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ARTICLE INFO ABSTRACT

Keywords The SARS-CoV-2 pandemic highlighted the need for novel tools to promote health equity. There has been a
Africa historical legacy around the location and allocation of public facilities (such as health care) focused on efficiency,
Disease surveillance which is not attainable in rural, low-density, United States areas. Differences in the spread of the disease and
;I:;lst?cﬂsfrmes outcomes of infections have been observed between urban and rural populations throughout the COVID-19
Vulnerable communities pandemic. The purpose of this article was to review rural health disparities related to the SARS-CoV-2
Wastewater surveillance pandemic while using evidence to support wastewater surveillance as a potentially innovative tool to address
these disparities more widely. The successful implementation of wastewater surveillance in resource-limited
settings in South Africa demonstrates the ability to monitor disease in underserved areas. A better surveil-
lance model of disease detection among rural residents will overcome issues around the interactions of a disease
and social determinants of health. Wastewater surveillance can be used to promote health equity, particularly in
rural and resource-limited areas, and has the potential to identify future global outbreaks of endemic and

pandemic viruses.

1. Introduction

Health disparities among rural United States residents have been
well documented (Summers-Gabr, 2020; Ashburn et al., 2021; Cross
et al.,, 2021; Jackson et al., 2021; Dani et al., 2022). Many factors
contribute to this, including poorer social determinants of health metrics
such as poverty, lack of education, and life expectancy (Table 1; Rural
Health Information Hub, 2022). Moreover, rural populations have crit-
ical barriers to healthcare; there are approximately three M.D.’s in
metropolitan areas for every one in non-metropolitan locations on a per
capita basis. There is also a historical legacy around the location and
allocation of public facilities (such as health care), with a focus on
spatial extent and coverage of human services to promote efficiency
(DeVerteuil, 2000), a model which leaves behind rural, low-density
areas. Further, rural areas are more likely to be served by critical ac-
cess hospitals, which account for over 50% of hospitals in predominately
rural states such as South Dakota. These hospitals, by federal regula-
tions: 1) must be in a rural county at least 35 miles from another acute
care facility; 2) may at most have 25 beds; 3) average an annual inpa-
tient length of stay less than 96 h; and 4) have an emergency room or

department with 24-hour availability (Centers for Medicare and
Medicaid Services, 2021). These hospitals are designed to provide pri-
mary care to patients for common health emergencies. However, they
often transfer patients to larger facilities for more complex or serious
cases. This is important for public health surveillance activities, as fed-
eral regulations limit the role of these hospitals in treating large out-
breaks of diseases in rural locations, given the limited number of beds,
hospital stay capacity, and reduced medical resources. Although these
hospitals provide a critical lifeline for basic care for many rural resi-
dents, frontier residents must still travel long distances, some of whom
must travel over 80 miles each way to receive care (South Dakota
Department of Health, 2020). In Kentucky, even in rural areas with
geographical access to care, this travel could also include the moun-
tainous Appalachian region, which is prone to flooding (Kentucky
Cabinet for Health and Family Services, 2022). As access to equitable
healthcare remains a constant struggle in rural and frontier locations,
innovation in public health surveillance approaches is needed to main-
tain the health of residents and capacity at healthcare facilities (Fig. 1).
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Table 1
Rural health disparities in select United States locations.

Disparity Measure Location ~ Metro Non-
Metro
Access to Healthcare ~ M.D.’s per 10,000 People ~ SD 36 11
KY 32 11
National 32 11
Social Determinates Poverty SD 8.6% 14.4%
of Health KY 12.1%  19.1%
National 11.5%  14.4%
Population Without a SD 6.4% 9.1%
High School Diploma KY 9.8% 17.2%
National 11.2%  12.9%
Outcomes Life Expectancy at Birth SD 80.3 78.9
(years) KY 77.3 75

National  79.3 77.4

2. SARS-CoV-2 Rural Health Disparities
2.1. Cases, Hospitalizations, and Deaths

Health disparities have been devastating for rural residents during
this pandemic, with access to healthcare being one of the social de-
terminants of health that influenced disease outcomes in rural locations.
Testing and disease surveillance was limited in rural populations,
making it difficult to track the spread of the disease through cases,
hospitalizations, and deaths (Chillag and Lee, 2020). Although the se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic
started in urban centers, the overall picture is that non-metropolitan
residents have had a higher rate of deaths per capita than metropol-
itan residents (Cuadros et al., 2021; Dobis et al., 2021). Infection-
induced seroprevalence among blood donors was lower in rural
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populations during the first few months of the pandemic but rapidly and
consistently exceeded that of urban populations by the fall of 2020 (Li
et al., 2022). Lower rates of vaccine-induced seroprevalence were also
found among rural blood donors than among urban donors (Li et al.,
2022), indicating an increased risk of infection in rural populations.
Even within large counties, from August 2020 to February 2021, the
overall positive seroprevalence for SARS-CoV-2 spike protein-specific
IgG antibodies was lower in the urban core than in the lower-density
county edges, indicating that the scale of the geographic zone matters
(Smith et al., 2022). While cases and deaths were higher among the
racially diverse urban poor during the first few months of the pandemic,
they transitioned to rural areas, especially those with higher levels of
poverty (Li et al., 2021). Barriers to testing remained a limitation to
understanding the rate of infection reported by health facilities in rural
populations throughout the pandemic. Rader and colleagues reported
greater travel times to testing centers in rural counties (Rader et al.,
2020). Given these barriers to testing, other metrics should be consid-
ered as indicators of infectious disease surveillance in rural populations.

The risk of serious illness is higher among rural populations;
accordingly, the hospitalization of coronavirus disease 2019 (COVID-
19) cases in rural populations was estimated to be 10% higher than in
urban populations with similar levels of exposure (Kaufman et al.,
2020). This increased risk is due to preexisting comorbidities and older
age in rural populations (Kaufman et al., 2020). A large longitudinal
study of health records found the adjusted odds ratios for hospitalization
to be 1.18 and 1.29 times higher among urban-adjacent rural and non-
urban-adjacent rural populations, respectively, compared to urban
populations (Anzalone et al., 2023). Rural patients are also more likely
to require invasive mechanical ventilation, vasopressor support, and
extracorporeal membrane oxygenation than urban patients (Anzalone
et al., 2023). Finally, the odds of death or transfer to hospice care were
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Fig. 1. Framework for adapting rural wastewater surveillance to overcome health disparities.
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approximately 1.36 times higher in rural patients than in urban patients
(Anzalone et al., 2023). Similarly, the cumulative death rate per capita
from COVID-19 was nearly 50% higher in rural populations (446.12
deaths per 100,000 people) compared to large central metropolitan
areas (302.25 deaths per 100,000 people) (CDC, 2022a). During this
pandemic, poorer health outcomes were observed in rural patients than
in their urban counterparts. Many factors contribute to these outcomes,
including vaccination rates, comorbidities, and a reduction in commu-
nity mitigation measures (Jackson et al., 2021).

2.2. Vaccination

Vaccination rates against COVID-19 differ between urban and rural
populations. In a study on Arkansas residents, rural respondents re-
ported lower trust in vaccines than urban populations (McElfish et al.,
2021). In a study on Tennessee populations, access to testing and
vaccination was greater in urban areas than in rural areas (Alcendor,
2021). Furthermore, Tennessee non-metropolitan residents were
significantly more likely to resist vaccination (Gatwood et al., 2021). A
national survey found that non-metropolitan populations were less
likely to report intending to receive the COVID-19 vaccine (Salmon
et al., 2021). Rural Oklahoma residents reported hesitation toward
getting vaccinated as well, with skepticism and limited knowledge about
the vaccine being commonly cited reasons (Hubach et al., 2022). Cur-
rent vaccination rates suggest that these hesitations may have reduced
the population receiving the vaccine. According to the Centers for Dis-
ease Control (2022b), in large central metropolitan areas, 70.3% of the
population completed their primary COVID-19 vaccination series versus
50.1% of rural populations. The reduction in vaccine recipients among
rural populations may have contributed to an increase in both mortality
and case fatality rates in rural populations during the Omicron wave
(Cuadros et al., 2022). Unvaccinated populations are significantly more
likely to require hospitalization for COVID-19 than vaccinated pop-
ulations (Winkelman et al., 2022). Lower vaccination rates in rural
populations may contribute to greater vulnerability toward severe
outcomes.

2.3. Access to treatment

Early experimental treatments and clinical trials were conducted
primarily in a few urban centers (Sharma et al., 2020; Dandachi et al.,
2021). Rural populations, on average, would need to travel 85.2 min to
the nearest clinical trial site compared to 18.7 min for urban populations
(Khazanchi et al., 2021). Furthermore, rural healthcare providers tend
to have limited resources, such as intensive care unit beds, ventilators,
and key staff to support patient care (Lakhani et al., 2020). In many
cases, rural areas served by critical-access hospitals must transfer pa-
tients to urban hospitals for more complex care (Diaz et al., 2020;
Henning-Smith, 2020). Visitor restrictions observed early in the
pandemic, along with the need to travel away from their community of
support, may have led rural patients to hesitate in seeking care (Hen-
ning-Smith, 2020). Recent studies have reported that rural patients had
to travel a median time of 69.6 min to a test and treatment site compared
to urban populations, where the median travel time was 11 min (Kha-
zanchi et al., 2022). Since these sites provide access to treatments such
as nirmatrelvir-ritonavir and molnupiravir, which need to be initiated
within 5 days of symptom onset for maximum efficacy, long travel dis-
tances to treatment centers may be a barrier for patients residing in rural
areas. This is especially problematic for individuals with limited means
of transportation. Overall, barriers to healthcare, including access to
testing that allows timely treatment, are likely to contribute to the
observed rural health disparities.
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2.4. Linking a medical model of disease and contagion with a social
determinants of health model

A better surveillance model of health must still bump up against a
lack of faith in the public health system among rural inhabitants, espe-
cially in terms of prevention. Rural residents are less likely to obtain
recommended preventive healthcare services (Casey et al., 2001).
Geospatial analyses on healthcare capacity have determined that local
geography exacerbated the deployment of COVID-19 vaccines as far as
access of residents to rural clinics, termed vaccination coldspots (Cua-
dros et al., 2023). The lack of faith in the public health system was also
seen in an assessment of tweets for topics related to COVID-19 preven-
tion (i.e., “vaccine” and “mandates”), which found rural social media
users had a stronger negative sentiment than urban users (Liu et al.,
2023). Linking a medical model of disease and contagion with a social
determinants of health model is equally needed to overcome health
disparities among rural residents.

Many studies have noted that rural populations with weaker social
determinants of health have poorer outcomes. Rural minority pop-
ulations are also more likely to experience poor COVID-19 outcomes
(Henning-Smith et al., 2021; Wheeler et al., 2021). In North Carolina,
the test positivity rate was the highest among minority populations
living in rural areas (Brandt et al., 2021), and similar findings have been
documented among rural and minority populations in Indiana (Dixon
et al.,, 2021). A greater number of comorbid diseases was observed
among hospitalized rural North Carolina patients early in the pandemic
(Denslow et al., 2022), with similarly increased rates of comorbid dis-
eases in rural populations in Georgia associated with higher COVID-19
mortality (Shah et al., 2020). Further complicating the clinical out-
comes observed, rural populations are more likely to be older than urban
populations (Chillag and Lee, 2020), which naturally puts these pop-
ulations at a higher risk for severe COVID-19 disease. Persistent poverty
is more common in rural settings than in urban settings, especially
among minority populations (Chillag and Lee, 2020). Employers in the
agricultural and food-processing industries are often in rural locations,
working conditions that can foster the spread of the disease (Behrman
etal., 2021). Finally, a combination of increased misinformation, lack of
trust, and reduced health literacy in rural settings may further
contribute to the barriers observed in rural populations (Lakhani et al.,
2020). Trust in public health messages and the perception of a reduced
risk of disease have been noted among rural populations (Ridenhour
et al., 2022). These social factors might increase the probability of se-
vere outcomes in rural populations.

Underpinning the SARS-CoV-2 rural health disparities is the larger
issue of "access’ and density. Rural areas lack the density of both pop-
ulation and of health services - this is not surprising, but it does raise
important issues around the location and allocation of public facilities
(such as health care) and equity. DeVerteuil (2000) reviews the litera-
ture on access, density, and equity when relating to public facilities. This
comes to attention where in rural areas, away from urban centers, effi-
ciency according to facility distance, pattern, accessibility, impacts, and
externalities are more sensitive to facility spacing. This is a case where
wastewater surveillance may overcome health disparities among rural
residents to circumvent a human services location legacy model.

3. Wastewater surveillance to improve rural health

Despite this, there is an opportunity for innovation in identifying the
virus in rural communities as a step toward alleviating these health
disparities. The current pandemic has enabled the development and
utilization of temporary mobile clinical testing units and traveling
healthcare professionals to aid rural communities experiencing surges in
illness. However, early warning health surveillance systems are neces-
sary to allow states to efficiently mobilize resources and healthcare
workers to rural populations during health crises. The lack of effective
surveillance in rural areas leads to an increased probability of the spread
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of COVID-19 among rural communities, which may lead to the spread of
the virus to the surrounding urban areas (Souch and Cossman, 2021).
Wastewater surveillance is a tool that can be used to provide surveil-
lance in rural and remote locations (Medina et al., 2022). This surveil-
lance has been well-received by the public for its use in tracking
diseases, environmental toxins, and terrorist threats when large pop-
ulations, such as those served by wastewater treatment plants, are
included (La Joie et al., 2022). However, complicating surveillance,
many rural populations use on-site sanitation systems rather than piped
sewer connections. Approximately 15% of United States households are
served by septic systems (World Health Organization, 2021). While this
is true, rural populations often travel to adjacent larger communities for
school, to work, and to shop, allowing regional wastewater treatment
plants to still offer an opportunity for inclusive sampling. Working with
local experts to understand travel patterns among rural populations is
key to establishing surveillance systems that capture rural populations
that are otherwise off the grid. Currently, the National Wastewater
Surveillance System excludes communities with populations of less than
3,000 (Centers for Disease Control, 2022c¢). In situations where travel to
regional urban centers exceeding 3,000 people is not well documented,
surveillance efforts can be uniquely aligned to identify the relative risk
of the disease in these rural populations.

Wastewater or non-sewered sanitation system surveillance is a flex-
ible form of surveillance with the potential to provide information on
many diseases circulating in a community with relatively few samples
being collected. In the absence of wastewater treatment, septic tank
emptying operations or building or factory-level plumbing access points
can be sampled as representative of the community. Since the launch of
widespread COVID-19 sanitation system surveillance in the United
States, some jurisdictions have expanded their surveillance to include
emerging diseases such as monkeypox, influenza, and polio (Ryerson
et al., 2022; Mercier et al., 2022; Nelson, 2022; Tanne, 2022). Methods
have been developed to include common circulating diseases, such as
human adenovirus, measles, and norovirus (Kevill et al., 2022).
Importantly, to evaluate many of these diseases, additional samples are
not needed and can be assessed from the same sample volume collected
to monitor SARS-CoV-2. This provides cost efficiency that cannot be
matched using traditional clinical surveillance techniques. It is esti-
mated that clinical surveillance costs approximately ten times more than
wastewater surveillance (Manuel et al., 2022), and the cost savings are,
in part, because wastewater represents a greater proportion of the
population than clinical testing. Wastewater samples represent the
pooled contribution of the community yet still provide the individual
privacy of each community member. As well, wastewater surveillance
may provide information on both symptomatic and asymptomatic
populations (Cavany et al., 2022), including vaccinated individuals who
may shed the virus during low-level infections. Furthermore, the sam-
ples of treatment-seeking and non-treatment-seeking infected in-
dividuals includes those who used at-home testing to make decisions
regarding current and future healthcare visits. Given the barriers to
healthcare and testing faced by rural patients, ensuring that the health
surveillance system does not depend on clinical testing capacity is
critical.

Significantly, wastewater samples are collected by researchers,
wastewater utility workers, or sanitation workers, and analyzed by sci-
ence, technology, engineering, and mathematics (STEM) professionals,
which avoids overtaxing healthcare workers in rural locations. This
health surveillance system can then be linked to continuously (and
within days) notify healthcare providers to prepare for an influx of sick
patients, including requests to mobilize testing and increase the number
of traveling healthcare workers in the region. As rural locations
comprise approximately 97% of the land in the United States (Ratcliffe
et al., 2016), finding surveillance methods that involve these widespread
communities is important. Creating a more inclusive disease surveil-
lance system increases the chances for early detection of emerging dis-
eases and outbreaks. This allows mitigation and prevention efforts to be
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implemented, thereby reducing the probability of an outbreak becoming
an epidemic or pandemic. A truly robust framework should also consider
opportunities to connect this surveillance with conventional public
health surveillance mechanisms. For example, seasonal influenza will
most likely be detected in wastewater before conventional syndromic
surveillance using electronic health records. Connecting geographic
reporting systems from clinical settings with the associated data from
environmental sampling will increase situational awareness. Waste-
water surveillance also has the potential to help mitigate the economic
impact of disease outbreaks by preventing their spread and proactively
addressing potential ones, thus overcoming many barriers found in rural
communities that contribute to health disparities.

Moreover, wastewater surveillance allows the participation of more
community members. One common theme among leaders at rural health
workshops is that building trust among rural communities is the key to
addressing rural health disparities (Cacari Stone et al., 2021). Treating
rural communities as small urban communities often results in poor
outcomes and frustration among the rural participants. Investing in
long-term partnerships and building research capacity are critical for
improving rural health (Cacari Stone et al., 2021). Partnerships among
rural-serving academic institutions, healthcare providers, and commu-
nities allow for trust and collaboration among rural stakeholders.
Designing health surveillance programs to meet the unique needs of
rural populations, while building the trust necessary to implement
changes, is critical in rural communities.

4. Learning from advancements in underserved areas of other
countries

Developing countries, which compare to some rural communities in
the United States, also have lower sewer connection coverage. Despite
this, they have been able to show usefulness of sanitation system sur-
veillance for the health of the communities as part of their pandemic
response. Only 43% of the global population has access to household
toilets connected to sewers (WHO, 2021). Furthermore, approximately
6% of the world’s population does not have any access to sanitation
facilities (WHO, 2021). However, a case in point is South Africa, where
61% of the population has access to toilets connected to sewer systems,
although sewer infrastructure distribution is not uniform across prov-
inces (WHO, 2021). Household toilets connected to sewers are common
in more urbanized provinces, namely the Western Cape (87%) and
Gauteng (84%) provinces, while in South African metropolitan areas,
approximately 16.8% of the population lives in informal dwellings
(Statistics South Africa, 2019).

The adaptation model of the wastewater surveillance approach for
pathogen detection in non-sewered settlements in South Africa is highly
beneficial for developing countries that do not have fully inclusive sewer
connections. Almost 40% of South Africans would not be included in
surveillance for the health of their communities with wastewater sur-
veillance , given a lack of sewered connections. Those left behind in
sanitation access also typically lack access to sufficient healthcare or
financial resources. In communities lacking formal sewerage networks,
poorly or partially treated human excreta and graywater are often
disposed into the environment, which enters a nearby stream or water
source that has the potential to enter nearby rivers. Alternatively,
community-level data and hotspot detection have been used to over-
come the burden of individual testing by including a framework for
sampling and surveillance of gray and wastewater within non-sewered
communities, ensuring a timely response to an upsurge in disease
detection. In contrast to wastewater, where a largely homogenous
influent sample can be taken from a facility in South Africa, non-sewered
informal settlement sampling becomes more challenging owing to the
variety of systems and waste products generated. Previous sampling of
non-sewered communities for SARS-CoV-2 carried out by Pocock et al.
(2020) found that rivers downstream of the community were the most
reliable sample sources in densely populated, non-sewered, settlements.
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The deployment of low-cost passive sampling devices into the rivers
during periods of high rainfall, a process pioneered by Schang et al.
(2021), overcomes the challenges of a dilute sample matrix in these
vulnerable communities.

Although this wastewater approach in non-sewered portions of South
Africa cannot relate viral loads in surface water to a defined population
or possible number of cases, river sampling still provides an alternative
means to monitor the spread of respiratory and enteric pathogens within
informal settlements by monitoring trends and presence or absence in
viral loads. During the COVID-19 pandemic, this was evidenced in that it
allowed the identification of possible spikes in infections within the
communities upstream of the sample point. This presence or absence
approach may provide an alternative method for early warning against
infections in unsewered communities, which have a high risk of rapid
spread and a low likelihood of convenient clinical testing to trigger the
deployment of rapid response teams.

5. Limitations of rural wastewater surveillance programs

Innovative approaches to implement wastewater surveillance in low-
resource settings, such as rural locations, can be learned from these in-
ternational efforts but are still not without limitations. Calibration of
wastewater and clinical data that can be performed in urban settings
remains an unrealistic expectation in rural or resource-limited settings.
In such sampling programs, well-defined limits of detection and specific
metrics employed to interpret results below quantification boundaries
will be needed. This may require different approaches toward reporting
data to rural public health officials or to a larger (academic) audience.

Understanding the boundaries of rural wastewater surveillance
programs is essential. From a public health perspective, it may be more
important to focus on common health disparities rather than rare dis-
eases. Similarly, sampling locations may not be easily accessible due to
limitations in building-level locations, such as agricultural, food-
processing industries, correctional or long-term care facilities, or
limited environmental samples, such as surface water. Finally, not all
households in the United States have complete plumbing facilities (Rural
Community Assistance Partnership, 2015). It is estimated that 1.7
million people in the United States lack basic plumbing. Rural pop-
ulations, especially minority populations living in rural locations, are
more than twice as likely to not have basic plumbing. These populations
cannot be served by wastewater surveillance because basic sanitation
services are not available. Promoting equity among these populations is
dire and challenging.

6. Conclusions

A better surveillance model of disease detection among rural resi-
dents will overcome issues around the interactions of a disease and so-
cial determinants of health (Fig. 1). The SARS-CoV-2 pandemic has
highlighted rural health disparities across the United States, but solu-
tions require transdisciplinary approaches. Barriers to healthcare, co-
morbid diseases, poverty, and hesitation in prevention messaging from
outside entities are some of the factors contributing to poor outcomes
among rural patients infected with the disease. Wastewater surveillance
has the potential to reduce rural health disparities by providing a flex-
ible tool for assessing diseases in a wider community. Importantly, this
form of surveillance does not rely on rural healthcare providers, who
may be limited and overworked. Yet, this tool could provide the
necessary warnings of potential outbreaks that may require coordinated
responses from healthcare providers and community officials, as well as
rural employers such as the agricultural and food-processing industries.
The case study of South Africa, which demonstrates the ability to
innovatively sample vulnerable communities, provides an alternative
approach for monitoring rural communities in the United States.
Furthermore, community participation and partnerships with local re-
searchers involved in wastewater surveillance may help provide the
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boots-on-the-ground approach needed to encourage trust and the will-
ingness to engage in mitigation measures that reduce the spread of
diseases within the community. Building this infrastructure and trust
will be key to improving not only health disparities related to COVID-19
but also a variety of other diseases. Wastewater surveillance is a critical
tool that can be readily implemented to reduce future disparities in rural
health.
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