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Abstract

WBE has now become a complimentary tool in SARS-CoV-2 surveillance. This was preceded by the
established application of WBE to assess the consumption of illicit drugs in communities. It is now timely to
build on this and take the opportunity to expand WBE to enable comprehensive assessment of community
exposure to chemical stressors and their mixtures. The goal of WBE is to quantify community exposure,
discover exposure-outcome associations, and trigger policy, technological or societal intervention strategies
with the overarching aim of exposure prevention and public health promotion. To achieve WBE’s full
potential, the following key aspects require further action: (1) Integration of WBE-HBM (human
biomonitoring) initiatives that provide comprehensive community-individual multichemical exposure
assessment. (2) Global WBE monitoring campaigns to provide much needed data on exposure in low- and
middle-income countries (LMICs) and fill in the gaps in knowledge especially in the underrepresented highly
urbanised as well as rural settings in LMICs. (3) Combining WBE with One Health actions to enable effective
interventions. (4) Advancements in new analytical tools and methodologies for WBE progression to enable
biomarker selection for exposure studies, and to provide sensitive and selective multiresidue analysis for trace
multi-biomarker quantification in a complex wastewater matrix. Most of all, further developments of WBE
needs to be undertaken by co-design with key stakeholder groups: government organisations, health authorities

and private sector.
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1. Introduction

Wastewater-based epidemiology (WBE) has recently facilitated global SARS-CoV-2 surveillance (Bivins,
North et al. 2020, Lundy, Fatta-Kassinos et al. 2021). This was preceded by the already established,
harmonized, and coordinated application of WBE to evaluate illicit drug use in communities by the SCORE
group (Gonzalez-Marino et al. 2020) as well as large scoping initiatives including wider group of lifestyle
chemicals (Lopez-Garcia et al. 2020, Montes et al. 2020). There is now a timely opportunity to build on this
infrastructure and these two successful applications, and further expand WBE to assess public exposure to
chemical stressors. While a strong potential of WBE utilisation as an epidemiology tool for public health
assessment in the context of communicable disease (pathogens) has been discussed in recent reviews and
perspective papers (Sims and Kasprzyk-Hordern 2020, Tiwari et al. 2023), there is little published in the
context of WBE application to estimate public exposure to chemicals (Daughton 2018, Gracia-Lor et al. 2018,
Pico and Barcelo 2021).

2. WBE - the concept

Wastewater typically contains a variety of biological and chemical entities including a wide range of human
excretion products of endogenous and exogenous origin resulting from exposure to xenobiotics (e.g., illicit
drugs, pharmaceuticals, food or environmental toxicants, chemicals in personal care products), infectious
agents (e.g. viral and bacterial RNA and DNA) and internal processes (e.g., specific disease or exposure-
linked proteins, genes, and metabolites). WBE postulates that the measurement of these specific biomarkers
pooled by the sewerage system can provide valuable evidence of the quantity and type of xenobiotic chemical,
biological or physical agents to which the served population was exposed. Therefore, WBE can provide
anonymised, comprehensive, and objective information on the exposure status of urban dwellers and the

receiving surrounding environments in (near) real-time.

For biomarkers that are stable in urban wastewater and efficiently conveyed to the wastewater treatment plant
(WWTP), the collective amount excreted by humans in each time interval is reflected in the mass load
reaching the WWTP. To obtain representative samples and to maintain low uncertainty of measurements, 24h-
composite samples are collected and monitored over extended periods of time (weeks, months, years).
Concentrations of biomarkers in wastewater obtained with sensitive and selective state-of-the-art analytical
techniques (e.g., chromatography coupled with mass spectrometry, polymerase chain reaction) are used to
back-calculate to mass loads (amount/day) or gene loads, after considering wastewater flow rate. Chemical
mass loads can then be used to estimate public exposure to chemicals individually, or as a mixture, and inform
spatial and temporal trends (e.g., demography, season, location or incident-driven increase in levels of certain
chemicals), as well as monitor their prevalence in the surveyed catchment. Similarly, gene loads can be used to
estimate prevalence of infection in a community as well as to identify emerging trends. Furthermore, by

dividing daily exposure loads by the size of the population served by the WWTP, results can be normalized to



population (mg/day/1000 inhabitants), allowing an estimated per capita intake calculation (after considering

human metabolism) as well as external exposure to these stressors.

3. Assessing public exposure to chemical stressors — the need for a new integrated WBE — HBM

approach

Rapid assessment of public exposure to chemical stressors is required for the prevention, control, or mitigation
of risks. There is growing evidence of cause-effect association between man-made chemicals present in
industrial and household products, often leaching into the environment, and the adverse public health
outcomes. The effects of exposure to endocrine-disrupting chemicals include neurodevelopmental changes
associated with language delay in mother-child and pregnancy cohorts (Caporale et al. 2022), poor air quality
linked with higher prevalence of asthma, and other diseases in urban populations such as diabetes, infertility
and hormone-sensitive cancers in women and men (Yilmaz et al. 2020) (Kortenkamp et al. 2022). Strategies to
control and regulate chemicals are limited due to gaps in characterisation of exposure resulting from limited
risk assessment methods. New approaches are needed to identify cause-effect linkages between the
environment and human health. Studies on environmental stressor levels and associated health effects are
currently facilitated using HBM (Fuller et al. 2022). However, a typical limitation of HBM, due to logistical
difficulties, is the limited size of study groups, only spot (often singular) sampling regime (although pooled
urine is also utilised), as well as the requirement of substantial resources and the time required to analyse
samples from many individuals. Therefore, there is a need for an evidence-based exposure diagnostics and risk
prediction system, which will collate long-term comprehensive, spatiotemporal datasets on multi-chemical,
aggregate exposure status, and trigger rapid response from regulatory and public health sectors with the aim of

preventing disease and promoting public health.

This tool, if operated in (near) real-time and if linked with timely response systems, could allow exposure
threats to be rapidly identified, at low cost, and instantly dealt with, reducing the global burden on public
health. Similarly, the effectiveness of measures introduced to reduce emissions and exposure to these
chemicals can easily be evaluated. WBE has the potential to provide a significant contribution to
epidemiological research by becoming a new tool in the current epidemiology toolkit. It can provide
anonymous but comprehensive data on multi-chemical exposure by millions of urban dwellers (Gracia-Lor et
al. 2018), (Gracia-Lor et al. 2017). Its limitations are concomitant with the inability to identify individuals or
unravel linkages between exposure and health outcome within various demographic and societal groups. It is
also focussed on urinary/faecal biomarkers, not dealing with other matrices of HBM. Another limitation is that
many developing countries do not have wastewater infrastructure and so it is difficult to estimate the per capita
exposure and intake calculations. Other sources of exposure biomarkers (metabolites) also need to be
considered. Hence, we promote WBE’s integration with ongoing human biomonitoring campaigns and current
public health surveillance systems. The latter can be only facilitated by engagement with governments, public
health agencies, environmental agencies and regulators, and water utilities. One future opportunity lies within

large interdisciplinary projects such as the new European Initiative PARC (European Partnership for the


https://www.anses.fr/en/content/european-partnership-assessment-risks-chemicals-parc

Assessment of Risks from Chemicals) that will facilitate close cooperation between WBE specialists and
HBM experts.

4. Future work — the need to fill knowledge gaps on chemical exposure globally

The WBE concept is relatively simple and results can be rapidly obtained as demonstrated by the global
application of SARS-CoV-2 surveillance and smaller scale applications focussed on assessing chemical
exposure in Europe and Australia: plastic additives (Tang et al. 2020, Gonzalez-Marino et al. 2021, Kasprzyk-
Hordern et al. 2021, Kumar et al. 2022), flame retardants (O'Brien et al. 2015, Been et al. 2018), pesticides
(Rousis et al. 2017) (Campos-Mairias et al. 2022) and mycotoxins (Gracia-Lor et al. 2020) (Table 1). Several
factors influencing WBE reliability and applicability need to be understood to obtain quantitative
measurements. These are primarily: selection of specific human metabolic biomarkers, characteristics of urban
water cycle including sewer systems (population size and mobility in a WWTP catchment, flow rate), and
understanding the fate of biomarkers (stability, biotransformation, sorption). Novel screening approaches for
human biomonitoring of a multitude of contaminant metabolites in urine based on high-throughput in vitro
incubation, suspect and non-target Liquid Chromatography and High Resolution Mass Spectrometry (LC-
HRMS) screening involving in silico deconjugation and automated data evaluation (Huber et al. 2021, Huber
et al. 2022) create new opportunities to discover new relevant biomarkers providing insights to so far unknown
exposures in both HBM as well as WBE.

Table 1. Examples of chemical exposures investigated by WBE in recent studies

Biomarkers Area of Study Reference
investigated
Pesticides
-pyrethroids Europe (8 countries, 5 M inhabitants) | (Rousis et al. 2017)
Norway (4 cities, 0.9 M inhabitants) | (Rousis et al. 2020)
-triazines and Europe (4 countries, 1.6 M (Rousis etal. 2021)
organophosphates inhabitants)
Flame retardants Europe (4 countries) (Been et al. 2018)
Australia (O'Brienet al. 2015)
Bisphenols UK (5 cities, >1.2 M inhabitants) (Lopardo et al. 2019, Kasprzyk-Hordern et
al. 2021)
Australia (Tang et al. 2020)
Mycotoxins Europe (2 countries, 1.8 M (Gracia-Lor et al. 2020)
inhabitants)
Latvia (Berzina et al. 2022)
Antibiotics and Europe (7 countries, >4 M (Castrignano et al. 2020)
ARGs (Antibiotic inhabitants)




Resistance Genes)

Phthalate plasticizers | Spain (13 cities) (Gonzalez-Marino et al. 2021)
Australia (Tang et al. 2020)
China (27 cities) (Du et al. 2018)

WBE clearly has the potential to comprehensively assess chemical exposure at the community level since
urban wastewater can be considered as a diagnostic matrix for the exposure status of a sewer shed. It provides
excellent opportunities to develop a wide range of innovative solutions to rapidly and quantitatively assess
patterns and factors related to chemical exposure within populations, while also providing a means of
collecting complementary data for epidemiological and socio-economic studies to undertake comprehensive
evaluations of the implications of the chemical exposure to public health. To achieve its full potential, two key

developments need to be achieved:

1. Integrated WBE-HBM initiatives that provide comprehensive community-individual multichemical
exposure assessment. The benefit is twofold: HBM informed biomarker selection, and evaluation of
the potential of community WBE monitoring vs individual testing to establish a tiered approach

towards large-scale exposure studies.

2. Global WBE monitoring campaigns. WBE, as a comprehensive and inclusive tool, has a unique
opportunity and potential to provide much needed data on exposure in LMICs and fill knowledge gaps
in underrepresented highly urbanised as well as rural settings in LMICs (Kasprzyk-Hordern et al.
2022). WBE is indeed well-suited for LMICs where often socio-economic impacts are much harsher
(Shrestha et al. 2021). It provides a more cost-effective alternative for mass surveillance and reduces
the economic and manpower burden of clinical testing especially during pandemics when resources
are strained, and testing capacity is overwhelmed (Aarestrup and Woolhouse 2020). There are
concerns about the ability to implement WBE in LMICs where centralised wastewater management
systems are non-existent, inadequate or of low quality. The cost of analytical infrastructure and
skilled personnel might be an issue. However, with careful planning, representative samples for WBE
can be collected from other sewage collection sites such as pit latrines and septic tanks. In addition,
untreated sewage wastewater can also be collected from strategically designated locations (Fallati et
al. 2020). Admittedly, sampling then becomes more labour-intensive and there are possible ethical

ramifications, but randomised sampling of these sites can overcome some of these limitations.
5. Exploring WBE as an enabler of One Health - key research needs

One Health is a cross sectoral and multidisciplinary effort aimed at understanding and management of public
and environmental health. Embedding WBE in One Health ethos has wide-ranging benefits, especially in the
context of chemical exposure studies (Kasprzyk-Hordern et al. 2022). WBE provides a unique opportunity to
enable research within the One Health domain: (i) holistic evaluation of public and environmental health

status, (ii) informing One Health actions (i.e., policy, technological or social interventions), and (iii)



assessment of the effectiveness of mitigation strategies. Combining WBE with One Health actions can provide
multiple benefits: from cost savings to more targeted and effective interventions leading to decreased
environmental and public health burdens from hazardous chemicals. The One Health model incorporates a
dynamic set of bio-physicochemical and socioeconomic indicators that are difficult to unravel. WBE is ideally
set to provide high-resolution spatiotemporal evidence to support the One Health agenda. One successful
application of One Health is its adoption in the antimicrobial resistance (AMR) challenge as it is multifaceted
with human and animal health impacts, as well as food security and safety. The first AMR-WBE applications
have been recently published (Hendriksen et al. 2019, Castrignano et al. 2020). However, much more effort is
required to allow integration of the One Health tool as well as intersectoral cooperation between
environmental and public health, private and public sectors. One key development includes incorporating
testing the wider receiving environment in a catchment area rather than wastewater itself. This is important to

account for other than human sources, e.g. runoff from agricultural sites, animal farms.

One of the key benefits of WBE in the context of One Health is an opportunity for interrogation of WBE data
alongside other socioeconomic and sociodemographic indices, to for example, understand influences and
disparities in chemical consumption in communities (Choi, Tscharke et al. 2019). Further research is required
to develop mathematical models allowing for data triangulation. Furthermore, the scientific assessment and
control of risk posed by a specific hazard using WBE is made possible with the use of Internet of things (10T)
technologies. The outcome of this will help the government and policy makers in the management processes

of pollution monitoring, environmental data analysis, decision making and risk control.
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6. A critical need for new analytical approaches for comprehensive water profiling

Sensitive and selective methods that allow for trace analysis of multiple biomarker targets are critical to the
success of WBE. Chromatography and mass spectrometry are techniques of choice to deliver on both
selectivity and sensitivity of measurement as well as simultaneous analysis of multiple chemical targets. While
targeted analysis with triple quadrupole mass analysers delivers the best sensitivity and fully gquantitative
measurements, high-resolution mass spectrometry (HRMS) unlocks new opportunities to detect, monitor and
potentially identify new biomarkers by investigation of chemically related compounds, also new chemical
targets (Hernandez et al. 2016). Current and future developments are focussed on machine learning in silico
prediction tools and (semi-) quantitative analysis taking advantage of the technical and creative improvements
in non-target screening workflows and strategies (Bijlsma et al. 2019, Aalizadeh et al. 2022). Instrument
sensitivity still remains an issue for low concentrations of chemical markers, which makes identification of
new markers challenging, but constant improvements in sensitivity of HRMS instruments are enabling

progression in trace identification and quantification of known and new targets.

The ultimate goal for future WBE analytics is the development of autonomous sampling and sensing devices
(Kasprzyk-Hordern et al. 2022) for real-time output delivery. Their utility is critical in early warning and for
sensing in remote locations. Existing electrochemical and biosensing platforms developed for healthcare
applications struggle with complex matrix, lack of required selectivity and sensitivity that mass spectrometry
delivers, but it is expected that future advances in sample preparation modules enriching the signal and
simplifying the matrix will provide required boost for much needed expansion of WBE sensing capability
(Yang et al. 2016).

7. WBE frameworks need to be developed by co-design

WABE innovation is intrinsically interdisciplinary and cross-sectoral. Its unique position at the research-policy
interface provides opportunities for rapid knowledge translation. As an example, WBE has recently been
recognised by the EU in their recent Proposal for a Directive of the European Parliament and of the Council
concerning urban wastewater treatment COM(2022) 541, Article 17 where several public health parameters
are recommended for monitoring in wastewater: viruses, pathogens, contaminants of emerging concern and
any other public health parameters that are considered relevant. Future applications must therefore include the
development of WBE systems for chemical exposure and associated risks, both in terms of cutting-edge
research, training and implementation via co-design with key stakeholders (governments, private sector and
the public) to support (inter)national legislation and to provide surveillance systems for public health

protection.

8. Responsible innovation

WBE, due to its nature, can provide extended, comprehensive datasets of potential importance to various
sectors. Data management, also in the context of FAIR (Findability, Accessibility, Interoperability, and

Reusability) is in need of systematisation while WBE develops to maximise its future impact.


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2022%3A541%3AFIN&qid=1666880732789
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2022%3A541%3AFIN&qid=1666880732789

WBE provides information on communities, hence, it does not identify individuals, but, as WBE progresses,

and sub-catchment, near source applications are being considered, ethical guidelines need to be developed and

implemented to protect vulnerable groups from stigmatisation.

Conclusions

Wastewater-based epidemiology (WBE) has enabled global SARS-CoV-2 surveillance as well as community-

wide illicit drug use assessment. Newly established infrastructure provides the opportunity for the expansion

of WBE to enable comprehensive assessment of public exposure to chemical stressors and their mixtures. To

achieve its full potential, the following key aspects require further action:

1.

Integrated WBE-HBM initiatives that provide comprehensive community-individual multichemical
exposure assessment. The benefit is twofold: HBM informed biomarker selection, evaluation of the
potential of community WBE monitoring vs individual testing to establish a tiered approach towards
large-scale exposure studies.

Global WBE monitoring campaigns. WBE, as a comprehensive and inclusive tool, has a unique
opportunity and potential to provide much needed data on exposure in LMICs and fill in the gaps in

knowledge especially in the underrepresented highly urbanised as well as rural settings in LMICs.

Combining WBE with One Health actions can provide multiple benefits: from cost savings to more
targeted and effective interventions leading to decreased environmental and public health burdens

from hazardous chemicals.

Advancements in new mass spectrometry-based analytical tools and methodologies are required for
WBE progression to: (1) enable biomarker selection for exposure studies, and (2) provide sensitive
and selective multiresidue analysis for trace multi-biomarker quantification in a complex wastewater

matrix.

Advances in sample preparation modules enriching the signal and simplifying the matrix are critically
needed to provide required boost for much needed expansion of WBE sensing capability and
repurposing of sensor technology developed for healthcare applications.

The development of WBE systems for chemical exposure and associated risks, both in terms of
cutting-edge research, training and implementation needs to progress via co-design with key
stakeholders (governments, private sector and the public) to support (inter)national legislation and to

provide fit-for-purpose surveillance systems for public health protection.

WBE data management is in need of systematisation while WBE develops to maximise its future
impact. WBE data management needs to include integration with environmental and HBM datasets to

enable One Health frameworks.
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