
RESEARCH ARTICLE

Nationwide public perceptions regarding the

acceptance of using wastewater for

community health monitoring in the United

States

A. Scott LaJoie1,2, Rochelle H. HolmID
2*, Lauren B. Anderson2, Heather D. Ness1,

Ted SmithID
2

1 Department of Health Promotion and Behavioral Sciences, School of Public Health and Information

Sciences, University of Louisville, Louisville, Kentucky, United States of America, 2 Christina Lee Brown

Envirome Institute, School of Medicine, University of Louisville, Louisville, Kentucky, United States of America

* rochelle.holm@lousiville.edu

Abstract

To assess the levels of infection across communities during the coronavirus disease 2019

pandemic, researchers have measured severe acute respiratory syndrome coronavirus 2

RNA in feces dissolved in sewer water. This activity is colloquially known as sewer monitoring

and is referred to as wastewater-based epidemiology in academic settings. Although global

ethical principles have been described, sewer monitoring is unregulated for health privacy

protection when used for public health surveillance in the United States. This study used

Qualtrics XM, a national research panel provider, to recruit participants to answer an online

survey. Respondents (N = 3,083) answered questions about their knowledge, perceptions of

what is to be monitored, where monitoring should occur, and privacy concerns related to

sewer monitoring as a public health surveillance tool. Furthermore, a privacy attitude ques-

tionnaire was used to assess the general privacy boundaries of respondents. Participants

were more likely to support monitoring for diseases (92%), environmental toxins (92%), and

terrorist threats (88%; e.g., anthrax). Two-third of the respondents endorsed no prohibition on

location sampling scale (e.g., monitoring single residence to entire community was accept-

able); the most common location category respondents wanted to prohibit sampling was at

personal residences. Sewer monitoring is an emerging technology, and our study sheds light

on perceptions that could benefit from educational programs in areas where public accep-

tance is comparatively lower. Respondents clearly communicated guard rails for sewer moni-

toring, and public opinion should inform future policy, application, and regulation measures.

Introduction

Sewer monitoring for public health is a tool that detects biological and chemical targets in sew-

age from community or institutional settings prior to treatment. This involves collecting sam-

ples from existing piped wastewater infrastructure (sewers), and this method, which is also
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referred to as wastewater-based epidemiology (WBE), has been deployed for a range of public

health inquiries, including tracking enteroviruses [1], illicit drugs [2–4], alcohol consumption

[4, 5], tobacco use [4, 6], dietary patterns [4], and biological agents as weapons [7]. During the

coronavirus disease 2019 (COVID-19) pandemic, researchers measured severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) RNA in feces dissolved in sewer water to assess

the levels of infection across communities [8–10]. Sewer monitoring has emerged as a potential

component of innovative and cost-effective public health surveillance. However, surveillance

activities can evoke privacy concerns and possible stigmatization of institutional settings or

communities where high levels of health risks are identified. Current sewer monitoring meth-

ods do not involve studying human DNA markers that may be present in sewage; therefore,

public debate on discarded DNA [11] is not currently applied here.

Sewer monitoring is not regulated for health privacy protection in the United States,

although global ethical principles have been described based on the premise that samples are

typically collected by, or with the permission of, a wastewater utility operating through pub-

licly owned infrastructure [12–16]. The premise is that samples are anonymous and therefore

informed and voluntary consent to participate in sewer monitoring is not required from indi-

viduals contributing feces or urine to the sewer samples [12–16]. Most wastewater utilities in

the United States are governed by public utility commissions that serve public interests. How-

ever, to date, there have been no national assessments of sewer monitoring used for public

health surveillance to determine public acceptance or concerns.

Applications that use impersonal data for service purposes, such as civil status (birth, death,

and marriage), housing, elections, or work, are less likely to raise privacy concerns [17]. In

contrast, technologies that use personal data for surveillance purposes, such as police data or

images captured by closed-circuit television cameras, are more likely to raise privacy concerns

[17]. In this regard, there are three recurring dimensions: sensitivity/personalness of the data,

purpose (service versus surveillance) of data collection, and collector/user of the data [17].

Each dimension can be extended to sewer monitoring. For example, legislation opposing

COVID-19 sewer monitoring includes North Dakota’s House Bill 1348, which was aimed at

“prohibiting the testing of wastewater for genetic material or evidence of disease; and to pro-

vide a penalty,” did not pass in February 2021 [18]. Media reports focused on the privacy con-

cerns of building-level surveillance and stated that the practice could violate college students’

privacy rights [19]. During the COVID-19 pandemic, the shifting policies of social restrictions

determined by community infection levels created circumstances that raised concerns about

sewer monitoring data being used as partial evidence for changing societal conduct, such as

temporary closure conditions for communities, schools, or industries, as being credible.

Although WBE has been established for assessing public health inquiries [1–7], the

COVID-19 pandemic has expanded the field and may have increased public awareness accord-

ingly. Using a survey distributed to a sample of adults across the United States, the public per-

ceptions related to sewer monitoring as a public health surveillance tool was investigated. This

study aimed to assess (1) knowledge, awareness, and acceptance of sewer monitoring, (2) per-

ceptions of privacy issues, and (3) factors that influence an individual’s level of awareness and

acceptance of sewer monitoring. This study provides valuable insights into the acceptability of

monitoring and informing development of policies regarding future applications of sewer

monitoring at both national and local levels.

Methods and materials

Survey invitations were sent to a randomly selected population who were enrolled in the

research participant panels managed by Qualtrics XM (Provo, UT, USA). To limit selection

PLOS ONE Public perceptions of using wastewater for community health monitoring

PLOS ONE | https://doi.org/10.1371/journal.pone.0275075 October 11, 2022 2 / 16

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0275075


bias, the invitation sent by Qualtrics XM advertised a short 15-min survey that was available to

people who likely met the inclusion criteria. The inclusion criteria were tested using Qualtrics

XM survey logic and data management methods, and were limited to English-speaking United

States residents who were 18 years or older and did not live in rural communities. Invitations

were sent in January and February 2022.

Participants who accepted the invitation were directed to a secure website, where they were

provided a preamble informed consent. The completion of the survey, which included no

identifiable or protected information, was considered an assent to participate. All participants

were compensated by Qualtrics XM for their participation according to their panel participa-

tion agreement. The typical incentive value was $10.

Data collection instrument

The 80-item survey (S1 File) included three components: (1) questions to assess knowledge,

awareness, and acceptance of sewer monitoring; (2) questions covering demographics (gender

identity, race, ethnicity, age, income, education level, and geography); and (3) questions on

privacy concerns using the privacy attitude questionnaire (PAQ) [20]. The survey items com-

prised Likert-type scales (arranged in matrices), rank ordering, select one, and choose all.

The PAQ is used to structure privacy as a psychometric construct and considers privacy to

be limited in both the physical and digital public environment centered on the four privacy

attitudes: exposure (e.g., I would like to keep photos of my family on the internet), monitoring

(e.g., I prefer to not have my name listed on a building directory), protection (e.g., I would pre-

fer people to knock before coming into my office or bedroom), and willingness to share per-

sonal information (e.g., I am comfortable with giving a DNA sample). The PAQ measure used

Likert scales (1–5, 5 = strongly agree), clustered into four factors of 8–10 items each. The PAQ

used in this study was not specific to sewer monitoring but rather to assess the general privacy

boundaries of respondents.

Several survey items were clustered into subscales. The reliability analyses revealed that the

survey was interpreted and used as intended. The subscales included knowledge of public health
activities (n = 6, α = 0.86), support for sewage monitoring of activities (n = 10, α = 0.87), support
for monitoring of locations (n = 7, α = 0.84), opposition to the monitoring of location types
(n = 6, α = 0.84), and the PAQ (n = 36, α = 0.60). The reliability estimates for the four PAQ

domains were exposure (n = 9, α = 0.54),monitoring (n = 9, α = 0.39), protection (n = 8, α =

0.69), and personal information (n = 10, α = 0.70).

Additional items assessed knowledge (n = 3), self versus other orientation (n = 6), and confi-
dence and willingness to share personal information (n = 6). The responses to these three sub-

scales showed reliability estimates that were less acceptable (α values< 0.5).

Demographic data (n = 8) were also collected.

Data management and analysis

Online surveys using participant panels pose the risk of false responses (e.g., providing random

answers to earn an incentive), and to counter this, the survey was administered via Qualtrics

XM to the participants who were regularly screened for fidelity. Qualtrics XM randomly dis-

tributes the survey invitations to its pool of participants who meet the inclusion criteria, per-

forms an initial scrubbing of the data, and compensates participants whose data are deemed

acceptable by the standards set by Qualtrics XM. These standards include satisfying a

CAPTCHA test to access the survey, the time spent for completing the survey, missing data

analysis, answer variability, and additional proprietary algorithms. Qualtrics XM prohibited

respondents from completing the survey more than once. Data that did not meet Qualtrics
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XM quality control standards were excluded. The data collection resulted in 386 (11%) rejected

responses. Two items were embedded in the survey as attention checks, and 100% of the

respondents included in the analysis accurately answered both the attention checks.

As most data were categorical, the analyses were largely restricted to descriptive measures

and non-parametric tests, including frequency counts, cross-tabulations, chi-square, or Fish-

er’s exact tests. Pseudo-continuous variables were created where appropriate (i.e., subscales

using the same measure type and having a Cronbach’s alpha value of> 0.6). The final sample

size included 3,083 respondents from across the United States (Fig 1), with an estimated mar-

gin of error of ± 2%.

Statistical significance was set at an alpha value of<0.05. Data analysis was performed

using the IBM Statistical Package for the Social Sciences (SPSS) software (version 28; Armonk,

NY, USA) [21].

Ethics

The University of Louisville Institutional Review Board approved this project as Human Sub-

jects Research (IRB number: 21.0877).

Fig 1. Location of respondents.

https://doi.org/10.1371/journal.pone.0275075.g001
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Results

Complete responses were obtained from 3,083 people (S2 File). The respondents were pre-

dominantly female (69%), white (84%), non-Hispanic (94%), and older than 54 years (66%).

The income distribution skewed toward higher-income brackets, with approximately 25%

having incomes between $20,000 and $40,000, 28% having incomes between $40,000 and

$70,000, and 32% having incomes greater than $70,000. The sample was predominantly well

educated, with many (79%) having some college education or beyond. More respondents lived

in suburban areas (70%) rather than urban areas (30%). Table 1 provides a complete descrip-

tion of the sample.

Descriptive findings

Basic knowledge of sewer monitoring of SARS-CoV-2. Three items assessed rudimen-

tary knowledge of sewer monitoring for SARS-CoV-2 by asking similar questions in different

styles. First, participants were asked whether COVID-19 could be detected in sewage. The cor-

rect answer (true) was selected by 42% of the participants, incorrect answer (false) was selected

by 9%, and 48% said that they did not know. Next, respondents identified which, if any, of the

five statements were false across a range of where and what to monitor in sewage. The correct

answer (false), that monitoring sewage could determine which person or persons in a house-

hold had COVID-19, was selected by less than 50% of the respondents (48%). Finally, the

respondents were asked to identify the fastest way to detect COVID-19 in a community. The

correct answer, “measure the level of the virus in the sewer water,” was selected by 38% of the

respondents, followed by "test everyone in the community (37%). A summary knowledge

score was created from these three questions, with respondents earning one point for each cor-

rect answer. Possible knowledge scores ranged between 0 and 3, with 0 indicating no or limited

knowledge and 3 indicating basic knowledge of sewage monitoring. The distribution of the

respondents’ knowledge scores was roughly uniform: 0 (28%), 1 (32%), 2 (23%), or 3 (17%).

The mean (standard deviation) was 1.28 (1.05). The respondents tended to have limited

knowledge of the basic functions of sewage monitoring for SARS-CoV-2.

Awareness of public health surveillance functions. Respondents rated their awareness of

six public health surveillance functions on a scale of 0 (no awareness) to 4 (full awareness)

(Table 2). Participants were mostly aware (aware/fully aware) of restaurant inspections (87%),

hotel and motel inspections (76%), drinking water quality testing (68%), public pool inspec-

tions (67%), but less aware of air pollution (50%) or sewer (49%) monitoring. The mean level

of awareness across the six functions was 2.8. The respondents were less aware of sewer moni-

toring than other public health monitoring.

Support for sewer monitoring. When asked how strongly they would support or oppose

sewer monitoring among ten indicators of human activity or health, many respondents were

indifferent, opposed, or strongly opposed to monitoring lifestyle behaviors (70%; e.g., opposed

monitoring of smoking, use of birth control), alcohol consumption (53%), diet (69%), and

indicators of mental illness (59%; e.g., stress hormones). Fewer respondents were opposed or

strongly opposed to the monitoring of illicit (33%) or prescription drugs (35%), and gun resi-

due (42%). Finally, participants were most likely to support the monitoring of diseases (91%),

environmental toxins (92%), and terrorist threats (87%; e.g., anthrax). Table 2 indicates the

percentages of respondents supporting or strongly supporting these indicators of human activ-

ity or health.

Overall, on a scale of 1 to 5, where 5 is strongly supported, the mean level of support across

these indicators was 3.7. People tended to be less supportive of monitoring self-controlled

threats to health and more supportive of monitoring external threats.
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Table 1. Demographic characteristics of respondents.

N Percent

Gender

Female 2122 68.8%

Male 946 30.7%

Non-binary/third gender 11 0.4%

Prefer not to say 4 0.1%

Age (years)

18–24 80 2.6%

25–34 234 7.6%

35–44 365 11.8%

45–54 375 12.2%

55–64 663 21.5%

65–74 1014 32.9%

75–84 323 10.5%

85 or older 29 0.9%

Education

Less than High School 74 2.4%

High School graduate 566 18.4%

Some college 810 26.3%

2-year degree 392 12.7%

4-year degree 791 25.7%

Professional degree 402 13.0%

Doctorate 48 1.6%

Income

Less than $10,000 164 5.3%

$10,000—$19,999 277 9.0%

$20,000—$29,999 401 13.0%

$30,000—$39,999 379 12.3%

$40,000—$49,999 338 11.0%

$50,000—$59,999 300 9.7%

$60,000—$69,999 236 7.7%

$70,000—$79,999 213 6.9%

$80,000—$89,999 150 4.9%

$90,000—$99,999 142 4.6%

$100,000—$149,999 307 10.0%

More than $150,000 176 5.7%

How would you describe where you live?

Mostly urban 926 30.0%

Mostly suburban 2157 70.0%

Race

White 2584 83.8%

Black 254 8.2%

American Indian/Alaska Native 16 0.5%

Asian 71 2.3%

Native Hawaiian and Pacific Islander 6 0.2%

Other 69 2.2%

Multiple Races 83 2.7%

Hispanic

(Continued)
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Scale and location of monitoring. Respondents were asked if they would want or prohibit
monitoring at different geographic scales (e.g., houses or entire city) and specific types of loca-

tions (e.g., prisons and college campuses) (Table 2). The intent was to elicit preferences regard-

ing how diffuse or concentrated monitoring activities should be. Items were presented as a

check-all. Approximately 90% of respondents agreed that, at the very least, certain areas should

be monitored. Specifically, 76% of respondents wanted the entire city to be monitored. If not

the entire city, respondents wanted schools (25%), neighborhoods (23%), and prisons (20%) to

be monitored. Less support was evident in defined areas of cities (an area larger than neighbor-

hoods but smaller than the entire city) (20%), businesses (18%), or houses (15%).

Respondents next indicated which types of locations they would prohibit monitoring (e.g.,

houses of worship, assisted living facilities, truck stops, and rest stops), with an option to alter-

natively support the monitoring of all categories. More respondents (67%) endorsed no prohi-

bition on monitoring the locations. Other respondents considered that monitoring should be

prohibited for individual households (27%), houses of worship and/or religious organizations

(13%), and apartment buildings (11%). Some respondents wanted to prohibit from monitoring

truck stops and rest areas (7%), school campuses (7%; e.g., K-12 and colleges), and nursing

homes or assisted living facilities (7%). These results support other findings from this survey

that monitoring at the individual or small cluster-level is less preferred; however, in general,

respondents felt that monitoring should not be prohibited.

Factors for support or opposition to monitoring. Several items explored why respon-

dents may be reluctant to monitor locations that could yield findings that are potentially spe-

cific at the individual-level. As sewer monitoring has the potential to gather data people may

prefer to keep private, respondents were asked if they were confident that “city officials” could

maintain the privacy of the collected information. Respondents rated their confidence in city

officials in keeping personal information private. The three information types evaluated were

health/medical, lifestyle/behaviors, and financial, with ratings ranging from 0 (no confidence)

to 4 (complete confidence). Seventy-nine percent were confident or very confident that city or

town leaders would keep all these types of information confidential. Lifestyle and behavioral

information were the areas in which the highest percentage of the respondents were unsure or

lacked confidence (18%), followed by financial information (17%) and health/medical infor-

mation (16%).

When asked if they would be willing to give up privacy (none to all, on a scale of 0 to 4) to

ensure that people in the community could live safe and healthy lives, 78% of the respondents

reported being willing to give up some or all privacy related to these three information types,

with the willingness to give up financial information related privacy being the least frequently

endorsed one (55%). These results indicated high confidence in local government officials and

only minor privacy concerns.

Privacy attitude questionnaire. The PAQ (Fig 2) scores assess the willingness to disclose

information that one might want to keep private. Aggregate mean (standard deviation) scores

of the four scales were as follows: exposure = 2.73 (0.55),monitoring = 3.34 (0.48), protec-
tion = 3.92 (0.58), and personal information = 2.36 (0.58). Low scores indicated less willingness

to disclose or a higher desire to remain private. Although respondents were more concerned

Table 1. (Continued)

N Percent

Yes 171 5.5%

No 2912 94.5%

https://doi.org/10.1371/journal.pone.0275075.t001
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about sharing their personal information than the other three factors, the aggregate mean

PAQ score was consistent with confidence that “city officials” could maintain the privacy of

the collected information.

Inferential findings

Subgroups of respondents were analyzed to explore the differences in awareness, knowledge,

and preferences for public health monitoring. Predictors included gender, race, age cohort,

education level, income bracket, and urban/rural residency. Gender was limited to males and

females, as there were too few respondents in the other gender identities to make for a separate

category. For analyses including gender, the sample size reduced to 3067. Race was dichoto-

mized into White or People of Color.

Tests of normality, including the Kolmogorov–Smirnov test and visual inspection of the

Normal Q–Q plots, indicated that the three measures did not meet the criteria for univariate

analysis of variance. Consequently, the Kruskal–Wallis H test was used to test for between-

group differences. Post-hoc comparisons, when needed, were compared against the Beha-

mini–Hockberg-adjusted p-value (B-H p-value). The B–H p-value is a conservative measure of

the false discovery rate [22, 23].

Knowledge. The knowledge score (summation score ranging from 0 to 3, with 3 indicat-

ing higher knowledge) was tested for differences associated with the predictor variables. Statis-

tical differences were found for race (white,M = 1.33 [SD = 1.06]; people of color,M = 1.01

[SD = 0.96];H = 37.30, df = 1, B-H p-value< 0.001), age cohort (youngest as 18 to 44 years,

M = 1.10 [SD = 1.01]; middle as 45 to 64 years,M = 1.25 [SD = 1.06]; oldest as 65+ years,

Fig 2. Responses from the privacy attitude uestionnaire for exposure (n = 9), monitoring (n = 9), protection (n = 8), and personal information
(n = 10). A lower score indicates a higher level of privacy concern within each factor; error bars represent ± 1 standard deviation.

https://doi.org/10.1371/journal.pone.0275075.g002
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M = 1.40 [SD = 1.05];H = 38.45, df = 2, B-H p-value< 0.001), schooling (high school,

M = 0.95 [SD = 0.98]; college,M = 1.31 [SD = 1.05]; graduate school,M = 1.61 [SD = 1.04];

H = 110.90, df = 2, B-H p-value< 0.001), income bracket (lowest as earning less than $40,000

annually,M = 1.14 [SD = 1.04]; middle as earning $40,000–$80,000 annually,M = 1.33

[SD = 1.04]; highest as earning $80,000 or more annually,M = 1.44 [SD = 1.05];H = 41.78,

df = 2, B-H p-value< 0.001), gender (males,M = 1.34 [SD = 1.04]; females,M = 1.26

[SD = 1.06];H = 4.19, df = 1, B-H p-value = 0.04), and residency (urban,M = 1.18 [SD = 1.05];

suburban,M = 1.33 [SD = 1.05];H = 15.17, df = 1, B-H p-value = 0.001). Those with higher

knowledge included older white people who attended graduate school, reported higher

incomes, were male, and lived in a mostly suburban area.

Awareness. The Kruskal–Wallis H statistic was used to test whether the average level of

awareness of the six public health surveillance activities differed across different demographic

variables. The mean score ranged from 0 (no awareness) to 4 (full awareness).

Statistical difference was found for gender (males,M = 2.89 [SD = 0.91]; females,M = 2.75

[SD = 0.94];H = 15.36, df = 1, p< 0.001); age cohort (youngest,M = 2.64 [SD = 0.97]; middle,

M = 2.77 [SD = 0.93]; oldest,M = 2.90 [SD = 0.92];H = 42.42, df = 2, B-H p-value< 0.001);

schooling (high school,M = 2.60 [SD = 0.99]; college,M = 2.83 [SD = 0.93]; graduate school,

M = 2.93 [SD = 0.88];H = 27.99, df = 2, B-H p-value< 0.001), and, income bracket (lowest,

M = 2.73 [SD = 0.97]; middle,M = 2.81 [SD = 0.94]; highest,M = 2.89 [SD = 0.87];H = 10.68,

df = 2, B-H p-value = 0.005).

Awareness did not differ by residency (urban,M = 2.74 [SD = 1.00]; suburban,M = 2.82

[SD = 0.91];H = 2.15, df = 1, B-H p-value = 0.14) or race (white,M = 2.81 [SD = 0.93]; people

of color,M = 2.74 [SD = 1.00];H = 1.57, df = 1, B-H p-value = 0.21). Those with higher aware-

ness of the six public health surveillance activities were male, older, had more education, and

had higher incomes.

Support for the monitoring of ten activities. Respondents indicated their level of sup-

port for the monitoring of ten activities: use of illicit drugs, prescription drugs, alcohol, eating

habits, lifestyle behaviors, gun residue, mental illness, toxins, terrorist threats, and diseases.

Responses ranged from 1 (strongly opposed) to 5 (strongly supported). An aggregate measure

of support was created by averaging the ten potentially monitorable activities; the closer it was

to 5, the higher the support. The Kruskal–Wallis H statistic was used to test for differences in

support among the various independent variables.

The average level of support differed by gender (males,M = 3.65 [SD = 0.75]; females,

M = 3.76 [SD = 0.75];H = 15.45, df = 1, B-H p-value< 0.001).

Age cohort did not influence the mean level support (youngest,M = 3.69 [SD = 0.79]; mid-

dle,M = 3.70 [SD = 0.77]; oldest,M = 3.77 [SD = 0.71];H = 6.70, df = 2, B-H p-value = 0.16).

The income bracket did not influence the mean level of support (lowest,M = 3.69 [SD = 0.79];

middle,M = 3.70 [SD = 0.77]; highest,M = 3.76 [SD = 0.75];H = 4.17, df = 2, B-H p-value =

0.13), and neither did residency (urban,M = 3.73 [SD = 0.76]; suburban,M = 3.72 [SD = 0.76];

H = 0.005, df = 1, B-H p-value = 0.94), nor education (high school,M = 3.74 [SD = 0.76]; col-

lege,M = 3.73 [SD = 0.74]; graduate school,M = 3.68 [SD = 0.78];H = 2.27, df = 2, B-H p-value
= 0.32).

In general, females tended to show higher support for monitoring the ten activities than

males.

Support for monitoring of the entire city. The endorsement of monitoring the entire

city was not associated with gender, race, age, income, or education. However, those living in

urban areas endorsed monitoring the entire city at a higher percentage than those living in

suburban areas (79% versus 74%; Fisher’s exact test = 0.006).
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Supporting the monitoring of all places. Respondents were asked if they would prohibit

the monitoring of certain places, such as apartment buildings; alternatively, they were given

the option to support monitoring of "all of these places." Demographic comparisons were

made for the option, support the monitoring of these places. Gender was associated with sup-

port for monitoring. Female respondents (69%) were more likely than male respondents

(64%) to select not to prohibit any location (Fisher’s exact test = 0.007). Age cohort was associ-

ated with support for monitoring (Chi-square [df = 2] = 7.25, p = 0.027); the youngest cohort

was less likely (63%) to select “support all” compared to the middle (67%) and older (69%)

cohorts. Education level was associated with selecting to "support all" (Chi-square [df = 2] =

13.68, p = 0.001); those with a high school education (72%) were more likely to select “support

all” than those with at least some college (67%) or graduate school education (62%). Income

bracket was associated with selecting to "support all" for monitoring (Chi-square [df = 2] =

14.23, p< 0.001); those in the lowest income bracket were more likely to make this selection

(70%) compared to the middle-income (68%) and the highest income (62%) brackets. Resi-

dency was associated with the selection to prohibit no location from monitoring (Fisher’s

exact test = 0.001). Urban dwelling respondents (71%) were more likely than suburban respon-

dents (66%) to support monitoring. There was no association between race and selecting "sup-

port all" locations for monitoring (white [67%] versus people of color [71%]; Fisher’s exact

test = 0.11).

Thus, respondents who were female, older, less educated, less wealthy, and living in urban

areas tended to endorse supporting all locations for monitoring. Conversely, younger, more

educated, wealthier, suburban males were more likely to endorse prohibiting at least some

places for monitoring.

Predicting support for the monitoring of specific public health targets. A linear regres-

sion equation was constructed using a stepwise approach to understand the demographic char-

acteristics that predicted the support for sewer monitoring of ten activities (use of illicit drugs,

prescription drugs, alcohol, eating habits, lifestyle behaviors, gun residue, mental illness, tox-

ins, terrorist threats, and diseases). The predictor variables were entered into the model as fol-

lows: mean score of awareness of public health surveillance functions; the four PAQ mean

subscale scores (exposure, monitoring, protection, and personal information); and the six

demographic variables: gender (1 = male, 2 = female), age cohort (1 = youngest, 2 = middle,

3 = oldest), race (0 = people of color, 1 = white), income (1 = lowest, 2 = middle, 3 = highest),

residency (1 = urban, 2 = suburban), and education (1 = high school, 2 = some college, 3 = grad-

uate school).

A significant regression equation was obtained (F(6, 3066) = 58.32, p< 0.001), with an R2 =

0.103 for the strength of support for monitoring the 10 activities.

The three of the four PAQ subscales, gender, and age cohort were significant predictors

(ps< 0.05); PAQ-exposure, race, education, income bracket, and residency were excluded

(ps> 0.05). The respondents predicted that the Support of Ten Activities score was equal to

1.26 + PAQ-monitoring (0.35) + awareness (0.09) + PAQ-protection (0.13) + PAQ-personal

information (0.10) + gender (0.11) + age cohort (0.03). Thus, positive attitudes toward disclos-

ing private information, female gender, and older age tended to predict increasing strength

toward support for monitoring sewage for certain activities.

Discussion

In this study, a nationally distributed public opinion survey was used to assess the knowledge,

awareness, and privacy concerns regarding sewer monitoring and individual factors. Approxi-

mately half of the respondents did not know whether COVID-19 could be detected in sewage.
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Further, we found that the awareness of sewer monitoring across the United States was gener-

ally lower than that of other types of public health surveillance.

Overall, respondents tended to show moderate levels of privacy concerns, as measured by

the PAQ, with higher levels of concern about personal information and less levels of concern

when disclosure was associated with protection. Overall, respondents supported sewer moni-

toring, particularly for identifying risks to health, such as terrorist threats, toxins, and diseases.

However, less support was offered for studying the behaviors and health status of the popula-

tion, such as monitoring lifestyle behaviors, healthy eating, and mental illness.

The use of sewers to monitor community health status leads to salient tradeoffs. Croft et al.

[3] studied illicit and prescribed neuropsychiatric drugs in sewers, uniquely spanning choice

activities and mental health issues. Assessing mental health through sewer monitoring, using

stress hormones [24] as a quantitative measure, offers an opportunity to highlight needs and

bring more advocacy to low-income or other communities that may struggle with social and

environmental justice. However, the privacy concerns of individuals versus a community

should be balanced with the real and valid concerns that sewer monitoring could be used as a

tool for surveilling and administering punishment or stigmatization to a community. For

example, identifying evidence of illicit drug use within sewers could result in negative out-

comes for neighborhoods, such as increased policing and negative media attention.

Our respondents more often supported surveillance at the most anonymous levels, such as

citywide pooled samples, over smaller-scale sampling. The results are consistent with the

guidelines of Hall et al. [12] and Scassa, Robinson, and Mosoff [16], which suggest that com-

munity sewer monitoring is generally ethically acceptable; however, when monitoring is con-

ducted on small scales, such as workplaces, prisons, and schools, it may elicit increased

concerns. Our national survey results also correspond with those of an earlier study that

focused on views within Louisville, Kentucky, which showed increased public support for

sewer measurements in the largest areas possible (> 50,000 households) [25].

Determining the scope and context of monitoring and clarifying public benefits and privacy

protection is perhaps a precursor for rule-making. North Dakota’s proposed ban for sewer

monitoring via House Bill 1348 [18] suggest that privacy concerns around sewer surveillance

exist and that monitoring is open to public debate. These debates can be complex. For exam-

ple, the monitoring of alcohol consumption was supported by about half of the respondents in

our study and studies such as Ryu et al. [5] have additionally shown that sewer monitoring

allows consumption rates and weekly patterns of drinking to be calculated. However, because

the United States federal minimum drinking age is 21 years, age of the subjects’ excretion to

the piped sewer network could be a key to future privacy protection and public debate.

Knowledge, awareness, and support for sewer monitoring varied across the respondents,

and this variance could be partially explained by education, income, gender, and age. Race and

residence generally had smaller effects. For example, younger people with lower levels of edu-

cation are nearly as supportive of monitoring as their older and more educated peers; however,

but they tended to have lower awareness and knowledge to strengthen this support. Our survey

also complements a survey by Hill et al. [26], who showed that wastewater utility supervisors

had some knowledge of sampling sewers for public health; with targeted education program-

ming evidenced on the limitations and benefits of sampling still considered necessary for this

group. In wastewater reuse, negative public opinion has been found to be driven by pathogen

disgust [27]. Therefore, one recommendation following this national survey is to use science

communication to improve public knowledge and awareness of this health surveillance tool.

Education and outreach tools, such as websites and data dashboards, should be widely avail-

able and provide jargon-free and accessible explanations of the sewer monitoring being

conducted.
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The limitations of sewer monitoring applications regarding privacy for public health should

be acknowledged; they are best established when utilizing existing piped sewer system infra-

structure. This type of infrastructure covers approximately 85% of the United States popula-

tion [28] residing mostly in urban and suburban areas, thereby allowing a degree of

anonymity with homogeneous sewer samples from many individuals. Our results show public

support for monitoring in these areas. However, the remaining 15% of the United States popu-

lation [28] resides within either dominantly rural areas containing lagoon systems, septic

tanks, and straight pipes or as outlier higher-income households with large landholdings away

from urban centers. These rural places have less individual household privacy in the sewer

monitoring approach than the urban dwellers. Respondents seem to intuitively know this and

thus, more frequently indicated that individual systems should be prohibited from monitoring.

However, some rural areas offer valuable public health opportunities for surveillance, such as

mobile home communities and congregate care facilities. These locations typically have poor

communication with local health departments, and sewer monitoring can provide early

warnings.

In early 2022, the Centers for Disease Control and Prevention launched the National

Wastewater Surveillance System [29] providing further support for this technology. The initial

version of this platform is accessible to the public; however, it is limited to SARS-CoV-2 data

to date. As the field of sewer monitoring continues to build capacity, utility providers, public

health practitioners, and environmental health practitioners must engage with the public to

balance the need for public health monitoring with privacy protection.

Limitations

While the invitations to participate were randomly sent to a large, diverse population, partici-

pants were self-selected to participate. The invitation itself did not reveal the nature of the sur-

vey until the participant met the inclusion criteria. However, as is the case with all panel survey

methods, self-selection bias may exist among the pool of people interested in survey research.

The completion of the survey was skewed toward respondents who were older, wealthier, bet-

ter educated, and suburban dwelling. The inclusion criteria excluded rural dwelling individu-

als. Finally, the results focused on the United States, and further research is required to gather

public perceptions regarding the acceptance of the use of sewers for global community health

monitoring.

Conclusions

Using an online survey of English-speaking, non-rural adults in the United States, we investi-

gated public perceptions regarding what should be monitored, where monitoring should

occur, and privacy concerns related to sewer monitoring as a public health surveillance tool.

The incorporation of sewer surveillance into broad use has been propelled by the COVID-19

pandemic; however, it remains unfamiliar to a large percentage of the public in the United

States. The most important finding of this study may be the absence of significant nationwide

concerns regarding privacy violations from sewer monitoring. A second important finding is

that sampling at the scale of an entire city was supported more than that at the scale of smaller

areas. Lastly, sewer monitoring is an emerging technology, and this study highlights some per-

ceptions that could benefit from educational programs in areas where acceptance or concern

about public health surveillance is comparatively low. The results of our study show that

although knowledge and awareness of sewer monitoring was low, respondents clearly commu-

nicated guard rails for what is and is not acceptable for monitoring, and public opinion should
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inform future policy, application, and regulation measures of wastewater-based epidemiology

practices.
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