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Abstract
In recent years, particularly following the COVID-19 pandemic, wastewater-based epidemiology (WBE) has 
emerged as an effective tool for the early detection of disease outbreaks. This manuscript presents a novel 
perspective on WBE by highlighting sewage as a predictive instrument, capable of providing near-real-time, 
community-level pathogen surveillance and anticipating and mitigating future pandemics even before the first 
clinical symptoms are detected. This approach enables cost-effective, non-invasive, and population-wide 
monitoring of infectious diseases’ emergence, evolution, and decline. By identifying pathogens in human waste 
(e.g., viruses and bacteria), WBE delivers real-time insights into infection trends, encompassing data from 
asymptomatic and pre-symptomatic populations, enabling timely interventions from public health authorities. 
Among the key advantages are its capacity to encompass large populations, pinpoint transmission hotspots, and 
facilitate resource allocation for containment efforts. The efficacy of sewage surveillance in predicting infection has 
already been validated during the COVID-19 pandemic, highlighting its potential as a critical component of 
pandemic response preparedness. However, this approach also presents challenges such as sample variability, 
environmental factors, and infrastructure limitations. Through a comprehensive review of the state-of-art available 
on this topic, including almost 300 published papers, the present manuscript emphasizes the expected impact of 
integrating sewage monitoring into global health surveillance frameworks and discusses its future applications in 
mitigating emerging infectious diseases, aiming to provide a multidimensional overview of WBE and its integration 
with other environmental surveillance tools.

Keywords: Wastewater, early warning system, pandemics, epidemiological surveillance, SARS-CoV-2, public 
health

INTRODUCTION
The unprecedented impact of recent pandemics, such as SARS, H1N1, and COVID-19, highlights critical 
vulnerabilities in global health surveillance systems[1]. These events emphasize the need for innovative and 
scalable approaches to monitor infectious disease dynamics and to identify outbreaks before they escalate 
into public health emergencies[1]. Moreover, the importance of data collection, model development, 
empirical analysis, team science, and public trust has become evident from earlier experiences[2]. The rapid 
spread of SARS-CoV-2, which went undetected in multiple regions until clinical cases overwhelmed 
healthcare systems, serves as a reminder of how conventional surveillance methods are often limited in 
identifying early signals of an emerging threat[3].

Traditional disease monitoring approaches rely heavily on clinical diagnostics, which are inherently reactive 
and typically detect infections only after symptoms manifest[4]. This limitation creates a critical gap in early 
detection, particularly for asymptomatic or pre-symptomatic individuals who unknowingly contribute to 
community transmission[5]. Additionally, delays in sample collection, testing, reporting, and challenges in 
accessing healthcare facilities further exacerbate this problem, especially in resource-limited settings, such as 
low- and medium-income countries (LMICs)[6,7]. It is imperative to explore alternative surveillance 
mechanisms that provide near real-time, community-level information on disease prevalence to mitigate the 
risks of delayed interventions[1].

Wastewater-based epidemiology (WBE) originated in the early 2000s. Initially, it was developed to monitor 
illicit drug usage among communities by analyzing sewage chemical residues[8]. It has later expanded to 
track antibiotic-resistant bacteria and genes, providing a more comprehensive approach to assist in public 
health monitoring[9]. The transformative transition for WBE was observed during the COVID-19 pandemic, 
where it has been rapidly adopted for pathogen surveillance by detecting viral RNA, mainly SARS-CoV-2, 
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in sewage systems and showcasing its ability to act as an early warning of outbreaks - even before clinical 
cases were reported - through community-level health monitoring[10]. More recently, WBE has evolved into 
a critical, cost-effective, and scalable public health surveillance tool by detecting various biological markers 
[e.g., viruses, bacteria, protozoa, and antimicrobial resistance (AMR) genes][11]. Additionally, recent 
technological advancements [e.g., reverse transcription quantitative polymerase chain reaction (RT-qPCR) 
and metagenomic sequencing] have enhanced detection capabilities[11]. Therefore, WBE constitutes a 
cornerstone of integrated surveillance systems for worldwide pandemic preparedness and environmental 
health monitoring.

This tool has emerged as a transformative tool for addressing these challenges. Sewage sample analysis 
utilizes molecular markers to detect pathogens shed in human waste, constituting a cost-effective, non-
invasive, and population-wide surveillance method[12-14]. During the COVID-19 pandemic, WBE 
demonstrated its potential to detect viral RNA in sewage weeks before spikes in clinical cases, which offered 
health authorities a lead time to implement containment measures[13,15]. This capability extends beyond 
respiratory viruses, encompassing a broad spectrum of pathogens, including bacteria, viruses, and AMR 
genes, making WBE a versatile platform for monitoring diverse public health threats[12,16].

The utility of WBE lies in its ability to detect pathogens and its scalability and adaptability to various 
settings[13]. Contrary to individual testing, which is labor-intensive and logistically challenging, wastewater 
sampling enables community-wide health assessments using a single composite sample[17]. Additionally, its 
non-invasive nature makes it acceptable and practical for population surveillance, particularly in regions 
where healthcare infrastructure is limited or under strain. Ultimately, by detecting asymptomatic and pre-
symptomatic patients and identifying trends in pathogen prevalence, WBE provides a more comprehensive 
understanding of disease dynamics compared to traditional surveillance methods[18].

Integrating WBE with complementary approaches, such as Aerobiology and microbial analysis of frequently 
touched surfaces, enhances its effectiveness[9]. Aerobiology focuses on airborne pathogen dynamics, offering 
valuable insights into the transmission of respiratory diseases through the air[19]; surface microbial analysis 
examines high-touch areas to assess pathogen persistence[20]. Together, these methods provide a 
multidimensional overview of pathogen circulation across environmental reservoirs, which improves the 
accuracy and reliability of early detection systems.

Therefore, by examining almost 300 published papers, the present manuscript aims to explore the role of 
WBE as an early warning system for future pandemics, emphasizing its applications, benefits, and 
limitations. Drawing on lessons from the COVID-19 pandemic, it discusses the potential of integrating 
WBE into global health surveillance frameworks to improve outbreak preparedness and response. By 
addressing technical, logistical, and infrastructural challenges, this study underscores the importance of 
proactive surveillance systems in mitigating the impact of emerging infectious diseases. As the global 
community faces evolving health threats, WBE stands out as a critical tool for safeguarding public health 
and strengthening global resilience against future pandemics.

The novelty of the present work is mainly associated with its integrative perspective, combining WBE with 
Aerobiology and surface microbiome analysis to establish a multidimensional environmental surveillance 
framework that enhances the reliability and cross-validation of early warning systems. Contrary to previous 
reviews, it repositions WBE as a proactive tool for pandemic preparedness, drawing on the lessons from 
COVID-19 and advocating for its expanded role in global health security. Furthermore, the present 
manuscript addresses the WBE implementation in LMICs, a frequently overlooked topic, by identifying 
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technological and infrastructural challenges associated with these settings and proposing context-specific 
solutions. Moreover, the manuscript distinguishes itself from others by exploring the synergy between WBE 
and emerging technologies [e.g., biosensors, machine learning (ML), the Internet of Things - IoT, and 
metagenomics], presenting a forward-looking vision of digital and data-driven disease surveillance. 
Additionally, it highlights the role of coordinated global efforts, such as those led by the MetaSUB 
Consortium, in promoting standardized urban environmental monitoring and global collaboration.

The specific objectives of this manuscript are to explore the role of WBE as an early warning tool for 
emerging infectious diseases, to evaluate its integration with Aerobiology and surface monitoring, to assess 
its effectiveness through real-world case studies, particularly from the COVID-19 pandemic, to identify the 
main technical and operational challenges in diverse global contexts, to present technological innovations 
that enhance its application; to propose its inclusion in global health monitoring frameworks such as those 
by WHO and GISRS, and to discuss ethical, privacy, and governance considerations relevant to its 
implementation.

MATERIAL AND METHODS
For this review, manuscript selection followed a structured, stepwise approach to ensure scientific rigor and 
relevance [Figure 1]. The initial search retrieved 7,721 records from two major scientific databases: PubMed 
(6,521 articles) and Google Scholar (contributed 1,200). These searches employed carefully selected 
keywords, including “Wastewater-Based Epidemiology”, “Early Warning Systems”, “Pathogen Detection”, 
“Antimicrobial Resistance”, “Environmental Epidemiology”, and “Disease Outbreak Prediction”.

After removing duplicate entries, 6,521 unique records remained. These records were then subjected to an 
initial screening based on title and abstract review. Articles that did not relate to the review themes were 
excluded.

Subsequently, the full texts of 3,614 articles were assessed for eligibility. The assessment considered several 
factors: publication date, peer-review status, and scientific quality. Studies published prior to 2019, those 
that had not undergone peer review, and those lacking methodological robustness were excluded from 
further consideration. This filtering process led to the inclusion of 2,729 studies for qualitative analysis.

Only studies with accessible full-text documents were retained to refine the selection further for quantitative 
analysis. This final criterion narrowed the selection to 279 manuscripts. Throughout the process, preference 
was given to articles published in high-impact journals ranked within the Q1 and Q2 quartiles and to those 
demonstrating practical relevance through real-world applications or case study scenarios. After the final 
selection of eligible studies, all relevant data were systematically extracted and compiled into structured 
summary tables using Microsoft Excel. These tables were organized to categorize studies by themes such as 
methodology, pathogen types, geographic region, sample type, and key findings, allowing for a transparent 
and comparative synthesis of results across different surveillance approaches. Among the 279 manuscripts 
selected, only 117 references are cited in the manuscript, as these were the studies deemed most relevant for 
inclusion in the discussion and synthesis of results. The remaining articles contributed to the broader review 
process, helping to inform background understanding, context, and methodological comparisons, but were 
not directly cited.

This multi-layered selection strategy ensures the present review is grounded in high-quality, up-to-date 
literature. It offers a comprehensive and empirically supported overview of WBE and its role in addressing 
emerging public health challenges.
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Figure 1. Schematic representation of the flowchart of the searched articles and the inclusion and exclusion criteria.

Although this methodology includes high-quality and relevant studies, it also presents potential biases that 
must be acknowledged. For instance, the review may be subject to publication bias, as studies with 
statistically significant or positive findings are more likely to be published in peer-reviewed journals. 
Additionally, the exclusion of non-English language articles could limit the scope of perspectives and data, 
particularly from regions where WBE has been applied but not reported in English. These constraints may 
have led to an underrepresentation of relevant research, especially from LMICs, and should be considered 
when interpreting the findings of this review.

While mindful of its limitations, this multi-layered selection strategy aimed to provide a robust, up-to-date, 
and comprehensive overview of WBE and its expanding role in public health surveillance and infectious 
disease management.

CURRENT LANDSCAPE OF PANDEMIC SURVEILLANCE AND EMERGING THREATS
Global context of pandemics
In recent years, the world has witnessed a concerning rise in the occurrence and impact of pandemics[21] due 
to international travel, global warming, or zoonotic transmission[22,23]. Noteworthy outbreaks include HIV, 
SARS-CoV, H1N1 influenza, MERS-CoV, Ebola, and SARS-CoV-2[24]. The rapid spread of infectious 
diseases and emerging threats not only underscores the vulnerability of global systems[25] but also exposes 
the weaknesses in preparedness and response mechanisms worldwide[23]. Pandemics not only pose severe 
risks to public health but also disrupt economies, overwhelm healthcare infrastructures, and strain societal 
functions[22].
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The COVID-19 pandemic will forever remain a reminder of how quickly infectious diseases can spread in 
an interconnected world like ours[26]. In fact, this virus was able to establish itself in multiple countries 
around the globe before clinical cases were widely recognized, exacerbating the challenge of 
containment[27-29]. Together with coronaviruses, influenza viruses present high mutation rates coupled with 
rapid transmission. The two groups have caused pandemics throughout history and will continue to pose 
significant risks to global health security[30].

One of the main challenges in adequately managing pandemics lies in its early detection. Conventional 
surveillance systems often rely on the identification of clinical symptoms, meaning that the infection is 
already widespread by the time significant actions are taken[31]. Furthermore, asymptomatic carriers and 
delays in testing or reporting can mask the true spread coverage and, therefore, limit the effectiveness of any 
containment efforts[32]. The gap between the time of pathogens’ emergence and their detection allows 
diseases to proliferate, particularly in areas that are densely populated or present serious resource 
limitations[33].

All the challenges presented above highlight the need for proactive surveillance systems capable of 
identifying pathogens at the population-wide level before the first clinical cases emerge, thereby significantly 
improving preparedness and response efforts[1,34]. In this context, innovative approaches such as wastewater 
monitoring have demonstrated their potential as early warning tools[35,36]. Sewage water analysis allows the 
identification of traces of infectious agents, making it possible to detect disease activity in the population 
before significant clinical symptoms appear, allowing for timely public health interventions[17,37].

International organizations, mainly the World Health Organization (WHO), help shape, coordinate, and 
support global disease surveillance systems[38]. By unifying international efforts, establishing standardized 
protocols, and mobilizing resources, these organizations are essential actors in the early detection and 
control of infectious disease threats[39]. The rapid cross-border spread of pathogens, as exemplified by the 
COVID-19 pandemic, underscores the need for coordinated international responses and highlights the 
importance of globally harmonized surveillance mechanisms[39].

Within this context, integrating WBE into existing global surveillance frameworks is both timely and 
strategic[40,41]. As a non-invasive, cost-effective, and population-wide monitoring tool, WBE may be
implemented as a complementary tool to traditional clinical surveillance by detecting early signals of 
pathogen circulation even in asymptomatic and pre-symptomatic infections[9]. Incorporating WBE into 
established programs [e.g., WHO’s Global Influenza Surveillance and Response System (GISRS) and the 
International Health Regulations (IHR) framework] significantly strengthens global preparedness for future 
outbreaks[38].

For this integration, the WHO and its partner organizations need to encourage the development of 
standardized guidelines for WBE implementation, promote capacity building in LMICs, and encourage data 
sharing through interoperable global platforms. Furthermore, collaborations among international consortia 
(e.g., MetaSUB) and national public health agencies enhance cross-border surveillance and provide 
actionable intelligence for timely interventions[20].

Ultimately, the institutional endorsement and leadership of international organizations, such as the WHO, 
scale WBE adoption and embed it as a core component of global health security. This integration enhances 
the early detection of infectious diseases and contributes to more equitable and resilient public health 
systems.
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WBE as a surveillance tool
WBE, a concept developed in 2001 to either illegal drugs or drugs of abuse[42], had been previously used to 
trace antibiotic-resistant bacteria and genes in populations[43] and, more recently, has been adapted during 
the SARS-COVID 19 as an innovative approach for monitoring the spread of infectious diseases in human 
populations[44]. The analysis of samples collected from sewage systems for biological markers provides 
information on the presence of pathogens circulating within communities since infectious agents (e.g., 
viruses, bacteria, and parasites) are often shed in human waste through feces, urine, or other bodily fluids. 
These biological traces enter wastewater systems and can be analyzed to identify disease trends at a 
population level.

A notable advantage of WBE is its ability to detect pathogens before clinical cases are officially identified[13]. 
Infectious agents can be discharged by asymptomatic, pre-symptomatic, or mildly symptomatic individuals 
that often go unnoticed by traditional healthcare systems[31]. This discharge makes wastewater a highly 
informative medium for early detection, reflecting the health status of entire populations in almost real 
time. For instance, during the COVID-19 pandemic, several studies detected viral RNA in sewage days to 
weeks before clinical testing revealed an increase in the reported cases[45,46], making WBE a critical 
component of disease surveillance systems.

Moreover, WBE benefits extend far beyond early disease detection. This is a cost-effective strategy, covering 
large and diverse populations and providing a scalable solution for monitoring infectious diseases[47,48]. 
Contrary to individual testing, which is resource-intensive and logistically challenging, WBE enables broad 
population surveillance, significantly reducing both costs and efforts[49]. Additionally, WBE is non-invasive, 
relying on samples taken from sewage systems that are already in place, making it less intrusive and more 
acceptable to communities[50] [Figure 2].

Another pivotal WBE advantage is its ability to identify asymptomatic carriers[50]. Traditional surveillance 
methods often miss asymptomatic individuals who do not seek medical attention, yet these individuals play 
a significant role in disease transmission[51]. The capture and analysis of biological markers from the entire 
population, including undiagnosed or asymptomatic individuals, provides a more comprehensive 
understanding of disease spread and prevalence[52] [Figure 2].

A comparative analysis of WBE and other monitoring methods (e.g., clinical surveillance and aerobiological 
sampling) is required to understand the strengths and limitations of each approach under various public 
health contexts. While clinical monitoring remains the gold standard for individual diagnosis and case 
confirmation, it is resource-intensive, dependent on healthcare access, and often delayed due to testing and 
reporting lags. In contrast, WBE offers a cost-effective and non-invasive tool for community-level 
surveillance, capable of detecting pathogens shed by symptomatic and asymptomatic individuals, often 
before clinical cases are reported. On the other hand, Aerobiology enables real-time detection of airborne 
pathogens, particularly in enclosed or high-risk environments, but environmental conditions and spatial 
variability influence its effectiveness. Evaluating these methods regarding cost, efficiency, and accuracy 
reveals that they are not mutually exclusive but complementary. Their integration into a cohesive 
surveillance framework can enhance early warning capabilities, improve resource allocation, and support 
more timely and targeted public health responses [Table 1].

Despite the numerous technical advantages, the increasing adoption of WBE raises critical ethical 
considerations, mainly concerning data privacy and the use of community-level health information. 
Although WBE does not directly identify individuals, its application in small or localized populations (e.g., 



Page 8 of 33 Oliveira et al. Water Emerg. Contam. Nanoplastics 2025, 4, 11 https://dx.doi.org/10.20517/wecn.2024.80

Table 1. Comparative analysis of wastewater-based epidemiology (WBE), clinical monitoring, and Aerobiology

Criteria WBE Clinical monitoring Aerobiology

Cost Low to moderate per capita; scalable; cost-
effective for large populations

High per case (testing, diagnostics, 
reporting infrastructure)

Moderate; requires specialized sensors 
and frequent maintenance

Efficiency High for community-level trends; early 
detection of asymptomatic cases

Individual-level diagnosis; delayed signal 
for population trends

Real-time detection in high-risk areas; 
good for targeted zones

Accuracy High for pooled data; limited individual 
resolution; affected by dilution

High for confirmed cases; gold standard for 
individual diagnosis

Variable; influenced by air flow, 
weather, and sampling location

Timeliness Early signal before clinical reports; weekly 
or daily sampling possible

Often delayed by testing/reporting lag; 
depends on healthcare access

Near real-time with automated sensors; 
location-specific

Scalability Highly scalable; one sample represents 
thousands of people

Limited by testing infrastructure and 
workforce

Scalable in targeted high-risk 
environments (e.g., hospitals)

Privacy risk Low; aggregate, anonymized data Moderate to high; involves personal data 
and test results

Low; environmental sampling without 
direct human identifiers

Best use 
cases

Early outbreak detection; community-level 
surveillance

Confirming and treating individual cases Monitoring airborne transmission risks 
in closed environments

Figure 2. Conceptual framework of integrated environmental surveillance approaches.

neighborhoods, dormitories, correctional facilities) potentially leads to stigmatization or unintended 
community profiling if results are misinterpreted or disclosed without adequate context.

Nevertheless, in the case of rapidly evolving infectious threats and public health emergencies, collective 
health and safety protection must take precedence over individual privacy concerns[53]. Early detection of 
pathogens enables timely interventions that help prevent widespread transmission, protect vulnerable 
populations, and reduce the burden on healthcare systems[54,55]. Consequently, WBE constitutes a proactive 
tool prioritizing communities’ well-being, especially when delayed action results in significant morbidity or 
mortality.
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Transparency, responsible data governance, and community engagement ensure that WBE respects human 
rights and fulfills its critical role in disease prevention. Finally, safeguarding public health through early and 
collective action is viewed as a scientific imperative and an ethical responsibility[56,57].

Aerobiology: a complementary approach to validate WBE results
Aerobiology is the study of airborne dynamics of microorganisms such as viruses, bacteria, and fungal 
spores, aiming to understand their source and transmission through the air[19]. Due to their ability to spread 
rapidly through aerosols and respiratory droplets, airborne pathogens, particularly respiratory viruses, 
constitute a significant threat[58].

While WBE focuses on detecting pathogens shed in human waste and present in sewage systems, 
Aerobiology identifies airborne pathogens and their transmission routes[19]. This complementary approach 
becomes particularly important to trace respiratory-transmissible diseases, such as those caused by SARS-
CoV-2 or influenza viruses. These viruses are not only shed in wastewater but also through exhalation, 
coughing, and other respiratory activities. Therefore, the analysis of airborne pathogens validates the 
presence of the same pathogens in wastewater, providing an additional layer of evidence confirming 
infection trends within a given population.

The combination of WBE and Aerobiology creates a more robust and comprehensive surveillance strategy. 
While WBE provides an early indication of infection levels within a given community, often before the first 
clinical symptoms emerge[18], Aerobiology pinpoints airborne transmission hotspots and environmental 
conditions that facilitate pathogen dissemination[45]. Together, these two methods enable public health 
authorities to detect, validate, and respond to emerging outbreaks with higher accuracy and confidence 
[Figure 2].

For diseases that primarily transmit through the respiratory route, Aerobiology is particularly valuable. For 
instance, during the COVID-19 pandemic, studies identified viral particles in both indoor and outdoor 
air[59,60], reinforcing WBE findings of community-level viral circulation. By integrating airborne monitoring 
with sewage analysis, it is possible to cross-reference data and strengthen predictions of infection trends. 
This constructive collaboration ensures a clearer understanding of disease dynamics and transmission 
pathways, which is critical for implementing targeted interventions.

Technological advancements have recently introduced biosensors and real-time monitoring systems as 
innovative tools to enhance pathogen detection and monitoring in air and wastewater surveillance[61,62]. In 
Aerobiology, biosensors offer rapid, sensitive, and on-site detection of airborne microorganisms (e.g., fungi, 
viruses and bacteria)[63,64]. These devices continuously sample ambient air in high-risk environments (e.g., 
hospitals, airports, or public transit hubs), detecting pathogen-specific biomarkers in real time[63]. 
Integrating biosensors into existing surveillance networks provides public health authorities with immediate 
access to actionable data, facilitating early responses to potential outbreaks[63]. Additionally, when used 
alongside WBE, biosensor-based aerobiological monitoring provides cross-validation of infection trends 
and strengthens early warning systems. Implementing automated sampling devices and IoT-enabled 
biosensors marks an evolution toward continuous, real-time environmental surveillance and bridges the gap 
between laboratory analysis and field-based disease detection[9].
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These high-touch areas function as reservoirs for microorganisms introduced through human activity, 
environmental exposure, and aerosol deposition[66]. Therefore, the analysis of the microbial composition of 
these surfaces provides essential information into pathogen dynamics and their interactions with human 
behavior in dense, high-traffic spaces.

Surface sampling enables the identification of microbial communities on these high-touch surfaces, 
facilitating the detection of potential pathogens and AMR genes, while also tracking changes in microbial 
diversity influenced by public activity and environmental factors[67]. The data collected in these studies 
reveal how human touchpoints contribute to disease transmission and highlight areas where interventions, 
such as cleaning protocols or the redesign of high-touch zones, can reduce transmission risks[68-70].

Surface microbial analysis incorporates an additional layer of insight into urban pathogen monitoring in 
broader surveillance systems[71]. While WBE provides a population-level overview of pathogen 
prevalence[13], and Aerobiology captures airborne particles that are responsible for disease transmission[19], 
surface analysis focuses on contact-based transmission routes[68]. The interaction between these three 
methodologies provides a multidimensional overview of pathogen behavior across urban environments, 
which enhances detection accuracy and the ability to respond to emerging threats [Figure 2].

Despite its value in tracking pathogen transmission, surface sampling may provide false positive results that 
arise from environmental contamination, residual non-viable genetic material, or improper sample 
handling, leading to the detection of no longer infectious or clinically relevant organisms[72-74]. To avoid false 
positives, it is essential to establish standardized protocols that include rigorous surface sterilization 
controls, validated swabbing techniques, and the implementation of nucleic acid viability assays to 
distinguish between live and dead microorganisms[75,76]. Additionally, confirmatory testing using 
quantitative PCR (qPCR) and next-generation sequencing (NGS) improves result specificity and 
reliability[77,78]. These practices ensure surface surveillance data accurately reflect active microbial threats and 
support meaningful public health decisions.

Global efforts and the role of the MetaSUB consortium
The MetaSUB Consortium (metagenomics and metadesign of subways and urban biomes), a global 
initiative, focuses on the surveillance of microbial communities across urban environments. Based on an 
interdisciplinary approach, MetaSUB integrates monitoring of multiple environmental compartments (e.g., 
air, water, surfaces, and wastewater) to provide a comprehensive understanding of microbial dynamics in 
densely populated areas. With the study of these interconnected ecosystems, the consortium aims to 
identify emerging pathogens and track their dissemination and transmission routes in urban settings[20].

These high-density urban environments serve as potential hubs for pathogen transmission, providing fertile 
ground for close contact between disease vectors (e.g., Aedes mosquitoes) and the population[79] but also 
facilitate horizontal gene transfer (HGT) events between different microorganism species that colonize both 
humans and animals[80]. In its integrative approach, MetaSUB has mapped and analyzed metagenomes from 
subways, public spaces, and wastewater systems, providing an understanding of the interaction between 
microbes and these spaces[81]. The consortium uses innovative technologies (e.g., metagenomic sequencing 
and ML) to identify genetic material from pathogens and other microorganisms, contributing to the early 
detection of infectious agents before significant outbreaks occur[81].

One of the consortium’s strengths lies in its centralized model, where all sampling protocols, materials, and 
reagents are uniformly provided by the Manson Lab at Cornell University. This centralization ensures 

Analysis of microorganisms on highly touched surfaces
Frequently touched surfaces from urban environments, such as handrails, ticketing kiosks, and turnstiles in 
metro systems, harbor and transfer microbial communities, including potentially harmful pathogens[65]. 
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methodological consistency and comparability of samples collected from vastly different environments 
across the globe. Additionally, sequencing is also centralized and conducted at the Manson Lab, which 
guarantees uniform data quality and minimizes technical variability.

During the COVID-19 pandemic, MetaSUB played a significant role in tracking the spread of the Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) virus and its variants in several cities across the 
world[20]. During the lockdown, and with the acknowledgment of public health authorities, consortium’s 
members collected samples from surfaces, wastewater, and air in urban transit systems and public spaces 
that successfully identified viral traces and provided critical data on the movement and persistence of the 
virus[20]. These efforts highlighted the potential of integrating environmental surveillance with public health 
systems to monitor and contain outbreaks more effectively[82]. The MetaSUB’s findings underscored the 
importance of a global, coordinated response to emerging infectious threats, as the consortium facilitated 
data sharing across cities and countries to strengthen pandemic readiness[83].

The MetaSUB Consortium’s interdisciplinary nature combines expertise from several research fields, such 
as microbiology, genomics, epidemiology, and environmental science, which enhances the global 
knowledge on urban microbial ecosystems[20,25]. By unifying data from different environmental sources, 
MetaSUB has demonstrated the value of a holistic surveillance strategy that not only enables the early 
detection of pathogens but also provides insights into AMR, microbial evolution, and the dynamics of 
disease transmission in urban populations[20].

WBE: STRENGTHENING OUR EARLY WARNING SYSTEMS
Principles of WBE
WBE is based on the principle that pathogens are shed in human waste and can be detected within sewage 
systems[9]. Infected individuals - whether symptomatic, asymptomatic, or pre-symptomatic - excrete the 
molecular signatures of these pathogens through their body fluids (e.g., urine, feces) that enter wastewater 
streams, which can be analyzed to assess the health status of the entire population[16].

WBE to detect pathogens before widespread clinical symptoms emerge makes it a powerful early warning 
system. For instance, during the COVID-19 pandemic, traces of SARS-CoV-2 RNA were identified in 
sewage weeks before increases in confirmed cases were observed through clinical testing[84], highlighting the 
sensitivity of wastewater monitoring in capturing the real-time presence of pathogens circulating in 
communities. Likewise, bacteria such as Salmonella or protozoa such as Giardia or Cryptosporidium can 
also be detected in wastewater, providing a broader scope for monitoring various infectious diseases[85] 
[Figure 3].

Wastewater surveillance involves sequential, well-defined steps, such as sampling, analysis, and 
quantification. During sampling, wastewater is collected from specific sites (e.g., sewage treatment plants, 
industrial zones) or targeted areas (e.g., neighborhoods, university campuses). Depending on the study’s 
objective, samples may be collected as 24-hour composite samples or as grab samples for immediate 
analysis[86]. Among the various sampling techniques, 24-hour composite sampling constitutes the most 
effective method compared to grab sampling since it considers the fluctuations in wastewater composition 
throughout the day. Human activities significantly affect water flow and content, leading to considerable 
variations in microbial load, chemical composition, and hydraulic flow at different times. By integrating 
aliquots collected at regular intervals over 24 h, composite samples provide a more accurate picture of 
average pathogen concentrations. This method significantly reduces the risk of misestimating pathogen 
loads, possibly if a grab sample is collected during an unusual spike or drop in wastewater flow. Therefore, 
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Figure 3. Workflow of wastewater-based epidemiology (WBE).

adopting 24-hour composite sampling significantly improves WBE data’s accuracy, consistency, and 
interpretability, making it an invaluable tool for effective surveillance and trend analysis[87]. Once collected, 
samples are processed to isolate and identify pathogen-specific markers (e.g., viral RNA, bacterial DNA, or 
protozoan genomes) using advanced techniques (e.g., RT-qPCR) that detect and quantify viral or microbial 
genetic material with high sensitivity and accuracy[88]. Additionally, more sophisticated methods such as 
NGS can be employed to analyze the full genetic composition of pathogens present in sewage. This 
technique not only confirms the presence of specific pathogens but also enables the identification of 
mutations, new variants, or AMR genes[89].

Pathogen markers can be lost or degraded in wastewater due to the complexity of this matrix. Several 
factors influence the persistence and detectability of microbial signatures in sewage (e.g., dilution effects 
from stormwater or industrial discharge, presence of disinfectants and organic compounds, temperature 
and pH, enzymatic activity from naturally occurring microbes, and microbial competition). Pathogen 
markers may also be lost due to their adsorption to solid particles, which can complicate their extraction 
and subsequent detection[66,90].

Detection limits vary depending on the type of pathogen, the matrix, and the analytical method used. For 
example, in the case of SARS-CoV-2, optimized RT-qPCR protocols have achieved detection limits as low 
as 1-10 genome copies·mL-1 of wastewater[91]. One study demonstrated that SARS-CoV-2 RNA could be 
detected at concentrations as low as 103 copies·L-1[92], offering public health authorities up to a seven-day lead 
time before increases in clinical cases were reported. For norovirus, another RNA virus commonly found in 
wastewater, detection limits range between 102 and 103 genome copies·L-1[93,94]. Bacterial pathogens, such as 
Salmonella enterica, are generally detected at levels around 104 CFU·mL-1 using conventional PCR, although 
this threshold can be lowered with qPCR and sample enrichment[95].

To mitigate these challenges and improve detection sensitivity, several strategies have been adopted. 
Concentration techniques, such as polyethylene glycol (PEG) precipitation or ultrafiltration, are commonly 
used to enrich target nucleic acids. Digital PCR (dPCR) is increasingly favored for its enhanced sensitivity 
and ability to quantify low-abundance targets, even in the presence of inhibitors. Pre-treatment steps, 
including filtration and chemical purification, can also reduce matrix interference. Finally, the adoption of 
standardized protocols [e.g., recommended by the Centres for Disease Control and Prevention (CDC) or 
the WHO] is essential for ensuring the reproducibility and reliability of results across different laboratories 
and regions[96-98].



Oliveira et al. Water Emerg. Contam. Nanoplastics 2025, 4, 11 https://dx.doi.org/10.20517/wecn.2024.80 Page 13 of 33

Sewage surveillance during COVID-19
The COVID-19 pandemic reinforced the value of WBE as a practical and efficient surveillance tool for 
monitoring the spread of SARS-CoV-2. Worldwide sewage surveillance campaigns provided valuable 
insights into infection dynamics, serving as an early warning system that complemented clinical testing and 
public health interventions[99].

Several studies from different world regions highlight the success of wastewater monitoring during the 
pandemic. For instance, in Spain, the Netherlands, and Belgium, SARS-CoV-2 RNA was detected in 
wastewater samples weeks before the first confirmed cases of COVID-19 in the population[43,100]. In the 
United States, a correlation was observed between viral RNA concentrations in wastewater and clinical cases 
and hospital admissions, providing advance notice of 0-8 days[101], enabling the anticipation of upcoming 
case spikes, optimization of testing strategies, and implementation of preemptive measures to reduce 
community transmission. In England, sewage analysis facilitated the identification of co-circulating virus 
variants and the monitoring of changes in viral predominance over time[102], while in other locations, it also 
enabled the detection of novel mutations[43], making it a powerful tool for tracking viral evolution [Table 2].

Strengths and limitations of sewage monitoring
One of the main strengths of sewage monitoring is its cost-effectiveness. In contrast with individual clinical 
testing that requires significant resources, skilled personnel, and time, wastewater sampling allows for the 
near real-time monitoring of large populations using a single sample, enabling health authorities to assess 
the health status of entire communities without the need for extensive individual testing[103,104].

Secondly, WBE is linked to its non-invasive nature, since the process relies on the collection of sewage 
samples, a byproduct of human activity, that does not require direct interaction with individuals, making it 
an acceptable and practical tool for population-level surveillance, especially in settings where conventional 
testing may face resistance or logistical challenges[13,54].

Another WBE advantage is its high scalability, as it enables the surveillance of large populations by 
analyzing data from thousands or even millions of individuals at once, providing a comprehensive overview 
of pathogen prevalence and trends across entire cities or regions[36].

In addition to monitoring pathogens, wastewater often contains AMR genes, including those carried on 
plasmids, which can persist even in treated effluents[104,105]. This aspect highlights the potential of WBE for 
tracking the spread of resistance and raises concerns about wastewater systems acting as reservoirs and 
dissemination pathways for AMR, thereby contributing to the evolution and environmental spread of 
resistant microorganisms.

Finally, WBE’s ability to detect asymptomatic infections is one of its main strengths. Individuals infected 
with pathogens begin shedding them in their body fluids early in the infection cycle, even in asymptomatic 
and pre-symptomatic cases, providing a more comprehensive view of community disease burden than 
clinical surveillance alone[106].

Despite its strengths, WBE also presents limitations. One of them is the variability in sewage systems across 
different regions [Figure 4], influenced by factors such as population density, wastewater collection 
efficiency, and sewage treatment infrastructure. For instance, informal settlements or rural areas with 
limited sewage infrastructure may not be adequately monitored, leading to gaps in surveillance[99].
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Table 2. Summary of key studies utilizing WBE during the COVID-19 pandemic

Country/region Sampling site Lead time (WBE vs. clinical cases) Public health outcome Ref.

Spain Wastewater treatment plant 7-14 days Early warning → intensified testing [100]

USA (Connecticut) Municipal sewage network 0-8 days Forecasted hospitalizations [101]

the Netherlands National wastewater system ~1 week Supported lockdown decisions [43]

England Sewage from metro areas Tracked variant shifts Guided variant monitoring and policy change [102]

WBE: Wastewater-based epidemiology.

Figure 4. Opportunities and challenges of wastewater-based epidemiology (WBE) implementation in high-income and resource-limited 
settings. RT-qPCR: Rerverse transcriptase quantitative polymerase chain reaction.
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are degraded due to the influence of temperature, pH, and chemical composition of the sewage. These 
factors - which can not only reduce the sensitivity of detection methods but also compromise the accuracy 
of results, especially in warm climates or when samples are not promptly processed - must be carefully 
considered when using a WBE approach for pandemic monitoring[107].

Finally, the implementation of sewage monitoring requires advanced infrastructure and skilled technical 
expertise. Accurate WBE analysis involves sophisticated techniques such as RT-qPCR or NGS, which 
require specialized laboratories, trained personnel, and financial investment. In resource-limited settings, 
such as LMICs, these requirements constitute a major barrier to the widespread adoption of WBE as an 
early warning system for future pandemics[84].

An important limitation of WBE is that not all pathogens are excreted in urine or feces, and for those that 
are, shedding may occur only intermittently or during a limited window of infection, which can hinder 
detection and affect the accuracy of prevalence estimates. For instance, pathogens such as Mycobacterium 
tuberculosis (primarily transmitted via respiratory droplets), Treponema pallidum (the causative agent of 
syphilis), and Plasmodium species (responsible for malaria) are typically not excreted in sufficient quantities 
in wastewater, limiting their detectability through this surveillance approach.

WBE presents excellent potential in LMICs due to its cost-effectiveness and capacity to monitor large 
populations with minimal infrastructure and limited access to clinical testing[9]. However, WBE 
implementation in these countries also presents several challenges, such as limited access to centralized 
sewage systems, lack of trained personnel, insufficient laboratory capacity, and inadequate funding for 
advanced molecular diagnostics (e.g., RT-qPCR or sequencing), which hinder its deployment[108]. 
Furthermore, logistical constraints in sample transport, storage, and timely analysis often reduce the 
reliability of results. Simplified protocols, portable testing platforms, and international infrastructure 
development and capacity-building support are essential to overcome these barriers[9]. Strengthening 
partnerships with global health organizations can also facilitate the integration of WBE into existing public 
health strategies in LMICs[39,109].

Strengthening WBE with Aerobiology
Integrating WBE with Aerobiology can significantly enhance its effectiveness. Aerobiology focuses on the 
study of airborne microorganisms (e.g., viruses, bacteria, and fungal spores) that persist in the air, 
particularly in enclosed or poorly ventilated spaces where the risk of transmission is higher. By collecting 
and analyzing air samples, aerobiological methods enable the detection of aerosolized pathogens, offering 
valuable insights into respiratory transmission within populations[110].

The combination of WBE and Aerobiology allows for cross-validation of epidemiological data. For instance, 
if the detection of SARS-CoV-2 RNA in sewage signals a potential outbreak, airborne monitoring confirms 
its presence in areas of high human activity, such as public transportation, schools, or healthcare facilities. 
This dual surveillance approach increases the results’ reliability and pinpoints specific environments 
requiring specific intervention measures, such as improved ventilation or localized restrictions[111]. 
Moreover, this integrative approach also provides a more comprehensive understanding of pathogen 
circulation. WBE reflects the overall infection burden in each population, including asymptomatic and pre-
symptomatic individuals, while Aerobiology captures pathogens’ airborne spread, a critical aspect of 
diseases transmitted via the respiratory route[9]. Therefore, when combined, these methods offer a holistic 
view of pathogens dynamics through populations and environments, enabling better predictions of disease 
behavior and more informed public health responses.

Another limitation is associated with sample degradation. Over time, pathogens and their genetic material 
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FROM SEWAGE TO STRATEGY: BUILDING RESILIENCE AGAINST FUTURE PANDEMICS
Potential pathogens for wastewater surveillance
Wastewater contains traces of pathogens shed in body fluids from infected individuals that can often be 
detected before the record of the first clinical cases in the population. This early detection window is 
particularly valuable for rapidly spreading or asymptomatic infections, where traditional monitoring 
systems might fail to provide timely warnings[112-114].

Among viral pathogens, influenza viruses and norovirus are examples of agents that can be monitored 
through wastewater surveillance [Table 3]. Influenza viruses, which cause seasonal epidemics and present 
the potential to trigger pandemics, are shed in human waste and detectable in sewage samples. Similarly, 
norovirus, responsible for gastrointestinal infections, can be identified in wastewater before significant cases 
are reported in healthcare settings[115].

Bacterial pathogens and AMR genetic markers are other key targets for wastewater surveillance. For 
instance, Salmonella and Escherichia coli, responsible for foodborne illnesses, can be detected and tracked in 
wastewater to identify infection hotspots. Additionally, the presence of AMR genes in sewage provides 
valuable information about the spread of resistant bacterial strains within communities[116-118] [Table 3]. 
Considering the actual growing threat of AMR, monitoring AMR markers in wastewater samples may assist 
public health officials in anticipating emerging challenges and designing targeted interventions during 
disease outbreaks [Table 3][9].

Parasitic infections, such as those caused by Giardia lamblia and Cryptosporidium, responsible for 
waterborne illnesses, also shed detectable markers into sewage systems during winter and spring 
[Table 3][119,120]. These pathogens can also be identified through molecular analysis in wastewater 
surveillance, which efficiently tracks parasitic outbreaks in populations where sanitation infrastructure can 
be deficient or compromised[54].

Recent advancements, particularly in untargeted metagenomic sequencing and bioinformatics, have enabled 
the detection of novel pathogens and previously unknown genetic signatures (i.e., emerging pathogens) in 
wastewater samples, expanding WBE’s utility beyond known targets[121]. However, these techniques also 
present some challenges. Rapid identification of novel pathogens demands sophisticated laboratory 
infrastructure, skilled personnel, and high-throughput sequencing platforms, which may not be available in 
all regions (e.g., LMICs)[122]. Moreover, interpreting novel sequences without reference genomes or clinical 
correlation may result in uncertainty or false alarms[123]. Timeliness is another challenge, as sample 
collection, transport, and processing can delay actionable insights, mainly in decentralized or resource-
limited settings[124].

The effectiveness of WBE varies considerably according to environmental conditions and infrastructural 
contexts. Meteorological conditions (e.g., temperature, rainfall, and sewage system design) directly influence 
sample quality and pathogen detectability[125]. High temperatures promote nucleic acid degradation, and 
heavy rainfall or stormwater infiltration dilutes viral or bacterial concentrations, reducing sensitivity[126,127]. 
Arid environments correspond to more concentrated samples and pose challenges for sample flow and 
collection frequency[128,129]. Sample variability is also associated with community behavior, population 
density, and diurnal sewage flow, resulting in inconsistent pathogen loads[130,131], highlighting the need for 
standardized sampling protocols, normalization strategies (e.g., using fecal indicators or population 
biomarkers), and routine sampling schedules. Infrastructure limitations (e.g., the absence of centralized 
sewer systems or reliance on septic tanks) also restrict WBE reach in low-resource or rural areas[132-134], 
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Table 3. Representative pathogens detectable through WBE and their relevance for surveillance

Pathogen Type Transmission route Surveillance relevance

SARS-CoV-2 Virus Respiratory Early pandemic detection and monitoring

Norovirus Virus Fecal-oral Gastroenteritis outbreak prediction

Salmonella spp. Bacterium Foodborne Foodborne outbreak tracing

E. coli (STEC) Bacterium Food/waterborne Indicator of fecal contamination

Giardia/Cryptosporidium Protozoa Waterborne Detection in areas with poor sanitation

AMR genes Genetic markers Varies Monitoring of AMR

WBE: Wastewater-based epidemiology; STEC: Shiga toxin-producing Escherichia coli; AMR: antimicrobial resistance.

requiring adaptations such as targeted site sampling or the use of decentralized collection systems[108,135].

The future of WBE is closely related to advancements in detection technologies and data analysis 
methodologies that enhance the sensitivity and specificity of surveillance efforts significantly[39]. Emerging 
tools, such as digital droplet PCR (ddPCR), NGS, and CRISPR-based diagnostics, ensure accurate pathogen 
quantification and identification, even for low-abundance targets, novel genetic variants, and AMRs[136-138]. 
These technologies reduce the probability of false positives and enable the simultaneous detection of 
multiple pathogens or resistance genes. Additionally, ML and predictive analytics easily interpret complex 
datasets, identify trends, and forecast outbreaks more precisely, due to the incorporation of temporal, 
geographic, and environmental variables to enhance the contextual understanding of disease 
dynamics[139-141]. Furthermore, cloud-based platforms and real-time data dashboards facilitate rapid 
communication between laboratories, public health agencies, and decision-makers, enabling faster and 
more coordinated responses[142-144]. As these technologies become more accessible and cost-effective, they 
promise to expand WBE’s reach, accuracy, and public health value as a cornerstone of global surveillance 
infrastructure[145,146] (for further details, see Section “Technological advancements”).

As previously referred, the accuracy and reliability of wastewater surveillance can be significantly enhanced 
by combining WBE with Aerobiology. Integrating data from sewage samples with results from airborne 
surveillance enables the validation of WBE findings and allows for more precise detection and tracking of 
infectious agents[111]. This combined approach is remarkably beneficial for pathogens with dual transmission 
routes, such as SARS-CoV-2, which can be detected in wastewater and the air.

Integration into global health surveillance systems
The integration of WBE into existing global health surveillance systems can revolutionize how public health 
authorities detect and respond to emerging infectious diseases[132]. By providing real-time, population-
centered data on pathogen circulation, WBE serves as a complement to traditional clinical monitoring while 
enhancing the capacity for early warning and containment[9].

One notable example of global collaboration in this field is the MetaSUB Consortium, which, through its 
innovative methodologies and interdisciplinary approach, has significantly contributed to tracking 
pathogens and microbial communities across diverse urban environments. This consortium integrates 
sampling from multiple sources (e.g., air, high-touch surfaces, and wastewater) to build comprehensive 
snapshots of pathogen distribution from more than sixty cities around the world. By employing advanced 
techniques such as metagenomics, MetaSUB has successfully identified emerging threats, including AMR 
genes and viral pathogens such as SARS-CoV-2. The work developed by the consortium underscores the 
importance of global initiatives in producing valuable, actionable data for disease surveillance and 
preparedness[20,64].
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Moreover, organizations such as the WHO and national public health agencies such as the CDC, which 
already play a role in disease monitoring and outbreak response, should incorporate WBE as an early 
detection tool for outbreaks. This would complement traditional surveillance systems, especially in areas 
with social vulnerabilities and poor sanitation, where pollution is a concern[13,147]. For instance, the detection 
of viral or bacterial pathogens in wastewater can trigger targeted clinical testing, resource allocation, and 
public health interventions in the affected areas.

An advantage of incorporating wastewater surveillance into global frameworks is its scalability and 
adaptability[36]. Wastewater systems are present in urban, suburban, and rural areas, making WBE an 
accessible option for monitoring diverse populations. Moreover, global networks such as the WHO’s GISRS 
should incorporate WBE to enhance the detection of influenza and other respiratory disease outbreaks. The 
harmonization of WBE methodologies and data-sharing practices will provide an additional layer of 
information on pathogen trends on a worldwide scale.

Finally, integrating WBE data with other surveillance tools, such as Aerobiology and clinical reporting 
systems, enables the development of a more robust and comprehensive approach to monitoring public 
health threats. The cross-validation of wastewater findings with other sources improves accuracy, reduces 
false positives, and provides a clearer understanding of disease dynamics[148,149].

Technological advancements
The continuous WBE development has been driven by significant technological advancements that 
improved pathogen detection, analysis, and predictive modeling. These innovations transformed WBE into 
a powerful, scalable tool for real-time disease surveillance, valuable in pandemic preparedness and public 
health monitoring[150,151].

Advancements in PCR molecular biology techniques, such as quantitative RT-qPCR, have significantly 
increased the sensitivity and specificity of pathogen detection in wastewater samples. RT-qPCR, which 
remains a cornerstone of wastewater surveillance, allows for the quantification of viral or bacterial 
concentrations in sewage samples[88,152]. Moreover, improvements in assay design, such as one-step single-
tube nested qRT-PCR (OSN-qRT-PCR) or RT-droplet digital PCR (RT-ddPCR), have made it possible to 
target specific genes of interest, ensuring precise detection and tracking of pathogens[153,154].

More recently, advances in metagenomics have revolutionized the ability to analyze complex biological 
samples collected from sewage systems. Metagenomic sequencing allows for the comprehensive 
identification of pathogens present in wastewater, including viruses, bacteria, and AMR genes, and identifies 
their potential for horizontal gene transfer[155-157]. Sequencing the entire composition of the genetic material 
within a sample enables the detection of known and emerging pathogens, offering a broad-spectrum 
approach to monitoring infectious diseases[89,158]. This technique has been particularly valuable for 
identifying variants of concern, such as SARS-CoV-2 mutations, during the COVID-19 pandemic[43,102].

Another innovation is the integration of artificial intelligence (AI) and ML for predictive modeling[159]. AI-
driven approaches, such as artificial neural networks (ANN), fuzzy logic algorithms, and long short-term 
memory (LSTM) models, can be applied to big data compiled from wastewater metagenomics to identify 
trends, predict infection surges, and highlight areas at higher risk of outbreaks[160,161]. By combining historical 
data with real-time inputs, predictive models can be developed to anticipate disease dissemination and 
provide health authorities with critical lead time to implement control measures[162-164]. These AI-driven 
systems can detect patterns that might otherwise go unnoticed, thereby improving the overall accuracy and 
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efficiency of wastewater surveillance[165]. During the COVID-19 outbreak, ML predictions, particularly time-
series models such as LSTM, outperformed non-time-series models in forecasting cases across diverse 
sewersheds[166]. Additionally, these methods have been used to study antibiotic resistance in water and 
wastewater, with shallow learning techniques proving more prevalent than deep learning approaches[167].

The development of real-time analysis systems, such as biosensors, has further strengthened the role of 
WBE in global health surveillance[61]. These systems target specific molecules such as viral RNA, bacterial 
DNA, and AMR genes. For example, RNA-based electrochemical biosensors have been successfully applied 
to detect SARS-CoV-2 in wastewater by targeting conserved regions of the viral N gene, allowing for rapid 
and sensitive on-site surveillance[168-170]. Automated sampling devices and portable testing equipment enable 
faster sample collection and on-site analysis, reducing the time between sample acquisition and result 
generation[171,172]. The integration of cloud computing, the Internet of Medical Things (IoMT), and big data 
analytics has further enabled rapid collection, analysis, and sharing of health data[173-175], resulting in real-
time monitoring of patient conditions, reducing healthcare costs, and improving diagnostic accuracy[176,177].

Data-sharing platforms have also facilitated collaboration and global monitoring. Platforms such as the 
Global Sewage Surveillance Network and initiatives driven by organizations such as the MetaSUB 
Consortium provide centralized repositories for WBE data. These systems allow researchers and health 
officials to upload, access, and compare pathogen data across worldwide regions. The aggregation of sewage 
surveillance data from multiple countries within these platforms contributes to a more comprehensive 
understanding of global disease trends and improves pandemic preparedness.

FROM THEORY TO PRACTICE: CASE STUDIES HIGHLIGHTING WASTEWATER 
SURVEILLANCE APPLICATIONS
COVID-19 and beyond
The COVID-19 pandemic highlighted the value of WBE as a reliable tool for the detection of pathogens’ 
presence and dissemination among communities. The analysis of SARS-CoV-2 RNA from wastewater 
enables the monitoring of infection trends and anticipates infection spikes before they are reflected in 
clinical testing data. This early detection of viral RNA often preceded a rise in reported cases by days or 
weeks, providing public health authorities with lead time to implement preventive measures[101,178]. In 
addition to WBE, Aerobiology has also been used to monitor airborne transmission of SARS-CoV-2, 
particularly in indoor environments (e.g., hospitals, transportation hubs, and public spaces)[179]. The 
detection of viral aerosols complemented wastewater surveillance data, validated findings, and pinpointed 
high-risk areas where transmission was most likely to occur[180]. The success observed with this integrative 
approach during COVID-19 was further stressed by global initiatives, such as the MetaSUB Consortium, 
which conducted large-scale microbial surveillance across cities worldwide, sampling air, surfaces, and 
wastewater to map the spread of SARS-CoV-2 and other pathogens. The integration of data from multiple 
environmental sources provided a holistic overview of pathogen dynamics in urban settings, identified 
hotspots of viral activity, and monitored the variant’s evolution[20].

Beyond COVID-19, these refined tools and methods should address future health threats. WBE can 
monitor a wide range of pathogens, including influenza viruses, AMR genes, and gastrointestinal infections 
(e.g., norovirus). Additionally, Aerobiology will continue to play a complementary role to WBE, tracking 
respiratory-transmissible agents, particularly in densely populated environments.
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Lessons learned from COVID-19
The COVID-19 pandemic provided insights into the importance of preparedness and highlighted the 
transformative role of WBE in global health resilience. While public health systems faced unprecedented 
challenges, WBE emerged as a valuable surveillance tool, offering SARS-CoV-2 early detection, and 
enabling the design and implementation of proactive measures to mitigate its dissemination. These lessons 
accentuate the need for integrating wastewater monitoring into routine public health strategies to improve 
preparedness for future pandemics[13].

One of the most significant takeaways from COVID-19 is the importance of reliable early warning systems 
for outbreak detection. Traditional surveillance methods, such as clinical testing and hospital reporting, 
often lag behind the actual disease dissemination, particularly during the outbreak stages. Contrarily, WBE 
has proven effective in providing early signals of SARS-CoV-2 circulation within communities - days to 
weeks before case spikes. The detection of viral RNA in wastewaters allows public health authorities to 
anticipate infection surges, allocate resources efficiently, and implement targeted interventions such as 
increased testing and localized restrictions[13,84].

Secondly, the pandemic demonstrated the ability of WBE to monitor asymptomatic and pre-symptomatic 
infections. Since individuals shed viral material in their body fluids regardless of symptom status, 
wastewater surveillance offers a more comprehensive reflection of community-level infections compared to 
more traditional clinical testing. This capability proved particularly valuable in areas where access to testing 
was limited or underutilized, allowing health officials to identify “hidden” transmission and take pre-
emptive action[13,150].

Another key lesson was the adaptability and scalability of WBE. During the pandemic, researchers and 
public health agencies worldwide quickly established wastewater monitoring networks, demonstrating how 
the method could be implemented across diverse settings, from urban to rural communities. This rapid 
deployment highlighted WBE’s potential to provide timely, cost-effective data that can guide public health 
decision making at local, national, and global levels[46,47,180].

The role of preparedness extends beyond surveillance and should integrate complementary tools. COVID-
19 highlighted the importance of cross-validation between different protocols and sources, where sewage 
surveillance data were strengthened by airborne pathogen monitoring, particularly for respiratory-
transmitted diseases. The combined use of these methods will enhance the accuracy of detection and 
improve the understanding of the dynamics of viral spread, further emphasizing the need for integrated 
surveillance frameworks[181].

Finally, the COVID-19 pandemic also served as a wakening call for the global community, emphasizing the 
need for investments in proactive health monitoring systems. WBE’s success during the pandemic 
demonstrated that early, population-based surveillance plays a significant role in improving health 
resilience. Detecting outbreaks before clinical cases are reported by wastewater monitoring enables public 
health systems to act instantly and reduce the impact of infectious diseases on communities[147,182].

Applications beyond pandemics
While WBE has proven its value in the detection and monitorization of pathogens during the COVID-19 
pandemic, its applications extend far beyond outbreak surveillance. This approach offers a versatile tool for 
tracking a wide range of public health and environmental threats, including AMR, environmental 
pollutants, and the emergence of novel pathogens[9,11].
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One of the most pressing global health concerns nowadays is the rising trends of AMR. Antibiotic-resistant 
bacteria and the genes responsible for its resistance are shed in human waste, being transported into sewage 
systems. Wastewater monitoring detects and quantifies AMR genes and resistant bacterial strains presenting 
these genes, constituting an early signal of AMR hotspots within communities. Tracking these markers over 
time allows WBE to identify trends in antibiotic misuse, assess the dissemination of resistant pathogens, and 
implement strategies for reducing AMR risks[183]. For instance, hospitals and healthcare facilities often 
function as reservoirs for resistant bacteria. Wastewater surveillance constitutes an effective tool to monitor 
healthcare-associated infections and evaluate antibiotic stewardship programs’ success, helping to 
understand the dynamics of AMR emergence, dissemination, and support global initiatives to combat 
antibiotic resistance[66].

Beyond infectious diseases, WBE has also been employed to monitor hazardous environmental pollutants 
associated with human and ecological health risks. While industrial chemicals, pharmaceuticals, pesticides, 
and heavy metals can enter wastewater systems through human activity and industrial processes, wastewater 
monitoring detects and quantifies these contaminants, providing information on pollution levels and their 
impact on the environment[184,185]. For instance, this approach has been used to monitor the presence of 
residues, such as antibiotics, hormones, and opioids, which may have adverse effects on human health and 
aquatic ecosystems, enabling the identification of regions where pollution is most severe and providing 
evidence to guide environmental policies and remediation efforts[184,185].

Finally, WBE has been used to identify emerging infectious threats, such as viruses with zoonotic potential, 
which can be detected in wastewaters before they trigger widespread outbreaks. Through the analysis of 
genomic traces of these unknown or newly circulating pathogens in sewage systems, public health 
authorities can take proactive actions to mitigate risks[9,54]. For instance, zoonotic diseases, such as avian 
influenza or coronaviruses, can be transmitted to human populations without being immediately 
undetected[186]. WBE provides a scalable, early detection method for identifying these events, particularly in 
regions with close interactions between humans and animals[147]. Integrating WBE with other 
complementary surveillance methods (e.g., Aerobiology and clinical diagnostics) enables more effective 
monitoring of the evolution and transmission of these emerging pathogens[9].

BUILDING RESILIENCE: ADDRESSING CHALLENGES AND CHARTING THE FUTURE OF 
WASTEWATER SURVEILLANCE
Current challenges
One of the primary challenges of WBE is associated with the technical complexities involved in detecting 
and analyzing pathogens or contaminants in this type of sample. Wastewater is a highly heterogeneous 
medium containing several chemical, biological, and environmental components that can interfere with the 
adopted detection methods[14]. The degradation of genetic material, specifically viral RNA, due to 
environmental factors (e.g., temperature, pH, and microbial activity), coupled with the low concentrations 
of target analytes and the presence of inhibitory compounds, can compromise the accuracy of results[14,187]. 
Moreover, reliable pathogen detection is deeply dependent on robust molecular tools, such as RT-qPCR and 
NGS analysis, which demand specialized equipment, reagents, and skilled personnel[89].

Secondly, while significant advances have been made to ensure standardization during sample collection, 
processing, and analysis across different regions, these processes remain challenging. Variations in sewage 
infrastructure, population density, and sampling strategies lead to inconsistencies that make it difficult to 
compare results on a global scale. Addressing these issues requires the establishment of universal protocols 
and quality control measures to ensure reliable and reproducible data[188,189].
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The implementation of WBE at a global scale is also associated with significant logistical barriers. On one 
hand, wastewater sampling often requires access to centralized sewage systems, which may not be available 
in all regions, particularly in rural or low-income countries. Informal settlements and areas with fragmented 
sanitation infrastructure lack the ability to support consistent sampling, leading to surveillance coverage 
gaps[190]. On the other hand, transporting, storing, and analyzing samples requires careful coordination since 
delays in sample processing result in the degradation of genetic material, which reduces detection 
sensitivity[191]. The development of reliable sampling networks, which ensure timely sample collection and 
analysis, constitutes a significant logistical hurdle, particularly in regions with limited public health 
infrastructure[192].

While WBE is often considered a cost-effective approach compared to large-scale individual testing, its 
widespread adoption requires significant financial investment in infrastructure, technology, and human 
resources[193]. Nevertheless, establishing WBE protocols involves the acquisition of equipment, settlement of 
adequate laboratory facilities, and several ongoing operational expenses, such as reagents, sample transport, 
and data analysis. For LMICs, these financial demands can be prohibitive, limiting their ability to 
implement WBE programs on a large scale[133]. The long-term sustainability of WBE depends on continued 
financial support from governments, public health organizations, and international entities[39]. The lack of 
this sustained investment leads to the abandonment of WBE programs, particularly during non-pandemic 
situations, potentially compromising their effectiveness in future public health crises [Table 4].

Global collaboration
The success of WBE as a global surveillance tool deeply depends on the collaboration between countries, 
institutions, and disciplines. To maximize its effectiveness, robust systems for data sharing, establishing 
international standards, and adopting interdisciplinary approaches are required. These elements will 
undoubtedly harmonize the methods used, improve results’ comparability, and ensure timely and 
coordinated responses to global public health challenges[194].

Effective WBE depends on collecting, analyzing, and disseminating pathogen data at local, national, and 
international levels. However, the variability in sampling methods, processing techniques, and reporting 
practices across different regions limits the comparison and interpretation of these worldwide findings. 
Establishing standards and guidelines for sample collection, pathogen detection, and data analysis applicable 
at a global scale ensures consistency, reliability, and reproducibility of results across borders. These efforts 
should be driven by organizations such as the WHO and constitute a critical point for aligning public health 
strategies on a global scale[8,9].

Moreover, data sharing platforms promote collaboration and transparency[2]. Open-access repositories and 
networks allow researchers and policymakers to share wastewater data in near real time, enhancing the 
capacity to track pathogen evolution and dissemination and improving the early detection of emerging 
pathogens. For instance, by November 2022, 14 million SARS-CoV-2 genomic sequences were available in 
public databases, facilitating near real-time viral evolution study, diagnostic assay assessment, and vaccine 
efficacy improvement[195].

The complexity of wastewater surveillance also requires an interdisciplinary approach that brings together 
experts from diverse fields of knowledge, such as microbiology, environmental science, bioinformatics, 
public health, and engineering. The collaboration across these fields allows for the development of 
innovative technologies, such as advanced sequencing methods and predictive modeling tools, to improve 
pathogen detection and analysis[90].
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Table 4. Challenges and mitigation strategies for WBE implementation

Challenge Description Proposed solution Stakeholders involved

Lack of infrastructure Absence of centralized sewage systems in 
some regions

Use of localized sampling or on-site 
treatment plant access

Local governments, NGOs

Limited laboratory capacity Shortage of trained personnel or 
equipment for RT-qPCR/NGS

Investment in training and mobile labs Ministries of Health, academia

Sample degradation during 
transport

RNA/DNA decay due to poor storage and 
long delays

Cold-chain logistics; field-based pre-
treatment

Donor agencies, logistics 
partners

Inconsistent data reporting Lack of harmonized standards across 
regions

Develop global WBE guidelines and 
metadata templates

WHO, CDC, surveillance 
consortia

Limited funding High setup and maintenance costs for 
sustainable monitoring

Long-term donor support; integration 
into health budgets

Governments, WHO, 
international donors

WBE: Wastewater-based epidemiology; NGOs: non-governmental organisations; RT-qPCR: reverse transcription quantitative polymerase chain 
reaction; NGS: next-generation sequencing; WHO: World Health Organization; CDC: Centres for Disease Control and Prevention.

Initiatives such as the MetaSUB Consortium illustrate the power of global and interdisciplinary 
collaboration. This consortium combines expertise from multiple scientific fields to develop a 
comprehensive approach to urban microbial surveillance that integrates data from wastewater, air, and 
surface sampling. This holistic strategy enhances the understanding of microbial ecosystems and provides 
insights into pathogen transmission routes and AMR in urban environments. This international network 
has created a collaborative model for global disease surveillance, leveraging shared resources and 
technologies, and demonstrated how cross-border cooperation could overcome the challenges of 
fragmented health infrastructure and data silos, contributing to pandemic preparedness and improved 
public health outcomes[20].

Future opportunities
For WBE to be integrated into public health frameworks, significant policy changes should occur at national 
and international levels [Figure 5]. Governments and health organizations should prioritize wastewater 
monitoring as a core component of disease surveillance systems. This includes creating regulatory 
frameworks that mandate wastewater testing during health emergencies and establishing protocols for 
routine surveillance to monitor known and emerging threats[104].

Sustained funding to support WBE infrastructure development and maintenance should be applied to 
improve laboratory capacity, purchase specialized equipment, and train personnel in wastewater sampling 
and analysis techniques[196-198]. International organizations, such as the WHO and global funding entities, 
should provide financial assistance to regions with limited resources, while partnerships between 
governments, non-governmental organizations, and private sectors should further ensure the longevity of 
WBE programs[199].

In terms of infrastructure development, expanding sewage networks and ensuring equitable access to 
sanitation systems is critical, and investments should be directed to modernize wastewater treatment plants 
and implement automated sampling technologies that will enable more reliable and scalable data 
collection[200,201]. Moreover, integrating WBE into existing public health systems, such as national disease 
control programs, will facilitate data sharing and improve coordination among stakeholders.

WBE holds great potential in high-income nations[108,132]. However, its scalability for LMICs presents both 
challenges and opportunities. Many of these countries face barriers such as fragmented sewage systems, 
limited laboratory infrastructure, and financial constraints[132,202]. Addressing these challenges requires 
targeted strategies to make WBE more accessible, adaptable, and sustainable.
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Figure 5. Strategic roadmap for integrating wastewater-based epidemiology (WBE) into global health surveillance.

First, simplifying sampling and testing protocols ensures that wastewater surveillance can be easily 
implemented without requiring advanced technologies or highly specialized expertise[203-205]. Portable, low-
cost testing kits that provide rapid and reliable results could significantly enhance WBE accessibility in 
resource-limited settings[206,207]. Collaborative efforts to develop and distribute such tools would bridge the 
technology gap, enabling widespread adoption.

Second, it is important to build local capacity through training and education programs focused on 
developing the skills of public health professionals, engineers, and laboratory technicians, and empowering 
local communities to conduct wastewater monitoring independently. International partnerships and 
knowledge-sharing initiatives can further accelerate capacity building, ensuring that LMICs can establish 
and maintain effective surveillance networks[208,209].

Finally, integrating WBE into global health initiatives will scale up its use in LMICs. The incorporation of 
wastewater surveillance into frameworks such as the Global Health Security Agenda (GHSA) or WHO-
coordinated disease surveillance systems will allow LMICs to benefit from financial, technical, and 
operational support. These partnerships ensure that WBE will be deployed during pandemics and will 
become a routine part of long-term public health strategies.

CONCLUSION
WBE has been proven to be a groundbreaking approach for tracking infectious diseases, detecting AMR, 
and identifying environmental pollutants. The analysis of pathogens shed in human waste provides early 
warning systems for disease outbreaks, often detecting infections before the first clinical cases are reported. 
This capability positions WBE as a critical tool for modern public health systems, enabling authorities to 
promptly respond to emerging health threats.

The integration of WBE with Aerobiology enhances the overall effectiveness of surveillance efforts, 
providing additional insights into respiratory pathogen circulation, validating findings from wastewater, 
and offering a more comprehensive view of disease transmission in communities. When combined, these 
tools deliver a multi-layered surveillance system that improves the accuracy and reliability of early detection 
strategies.
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Global collaborations, such as the MetaSUB Consortium, emphasize the importance of interdisciplinary and 
international partnerships for environmental surveillance. By combining data from wastewater, air, and 
surface sampling, MetaSUB has demonstrated how global networks can advance the understanding of 
pathogen dissemination in urban settings. The consortium’s contributions during the COVID-19 pandemic 
underscored the role of environmental monitoring in tracking infections, identifying hotspots, and guiding 
public health interventions.

Despite its success, WBE also presents its limitations, particularly in terms of infrastructure, funding, and 
standardization. Addressing these constraints will ensure its scalability and effectiveness worldwide, 
especially in regions with limited resources. Investing in improved sewage systems, laboratory capacity, and 
workforce training will allow WBE to become a routine component of public health strategies, offering 
long-term disease monitoring and prevention benefits.

To fully harness the potential of WBE, policymakers and public health officials must prioritize its 
integration into national and global health surveillance systems. By investing in infrastructure, 
standardizing methodologies, and supporting interdisciplinary collaboration, WBE has the potential to 
become a cornerstone of early warning strategies, enhancing outbreak preparedness, reducing response 
times, and protecting public health globally.

As concluding remarks, WBE, particularly when combined with other tools, such as Aerobiology and highly 
touched surface analysis, and strengthened by international initiatives (e.g., Meta SUB) or global 
organizations (e.g., WHO), represents a scalable and proactive solution for global health surveillance. By 
enabling early detection of emerging threats and providing actionable data, WBE holds the potential to 
enhance pandemic preparedness, protect public health, and strengthen global resilience against future 
disease outbreaks.
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