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Preface


	I would like to preface this work by stating that while all the material I read and wrote throughout this research process were relevant and accurate at the time, the information presented in this work may no longer be up to date with the latest findings in the field of wastewater surveillance and COVID-19. 
	Today’s COVID-19 crisis is an everchanging and rapidly evolving situation with experts and scientists making new discoveries and releasing new information on a regular basis. As such, the facts, ideas, and opinions presented in this work are based on the research I have done as the pandemic has continued to unfold and while considered accurate and up to date when written, there may be more recent information out there that either confirms, contradicts or calls into question some of the ideas presented in this paper. 
	It is my hope that this work is additive in some way and sheds light on important concepts surrounding wastewater surveillance and COVID-19, but by no means is it all-encompassing. There are so many different facets to consider when discussing today’s pandemic and how best to combat SARS-CoV-2, however, many of these are beyond the scope of this paper and will not be discussed. I recognize the temporality of this work and see it as both a limitation and a testament to its importance. I hope the findings in this work can in some way offer insights and nuances regarding today’s healthcare crisis, as well as speak to lessons and ideas to consider in future healthcare crises.  






Chapter One: Introduction


It was June 1st, 2020. COVID-19 had really started to heat up. People were scared and isolated, all while trying to sort through the bouts of misinformation that were constantly being thrown in their direction. I was preparing to lockdown at home for the summer with my family when I spoke with the director of the Clinical Genomics and Advanced Technology Laboratory at Dartmouth-Hitchcock Medical Center. I had expressed interest in trying to get involved with a COVID-related effort for the summer since there was so much that needed to be done, but I never expected that my involvement would be with a pilot study in New Hampshire looking to utilize wastewater-based epidemiology (WBE) as a way to monitor the spread of COVID-19. I had never even heard of the concept of WBE let alone how it could play a role in the pandemic. Intrigued and not exactly sure what to expect, I packed my bags and drove 9 hours North out of Washington, D.C. to a little town called Hanover, New Hampshire. I spent most of that time wondering what exactly I would be doing while I was there. Researching the idea of WBE? Going to wastewater facilities and collecting samples? Testing samples in the lab for the presence of SARS-CoV-2? I really only seemed qualified for the first, but it wasn’t long after my arrival that I was doing all three. I really got a feel for the nitty gritty of collecting and analyzing wastewater samples and by the time I left, we had already seen how infection rates fluctuated throughout the Upper Valley. 
	However, what really fascinated me wasn’t the lab technique we were using to identify the virus in our samples, but how this would all fit into the world outside of the lab. How could a small pilot study translate into a method of surveillance that could potentially change the landscape of the COVID-19 pandemic? Was it even possible? My time in New Hampshire was so focused on this one idea and all the details of collection and analysis that go into it, but as I drove home, I wondered how it would fit into the bigger picture of COVID-19. How does it compare to individual testing? How can we expect communities to have the supplies and capabilities to take on the kind of streamlined sampling that I saw work so smoothly in a state-of-the-art laboratory? It seemed far-fetched. 
While countries all over the world were struggling to fight off the virus, some definitely fared better than others. New Zealand was one of these. They took international warnings very seriously, preparing early-on for the worst and as a result they managed to flatten the curve so effectively that by June New Zealand had declared the pandemic over (Frieden, 2020). Their ability to accomplish this had a lot to do with quickly enforcing mitigation measures, such as mask wearing, travel bans and social distancing (Gouvea dos Santos, 2020).  Although they played their cards right, many others did not - the United States included. While things were under control by June in New Zealand, the crisis was far from over for many other countries. In fact, it was just getting started. With no sure-fire end to COVID-19 on the horizon, maybe there was a place for WBE within the pandemic. 
With so much uncertainty still surrounding the nature of the virus and potential treatments, as well as the large “waves” of infection we’ve seen since the beginning of this pandemic, it seems evident this virus won’t be obsolete for quite some time. Additionally, while individual diagnostic testing has been at the forefront of public health interventions for COVID-19, it is clear that testing alone isn’t enough to contain the spread of this virus. While many seem to be hopeful as vaccines are actively being distributed, the threat is still there. Especially now, as some experts are voicing concern over the possibility of another wave and a highly infectious strain arising in Brazil (Weintraub, 2021). There is also concern surrounding the amount of people who are choosing not to get vaccinated, particularly within the U.S. 
All in all, there are still immense gaps that need to be filled within the field of public health and beyond on how best to continue fighting off COVID-19. Some of these gaps include a lack of access to testing, scarcity of vaccines, an inability to reach certain populations along with the many other social and financial burdens that prevent people from being able to effectively monitor their infection status. Identifying and analyzing old interventions as well as newer forms of interventions and how they might work together to stop the spread of this virus is a top priority – not only for public health officials, but for individuals as well. COVID-19 has already altered the lives of millions all over the globe with over 136.2 million cases reported globally and over 30 million cases in the U.S. alone as of April 13th, 2021 (WHO COVID-19 Dashboard, 2021). This number has skyrocketed since late October where over 42.9 million cases were reported globally with over 8.4 million cases in the U.S. alone (WHO COVID-19 Dashboard, 2020). While case counts have slowed since the height of the pandemic, new cases are still being reported on a regular basis, highlighting the importance of finding new ways to combat this crisis. 
One intervention that has been gaining traction and recognition within the public health world is wastewater-based surveillance, also known as wastewater-based epidemiology (WBE). Could this be a viable solution in mitigating the spread of COVID-19? Through my research, I hope to unpack this question and ultimately explore the concept of WBE and whether or not it has a place in today’s pandemic. Before discussing my research aims in more depth, it’s important to understand how we got here and what has already been accomplished during this pandemic. 

Where we started and where we are
On January 9th, 2020 the World Health Organization (WHO) informed the world about a cluster of pneumonia-like cases that seemed to be of coronavirus origin in Wuhan, China (AJMC, 2020). By January 21st, 2020 the Centers for Disease Control and Prevention (CDC) had confirmed the first case in the United States through an overnight polymerase chain reaction (PCR) test – something the world would become all too familiar with (AJMC, 2020). In a matter of just two days, 13 more people had died in Wuhan with 300 more reported cases and by the end of the month, the worldwide death toll exceeded 200 with over 9,800 new cases, despite strict closure of both Wuhan and a nearby city, Huanggang (AJMC, 2020). The WHO would go on to declare a global public health emergency on January 31st – only the 6th time over its 71-year history (AJMC, 2020). It was both the speed and magnitude of transmission of COVID-19, caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that would ultimately lead the WHO to move from referring to the epidemic in China as a public health emergency to declaring COVID-19 a pandemic on March 11th, 2020 (Gouvea dos Santos, 2020). Since then, case counts continue to rise in North and South America as well as much of the European continent with over 136 million cases reported globally and over 2.9 million deaths (WHO COVID-19 Dashboard, 2021).  
A major player in the rapid spread of this virus is the fact that 80% of individuals infected with SARS-CoV-2 are either completely asymptomatic or present very mild symptoms, making it extremely difficult to mitigate the spread as many individuals are unaware that they are actively transmitting the virus (Gouvea dos Santos, 2020). SARS-CoV-2 can be transmitted between individuals by respiratory droplets as well as through close contact with an infected individual for an extended period of time (Gouvea dos Santos, 2020). Fecal-oral and aerosol contact have also been cited as potential modes of transmission, but most importantly, “airborne transmission is highly virulent and represents the dominant route to spread the disease” (Gouvea dos Santos, 2020, pg. 2). 
While public health experts all over the globe are working tirelessly to find an effective treatment against the SARS-CoV-2 virus, as well as developing reliable and safe vaccines that can be easily disseminated to the public, there is still no definitive consensus on any one method of treatment (Gouvea dos Santos, 2020). Therefore, without a definitive treatment method on the horizon, developing sure-fire methods of surveillance, contact tracing and effective testing models will be crucial in mitigating the spread of COVID-19. Even with the vaccine stepping into play, it will be quite some time before enough people get vaccinated to reach a “herd immunity” to the virus. Everyone must do their part to contribute to stopping the spread of COVID-19 and engage in social distancing, mask wearing, and quarantine regimens. However, it is important to understand that these public health measures will only go so far if the majority of cases continue to go undetected and unreported. 

Research Question
While individual diagnostic testing has been at the forefront of interventions during epidemics and disease control in general, this method does little in providing fast, accurate surveys of large populations (Daughton, 2020). As mentioned previously, wastewater-based epidemiology (WBE) is a method of surveillance that has historically been used to monitor pathogens and/or various substances, such as illicit drugs. Wastewater surveillance data is used for the following: monitoring the presence of infection within a community, tracking trends in infection within a community and screening for infections at a given location to assess the need for additional testing and/or mitigation measures (CDC, 2020). More recently, it has been identified as possibly being a great tool for monitoring the spread of SARS-CoV-2 in today’s pandemic. While collection of wastewater influent can be useful in a variety of ways by both qualitatively and quantitatively informing researchers about a given community (e.g., drug use, prevalence of antibiotic resistance), WBE has the potential to act as an early warning system for outbreaks of COVID-19 by analyzing pooled wastewater from a specific population (Sims and Kasprzyk-Hordern, 2020). This particular method of surveillance allows for real-time data collection, as water samples can be collected, tested, and analyzed for levels of the SARS-CoV-2 virus all within the same day, making the data particularly useful for public health officials (Sims and Kasprzyk-Hordern, 2020). A big challenge with individual diagnostic testing is the turnaround time it takes for an accurate test result to get back to the individual being tested. 
Wastewater surveillance quells the issue of turnaround time as sample collection and testing can be streamlined in a very efficient manner. This method has been used in previous epidemics, such as the polio outbreak of 1955. The WHO’s Global Polio Eradication Initiative has utilized wastewater sampling to successfully identify areas where poliovirus is prevalent and has aided in the eradication of polio for many decades now (O’Reilly et al., 2020). However, these outbreaks are not one in the same and success with WBE in helping to eradicate polioviruses is not necessarily indicative of its viability in helping to eradicate SARS-CoV-2. The COVID-19 pandemic is constantly evolving as new knowledge is being acquired every day, making it even more difficult to understand how WBE might fit into the bigger picture. However, fully understanding existing methods of surveillance and unpacking their potential role in the pandemic is essential in coming up with a comprehensive and effective plan to control the spread of this virus. WBE’s ability to recover virus concentration in sewer samples has already been proven. The aim of this thesis is not to test the question of whether or not SARS-CoV-2 can be found in wastewater, but instead how effective of a surveillance method WBE would be in today’s pandemic. This leads me to my research questions: how viable is the concept of wastewater-based surveillance as a way to mitigate and control the spread of COVID-19? What are its potential advantages over individual diagnostic testing? What are its potential pitfalls? What would be required to successfully implement this kind of surveillance system both domestically and abroad? How would implementation of this kind of surveillance system affect communities?

Methodology
My methodology for this thesis will be in the form of an in-depth literature review. While it is known that WBE is a method of surveillance that can provide information on communities that have been infected with a pathogen and work to serve as an early-warning system, its ability to do so relies on many different factors as well as the assumption that the data is being analyzed and understood properly (CDC, 2020). As such, I will surveil current literature on COVID-19 and wastewater surveillance in order to analyze more deeply the particular literature that unpacks the nuances of implementing a wastewater surveillance system to tackle COVID-19. More specifically, I will focus on literature which sheds light on the successes and failures of implementing this type of surveillance in today’s pandemic. What is working? What isn’t? How are communities responding to this implementation? What is public reception like? What are the social, political and cultural factors that need to be taken into consideration? These are all questions that I hope to address when analyzing current efforts to utilize wastewater surveillance in the battle against COVID-19.
In order to better address the last few questions mentioned above, I will also be examining current news articles, broadcasts, and opinion pieces surrounding wastewater surveillance and its use in today’s pandemic. This type of literature is critical in offering a lens for discussing public reception, policy considerations, ethics and social implications of WBE as the more scientific literature will likely be limited in its examination of those areas. By taking on both an epidemiological and anthropological lens, I hope to unpack these questions in an interdisciplinary and nuanced way in order to better understand WBE’s potential advantages as a public health intervention, while also addressing its ramifications and impact on communities if it is to become a commonplace method of surveillance for COVID-19. 
The study-based literature I am analyzing to address my research question are all peer-reviewed and have been published by reputable sources in the fields of Public Health and Anthropology. They address present-day methods and/or studies that have been carried out regarding the use of wastewater surveillance to detect SARS-CoV-2. The news articles and blog posts I will be reviewing will also be from reputable news outlets and the authors of these pieces are well-versed in the fields of public health, history, anthropology and political science. 
The biggest limitation of this methodology is that the literature I will be pulling from to address my research question is only a snapshot in time of the literature that will be published on the subject matter. While it pulls on the most relevant material to date, it is quite likely that information on this topic will continue to evolve. Given the temporality of my literature, this thesis will be unable to speak on the future use of wastewater surveillance but may be able to predict future landscapes of wastewater surveillance and ways it could be used moving forward.
It is important to note that this is an everchanging situation and new literature is being published on wastewater surveillance and COVID-19 on almost a daily basis. The findings and literature presented in this thesis, while extremely relevant and up-to-date currently, will likely need to be re-considered and updated based on literature that has emerged and will continue to emerge long after my research and writing process has ended. Nevertheless, the research question I am exploring in this thesis is crucial in understanding the future landscape of the COVID-19 pandemic and in predicting how wastewater surveillance might fit into that landscape.

Research Plan 
I will work to tackle this question in a few ways. I will begin by conducting a literature review to examine the historical uses of wastewater-based epidemiology primarily focusing on the polio outbreak of 1955 in hopes of uncovering both the successes and failures of implementing a WBE surveillance system. How did it help to eradicate polioviruses, if at all? Where did it fail in providing real-time data? How could it have been improved? 
I will then examine existing literature in the field of public health that discusses and debates the advantages and disadvantages of population-based surveillance systems in order to place a system like WBE within the broader context of epidemiological tools that are used to mitigate and control the spread of disease. I will also touch on debates surrounding medical anthropology, its more contextualized outlook and its potential role in public health policy. In doing so, I hope to gain insight into how population and individual-level surveillance methods interact and work in concert with one another during a pandemic like COVID-19. Is one more effective than the other? How do they inform each other? Is one valued more than the other by public health and government officials? Is there a place for both of them in public health policy?
Finally, I will analyze existing data sets on wastewater-based surveillance as an epidemiological tool to mitigate the spread of COVID-19. Currently, there is a lot of research being done on its viability as an effective surveillance tool, but there is still much that is unknown about its role in fighting COVID-19. To date, many universities have implemented wastewater-based surveillance as a way to control the spread of COVID-19 on their campuses. How is the system faring in accomplishing this goal? What challenges are they facing? Research has also been conducted on its utility in other high-risk communities such as prisons and long-term care facilities. How viable would it be under those conditions? Does sampling smaller communities pose more ethical issues than sampling of larger populations? These are all questions I hope to unpack as I examine the existing literature and debates surrounding WBE as a viable tool in today’s pandemic.  









Chapter 2: Literature Review

A Place for Wastewater Surveillance in the COVID-19 Pandemic?
The purpose of this chapter will be to discuss the current literature that exists on topics of public health, surveillance, and epidemiology in order to better place the concept of wastewater-based epidemiology (WBE) in the larger frameworks that exist within the field of public health. Historical uses of WBE will also be discussed in order to uncover lessons and key findings that can be taken away from previous outbreaks of disease. In doing so, WBE’s viability in today’s pandemic as well as the problems it will face as a form of surveillance can be better understood and further illuminated. 
Before diving into the literature that unpacks some of the main themes surrounding WBE, it is important to understand why the concept of wastewater surveillance is one worth unpacking in the first place. The COVID-19 pandemic death toll continues to rise close to a year after it was first discovered in Wuhan, China. While the implementation of various public health interventions is working to identify and slow the spread of the virus, there are huge gaps in their ability to reach entire populations. Diagnostic testing would be one of the biggest examples of this. There is a massive lack of access to testing for so many communities within the U.S., as well as abroad, making an accurate estimation of infection extremely difficult (Lau et al., 2020). Additionally, reports of large increases in testing, while accurate for some, doesn’t take into account the number of repeat testers who have the ability to access testing with great ease. Wastewater surveillance has been a recent topic of interest in today’s pandemic as many public health experts have pointed to its ability to fill some of these gaps, as it has the potential to survey extremely large populations on a regular basis, especially populations where lack of access to diagnostic tests is a huge issue (Daughton, 2020). If WBE can potentially serve as a successful and impactful method of surveillance in the COVID-19 pandemic, examining its place in the broader framework of public health as well as its historical uses to combat previous viruses will be of great value in better analyzing how it may contribute to mitigating the spread of COVID-19. 

What is Surveillance?
The concept of surveillance as a public health tool has greatly evolved over the years and its exact meaning is still debated. It is believed that the whole premise of using numbers describing mortality and morbidity to inform public health interventions first emerged during the Renaissance. It would be later on in the 17th century when the plague in London would be cited as one of the earliest examples of surveillance (Declich and Carter, 1994). This moment in history served as one of the earliest examples because it encapsulated the main principles of surveillance: data collection and analysis, interpretation of data, and dissemination of data to inform action (Declich and Carter, 1994). John Graunt of London was the first to quantify the idea of patterns of disease and illustrate a concept that is more relevant today than ever: numerical data of a given population can be extremely valuable in understanding the nature and cause of disease (Declich and Carter, 1994, pg. 286). However, it wasn’t until the nineteenth century that surveillance was fully understood as a way to collect, interpret and further act on data to inform public health interventions (Declich and Carter, 1994). By the 20th century, the development of a variety of surveillance systems had occurred (Declich and Carter, 1994). Declich and Carter present the CDC’s definition of surveillance as follows: “surveillance, when applied to disease, means the continued watchfulness over the distribution and trends of incidence through the systematic collection, consolidation, and evaluation of morbidity and mortality reports and other relevant data” (pg. 287). 
It is worth noting that surveillance can be broken down into many different subgroups and an important distinction must be made between the overarching idea of surveillance and the term “personal surveillance”. While the use of “surveillance” refers to health events (disease prevalence, viruses, health indicators etc.) within a population, “personal surveillance” refers to the act of “monitoring potentially exposed individuals for the detection of early symptoms” (Declich and Carter, 1994, pg. 287). Throughout this text, the use of the word surveillance will be in relation to health events occurring within populations and not to describe the surveillance of particular individuals. 
While surveillance is recognized as a key component and function of public health as a field, the expanse of its domain within the field is contested. In 1968, the WHO described surveillance as having a duty to ensure action is taken when required (Declich and Carter, 1994). This was seen in the WHO’s programs for both malaria and smallpox eradication where the act of vaccination and the idea of containment was placed under this overarching idea of surveillance (Declich and Carter, 1994). A very prominent epidemiologist by the name of Alexander D. Langmuir was quite outspoken on the need to separate the concept of surveillance from that of “control activities” such as containment or vaccination. Langmuir adamantly states that the “use of the term epidemiologic to modify surveillance is misleading” and infringes upon epidemiology as a field of its own within public health (Declich and Carter, 1994, pg. 287). 
In order to better understand the argument being made by Langmuir, it is important to define epidemiology as a field and where its borders are drawn within the larger field of public health. According to the Centers for Disease Control and Prevention (CDC), epidemiology is the “study (scientific, systematic, and data-driven) of the distribution (frequency, pattern) and determinants (causes, risk factors) of health-related states and events (not just diseases) in specified populations” (CDC, 2016). The CDC also recognizes epidemiology as a field in which the study of these factors mentioned above are applied in order to control health problems and crises (CDC, 2016). This definition points to epidemiology as both a sub-field of understanding and intervention within the broader field of public health and seems to support Langmuir’s claim that “control activities” should be distinct from surveillance as it undermines epidemiology as a field. 
Thacker and Berkelman, two epidemiological experts, concur with Langmuir in this distinction between surveillance and epidemiology. However, more recent discussions of these two terms and the ways in which they intersect seem to push back against Langmuir’s assertions. Catchpole, in his discussion of the roles of epidemiology and surveillance systems in controlling transmission of STDs, states that “only epidemiology allows the quantification of the magnitude of the exposure-disease relationship in humans” (Catchpole, 1996, pg. 321). He goes on to argue that data collected from surveillance systems are better suited to assess what kind of public health interventions should be taken and whether or not interventions that are already in place are working (Catchpole, 1996, pg. 322).
Why pay such close attention to the distinction of two sub-fields? Aren’t they both contributing to the overarching objective of mitigating and ultimately eradicating disease outbreaks? They very much are. However, this debate is one worth unpacking as it presents the challenge of understanding how certain methods and interventions fit into the greater field of public health and where the effect and reach of one may stop and lend itself to another method or intervention. Wastewater based epidemiology (WBE) is an example of how this distinction between surveillance and epidemiology poses a problem. The entire premise of WBE is situated on the idea of surveilling wastewater to gather health-related data on the population encapsulated by the water being sampled. Therefore, one would categorize WBE as a method of surveillance. However, if abiding by Langmuir’s distinction, its very name is contradictory to its premise. How can it be epidemiological if it’s a form of surveillance? One could argue Langmuir is too quick to separate the two. Epidemiology as a field on a very basic level serves to increase understanding of disease. Surveillance data can also accomplish this task. Data collected through surveillance methods can “be used to measure the extent and limits of a disease in a population by establishing its incidence and prevalence, to describe this occurrence by place and time and to determine the population at risk, the critical exposures and risk factors” (Declich and Carter, 1994, pg. 289). 
In order to fully understand the capabilities of WBE as a public health tool, its role within the sphere of public health must be understood. The combative nature and need to distinguish these two ideas of surveillance and epidemiology make it harder to understand how WBE can be used as an effective public health tool. WBE embodies concepts of both surveillance and epidemiology which arguably speaks to why it could be a more powerful tool for disease control and eradication than a method that is bound to the confines of either surveillance or epidemiology. 
WBE’s interdisciplinary nature contributes to its importance within the field of public health. On the one hand, WBE is very numerical and biological in that it provides us with information on the presence, or absence, of biological agents in the human body, also known as biomarkers (Gracia-Lor et al., 2017). A biomarker can range from something as commonplace as caffeine to illicit drugs to a virus, such as COVID-19 (Gracia-Lor et al., 2017). On the other hand, however, understanding where the data for WBE was collected and the makeup of the population that is being represented by that data is just as important, if not more, than the data itself. 
Data from WBE is typically used to inform public health officials and in turn potential public health interventions. Notably, the effectiveness and impact of these interventions is often embedded within broader social and political structures. This speaks to the broader concept of health as a social entity and why the methods which are used to collect public health data – which in turn will inform the field of public health – ought to take on an interdisciplinary lens. While the actual data gathered from wastewater surveillance is both biological and numerical in essence, the application of this data and the way it is used to either understand or mitigate public health crises is based on far more than a scientific value. Thus, highlighting the need for a multi-faceted approach in the field of public health.

The Anthropological Argument
Medical anthropology is a sub-field of anthropology which seeks to understand and contextualize health within broader social, political and cultural contexts. The field lends itself to uncovering more nuances surrounding humans, health, and the experience of illness. In Anthropology’s Contribution to Public Health Policy Development Campbell sheds light on the importance of the “critical perspective” that medical anthropology brings to public health (pg. 79). It is a perspective that many sub-fields of public health, like epidemiology for example, can often miss or overlook. A big part of this critical perspective is its willingness to not only include the outlier in datasets, but to try and understand it, unlike epidemiologists who arguably look to dismiss outliers as they skew the data in a way that makes it harder to explain and conform to their expected pattern (Campbell, 2011). These differing core philosophies between medical anthropology and fields like epidemiology have been cited as creating somewhat of a divide in how each can contribute to the broader field of public health (Porter, 2006). “Anthropology is reflective, subjective and investigates complexity and the individual; epidemiology, in contrast, is objective and studies populations” (Porter, 2006, pg. 133). The London School of Hygiene and Tropical Medicine’s John Porter points to this ongoing debate surrounding the role of anthropology in the field of public health, stemming from some anthropologists’ desire to be taken more seriously within the field (Porter, 2006, pg. 141). This idea of anthropology being able to preserve the “human link” between data that has been collected and the person it was collected from is a valid point, as the field of epidemiology tends to separate the data from the individual and instead focus in on population-level patterns (Porter, 2006). The need for a multi-disciplinary approach is well argued and yet, there still seems to be a hierarchical framework when it comes to the different fields contributing to public health policy, where epidemiology still holds the top spot.  
This demand by some anthropologists to be fully integrated into the realm of public health policy and interventions is rather fascinating. In Caring for Those in Crisis, Williams demonstrates the value in an anthropological lens being applied to the realm of public health during humanitarian crises. She argues for “a broader social approach” as it can provide unique insights such as “critical human rights concerns” as well as the differing perspectives of all involved in a given public health crisis (Williams, 2001, pg. 11). Williams’s point rings true now more than ever in an era where the current public health crisis has been so deeply embedded in the political sphere, causing very basic public health interventions, such as mask wearing, to become highly politicized. Bringing an anthropological lens to any given subject matter helps to unpack the broader socio-cultural context surrounding the issue and the coronavirus pandemic is definitely embedded within a complex socio-cultural context. The idea that population health and population surveillance can be confined to datasets and severed from their “human origin” is misleading. The ability for surveillance methods to be effective rely heavily on greater social and cultural factors surrounding the population in question and this holds true when thinking about WBE as a surveillance method.

Historical Uses of Wastewater-Based Epidemiology 
Although wastewater-based epidemiology is a relatively novel discipline in the broader field of public health, it still has a historical narrative that is worth unpacking in order to better understand how it can serve the current pandemic. In 1939, the poliovirus was discovered in wastewater proving that it was indeed possible for “a disease-causing agent” to be detected in sewage during an outbreak of a virus (Thompson et al., 2020, pg. 3). Finland, Israel and Senegal are all countries who have analyzed wastewater samples in order to estimate the prevalence of the polio virus within their countries’ populations (Sims and Kasprzyk-Hordern, 2020). The World Health Organization (WHO) has also published guidelines describing how best to employ a wastewater surveillance system to monitor polio (Sims and Kasprzyk-Hordern, 2020). While these guidelines are descriptive and should be considered in their entirety, some of the document’s key points include principles for selecting wastewater sampling sites, sampling methods and lab processing protocols as well as how officials can respond if the polio virus does present itself in a sample (Hovi et al., 2012). Countries have been able to utilize these guidelines to keep polio infection rates extremely low with many countries reaching an infection level of zero. One of the many benefits of this type of surveillance, which was highlighted during the poliovirus outbreak, is that it is both non-invasive and anonymous in the sense that individuals cannot be identified from the sample that is taken. And yet, it is still able to shed light on the prevalence of the virus within a population (Hovi et al., 2012). This contrasts to other methods such as individual diagnostic testing where there is no anonymity, and the procedure is often quite invasive for the individual. Depending on the type of diagnostic test an individual receives, discomfort can range from mild to severe. Additionally, this method surveys large groups of people in one sample which can help to address issues of access which are currently being seen with individual testing. 
A big concern with respect to WBE as a surveillance technique is scale. How does the ability for virus detection change with varying population sizes? How does one account for the immense diversity of population sizes that exist within countries and across the world? Standardization of scale is not possible as it relates to population size – is this a problem? These are all questions that arose during the polio outbreak, many of which are still questions today. Regarding scale during the polio outbreak, a key factor in sampling larger cities was that public health officials needed a deep and nuanced understanding of the sewer networks within cities in order to accurately describe which populations were being represented by a given sewer plant and if there were any gaps in the coverage of city inhabitants (O’Reilly et al., 2020). Unaccounted for individuals can often lead to underestimated prevalence rates as the wastewater samples wouldn’t be fully representative of the population. This can prove to be problematic if a large number of infected individuals are being unaccounted for in wastewater samples as the population can be perceived as low risk when they indeed have a high prevalence of infection. However, a very different situation exists when looking at rural areas or areas that are home to mobile populations (O’Reilly et al., 2020). With rural environments, more challenges are posed as to how best account for dispersed individuals. There tend to be fewer organized systems of sewer collection the further away a population is from a city, making a coordinated surveillance system much more challenging than in those larger cities. 
This brings up another important consideration in evaluating this intervention: which communities within the U.S. (as well as globally) already have the infrastructure in place to satisfy this method of surveillance. While it is not a requirement to sample from wastewater treatment plants (WWTPs), the infrastructure of WWTPs allows for simpler and more streamlined sampling. Sewer sheds and other more basic infrastructure can also support WBE, but whether or not communities have the trained personnel to carry out sampling is an added consideration if a highly coordinated WWTP is absent. This question of infrastructure and which communities are “better suited” to carry out WBE will most certainly be tied to broader social factors such as race, socioeconomic status and the ability for local governments to fund a coordinated WBE system. There is generally a lack of established sewer networks in many parts of the world making WBE as a technique more challenging than surveillance methods where infrastructure is not required (Hovi et al., 2012). However, solutions are already being proposed as it relates to areas without strong wastewater treatment plant (WWTP) infrastructure. Sampling of sewerage from buildings that house a large section of the population such as a hospital or government building is one proposed idea (Thompson et al., 2020). It is also known that sampling can still be accomplished through smaller networks such as catchment areas or water closets, meaning a highly developed infrastructure is not an absolute necessity when it comes to WBE (Hovi et al., 2012). This could prove to be useful in low- and middle-income countries where highly specialized infrastructure is not viable. However, sample representativeness will obviously need to be taken into account when population size varies, and the datasets and analysis must be adapted accordingly. 
Another finding that has been highlighted from using WBE during the polio outbreak is the timing of sample collection based on distance between sampling site and source (those in the population who are connected to the sampling site). The process of sample collection is extremely important if results are to be as accurate as possible. This finding supported the idea that when surveilling large populations connected to a highly developed sewer network, daily “grab” samples would suffice to get an accurate read on relative virus concentration within the population (Hovi et al., 2012). A “grab” sample simply means collecting a quick sample of wastewater at some point in its processing through the treatment plant. For example, placing a bucket at a point of high-water flow in the treatment plant that is easily accessible for any individual. On the other hand, in smaller populations where the sampling site is much closer to the population being surveilled, a daily “grab” sample may not be sufficient to capture virus concentrations in the sewage because concentrations will fluctuate more drastically within small populations (Hovi et al., 2012). In this scenario, the use of a different sampling method called “composite sampling” would ensure that “peak virus concentrations” are not missed the way they might be if “grab” samples are employed (Hovi et al., 2012). A sample that misses virus concentrations altogether can be detrimental for identifying infection within a community, which is why adjusting sampling methods are vital. A composite sampling method essentially means that throughout the day samples are collected on the hour and housed in a larger sample pool which can be collected and processed at the end of the day (Hovi et al., 2012). This method can account for fluctuations in smaller populations because it will have taken small aliquots throughout the 24-hour time frame. This is a strong example of how WBE during the poliovirus outbreak serves as a lesson for future surveillance systems. 
A second and arguably more important lesson about wastewater surveillance from the poliovirus outbreak is its ability to supplement existing reporting systems in order to better grasp the true prevalence of the virus within a given population. The acute flaccid paralysis (AFP) reporting system was the main form of polio surveillance prior to the introduction of wastewater surveillance. A major drawback of the AFP reporting system is that AFP is caused as a result of the poliovirus, meaning while having AFP is an indication of polio infection, one can certainly be infected with polio, but not present with AFP (Hovi et al., 2012). In fact, this is extremely common as reports show that poliovirus infections “occur at least 100-fold more frequently than paralytic cases caused by the infection” which is what the AFP reporting system analyzes (Hovi et al., 2012, pg. 6). In other words, the small occurrence of AFP cases in comparison to the prevalence of poliovirus infections illustrates why an AFP surveillance system has the potential to grossly underestimate the true prevalence of polio within a given population by missing the vast majority of carriers not presenting with AFP.  Wastewater surveillance is superior in this sense as it tests for the presence of the actual poliovirus within the sample and not a condition caused by the virus. Additionally, while AFP reporting also analyzes fecal samples, these samples are taken from individual patients as opposed to a pool of wastewater making false negatives quite common when using an AFP reporting system (Hovi et al., 2012). The benefit of wastewater surveillance can be seen in its ability to catch a large portion of polio infections that would otherwise have been unaccounted for and fill a big gap left behind by the AFP reporting system that was originally put in place.  
WBE has greater use than just its ability to identify the existence of a virus like polio within a community. Findings from WBE can serve as a roadmap for greater public health interventions and work towards containing and mitigating the spread of viruses. A study of wastewater surveillance in Nigeria speaks to this very fact and demonstrates how WBE interrupted the spread of the poliovirus from 2012-2015 by informing other public health interventions (Johnson Muluh et al., 2016). Among these interventions were mass immunization campaigns, inactivated vaccine introduction and the strengthening of AFP surveillance, as mentioned above (Johnson Muluh et al., 2016). These public health interventions were all embedded in larger socio-cultural contexts within Nigeria and the success of these interventions can be best understood through a multi-disciplinary approach that takes into account the epidemiological data surrounding immunizations and AFP surveillance as well as the anthropological lens that delves into individual behaviors and social explanations behind the mitigation of polio in Nigeria. For example, states in Nigeria that were known to have high levels of noncompliance towards immunization were prioritized in utilizing wastewater surveillance and educational materials were disseminated in these high-risk communities in order to increase knowledge surrounding AFP reporting (Johnson Muluh et al., 2016). Understanding the reasons behind non-compliance within a community as well as tailoring education materials towards the community in question are both extremely important in successfully implementing public health interventions. While Nigeria is just one of many cases where WBE was used to help combat an outbreak of the poliovirus, it further emphasizes how discovering the presence of positive viral samples within a population can inform outbreak responses and greater public health interventions in an effort to eradicate disease outbreaks altogether. 

Not Everyone is On Board
	While wastewater surveillance has proved useful historically, the concept and implementation of WBE is not without its critics. The very nature of wastewater surveillance focuses on data collected at the population level, meaning it is virtually impossible to identify any of the individuals who contributed to a wastewater sample. As a result, extreme ethical consequences for wastewater surveillance at the individual level are not a huge concern. However, these potential consequences must be addressed in both research surrounding this surveillance method as well as in the media and public, as this is a method where public support and transparency will be important. One example that helps illustrate this need is in using wastewater surveillance to monitor illicit drug use (Hall et al., 2012). Civil rights advocates have expressed concern surrounding the use of wastewater surveillance, particularly as it relates to drug use, citing a fear of misuse by law enforcement (Hall et al., 2012). Cities have also been known to refuse the use of WBE, out of fear that problematic surveillance data could negatively affect their reputation if publicized (Hall et al., 2012). 
	There was also discussion surrounding the potential for wastewater surveillance to infringe upon the Fourth Amendment – which prohibits unreasonable search and seizures (Gable et al., 2020). This concern becomes more valid as the population from which wastewater samples are being collected get smaller and smaller. This is due to the fact that sampling becomes more “granular and individualized” as smaller populations get sampled, posing a greater risk for concern regarding the Fourth Amendment (Gable et al., 2020, pg. 7). With the immense amount of politicization that has surrounded COVID-19, especially the heated argument put up by many who dismiss the coronavirus that masks are an infringement on their freedom and autonomy, the argument that wastewater surveillance could potentially have ethical implications surrounding the Fourth Amendment is one that could easily become highly politicized and polarizing. Another issue posed by wastewater sampling is when a community is deemed “infectious”, how long they might be under government restrictions to lockdown and if so, how they would even begin to go about enforcing such a lockdown (Gable et al., 2020).
While these ethical concerns must be taken into account and addressed, the benefits of using a surveillance method to monitor drug use or poliovirus concentrations were nonetheless effective. Objectivity being an important one, as previous methods of monitoring drug use relied on surveys which were dependent on the accuracy of self-reporting (Hall et al., 2012). In addition, the ability of wastewater surveillance to provide close to real-time data estimates of usage in the given population was made clear, something that is highly valued in an everchanging situation such as the COVID-19 pandemic. 

Looking Forward: COVID-19 and WBE
Once it was discovered in 2020 that a significant amount of SARS-CoV-2 is also shed in the stool of infected individuals just as polio was, wastewater surveillance stepped into the spotlight of potential surveillance methods for the COVID-19 pandemic (O’Reilly et al., 2020). Although there is an insignificant amount of evidence to suggest that the virus present within stool is infectious, it is still currently unknown whether or not infectious stool could contribute to new case counts (O’Reilly et al., 2020). However, there is strong reason to believe that WBE for COVID-19 would not put WWTP workers at risk were they to collect samples of the SARS-CoV-2 virus.
While the findings presented from the use of wastewater surveillance for the poliovirus outbreak can shed light on the viability and utility of WBE as a form of surveillance for COVID-19, no two outbreaks are the same. It is important to note that “lessons learned from experience with one virus can help inform strategies for dealing with emerging viruses, but approaches are not always transferable” (Thompson et al., 2020, pg. 3). For example, viruses like polio are non-enveloped, meaning they are not surrounded by a lipid bilayer, while the SARS-CoV-2 virus is enveloped meaning its ability to be recovered within wastewater samples may be more difficult than other non-enveloped viruses like polio (Ye et al., 2016). It is important to note that the majority of research regarding virus detection in wastewater has focused on non-enveloped viruses and collection methods best suited for them (Ye et al., 2016). However, recent literature has shown the ability of enveloped viruses, like SARS-CoV-2, to be detected within wastewater pointing to a need for further research on how best to detect these viruses. Whether or not a lipid bilayer exists can play into how certain viruses can be detected within a sample and how these viruses interact once placed in an aqueous environment such as wastewater (Ye et al., 2016). Collection methods and analysis of wastewater samples will likely have to be adapted based on factors such as this one. The speed with which these two viruses can be spread through human-to-human contact also differ. WBE is by no means a cookie cutter approach and its potential to control and mitigate the spread of COVID-19 will rely on more than just a historical lesson. However, this is not to say that the polio outbreak cannot serve as an effective roadmap while navigating WBE’s feasibility in today’s everchanging pandemic. 

Conclusion
By unpacking some of the debates and literature surrounding concepts of public health, surveillance, epidemiology and medical anthropology, one can begin to have a better grasp on how wastewater-based epidemiology is situated within these larger frameworks. This deeper understanding and context of WBE within the public health sphere will be crucial in discussing the potential role wastewater surveillance can play in the COVID-19 pandemic and the effects that can be expected if such a system were to be implemented. Chapter three will dive into current literature on WBE and COVID-19 and discuss ways in which wastewater surveillance has already been used in the battle against COVID-19, ways WBE is succeeding, as well as areas of concern. 

















Chapter Three: Discussion

Introduction 
	This purpose of this chapter is to explore existing datasets and recent news articles which discuss the use of wastewater surveillance during the COVID-19 pandemic. While the datasets will work to explore the efficacy and potential of wastewater surveillance, the Op-eds and news articles will provide more insight on public reception, policy implementation and considerations on the surveillance system moving forward. 
	As my previous chapters have demonstrated, wastewater-based epidemiology (WBE), commonly referred to as wastewater surveillance, is a surveillance technique whereby water samples are taken from a given wastewater facility or water catchment area and tested for a specific biological or chemical agent, providing information on a community’s health in that moment (Sims and Kasprzyk-Hordern, 2020). Its value as a surveillance method is found when comparing it to other common methods of infectious disease surveillance, such as disease monitoring. The data collected through disease monitoring often varies greatly between countries, as it is highly dependent on the resources, health services and health infrastructure available in that country (Sims and Kasprzyk-Hordern, 2020). Examples of disease monitoring methods are hospital admission rates, prescription data, mortality and morbidity rates etc. (Sims and Kasprzyk-Hordern, 2020). While all of these examples are important pieces information in understanding disease, their biggest fault is that they are methods of “passive surveillance”, meaning they are highly susceptible to underestimation and bias due to lack of access to resources and infrastructure (Sims and Kasprzyk-Hordern, 2020, pg. 3). With a rapidly growing global population, a need for an objective, scalable, rapid surveillance method that can also be used in low- and middle-income countries is critical (Sims and Kasprzyk-Hordern, 2020). 
Wastewater surveillance is a method that meets many of these needs and while every method has its limitations, which will be explored later in this chapter, its ability to capture data on large and small populations in close to real-time makes it superior to many of the commonplace forms of “passive” disease monitoring. The question here, however, is how its benefits as a method of surveillance can play a role in fighting off SARS-CoV-2 and how it’ll fit into the broader framework of public health measures being used to address the COVID-19 pandemic. 

The Call for Implementation 
 Experts have identified that SARS-CoV-2 is shed by infected individuals in their feces, making wastewater facilities a place where the virus can be easily accessed and tested for (O’Reilly et al., 2020). Early studies of wastewater in the midst of the COVID-19 pandemic have retrospectively shown that SARS-CoV-2 was present in various cities several months before these cities experienced outbreaks of infection (O’Reilly et al., 2020, pg. 189). In other words, through data analysis researchers have been able to correlate RT-PCR data in various cities (the results of individual diagnostic tests, such as a nasal swap or spit test) with wastewater data and have found that positivity rates were present in the wastewater data long before any individual diagnostic tests were coming back positive (O’Reilly et al., 2020). This demonstrates the value wastewater surveillance has in serving as an early-warning system (O’Reilly et al., 2020). Had these cities been aware that the virus was present in their communities earlier, public health measures such as strict mask-wearing and quarantining could have taken place much sooner, ultimately preventing the virus from spreading to more individuals. 
The ability of wastewater surveillance to serve as an early-warning system is not limited to big cities. A project in Jackson County, North Carolina proved the viability of wastewater surveillance in rural populations. Data collected through their sewer system showed high viral levels present in the community wastewater about 9 days prior to the county’s case numbers increasing from 8 to 21 (Mathematica, 2020). Following the spike in viral level, the county’s wastewater began to show a consistent decline, mirroring what would happen to the case count data about a week later (Mathematica, 2020). The ability of wastewater surveillance to surveil rural and urban populations while serving as an early-warning system in both settings is a huge draw for implementing this kind of system.
In a rapidly evolving pandemic such as this one, where transmissibility is high, timing is everything. Especially considering the extremely high levels of asymptomatic infections of COVID-19, the ability to identify an infection weeks, or even days, earlier makes a huge difference (Cranfield University, 2020). In the words of Dr. Zhugen Yang, the ability for wastewater surveillance to act as an early-warning system for COVID-19 means that “effective intervention can be taken as early as possible to restrict the movements of that local population, working to [minimize] pathogen spread and threat to public health” (Cranfield University, 2020). 
As mentioned in previous chapters, currently one of the main forms of tracking COVID-19 prevalence and transmission rates is through individual diagnostic tests. However, with scarcity in testing resources, as well as a massive lack of access to tests for many individuals in the U.S. and globally, there is a need for new ways of tracking and understanding COVID-19 (Mehrotra et al., 2020). While it is clear that testing has not been equitable throughout the U.S., particularly in rural and low-income communities, there are also “perceived barriers” that have hindered many from getting tested which include: confusion regarding testing guidelines and where to go, lack of accessible locations, long wait times for results, and beliefs that the nasal swab was too painful (McElfish et al., 2020). As the pandemic has continued to evolve, information on who can get tested and where to do so has also changed, making clear communication to the general public and access to accurate information a challenge, particularly in rural communities (McElfish et al., 2020). These barriers to testing are not meant to encourage a step away from testing, but instead illustrate that testing alone, especially with these barriers, is not enough by itself to combat COVID-19. Testing is a crucial part of the public health measures that must be taken in order to monitor the spread of COVID-19, but a tool like wastewater surveillance could bolster officials’ ability to fight this virus. 
Mehrotra, a senior wastewater engineer, along with many other public health experts are calling for the implementation of a national wastewater surveillance program, arguing that it’s “a cost-effective approach” that can tackle the gaps left behind from individual testing (Mehrotra et al., 2020). Between the months of February 2020 and July 2020, around 30 million individual tests were completed in the United States (Mehrotra et al., 2020). Paul Romer, Nobel Prize winner in Economic Sciences, has argued that 30 million tests is the number the U.S. needs to be completing each day in order to stay ahead of this virus, far exceeding the current capacity of testing infrastructure (Mehrotra et al., 2020). While these numbers are from earlier in the pandemic and testing infrastructure has improved since the summer months, 30 million tests a day is still a drastically high goal that would need to be met. Not only would 30 million tests a day rake up about a $3 billion daily bill, but the logistics behind such a feat make this extremely hard to pull off (Mehrotra et al., 2020). 
In addition to a general lack of access to testing, fear of isolation and mandatory quarantine have also been cited as reasons for people avoiding individual testing (Larsen and Wigginton, 2020). Alternatively, surveilling large populations takes away the identity factor that often dissuades people from testing, as individuals are unidentifiable within a wastewater sample (Sims and Kasprzyk-Hordern, 2020). In other words, the virus that is shed by individuals through their fecal matter is getting pooled into rather large bodies of water, meaning it would be virtually impossible to identify who specifically was responsible for a positive sample if one were to be found. However, that is not to say future technology wouldn’t be capable of doing so, but as of now there is no reason to believe an individual can be identified from a pooled wastewater sample.
Additionally, wastewater sampling can cover a vastly larger proportion of the U.S. population in close to real-time and provide early indications of infection within a community – something individual testing cannot. Notably, the cost of continuous surveillance of ¾ of the U.S. population would be approximately $40-$80 million per week (Mehrotra et al., 2020). That is a strikingly lower economic toll than the daily $3 billion cost of individual testing discussed by Romer. Cost analysis in Germany also found that “testing [their] nation’s wastewater millions of times over again would still be cheaper than a single screening of all people individually” illustrating why, for reasons relating both to efficiency and cost, WBE is favored over individual testing when it comes to completing population-wide health estimate (Hart and Halden, 2021, pg. 7). The need to re-test populations consistently in order to check for new infections also lends itself to utilizing WBE over individual testing, providing officials with another reason as to why investment in wastewater surveillance is beneficial (Hart and Halden, 2021). Germany’s cost analysis of WBE against diagnostic testing also used data which illustrated the same results within the US. Close to 70% of the U.S. population could be screened for COVID-19 in just 48 hours through the 15,014 known wastewater treatment plants (WWTPs) that exist in the country (Hart and Halden, 2021). Financially, the results in this study matched that of Mehrotra et al.’s piece stating that a 48-hour screening regimen such as this would come in around $225,000, while the testing of all individuals in the U.S. would cost around $3.5 billion each time (Hart and Halden, 2021). These numbers are not to argue for the abandoning of individual testing – testing has very much been a crucial part of the interventions used throughout this pandemic. Instead, these numbers should illustrate how wastewater surveillance can cover a lot more ground, much more rapidly, than testing can pointing to a need for both to be used in conjunction with one another. 
In July of 2020 many states, such as Ohio, Colorado and New York, had taken steps towards implementing a statewide wastewater surveillance program, but the U.S. had yet to implement a coordinated wastewater surveillance system (Mehrotra et al., 2020). Australia, Finland and Pakistan are all countries who had national programs in place for monitoring COVID-19 in wastewater and were doing so successfully (Mehrotra et al., 2020). The EPA and CDC both expressed their support in the creation of a national surveillance system based on individual states’ success with WBE throughout the summer months as well as other international studies (CDC, 2021). By November 2020, the creation of the National Wastewater Surveillance System was formally announced (CDC, 2021). The NWSS was created by the CDC and the US department of Health and Human Services (HHS) along with various agencies within the federal government (CDC, 2020). With close to 80% of U.S. households being served by some form of municipal sewage collection, this surveillance system can cover the vast majority of the population (CDC, 2020). However, the NWSS is being applied to “centralized systems”, meaning homes not connected to wastewater infrastructure as well as those without a home will not be accounted for in this system (CDC, 2020). Additionally, institutions such as prisons, universities, hospitals and nursing homes are typically not connected to wastewater treatment plants (WWTP) that would be included in the NWSS (CDC, 2020). This is problematic in that all of these communities are considered high-risk for contracting and spreading COVID-19 and points to a rather large drawback of the current system that has been set up. 

WBE’s Place Outside of the NWSS
	One of the many communities that are excluded from the NWSS infrastructure are universities, despite being a place of high-risk transmission. However, universities across the country have been utilizing their own infrastructure instead to surveil their campuses. The University of Arizona has adopted regular screening of sewage from each dormitory on campus (Peiser, 2020). University officials were able to prevent what could have been a large outbreak on their campus through wastewater sampling. During the days after move-in last September, a wastewater sample taken from one dorm’s sewage tank came back positive (Peiser, 2020). Promptly after this positive test, officials tested all 311 individuals who both live and work in the dorm and discovered 2 asymptomatic students (Peiser, 2020). These students were promptly quarantined. This was despite the fact that all students were tested before coming back to campus and had to have a negative result before officially moving in (Peiser, 2020). Had it not been for the use of wastewater testing in this instance, the two asymptomatic students could have spread the virus throughout other communities both on campus and in the surrounding residential areas (Peiser, 2020). Syracuse University and UCSD are other universities utilizing this strategy to mitigate the spread of COVID-19 on their campuses, despite not being included in the CDC’s NWSS.
	Although prisons were also amongst the group of institutions excluded from the NWSS, the use of wastewater surveillance for inmates and staff is also proving useful. The Director of the Ohio Department of Rehabilitation and Correction, Annette Chambers-Smith, praised wastewater surveillance’s ability to detect viral levels up to 7 days before cases began to appear, calling those 7 days “precious time” when dealing with an outbreak within a prison (Filby, 2020). Even when an outbreak has been contained within the prison, visitors can still bring the virus in from outside, posing additional risk (Filby, 2020). Having an extra week of limiting inter-inmate interaction as well as outside visitation can make a big difference in mitigating the spread of the virus (Filby, 2020). Working to control virus transmission within prisons should absolutely be a priority. When one takes into account the unsanitary, overcrowded housing experienced by inmates in the US as well as the inadequate healthcare they typically receive, their vulnerability to contracting and dying from infectious diseases is without question (Standifer and Sellers, 2020). These factors illustrate why the rate of cases in federal and state prisons are 4x more than the national rate and the mortality rate remains dangerously high at twice the national average as of November 2020 (Standifer and Sellers, 2020). While wastewater surveillance surely won’t take care of these discrepancies in incidence and mortality, it can likely work to reduce the disparities and attempt to close those gaps if infections are being identified sooner. 
	Nursing homes are another vulnerable community that have yet to be addressed in the NWSS infrastructure, despite being dubbed as high-risk populations throughout the course of the pandemic. Their age, likelihood of having an underlying chronic condition and overall frailty are among the reasons why residents of nursing homes are highly vulnerable to COVID-19 and death in general (Davó et al., 2020). A study involving five nursing homes in northeast Valencia, Spain utilized wastewater surveillance to track SARS-CoV-2 infection rates. The findings of this study are valuable in understanding how these surveillance systems can be implemented as it demonstrates how highly coordinated infrastructure, such as wastewater treatment plants (WWTPs) are not necessarily a requirement to surveil communities for COVID-19 through wastewater. 
	It is argued that autosamplers – a device that can easily collect periodic samples from large sample sources without frequent human intervention – could be used for vulnerable communities, such as nursing homes or homeless shelters, where wastewater treatment plants are not present (Mehrotra et al., 2020). However, the cost of an autosampler usually ranges from $4,000 - $9,000, making financial resources another consideration if this technique is to be used. On the other hand, this particular study in Valencia proved that autosamplers may not be absolutely necessary. The five nursing homes in Valencia were sampled using sewer manholes that were specific to each nursing home and were independent of any wastewater from other buildings nearby (Davó et al., 2020). Researchers utilized grab samples, where you take a plastic container (usually around 1L) and dunk it into the wastewater for your sample, in this case the manholes outside the nursing homes (Davó et al., 2020). This was done five times a week for a little over 3 months in the fall of 2020 (Davó et al., 2020). Results were consistent with many others in demonstrating the ability of wastewater surveillance to serve as an early-warning system for infection. Positive SARS-CoV-2 samples were identified in the various sewage samples between 5 and 19 days in advance of cases being reported amongst the residents and staff (Davó et al., 2020). Utilizing information from wastewater surveillance in conjunction with individual diagnostic testing could help to slow viral transmission in nursing homes as well as other vulnerable communities. This Valencia study also illustrates the ability to utilize WBE without a super developed, high-tech infrastructure, meaning low-income or developing countries where this infrastructure is absent could still possibly benefit from a wastewater surveillance system. 
 Regardless of whether a manhole or WWTP is being used, the ability to sample vulnerable communities despite them being excluded from the NWSS points to further potential for wastewater surveillance to combat gaps in measuring prevalence of COVID-19 within these high-risk populations. 

Important Considerations 
	While many public health experts have advocated for and supported the use of wastewater surveillance in today’s pandemic, others have called for a stronger consideration on the legal and ethical implications of implementing a surveillance system such as this one. There is concern surrounding the amount of power states would have in acting in response to virus-positive wastewater data (Gable et al., 2020). The powers in question are those which allow both local and state governments to make decisions and implement policies in an effort to protect the health and general welfare of the population under their consideration (Gable et al., 2020). There are concerns that wastewater surveillance would infringe on privacy rights, particularly as the data collected becomes more individualized when surveilling smaller populations (Gable et al., 2020). Some of these concerns are surrounding the infringement of fourth amendment rights relating to search and seizures. For example, the fear that virus-positive wastewater data could be utilized to warrant government search and seizures on individuals and institutions (Gable et al., 2020). However, as Gable states in his analysis of implementing a wastewater system, addressing public health needs tend to take precedence over privacy concerns, particularly when the identified risk of infringing on privacy rights is small (Gable et al., 2020). The ability of wastewater surveillance to identify target populations where infection prevalence is high also strengthens its constitutionality (Gable et al., 2020). This method can identify communities where prevalence is high and funnel resources, such as diagnostic tests, masks, etc., directly to that population in order to mitigate the spread (Gable et al., 2020). 
Yuval Noah Harari is a historian and author who has been speaking out on the rise in surveillance that comes with a healthcare crisis such as this one and how a shift towards increased surveillance can be a dangerous one. Harari brings up this distinction between “over the skin” surveillance and “under the skin” surveillance where “over the skin” surveillance involves information about where we go, what we watch, who we see etc. and the latter involves understanding how our bodies feel through things such as body temperature, blood pressure, or BMI (Harari, 2020). Harari isn’t making the point that this is information that should not be utilized during a healthcare crisis, but instead is wary of the ability for people to use this information for other purposes. He argues against the inclusion of politicians, police and security services in the group of people who should be able to access healthcare data gathered from surveillance, pointing to the highly dangerous potential for misuse of such information by these parties (Harari, 2020). Harari calls for a separate healthcare entity that is independent of government influence to be solely responsible for the collection of data during a healthcare crisis like COVID-19. While the benefit of surveillance data during a healthcare crisis is clear and reinforces the role it should play during a pandemic, the consideration of who should have the ability to access the information is an important one. Harari makes the critical point that interventions set up during an emergency, such as surveillance systems, have a tendency to stick around long after the emergency has ended (Harari, 2020).
Understanding how a wastewater surveillance system can be misused or altered for other purposes is important in evaluating its place in today’s pandemic. For example, in the UK, some prisons have begun testing wastewater to detect illegal drug usage by inmates, despite the testing originally being approved for monitoring COVID-19 (Hymas, 2021). With a goal of “reducing crime behind bars”, the testing will be able to identify drugs which have been ingested by inmates and allow policymakers to develop, test, and modify strategies aimed at reducing drug consumption (Hymas, 2021). While policymakers say this will help in combatting the increase in illegal drug use behind bars, there is no telling how inmates will be affected by such testing. Additionally, the ethics behind sampling for drug use, when the intent behind the surveillance was to monitor COVID-19 is highly questionable. It is important that justification of surveilling a given population for one reason is not carried over and applied to another. Despite wastewater surveillance being focused on population-level monitoring and not the individual, ethical implications must be examined. As the UK example shows, certain groups or communities can be stigmatized or singled out based on the makeup of the population, leading to policymakers intervening in different ways than originally intended. 

Conclusion
	While the considerations discussed above are crucial in unpacking the ways in which wastewater surveillance may be received by the public as well as impact communities, they should be weighed against the tremendous effect this kind of surveillance system could have in helping to fight off COVID-19. As with any public health measure, there are pitfalls and grey areas that can lead to misuse. Just because a surveillance method focuses on large populations doesn’t mean the effect it can have at the individual level is trivial. Trickle down effects of utilizing wastewater surveillance should continue to be examined and unpacked. However, the ability for wastewater surveillance to serve as an early-warning system that is both efficient and cost-effective demonstrates why governments, local and national, should be working together towards coordinating effective surveillance system networks to help mitigate the spread of COVID-19. The material in this chapter has illustrated the many ways in which WBE can close some of the gaps present in the effort to address today’s pandemic., particularly within the United States. While the development of the National Wastewater Surveillance System (NWSS) was a big step forward, there is still much to be done if there is to be a highly coordinated, inclusive, and equitable surveillance system here in the U.S. 



Chapter Four: Applications 

In this chapter, I will draw on studies and news articles from around the world surrounding COVID-19 and wastewater surveillance to bring in global examples and perspectives which can work to understand where things can go within the U.S., and abroad, with this method of surveillance. 

Variant Analysis
Many countries across the globe have begun to utilize wastewater surveillance, with some already having established nationwide surveillance systems. While many are confirming previously discussed findings that WBE can serve as an early-warning system, some are making new discoveries on ways in which WBE can further contribute to the COVID-19 pandemic. In Ottawa, they have been able to not only track viral levels and predict when the community will be experiencing another wave of infection, but they also have been developing a tool that would allow them to isolate the UK variant of SARS-CoV-2 (B.1.1.7 lineage) in their data analysis of wastewater (Williams et al., 2021). The importance of them being able to isolate certain variants cannot be understated. 
Scientists have confirmed that the UK variant is more transmissible, meaning it spreads both more easily and quickly than other variants (CDC, 2020). Why is this important? Well, a faster spreading strain means more infections, more cases, and the need for more resources from an already drained healthcare system (CDC, 2020). Additionally, there is now speculation from leading experts that the UK variant is also associated with an increased risk of death, however more investigation is needed before this can be confirmed (CDC, 2020). It is clear that this UK variant, as well as the others that have been identified in South Africa and Brazil, pose new challenges in defeating SARS-CoV-2, making gathering information about them critical. Experts have stated the need for more studies and data collection to understand how prevalent the variants are in communities across the world as well as the need to find a test that not only screens for the presence of SARS-CoV-2 but can identify the specific strain as well (CDC, 2020). Ottawa’s development of this tool to isolate the UK variant within their data analysis of wastewater can address the need to track the prevalence of these emerging variants. 
The ability to detect specific variants of SARS-CoV-2 in wastewater is not specific to our Canadian neighbors, as researchers based in Cambridge, MA have also had success detecting the U.K. variant that is known to be more contagious (Sobey, 2020). Biobot Analytics is a company leading the charge in variant analysis through sewage samples and have been working to expand their tools of detection from just B.1.1.7. (the U.K. variant) to other variants of SARS-CoV-2 (Sobey, 2020). The benefit of a national company like Biobot working on this development is the ability to coordinate a nationwide network whereby Biotbot’s partners in various regions can utilize the variant-detecting technology as it becomes better understood and expanded (Sobey, 2020). Being able to see how quickly infection levels rise and fall in the wastewater, specific to a given variant, will be a great resource in understanding which variants are most prevalent in a given community and how their prevalence changes overtime. Additionally, variant detection through wastewater surveillance can help to play a role in vaccine distribution. Matthew Fox, an epidemiologist at Boston University, explains how utilizing this knowledge would be helpful: “if we could shift vaccines to areas with more highly infectious variants and also take public health action, we could prevent them from spreading” (Sobey, 2020). While the coordination of this may prove to be difficult, the potential benefits provided by wastewater’s ability to detect variant types is clear. The pandemic will continue to evolve, and new variants could possibly emerge, making the ability to understand variant prevalence before they begin emerging within a given community a huge asset. 
Oregon has been another state where researchers have been able to isolate the UK variant in their wastewater samples. Their findings have actually served as an example of how wastewater data can work to illuminate data that would not otherwise be available without it. As of Tuesday March 30th, 2021, data from the CDC reported that there were approximately 16 cases of the UK variant in the state of Oregon, however, the wastewater testing in Oregon would suggest otherwise (Burns, 2021). According to data collected in Grants Pass, Oregon, 94% of the virus samples collected and tested were the UK variant, helping researchers to estimate that out of every 1,000 residents 1 in 5 would be infected with the highly contagious UK variant (Burns, 2021). Drawing on Fox’s point above, this is the kind of information that could be utilized in how public health officials distribute vaccinations. Areas where the more infectious variant is predominant could become priority areas for vaccine rollout. However, there are bound to be debates surrounding the validity of such a method if it were to deny or postpone other high-risk groups from getting the vaccine. Although, with many states moving into the final phases of their vaccine rollout, vaccine rationing may no longer be a consideration in the near future.

Identifying Vaccine Deserts
While researchers have pointed to wastewater surveillance’s ability to identify variant prevalence to dictate vaccine distribution, they have also argued for its use in identifying “vaccine deserts”. Experts say being able to understand where these vaccinations deserts are will be essential in achieving the goal of herd immunity (Smith et al., 2021). Herd immunity refers to this idea that if enough individuals are immune to an infectious disease, in this case COVID-19, this provides indirect protection to those who may not be immune (D’Souza and Dowdy, 2021). Vaccination is pathway to immunity, meaning once enough people are vaccinated and immune, they will indirectly protect those who may not be immune (D’Souza and Dowdy, 2021). Although there is still uncertainty surrounding the vaccine providing immunity to variants such as the one in Brazil, its protection against others is still a vital piece in eliminating COVID-19. Thus, ensuring vaccine uptake is as high as possible is crucial. 
It is well understood that similar to testing, there are barriers to receiving a vaccination as well. These could include geographical location, lack of transportation, hesitancy towards the vaccine, lack of accurate information about the vaccine as well as others. Vaccination uptake is also being threatened by a rise in the antivaccination movement (Kreps et al., 2020). This is sure to continue as concern arises over the efficacy of certain vaccines such as Johnson & Johnson and AstraZeneca. Particularly, as the FDA has just called for a halt in the dissemination of the Johnson & Johnson vaccine due to the emergence of a few blood clotting cases in recipients (Weiland et al., 2021). Information surrounding the makeup and location of unvaccinated communities could be extremely useful in helping to erase vaccine deserts (Smith et al., 2021). For example, wastewater testing can illustrate where these vaccine deserts are geographically located and by analyzing the makeup of those populations one might begin to understand some of the reasons behind the vaccine desert. Factors like race, political or cultural beliefs, as well as education levels could all be potential factors coming into play. However, robust studies and evidence would have to confirm any assumptions made regarding these communities and why they aren’t receiving the vaccine. The point here is that knowledge surrounding where these vaccine deserts are, the makeup of the population there, and why there is a general lack of vaccine uptake can all be utilized in targeted interventions, such as tailored public health messaging or increasing vaccination sites within the community (Smith et al., 2021). Ensuring individuals all over the world can access vaccinations as well as ensuring they are being used is critical in the battle against COVID-19 and achieving the goal of herd immunity. 


The feasibility of WBE to be used in low- and middle-income countries for COVID-19
	As discussed previously in Chapter 3, studies have shown the ability of wastewater sampling to cover large proportions of the population in countries like the U.S. and Germany, where wastewater infrastructure is robust and efficient. However, in countries where this infrastructure is lacking, wastewater sampling proves more difficult. Nevertheless, its efficiency and cost-effectiveness over individual testing makes it a more viable option for low– and middle–income countries. This section will focus specifically on wastewater surveillance’s viability in African countries in order to provide a more in-depth discussion. 
	Data surrounding the COVID-19 pandemic has demonstrated, as many previous health crises have, that the most vulnerable and disadvantaged communities are disproportionately affected by this virus (Hart and Halden, 2020). Underreporting in many low resource settings can also contribute to a false sense of prevalence within a given community (Street et al., 2020). Thus, wastewater surveillance can be extremely valuable in low – and middle-income countries where resources, particularly health infrastructure and supplies, are extremely limited (Street et al., 2020). The key to implementing successful wastewater surveillance systems in these countries will rest in government and public health official’s ability to understand and adapt towards the local contexts (Street et al., 2020). No two settings are the same, so it is imperative that infrastructure, government and community needs, culture and social structure are taken into account when implementing any public health measure. 
	A big challenge in the African context is that as of 2017, sub-Saharan Africa accounted for 35% of all individuals in the world without basic sanitation (Street et al., 2020). In South Africa alone, 37% of households do not attach to the kinds of sewer systems common in high-income countries (Street et al., 2020). Instead, many South Africans, as well as others across the continent, use pit latrines, bucket toilets and/or chemical toilets (Street et al., 2020). Additionally, many of these pit latrines or toilets are shared by many individuals with a study in Nakuru, Kenya finding an average of 23 individuals sharing one toilet (Street et al., 2020). These are all factors that need to be considered when assessing the use of wastewater surveillance in low resource settings. While it is certainly more difficult to efficiently surveil a population where the majority are not connected to a sewer system, it is certainly still possible. Creating the opportunity for non-sewer systems, such as pit latrines, to be surveilled would allow for a vastly larger proportion of the population to be accounted. This could provide a much more accurate representation of SARS-CoV-2 prevalence within African communities, combatting the common issue of underreporting due to testing and other barriers. 
	An important aspect of wastewater surveillance is the ability to test and analyze the samples in a laboratory. Laboratory equipment as well as trained staff are both necessities in successfully analyzing wastewater samples – neither of which are easy to come by or super cheap (Street et al., 2020). This serves as another barrier to overcome in a low resource setting like sub-Saharan Africa, as a study found that 76% of sub-Saharan countries had laboratories that did not meet the international standards (Street et al., 2020). However, in an effort to tackle this barrier, experts are working to develop a portable paper-based wastewater sampling device (Mao et al., 2020). This device wouldn’t require a power supply, making the ability to sample wastewater in a variety of settings much more feasible (Mao et al., 2020). This would be an incredible help in tackling the lack of advanced laboratories in the sub-Saharan setting. 
	While there are clear gaps that need to be addressed if coordinated wastewater systems are to be developed in low- and middle-income countries, there is still a strong case to be made for its use. Additionally, once a system like this is set-up the efficiency and cost-effectiveness will prove extremely valuable as they have in other countries where systems have been developed. As the African example demonstrated, experts and government officials will need to take into account country and region-specific factors that will affect the implementation of a wastewater system and adapt accordingly. Nevertheless, the potential for wastewater surveillance to be utilized in low resource settings and work to combat underreporting is evident. 

Conclusion
	While these future applications rest on further study and literature to ensure their success, they illustrate some of the ways wastewater surveillance can go beyond just serving as an early-warning system and predicting viral levels. Virus variants, vaccination deserts, and global uses are all things to consider when looking at the future landscape of the COVID-19 pandemic. As the pandemic continues to unfold, new discoveries could be made on other ways in which wastewater surveillance can aid in fighting off SARS-CoV-2, lending itself to more future applications both within the U.S. and globally. 





















Chapter Five: Conclusion

Summing it all up

	The purpose of this thesis was to explore the role that wastewater surveillance could play in the COVID-19 pandemic. The ability of SARS-CoV-2 to be recovered in wastewater opened the door to the idea that sampling wastewater could shed light on the prevalence of COVID-19 within communities. Wastewater surveillance has demonstrated its ability to provide fast, accurate surveys of population health, both large and small, in close to real-time. With the ability to detect viral levels being so important in determining how prevalent COVID-19 is, wastewater surveillance’s impact is clear. Especially considering the immense gaps that have been seen in diagnostic testing, this type of surveillance works to address many of those as the vast majority of the U.S. population is connected to sewer systems. Additionally, for those communities that are not, the literature has shown ways in which smaller and simpler infrastructure can still be utilized in surveilling populations for COVID-19.
The cost-effectiveness and efficiency of this type of surveillance system is also evident, illustrating its ability to accomplish the same objectives of individual testing in both a faster and cheaper manner. When coupled with the testing infrastructures already in place, wastewater surveillance can work to help mitigate the spread of COVID-19 by allowing for targeted health interventions, such as increased testing and vaccination sites or specific measures to address barriers to testing, vaccination and healthcare more generally. While important considerations must continue to be made regarding privacy, data accessibility, government intervention, ethical implications as well as ensuring equitable distribution of National Wastewater Surveillance System (NWSS) services, the role of wastewater surveillance in the COVID-19 crisis is one that should continue to be supported and further developed. Its ability to both identify and direct targeted intervention towards high-risk communities is one way in which equity can be better achieved during this crisis – a goal that should be at the forefront of every health intervention. 

A reflection
When I started this process back in July of 2020, the concept of using wastewater surveillance to track viral levels of SARS-CoV-2 was only just bubbling to the surface. While some countries were recognizing its viability, the U.S. was dragging their feet and there didn’t seem to be much public knowledge surrounding the topic in general. As I sit here writing this, in April of 2021, I am amazed with the speed at which this topic has gained traction within the field of public health as well as with the general public. In July of 2020, I was having to explain the concept of WBE and wastewater surveillance to family members when asked what the topic of my thesis was. By January, I had aunts and uncles emailing me news articles and studies they had read on the subject matter.
The temporality of this topic was one of, if not the, biggest limitation of this work. Something I would write one week would no longer be completely accurate the next, as the landscape of the pandemic changed so rapidly. It made for a messy writing process in that I was often having to go back and re-write.  My original argument was a call for a national wastewater surveillance system, as many other countries had already implemented them and were seeing great results. By the time I was halfway through my writing process, the U.S. had decided to create the NWSS. While that threw a wrench in my plans, it also strengthened my entire thesis, as it only further proved the viability of using wastewater surveillance to track and mitigate the spread of COVID-19. In this sense, the temporality of this work is not only a limitation, but a strength as well. It speaks to the importance and relevance of this topic and sheds light on the complexities of utilizing public health measures in the middle of a health crisis. The everchanging landscape of the pandemic served as constant reminder of the need to think critically about what I was writing and how certain ideas may evolve as time moves forward. The temporality of this piece also ensured the literature being reviewed was looked at with a critical lens as it was impossible for any one piece to truly have a grasp on a situation that has constantly been evolving since January of 2020. 
There is no doubt that the landscape of this pandemic will continue to change and with that, so will the role of wastewater surveillance. Some might argue after reading this work that once the pandemic has ended, there will be no longer be any use for this work. I, respectfully, would disagree. The ideas and concepts discussed throughout this piece, while most relevant to today’s pandemic, can be applied to any public health crisis in the future. Whether it be learning from the implementation of the NWSS, the necessity of an interdisciplinary lens in public health, the effect of certain interventions on vulnerable and disadvantaged communities or how to adapt interventions based on the resource capability of a country – there are many concepts in this work that will long be relevant to the field of public health. The historical uses of wastewater-based epidemiology (WBE) also serve as a perfect example of how temporal works can prove to be extremely useful for future uses. As discussed previously, experts have utilized knowledge and lessons from the 1950s polio epidemic to help navigate the use of wastewater surveillance in today’s pandemic. One can expect health experts to pull on lessons from today’s pandemic in addressing future health crises as well.
Still, COVID-19 is not yet in the rear view for the field or public health or the world. While case counts have begun to fall and more people continue to get vaccinated, there seems to be some light at the end of the tunnel. However, it is imperative to remain vigilant, especially as fears of a fourth wave and a dangerous new Brazilian variant have arisen. The ability to stay ahead of the virus is critical and wastewater surveillance is a pathway to do exactly that. With many countries adopting this surveillance method, the ability to coordinate a global network where data can be standardized and shared would be extremely impactful. The field of wastewater surveillance and COVID-19 has grown so much in just one year. With so much more opportunity for growth both domestically and abroad, the future of wastewater surveillance in fighting off SARS-CoV-2 and playing a role in future health crises looks bright. 
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