordance with reported cases. That finding un-
derscores the tradeoff between sensitivity and speci-
ficity when defining wastewater-positive thresholds. 
Restricting classification to concentrations above the 
assay LOD generally increased specificity but mark-
edly reduced sensitivity, potentially limiting the 
ability to detect low-level community signals in low- 
incidence settings. In North Carolina, trace detections 
are interpreted within a structured public health deci-
sion framework rather than as definitive evidence of 
transmission and might prompt notification of local 
health departments and wastewater partners, review 
of recent case activity, enhanced syndromic surveil-
lance monitoring, and coordination regarding case 
investigation or specimen retesting. Those actions are 
consistent with our public health action decision tree 
for confirmed detections (Figure). Confirmed detec-
tions might also involve escalation actions such as 
broader public notification, targeted outreach, and 
intensified sampling.

Several factors likely contributed to the low sen-
sitivity observed. First, mpox incidence during the 
study period was low and sporadic, reducing the 
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Figure. Public Health Action Decision Tree for monkeypox virus surveillance in wastewater, North Carolina, USA, October 2023–May 
2025. Period of 28 days is based on typical lesion healing duration (16). EDSS, Electronic Disease Surveillance System; LHD, local 
health department; PEP, postexposure prophylaxis; PHE, public health epidemiologist; SLPH, State Laboratory of Public Health; WWTP, 
wastewater treatment plant.
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probability that viral shedding might be detectable 
within large, pooled wastewater catchments. Second, 
sampling occurred once per week, which might have 
missed transient shedding signals. Third, wastewa-
ter represents an aggregate population-level signal, 
and the dilution effect within large catchments (some 
serving >500,000 persons) might limit detection of in-
dividual infections. Fourth, alignment relied on resi-
dential address assignment; persons infected but not 
residing within the sewershed would reduce mea-
sured concordance.

The first limitation of this study is that reported 
clinical cases are not a perfect standard for infec-
tion. Our intent was to quantify the extent to which 
wastewater detections were temporally aligned with 
reported clinical cases within the same sewershed, 
rather than to provide an estimate of the true diag-
nostic accuracy of WS for detecting infection. Second, 
clinical case reporting was assumed to be complete 
within each sewershed; however, underascertain-
ment of cases could bias estimates of sensitivity and 
PPV downward while inflating NPV. Several factors 
might have contributed to incomplete case detec-
tion, including mild or atypical symptoms, barriers to 
healthcare access, stigma, variation in clinical testing 
practices, and infections occurring among visitors or 
commuters whose residence falls outside the waste-
water catchment. As a result, wastewater detections 
might occur in the absence of a temporally aligned 
reported clinical case.

An additional limitation of this study is that viral 
shedding dynamics were not directly measured, and 
the +17-day alignment window might not fully cap-
ture the duration or variability of shedding. Waste-
water sampling was also conducted only once per 
week, which might have reduced the likelihood of 
capturing transient or low-level shedding events and 
could have contributed to lower observed sensitivity. 
Finally, although laboratory methods were consistent 
within this program, sampling frequency and ana-
lytic approaches might differ from other surveillance 
systems and studies, limiting direct comparability 
with published estimates, including those reported 
by Adams et al. (16).

Although sensitivity for detecting single cases 
was limited, high specificity and moderate NPV in-
dicate that absence of detection might provide reas-
surance that widespread community transmission 
is unlikely. In low-prevalence contexts, isolated 
wastewater detections should be interpreted cau-
tiously and in conjunction with epidemiologic in-
vestigation (9). Conversely, sustained nondetection 
in monitored sewersheds might help inform risk  

communication and public health response deci-
sions. Continued evaluation across varying trans-
mission intensities and analytic thresholds will 
help clarify the optimal role of mpox WS in out-
break preparedness and response. Finally, because 
clinical surveillance does not capture all mpox in-
fections, some wastewater detections classified as 
FPs might instead represent true but unrecognized 
infections. Consequently, the sensitivity and posi-
tive predictive value reported here should be con-
sidered conservative estimates of concordance with 
reported clinical cases rather than measures of true 
diagnostic accuracy.
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West Nile virus (WNV) is an enveloped, posi-
tive-sense RNA orthoflavivirus transmitted by 

mosquitoes (1). Although several lineages of WNV 
exist, the most common and virulent for humans are 
lineage I, found worldwide, and lineage II, found in 
sub-Saharan Africa and Europe (2). Most WNV infec-
tions are asymptomatic or mild; however, each year 
≈1,300 neuroinvasive disease cases are reported in 
the United States (3–6). Symptomatic WNV infection 
is marked by nonspecific symptoms such as head-
ache, body aches, joint pain, vomiting, diarrhea, or 
rash (1,2). A severe neuroinvasive disease develops 
in <1% of those infected with WNV (1,2). Because 

no vaccines or therapeutics for WNV have been ap-
proved, personal protective behaviors, vector control, 
and blood and organ donor screening for WNV are 
essential tools to reduce WNV disease–related illness 
and death (7).

Various modes of surveillance are used to moni-
tor and control WNV transmission, including mos-
quito, dead bird, and sentinel animal surveillance. 
However, those surveillance methods are inconsis-
tently used across the United States and rarely per-
formed year-round. Surveillance for WNV in humans 
includes testing symptomatic persons and monitor-
ing blood donations (1,2,8,9). Nevertheless, those 
methods miss mild infections in persons not seeking 
medical attention or donating blood, likely underrep-
resenting the number of WNV cases.

Wastewater surveillance (WS) was success-
fully implemented to monitor the prevalence and 
transmission of various viral pathogens including 
poliovirus, SARS-CoV-2, and monkey pox virus in 
humans regardless of reported clinical symptoms 
(10–12) and sometimes before reported human 
cases (13). WS also proved informative during the 
COVID-19 pandemic. SARS-CoV-2 virions and vi-
ral RNA are shed in patient feces and recoverable 
in wastewater, which enabled the adaptation of 
wastewater monitoring to assist in estimating the 
prevalence of COVID-19 cases and detecting con-
cerning variants (14–16). Since the COVID-19 pan-
demic began, WS has rapidly expanded as an effec-
tive method to monitor transmission of enteric and 
respiratory pathogens on a large scale, resulting in 
multiple countries establishing regional or national 
level systems (17).

Studies have identified measurable levels of 
WNV RNA in urine from both symptomatic and as-
ymptomatic persons after WNV infection (9,18–20). 
Because wastewater surveillance was an effective 
tool for other viruses and WNV has been shown to be 
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West Nile virus (WNV) is the most common cause of do-
mestic human arboviral infection in the contiguous United 
States. WNV surveillance across the United States is not 
comprehensive and is limited. Nonclinical WNV surveil-
lance is variable, and WNV surveillance in humans is 
limited by the percentage of symptomatic human infec-
tions and time it takes to seek healthcare and diagnosis. 
Wastewater surveillance has been used to detect virus-
es shed from asymptomatic and symptomatic persons; 
therefore, we assessed wastewater as a surveillance 
tool for WNV tracking. We tested archived RNA and 
raw wastewater from 6 states with documented human 
illness during the 2023 WNV transmission season for 
WNV RNA. WNV RNA was detected in 18% (n = 29/158) 
of samples from Arizona, California, Colorado, Illinois, 
Indiana, and Nebraska. Our results highlight the ability 
to detect WNV in wastewater and the potential of waste-
water surveillance to augment current surveillance data.



Wastewater as Surveillance for West Nile Virus

shed in urine, we sought to determine the feasibility 
of WS for WNV. We assessed WNV RNA recovery 
from spiked wastewater samples and WNV RNA de-
tection from wastewater samples collected in coun-
ties with human or nonhuman WNV activity during 
the 2023 transmission season.

Materials and Methods

Virus Growth
We infected confluent Vero cells (American Type 
Culture Collection, https://www.atcc.org) in 150-
cm2 flasks with WNV lineage I isolate RO97–50 at 
a multiplicity of infection of 0.01. We maintained 
infected cells in yeast extract/lactalbumin media 
supplemented with 3% (vol/vol) sodium bicarbon-
ate (Invitrogen, https://www.invitrogen.com), 2% 
(vol/vol) fetal bovine serum (Cytiva, https://www.
cytivalifesciences.com), 0.1% (vol/vol) Gentamicin 
(MP Biomedicals, https://www.mpbio.com), 0.4% 
(vol/vol) Fungizone (Cytiva), and 1% (vol/vol) Pen/
Strep (Invitrogen). We collected the supernatant from 
infected cells at 80% cytopathic effect and froze the 
supernatant at −20°C.

WNV Stability in Contrived Wastewater Samples
We spiked wastewater from the Colorado Department 
of Public Health and Environment (CDPHE) collect-
ed outside of typical arbovirus transmission period 
(collected March 2023) with 104–107 RNA copies/140 
µL of WNV. We included unmanipulated wastewa-
ter as a negative control. We pasteurized samples 
for 30 minutes at 56°C. For time course studies, we 
left samples at room temperature before pasteuriza-
tion. We chose a time course to encompass the early 
time points at which wastewater would be collected 
and to enable further determination of WNV stabil-
ity in wastewater. We extracted RNA from 140µL of 
contrived wastewater samples by using the QIAamp 
Viral RNA Mini Kit (QIAGEN, https://www.qiagen.
com) and eluted in 100 µL of AVE buffer.

RNA Samples Derived from Wastewater
CDPHE provided 48 deidentified, archived RNA 
samples derived from wastewater on the basis of a 
request for available samples collected from regions 
with documented human WNV cases during the 
summer of 2023. Wastewater was collected from 2 
Colorado counties during the summer of 2023. Nano-
trap enhancement reagents (CERES Nano, https://
www.ceresnano.com) were used to concentrate 
40mL of wastewater following manufacturer’s in-
structions. RNA had been previously extracted from  

concentrated wastewater by using the MagMAX 
Wastewater Ultra Nucleic Acid Isolation Kit (Thermo 
Fisher Scientific, https://www.thermofisher.com).

Wastewater Samples and Concentration
The Centers for Disease Control and Prevention’s 
National Wastewater Surveillance System bioreposi-
tory provided 110 archived raw wastewater samples 
collected during the 2023 WNV transmission season. 
The wastewater was provided on the basis of a re-
quest for available samples that had been collected 
in counties or states with documented human WNV 
cases during the 2023 transmission season. 

Volumes of 15 mL per sample were shipped to 
the Centers for Disease Control and Prevention, Na-
tional Center for Emerging and Zoonotic Infectious 
Diseases, Division of Vector-Borne Diseases, Arbo-
viral Diseases Branch (Fort Collins, CO, USA) and 
stored at −80°C until processing. We concentrated 
raw wastewater by using polyethylene glycol precipi-
tation as previously described (21). We thawed raw 
wastewater and waited for debris to settle. From the 
clarified top section of the sample, we extracted 5 mL 
and heat treated the sample for 30 minutes at 56°C. 
We mixed the pasteurized wastewater with polyeth-
ylene glycol (0.14 g/mL) and NaCl (0.0117 g/mL). 
We shook the samples at 200 rpm in a MaxQ 4000 Or-
bital Shaker (ThermoFisher Scientific) for 4 hours at 
4°C and then centrifuged the samples at 6,500 × g for 
30 minutes at 4°C. We discarded the supernatant and 
resuspended the pellets in 500 µL sterile phosphate 
buffered saline. We stored the resuspended pellets at 
−80°C until RNA extraction. We isolated RNA from 
resuspended pellets by using the QIAamp Viral RNA 
Mini Kit (QIAGEN) according to the manufacturer’s 
instructions. We eluted RNA in a total volume of 30 
µL AVE buffer (QIAGEN) twice and stored at −80°C.

Digital Reverse Transcription PCR
We conducted digital reverse transcription PCR 
(dRT-PCR) to quantify WNV RNA copies by using a 
QIAcuity One Digital PCR System (QIAGEN) and the 
QIAcuity OneStep Advanced Probe Kit (QIAGEN) ac-
cording to the manufacturer’s instructions. We quan-
tified WNV RNA copies by using envelope-specific 
primers and probe (forward, 5′-TCAGCGATCTCTC-
CACCAAAG-3′; reverse, 5′-GGGTCAGCACGTTT-
GTCATTG-3′; probe, 5′-TGCCCGACCATGGGAGA-
AGCTC-3′) (22). For contrived wastewater samples, 
we loaded 1 µL RNA in a total mixture volume of 
12 µL onto an 8.5K Nanoplate (QIAGEN). For RNA 
provided by CDPHE and RNA extracted from 
archived wastewater samples, we loaded 10 µL RNA 
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in a total volume of 40 µL onto a 26K Nanoplate 
(QIAGEN). We included primers and probes specific 
for pepper mild mottle virus (PMMoV) (PMMoV-
FP1-rev 5′-GAGTGGTTTGACCTTAACGTTTGA-3′; 
PMMoV-RP1 5′-TTGTCGGTTGCAATGCAAGT-3′; 
PMMoV-Probe1 5′-/56-FAM/CCTACCGAA/
ZENGCAAATG/3IABkFQ/-3′) when testing RNA 
extracted from wastewater as positive extraction 
control. For the PMMV assay, we loaded 1 µL RNA 
in a total volume of 12 µL onto an 8.5K Nanoplate 
(QIAGEN). We included a positive WNV control, a 
negative wastewater control, and a water control on 
each plate. We considered samples with >3 positive 
partitions positive. Negative and water control wells 
all had <3 positive partitions.

Real-time Reverse Transcription PCR
We subsequently analyzed samples with >3 positive 
partitions from dRT-PCR testing by using real-time 
reverse transcription PCR (RT-PCR). We used the 
Quantitect probe RT-PCR kit (QIAGEN) to detect viral 
RNA by using the WNV envelope primers and probe 
(22) according to the manufacturer’s instructions. We 
used 10 µL of RNA in a total reaction volume of 25 µL. 
We included positive and negative controls on each 
plate. We deemed a cycle threshold value <38 posi-
tive (23). We only considered samples that were posi-
tive by both dRT-PCR and real-time RT-PCR methods 
positive for WNV RNA.

Surveillance Data
We obtained surveillance data for 2023 from  
ArboNET, the national surveillance system for arbo-
viral diseases (https://www.cdc.gov/vector-borne-
diseases/php/arbonet). State and territorial health 
departments voluntarily report nonhuman (i.e., posi-
tive mosquitoes, sentinel animals, or animal disease 
cases) and human (disease cases and presumptive 
viremic donors) data to ArboNET by using standard 
surveillance case definitions. We compared the timing  

of positive surveillance events with wastewater test-
ing results by using timelines beginning with the first 
WNV surveillance event (day 0). Human cases are de-
marcated by onset date.

Results

WNV Stability in Contrived Wastewater
We determined recovery of WNV RNA from waste-
water via dRT-PCR, which has enhanced resistance 
to inhibitors in complex matrices like wastewater 
(24). Immediate (0 h) isolation of RNA from waste-
water spiked with a high concentration (yields 
106–107 RNA copies/140 µL) of WNV resulted in an 
average of 75% recovery (Figure 1, panel A). Detec-
tion dropped to 60% by 4 hours after spiking and 
50% by 72 hours after spiking (Figure 1, panel A). 
As expected, detection of recovered WNV RNA in 
wastewater spiked with a low concentration (yields 
104–105 RNA copies/140 µL) of WNV was lower, 
with an average of 50% recovery at 0–4 hours, and 
down to 35% recovery by 72 hours after spiking 
(Figure 1, panel B). We detected WNV spiked in 
wastewater down to a limit of 14 copies/µL of input 
RNA and observed large deviations in recovery par-
ticularly at later timepoints, suggesting variability 
in the degradation of WNV virions and RNA. Nev-
ertheless, those data indicate WNV can be detected 
in contrived wastewater samples for up to 72 hours 
after spiking.

Detection of WNV in Archived RNA
We next investigated whether WNV RNA could be 
detected in archived RNA derived from wastewa-
ter collected during the Colorado arbovirus trans-
mission season of 2023. We tested 48 residual RNA 
samples from 2 counties for the presence of WNV 
RNA by dRT-PCR. Five (10.4%) of 48 samples were 
positive for WNV RNA (Table 1). Of the negative 
samples, 2 had 2 positive partitions, 9 had 1 positive 
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Figure 1. West Nile virus 
(WNV) RNA detection by digital 
reverse transcription PCR in 
spiked wastewater samples 
up to 72 hours from laboratory 
assessment of wastewater as 
surveillance tool for WNV, United 
States. WNV RNA recovery over 
time from wastewater spiked with 
a high concentration of WNV 
(known yield 106–107 RNA copies) 
(A) or a low concentration of 
WNV (known yield 104–105 RNA 
copies) (B). Data are represented 
as averages from multiple experiments; error bars represent SD.
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partition, and 32 had 0 positive partitions. Those data  
demonstrate WNV RNA can be detected in wastewa-
ter by using dRT-PCR.

Detection of WNV in Archived Wastewater Samples
We next examined whether archived wastewater 
samples collected by the National Wastewater Sur-
veillance System jurisdictions were positive for WNV. 
We tested wastewater collected during the 2023 WNV 
transmission season from deidentified counties with 
or without documented human cases of WNV for the 
presence of WNV RNA. We then compared results 
with other reported surveillance data from the same 
county to determine whether WS could bolster exist-
ing surveillance methods (Figure 2).

During the 2023 WNV transmission season, 
county A in California reported 12 human WNV in-
fections. We tested 46 wastewater samples from the 2 
watersheds (data are combined) servicing that county 
(Table 2). Of those samples, 10 were positive for WNV 

by dRT-PCR and real-time RT-PCR (Table 3; Figure 2, 
panel B). Of note, wastewater samples were positive 
for WNV before positive bird detections by 37 days, 
sentinel detections by 68 days, and mosquito detec-
tions by 29 days (Figure 2, panel A). Furthermore, 5 
wastewater samples were positive for WNV up to 27 
days before the first documented human WNV case.

County B in Arizona reported 72 human WNV 
disease cases and 5 asymptomatic presumptive vire-
mic blood donors during the 2023 transmission sea-
son. We excluded 2 human cases that did not have 
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Table 1. Archived RNA samples positive by PCR for West Nile 
virus RNA in a laboratory assessment of wastewater as 
surveillance tool, United States* 
CDPHE sample No. positive partitions 
1 6 
2 6 
3 12 
4 3 
5 4 
*CDPHE, Colorado Department of Public Health and Environment.  

 

Figure 2. West Nile virus (WNV) RNA detected in wastewater collections from sampled jurisdictions compared with other surveillance 
methods from laboratory assessment of wastewater as surveillance tool for WNV, United States. A) County A, California, USA. B) 
County B, Arizona, USA. C) County C, Illinois, USA. D) County D, Nebraska, USA. E) County E, Colorado, USA. F) County F, Indiana, 
USA. Wastewater samples from each county were tested by digital reverse transcription PCR and real-time reverse transcription PCR 
for WNV RNA. Wastewater data are compared with the number of other WNV-positive surveillance events reported to ArboNET (y-axis): 
human, equine, Culex mosquito, sentinel, and bird samples. Timeline for samples is dictated as days after first surveillance event 
(x-axis). Dotted vertical lines mark the time frame for available archived wastewater.



WASTEWATER SURVEILLANCE

reported onset dates from the graph. More than 130 
WNV-positive mosquito pools and 2 equine cases 
were also identified during that time. We assayed 10 
wastewater samples for WNV RNA. Although only 1 
sample was positive for WNV RNA, it was collected 
during the time frame when human WNV cases were 
reported (Table 3; Figure 2, panel B3). The single posi-
tive wastewater sample was collected 143 days after 
the first reported human case, 72 days after the first 
reported positive mosquito pool, and 59 days before 
the 2 reported WNV equine cases. The limited num-
ber of samples available for testing might have pre-
vented detection of WNV earlier in the season (Figure 
2, panel B).

County C in Illinois reported 3 human WNV in-
fections during the 2023 transmission season. Of the 
20 wastewater samples available, 6 were positive for 
WNV (Table 3; Figure 2, panel C). Five wastewater 
samples were positive for WNV up to 67 days before 

the first human case and up to 86 days before a WNV 
positive bird was detected. In addition, 4 wastewater 
samples were positive for WNV up to 45 days before 
a single positive mosquito pool.

We tested 7 wastewater samples from county D in 
Nebraska, which reported 3 human cases of WNV. Of 
those samples, 2 were positive for WNV RNA (Table 
3; Figure 2, panel D), and wastewater was positive for 
WNV 1 day before the first documented human WNV 
case and 62 days before a single equine WNV case.

County E in Colorado had no reported human 
WNV cases during the 2023 transmission season but 
did report 2 equine cases (Figure 2, panel E). Of 12 
wastewater samples available from the county, 3 
were positive for WNV RNA, the first of those posi-
tive 22 days before the first equine case (Table 3; Fig-
ure 2, panel E). County F in Indiana also reported no 
human cases of WNV during the summer of 2023. 
However, of the 15 wastewater samples available, 2 
samples tested positive for WNV RNA 30 and 16 days 
before detection of WNV in mosquito pools (Table 3; 
Figure 2, panel F).

Discussion
WS has proven a useful tool for monitoring circu-
lation of certain infectious agents, prevalence of 
bacteria with antimicrobial resistance, and trac-
es of narcotics at a population scale (25–27). For  
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Table 2. Wastewater sample site details including jurisdiction, 
population size, and total samples collected in a laboratory 
assessment of wastewater as surveillance tool for West Nile 
virus, United States 
Jurisdiction Sewershed population No. samples 
County A, CA 709,694 46 
County B, AZ 2,400,000 10 
County C, IL 240,000 20 
County D, NE 4,800 7 
County E, CO 7,300 12 
County F, IN 28,000 15 

 

 
Table 3. Results for NWSS jurisdiction wastewater samples that were positive by dRT-PCR and real-time RT-PCR collected in a 
laboratory assessment of wastewater as surveillance tool for West Nile virus, United States* 

Sample jurisdiction 
First reported nonwastewater 

surveillance event, d 
First reported human disease 

case, d 
RNA copies/5 mL 

wastewater† Ct† (23) 
County A, CA −27 −27 72.96 36.54 
 −22 −22 19.08 32.24 
 −16 −16 24.96 35.7 
 −13 −13 18.96 37.5 
 −6 −6 42.84 35.31 
 1 1 184.08 32.44 
 1 1 135.72 36.08 
 8 8 19.2 35.99 
 13 13 30.48 34.97 
 64 64 18.96 36.91 
County B, AZ 143 143 24.24 36.29 
County C, IL −67 −67 249.72 32.16 
 −48 −48 84.84 34.86 
 −46 −46 84.84 34.59 
 −34 −34 1380 26.91 
 −20 −20 38.4 36.53 
 31 31 31.68 31.88 
County D, NE −1 −1 44.88 34.14 
 26 26 18.24 36.9 
County E, CO −22 NA 28.56 37.09 
 −16 NA 57 33.19 
 19 NA 18.36 35.26 
County F, IN −30 NA 225.96 32.81 
 −16 NA 155.76 34.91 
*Ct, cycle threshold; dRT-PCR, digital reverse transcription PCR; NA, not applicable; NWSS, National Wastewater Surveillance System; RT-PCR, reverse 
transcription PCR. 
†RNA copies/5 mL of wastewater from dRT-PCR and Ct values from real-time RT-PCR. 
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pathogens transmitted by the fecal–oral route, WS 
has shown to be valuable for detecting outbreaks, 
often before widespread transmission and clini-
cal manifestations, leading to swift public health  
responses (28–30). 

WNV RNA was detected in both contrived and 
archived wastewater samples tested in this study. 
In total, WNV RNA was detected in 18% (29/158) 
of samples tested. Five archived RNA samples 
from Colorado were positive for WNV RNA by 
dRT-PCR. Furthermore, 24 of 110 raw wastewater 
samples were found positive for WNV RNA by 
dRT-PCR and real-time RT-PCR. Of note, many 
positive wastewater samples were collected before 
documented human infections (Figure 2, panels A, 
C, D), indicating WS might provide knowledge of 
WNV circulation before other surveillance methods 
or in areas with limited WNV surveillance. Early 
detection of WNV by using WS might be particu-
larly helpful because lag times often occur between 
WNV activity detected by existing surveillance ef-
forts (if detected at all) and identification of human 
cases. Counties without vector surveillance might 
also lack vector control methods. Regardless, infor-
mation yielded from WS could be used to inform 
healthcare providers and the public of the risk for 
WNV transmission. WNV was also detected in 
wastewater from counties with robust WNV sur-
veillance before reported detection in the environ-
ment (e.g., California and Illinois). It is unknown if 
environmental surveillance was conducted during 
those times; nevertheless, WS could bolster exist-
ing surveillance strategies. Finally, WNV positive 
wastewater samples were detected in absence of 
reported human illness (Figure 2, panels E and F). 
That finding indicates that WS might detect WNV 
shed from subclinical human infections. Collective-
ly, our data demonstrate wastewater can provide 
notice of circulating WNV, perhaps even in ad-
vance of other surveillance methods. Nevertheless, 
additional prospective work is needed to determine 
site specific applicability of WNV wastewater sur-
veillance to augment WNV prevention and control.

Our results, along with those of other studies, 
support the feasibility of identifying WNV in waste-
water. One study found 16 of 21 wastewater samples 
positive for WNV from counties in Oklahoma (K.G. 
Kuhn et al., unpub. data, http://dx.doi.org/10.2139/
ssrn.4805820). In that study, the samples were deemed 
positive if 1 droplet was positive, rather than the 3 
positive partitions used with dRT-PCR in this article. 
Compared with another study, our results indicate 
the liquid fraction of wastewater is likely more sensi-

tive for detection of WNV because only 2% of 601 set-
tled solid samples were positive for WNV RNA (31) 
compared with 10%–30% positivity found among our 
samples (Arizona, 10%; California, 22%; Colorado, 
25%; Illinois, 30%; Indiana, 13%; and Nebraska, 29%).

Other arboviruses, including Zika virus (ZIKV), 
Japanese encephalitis virus, and dengue virus 
(DENV), have been successfully detected in waste-
water (32–34). Those wastewater detections occurred 
around a small cluster of ZIKV cases (32), during an 
acute outbreak of Japanese encephalitis virus (33), 
and in an area with documented cases and emerging 
risk for DENV (34). In contrast, similar studies were 
not successful in detecting ZIKV during an outbreak 
or DENV in an endemic region (35,36). Discrepancies 
in detecting arboviral RNA in wastewater were po-
tentially caused by a variety of factors including dif-
ferences among the targeted viruses, the wastewater 
systems, sample storage and preparation, and assay 
specificity and sensitivity.

The first limitation of this study is that waste-
water is a complex matrix that greatly hindered our 
attempts to sequence wastewater samples and fur-
ther confirm samples. Because of wastewater resis-
tance to inhibitors, we relied primarily on dRT-PCR 
for detection of WNV RNA in wastewater samples. 
Further work would be necessary to optimize 
wastewater sequencing for WNV and reduce po-
tential false positive and to standardize detection 
of WNV in wastewater, which is influenced by col-
lection volumes, instrument use, and defined limits 
of detection. Second, because archived wastewater 
samples were not collected specifically to detect 
WNV transmission, wastewater samples collected 
during peak WNV transmission were limited and 
underwent a freeze–thaw cycle that might have 
degraded WNV RNA. Third, because of sample 
volume limitations, we extracted RNA from only 
5 mL of wastewater, whereas routine surveillance 
methods use volumes up to 50 mL. The smaller vol-
ume might have been inadequate to detect WNV 
RNA in some instances. Fourth, the detection of 
WNV RNA in wastewater was compared with 
WNV detection by other surveillance methods re-
ported to ArboNET. Because data are voluntarily 
reported to ArboNET, not all instances of WNV 
detection by other surveillance methods might be 
included in our datasets. Finally, we lacked infor-
mation on the type of wastewater system in each 
jurisdiction. Wastewater systems are generally 
separate sanitary sewers (collect wastewater only) 
or combined sewers (collect both wastewater sew-
age and stormwater runoff). Certain mosquito  
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species are known to breed in storm sewer pipes 
(37). Therefore, we cannot rule out nonhuman 
sources of WNV RNA in wastewater samples. 
Knowledge of the type of wastewater system at 
each collection site might have provided more in-
formation regarding the source of WNV RNA.

In summary, we were successful in detecting 
WNV RNA in wastewater across multiple states, 
often before documented human infection or other 
ArboNET-reported surveillance methods. Future 
studies could determine the practicality of WNV WS 
to support WNV prevention and control in specific 
jurisdictions. Our results highlight the potential value 
of WS for WNV, particularly in locations with limited 
resources for surveillance. 
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Although wastewater surveillance (WS) (1) has a 
role in outbreak detection (2–4), integration of 

WS data into clinical practice remains limited (5). Lit-
tle is known about how infectious disease clinicians 
perceive WS (6). The Centers for Disease Control 
and Prevention (CDC) and the Infectious Diseases 
Society of America’s Emerging Infections Network 
(EIN) (https://ein.idsociety.org), a sentinel network 
of infectious disease physicians and other infectious 
disease specialists, surveyed EIN member-clinicians 
in 2024 to generate hypotheses about knowledge of, 
attitudes toward, and use of WS data (5,7) Our pre-
viously published quantitative results revealed 56% 
of EIN clinicians did not review WS data regularly, 
22% of respondents reviewed it regularly, and 22% 
were not aware of WS data (5). To complement those 
previous findings, we present an in-depth analysis 
of qualitative data from the same survey.

Methods
During February–March 2024, we distributed a 
9-question, cross-sectional, voluntary internet sur-
vey to EIN members. We followed applicable re-
porting guidelines from The Checklist for Reporting 
Results of Internet E-Surveys and Standards for Re-
porting Qualitative Research (8). We focused on this 
open-ended question: “Please provide any specific 
example(s) of how wastewater surveillance has af-
fected/could affect your clinical practice.” Of 1,809 
EIN members, 448 (25%) responded to the survey. Of 
those who responded, 192 (40%) provided free-text 
comments about clinical impact, with 178 describing 
how WS does or could affect their clinical practice 
and 14 indicating WS has no affect on their clinical 
practice. Using content analysis, analysts iteratively 
reviewed the 192 responses using an inductive ap-
proach, noting multiple response topics. Analysts 
then coded responses, identified potential themes 
that aligned with responses, and selected representa-
tive quotations from a password-protected file. We re-
viewed codes and themes and refined them through 
team discussions to ensure consistency in interpreta-
tion. The CDC’s National Center for Emerging and 
Zoonotic Infectious Diseases Human Subjects Advi-
sor reviewed this activity and deemed it nonresearch 
per applicable federal law and CDC policy.

Results
We compiled key themes based on survey responses 
(Figure). Of 192 responses, approximately half (47%, n 
= 91) involved situational awareness and early warn-
ing. Respondents stated WS can help to “identify 
outbreaks earlier,” “act like a ‘canary in a coal mine’ 
as far as being a harbinger of diseases in a commu-
nity,” and can help to “notify emergency department  
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physicians to be on alert for certain infections.” About 
one quarter (24%, n = 47) of responses pertained to 
infection prevention and control. One respondent 
reported using WS “with hospital planning as part 
of my role as Medical Director for Infection Control 
in my hospital system.” A hospital epidemiologist 
noted using WS “to help gauge need for sending sys-
temwide updates and reminders about isolation, di-
agnostic tools, immunizations, etc.”

Fifteen percent (n = 29) of responses noted the im-
portance of WS in diagnostic testing and differential 
diagnoses. Respondents described how awareness 
“raises or lowers my clinical suspicion” and “can en-
courage faster relevant testing.” Thirteen percent (n = 
24) of respondents described the value of WS in edu-
cating patients. Specifically, respondents described 
how WS can provide “evidence for encouraging pre-
vention, including vaccination,” can be “helpful [in 
being] able to cite rising rates when recommending 
vaccination,” and can be “very helpful in encouraging 
immunizations in those who don’t believe a patho-
gen is a local issue.” Last, respondents described 
how awareness of antibiotic resistance “may lower 
my threshold to use broader empiric antibiotics” and 
may aid in “management of vulnerable patient popu-
lations, such as transplant recipients and other immu-
nocompromised [patients].”

A minority of respondents expressed un-
certainty about WS clinical utility or noted that  

usefulness depends on specific conditions. For ex-
ample, some respondents noted that its value de-
pends on timeliness, geographic specificity, and 
clear clinical guidance. Five respondents indicated 
that more guidance is needed from health depart-
ments. One clinician wrote, “mainly, wastewater 
surveillance should be [managed by the] health de-
partment, with rapid dissemination of info to [in-
fectious disease] docs,” and another said WS could 
provide “data the state health department could 
use in some manner to provide guidance to physi-
cians and the public.”

Discussion
In this analysis, most respondents identified positive 
elements of how WS can be used. During the analy-
sis and review process, we noted the phrasing of the 
question did not make a clear distinction between re-
spondents’ impressions of how WS findings are ac-
tively incorporated into their clinical practice versus 
their perceptions of how WS can be useful. Although 
perceived potential usefulness is still valuable, a 
limitation of our analysis is that findings should not 
be interpreted as evidence that WS has been broad-
ly adopted. This limitation is supported by the fre-
quent use of conditional language by respondents 
(e.g., “could,” “would,” “may”), suggesting that 
many comments reflected perceived potential rather 
than current routine use. When considered together 

Figure. Wastewater surveillance information utilization inferred from an investigation into the implications of wastewater surveillance for 
clinical care among infectious disease physicians, United States, 2024. PPE, personal protective equipment.
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with our previous findings from the same survey 
(5), those comments may help identify hypotheses 
about potential early uses of WS in select clinical or 
health-system settings. The brief free-text responses 
limited the depth of insight. A follow-up study us-
ing in-depth interviews or focus groups could help 
more clearly delineate these aspects. By design, the 
methods of analysis we employed were intended for 
hypothesis generation and do not allow the draw-
ing of conclusions. Also, respondents with greater 
interest in WS may have been more likely to provide 
comments. Overall, we believe that our findings sug-
gest the potential of WS to inform many aspects of 
clinical practice.
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The United States National Wastewater Surveil-
lance System, established in 2020, provides pub-

lic access to timely data about infectious diseases that 
might be circulating in a community (1). Clinicians, 
public health officials, and the general public can use 
this information to guide action (2,3). Despite broad 
implementation, less is known about how the pub-
lic interprets wastewater surveillance (WS) data or 
perceives its value (4–6). We examined public under-
standing of WS data and perceptions of its importance.

We collected data by using the PN View survey 
(https://styles.porternovelli.com/pn-view-panels), 
a nationwide cross-sectional online survey conduct-
ed by Porter Novelli Public Services and Big Vil-
lage. The voluntary survey was administered from 
August 22–24, 2025, to adults >18 years of age in 
the United States sampled by using nonprobability 
quota sampling. Porter Novelli computed survey 
weights by using a proprietary process to reflect the 
United States population demographic composition 
in sex, age, region, race and ethnicity, and education 
on the basis of Current Population Survey propor-
tions (Appendix Table, http://wwwnc.cdc.gov/
EID/article/32/13/26-0559-App1.pdf). We followed 
the Checklist for Reporting Results of Internet E- 
Surveys guidelines (7). 

Participants were asked to select the definition of 
WS that best matched their understanding, interpret 

a figure depicting wastewater detections of a hypo-
thetical vaccine-preventable respiratory virus, and 
identify actions they would take if the virus was de-
tected in their community. We collected participants’ 
opinions on the importance of the information pro-
vided by WS by using an open-text field (Appendix). 
We performed weighted quantitative analyses in Sta-
ta version 18.0 (StataCorp, LLC, https://www.stata.
com); we analyzed free-text responses in MAXQDA 
24 (https://www.maxqda.com/new-maxqda-24). 

This activity was reviewed and deemed not re-
search by the National Center for Emerging and Zoo-
notic Infectious Diseases Human Subjects Advisor 
at the Centers for Disease Control and Prevention 
(CDC) and conducted according to CDC Human Re-
search Protection Program Standard Operating Pro-
cedures, consistent with applicable federal law and 
CDC policy. Although Porter Novelli Public Services 
and Big Village did not require Institutional Review 
Board review, they adhere to European Society for 
Opinion and Marketing Research ethical standards.

Of 1,014 participants, 51.0% (95% CI 47.8%–
54.2%) were female and 48.5% (95% CI 45.3–51.7) 
male; 60.8% (95% CI 57.5%–63.9%) were non-Hispan-
ic White, and 45.9% (95% CI 42.7%–49.1%) lived in a 
suburban community (Table). Nearly half of all par-
ticipants (50.3% [95% CI 47.1%–53.5%]) defined WS 
correctly, and 83.3% (95% CI 80.8%–85.5%) of partici-
pants interpreted the figure correctly. The most com-
mon actions selected by participants were to learn 
more about the virus and how it spreads (51.1% [95% 
CI 47.9%–54.3%]), check CDC’s website for more in-
formation (49.1% [95% CI 45.9%–52.3%]), and consult 
the local health department (45.7% [95% CI 42.5%–
48.9%]) (Figure; Appendix). 

Most (79.0%) participants gave free responses 
that suggested that information from WS about 
viruses and variants was important. Among the 
801 participants who considered WS important, 
624 (77.9%) wrote about early detection, outbreak  
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Table. Public understanding of wastewater surveillance and interpretation of wastewater detection data visualization by demographic 
characteristic, Porter Novelli View survey, United States, August 2025 

Characteristic No. (%) [95% CI]* 
Correctly defined wastewater 

surveillance, % (95% CI) p 
value† 

Correctly interpreted the data 
visualization figure, % (95% CI) p 

value† Yes, n = 508 No, n = 506 Yes, n = 838 No, n = 176 
Total 1,014 (100.0) 100.0 100.0 

 
100.0 100.0 

 

Sex    0.53   0.56 
 M 498 (48.5) [45.3–51.7] 49.9 (45.3–54.4) 47.0 (42.6–51.6) 

 
48.4 (44.9–51.9) 48.8 (41.2–56.5) 

 

 F 506 (51.0) [47.8–54.2] 49.6 (45.0–54.1) 52.5 (48.0–57.0) 
 

51.2 (47.7–54.7) 50.2 (42.5–57.8) 
 

 Missing 10 (0.5) [0.3–0.9] 0.6 (0.3–1.3) 0.4 (0.2–1.1) 
 

0.4 (0.2–0.9) 1.0 (0.3–3.0) 
 

Age group, y   <0.001   <0.001 
 18–29 191 (19.1) [16.7–21.8] 16.6 (13.5–20.2) 21.7 (18.1–25.7) 

 
18.0 [15.4–20.9) 24.9 [18.8–32.3) 

 

 30–44 333 (26.7) [24.2–29.4] 22.7 (19.4–26.3) 30.8 (27.0–34.9) 
 

24.6 (22.0–27.6) 37.0 (30.2–44.5) 
 

 45–59 191 (22.8) [20.0–25.8] 23.2 (19.3–27.6) 22.4 (18.6–26.6) 
 

23.6 (20.6–27.0) 18.4 (13.0–25.6) 
 

 >60 299 (31.4) [28.5–34.5] 37.6 (33.2–42.1) 25.1 (21.4–29.4) 
 

33.8 (30.5–37.2) 19.6 (13.9–26.8) 
 

Race and ethnicity‡  
 Black or  
 African  
 American 

116 (12.1) [10.2–14.4] 9.7 (7.3–12.8) 14.6 (11.6–18.2) 0.13 10.7 (8.7–13.1) 19.3 (13.6–26.6) <0.001 

 Hispanic or 
 Latino 

143 (17.9) [15.4–20.7] 18.3 (14.7–22.5) 17.5 (14.1–21.5) 
 

18.3 (15.5–21.5) 15.9 (10.8–22.8) 
 

 White 641 (60.8) [57.5–63.9] 63.1 (58.5–67.5) 58.4 (53.8–62.8) 
 

63.0 (59.5–66.4) 49.5 (41.8–57.1) 
 

 Other race§ 114 (9.2) [7.7–11.1] 8.9 (6.8–11.6) 9.5 (7.4–12.2) 
 

8.0 (6.4–9.9) 15.4(10.8–21.4) 
 

Marital status 0.31 
 

<0.001 
 Married or in 
 a union 

546 (52.4) [49.1–55.5] 53.7 (49.1–58.2) 51.0 (46.5–55.5) 
 

51.5 (48.0–55.0) 56.6 (48.8–64.1) 
 

 Divorced, 
 widowed, or 
 separated 

179 (19.4) [16.9–22.1] 20.2 (16.7–24.3) 18.5 (15.1–22.3) 
 

21.6 (18.7–24.7) 8.2 (4.8–13.4) 
 

 Never 
 married 

289 (28.3) [25.5–31.3] 26.1 (22.3–30.2) 30.6 (26.6–34.9) 
 

26.9 (23.9–30.1) 35.2 (28.2–43.0) 
 

Education    0.005   0.07 
 High school 
 or less 

327 (39.1) [35.9–42.4] 34.7 (30.3–39.4) 43.5 (39.0–48.1) 
 

38.0 (34.5–41.6) 44.7 (37.1–52.5) 
 

 Some 
 college 

265 (24.6) [22.0–27.4] 23.9 (20.3–27.8) 25.4 (21.7–29.5) 
 

25.4 (22.6–28.6) 20.6 (15.3–27.2) 
 

 Bachelor's 
 degree 

275 (23.8) [21.3–26.5] 27.9 (24.1–31.9) 19.7 (16.5–23.3) 
 

24.8 (22.0–27.8) 18.9 (13.9–25.3) 
 

 Postgraduate 
 degree 

147 (12.5) [10.6–14.6] 13.5 (10.9–16.6) 11.5 (9.0–14.4) 
 

11.8 (9.9–14.1) 15.8 (11.2–21.7) 
 

Children in household   <0.001   0.05 
 Y 349 (31.2) [28.4–34.1] 25.7 (22.1–29.7) 36.7 (32.5–41.1) 

 
29.9 (26.8–33.2) 37.5 (30.6–45.0) 

 

 N 665 (68.8) [65.9–71.6] 74.3 (70.3–77.9) 63.3 (58.9–67.5) 
 

70.1 (66.8–73.2) 62.5 (55.0–69.4) 
 

Household income, USD   0.02   0.39 
 <25,000 182 (20.4) [17.8–23.2] 17.1 (13.7–21.1) 23.7 (19.9–27.8) 

 
20.2 (17.4–23.4) 21.0 (15.3–28.1) 

 

 25,000–
 49,999 

266 (27.6) [24.8–30.6] 25.8 (22.0–30.1) 29.3 (25.3–33.7) 
 

26.6 (23.6–29.9) 32.5 (25.6–40.2) 
 

 50,000–
 99,999 

311 (29.3) [26.5–32.3] 31.6 (27.6–35.9) 26.9 (23.2–31.1) 
 

30.1 (27.1–33.4) 25.1 (19.0–32.4) 
 

 >100,000 255 (22.8) [20.3–25.5] 25.4 (21.8–29.5) 20.1 (16.8–23.7) 
 

23.0 (20.3–26.0) 21.4 (16.1–28.0) 
 

Community type   <0.001   0.003 
 Urban 328 (31.7) [28.8–34.7] 26.7 (22.9–30.9) 36.6 (32.4–41.1) 

 
29.4 (26.3–32.7) 43.1 (35.7–50.9) 

 

 Suburban 463 (45.9) [42.7–49.1] 52.2 (47.7–56.7) 39.5 (35.1–44.0) 
 

47.6 (44.1–51.1) 37.4 (30.3–45.2) 
 

 Rural 223 (22.5) [19.9–25.3] 21.1 (17.6–25.0) 23.9 (20.2–28.0) 
 

23.1 (20.2–26.2) 19.4 (14.1–26.2) 
 

Region¶ 
 

0.36 
 

0.33 
 Northeast 182 (17.3) [15.0–19.8] 16.2 (13.1–19.8) 18.3 (15.2–22.0) 

 
16.3 (13.9–19.1) 21.9 (16.3–28.8) 

 

 Midwest 199 (20.5) [18.0–23.2] 20.6 (17.2–24.6) 20.3 (16.8–24.3) 
 

21.0 (18.3–24.1) 17.6 (12.4–24.4) 
 

 South 382 (38.6) [35.5–41.8] 37.2 (32.9–41.7) 40.0 (35.7–44.6) 
 

38.6 (35.2–42.1) 38.6 (31.4–46.4) 
 

 West 251 (23.7) [21.1–26.5] 26 (22.2–30.1) 21.3 (17.9–25.2) 
 

24.0 (21.2–27.1) 21.9 (16.3–28.8) 
 

*Unweighted counts and weighted percentages. 
†Statistical significance of differences in responses was determined at α = 0.05 by using Pearson 2 tests corrected for survey design. 
‡Persons of Hispanic or Latino (Hispanic) origin might be of any race but are categorized as Hispanic; all racial group tabulation is limited to those 
persons reporting being non-Hispanic. 
§Includes Middle Eastern or North African persons, persons identifying as another race not listed in the survey, and persons identifying as >1 race. 
¶Northeast: Connecticut, Maine, Massachusetts, New Hampshire, New Jersey, New York, Pennsylvania, Rhode Island, Vermont; Midwest: Iowa, Illinois, 
Indiana, Kansas, Michigan, Minnesota, Missouri, North Dakota, Nebraska, Ohio, South Dakota, Wisconsin; South: Alabama, Arkansas, District of 
Columbia, Delaware, Florida, Georgia, Kentucky, Louisiana, Maryland, Mississippi, North Carolina, Oklahoma, South Carolina, Tennessee, Texas, 
Virginia, West Virginia; West: Alaska, Arizona, California, Colorado, Hawaii, Idaho, Montana, Nevada, New Mexico, Oregon, Utah, Washington, Wyoming. 

 



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 13, Summer Supplement 2026	 S113

Understanding of Wastewater Surveillance, United States, August 2025

prevention, awareness, and family or community 
safety. Of those, 79 (12.7%) participants specifically 
mentioned virus strains or vaccinations. One par-
ticipant stated, “Wastewater monitoring helps detect 
which viruses are spreading and even identify their 
variants.” Another participant noted, “[WS] can tell 
you if the strain of the virus is a new one that you 
may not have been vaccinated against, and you can 
take the necessary precautions.” One participant sug-
gested clear, nonalarming communication for inform-
ing the public. Among those who considered WS un-
important, reasons mentioned included uncertainty 
surrounding actions to take and beliefs that diseases 
will spread regardless of efforts.

In our survey, participants were moderately 
aware of WS, with approximately half of participants 
correctly defining it. That result was consistent with 
other nationwide surveys reporting awareness levels 
of 48% in 2022 and 49% in 2023 and a 2024 survey 
conducted across 5 states that reported 56.0% aware-
ness (8,9). Furthermore, most participants accurately 

interpreted a figure depicting wastewater detection 
data, suggesting that an intuitive graphic can be help-
ful to convey information. When given background 
information on the types of infectious disease data 
WS provides to the public, participant attitudes were 
generally favorable.

To maximize data usability, health agencies 
could provide clear, plain-language explanations of 
WS accompanied by graphics, figures, and guidance 
for data interpretation for the pathogen. In addition, 
offering practical protective steps when pathogen 
detections occur might empower persons to make in-
formed decisions.

Demographic differences in understanding 
might reflect varying levels of exposure to public 
health messaging and highlight opportunities for 
tailored communication (e.g., informing residents of 
rural communities of the value and use of WS). Study 
limitations include that persons with interest in pub-
lic health or WS could have self-selected to participate 
in the survey and that the framing of the open-ended 

Figure. Actions participants intend to take after wastewater detections of a hypothetical vaccine-preventable virus in their area (n = 
1,014) from Porter Novelli View survey, United States, August 2025. Bars indicate the percentage of participants who selected the action 
in their response to the question, “If wastewater data showed that this virus was present in your community, what steps, if any, would 
you take?” for which they could select multiple options; error bars indicate 95% CIs. CDC, Centers for Disease Control and Prevention.
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question might have led to measurement error in 
the form of social desirability bias (10). During times 
when WS detects increasing infectious disease activ-
ity, health agencies can partner with trusted mes-
sengers, including media partners, community or-
ganizations, and healthcare providers, who can help 
amplify and contextualize WS information for their 
communities and audiences. 
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In September 2020, the Centers for Disease Con-
trol and Prevention (CDC) launched the National 

Wastewater Surveillance System (NWSS) to monitor 
COVID-19 trends in wastewater samples across the 
United States (1). Wastewater surveillance (WS) has 
since expanded to include monitoring for influenza 
A, measles, and mpox viruses, as well as other patho-
gens, across ≈1,500 sites nationwide, including US 
states, territories, and tribal communities.

Surveillance of infectious diseases in wastewa-
ter provides communities with early warning signs 
of potential outbreaks and information about trends 
in infections. WS can inform individual protective 
behaviors and public health actions. A 2024 survey  

suggested that WS-specific awareness and education 
can enhance community trust in public health initia-
tives and motivate persons to take steps to protect 
themselves (2). Without continued efforts to educate 
and engage communities during the implementation 
of WS, implementers risk missteps that can harm 
trust in government and public health. We conducted 
a qualitative analysis of public perspectives on WS to 
help inform efforts to engage persons living in com-
munities implementing WS.

Methods
During June 19–23, 2024, Porter Novelli Public Ser-
vices conducted a 9-question, nationwide survey 
among US adults (Appendix, https://wwwnc.cdc.
gov/EID/article/32/13/25-1494-App1.pdf). The 
survey aimed to assess participants’ knowledge and 
attitudes regarding WS, referred to as wastewater 
monitoring in the survey (Appendix). In this qualita-
tive analysis, we reviewed and categorized 2,024 free 
text responses to the open-ended question, “Do you 
have any concerns about wastewater monitoring in 
your community? Why or why not?”

Three analysts independently coded survey re-
sponses and subsequently reached consensus on 
themes. Each response was classified into the most 
relevant theme on the basis of its content. We calcu-
lated summary statistics to provide an overview of the 
findings. This activity was reviewed by members of 
the Information Collections and Human Studies Team 
in CDC’s National Center for Emerging and Zoonotic 
Infectious Diseases and was determined to be nonre-
search in accordance with 45 CFR 46.102(l) on April 11, 
2023. The survey was conducted in a manner consis-
tent with applicable federal law and CDC policy.

Results
Of 2,024 write-in responses, a total of 1,342 (66.3%) par-
ticipants reported no concerns with WS, 285 (14.1%) 
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Community wastewater surveillance (WS) is a valuable 
tool for informing public health action, but its effects on 
individual health behaviors rely on public understanding 
and awareness. We analyzed 2,024 free text responses 
from a national survey on perceptions of WS conducted 
during June 19–23, 2024, to gain insights into public per-
ceptions of WS. Primary themes among 1,181 detailed 
responses included varying levels of trust in government 
and authorities, the need for more information about 
the effectiveness and accuracy of monitoring, desire 
to understand public health implications, and the need 
for more education and communication. Those findings 
could help inform community engagement strategies as 
WS continues to evolve.
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expressed concerns, 248 (12.3%) were uncertain or did 
not understand the question, 110 (5.4%) were unaware 
of WS initiatives, and 39 (1.9%) relied on private waste-
water systems only. From 1,181 responses, we identi-
fied the following 4 themes: trust in government and 
authorities, effectiveness and accuracy of monitoring, 
public health implications, education and communica-
tion (Table 1). Many respondents expressed multiple 
themes. For example, among 1,342 participants who 
expressed no concerns, 49% expressed no concerns at 
all, 43% supported the initiative with conditional trust 
in government agencies, and 6% expressed no con-
cerns due to their unfamiliarity with the subject.

Trust in Government and Authorities
Respondents expressed a range of views about trust 
in agencies managing WS. Many voiced confidence 
in local and state health departments and univer-
sities, citing their commitment to evidence-based  
practice, ethics, and responsiveness to community 
needs. Others expressed skepticism, raising con-
cerns about transparency, surveillance, potential data 
misuse, and fears of political influence or excessive  

government control. Key concerns included uncer-
tainty about who can access data, how data are used, 
and whether specific communities might be unfairly 
targeted. For many, distrust was shaped by previous 
negative experiences with public health programs or 
messaging. Trust was highest when respondents be-
lieved monitoring was transparent, locally led, and 
focused on public health outcomes.

Effectiveness and Accuracy of Monitoring
Many respondents viewed WS as a valuable tool for 
tracking community health and providing early warn-
ings about disease trends, especially when conducted 
by trusted institutions. Concerns included the valid-
ity of the testing methods, potential misinterpretation 
of results, and lack of transparency in data handling 
or use. Overall, support was strongest when respon-
dents believed monitoring was scientifically rigorous, 
clearly explained, and overseen with integrity.

Public Health Implications
Several respondents recognized WS as a valuable ap-
proach to protecting community health, especially  

 
Table. Key themes from write-in responses describing perceptions and concerns around wastewater monitoring (n = 1,181). Porter 
Novelli Survey, U.S., June 2024 
Theme Sample quotes Subthemes 
Trust in government and 
authorities 

“I trust the local health department to handle this. 
They’ve always been transparent and seem to 
genuinely care about our community’s well-being.” 

•  Past success during COVID-19 boosted trust in 
implementation 

•  Concerns about nonhealth use of data 
•  Negative experiences shaped federal government 

distrust 
•  Fear that monitoring could stigmatize specific 

communities 
•  Privacy was a key issue, with fears of being 

monitored 

“It sounds like something that could be helpful, but 
only if it’s done with complete honesty. Otherwise, 
I worry it’s just another way to monitor 
communities without telling us the full story.” 

Effectiveness and accuracy 
of monitoring 

“There’s a lot of potential in this kind of 
monitoring, but I’d want to be sure the testing is 
consistent, and the results aren’t being 
manipulated or misunderstood. Public trust 
depends on transparency and good science.” 

•  Allows for real-time or near real-time surveillance 
•  Seen as helpful in tracking patterns over time 
•  Doubts about data accuracy and potential for 

skewed results 
•  Concerns about misinterpretation or false alarms 
•  Desire for more transparency on data handling and 

use 
“My main concern is wondering if the data is 
accurate or not and is quite possibly skewed by 
outside sources.” 

Public health implications “As long as it’s used for the right reasons—like 
tracking disease and helping the community—
then I fully support it. It’s a smart way to stay 
ahead of public health threats.” 

•  Seen as useful for early disease detection 
•  Strong support when focused on public health 
•  Belief that data can help prevent outbreaks 
•  Concerned with protecting family and community 
•  More support when purpose is clearly 

communicated 
“If the goal is public safety and there are clear 
explanations about what is being done and why, 
then I think it’s a great way to use science to 
protect the population.” 

Education and 
communication 

“Education is key—if you don’t tell people what’s 
happening in their own communities and how it 
affects them, they’ll feel left out or even 
threatened. Communication builds trust.” 

•  Desire for simple explanations of purpose and 
process 

•  Trust relied on ongoing, honest communication 
•  Many were unfamiliar with wastewater monitoring 
•  Support linked to clear, transparent messaging 
•  Openness increased with basic information 
 

“This is my first time hearing about it. But it 
sounds like a good idea—if it’s explained well and 
backed up with science. People just need to 
understand what’s going on and why.” 
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for early outbreak detection and tracking public 
health trends. That support was often grounded 
in the belief that such efforts serve the public good 
and aim to prevent harm. Participants highlighted 
the importance of early detection. Confidence in the 
agencies conducting monitoring also emerged as a 
key theme, and some participants stated that they 
trust authorities to do the right thing. Although 
support was generally strong, a few respondents 
emphasized that their approval was conditional 
as long as WS was used for public health reasons. 
Overall, acceptance was highest when the purpose 
was clearly linked to community wellbeing and led 
by trusted institutions.

Education and Communication
Many respondents emphasized the importance of 
clear communication and public education in build-
ing support for WS. Several indicated they were 
unfamiliar with the practice but expressed open-
ness when given more information. Others stressed 
the need for accessible explanations and proactive 
outreach. Trust often hinged on clear and honest 
communication. Still, concerns about limited aware-
ness remained, with some noting they did not know 
monitoring was occurring. Overall, respondents 
viewed education and communication as essential 
for fostering public understanding, transparency, 
and trust in WS efforts.

Discussion
In this June 2024 nationwide survey, most respon-
dents did not have concerns about WS for infectious 
diseases. However, some expressed limited or no 
awareness of WS and a desire for additional informa-
tion and improved communication about findings 
from the initiatives.

Because large-scale use of WS is relatively 
new, few studies examining public perceptions of 
these initiatives are available. Results of several 
national surveys found that about half of respon-
dents reported previous awareness of wastewater 
monitoring, but most were generally supportive of 
this public health strategy (3–5). Another survey 
found that 65% of participants (n = 516) knew little 
or nothing about WS and suggested the need for 
communication about how WS works, how find-
ings are used, and protections against misuse (6). 
Those findings align closely with the results from 
our analysis and suggest a consistent pattern of 
support for WS while highlighting the opportunity 
for continued public education and communication 
about those efforts.

The findings from this survey highlight the 
trust that communities have in state and local 
public health and suggest that communities trust 
WS when they trust the institutions conducting it. 
They also suggest that, to further build and main-
tain trust, WS activities should remain transparent 
and focused on informing public health action and 
preventing community harm. The findings also 
highlight the opportunity for additional efforts to 
educate the public on why WS is used and how 
wastewater data are protected.

To engage community members, public health 
entities can share messages around individual health 
choices through trusted messengers like healthcare 
providers, community health workers, and local lead-
ers. Public health entities should also build strong 
relationships with community and faith-based orga-
nizations to better reach local audiences and align 
communication strategies with the needs and prefer-
ences of the populations they serve (7–9).

The first limitation of this study is that it relied on 
a convenience sample and an internet-based, English-
only survey; persons with limited internet access, less 
familiarity with online technology, or limited English 
proficiency might have been excluded. Therefore, the 
results are not representative of the entire popula-
tion. In addition, because open-ended questions were 
optional, responses might not reflect the full range of 
perspectives on WS.

In conclusion, the survey’s findings highlighted 
opportunities for public health to use WS to build 
trust. Engaging communities through trusted mes-
sengers and organizations can enhance understand-
ing and acceptance, and continued education and 
transparent communication could increase public 
awareness and strengthen confidence in public health 
initiatives. Together, those strategies can support ef-
fective individual and community responses to infec-
tious disease threats.

Acknowledgments
We thank Jena Losch, Deanna Amarosa, Rieza Soelaeman, 
and Emily Nelson for their support of this effort.

This project was supported in part by an appointment 
to the Research Participation Program at the Centers for 
Disease Control and Prevention administered by the Oak 
Ridge Institute for Science and Education through an 
interagency agreement between the US Department of 
Energy and Centers for Disease Control and Prevention 
(E.F.S.). This manuscript was supported by funding from 
the Centers for Disease Control and Prevention  
(cooperative agreement no. NU50CD300866). 



WASTEWATER SURVEILLANCE

S118	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 13, Summer Supplement 2026

About the Author
Ms. Moore is a health scientist at the Centers for Disease 
Control and Prevention in Atlanta, Georgia, USA. Her  
primary research focuses on parasites and infectious 
diseases, with a particular emphasis on their social and 
environmental determinants.

References
  1.	 Adams C, Bias M, Welsh RM, Webb J, Reese H, Delgado S, 

et al. The National Wastewater Surveillance System (NWSS): 
from inception to widespread coverage, 2020–2022, United 
States. Sci Total Environ. 2024;924:171566. https://doi.org/ 
10.1016/j.scitotenv.2024.171566

  2.	 Soelaeman RH, Kleven D, Losch J, Vega M, Fehrenbach SN, 
Ricaldi JN, et al. Notes from the field: support for wastewater 
monitoring and influence on protective behavioral  
intentions among adults—United States, July 2024. MMWR 
Morb Mortal Wkly Rep. 2024;73:825–7. https://doi.org/ 
10.15585/mmwr.mm7337a2

  3.	 LaJoie AS, Holm RH, Anderson LB, Ness HD, Smith T. 
Nationwide public perceptions regarding the acceptance of 
using wastewater for community health monitoring  
in the United States. PLoS One. 2022;17:e0275075.  
https://doi.org/10.1371/journal.pone.0275075

  4.	 Holm RH, Brick JM, Amraotkar AR, Hart JT, Mukherjee A, 
Zeigler J, et al. Public awareness of and support for the  
use of wastewater for SARS-CoV-2 monitoring:  

a community survey in Louisville, Kentucky. ACS 
ES T Water. 2022;2:1891–8. https://doi.org/10.1021/
acsestwater.1c00405

  5.	 Holm RH, Anderson LB, Ness HD, LaJoie AS, Smith T. 
Towards the outbreak tail, what is the public opinion about 
wastewater surveillance in the United States? J Water Health. 
2024;22:1409–18. https://doi.org/10.2166/wh.2024.074

  6.	 Kreuter MW, Garg R, Marsh AK, Olagoke A, Weng O,  
De La Vega V, et al. Wastewater monitoring: improving  
public awareness and understanding in the United States, 
May 2024. Public Health Rep. 2026;141:114–21.  
https://doi.org/10.1177/00333549251359177

  7.	 Santibañez S, Lynch J, Paye YP, McCalla H, Gaines J,  
Konkel K, et al. Engaging community and faith-based  
organizations in the Zika response, United States, 2016. Pub-
lic Health Rep. 2017;132:436–42. https://doi.org/ 
10.1177/0033354917710212

  8.	 West R, Moore J, Chillag K, Fenton E, Laird E, Boyea A.  
Development of a new framework to address public health 
ethical considerations in wastewater surveillance. J Public 
Health Manag Pract. 2025;31:683–5. https://doi.org/ 
10.1097/PHH.0000000000002167

  9.	 Chillag K, Fenton E. Framework for addressing ethical  
considerations in infectious diseases public health  
wastewater surveillance. Arlington (VA): Association of  
State and Territorial Health Officials; 2025.

Address for correspondence: Jazmyn Moore, Centers for Disease 
Control and Prevention, 1600 Clifton Rd NE, Mailstop H24-3, 
Atlanta, GA 30329-4018, USA; email: vin2@cdc.gov

For many people, coronavirus disease (COVID-19) causes mild respiratory 
symptoms. Yet others die of from complications caused by the infection, 
and still others have no symptoms at all. How is this possible? What are 

the risk factors, and what role do they play in the development of disease?

In the pursuit to control this deadly pandemic, CDC scientists are  
investigating these questions and more. COVID-19 emerged less  

than 7 years ago. Yet in that short time, scientists have discovered  
a huge body of knowledge on COVID-19. 

In this EID podcast, Dr. Kristen Pettrone, an Epidemic Intelligence  
Service officer at CDC, compares the characteristics of hospitalized and 

nonhospitalized patients with COVID-19 in Atlanta, Georgia.

EID Podcast  
People with COVID-19 in and out of Hospitals, Atlanta, Georgia 

Visit our website to listen: 
 http://go.usa.gov/xHUME 
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The cover illustration for this supplement to Emerg-
ing Infectious Diseases depicts a city resting atop an 

iceberg floating in the ocean. The iceberg is a familiar 
public health metaphor in infectious disease epidemi-
ology where cases known to traditional public health 
surveillance systems are often described as the tip of 
the iceberg—the small visible portion of a much larg-
er burden of disease that remains unseen. Beneath the 

surface are undiagnosed infections, asymptomatic 
cases, spontaneous recoveries, unrecorded deaths, 
and other uncounted incidences due to barriers to 
healthcare access, limitations of testing, and a multi-
tude of other reasons.

As a public health medical epidemiologist 
and infectious diseases physician, I have spent the 
past decade trying to illuminate what lies under-
neath the tip of the iceberg. Wastewater surveil-
lance (WS), the focus of this supplement issue, has 
been an incredible tool, allowing public health to 
do just that. WS works by collecting samples from  

Alexander T. Yu, Tip of the Iceberg, 2026. Watercolor on paper. 14 in × 17 in. Image courtesy of the artist.
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sewage, which everyone living in sewered commu-
nities contributes to, and testing it for the presence 
and quantity of different pathogens. As such, WS 
can capture information from entire communities, 
regardless of symptoms or healthcare-seeking be-
havior. That process contrasts with traditional sur-
veillance systems, which rely on test results from 
individual persons. WS can provide early warning 
of outbreaks, identify emerging pathogens, moni-
tor disease trends, and complement traditional 
clinical surveillance. This form of surveillance can 
also generate meaningless, difficult to interpret, or 
inactionable data. As the illustration depicts, the 
sewershed is large and diverse. Interpreters of the 
data the system generates may not be able to read-
ily discern the source(s) of salient findings, be they 
from homes, hospitals, or farms, or even whether 
they originate from humans or animals.

WS is exciting but still relatively novel, unheard 
of by many, including those in healthcare and public 
health. There remains the basic need to understand 
how to translate noisy wastewater data that is mean-
ingless by itself into a clear message interpretable 
to all (e.g., public health, health care providers, the 
public). Before I began a career in medicine and pub-
lic health, I worked as a freelance cartoonist and il-
lustrator for a variety of newspapers. Now, as a pub-
lic health practitioner often trying to communicate 
about public health and WS findings, I have found 
myself leaning on lessons learned from that time as 

a cartoonist and illustrator. An essential element of 
cartooning and illustration is to convey simple and 
clear messages or stories that can be interpreted sim-
ilarly by many different viewers and still carry nu-
ance and complexity.

To capture this moment in the WS field and the 
essence of what this supplement hopes to improve, 
I wanted to create an illustration that could commu-
nicate simply what WS is and the role it can play in 
public health by leaning on the familiar iceberg met-
aphor. In the illustration, a magnifying glass focused 
under the iceberg reveals a network of wastewater 
pipes and the microorganisms flowing through 
them. This hidden infrastructure carries traces of 
entire communities, creating an opportunity to ob-
serve population health from a different perspec-
tive. By revealing part of the iceberg that has long 
remained unseen beneath the surface, WS offers a 
new perspective on an old challenge: understanding 
the health of populations through signals that are of-
ten hidden from view.
ChatGPT (OpenAI, https://www.openai.com) was used 
in a limited way to assist in the writing of this essay.  
No artificial intelligence tools were used in the creation of 
the illustration.
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