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ARTICLE INFO ABSTRACT
Editor: Warish Ahmed Introduction: Wastewater-based epidemiology (WBE) has emerged as a valuable public health tool for monitoring
the circulation of many pathogens, including influenza viruses (IVs). The general aim of this study is to sys-
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objectives are: (i) to map influenza monitoring activities using WBE; (ii) to assess the performance of viral re-
covery methods; (iii) to explore association with clinical data; (iv) to evaluate the feasibility of typing/subtyping
IVs directly from wastewater.

Methods: We conducted a systematic review following the PRISMA guidelines, focusing on original data from
peer-reviewed studies identified through PubMed/Medline, Scopus, and Web of Science.
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Results: Of 882 identified citations, 42 studies were included in the review. IVs detection was reported in all but
one study, although typically at lower concentration than SARS-CoV-2. Thirteen studies (38.09 %) performed
comparative analysis of different protocols, with mostly inconclusive results. Detection of IVs in the solid fraction
of wastewater samples generally outperformed detection in the supernatant/liquid. Additionally, we describe the
findings from 22 studies (52.38 %) that examined the link between environmental viral concentrations and
clinical data, and 14 studies (33.33 %) that described IVs subtyping in wastewater.

Conclusion: WBE has the potential to monitor influenza circulation in humans and animals, offering insights into
outbreak size and circulating IVs subtypes. However, several key areas remain unexplored. Further research is
needed to refine experimental techniques and standardize protocols, and to understand how to successfully
integrate WBE data into public health strategies for influenza control.

1. Introduction

Seasonal influenza viruses (IVs) are estimated to cause up to 650,000
deaths globally each year (WHO, 2024). Monitoring the circulation of
these pathogens is essential to provide information about the intensity
and timing of seasonal outbreaks, as well as to allow timely imple-
mentation of prevention and control interventions to protect population
health (Tang et al., 2017). Furthermore, given that these viruses
frequently undergo phenomena such as antigenic drift or antigenic shift,
which can lead to the emergence of novel strains with pandemic po-
tential, surveillance mechanisms capable of providing information
about the type/subtype of circulating IVs become even more necessary
(McHardy and Adams, 2009; Vecchio, 2024).

Wastewater-Based Epidemiology (WBE) is a surveillance approach
that analyzes the presence and concentration of pathogens in waste-
water aiming to understand their circulation in the corresponding
population (Parkins et al., 2024; Polo et al., 2020). It has the benefit of
being able to provide epidemiological information about large pop-
ulations, including both symptomatic and asymptomatic individuals,
while keeping costs and privacy concerns low (Tiwari et al., 2024).
Historically, WBE has been used to monitor the circulation of enteric
pathogens, including poliovirus and other enteroviruses, norovirus,
rotavirus, and adenovirus (Kilaru et al., 2023). In recent years, the
COVID-19 pandemic has prompted a shift in research towards the
detection of SARS-CoV-2 in sewage (Ahmed et al., 2020; Carducci et al.,
2024; Castiglioni et al., 2022; La Rosa et al., 2020; Sherchan et al.,
2020), demonstrating that even viruses primarily causing infections in
the human respiratory tract can be found in this matrix (Kitajima et al.,
2020). As demonstrated by a recent systematic review by Lowry et al.
(Lowry et al., 2023) respiratory viruses can be shed through feces and
urine. Specifically, IVs were detected in an average of 36 % of the stool
samples and 58 % of the urine samples collected from subjects with
confirmed infections (Lowry et al., 2023). The presence of IV particles in
those materials, that ultimately end up in wastewater, enhances the
theoretical feasibility of using WBE as a monitoring tool for these
pathogens.

While WBE has shown promising results, several gaps in knowledge
still remain. One major gap is that most data in the field of viral envi-
ronmental surveillance has focused on SARS-CoV-2, leaving uncertainty
about WBE’s usefulness for other viral targets. Additionally, it is unclear
whether the same pre-analytical and analytical protocols, as well as data
normalization approaches, can be applied to different viruses, as each
may have unique biological properties that dictate the necessity of
distinct laboratory workflows (Tiwari et al., 2024).

The general aim of this study is to systematically retrieve and sum-
marize the existing evidence on the use of WBE for IVs surveillance.
Specific objectives are: (i) to map influenza monitoring activities con-
ducted with the use of WBE, detailing their methodologies and analyzing
the results obtained; (ii) to assess the performances of the different
experimental methods for the recovery of IVs from wastewater; (iii) to
explore the association between IVs environmental and clinical data;
and (iv) to assess the feasibility of typing and subtyping IVs particles
directly from wastewater samples.

2. Materials and methods

The review’s methods were defined in advance following the Pre-
pared Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines (Page et al., 2021). To ensure transparency and minimize
reporting bias, a protocol outlining the search strategy, inclusion/
exclusion criteria, and data extraction process was prepared and regis-
tered on PROSPERO (registration number: CRD42024532435).

2.1. Search methods for identification of studies and inclusion/exclusion
criteria

Studies were identified by searching the electronic databases Med-
line, Scopus, and Web of Science. The search strategy was first devel-
oped in Medline using a combination of free text and Mesh terms relative
to two main concepts: “Influenza Viruses” and “Wastewater-Based
Epidemiology”. Complete search strategies are available in Supple-
mentary Table 1. Databases search was performed on April 8th, 2024,
and ultimately updated on July 8th, 2024.

Inclusion/exclusion criteria were detailed based on the type of
Studies, type of Data, type of Methods, type of Outcomes (SDMO)
framework (Clarke, 2020). The literature search was limited to the En-
glish language, and no time filter was applied. We considered for in-
clusion studies reporting original data on the detection of IVs in
wastewater associated with a human context. We excluded studies
evaluating the recovery of non-endogenous IVs (e.g., viral particles
experimentally spiked in wastewater samples), and studies discussing
the presence of viruses in wastewater not related to a human context (e.
g., environmental samples collected for IVs surveillance in live poultry
markets). We also excluded studies not published as peer-reviewed, non-
full-text papers (i.e., abstracts, conference papers), and opinion papers
(i.e., editorials, commentaries, and letters to the Editor) not containing
original data. A detailed description of eligibility criteria is reported in
Table 1.

2.2. Data collection and analysis

Identified studies were independently reviewed for eligibility by two
authors in a two-step process; the first screening was performed based on
title and abstract, while full texts were read during the second screening.
At both stages, disagreements between reviewers were resolved by
consensus and consultation with senior authors. Data were extracted by
two authors using a standardized data extraction spreadsheet piloted on
5 randomly selected papers, and modified accordingly. Data extraction
included: authors’ affiliation, publication year, country of study imple-
mentation, sampling information (setting, frequency, methodology and
type of matrix), experimental recovery and methods (pre-treatment,
concentration, nucleic acid extraction, quantification, subtyping
methods), normalization or other data processing methods, (sub)types
of IVs detected, quantitative measures of IVs presence in wastewater
(positivity rates, genome concentration), information about the associ-
ation between environmental and clinical data (type of data recorded,
type of correlation or other statistical analysis conducted, correlation
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Table 1
A priori defined inclusion and exclusion criteria according to: type of Study (S),
type of Data (D), type of methods (M), Outcomes (O), (SDMO) framework.

Search Details

strategy

Inclusion
criteria

S: Cross-sectional and longitudinal environmental studies

D: Data extracted from original research about wastewater-based
epidemiology of influenza virus in a human context

M: Any type of method used in the following steps of the analysis:
sampling, concentration, nucleic acid extraction, quantification,
normalization, sequencing/subtyping, other relevant
methodology.

O: characteristics of WBE activities and quantitative measures of
influenza detection in wastewater (i.e. percentage of positive
samples, concentration of viral genome), measures of association
between viral concentrations in the environment and clinical data
(e.g. number of infected individuals, outpatient visits,
hospitalizations, clinical laboratory results, etc), results of
subtyping or molecular/phylogenetic characterization of influenza
in wastewater

S: Studies not published as peer-reviewed, books, book chapters,
theses, protocols, no full-text papers (abstracts, conference papers,
letters, commentaries, erratum, corrections, editorials, notes), and
reviews.

D: Studies evaluating the recovery of non-endogenous influenza
viruses experimentally spiked in wastewater, studies discussing
viruses in wastewater not related to a human context

English

Exclusion

criteria

Language
filter

Time filter

Databases

No time filter
PubMed/Medline, Scopus, Web of Science

coefficients obtained, estimated lag period), other analysis conducted. In
this work, we use the term “clinical data” to describe any patient-related
health metrics such as the number/percentage of infected individuals,
outpatient visits, hospitalizations, and clinical laboratory results.

2.3. Analysis and quality appraisal

We performed descriptive analysis to report the characteristics of
included studies. The variable “sampling setting” was categorized as
Wastewater Treatment Plant (WWTP), neighborhood-level or building.
The variable “sampling type” was categorized as grab, composite, or
passive sampling. “Type of matrix” was categorized as liquid (raw
influent), or solid (primary/secondary sludge, settled solids or pellet).
Concentration methods were categorized as: simple centrifugation,
filtration-based techniques (e.g., ultrafiltration, centrifugal ultrafiltra-
tion), precipitation-based techniques (e.g., PEG precipitation, aluminum
flocculation), affinity-based techniques (e.g., adsorption-elution with
electronegative membranes), commercial methods, and no concentra-
tion (e.g., direct RNA extraction).

We considered the following outcomes of interest: characteristics of
WBE activities and quantitative measures of IVs detection in wastewater
(i.e., percentage of positive samples, viral concentration), measures of
association between viral concentrations in the environment and clinical
data, results of subtyping or molecular characterization of IVs in
wastewater. To assess differences in wastewater concentrations between
influenza viruses (IVs) and other viruses, we compiled all available data
on viral concentrations. A virus was considered to have a higher or lower
concentration compared to IVs if the reported values (e.g., average,
maximum, etc.) differed roughly by more than a factor of 10.

We assessed the quality of included studies using a checklist designed
combining relevant items from the works of Chau et al., 2022 and Shah
et al., 2022. The complete list of considered items is shown in Supple-
mentary Table 2. Included studies’ quality was not set as an exclusion
criterion.
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3. Results

The databases searches identified a total of 882 citations. After
removing duplicates, 400 unique records remained. These records were
screened and selected as illustrated in Fig. 1, resulting in 42 studies
meeting our predefined inclusion criteria and ultimately being included
in the review. Characteristics of included studies are reported in Table 2.

Included studies were carried out in 16 different countries (Fig. 2):
13 studies (30.95 %) were conducted in the US (Boehm et al., 2023a;
Boehm et al., 2023b; DeJonge et al., 2023; Faherty et al., 2023; Germano
et al., 2024; Rothman et al., 2021; Saldana et al., 2025; Schoen et al.,
2023; Tisza et al., 2023; Vo et al., 2023; Wolfe et al., 2024; Wolfe et al.,
2022; Wolken et al., 2023), 4 (9.52 %) in Canada (Asadi et al., 2023; de
Melo et al., 2023; Hayes et al., 2023; Mercier et al., 2022) and Japan
(Ando et al., 2023; Canh et al., 2023; Malla et al., 2024; Malla et al.,
2023) respectively, 3 (7.14 %) in Spain (Giron-Guzman et al., 2024;
Toribio-Avedillo et al., 2024; Toribio-Avedillo et al., 2023), 2 (4.76 %)
respectively in Australia (Ahmed et al., 2023a; Ahmed et al., 2023b),
China (Fu et al., 2023; Zheng et al., 2023), Germany (Dumke et al.,
2022; Geissler et al., 2023), Greece (Zafeiriadou et al., 2024; Zafeiriadou
et al., 2023), Nepal (Raya et al., 2024; Sthapit et al., 2024) and the UK
(Farkas et al., 2024; Williams et al., 2024), 1 each (2.38 %) in Austria
(Markt et al., 2023), Finland (Lehto et al., 2024), India (Stockdale et al.,
2023), Kuwait (Jamil et al., 2023), the Netherlands (Heijnen and
Medema, 2011), and Switzerland (Nadeau et al., 2024). All studies
except one were published from 2021 onwards, mostly in 2023 (n = 21,
50 %) and in the first half of 2024 (n = 16, 38.09 %), as illustrated in
Fig. 3.

Comprehensive details about the wastewater monitoring activities,
including quantitative information about the presence of IVs in waste-
water, are described in Section 3.1 and in Table 2. Sixteen studies
(38.09 %) also conducted experimental comparisons between different
sampling/laboratory methods, detailed in Section 3.2. Twenty-two
studies (52.38 %) performed statistical analysis to assess the associa-
tion between measures of IVs in wastewater and clinical data, described
in Section 3.3. Fourteen studies (28.57 %) conducted subtyping of IVs
from wastewater, detailed in Section 3.4. Some studies also used influ-
enza wastewater data to conduct other analysis, for instance to describe
the seasonal epidemic curves, including identification of the date of
onset, peak and offset (Boehm et al., 2023b; Schoen et al., 2023; Wolfe
et al., 2024; Malla et al., 2024), or to estimate trends in infection inci-
dence (Gir6on-Guzman et al., 2024; Fu et al., 2023; Nadeau et al., 2024).

3.1. Characteristics of influenza monitoring activities conducted through
WBE

The majority of the studies monitored IV presence in wastewater
samples collected at the inlet of a wastewater treatment plant (WWTP)
(n = 33, 78.57 %) (Boehm et al., 2023a; Boehm et al., 2023b; DeJonge
et al., 2023; Faherty et al., 2023; Rothman et al., 2021; Schoen et al.,
2023; Tisza et al., 2023; Vo et al., 2023; Wolfe et al., 2024; Asadi et al.,
2023; Hayes et al., 2023; Mercier et al., 2022; Ando et al., 2023; Canh
et al., 2023; Malla et al., 2024; Malla et al., 2023; Giron-Guzman et al.,
2024; Toribio-Avedillo et al., 2024; Toribio-Avedillo et al., 2023; Ahmed
et al., 2023b; Fu et al., 2023; Zheng et al., 2023; Dumke et al., 2022;
Zafeiriadou et al., 2024; Zafeiriadou et al., 2023; Raya et al., 2024;
Sthapit et al., 2024; Williams et al., 2024; Markt et al., 2023; Lehto et al.,
2024; Heijnen and Medema, 2011; Nadeau et al., 2024). Seven studies
(16.67 %) performed neighborhood-level analysis, by sampling at
various points within the sewage network (Wolfe et al., 2024; de Melo
et al., 2023; Mercier et al., 2022; Zheng et al., 2023; Geissler et al., 2023;
Stockdale et al., 2023; Jamil et al., 2023). Eight studies (17.02 %)
focused on wastewater collected at the outflow of individual buildings,
including college/university campuses (Germano et al., 2024; Saldana
et al., 2025; Wolfe et al., 2022; Farkas et al., 2024), schools (Vo et al.,
2023; Wolken et al., 2023), hospitals (Williams et al., 2024), and
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Fig. 1. PRISMA 2020 flow diagram describing the searches of databases and the screening process.

commercial operations (Wolfe et al., 2024). Finally, one study (2.13 %)
analyzed wastewater collected from aircraft lavatories (Ahmed et al.,
2023a). Sampling was predominantly conducted using composite
methods (n = 29, 69.05 %) (Boehm et al., 2023a; Boehm et al., 2023b;
DeJonge et al., 2023; Faherty et al., 2023; Germano et al., 2024; Roth-
man et al., 2021; Saldana et al., 2025; Schoen et al., 2023; Tisza et al.,
2023; Vo et al., 2023; Wolfe et al., 2024; Wolfe et al., 2022; Wolken
et al., 2023; Asadi et al., 2023; de Melo et al., 2023; Hayes et al., 2023;
Mercier et al., 2022; Ahmed et al., 2023b; Fu et al., 2023; Zheng et al.,
2023; Dumke et al., 2022; Geissler et al., 2023; Zafeiriadou et al., 2024;
Zafeiriadou et al., 2023; Williams et al., 2024; Markt et al., 2023; Lehto
et al., 2024; Stockdale et al., 2023; Nadeau et al., 2024), while grab
sampling was employed in 12 studies (28.57 %) (Boehm et al., 2023b;

Wolfe et al., 2024; Ando et al., 2023; Malla et al., 2024; Malla et al.,
2023; Giron-Guzman et al., 2024; Toribio-Avedillo et al., 2024; Toribio-
Avedillo et al., 2023; Ahmed et al., 2023a; Raya et al., 2024; Sthapit
et al., 2024; Jamil et al., 2023). Additionally, 3 studies (7.14 %) used
passive samplers, with a cotton-based tampon (Farkas et al., 2024), an
activated carbon-based device (Hayes et al., 2023), or other materials
including glass wool, medical gauze and cheesecloths (Geissler et al.,
2023).

Regarding the laboratory workflow, 35 studies (83.33 %) focused on
analyzing the liquid fraction of wastewater (DeJonge et al., 2023; Fah-
erty et al., 2023; Germano et al., 2024; Rothman et al., 2021; Saldana
et al., 2025; Tisza et al., 2023; Vo et al., 2023; Wolken et al., 2023; Asadi
et al., 2023; de Melo et al., 2023; Hayes et al., 2023; Ando et al., 2023;



Table 2
characteristics of included studies, including sampling information, laboratory methods used and quantitative results of IVs environmental monitoring activities.
References Country Sampling Sampling Type of matrix ~ Concentration RNA extraction method  Quantification Normalization IV type IVtype  Positivity Concentration
location & period  type method method method searched’ found® rates levels?
Ahmed Australia Aircraft nr Grab Liquid Adsorption- QIAGEN RNeasy Quantitative nr Both 1AV 16.7% (4/ nr
et al., elution with PowerWater Kit PCR 24)
2023a electronegative
membrane
Ahmed Australia WWTP January —  Composite Liquid Adsorption- QIAGEN RNeasy Quantitative nr Both 1AV 71.7 % 1.74 x 10°-4.07
etal., June 2022 (24 h) elution with PowerWater Kit PCR (33/46) x 10° GC/L
2023b electronegative
membrane
Ando et al., Japan WWTP October Grab Liquid Adsorption- QIAGEN RNeasy Quantitative PMMoV 1AV 1AV 11.4 % 4.99 x 10'-2.67
2023 2018 - January elution with PowerMicrobiome Kit PCR (34/296) x 10* GC/L
2023 electronegative
membrane
Asadi et al., Canada WWTP Composite Liquid Centrifugal nr Quantitative nr Both 1AV 54.84 % 1.15 x 10°-1.02
2023 September 2022 (24 h) ultrafiltration PCR (85/155) x 10* GC/L
— January 2023 Direct extraction 51.61 % 6.7x 10%-3.71
(80/155) x 10° GC/L
Boehm et al., USA WWTP July 2022 Composite Solid (settled Centrifugation Revvity Chemagic Viral ~ Digital PCR PMMoV 1AV 1AV nr nr
2023a — July 2023 (24 h); Grab solids from the DNA/RNA 300 kit H96
primary
clarifier)
Boehmetal.,, USA WWTP February Composite Solid (settled Centrifugation Revvity Chemagic Viral ~ Digital PCR PMMoV Both Both 1AV: 28 % IAV (IQR): 0-6
2023b — June 2022 (24 h) solids from DNA/RNA 300 kit H96 (60/216) x 10% GC/g
primary IBV: 12 % IBV (IQR): 0-0
clarifier or raw (12/216) GC/g
wastewater)
Canh et al., Japan WWTP January —  nr Liquid Centrifugation QIAGEN QIAamp viral Quantitative nr 1AV IAV 11.5%(3/ 1.26 x 10*/
2023 March 2023 RNA Minikit PCR 26) 1.58 x 10* GC/L
de Melo Canada Neighborhood- Composite Liquid PEG-NaCl QIAGEN RNeasy Quantitative PMMoV IAV 1AV 51.2 % nr
et al., level September — (24 h) precipitation PowerMicrobiome Kit PCR (21/41)
2023 December 2023
DeJonge USA WWTP August Composite Liquid Ultrafiltration, Promega Maxwell HT Digital PCR nr Both Both 1AV: TAV: 2.1 x
et al., 2022 — March (24 h) Nanotrap® Environmental TNA 28.57 % 10%-1.26 x 107
2023 2023 Microbiome A kit, Macherey-Nagel (72/252) GC/L
Particles NucleoMag kit IBV: 5.16 IBV: 2.1 x 10°
% (13/ -2.79 x 10° GC/
252) L
Dumke Germany WWTP January -  Composite Liquid PEG-NaCl QIAGEN RNeasy Mini Quantitative crAssphage Both Both 1AV: 23.4 TAV: 9.8 x
etal, May 2022 (24 h) precipitation Kit PCR % (64/ 10%-3.0 x 10°
2022 273) GC/L
IBV: 46.9 IBV: 7.2 x
% (128/ 10%-2.1 x 107
273) GC/L
Faherty USA WWTP October Composite Liquid Nanotrap® Applied Biosystems Digital PCR WWTP inflow & Both 1AV 59.93 % 4.2 x 10%-4.07
etal., 2021 - April 2023 Microbiome A MagMax Viral/ population, (344/574) x 10° GC/L
2023 Particles Pathogen Nucleic Acid PMMoV (IQR)
Isolation kit
Farkas et al., UK Building Passive na PEG-NaCl Biomérieux NucliSENS Quantitative nr Both 1AV 29.9 % 7.58-3.51 x 10°
2024 (university) precipitation kit PCR (88/294) GC/sampler
October 2021 —
January 2022
Fuetal., China WWTP January Composite Liquid PEG-NaCl QIAGEN QIAamp Viral Quantitative WWTP inflow & Both 1AV 34,1 % 0-2,24 x 10!
2023 2022 — March (24 h) precipitation RNA Mini Kit PCR population (14/41) (flow -
2023

(continued on next page)
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Table 2 (continued)

References Country Sampling Sampling Type of matrix ~ Concentration RNA extraction method  Quantification Normalization IV type IVtype  Positivity Concentration
location & period  type method method method searched! found® rates levels?
normalized
concentration)
Geissler Germany Neighborhood- Composite Liquid PEG-NaCl QIAGEN RNeasy Mini Quantitative WWTP inflow & Both Both 1AV: 11.1 IAV: 1.3 x
et al., level September - (24 h); precipitation Kit PCR population % (4/36) 10°-1.9 x 107
2023 December 2022 Passive (flow -
normalized
concentration)
IBV: 25 % IBV: 1.1 x
(9/36) 10°-9.1 x 107
(flow
-normalized
concentration)
Germano USA Building Composite Liquid Centrifugal Zymo Research Quick- Quantitative nr Both 1AV 8.10 % nr
et al., (University) (12/24 h) ultrafiltration RNA Miniprep Kit PCR (12/148)
2024 August 2021 —
December 2022
Girdén- Spain WWTP October Grab Liquid Aluminum Promega Maxwell RSC Quantitative Various fecal 1AV 1AV 31,88 % 6,35 x 10°-6,03
Guzman 2021 - February flocculation Pure Food GMO and PCR indicators and (20/69) x 10° GC/L
et al., 2023 authentication kit physiochemical
2024 water properties
Hayes et al., Canada WWTP, May — Composite Liquid Centrifugation LuminUltra Quantitative nr 1AV 1AV nr 8.5 x 10*-3.5 x
2023 July 2022 Technologies Ltd. PCR 107 GC/L
Passive nr SARS-CoV-2 Advanced 3.5 x 10*-2.7 x
Wastewater Testing kit 10'° GC/L
Heijnen and The WWTP October nr Liquid Centrifugal Biomérieux NucliSENS Quantitative nr IAV 1AV 10 % (1/ 2.6 x 10° GC/L
Medema, Netherlands 2009 — February ultrafiltration kit PCR 10)
2011 2010
Jamil et al., Kuwait Neighborhood- Grab Liquid Flocculation QIAGEN QiAamp Viral Quantitative nr 1AV 1AV 100 % (6/ 9,27-3,33 x
2023 level September RNA Mini kit PCR 6) 102 GC
2019
Lehto et al., Finland WWTP February Composite Liquid Centrifugal Revvity Chemagic Viral ~ Quantitative WWTP inflow & IAV 1AV 35.8 % nr
2024 2021 - February (24 h) ultrafiltration DNA/RNA 300 kit H96 PCR population (90/251)
2023
Malla et al., Japan WWTP August — Grab Liquid PEG-NaCl QIAGEN All Prep Digital PCR nr IAV 1AV 11 % (4/ 1.58 x 10* GC/L
2023 October 2022 precipitation PowerViral DNA/RNA 36)
kit
Malla et al., Japan WWTP July 2022 Grab Liquid PEG-NaCl QIAGEN QIAamp Viral Quantitative Various fecal 1AV 1AV 71 % 3.16 x 10* GC/L
2024 — February 2023 precipitation RNA Mini Kit PCR indicators and (121/170)
physiochemical
water properties
Markt et al., Austria WWTP Composite Liquid PEG-NaCl Monarch Total RNA Digital PCR NH4-N Both 1AV nr nr
2023 September 2021 (24 h) precipitation Miniprep Kit
— April 2022
Mercier Canada WWTP; Composite Solid (primary Centrifugation QIAGEN RNeasy Quantitative PMMoV Both 1AV 60 % (79/ nr
et al., neighborhood- (24 h) sludge or PowerMicrobiome kit PCR 131)
2022 level February — settled solids
May 2022 from raw
wastewater)
Nadeau Switzerland WWTP December  Composite Liquid Direct extraction Promega Maxwell RSC Quantitative WWTP inflow Both Both IAV: 93 % nr
et al., 2021 - May 2022 (48 h) Enviro Wastewater PCR, digital (121/130)
2024 TNA Kit PCR IBV: 14.4
% (17/
118)

(continued on next page)
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Table 2 (continued)

References Country Sampling Sampling Type of matrix ~ Concentration RNA extraction method  Quantification Normalization IV type IVtype  Positivity Concentration

location & period  type method method method searched! found® rates levels?

Raya et al., Nepal WWTP April - Grab Liquid Centrifugation QIAGEN QIAamp Viral Quantitative nr IAV 1AV 60.8 % 6.31 x 10* /2 x
2024 October 2022 RNA Mini Kit PCR (31/51) 10°GC/L

Rothman USA WWTP August Composite Liquid Adsorption- Invitrogen PureLink nr nr Both nr 11.6 % nr
et al., 2020 - July 2021 (24 h) elution with RNA minikit (10/86)

2021 electronegative
membrane

Saldana USA Building Composite Liquid Adsorption- Promega Maxwell 16 Digital PCR PMMoV 1AV 1AV nr 1.41 x 10'-5.5
et al., (university) (24 h) elution with LEV simplyRNA Blood % 10° (PMMoV
2025 September 2022 electronegative kit, Promega normalized

— April 2023 membrane Maxwell™ RSC concentration)
simplyRNA Blood kit

Schoen USA WWTP January Composite Solids (settled Centrifugation Revvity Chemagic Viral ~ Digital PCR PMMoV 1AV 1AV nr 1.02-5.12 x
etal., 2022 — May 2023 (24 h) solids from DNA/RNA 300 kit H96 10~ (PMMoV
2023 primary normalized

clarifier or raw concentration)
wastewater)

Sthapit Nepal WWTP August Grab Liquid Adsorption- QIAGEN QIAamp Viral Quantitative nr IAV None 0% (0/ 0
et al., 2017 — August elution with RNA Mini Kit PCR 38)

2024 2019 electronegative
membrane,
Ultrafiltration

Stockdale India Neighborhood- Composite Liquid PEG-NaCl ZymoBIOMICS DNA/ nr nr Both 1AV 8,33 % nr
etal., level February — (manual) precipitation RNA Miniprep kit (12/144)

2023 April 2021

Tisza et al., USA WWTP May 2022  Composite Liquid Ultrafiltration QIAGEN QIAamp Viral Quantitative nr Both 1AV 7.16 % nr
2023 — February 2023 (24 h) RNA Mini Kit PCR (26/363)

Toribio- Spain WWTP Grab Liquid Aluminum Macherey-Nagel Quantitative nr Both Both 1AV: ~10*-10° GC/L
Avedillo September 2021 flocculation Nucleospin RNA virus PCR 10.65 %
etal., — November 2022 kit (13/122)

2023 IBV: 0.82
% (1/122)

Toribio- Spain WWTP November  Grab Liquid Aluminum Macherey-Nagel Quantitative nr IAV 1AV 100 % 3.06 x 10* GC/L
Avedillo 2022 — February Solid (primary flocculation Nucleospin RNA virus PCR (20/20) 2.41 x 10° GC/g
etal., 2023 and secondary kit
2024 sludge)

Vo et al., USA WWTP; Building Composite Liquid Direct extraction Promega Maxwell RSC Quantitative PMMoV Both 1AV 42.8% (3/ 8 x 10%-2.7 x
2023 (school) January (manual) Enviro Wastewater PCR 7) 10° GC/L

— June 2022 TNA Kit

Williams UK WWTP; Building Composite Liquid PEG-NaCL Biomérieux NucliSENS Quantitative nr Both Both 1AV: nr
et al., (hospital) July — (24 h) precipitation, kit PCR 81.25 %
2024 December 2022 ammonium (13/16)

sulfate IBV:
precipitation 31.25 %
(5/16)
Wolfe et al., USA WWTP; Building Composite Solids (settled Centrifugation Revvity Chemagic Viral ~ Digital PCR PMMoV 1AV 1AV nr 3,15 x 10* GC/L
2022 (university) (24 h) solids from the DNA/RNA 300 kit H96
October 2021 — primary
April 2022 clarifier/from
raw
wastewater)

Wolfe et al., USA WWTP; Composite; Solid (settled Centrifugation Revvity Chemagic Viral ~ Digital PCR PMMoV 1AV 1AV nr 3.8 x 10°-2.15

2024 neighborhood; Grab solids from DNA/RNA 300 kit H96 x 10° GC/g
Building primary
(commercial clarifier)

(continued on next page)
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Table 2 (continued)

References Country Sampling Sampling Type of matrix ~ Concentration RNA extraction method  Quantification Normalization IV type IVtype  Positivity Concentration
location & period  type method method method searched! found® rates levels?
operations) April
2024

Wolken USA Building (school) Composite Liquid Adsorption- Promega Maxwell RSC Digital PCR nr Both 1AV 2.6%(32/ 3.16 x 10* GC/L

et al., December 2020 — (12h) elution with PureFood GMO and 1217)
2023 May 2022 electronegative Authentication Kit,
membrane Revvity Chemagic
Prime Viral DNA/RNA
300 Kit
Zafeiriadou Greece WWTP Composite Liquid Direct extraction Promega Enviro Quantitative WWTP inflow & Both Both TAV: 98 % IAV: 4.8 x 10*
et al., September — (24 h) Wastewater TNA Kit PCR NH4-N (124/127) GC/L
2023 March 2023 IBV:63%  IBV: 2.9 x 10*
(80/127) GC/L
Zafeiriadou Greece WWTP nr Composite Liquid PEG-NaCL Promega Enviro Digital PCR nr Both Both TAV: 43 % IAV: 2.1 x 10*
et al., (24 h) precipitation, Wastewater TNA Kit (16/37) GC/L
2024 Centrifugal IBV:51%  IBV: 6.9 x 10°
utlrafiltration (19/37) GC/L
Zheng et al., China WWTP; Composite Liquid PEG-NaCl Invitrogen TRIzol Plus Quantitative nr Both Both 1AV: 49.5 nr
2023 neighborhood- (3/24 h) precipitation RNA Purification Kit, PCR % (216/
level September QIAGEN QIAamp Viral 436)
2022 — May 2023 RNA Mini Kit IBV: 12.2
%, (65/
532)

(nr) not reported; (na) not applicable; (WWTP) wastewater treatment plant; (IAV) Influenza A Virus; (IBV) Influenza B Virus; (PMMoV) Pepper Mild Mottle Virus; (GC) Genome copies; (GC/L) Genome copies per liter; (GC/
g) Genome copies per gram; (PCR)Polymerase Chain Reaction; (IQR) interquartile range. (1) The term “Both” indicates that IAV and IBV were both searched for/detected. (2) Unless otherwise specified, single values

represent the mean concentration, while double values indicate the range between the lowest and highest concentrations measured. Whenever possible, concentration measures were reported in GC/L.
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Fig. 2. Geographical distribution of included studies.
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Fig. 3. Year of publication of included studies. Studies were retrieved to July 8th, 2024.

Canh et al., 2023; Malla et al., 2024; Malla et al., 2023; Giron-Guzman
et al., 2024; Toribio-Avedillo et al., 2024; Toribio-Avedillo et al., 2023;
Ahmed et al., 2023a; Ahmed et al., 2023b; Fu et al., 2023; Zheng et al.,
2023; Dumke et al., 2022; Geissler et al., 2023; Zafeiriadou et al., 2024;
Zafeiriadou et al., 2023; Raya et al., 2024; Sthapit et al., 2024; Williams
et al., 2024; Markt et al., 2023; Lehto et al., 2024; Stockdale et al., 2023;
Jamil et al., 2023; Heijnen and Medema, 2011; Nadeau et al., 2024),
while 7 (16.67 %) analyzed the solid fraction. The term “solid fraction”
was used with different meanings across included articles: it referred to

settled solid from raw wastewater, or from the primary clarifier (Boehm
et al., 2023a; Boehm et al., 2023b; Schoen et al., 2023; Wolfe et al.,
2024; Wolfe et al., 2022), primary or secondary sludge (Toribio-Avedillo
et al., 2024), or a combination of the above (Mercier et al., 2022).
Different operations were performed before proper initiation of the
viral concentration step, including: centrifugation (11 studies, 26.19 %)
(Tisza et al., 2023; Asadi et al., 2023; de Melo et al., 2023; Hayes et al.,
2023; Toribio-Avedillo et al., 2024; Ahmed et al., 2023b; Dumke et al.,
2022; Geissler et al., 2023; Farkas et al., 2024; Lehto et al., 2024;
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Heijnen and Medema, 2011) or filtration (4 studies, 9.52 %) (Germano
et al., 2024; Rothman et al., 2021; Stockdale et al., 2023; Jamil et al.,
2023) to remove grit particles, heating to inactivate pathogenic agents
(7 studies, 16.67 %) (Germano et al., 2024; Rothman et al., 2021; Sal-
dana et al., 2025; Wolfe et al., 2022; Fu et al., 2023; Zheng et al., 2023;
Stockdale et al., 2023), or dewatering of solid samples (5 studies, 11.90
%) (Boehm et al., 2023a; Boehm et al., 2023b; Schoen et al., 2023; Wolfe
et al., 2024; Wolfe et al., 2022). In most of the studies information about
the pre-treatment phase were lacking.

The methods used for concentrating viral particles in influenza
monitoring campaigns reported in included studies are as follow: 16
studies used precipitation-based methods (38.09 %) (de Melo et al.,
2023; Malla et al., 2024; Malla et al., 2023; Giron-Guzman et al., 2024;
Toribio-Avedillo et al., 2024; Toribio-Avedillo et al., 2023; Fu et al.,
2023; Zheng et al., 2023; Dumke et al., 2022; Geissler et al., 2023;
Zafeiriadou et al., 2024; Farkas et al., 2024; Williams et al., 2024; Markt
et al., 2023; Stockdale et al., 2023; Jamil et al., 2023), 9 studies
employed simple centrifugation of solid or liquid samples (21.43 %)
(Boehm et al., 2023a; Boehm et al., 2023b; Schoen et al., 2023; Wolfe
et al., 2024; Wolfe et al., 2022; Hayes et al., 2023; Mercier et al., 2022;
Canh et al., 2023; Raya et al., 2024), 8 studies applied ultrafiltration-
based techniques (19.05 %) (DeJonge et al., 2023; Germano et al.,
2024; Tisza et al., 2023; Zafeiriadou et al., 2024; Sthapit et al., 2024;
Lehto et al., 2024; Heijnen and Medema, 2011), 7 studies used affinity-
based methods (16.67 %) (Rothman et al., 2021; Saldana et al., 2025;
Wolken et al., 2023; Asadi et al., 2023; Ahmed et al., 2023a; Ahmed
et al., 2023b; Sthapit et al., 2024). Last, 2 studies (4.76 %) used the
commercially available Nanotrap system (DeJonge et al., 2023; Faherty
et al., 2023), and 4 (9.52 %) performed no concentration step (Vo et al.,
2023; Asadi et al., 2023; Zafeiriadou et al., 2023; Nadeau et al., 2024).
Detection and/or quantification of IVs was performed by real-time
quantitative PCR in 28 studies (66.67 %) (Germano et al., 2024; Tisza
et al., 2023; Vo et al., 2023; Asadi et al., 2023; de Melo et al., 2023;
Hayes et al., 2023; Mercier et al., 2022; Ando et al., 2023; Canh et al.,
2023; Malla et al., 2024; Girén-Guzman et al., 2024; Toribio-Avedillo
et al., 2024; Toribio-Avedillo et al., 2023; Ahmed et al., 2023a; Ahmed
et al., 2023b; Fu et al., 2023; Zheng et al., 2023; Dumke et al., 2022;
Geissler et al., 2023; Zafeiriadou et al., 2023; Raya et al., 2024; Sthapit
et al., 2024; Farkas et al., 2024; Williams et al., 2024; Lehto et al., 2024;
Jamil et al., 2023; Heijnen and Medema, 2011; Nadeau et al., 2024), and
by digital PCR in 13 studies (30.95 %) (Boehm et al., 2023a; Boehm
et al., 2023b; DeJonge et al., 2023; Faherty et al., 2023; Saldana et al.,
2025; Schoen et al., 2023; Wolfe et al., 2024; Wolfe et al., 2022; Wolken
et al., 2023; Malla et al., 2023; Zafeiriadou et al., 2024; Markt et al.,
2023; Nadeau et al., 2024).

With reference to wastewater concentration data normalization
strategies, the most used approach relied on measuring the concentra-
tion of plant virus Pepper Mild Mottle Virus (PMMoV) in wastewater (n
=13, 30.95 %) (Boehm et al., 2023a; Boehm et al., 2023b; Faherty et al.,
2023; Saldana et al., 2025; Schoen et al., 2023; Vo et al., 2023; Wolfe
et al., 2024; Wolfe et al., 2022; de Melo et al., 2023; Mercier et al., 2022;
Ando et al., 2023; Malla et al., 2024; Girén-Guzman et al., 2024). This
was followed by methods based on wastewater inflow rate and equiva-
lent population served (n = 7, 16.67 %) (Faherty et al., 2023; Giron-
Guzman et al., 2024; Fu et al., 2023; Geissler et al., 2023; Zafeiriadou
et al., 2023; Lehto et al., 2024; Nadeau et al., 2024). Other approaches
exploited ammonium levels in wastewater (Markt et al., 2023) or the
concentration of other fecal indicators, including gut-associated bacte-
riophage crAssphage (Giron-Guzman et al., 2024; Dumke et al., 2022).
Nonetheless, most of included studies did not perform any type of
normalization of IVs environmental data (n = 22, 52.38 %).

Successful identification of IVs genome was reported in 41 (97.62 %)
of included studies, the only exception being the study of Sthapit et al.
(2024) in which zero wastewater samples of the 19 tested resulted
positive to viral presence. As detailed in Table 2, both positivity rates
(meaning percentage of samples containing IVs) and measures of
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genome concentration show high variability, possibly due to different
catchment areas, different methodologies employed and varying influ-
enza epidemiology during monitoring periods.

Twenty studies (47.62 %) reported measures of IVs concentration
along with that of other respiratory viruses, as illustrated in Fig. 4 and
described in Table 3. In particular, of the 17 studies that simultaneously
monitored SARS-CoV-2 and influenza, IVs concentrations were higher in
only 1 study (5.88 %) (Hayes et al., 2023), comparable in 7 studies
(41.17 %) (Saldana et al., 2025; Canh et al., 2023; Malla et al., 2023;
Gir6n-Guzman et al., 2024; Geissler et al., 2023; Raya et al., 2024;
Farkas et al., 2024), and lower than SARS-CoV-2 concentrations in 9
studies (52.94 %) (Boehm et al., 2023a; Boehm et al., 2023b; Wolken
et al., 2023; Asadi et al., 2023; Malla et al., 2024; Toribio-Avedillo et al.,
2023; Fu et al., 2023; Dumke et al., 2022; Zafeiriadou et al., 2023)
(Table 3a). In contrast, when compared to Respiratory Syncytial Virus
(RSV), IVs concentrations in wastewater were found to be higher in 4
studies (33.33 %) (Giron-Guzman et al., 2024; Toribio-Avedillo et al.,
2024; Zafeiriadou et al., 2023; Raya et al., 2024) and similar in 7 studies
(58.33 %) (Boehm et al., 2023b; Asadi et al., 2023; Hayes et al., 2023;
Ando et al., 2023; Toribio-Avedillo et al., 2024; Ahmed et al., 2023b;
Zafeiriadou et al., 2024). Only the study by Boehm et al. (Boehm et al.,
2023b). reported lower concentrations of IVs, specifically in comparison
to RSV type B (8.33 %) (Table 3b). IVs concentrations were also
generally lower than those of viruses associated with gastroenteric in-
fections, such as norovirus (Canh et al., 2023; Malla et al., 2024; Malla
etal., 2023; Fu et al., 2023), rotavirus (Giron-Guzman et al., 2024; Jamil
et al., 2023) enterovirus (Canh et al., 2023) and adenovirus (Geissler
et al., 2023) (Table 3c).

3.2. Comparative analysis of different experimental methods

Sixteen (38.09 %) of included studies performed methodological
comparisons to evaluate whether the use of different experimental
practices could enhance the viral recovery of endogenous IVs contained
in wastewater.

Five studies (31.25 %) compared viral recovery from different
wastewater fractions, as described in Table 4a. Three of these studies
reported higher detection rates in wastewater solids, compared to the
liquid fraction (Wolfe et al., 2022; Mercier et al., 2022; Toribio-Avedillo
et al., 2024), while the other 2 reported that neither fraction consistently
outperformed the other (Germano et al., 2024; Zheng et al., 2023). One
study compared two sampling methodologies, indicating that composite
sampling resulted in a higher percentage of positive samples, compared
to passive sampling (Table 4b) (Geissler et al., 2023). Four studies (25
%) compared different concentration methods (Table 4c) (Asadi et al.,
2023; Malla et al., 2023; Ahmed et al., 2023a; Raya et al., 2024), 3
(18.75 %) evaluated various RNA extraction methods (Table 4d) (Malla
etal., 2023; Dumke et al., 2022; Raya et al., 2024), and another 3 (18.75
%) assessed different viral quantification methods (Table 4e) (Malla
et al., 2023; Zafeiriadou et al., 2024; Williams et al., 2024). Across these
three experimental domains, no single method was conclusively iden-
tified as superior in terms of viral recovery potential.

3.3. Association between environmental and clinical data

Comparison between detection of IVs in wastewater and clinical
data, intended as information collected through traditional surveillance
systems, such as number of infections, hospital admissions, or
laboratory-confirmed diagnoses, was performed in 22 studies (52.38 %),
as detailed in Table 5. High variability was found in the type of waste-
water data used (e.g., positivity rates vs genome concentrations,
different normalization techniques, analysis of different temporal shift
between clinical and wastewater datasets) and the type of clinical data
(e.g., unspecified clinical cases, laboratory confirmed-cases, emergency
department visits). The statistical methodology used to assess the asso-
ciation between environmental and clinical data was also variable: 11
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Fig. 4. Comparison of IVs wastewater concentration with those of other respiratory viruses (a) SARS-CoV-2; (b) Respiratory Syncytial Virus.

studies (50 %) used Spearman’s correlation (Faherty et al., 2023; Asadi
et al., 2023; de Melo et al., 2023; Ando et al., 2023; Malla et al., 2024;
Giron-Guzman et al., 2024; Toribio-Avedillo et al., 2023; Ahmed et al.,
2023b; Fu et al., 2023; Zheng et al., 2023; Markt et al., 2023), 6 (27.27
%) used Kendall’s correlation (Boehm et al., 2023a; Boehm et al., 2023b;
DeJonge et al., 2023; Germano et al., 2024; Wolfe et al., 2022; Lehto
et al., 2024), 3 (13.63 %) used Pearson’s correlation (Saldana et al.,
2025; Tisza et al., 2023; Mercier et al., 2022), and 2 (9.09 %) used linear
regression techniques (Schoen et al., 2023; Wolken et al., 2023).

Overall, large heterogenicity between considered data prevented us
from performing quantitative analysis on the association between
environmental and clinical data reported in included studies. Nonethe-
less, the majority of the studies reported moderate to strong correlations
between wastewater data and clinical data, with statistically significant
correlation coefficients (Pearson’s r, Spearman’s rho, or Kendall’s tau)
ranging from 0.43 to 0.97. The two studies that used linear regression
methods also reported statistically significant association between
environmental and clinical datasets (Schoen et al., 2023; Wolken et al.,
2023).

Four studies (18.75 %) evaluated the effect of different normaliza-
tion techniques on the association between environmental and clinical
data (Table 4f) (Faherty et al., 2023; Saldana et al., 2025; Malla et al.,
2024; Gir6on-Guzman et al., 2024).

Finally, some studies explored whether detecting IVs in wastewater
could serve as an early warning system for infections in the community
(Faherty et al., 2023; Asadi et al., 2023; de Melo et al., 2023; Mercier
et al., 2022; Malla et al., 2024; Gir6n-Guzman et al., 2024; Ahmed et al.,
2023b; Lehto et al., 2024). This was done by either performing time-shift
analyses to determine the maximum correlation coefficient between
environmental and clinical data, or by measuring the time lag between
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the initial detection of influenza viruses in wastewater and the onset of
clinical cases. Findings show considerable variability, with lead times
ranging from a maximum of 17 days to a delay of up to 1 week in
wastewater data relative to clinical data.

3.4. Typing and subtyping of influenza virus directly from wastewater

The majority of included studies (n = 24, 57.14 %) aimed to identify
both IVs type A (IAV) and type B (IBV) in wastewater (Boehm et al.,
2023a; DeJonge et al., 2023; Faherty et al., 2023; Germano et al., 2024;
Rothman et al., 2021; Tisza et al., 2023; Vo et al., 2023; Wolken et al.,
2023; Asadi et al., 2023; Mercier et al., 2022; Toribio-Avedillo et al.,
2023; Ahmed et al., 2023a; Ahmed et al., 2023b; Fu et al., 2023; Zheng
et al., 2023; Dumke et al., 2022; Geissler et al., 2023; Zafeiriadou et al.,
2024; Zafeiriadou et al., 2023; Farkas et al., 2024; Williams et al., 2024;
Markt et al., 2023; Stockdale et al., 2023; Nadeau et al., 2024). Detection
of both virus types in wastewater was reported in 10 studies (23.80 %)
(Boehm et al., 2023a; DeJonge et al., 2023; Toribio-Avedillo et al., 2023;
Zheng et al., 2023; Dumke et al., 2022; Geissler et al., 2023; Zafeiriadou
et al., 2024; Zafeiriadou et al., 2023; Williams et al., 2024; Nadeau et al.,
2024), whereas IAV was detected without IBV in 12 studies (28.57 %)
(Ahmed et al., 2020; Faherty et al., 2023; Germano et al., 2024; Tisza
et al., 2023; Vo et al., 2023; Wolken et al., 2023; Asadi et al., 2023;
Mercier et al., 2022; Ahmed et al., 2023b; Fu et al., 2023; Farkas et al.,
2024; Markt et al., 2023; Stockdale et al., 2023). The remaining studies
(n =18, 42.86 %) focused only on identifying IAV (Boehm et al., 2023b;
Saldana et al., 2025; Schoen et al., 2023; Wolfe et al., 2024; Wolfe et al.,
2022; de Melo et al., 2023; Hayes et al., 2023; Ando et al., 2023; Canh
et al., 2023; Malla et al., 2024; Malla et al., 2023; Giron-Guzman et al.,
2024; Toribio-Avedillo et al., 2024; Zheng et al., 2023; Zafeiriadou et al.,
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Table 3
Comparison of IVs concentrations with other viruses in wastewater.
References Viruses Concentrations Details Descriptive
outcome
(a) comparisons with SARS-CoV-2 concentration
Asadi et al., v 6.7 x 10>-1.02 x ~ Min-max values IV < SARS
2023 10* GC/L
SARS- 3.8 x 10%-1.05 x
COvV-2  10°GC/L
Boehmetal, IV na Analysis of IV < SARS
2023a SARS- na graphical
COV-2 depictions
Boehmetal, IV 0 (0-6.6 x 10%) Median IV < SARS
2023b GC/g (interquartile
SARS- 4.8 x 10* (2.5 x range)
COv-2  10*-1.3 x 10°)
GC/g
Canh et al., v 1.26 x 10* / 1.58 Average values IV =~ SARS
2023 x 10* GC/L
SARS- 1.58 x 10* / 2 x
COov-2  10*GC/L
Dumke et al., v 7.2 x 102-2.1 x Min-max values IV < SARS
2022 107 GC/L
SARS- 1.3 x 10*-3.2 x
COvV-2  10° GC/L
Farkasetal., IV 7.58-3.51 x 10° Min-max values IV ~ SARS
2024 GC/sampler
SARS- 2-3.55 x 10° GC/
COV-2 sampler
Fuetal., v 2,24 x 10" (flow  Max values IV < SARS
2023 - normalized
concentration)
SARS- 5.5 x 10'2 (flow -
COV-2 normalized
concentration)
Geissler v 1.1 x 10°-9.1 x Min-max values IV ~ SARS
etal., 2023 107(flow -
normalized
concentration)
SARS- 9.0 x 10°-2.8 x
COvV-2 108 (flow -
normalized
concentration)
Girén- v 6,35 x 10°-6,03 Min-max values IV ~ SARS
Guzman x 10° GC/L
etal., 2024  SARS- 8.26 x 10°-1.44
COV-2 x 10° GC/L
Hayes et al., v 3.5 x 10*-2.7 x Min-max values IV > SARS
2023 10'° GC/L
SARS- 1.0 x 10%-1.1 x
COov-2  10° GC/L
Malla et al., v 1.58 x 10* GC/L Average values IV ~ SARS
2023 SARS- 7.94 x 10* GC/L
COV-2
Malla et al., v 3.16 x 10* GC/L Average values IV < SARS
2024 SARS- 5.01 x 10° GC/L
COV-2
Raya et al., v 6.31 x 10% /2 x Median values IV ~ SARS
2024 10°GC/L
SARS- 3.16 x 10° / 5.01
COV-2 x 10° GC/L
Saldana v 1.41 x 10'-5.5 x  Average values IV ~ SARS
etal., 2025 10° (PMMoV
normalized
concentration)
SARS- 3.92 x 10'-3.55
COV-2 x 10% (PMMoV
normalized
concentration)
Toribio- I\Y% na Concentration IV < SARS
Avedillo SARS- na difference
et al., 2023 COV-2 mentioned in the
text
Wolken v 3.15 x 10* GC/L Average values IV < SARS
etal., 2023 SARS- 1.41 x 10° GC/L
COV-2

Table 3 (continued)
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References Viruses Concentrations Details Descriptive
outcome
Zafeiriadou v 7 x 10°-5 x 10° Min-max values IV < SARS
etal., 2023 GC/L
SARS- 1.2 x 10°-2.9 x
COvV-2  10°GC/L
(b) comparisons with RSV concentration
Ahmed et al., v 1.74 x 10°-4.07 Min-max values IV ~ RSV
2023a x 10° GC/L
RSV 1.07 x 10°-7.59
x 10° GC/L
Ando et al., v 4.99 x 10'-2.67 Min-max values IV ~ RSV
2023 x 10* GC/L
RSV 5.01 x 10'-2.43
x 10* GC/L
Asadi et al., v 6.7 x 10%-1.02 x  Min-max values IV ~ RSV
2023 10* GC/L
RSV 2.3 x 10*-8.1 x
10* GC/L
Boehm et al., v nr Analysis of IV =~ RSV
2023a RSV nr graphical
depictions
Boehmetal, IV 0GC/g Median values IV < RSV
2023b RSV 1.7 x 10*> GC/g
Girén- v 6.35 x 10°-6.03 Min-max values IV > RSV
Guzman x 10° GC/L
etal, 2024 RSV 1.77 x 10°-1.91
x 10° GC/L
Hayes et al., v 3.5 x 10*-2.7 x Min-max values IV =~ RSV
2023 10'° GC/L
RSV 1.5 x 10*-6.4 x
10° GC/L
Raya et al., v 6.31 x 10* /2 x Median values IV > RSV
2024 10°GC/L
RSV <3.16 x 10* GC/
L
Toribio- v nr Concentration IV > RSV
Avedillo RSV nr difference
etal., 2023 mentioned in the
text
Toribio- I\% 2.41 x 10° GC/L Median values IV ~ RSV
Avedillo RSV 2.51 x 10° GC/L
et al., 2024
Zafeiriadou v 7 x 10%-5 x 10° Min-max values IV > RSV
etal., 2023 GC/L
RSV 3.4 x 10°-1.4 x
10* GG/L
Zafeiriadou v 6.9 x 10° / 2.1 x Average values IV =~ RSV
etal., 2024 10* GC/L
RSV 1.9 x 10* GC/L
(c) comparisons with selected enteric viruses’ concentration
Canh et al., v 1.26 x 10 /1.58  Average values IV < EnV
2023 x 10* GC/L IV < NoV
EnV 2 % 10°/3.16 x
10° GG/L
NoV 6.31 x 10°/7.94
x 10° GC/L
Farkas et al., v 7.58-3.51 x 10° Min-max values IV ~ EnV
2024 GC/sampler IV =~ NoV
EnV 1.49 x 10%-9.95
x 10° GC/sampler
NoV 7.79 x 10%-6.31
x 10° GC/sampler
Fuetal., I\ 2.24 x 10! (flow  Max values IV < NoV
2023 - normalized
concentration)
NoV 1.2 x 10'2 (flow -
normalized
concentration)
Geissler v 1.1 x 10°-9.1 x Min-max values IV < HAdV
etal., 2023 107 (flow -
normalized
concentration)
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Table 3 (continued)

References Viruses Concentrations Details Descriptive
outcome
HAdV 2.0 x 10°-6.1 x
10'° GC/L (flow -
normalized
concentration)

Girén- v 6.35 x 10°-6.03 Min-max values IV > NoV GI
Guzman x 10° GC/L IV < NoV
et al., 2024 GII

NoV GI 4.84 x 10%-1.25 IV <RV
x 10° GC/L

NoV 5.24 x 10°-1.34

GII x 108 GC/L

RV 8.57 x 10°-6.7 x
10° GC/L

Jamil et al., v 9.27-3.02 x 10? Min-max values IV < NoV

2023 GC/L IV <RV
NoV 3.89 x 10%-1.02
x 10° GC/L
RV 5.12 x 10*-1.88
x 10° GC/L
Malla et al., v 1.58 x 10* GC/L Average values IV < NoV GI
2023 IV < NoV
GII
NoVGI 1 x 10° GC/L IV ~ EnV
NoV 7.49 x 10* GC/L
GII
EnV 3.98 x 10* GC/L

Malla et al., v 3.16 x 10* GC/L Average values IV < NoV

2024 NoV 2.51 x 10° GC/L
GII

Markt et al., I\Y% nr Analysis of IV ~ NoV
2023 NoV nr graphical

depictions

Saldana v 1.41 x 10'-5.5 x Average values IV =~ NoV
etal., 2025 10% (PMMoV

normalized
concentration)
NoV 2.82-1.2 x
10%(PMMoV
normalized
concentration)

(nr) not reported; (IV) Influenza Virus; (RSV) Respiratory Syncytial Virus, (EnV)
Enterovirus; (NoV GI) Norovirus Genotype I; (NoV GII) Norovirus Genotype II;
(RV) Rotavirus; (HAdV) Human Adenovirus; (PMMoV) Pepper Mild Mottle
Virus; (GC/L) Genome copies per liter. (1) For this study, an observation that fell
largely outside the expected range was excluded.

2024; Zafeiriadou et al., 2023; Raya et al., 2024; Lehto et al., 2024;
Jamil et al., 2023; Heijnen and Medema, 2011). Additionally, one study
(2.38 %) did not report the type of IVs detected (Rothman et al., 2021),
and another one (2.38 %) did not detect IVs at all (Sthapit et al., 2024).
The proportion of studies that searched/detected the different IVs types
is illustrated in Fig. 5.

Of the 10 studies that reported detection of both viral types, only 3
showed higher positivity rates for IBV in comparison with IAV (Dumke
et al., 2022; Geissler et al., 2023; Zafeiriadou et al., 2024).

Subtyping of IVs was performed in 14 studies (33.33 %) Table 6
(Boehm et al., 2023b; Germano et al., 2024; Rothman et al., 2021; Tisza
et al., 2023; Vo et al., 2023; Wolfe et al., 2024; Wolfe et al., 2022;
Mercier et al., 2022; Ando et al., 2023; Zheng et al., 2023; Dumke et al.,
2022; Williams et al., 2024; Stockdale et al., 2023; Heijnen and Medema,
2011). Among the employed methods, the most common was the use of
subtype-specific PCR assays (n = 7, 50 %) (Boehm et al., 2023b; Ger-
mano et al., 2024; Wolfe et al., 2024; Mercier et al., 2022; Ando et al.,
2023; Zheng et al., 2023; Heijnen and Medema, 2011), followed by
Sanger sequencing, used in 4 studies (21.42 %) (Wolfe et al., 2022;
Dumke et al., 2022; Heijnen and Medema, 2011), and Whole Genome
Sequencing, used in 1 study (7.14 %) (Vo et al., 2023). Four studies
(28.57 %) successfully employed a “metaviromic” approach, meaning
the untargeted sequencing of viral genes based on next-generation
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sequencing (NGS) techniques, each with specific library preparation
and sequencing processes, as reported in Table 6 (Rothman et al., 2021;
Tisza et al., 2023; Williams et al., 2024; Stockdale et al., 2023).

3.5. Risk of bias assessment

Quality appraisal of included studies is shown in Supplementary
Table 3. Overall, study quality was moderate, with 78.57 % of studies
achieving a “low risk” score in the majority of their items. The best-
performing item was “lack of clarity and uniformity on sampling sites
and approaches”, with 85.71 % of studies obtaining a “low risk” score. In
contrast, the item with the weakest performance was of the item “lack of
geographical overlap”, with only 31.82 % of pertinent studies receiving
a “low risk” score.

4. Discussion

This systematic review provides an overview of the studies
describing IVs surveillance in human-derived wastewater. We summa-
rized evidence from 42 original studies published between 2011 and
2024, focusing on several key aspects, including evaluating the perfor-
mance of viral recovery methods and laboratory workflows, analyzing
the associations of wastewater data with clinical data, and assessing the
feasibility of typing/subtyping IVs from wastewater.

All but one of the studies described the detection of IVs in waste-
water, spanning different geographic locations and seasons, and
employing diverse sampling strategies and analytical techniques. These
results support the value of WBE as a tool for monitoring IVs circulation.
A minority of the studies also performed comparative analysis to
determine the most effective methods for viral recovery, often obtaining
non-conclusive results. Of note, our findings suggest that focusing on the
solid fraction of wastewater may enhance IVs detection sensitivity. Half
of the included studies also analyzed the level of association between
environmental and clinical data, highlighting the potential of WBE data
to serve as early warning signal of IVs outbreaks onset. Finally, one-third
of the studies successfully performed subtyping of IVs directly from
wastewater. Different methods were employed for this purpose, with
real-time PCR assays targeting specific subtypes being the most
common.

WBE applied to IVs is a relatively new field (of all the studies
included, only one was published before 2021); nonetheless our findings
reveal considerable variability in terms of sampling techniques and
laboratory methods used. IV genome was detected in wastewater in
nearly all studies, confirming the feasibility of detecting this virus in
human-derived wastewater sampled at different locations, including
wastewater treatment plants, university campuses, schools, and even
aircrafts.

When comparing the concentration of IVs in wastewater to that of
other respiratory viruses, we found that its levels are generally lower
than those of SARS-CoV-2, but higher or equal to those of RSV. This may
be explained by the more intense circulation of SARS-CoV-2 compared
to other respiratory viruses in the years when the studies were con-
ducted (Del Riccio et al., 2024), as well as their differing fecal excretion
rates, with RSV generally being excreted at lower levels in stool and
urine compared to IVs (Lowry et al., 2023). It is also important to
consider the specific nature of the infectious event caused by RSV, which
mainly manifests symptomatically in children under two years of age,
who, however, often do not “contribute” to the viral load in wastewater
due to the use of diapers (Ando et al., 2023). Finally, it is worth noting
that each virus may exhibit unique surface structures that influence the
effectiveness of different recovery methods. Since, in many cases,
wastewater surveillance was implemented as part of the efforts to
monitor and control the COVID-19 pandemic, the methods of viral re-
covery were primarily optimized for SARS-CoV-2. As a result, lower
recovery of influenza could be not related to its lower viral load or cir-
culation, but rather to the use of methods that are less suited for its
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Table 4
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Comparative assessment of different sampling, laboratory and normalization methods for influenza WBE.

References Measure Number of Type of method Quantitative Outcome Descriptive outcome
samples
(a) comparison of analysis using different wastewater fractions
Germano et al., Percentage of positive samples 10 Liquid 70 % (7/10) Liquid > Solid
2024 Solid (filtered with 0.22ym 50 % (5/10)
cut-off filters)
Solid (pellet after 40 % (4/10)
centrifugation)
Solid (filtered with 20 pm 20 % (2/10)
cut-off filters)
Mercier et al., Viral signal (percentage of viral 12 Liquid <0.1 % Solid > Liquid
2022 particles contained in different Solid (settled solids) 84.6 £ 10.3%
fractions) Solids (filtered with 0.45 4.0+31%
pm cut-off filters)
Toribio-Avedillo Median concentration of viral particles 20 Liquid 3.06 x 10* GC/L Solid > Liquid
et al., 2024 20 Solid (sludge) 2.41 x 10° CG/g
Wolfe et al., 2022 Percentage of positive samples 4 Liquid 25 % (1/4) Solid > Liquid
4 Solid (settled solids) 100 % (4/4)
Zheng et al., 2023 Percentage of positive samples, RT- 31 Liquid (supernatant) nr Liquid = Solid
qPCR Cycle Treshold (Ct) values Solid (pellet)
(b) comparative analysis of sampling methodologies
Geissler et al., Percentage of positive samples 17 Passive sampling TAV: 0 % (0/17) IBV: Composite > passive
2023 17.65 (3/17)
Composite sampling 1AV: 23.53 % (4/17) IBV:
35.29 (6/17
(c) comparative analysis of concentration methods
Ahmed et al., Percentage of positive samples 24 Adsorption-extraction (AE) 8.3 % (2/24) AE ~ NMAP
2023a Nanotrap® Microbiome A 8.3 % (2/24)
Particles (NMAP)
Asadi et al., 2023 Percentage of positive samples 155 Direct extraction (DE) 51.61 % (80/155) DE =~ UF
Ultrafiltration (UF) 54,84 % (85/155)
Malla et al., 2023 Percentage of positive samples 40 Centrifugation (CEN) 5 % (2/40) CEN ~ PRE
PEG/NaCl precipitation 2.5 % (1/40)
(PRE)
Raya et al., 2024 Percentage of positive samples 20 Centrifugation (CEN) 30 % (6/20) CEN ~ PRE
PEG/NaCl precipitation 25 % (5/20)
(PRE)
(d) comparative analysis of RNA extraction kits
Dumke et al., 2022 RT-gPCR Cycle Treshold (Ct) values nr QIAgen RNeasy columns nr RNeasy columns ~ QIAamp kit
QIAgen QIAamp DNA mini  nr
kit
Malla et al., 2023 Percentage of positive samples 40 AllPrep PowerViral DNA/ 5 % (2/40) QIAamp kit ~ AllPrep kit
RNA Kit
QIAgen QIAamp Viral RNA 2.5 % (1/40)
Mini Kit
Raya et al., 2024 Percentage of positive samples 18 AllPrep PowerViral DNA/ 11.11 % (2/18) QIAamp kit > AllPrep kit
RNA Kit
26 QIAgen QIAamp Viral RNA  34.61 % (9/26)
Mini Kit
(e) comparative analysis of quantification methods
Malla et al., 2023 Percentage of positive samples 40 One-step RT-dPCR 0 % (0/40) Two-step > One-step
Two-step RT-dPCR 7.5 % (3/40)
Williams et al., Percentage of positive samples 8 RT-qPCR 1AV: 75 % (6/8) IBV: 0 % Seq > RT-qPCR
2024 (0/8)
Sequencing 1AV: 75 % (6/8) IBV: 63 %
(5/8)
Zafeiriadou et al., Percentage of positive samples 37 RT-dPCR 1AV: 43.24 % (16/37) IBV: RT-dPCR > RT-qPCR
2024 40.54 % (15/37)
RT-qPCR 1AV: 40.54 % (15/37) IBV:
51.35 % (19/37)
(f) comparative analysis of normalization strategies
Faherty et al., Spearman’s rank correlation coefficient 574 WWTP inflow-normalized 0.43-0.74 WWTP inflow normalized ~
2023 ) PMMoV-normalized 0.44-0.69 PMMoV-normalized
Girén-Guzman Spearman’s rank correlation coefficient 69 Non-normalized 0.799 Stronger correlation for WWTP
et al., 2024 ) PMMoV-normalized 0.772 inflow-normalization
crAssphage-normalized 0.775
Coliphages-normalized 0.662
Total nitrogen-normalized 0.786
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Table 4 (continued)

References Measure Number of Type of method Quantitative Outcome Descriptive outcome
samples
Phosphorus-normalized 0.789
Solids in suspension- 0.793
normalized
COD-normalized 0.793
BODS5-normalized 0.777
WWTP inflow-normalized 0.808
Electric conductivity- 0.786
normalized
Malla et al., 2024 Spearman’s rank correlation coefficient 170 Non-normalized 0.79 Stronger correlation for E. coli and
p) PMMoV-normalized 0.69 total coliforms normalizations
E. coli-normalized 0.81
Total coliforms-normalized  0.81
Turbidity-normalized 0.78
Saldana et al., Pearson’s correlation coefficient (r) 609 Non-normalized 0.55 Non-normalized > PMMoV-
2025 PMMoV-normalized 0.49 normalized

(nr) not reported; (IAV) Influenza A Virus; (IBV) Influenza B Virus; (RT-dPCR) Reverse Transcription Digital Polymerase Chain Reaction; (RT-qPCR) Reverse Tran-
scription Quantitative Polymerase Chain Reaction; (WWTP) Wastewater Treatment Plant; (PMMoV) Pepper Mild Mottle Virus; (COD) Chemical Oxygen Demand;
(BOD5) 5 days Biochemical Oxygen Demand.

Table 5
Details of the association between viral presence in wastewater and clinical data in included studies.
References Type of clinical data recorded Statistical Geographical Correlation Lead/lag
method Overlap1 coefficient Period?
Ahmed et al., 2023b Unspecified clinical cases Spearman Unclear 0.60 12 days (lead)
Ando et al., 2023 Clinically confirmed cases (sentinel surveillance) Spearman No 0.61 nr
Asadi et al., 2023 Num. of laboratory — confirmed cases Spearman Unclear 0.811-0.865* 10 days (lead)
Boehm et al., 2023a Clinical specimen positivity rates Kendall No 0.50-0.72 nr
Boehm et al., 2023b Clinical specimen positivity rates Kendall No 0.45 nr
de Melo et al., 2023 Unspecified clinical cases Spearman Yes 0.79* 4 days (lead)
% of change in school absences 0.96*
DeJonge et al., 2023 Num. of ED visits Kendall Yes 0.5-0.63 nr
Faherty et al., 2023 % of ED visits for ILI Spearman Yes 0.43-0.44 1 week (lag)
% of ED visits with influenza discharge diagnosis 0.69-0.74
Num. of influenza ICU admissions 0.51-0.73
Fu et al., 2023 Num. of laboratory — confirmed cases Spearman Yes 0.9-0.973 nr
Germano et al., 2024 Num. of laboratory — confirmed cases Kendall Yes 0.58 nr
Girén-Guzman et al., ARI incidence Spearman Unclear 0.662-0.808* 1 week (lag)
2024
Lehto et al., 2024 Num. of laboratory — confirmed cases Kendall Yes 0.486-0.751 1-2 weeks
(lead)
Malla et al., 2024 Unspecified clinical cases Spearman No 0.69-0.81* 2 weeks (lead)
Markt et al. 2023 Num. of hospital inpatients with Influenza Spearman Unclear >0.6 nr
Mercier et al., 2022 Num. of laboratory — confirmed cases Pearson Unclear 0.97* 17 days (lead)
Saldana et al., 2025 Clinical diagnosis reported by the student health center Pearson Yes 0.49-0.55 nr
Schoen et al., 2023 Laboratory — confirmed influenza hospitalizations Linear Unclear nr nr
regression
Tisza et al., 2023 % of ED visits with influenza discharge diagnosis Pearson Unclear 0.9 nr
Toribio-Avedillo et al., Unspecified clinical cases Spearman Unclear nr nr
2023
Wolfe et al., 2022 Influenza incidence rate (Num. of laboratory — confirmed cases/ Kendall No 0.58-0.67 nr
population)
Wolken et al., 2023 % of healthcare centers visits with influenza discharge Linear No nr nr
diagnosis regression
Zheng et al., 2023 Num. of laboratory — confirmed cases Spearman Unclear 0.90-0.91 nr
ILI plus rates 0.85-0.88

(nr) not reported; (ED) Emergency Department; (ICU) Intensive Care Unit; (ILI) Influenza-Like Illness; (ARI) Acute Respiratory Infections. ™) The column
“geographical overlap” indicates whether the sampled wastewater accurately represents the surveilled population. It is marked as “Yes” if there is a clear corre-
spondence (e.g. wastewater sampled from a school correlated with infection data for the student population) or if infections were explicitly connected with ZIP codes or
other geographical/administrative areas, “Unclear” if no relevant details are provided, “No” if there is a clear mismatch (e.g. wastewater sampled from a school but
infection data aggregated at the state level). (%) The term “lead” refers to the situation where environmental data precede clinical data in time, whereas “lag” denotes
the opposite, where environmental data follow clinical data. (*) indicate that only the higher correlation coefficients of a time-shifted analysis were reported. These

coefficients correspond to the time indicated in the “lead/lag period” column.

detection.

When attempting to evaluate the relative performance of different
experimental methods for recovering IV particles from raw wastewater
across studies, several challenges emerged. Firstly, not every study re-
ported quantitative measures of IVs presence in wastewater, critically
limiting the possibility of performing significant comparisons.
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Furthermore, the viral concentration was often expressed with different
units of measurement (e.g. GC/L or normalized concentration). Finally,
the concentration of IVs in wastewater has been demonstrated to be
strongly influenced by the epidemiological context. In fact, studies
conducted during periods of influenza outbreaks were likely to detect
higher percentages of positive samples and greater viral concentrations
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Searched: Both IAV & IBV (24)

Searched: Only IAV (18)
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Detected: Only IAV (30)

Detected: Both IAV & IBV (10)

No Type Reported (1) Il
No IVs Detected (1) Il

Fig. 5. Sankey diagram describing the IVs types (A or B) searched (left) and detected (right) in wastewater in the included studies.

compared to those conducted during times of low or absent circulation,
regardless of the methods used. In other words, comparing the quanti-
tative results obtained between different studies would make it difficult
to separate the effects of methodological performance from the vari-
ability introduced by differences in sampling periods and geographic
locations.

For these reasons, we focused on studies that compared different
methods within the same experiment. Unfortunately, few such studies
were available, and many were limited by small sample sizes, leading to
inconclusive results. Thus, at present time we are unable to recommend
optimal techniques for the concentration, extraction, and quantification
step of the laboratory workflow. Further research is essential to establish
best practices and clear guidelines for the implementation of influenza
environmental surveillance.

More significant findings were obtained from the studies comparing
the recovery of IVs from different fractions of wastewater. In particular,
more than half of the studies reported higher detection rates in solid
samples compared to liquid ones (Wolfe et al., 2022; Mercier et al.,
2022; Toribio-Avedillo et al., 2024). The same conclusions were
described in other studies, where IVs (Roldan-Hernandez et al., 2025) or
other enveloped viruses (Kitamura et al., 2021; Roldan-Hernandez and
Boehm, 2023; Ye et al., 2016) were experimentally spiked in waste-
water. This can be attributed to the fact that the lipid envelope sur-
rounding IVs preferentially adheres to the hydrophobic surfaces of solids
present in wastewater (Ciannella et al., 2023). Therefore, we suggest
that future IVs monitoring activities using WBE should not only focus on
the liquid supernatant fraction, but also on the solid portion of
wastewater.

It is important to note, however, that there is no consensus about
which elements of the solid fraction of wastewater are best for the
analysis. For instance, the studies included in our review compared IV
quantities in the liquid phase with those in sludge, or in solids retrieved
through settling, filtration, or centrifugation. A recent study that
compared the recovery of SARS-CoV-2 from primary sludge and solids
collected after centrifugation of wastewater, found that viral concen-
trations were comparable between the two samples (Kabir et al., 2025).
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To our knowledge, no study has yet performed a similar analysis for IVs
that could guide the decision to analyze one element over the other.
Finally, the comparative analysis between different normalization
strategies also revealed interesting aspects. In WBE, normalization is
commonly employed to reduce variability in samples due to different
population sizes and to enhance comparability between wastewater
collected in different locations or periods (Boogaerts et al., 2024). Three
of the four studies that examined the impact of different normalization
methods on the correlation between viral concentrations and epidemi-
ological data reported that PMMoV normalization performed the worst
or the second worst. Interestingly, despite its apparent poorer perfor-
mance, PMMoV was the most used strategy for normalization in
included studies. Other authors already noted the limitations of this
approach, including the structural differences between PMMoV and the
viruses targeted by WBE, that could impact their persistence in waste-
water (Burnet et al., 2023; Li et al., 2023), and the fact that PMMoV in
wastewater can originate from other sources aside from human contri-
butions (Kitajima et al., 2018). Additionally, PMMoV may be unreliable
for normalizing a disease that primarily circulates during colder months,
as its concentration in wastewater are influenced by the seasonal con-
sumption of peppers, which peaks in warmer seasons (Saldana et al.,
2025; Maal-Bared et al., 2023). The results of our analysis, in particular,
show that normalization based on wastewater inflow rates (Giron-
Guzman et al., 2024) or fecal bacteria concentration (Malla et al., 2024)
could offer a more accurate reflection of viral loads in relation to
infection rates at the population-level. Nonetheless, further studies are
necessary to determine the optimal normalization parameters for
influenza environmental IVs surveillance, taking into account that the
most effective options may vary depending on the specific location.
For a more extensive description about the characteristics of the
different analytes used for wastewater data normalization we direct the
readers to the systematic review of Boogaerts et al. (Boogaerts et al.,
2024). Furthermore, we list below some of the studies analysis original
data to address directly the question of which normalization parameter
is better for SARS-CoV-2 wastewater monitoring: Foladori et al.
(Foladori et al., 2024), Langeveld et al. (Langeveld et al., 2023), Maal-
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Table 6
Details of studies analyzing genetic diversity of influenza in wastewater.
References Genetic subtyping Details of the Influenza
methodology methodology subtypes/strains
identified

Ando et al., Subtype-specific Assays targeting H1, A(H1)pdmo09, A
2023 PCR assay Hlpdm, and H3 genes  (H3)

Boehm Subtype-specific Assays targeting H1, A(H1), A(H3), A
et al., PCR assay H3, N1, and N2 genes (N1), A(N2)
2023a

Dumke Sanger sequencing na A(H3N2)
et al.,

2022

Germano Subtype-specific Assays targeting H1 A(H3)
etal., PCR assay and H3 genes
2024

Heijnen and  Subtype-specific Assays targeting N1 A(H3NG6), A
Medema, PCR assay, Sanger gene (H7N3)

2011 sequencing

Mercier Subtype-specific nr A(H3N2)
et al., PCR assay
2022

Rothman Metaviromics Library preparation: nr
et al., Ilumina RNA prep
2021 with Enrichment Kit

Enrichment:
Respiratory Virus
Oligo Panel v2
Sequencing: paired
end 2x150bp or
2x100bp on an
Illumina NovaSeq
6000

Stockdale Metaviromics Library preparation: A/Puerto Rico/8/
et al., Illumina TruSeq Total 1934(H1N1) A/
2023 RNA Library Korea/426/1968

Preparation Kit (H2N2) A/
Sequencing: paired California/07/
end 2x150bp on an 2009(HIN1) A/
Illumina HiSeq 2500 goose/
Guangdong/1/
1996(H5N1)

Tisza et al., Metaviromics Library preparation: A(HIN1), A
2023 Twist Library (H3N2)

Preparation EF 2.0 Kit
and Twist Universal
Adaptor System
Enrichment: Twist
Comprehensive Viral
Research Panel
Sequencing: paired
end 2x150bp on an
Illumina NovaSeq
6000

Vo, et al. Whole Genome Library preparation: A(H3N2) clade

2023 Sequencing CleanPlex Respiratory ~ 3C.2alb.2a
Virus Research Panel
Sequencing: 149
primers covering
multiple influenza
genes, using [llumina
NextSeq 500

Williams Metaviromics Library preparation: nr
et al., Illumina RNA prep
2024 with Enrichment Kit

Enrichment:
Respiratory Virus
Oligo Panel v2
Sequencing: paired
end 2x150bp on an
Illumina
NextSeq1000 System

Wolfe et al.,  Sanger sequencing na A(H3N2)
2022

Wolfe et al.,  Subtype-specific Assay targeting H5 A(HS5)
2024 PCR assay gene
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Table 6 (continued)

References Genetic subtyping Details of the Influenza
methodology methodology subtypes/strains
identified
Zhengetal.,  Subtype-specific Assays targeting H1, A(H1)pdm09
2023 PCR assay Hlpdm and H3 genes

for IAV; lineage
Victoria and
Yamagata for IBV

(nr) not reported; (na) not applicable; (IAV) Influenza A Virus; (IBV) Influenza B
Virus.

Bared et al. (Maal-Bared et al., 2023), Mitranescu et al. (Mitranescu
et al., 2022), Sweetapple et al. (Sweetapple et al., 2023).

To assess the public health impact of applying WBE for the surveil-
lance of IVs, the association between environmental and corresponding
clinical data was examined. The interpretation of correlation informa-
tion is not straightforward due to the high variability in the approaches
employed for the statistical analyses, including different statistical
methods and the use of diverse types of environmental and clinical data.
Nonetheless, it is worth noting that only a limited number of studies took
precautions to ensure that the population under analysis was directly
aligned with the population contributing to the wastewater in the
sewershed. The importance of aligning environmental and clinical data
in space and time to acquire an accurate picture of viral circulation has
been previously described (Carducci et al., 2024; Piralla et al., 2024).

Furthermore, previous studies have demonstrated that SARS-CoV-2
detection in wastewater could function as an early warning system,
because infected individuals shed the virus before developing symptoms
and seeking medical care (Olesen et al., 2021). Similarly, the incubation
time of IVs is reported being around 1-4 days (Lessler et al., 2009),
meaning that shedding of the virus could happen before the early signs
of illness. Several studies included in this review reported that the
detection of IVs in wastewater preceded the identification of clinical
cases, or that an increase in environmental viral concentrations
happened before the same trends were reflected in case numbers. Lead
times ranged from a minimum of 4 days (de Melo et al., 2023) to a
maximum of 17 days (Mercier et al., 2022), potentially providing a
window for the implementation of public health interventions that could
help mitigate the impact of IVs outbreaks. However, the study by Fah-
erty et al. (DeJonge et al., 2023). reported more ambiguous results: the
total correlation analysis showed environmental signals lagging behind
human infections, although the authors also report that specific parts of
the dataset suggested the potential of wastewater data to function as a
leading indicator. This variability highlights the need for further
research to better understand the dynamics of fecal and urinary shed-
ding of IVs, which at present time remains scarcely explored (Lowry
etal., 2023), but also the need for more uniformity in the approaches for
assessing lead/lag time (Faherty et al., 2023).

A minority of the included studies also used environmental data to
develop epidemiological models to estimate infection clinical burden in
the population. In particular Fu et al. (Fu et al., 2023). created a custom
equation capable of calculating the number of infected individuals in the
specific catchment area and the number of hospitalizations caused by
IVs, incorporating numerous parameters, including: viral decay con-
stant, hydraulic residence time, daily volume of wastewater, amount of
feces production per person, amount of virus shedding per person per
day, shedding probability in stool and pathogen concentration in
sewage. The study reports very strong correlations between predicted
and real cases (Spearman’s p = 0.998) albeit based on a small sample
size. Using a different approach, Nadeau et al. (Nadeau et al., 2024).
successfully employed a mechanistic model based on deconvolution
principles to calculate the incidence of influenza infection, which was
then used to estimate the effective reproductive number (Re). Finally,
Gir6n-Guzman (Giron-Guzman et al., 2024) created a predictive model
using a random forest algorithm capable of determining trends of
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infections, even though noting that it may not be fully accurate due to
the limited size of the dataset employed.

Despite the small number of studies, these successful approaches
indicate that predictive modeling combining environmental and clinical
information could play a crucial role in the future of IVs surveillance.

Another promising aspect of wastewater surveillance is represented
by the possibility of easily providing information about which types and
subtypes of IVs are circulating in a population at a given time. The re-
sults of this review show that IAV was the most frequent target of
detection, being searched for in all studies, while IBV was searched for in
only half of the papers included. The greater focus posed on IAV sur-
veillance than IBV, could be attributed to 2 factors: firstly, IAV as a
major public health impact, given its role in the seasonal epidemics and
its capacity of spilling-over from animal reservoirs and causing
pandemic events; secondly, IBV circulation is reported to be lower in the
aftermath of the COVID-19 pandemic (Caini et al., 2024), making its
monitoring less urgent.

When IAV and IBV were both targeted, IAV was detected more often
and at higher concentrations than IBV. Only three studies reported a
lower percentage of wastewater samples containing IAV than IBV.
Curiously, 2 out of these 3 studies were conducted in Germany,
respectively during the first half of 2022 (Zheng et al., 2023) and during
the last months of the same year (Geissler et al., 2023). On the contrary,
recent reports of the European Center for Disease Control about the
annual influenza surveillance have shown that IAV was the dominant
strain circulating in Europe over these periods (ECDC, 2022; ECDC,
2023). The third study reporting higher percentage of wastewater
samples containing IBV than IAV was conducted in Greece (Zafeiriadou
et al., 2024).

Our review also shows the possibility of subtyping IVs directly from
wastewater samples, as reported in nearly a third of included studies.
Unfortunately, the studies reported almost no data about the corre-
spondence between subtypes of influenza detected in wastewater and
subtypes circulating in the population, making it difficult to really un-
derstand the effectiveness of environmental surveillance in describing
the clinical situation. Tracking the spread of specific influenza subtypes
through wastewater analysis, especially when conducted routinely with
real-time results, could offer valuable insights for health authorities. For
instance, it could enable the identification of a new subtype at the start
of its circulation in a particular population, providing an early warning
signal for the timely implementation of public health interventions.
Furthermore, the ability to assess the circulating influenza subtypes
directly from wastewater could be particularly useful to identify sub-
types emerging from spill-over events, that could potentially lead to
pandemic-scale outbreaks if unnoticed for too long.

Among included studies, the one conducted by Wolfe et al. (2024)
(Wolfe et al., 2024) is of particular interest. This study is the first to
analyze the presence of IAV H5 gene in wastewater solids collected from
US WWTPs from February to April 2024, coinciding with an outbreak of
the new A(H5N1) virus clade 2.3.4.4b, in dairy cattle. At the time of
writing, this IV type also caused >50 human cases in the US during 2024
(CDC, 2024). The study reports H5 gene detection in WWTPs from Texas
and North Carolina, immediately prior to and during outbreaks of H5N1
in cattles in those states. In contrast, no such detection was found in
wastewater from Hawaii, where no avian influenza infections in mam-
mals had been documented. However, more recently, this specific IAV
subtype has also been detected in Hawaiian wastewater (although at
very low levels), possibly indicating the continues spread of the
outbreak (Department of Health, State of Hawai’s, 2024).

Although the authors conclude that H5 presence in wastewater was
probably not related to excretion from infected human subjects, this
study underscores the possibility of using WBS to monitor the diffusion
of new influenza subtypes at the human-animal interface. As acknowl-
edged by the authors, the main limitation of the study lies in the use of a
H5-amplyfing RT-qPCR assay lacking the ability to operate a finer
distinction between clades. This means that the assay may have detected
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not only the influenza clade responsible for the outbreaks in cattle and
human infections, but also other avian low-pathogenic H5 influenza
viruses, complicating the interpretability of the results.

Another limitation of subtype-specific PCR assays is that they can
only detect a specific genetic sequence, while being unable to identify
other unknown subtypes possibly present in the sample (Itarte et al.,
2021). Despite this, subtype-specific PCR assays remain the most com-
mon method for subtyping IVs in the studies included in our review.
Instead, we suggest that using untargeted techniques may be the best
option to capture a comprehensive view of all influenza subtypes con-
tained in wastewater, including emerging strains with pandemic po-
tential, thus providing timely information on what is circulating in the
corresponding population at a particular time.

Finally, some of the included studies explored viral diversity in
wastewater utilizing “metaviromics” approaches. This term refers to the
study of the entire viral population through Next-Generation
Sequencing (NGS). Our analysis confirms the feasibility of using meta-
viromics to assess the presence of respiratory viruses in wastewater, as
all the studies included in our review that performed NGS successfully
detected IV genomic fragments. Furthermore, the study by Williams
etal. (Williams et al., 2024), which compared the detection sensitivity of
RT-qPCR and NGS, concluded that genomic sequencing can be more
effective than other methods in detecting pathogens at lower abundance
(this was the case for IBV detection).

However, other studies using the same methods have not reported IV
detection in wastewater (Adriaenssens et al., 2021; Martinez-Puchol
et al., 2020; Nieuwenhuijse et al., 2020; Schaeffer et al., 2023). It re-
mains unclear whether these negative results reflect the true absence of
IVs in the analyzed samples or are due to poor sensitivity of NGS met-
aviromics approaches.

To improve sensitivity, most of the studies performed an enrichment
step before the actual sequencing analysis. This consists in employing
sequence-specific probes to capture specific viral families (in the case of
the included studies the target was represented by respiratory viruses).
The enrichment step is essential to identify the less abundant respiratory
viruses that are relevant to public health in a complex matrix such as
wastewater. For instance, Rothman et al. (Rothman et al., 2021). reports
that IVs RNA was detectable by NGS only when the enrichment step was
performed.

Our results must be interpreted in the light of some limitations. First,
we report a high degree of heterogeneity between included studies in
terms of methodologies used for sampling and laboratory workflow,
normalization techniques, and statistical approaches. This precluded a
comprehensive meta-analysis to quantitatively appraise the strength,
consistency, and comparative efficacy of these methodologies in
recovering IVs from wastewater and in linking environmental viral
concentrations with clinical data. In addition, our results must be
considered with caution since studies shown to be ineffective in
detecting IVs in wastewater or obtaining non-significant correlation
between environmental and clinical data may have been less likely to be
published.

Despite these limitations, to our knowledge this work represents the
most up-to-date systematic review on the use of WBE to monitor IVs
circulation. By examining research conducted globally, we were able to
provide a comprehensive overview of the topic, including the opera-
tional characteristics of the studies, the observed viral concentration in
wastewater, the effectiveness of different methodological approaches,
and the potential role of WBE in enhancing public health responses to
influenza. Regarding the comparison of experimental methods, limiting
our analysis to those conducted on naturally occurring IVs in wastewater
likely enhanced the robustness of our findings, considering that some
authors noted that experiments based on exogenous viral particles may
not provide accurate results, since it is not possible to replicate the
matrix effects present in the environment (Hayes et al., 2023; Chik et al.,
2021). In addition, the use of a carefully crafted ad-hoc checklist to
evaluate the risk of bias in the studies, which was developed by selecting
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relevant items from previously published systematic reviews, also
strengthens the rigor of our analysis. Finally, to maximize the number of
retrieved studies and minimize the risk of publication bias, our search
was conducted across a high number of databases (n = 3) and using a
large set of search terms based on a combination of MeSH and free text
terms. We adhered strictly to the Prepared Items for Systematic Reviews
guidelines, adopting rigorous methodology and definitions.

5. Conclusion

WBE could become a valuable tool for monitoring and predicting IVs
infections in both human and animal populations, providing insights
into outbreaks’ scales and characteristics, and circulating subtypes.
However, several key areas that require further exploration were
identified:

e Since it’s currently not possible to recommend optimal strategies for
wastewater surveillance of IVs, a more rigorous validation of
experimental procedures is essential. Future studies should expand
the range of methods used, evaluate the recovery of both endogenous
and experimentally spiked viral particles, and increase sample sizes.

e Another area where further investigation is needed is in WBE’s
ability to identify and anticipate IVs outbreaks. In particular,
developing robust and standardized methods to measure the lead
times of environmental data compared to clinical data could be
useful to reveal the true predictive capabilities of WBE, potentially
improving early response strategies worldwide.
A shift towards the use of deep sequencing platforms and other non-
subtype-specific methods is recommended to gain more in-depth
information about the strains and to explore the full picture of
circulating IVs variants at a given time. These methods could provide
broader information that can contribute to community surveillance,
especially in case of the emergence of a new pathogenic subtype of
Influenza A.
Above all, the field of WBE lacks a fundamental understanding of
how to effectively utilize its data for public health interventions. The
true value of any surveillance system lies in its ability to trigger
actionable public health responses; therefore, establishing a solid
framework capable of clarifying how to interpret wastewater signals
and integrate them seamlessly into existing public health workflows
is essential to maximize the value of WBE in influenza outbreak
control and response.
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