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• Overall wastewater positivity was 29.2%
(sewage system: 28.9%, others: 34.8%).

• While N gene was the most common, S
gene had maximum sample positivity
(80.5%).

• Positive samples detected before first
case in 13 studies (2–63 days before).

• Positive signals typically anticipate
cases by 10 daysminimally (24 studies).
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Successful detection of SARS-COV-2 inwastewater suggests the potential utility of wastewater-based epidemiol-
ogy (WBE) for COVID-19 community surveillance. This systematic review aims to assess the performance of
wastewater surveillance as early warning system of COVID-19 community transmission. A systematic search
was conducted in PubMed, Medline, Embase and theWBE Consortium Registry according to PRISMA guidelines
for relevant articles published until 31st July 2021. Relevant datawere extracted and summarized. Quality of each
paper was assessed using an assessment tool adapted from Bilotta et al.'s tool for environmental science. Of 763
studies identified, 92 studies distributed across 34 countries were shortlisted for qualitative synthesis. A total of
26,197 samples were collected between January 2020 and May 2021 from various locations serving population
ranging from321 to 11,400,000 inhabitants. Overall sample positivitywasmoderate at 29.2% in all examined set-
tings with the spike (S) gene having maximum rate of positive detections and nucleocapsid (N) gene being the
most targeted. Wastewater signals preceded confirmed cases by up to 63 days, with 13 studies reporting sample
positivity before the first cases were detected in the community. At least 50 studies reported an association of
viral load with community cases. While wastewater surveillance cannot replace large-scale diagnostic testing,
it can complement clinical surveillance by providing early signs of potential transmission for more active public
health responses. However, more studies using standardized and validatedmethods are required alongwith risk
analysis and modelling to understand the dynamics of viral outbreaks.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wastewater surveillance, commonly used tomonitor the epidemiol-
ogy of poliovirus and noroviruses, is a potential approach for commu-
nity surveillance of COVID-19 (Kitajima et al., 2020). Established
evidence on fecal shedding of SARS-COV-2 by patients and successful
virus genomic detection in wastewater studies suggest the applicability
of this surveillance technique (Wang et al., 2020).Monitoring of sewage
for detecting pathogens has been ongoing for over 40 years especially
for poliovirus (Sinclair et al., 2008). Past studies have established that
small outbreaks and epidemics of enterovirus and adenovirus disease
within a community can be predicted by monitoring a community's
sewage (Sinclair et al., 2008). Virus during a Coxsackievirus B5 outbreak
was detected 10 days before clinical cases were detected while the
Public Health Laboratories of Israel have been conducting an environ-
mental surveillance of sewage to assess the spread of wild type poliovi-
rus, on a monthly basis since 1989 (Nelson et al., 1967; Manor et al.,
1999). This helped in the detection of the most recent outbreak of
wild poliovirus type 1 in 2013–14 in Rahat, Israel (Brouwer et al.,
2018). Sensitivity of sewage surveillance has also been validated in
Mumbai, India wherein the wild type poliovirus was detected three
months before any clinical cases were observed (Deshpande et al.,
2003). Viruses causing gastroenteritis can also be detected inwastewater
with only a few infected people. Hellmer et al., concluded that detection
of pathogenic viruses in sewage provided early warnings of Hepatitis A
virus and Norovirus outbreaks even before the causative pathogens
were recognized in health care (Hellmér et al., 2014; La Rosa et al.,
2014). Wastewater surveillance can also help predict the prevalence of
certain types of disease in the community better than clinical data ob-
tained from hospitalizations, like non-polio EV infections wherein EV-A
and EV-C tend to produce subclinical infections that do not require hos-
pitalization (Hellmér et al., 2014; Bisseux et al., 2020). These studies
highlighted that sustained wastewater surveillance could be used to as-
sess the introduction of a new infectious agent in the community.

The ongoing COVID-19 pandemic is caused by newly diagnosed
SARS-CoV-2 virus, which has been detected in feces and urine of in-
fected patients (Agrawal et al., 2021a). One of the public health chal-
lenges in this pandemic has been to implement high coverage and
timely COVID-19 testing on populations, and the mainstay has been to
conduct laboratory-based diagnostic testing on individuals, whether
be it with Polymerase Chain Reaction (PCR) or serological tests. The
2

use of wastewater surveillance as an early warning system to monitor
the appearance and resurgence of COVID-19 is commonly suggested
along with its use is in tailoring containment and mitigation measures
and determining target populations for testing (Aguiar-Oliveira et al.,
2020). Wastewater surveillance has a potential advantage of being
able to predict the overall status of a given catchment area and being
able to include asymptomatic individuals with much less effort com-
pared to clinical surveillance. Given themedian duration of virus persis-
tence in feces exceeds that in respiratory samples (Wang et al., 2020),
the probability of viral RNA detection in wastewater may be greater
than clinical testing. Wastewater surveillance can complement the sur-
veillancepyramid byprovidingmassmonitoring via a low-cost, efficient
and non-invasive approach. It can also shed light on prevalence rates
‘hidden’ by asymptomatic infections, poor health-seeking behaviour as
well as in settings with low diagnostic capacity (Lodder and de Roda
Husman, 2020).

There is still limited systematic synthesis of the progressmade in ap-
plying wastewater surveillance to monitor COVID-19 trends exclu-
sively, but rather reviews on the different methodologies used by
various research groups and application of wastewater surveillance for
SARS-CoV-2 along with other waterborne pathogens (Zahedi et al.,
2021; Bivins et al., 2020). While we came across 22 reviews in our
search, only one review by Li. et al. was a systematic review conducted
until Jan 2021 (Hamouda et al., 2021). This systematic review can com-
plement Li et al.'s work and assess the performance of wastewater sur-
veillance in conducting qualitative or quantitative risk assessment of
COVID-19 community cases until July 2021, to help understand the po-
tential of wastewater surveillance in driving public health decisions.

2. Material and methods

2.1. Search strategy

This systematic review was conducted in line with Cochrane's
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. A systematic search was conducted in Pubmed,
Medline and Embase for published literature. Additionally, grey literature
on wastewater surveillance of COVID-19 were taken from the
Wastewater-based epidemiology Consortium Registry which listed re-
sources from COVID-19 dashboards/government websites. (https://
www.covid19wbec.org/covidpoops19). Keywords such as “wastewater”,

https://www.covid19wbec.org/covidpoops19
https://www.covid19wbec.org/covidpoops19
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“COVID-19”, “SARS-CoV-2”, “fecal/urine” and “surveillance/detection”
were used in the search to identify peer-reviewed articles onwastewater
surveillance published between 1st January 2020 and 4th November
2020. An updated search for only published literature was conducted
from 4th November 2020 until 31st July 2021. The publications were
imported and managed in EndnoteX9 during the screening process. Pub-
lications identified were screened for their title & abstracts, and subse-
quently their full text according to eligibility criteria drawn out with the
PICOS tool. The inclusion criteria are as follows:

● Population: Any population-based community in a geographical re-
gion or groups within public/private facilities (including hospitals
and cruise ships) that have a sewage system

● Intervention: Wastewater epidemiology with any RT-PCR based
COVID assay applied to wastewater (fecal &/or urine) samples, re-
gardless of sampling and laboratorymethodology. Excluding studies
that do not exclusively look at wastewater surveillance sampling

● Comparator: Epidemiological case counts or trends within the de-
fined community.

● Outcome: Any form of comparison (including graphical) or statisti-
cal reporting (e.g. Correlation or association/sensitivity & specificity)
of wastewater surveillance results with epidemiological trends.

● Study Design: Cross-sectional or prospective, longitudinal (observa-
tional) studies, including technical/government reports and unpub-
lished (non-peer-reviewed i.e. preprints) data, excluding newspaper
reports.

Studies that conducted any form of wastewater surveillance and
sampling were included if they fulfilled all of the aforementioned
criteria. The following study types: newspaper reports, reviews, and
all non-English language sources were excluded. All screening was
done in duplicate by five authors (SS, JK, JN, NL and SXWG). Discrepan-
cies, if any, were resolved by a third author and JP.

2.2. Data extraction

Data was extracted according to five main themes - study details,
sample collection process, sample processing and testing, and various
outcomes - by five authors (SS, JK, JN, NL, SXWG) independently in an
excel sheet template. The followingdatafieldswere condensed and pre-
sented in this manuscript: data collection period, country, region, popu-
lation served, sampling site, sample type, sample collection approach,
PCR assays used, kit names, gene targets, viral load recovered, number
of positive samples, quantitative/qualitative association, temporal
trends. To determine sample positivity, the overall number of samples
was extracted as the denominator as much as possible. Amount of
SARS-CoV-2 recovered was extracted in terms of gene copies as well
as Ct values. For studies that presented sample positivity in terms of
sites or days, each site or day was considered a positive sample. Out-
come measures including samples positive and viral load are also strat-
ified by gene target subject to data availability. Detailed information on
the aforementioned fields, sample processing, sequencing and model-
ling can be found in the supplementary material (Appendix A: Supple-
mentary Tables 1–3). This review defined grab sampling as sample
collected at a single time point, and composite sampling as a sample
merged from sampling over multiple time points, regardless of usage
of autosampler ormanual sampler. Settings other thanWWTP and sew-
age systems are considered as settings outside of the conventional sew-
age system in this review.

2.3. Quality assessment

Given the novelty of wastewater surveillance as an epidemiological
tool, there was no precedent in risk assessment for this study's refer-
ence. In order to assess the methodological quality of included studies,
this review piloted a risk assessment tool adapted from Bilotta et al.'s
3

work on quality assessment tools for environmental science and CDC
guidelines on wastewater surveillance (Bilotta et al., 2014; CDC,
2021). Themes from Bilotta et al.'s work were adopted to form the
framework of this assessment: 1) study design (selection and perfor-
mance bias), 2) measurement of outcome (assessment bias), and
3) bias linked to clarity and publication bias. The tool comprises of
nine signaling questions, modified according to CDC guidelines on sam-
ple collection, processing and testing. There are four questions in the
study design domain, and three questions in the measurement of out-
come domain and two questions for the clarity domain. Studies were
assigned as of “high” or “low” risk of bias in response to each signaling
question. Due to the lack of technical expertise to assign numerical
scores in accordance to the importance of each aspect in the methodol-
ogy, the review authors did not establish an approach to derive the
overall quality of each study nor deemed fit to confer a study a high
risk of bias based on a single question. Quality of the studies was
assessed on a domain basis, with any domain rendered at high risk of
bias if at least one question in the domain is answered “high”.

Data extraction and risk assessment for each study was conducted
by a single author, and further verified by another. Any disagreement
was resolved by a third author and JP.

2.4. Role of the funding source

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

3. Results

3.1. Literature search results & selected study characteristics

A total of 763 studies were identified from the database search. Fol-
lowing removal of 312 duplicates, 299 studies, including two non-
English articles were excluded during the primary screening of title
and abstract. Of the 152 studies selected for full-text review, 92 studies
were shortlisted for qualitative synthesis (Fig. 1).

An overview of study characteristics is presented in Table 1. All 92
included studies reported testing on wastewater samples for SARS-
CoV-2 – 87 were research studies on wastewater surveillance (Acosta
et al., 2021a; Agrawal et al., 2021b; Ahmed et al., 2021a; Bar-Or et al.,
2021a; Bertrand et al., 2021a; Betancourt et al., 2021a; Bhattarai
et al., 2021a; Black et al., 2021a; Cao and Francis, 2021a; Chakraborty
et al., 2021a; Chavarria-Miró et al., 2021a; Colosi et al., 2021a; D'Aoust
et al., 2021a; Ciesielski et al., 2021a; Fernandez-Cassi et al., 2021a;
Fongaro et al., 2021a; Gerrity et al., 2021a; Gibas et al., 2021a; Giraud-
Billoud et al., 2021a; Graham et al., 2021a; Hillary et al., 2021a;
Hokajärvi et al., 2021a; Hong et al., 2021a; Johnson et al., 2021a;
Karthikeyan et al., 2021a; Kitamura et al., 2021a; Koureas et al.,
2021a; Kumar et al., 2021a; Kumar et al., 2021b; Li et al., 2021a;
Melvin et al., 2021a; Mondal et al., 2021a; Mota et al., 2021a; Pillay
et al., 2021a; Prado et al., 2021a; Rafiee et al., 2021a; Róka et al.,
2021b; Rusiñol et al., 2021a; Saguti et al., 2021a; Saththasivam
et al., 2021a; Scott et al., 2021a; Sharma et al., 2021a; Spurbeck et al.,
2021a; Tanhaei et al., 2021a; Tomasino et al., 2021a; Wannigama
et al., 2021a; Weidhaas et al., 2021a; Wilder et al., 2021a; Wilton
et al., 2021a; Wong et al., 2021a; Wu et al., 2021a; Wurtz et al.,
2021a; Wurtzer et al., 2020a; Xiao et al., 2021a; Xu et al., 2021a; Yaniv
et al., 2021a; Ahmed et al., 2020a; Ahmed et al., 2020b; Albastaki
et al., 2021a; D'Aoust et al., 2021b; Fongaro et al., 2021b; Gonçalves
et al., 2021a; Gonzalez et al., 2020a; Guerrero-Latorre et al., 2020a;
Hasan et al., 2021a; Hata et al., 2021a; Jørgensen et al., 2020a; Kumar
et al., 2020a; Kuryntseva et al., 2020a; La Rosa et al., 2020a;
La Rosa et al., 2021a; Martin et al., 2020a; Medema et al., 2020a;
Nemudryi et al., 2020b; Peccia et al., 2020a; Prado et al.,
2020a; Randazzo et al., 2020a; Randazzo et al., 2020b; Rimoldi et al.,
2020a; Sharif et al., 2020a; Sherchan et al., 2020a; Trottier



Fig. 1. PRISMA flow diagram.
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et al., 2020a; Vallejo et al., 2020a; Westhaus et al., 2021a; Wu et al.,
2020a; Arora et al., 2020a; Haramoto et al., 2020a) while five were
reports on ongoing wastewater surveillance programs (Gambier
Wastewater SARS-CoV-2 Virus Report 2021, n.d.; Government NSW,
2020a; Government NSW, 2020b; Government NSW, 2020c;
Government NSW, 2020d) undertaken by New South Wales, Australia
and Kenyon college, USA. Details on the five reports can be found in
the supplementary file and tables, and would not be further discussed
in this review. Six of the 87 research studies were pre-prints that have
yet to be peer reviewed. The 87 research studies were geographically
distributed across at least 34 countries – United States (23)
(Betancourt et al., 2021a; Bhattarai et al., 2021a; Cao and Francis,
2021a; Ciesielski et al., 2021a; Colosi et al., 2021a; Gerrity et al.,
2021a; Gibas et al., 2021a; Graham et al., 2021a; Karthikeyan et al.,
2021a; Li et al., 2021a; Melvin et al., 2021a; Mondal et al., 2021a;
Scott et al., 2021a; Spurbeck et al., 2021a; Weidhaas et al., 2021a;
Wilder et al., 2021a; Wu et al., 2021a; Xiao et al., 2021a; Gonzalez
et al., 2020a; Nemudryi et al., 2020b; Peccia et al., 2020a; Sherchan
et al., 2020a; Wu et al., 2020a), India (6 studies) (Chakraborty et al.,
2021a; Kumar et al., 2021a; Kumar et al., 2021b; Sharma et al., 2021a;
Kumar et al., 2020a; Arora et al., 2020a), Brazil (5 studies) (Fongaro
et al., 2021a; Mota et al., 2021a; Prado et al., 2021a; Fongaro et al.,
2021b; Prado et al., 2020a), Spain (5 studies) (Chavarria-Miró et al.,
2021a; Rusiñol et al., 2021a; Randazzo et al., 2020a; Randazzo et al.,
2020b; Vallejo et al., 2020a), Australia (4 studies) (Ahmed et al.,
2021a; Black et al., 2021a; Ahmed et al., 2020a; Ahmed et al., 2020b),
France (4 studies) (Bertrand et al., 2021a; Wurtz et al., 2021a;
Wurtzer et al., 2020a; Trottier et al., 2020a), Canada (3 studies)
4

(Acosta et al., 2021a; D'Aoust et al., 2021a; D'Aoust et al., 2021b), Italy
(3 studies) (La Rosa et al., 2020a; La Rosa et al., 2021a; Rimoldi et al.,
2020a), Japan (3 studies) (Kitamura et al., 2021a; Hata et al., 2021a;
Haramoto et al., 2020a), United Kingdom (3 studies) (Hillary et al.,
2021a; Wilton et al., 2021a; Martin et al., 2020a), Germany (2 studies)
(Agrawal et al., 2021b; Westhaus et al., 2021a), Iran (2 studies)
(Rafiee et al., 2021a; Tanhaei et al., 2021a), Israel (2 studies) (Bar-Or
et al., 2021a; Yaniv et al., 2021a), South Africa (2 studies) (Johnson
et al., 2021a; Pillay et al., 2021a; Albastaki et al., 2021a; Hasan et al.,
2021a), United Arab Emirates (2 studies), and Argentina, Ecuador
(Guerrero-Latorre et al., 2020a), Finland (Hokajärvi et al., 2021a),
Greece (Koureas et al., 2021a), Hong Kong (Xu et al., 2021a), Hungary
(Róka et al., 2021b), Netherlands (Medema et al., 2020a), Pakistan
(Sharif et al., 2020a), Portugal (Tomasino et al., 2021a), Qatar
(Saththasivam et al., 2021a), Russia (Kuryntseva et al., 2020a), Saudi
Arabia (Hong et al., 2021a), Singapore (Wong et al., 2021a), Slovenia
(Gonçalves et al., 2021a), Sweden (Saguti et al., 2021a), Switzerland
(Fernandez-Cassi et al., 2021a), and Thailand (Wannigama et al.,
2021a) (one study each) and a mixed-country study involving
Belgium, Denmark and France (Jørgensen et al., 2020a). Majority of
studies were conducted in the Americas and Europe.

Samples were collected between January 2020 and May 2021 from
various locations. Settings inwhich sewagewere sampled from include:
Waste Water Treatment Plant (WWTP) (69 studies), parts of the sew-
age system (21 studies), hospitals (11 studies), university (6 studies),
river/lakes (5 studies), residential (2 studies), aircraft (2 studies) and
canal, cruise, airport and shopping malls/office/food market/entertain-
ment venues (1 study each) (Table 1). Only 61 studies exclusively
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sampled a single type of setting: WWTP (47 studies), hospital and uni-
versity (three studies each), river and residential (one study each), parts
of the sewage system (six studies). The population served by each
WWTP or sampling site ranged from 321 to 11,400,000 inhabitants, to-
taling at least 188,907,989 inhabitants (Table 1).

Raw sewage, the most commonly collected sample type, was col-
lected singly or in combination with other sample types in 80 studies
(Table 1). Nineteen studies collectedwastewater effluent treated to sec-
ondary, tertiary, and post-tertiary levels and seven studies collected pri-
mary sludge samples. Three studies were unclear in reporting the
sample type collected (Wurtz et al., 2021a; Medema et al., 2020a;
Vallejo et al., 2020a). A total of 8078 studies clearly reported their sam-
pling approach – grab samples only (19 studies), composite samples
only (43 studies), both grab and composite sampling (18 studies). One
study also conducted Moore sampling (Rafiee et al., 2021a). All but
one study conducted polymerase-chain testing to ascertain sample pos-
itivity – quantitative real-time PCR (RT-qPCR) (74 studies), qualitative
PCR (RT-PCR) (10 studies) and digital droplet PCR (RT-ddPCR) (seven
studies). Six studies also carried out nested PCR. A total of 49 studies fo-
cused on only one genetic target for positive signals (N gene – 4332
studies, RdRp – 3 studies, Orf1ab – 2 studies and E – 1 study), while
all others looked at more than one gene target. The N gene (inclusive
of N/N1/N2/N3) was the most commonly targeted, being used in 70 of
the included studies. Other gene targets used include envelope (E),
ORF1ab, Spike (S), RNA-dependent RNA polymerase (RdRp). While
only a couple of studies used primers/probe detecting the membrane
(M) gene, nsp2-PLPro and ORF8ab-N (Wilton et al., 2021a; Martin
et al., 2020a) (Table 1).

3.2. Positivity in wastewater samples

A total of 7644 positive samples were detected from at least 26,197
samples (29.2%) collected by 66 studies (Table 2). Twenty-two papers
were unclear in reporting the outcome of sampling (Vallejo et al.,
2020a; Wu et al., 2020a). Notably, all papers that detailed testing out-
come reported sample positivity. Majority of samples reported were at-
tributed to Peccia et al., who made 3632 positive detections in 17,661
samples (20.6%) of primary sludge (Peccia et al., 2020a). Separately,
the sewage surveillance program by the New SouthWales government
saw the detection of positive signals at least 33 times out of 472 sam-
pling events over three months. Raw sewage influent constituted ma-
jority of positive sample, followed by secondary and tertiary treated-
effluent, effluent after ozonation and filtration, post-grit chamber influ-
ent solids, primary sludge, and river samples in no particular order
(Table 2).

Positive samples were detected in various settings –WWTP, parts of
the sewage system, hospitals, rivers, aircrafts and airport. In settings
within the conventional sewage system, 7180 samples were positive
(28.9%) of 24,862 samples taken. In settings outside of the conventional
sewage system (WTP, sewage access points, drains, pumping stations),
samples were positive on 464 out of 1335 occasions (34.8%). Nine of 10
papers that sampled sewage systems serving hospitals reported clear
outcomes showing a total of 185/284 (65.1%) positive samples. Three
papers that examined samples from aviation settings, specifically two
from aircrafts and one from airport, found 34 positive samples from
212 samples (Ahmed et al., 2020b; Albastaki et al., 2021a; Medema
et al., 2020a). In the sole paper that sampled cruise ships, Ahmed
et al., reported eight positive detections in 11 samples constituting
both influent and effluent of the cruise sewage system (Ahmed et al.,
2020b). Studies investigating travel-related settings (airport, aircraft &
cruise) reported 42/223 (18.8%) samples positive collectively (Ahmed
et al., 2020b; Albastaki et al., 2021a; Medema et al., 2020a). Another
two of three papers that sampled rivers made seven positive detections
in 12 (58.3%) collected samples (Guerrero-Latorre et al., 2020a; Rimoldi
et al., 2020a; Haramoto et al., 2020a). Six of seven university-based
studies reported clear outcomes with 222 positive samples (27.7%) of
11
802 samples collected. Two studies involving samples from residential
areas reported 7 out of 11 (63.6%) samples positive (Tomasino et al.,
2021a; Yaniv et al., 2021a). Separately, a single study collected waste-
waters from nursing home (1 of 3 samples positive; 33.3%) (Tanhaei
et al., 2021a). Viral load measured in the positive samples ranged from
1 to 4.8 × 109 gene copies per liter of wastewater (Table 2).

In terms of sample positivity, regions within the spike (S) gene had
the highest percentage of positive samples: S (153/190; 80.5%),
ORF1ab (215/327; 65.8%), RdRp (180/284; 63.4%), N2 (880/1462;
60.2%), N1 (920/1678; 54.8%), N (226/429; 52.7%), N3 (199/378;
52.7%), E (188/465; 40.4%). Although high positivity was recorded
when ORF8-N (17/19 samples; 89.5%) was targeted, this should be
interpretedwith caution as the datawas only obtained from two studies
(Wilton et al., 2021a; Martin et al., 2020a). N genes remain the most
commonly used gene targets in samples taken from settings outside of
the conventional sewage system. Maximum sample positivity outside
of the conventional sewage system was seen in ORF1ab (12/20; 60%),
followed by S (8/14; 57.1%), N (48/99; 48.5%), RdRp (10/21; 47.6%),
N2 (185/397; 46.6%), N3 (26/61; 42.6%), N1 (254/707; 35.9%), E (26/
148; 17.6%). For river samples, N1 and N2 had positivity rates of 50%
each given by 3/6 positive samples, while N and ORF1ab had positivity
rates of 44.4% given by 4/9 positive detections each and six samples
that were testedwith E gene assay returned null detection. In the hospi-
tal setting, N1 gene was the most commonly used (138/228; 47.4%),
followed by N2 (105/224; 46.9%), E (18/117; 15.4%), N3 (23/57;
40.4%), RdRp (10/21; 47.6%), N (9/19; 47.4%), ORF1ab and S (1/1;
100% each). In the university setting, the highest sample positivity
was observed in N gene (8/10; 80%), followed by ORF1ab and S at 70%
each (7/10 samples positive), N2 gene (58/110; 52.7%), and N1 gene
(98/442; 22.2%). In residential setting, N gene was 50% positive (4/8
samples), and N1 gene was 100% positive (3/3 samples). The N2 gene
was used in the only study involving nursing home, which reported 1
out of 3 positive samples (33.3%). Samples taken from travel-related
setting were only tested with N and E genes, giving sample positivity
as follows – N3 (3/4; 75%), N1 (11/25; 44%), E (8/25; 32%), N (6/21;
28.6%) and N2 (6/25; 24%) (Table 2).

3.3. Association with COVID-19 cases in the community

All but four studies reported potential association between waste-
water signals and community COVID-19 cases. Twenty-three studies re-
ported an association between positive detection in wastewater
samples and number of community cases. These studies that focused
on qualitative detection of SARS-CoV-2 in wastewater consistently re-
ported the following three trends: 1) positive detection in areaswith re-
cent history of COVID-19 patients, 2) positive detection in wastewater
samples coinciding with presence or increase in community cases, or
3) decreasing number of positive wastewater samples coinciding with
decline in community cases. Another 53 studies reported associations
between trend in viral load and community cases, with number of com-
munity cases directly proportional to the viral load. Six studies reported
both qualitative and quantitative associations between WWTP positiv-
ity and case trends, while a single study by Bar-Or et al. (2021a) re-
ported the presence of B.1.1.7 variant concurrently with clinical
detection. Notably, thirteen studies reported detection of positive sig-
nals in wastewater before community cases surfaced in the population.
The most prominent finding was that by Fongaro et al., who reported
stable viral load in November 2019 through early March 2020, nearly
60 days before the first confirmed case in South America, and more
than 90 days before the first confirmed case in Brazil (Fongaro et al.,
2021b). La Rosa et al., reported similar findings of SARS-CoV-2 inwaste-
water samples dated between 18 December 2019 and 29 January 2020,
twomonths before the first autochthonous Italian casewas reported on
21 February 2020 (La Rosa et al., 2021a). Likewise, Chavarria-Miro et al.
detected SARS-CoV-2 in sewage 41 days before the first COVID-19 cases
was declared on 25 February 2020 (Chavarria-Miró et al., 2021a). In
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Australia, Ahmed et al. Detected SARS-CoV-2 up to up to three weeks
before the first clinical case in Brisbane (Ahmed et al., 2021a). Interest-
ingly, Martin et al., and Jorgensen et al., both detected viral RNA in sam-
ples dated three days before the first case surfaced in the sampled
population in Southeastern England and a city in Denmark respectively
(Jørgensen et al., 2020a; Martin et al., 2020a). Randazzo et al., reported
detection of positive cases in two studies conducted in Spain,
12–16 days before in cities in Murcia and at least one day before in Va-
lencia (Randazzo et al., 2020a; Randazzo et al., 2020b). Two studies de-
tected SARS-CoV-2 in apartment buildings 2–3 days before the
detection of a positive case in the buildings (Wong et al., 2021a; Xu
et al., 2021a). Two campus-dormitories studies detected positive signals
4–5 days before a case was registered (Betancourt et al., 2021a;
Kuryntseva et al., 2020a). Lastly, Medema et al., reported their earliest
positive detection on 24 February 2020when community casewas incip-
ient in Valencia, Spain, further affirming community transmission in af-
fected regions before clinical caseswere reported (Medema et al., 2020a).

Thirty-nine studies reported temporal trends between wastewater
signals and community cases, with wastewater signals found to precede
confirmed cases in the community by up to 63 days. Positive signals typ-
ically anticipated confirmed cases by10days−25 studies reported amin-
imum duration of up to 10 days, nine studies reported a minimum
precedence of 14 days, and three studies detected SARS-CoV-2minimally
23 days before a clinical case surfaced, and up to a maximum of 63 days.
Only one study conducted by Saththasivam et al., concluded that SARS-
CoV-2 in wastewaters did not precede clinical cases (Saththasivam
et al., 2021a). At the minimum, studies reported that wastewater signals
anticipated cases up to five days in advance. Peccia et al., Nemudryi
et al. and Saguti et al., further investigated temporal association between
wastewater signals andothermarkers of community cases, includingpos-
itive tests by date of specimen collection, hospital admission and days
after symptom onset (Saguti et al., 2021a; Nemudryi et al., 2020b;
Peccia et al., 2020a).Wastewater signals led positive tests by date of spec-
imen collection by a mere 0–2 days as compared to 1–4 days for hospital
admissions. Notably, there were three occurrences of wastewater signals
lagging cases/hospitalisations – when cases were defined by symptom
onset and in a low prevalence setting respectively (Colosi et al., 2021a;
Gonçalves et al., 2021a; Nemudryi et al., 2020b) (Table 2).

3.4. Sequencing & modelling studies

Twenty-five out of 87 studies conducted sequencing analysis of their
SARS-CoV-2 isolates, fifteen of which reported the resemblance of the
strains with those listed in GenBank database. A study conducted in
Brisbane between24 Feb–1April 2020 reported the presence of genome
that originated in Israel (Ahmed et al., 2020a), another study conducted
in Japan betweenMarch and April 2020 reported genome that was par-
tially identical to the Wuhan strain (Hata et al., 2021a). A study con-
ducted in North Rhine-Westphalia, Germany found a strain in April
2020 that was closely related to the California strain, whichwas also de-
tected in a study conducted in Bozeman, Montana, USA between late
March and June 2020 (Nemudryi et al., 2020b; Westhaus et al.,
2021a). Local strainswere identified in four studies, namely, two studies
conducted in Italy between 3 Feb–2 April 2020 and mid-April, a study
conducted in the metropolitan region of Japan between 9 June–19
Aug, 2020 and a study conducted in Dane county, Wisconsin between
mid-October 2020–early Jan 2021 (Kitamura et al., 2021a; Mondal
et al., 2021a; La Rosa et al., 2020a; Rimoldi et al., 2020a). Notably, Bar-
Or et al. and Wilton et al. detected the B.1.1.7 variant in wastewater in
Israel from Aug 2020–Feb 2021 and London from Jan 2020 to Jan 2021
(Bar-Or et al., 2021a;Wilton et al., 2021a). Ten studies reported genome
coverage of their isolates (85–100%). Among the 17 studies that con-
ducted predictive modelling analysis of COVID-19 cases, three studies
adopted the Monte Carlo simulation approach to estimate infection
prevalence according to viral load (Prado et al., 2021a; Ahmed et al.,
2020a; Hata et al., 2021a), while majority of the studies conducted
31
regression modelling to estimate the number of infected individuals
based on viral load. Separately, Wu et al. simulated wastewater titers
and detection probability using a Poisson model (Wu et al., 2020a).
The results were varied with the probability for detection being re-
ported between 88% and 100% (Supplementary Table 4).

3.5. Risk assessment

Majority of the studies (30 out of 87) had a high risk of bias linked to
clarity and publication. A total of 26 out of 31 studies (29.3%) had a high
risk of bias for the study design domain and 22 (25.3%) studies had a
high risk of bias for assessment of outcome domain. Notably two stud-
ies, only four studies, Agrawal et al., Jorgensen et al., Prado et al. and
Wurtz et al., showed high bias in all three domains (Agrawal et al.,
2021b; Wurtz et al., 2021a; Jørgensen et al., 2020a; Prado et al.,
2020a), while 33 (38%) studies had low bias for all three domains.

Within the study design domain, majority of the studies (20 out of
87) showed high bias for clarity of sampling, while only three studies
had a high bias for the method of virus extraction (Wurtz et al.,
2021a; Yaniv et al., 2021a; Jørgensen et al., 2020a). Presence of viral
quantification process showed maximum risk of bias in the assessment
of outcome domain while least bias was seen for association with
human cases/community transmission with only six studies (Sharif
et al., 2020a) showing high risk of bias. Bias linked to clarity on sampling
site had eight studies with high bias, while nineteen studies showed
high bias for transparency in results (Supplementary Table 5).

4. Discussion

This review sought to provide a systematic synthesis of wastewater
surveillance studies for SARS-CoV-2. Studies in this review covered
wide geographical areas serving up to 42,500,000 inhabitants as well
as targeted areas like university, residential area, cruise, airlines and
hospitals. Although the performance of wastewater surveillance in set-
tings outside conventional sewage system was better (34.8% vs. 28.9%)
than conventional sewage system, number of samples in the latter were
far more that the former (24,862 vs. 1335). On the note of ethical con-
siderations, wastewater surveillance seems better suited for larger
catchment areas as focusing on targeted and high risk areas allows pop-
ulation to be easily identified (Zahedi et al., 2021). In case ofwastewater
surveillance for pharmaceuticals, it is generally accepted that popula-
tions over >10,000 can be considered to give anonymity and posing
no risk to smaller groups of people (Sims and Kasprzyk-Hordern,
2020). However, targeting confined sub-populations within high-risk
facilities may provide clearer indication of infection source as opposed
to widespread geographical testing. Key high-risk facilities such as
schools, dormitories, nursing homes that entail frequent prolonged
close interactions between individuals have been shown to promote
COVID-19 outbreaks (Daughton, 2020; Koh, 2020; Thompson et al.,
2020). In this study, SARS-CoV-2 was detected in the targeted surveil-
lance of hospitals (65.1%), university settings (27.7%), residential build-
ings/regions (63.6%) and nursing home (33.3%). Notably, in their study
on hospital wastewater, Gonçalves et al. reported positive signals in
wastewater in the presence of only one hospitalized COVID-19 case
(Gonçalves et al., 2021a). Persistent positive signals were detected in
the hospital's wastewater throughout the study period, which saw
only a maximum of four hospitalized COVID-19 patients at its peak
(Gonçalves et al., 2021a), suggesting high sensitivity of facility based
sewage sampling. Similar findings were reported by Betancourt et al.
and Xu et al., which detected the presence of SARS-CoV-2 even before
the first case surfaced in the facilities (Betancourt et al., 2021a; Xu
et al., 2021a). Targeted surveillance of living facilities can also sieve
out sub-populations underserved by healthcare due to unavailability
of healthcare services or avoidance in seeking healthcare (Daughton,
2020). Given that sewage can be diluted by rain or industrial discharge
running into the sewer network (CNA, 2021), infection prevalence
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deduced from WWTP samples may be underestimated without proper
accountancy of these factors during analysis. Nevertheless, it would
still be challenging to interpret the wastewater samples tested positive
as potential COVID-19 transmissionwhen there are known reported re-
covered cases who have returned back into these targeted non-
healthcare facilities (Wang et al., 2020; Wong et al., 2021a).

Inadequate sewage infrastructure in developing countries can hinder
the application of wastewater surveillance, further stunting surveillance
efforts in the very countries that ought to reap the most benefit from
this cost-effective surveillance approach. Several constraints in sanitation
infrastructure of developing countries challenge the representativeness of
wastewater surveillance, such as high proportions of households not
being connected to the sewage network, underperformance of WWTP,
dysfunctional operational facilities, and mismanagement of sewage.
Surveillance approaches that typically begin with sampling influent of
WWTP is not representative of actual disease prevalence in developing
countries (Panchal et al., 2021; Pandey et al., 2021; Street et al., 2020).
Despite several studies based in developing countries, these limitations
were insufficiently addressed. Only a single paper included in this review
focused on SARS-CoV-2 surveillance in low sanitation settings, detecting
three positive samples out of three samples collected from rivers receiv-
ing untreated sewage in Ecuador. Approaches should be contextualized
to consider both areas served and not-served by sewage networks to
present an accurate picture of estimated prevalence (Calabria de Araujo
et al., 2020). More investigation of wastewater surveillance approach in
developing/low-income settings is warranted.

Positive samples were detected as early as two months before the
first case was clinically identified (Hata and Honda, 2020). Virus shed-
ding in feces is suggested to occur five days prior to symptom onset
and last up to 17.2 days (Cevik et al., 2021; Jones et al., 2020). COVID-
19 has a short serial interval of 3–8 days, given that SARS-CoV-2 report-
edly has an incubation period of 5.6 days, it suggests that transmission
typically occurred before or near symptom onset (Quesada et al.,
2021; Cheng et al., 2020; Park et al., 2020; Pung et al., 2020). In this re-
view, Kuryntseva et al. detected SARS-CoV-2 in wastewater discharged
from Kazan Federal University Buildings when nobody reported illness,
five days before the first COVID-19 case was registered (Kuryntseva
et al., 2020a) while dormitories in the USA and residential buildings in
Hong Kong reported positive samples 2–4 days before the first case sur-
faced. Four cases were detected within seven days after investigation,
demonstrating fecal shedding of virus in pre-symptomatic individuals.
Studies included in this review typically reported anticipation of
COVID-19 cases 16 days prior to clinical detection (≤10 days; 24 studies,
≥14 days; 8 studies), which provides adequate time for containment
measures to be put in place to prevent an imminent cluster/outbreak
given the short serial interval of COVID-19. However, therewere studies
that did not report any positive detection before caseswere clinically re-
ported in the community (Medema et al., 2020a; Sherchan et al., 2020a;
Wu et al., 2020a), or detection was only observed when there were
higher incidence rate reported (Hata et al., 2021a; Nemudryi et al.,
2020b; Prado et al., 2020a; Haramoto et al., 2020a). This phenomenon
may be due to the fact that only about 50% of the infected cases would
shed viruses in the excreta (Gupta et al., 2020). Reports of SARS-CoV-2
signals in wastewater at the beginning of the COVID-19 pandemic
should be interpretedwith caution given the initial delay in establishing
targeted assays and laboratory surveillance for a novel virus.

All papers reported SARS-CoV-2 detection with viral load ranging
from 1 to 4.8 × 109 gene copies per liter of wastewater, overall sample
positivity was relatively low at 29.2%. Detection of SARS-CoV-2 signals
inwastewater depends on viral load present and sensitivity of detection
assays. Hata et al. reported that SARS-CoV-2 was detectable in WWT if
one in 100,000 persons sheds 109 copies/g-feces in 200 g of feces, and
the success of wastewater surveillance is dependent on the viral load
in feces and the detection limit of the method of analysis, estimated as
2 copies/mL in wastewater using the RT-qPCR assay (Hata and Honda,
2020). Evidence from two meta-analyses demonstrated pooled virus
32
detection in stool of 40.5% and 48.1% of patients respectively (Cheung
et al., 2020; Parasa et al., 2020). Higher detection rates were also re-
ported in females, those with gastrointestinal symptoms and more se-
vere disease (Wong et al., 2020). Such differential viral shedding
profiles in feces further challenge the representation of disease preva-
lence deduced by wastewater surveillance. On this note, targeting en-
dogenous biomarkers instead of utilizing clinical diagnostic testing
platforms can potentially mitigate the aforementioned limitations
(Daughton, 2020). The accuracy of disease prevalence captured can be
potentially improved with the identification of infection markers that
aremore likely to be universally excreted in either urine or feces. An ex-
ample of its potential is provided by a preprint published on medRxiv,
which reported heighted sensitivity by assaying viral proteins using
Multiplex Paired-antibody Amplified Detection (Neault et al., 2020).
Since significant inflammation is typically induced in severe patients,
the identification of appropriate endogenous markers warrant deeper
biomarker evaluation (Panchal et al., 2021), especially for universal in-
dicators applicable to mild cases. Apart from cost reduction from
lowered reliance on SARS-CoV-2 immuno- and molecular assays
(Daughton, 2020), false negativity caused by low viral load falling
below assay detection and analytical limits can be mitigated. Other
plausible benefits include earlier alerts supplemented by infection indi-
cators and simplified sampling and processing workflow from using
biomarkers present in urine (Daughton, 2020).

Process efficiency is amajor challenge as little is known of the recov-
ery efficiency of SARS-CoV-2 (Ahmed et al., 2020c). Beyond proving
SARS-CoV-2 detection in wastewater, several studies were driven by
the need to propose an adequate workflow to optimise recovery effi-
ciency, comparing the use of different concentration methods adapted
from surveillance of other pathogenic viruses, primers and probes for
detection (Arora et al., 2020a; Haramoto et al., 2020a). Nineteen studies
included in this review trialedmore than one virus concentration proto-
col to evaluate performance differences. The most commonly used ap-
proaches were ultrafiltration (34 studies) and polyethylene glycol
(PEG) precipitation (31 studies). This was further corroborated by
Hjelmsø et al., who concluded PEG as a powerful extraction method in
their comparison of viral concentration and RNA isolation methods
(Hjelmsø et al., 2017). Some also reported detection of SARS-CoV-2 in
different sample types, prompting questions on the optimalwastewater
type to sample. While suspended solids – primary sewage sludge, post-
grit chamber influent solids and primary clarified sludge –were less fre-
quently collected (7 studies) as compared to raw sewage into WWTP
(80 studies), Bhattarai et al. concluded that sludge samples had greater
predictability than influent samples, especially for monitoring purposes
that exhibits a time lag (Bhattarai et al., 2021a). Since suspended solids
confer protective effect by allowing virus adsorption (Gundy et al.,
2008), Balboa et al. confirmed their hypothesis that enveloped virus
had higher affinity for biosolids, by identifying higher virus concentra-
tions in thickened and primary sludge than WWTP influent (Balboa
et al., 2021). The sparsity of studies utilizing solid samples hitherto, on
top of promising results reported by Peccia et al. prompt further inves-
tigation into the sample type optimal for SARS-CoV-2 detection (Peccia
et al., 2020a). Further evaluation of processing methodologies was not
undertaken in this review as it was beyond the expertise of the review
authors. In-depth assessment of the optimal methodology is warranted
in future studies to guide the adoption of wastewater surveillance. A
more recently conducted study on a college campus in Arizona, USA re-
ported a sensitivity of 76.0% and a positive predictive value of 79.8%
when comparing wastewater surveillance results with clinical testing
(Betancourt et al., 2021b). In Colosi et al.'s analysis of hospital and dor-
mitories, wastewater surveillance was reported to have a sensitivity of
96.2% and specificity of 100% (Colosi et al., 2021a). This suggests that
wastewater surveillance can potentially serve as an “early warning sys-
tem” tomonitor trends of SARS-CoV-2 transmission; however,more pa-
pers need to look at sensitivity and positive predictive value to allow a
meta-analysis providing more robust evidence.
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Finally, this review piloted the first tool to assess the risk of bias in
wastewater surveillance studies across the domains of study design,
outcome measurement and clarity/publication bias. Our risk of bias as-
sessment highlighted the urgent need for more well-established guid-
ance in the aspects of study design, execution and interpretation of
wastewater surveillance studies for use globally and to allow robust
meta-review. The importance of such an assessment lies in its potential
to explain heterogeneity infindings and the ability to grade the strength
of evidence presented by studies, which can influence the interpretation
of results synthesized (Viswanathan et al., 2017). This assessment tool
can 1) provide a platform to guide the consistency of future research de-
sign and presentation, which can help strengthen the conclusionsmade
by future systematic reviews; 2) can act as a foundation for the refine-
ment of future risk of bias assessments.

5. Strengths & limitations

This review is limited by the usage of solely qualitative synthesis due
to the largely descriptive nature of existing literature. Units in which the
viral load in various papers were presented were inconsistent and did
not allow for meta-analysis. It is recommended to present it in terms of
the daily loads per capita (mg/day/1000 inhabitants) to allow compari-
sons between cities in different geographic locations, and to be able to
normalize the findings (Hata and Honda, 2020). Furthermore, there is
also no consistent guidance on the definition of a positive wastewater re-
sult, either based on a significantly high viral load cut-off value and/or a
consecutive number of days with wastewater sampling tested positive.
There is a lack of systematic methods in existing literature to assess asso-
ciation between COVID-19 cases andwastewater signals aswell as the ac-
curacy of this wastewater testing over a fixed period of time. Ideally, the
association between COVID-19 incidence and wastewater signals should
be based on daily regular surveillance of the wastewater and the weekly
PCR nasopharyngeal swab test of the susceptible (naïve) population of in-
terest. Though funnel plot analysis for publication bias assessment was
not feasible in this review, it would be prudent to assume that most, if
not all, studies with negative findings on their wastewater testing and
its associationwith COVID-19 incidences,would be challenging to publish
when making interpretation from this review.

Sample positivitywasmoderately highwith respect to the nucleocap-
sid gene amidst low rates of sample positivity seen among studies overall.
While wastewater surveillance omits the factors of time consumption,
cost, exposure risk, and avoids the biases of epidemiological indicators
arising from limitations in the healthcare system, such as diagnostic test-
ing capacity, symptomatic testing andhospitalization lags, it does not pro-
vide a true quantitative estimation of the number of people who are
infected in the population. More studies using accurate and validated
methods are required along with risk analysis and modelling to under-
stand the dynamics of viral outbreaks. Future studies need to present
their findings in a more consistent manner – provide clarity of sampling
approach and sampling sites, virus detection and quantification process,
use of laboratory controls and genetic targets in addition to mere
reporting of sample positivity so as to guide and enable valid comparisons
of study design. Guidance should also be provided on analysismethods to
enable standardized, statistically robust association of findings with com-
munity/clinical data.

6. Conclusion

As countries embrace the emerging SARS-CoV-2 variant of concerns,
wastewater surveillance can complement clinical surveillance by provid-
ing signs of potential transmission formore active public health responses.
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