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Summary

Analysing wastewater can be used to track infectious disease
agents that are shed via stool and urine. Sewage surveillance of
SARS-CoV-2 has been suggested as a tool to determine the
extent of COVID-19in cities and serve as an early warning for (re-
Jemergence of SARS-CoV-2 circulation in communities. The
focus of this review is on the strength of evidence, opportunities
and challenges for the application of sewage surveillance to
inform public health decision making. Considerations for under-
taking sampling programs are reviewed including sampling sites,
strategies, sample transport, storage and quantification methods;
together with the approach and evidence base for quantifying
prevalence of infection from measured wastewater concentra-
tion. Published SARS-CoV-2 sewage surveillance studies (11
peer reviewed and 10 preprints) were reviewed to demonstrate
the current status of implementation to support public health
decisions. Although being very promising, a number of areas
were identified requiring additional research to further strengthen
this approach and take full advantage of its potential. In particular,
design of adequate sampling strategies, spatial and temporal
resolution of sampling, sample storage, replicate sampling and
analysis, controls for the molecular methods used for the quan-
tification of SARS-CoV-2 RNA in wastewater. The use of appro-
priate prevalence data and methods to correlate or even translate
SARS-CoV-2 concentrations in wastewater to prevalence of virus
shedders in the population is discussed.

Addresses

T KWR Water Research Institute, Groningenhaven 7, Nieuwegein,
3433 PE, the Netherlands

2 Delft University of Technology, Stevinweg 1, Delft, 2628 CN, the
Netherlands

3 Michigan State University, 1405 S Harrison Rd, East-Lansing, Mich-
igan, 48823, USA

4 Water & Health Pty Ltd, North Sydney, 2060, Australia

5 School of Medicine, Griffith University, Parklands Drive, Gold Coast,
Australia

Corresponding author: Medema, Gertjan (gertjan.medema @ kwrwa-
ter.nl)

Current Opinion in Environmental Science & Health 2020,
17:49-71

This review comes from a themed issue on Environmental Health:
COVID-19

Edited by Avelino Nufnez-Delgado

For a complete overview see the Issue and the Editorial
https://doi.org/10.1016/j.coesh.2020.09.006
2468-5844/© 2020 Elsevier B.V. All rights reserved.

Keywords
SARS-CoV-2, Wastewater, COVID-19, SSewage surveillance, Waste-
water-based epidemiology.

Introduction: the concept of sewage
surveillance

Analysing wastewater can be used to track infectious
disease agents that are shed via stool and urine. Such
environmental surveillance has been in use for polio-
virus, the causative agent of acute flaccid paralysis
(AFP), in the United Nation’s Polio Eradication Pro-
gram since 1988 [1]. Although health surveillance fo-
cuses on monitoring AFP and screening stool samples
for poliovirus, the rationale for sewage surveillance of
poliovirus is derived from the characteristics of
poliovirus infections. More than 95% of individuals
infected with poliovirus develop no or mild gastroin-
testinal symptoms, but do excrete large numbers of
poliovirus in faecces for periods of up to several weeks,
and the virus particles remain detectable and infec-
tious in (waste)water for days to weeks, depending on
the environmental conditions [2]. Therefore, surveil-
lance of wastewater for poliovirus can be used to
determine the extent of a poliovirus outbreak and can
even be used as early warning of poliovirus circulation
in a community before cases of AFP are noted [3].
Sewage surveillance of poliovirus has played a key role
in documenting the eradication of polio from India
and Egypt, and served to detect outbreaks of polio-
virus infections in polio-free countries, such as The
Netherlands, Finland, Israel, Brazil, China and others
[4]. In the current ‘endgame’ of the Global Polio
Eradication Program, sewage surveillance is used to
detect any residual poliovirus circulation in endemic
countries and provide early warning of import of
poliovirus. Sewage surveillance has been studied for
other enteric viruses [5,6] and for antimicrobial
resistance [7].
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In the current pandemic of COVID-19, sewage sur-
veillance of SARS-CoV-2 has been suggested as a tool to
determine the extent of COVID-19 in cities and serve as
an early warning for (re-)emergence of SARS-CoV-2
circulation in communities [8]. Again, the rationale for
sewage surveillance is based on the characteristics of the
virus. The majority of individuals infected with SARS-
CoV-2 develop no or mild symptoms of respiratory
illness, but do excrete large numbers of SARS-CoV-2,
particularly in nasal fluids [9], but also in stools and,
less frequently, in urine. SARS-CoV-2 RNA remains
detectable in wastewater for days to weeks, depending
on the conditions [10]. So, the suggested use cases of
sewage surveillance of SARS-CoV-2, such as early
warning of virus (re-)emergence, determining the size of
the infected population and demonstration of absence
of virus circulation, show a high similarity with those of
poliovirus. O’'Reilly et al. [11] suggested that the lessons
learned in the sewage surveillance in the Global Polio
Eradication Initiative can support successful imple-
mentation of SARS-CoV-2 sewage surveillance to sup-
port public health decisions. The objective of this paper
is to review the current state-of-knowledge on SARS-
CoV-2 sewage surveillance. Recent reviews have
focused on several aspects of SARS-CoV-2 sewage sur-
veillance: SARS-CoV-2 concentration and detection
methods, shedding of SARS-CoV-2 by COVID-19 cases,
longevity and infectivity of SARS-CoV-2 in wastewater
and assessment of potential health risks via wastewater
[12—18] as well as the economics of sewage surveillance
of SARS-CoV-2 [19]. A global collaborative [20] gener-
ated a repository of sewage surveillance studies and their
methods (www.covidl9wbec.org). The focus of this
review is on the strength of evidence, opportunities and
challenges for the application of sewage surveillance to
inform public health decision making.

Monitoring SARS-CoV-2 RNA in wastewater
as health surveillance tool

To evaluate the feasibility of monitoring SARS-CoV-2
RNA in wastewater as health surveillance tool, it is
important to look at the potential place and added value
of sewage surveillance in the COVID-19 surveillance
efforts by health agencies. Such communicable disease
surveillance is the systematic collection, analysis and
interpretation of disease-specific data for use in plan-
ning, implementing and evaluating public health pol-
icies and practices and serves two key functions: early
warning of threats to public health and monitoring of
trends of endemic diseases and progress towards disease
control objectives [21]. The new disease COVID-19 was
first recognized through surveillance of disease symp-
toms, but the wide range of symptoms and overlap of
COVID-19 symptoms with many other disease agents
rendered this type of surveillance insufficiently specific.
gPCR for SARS-CoV-2 RNA in rhinopharyngeal swabs
was introduced in January 2020 as a tool to specifically

monitor COVID-19 [22]. Individuals with symptoms
that are suggestive of COVID-19 are tested and national
and global surveillance systems [23] are reporting the
data on laboratory-confirmed COVID-19 cases and
interpret them as basis for decision making on COVID-
19 control policies, such as quarantine and social lock-
downs. Testing policies have evolved over time; in the
early stages of the pandemic, testing was restricted to
individuals with a relatively strict set of symptoms, but
knowledge evolved about (1) the wide spectrum from
very mild to very severe symptoms, (2) presymptomatic
and asymptomatic carriage and transmission. Testing
policies broadened to include individuals with mild
symptoms and testing facilities became more widely
available [24,25] resulting in more (a larger fraction of)
cases being recognised and reported. Other health sur-
veillance data that are widely used are hospitalizations
and deaths of COVID-19 patients [26]. Another type of
surveillance that is used is serological surveillance;
testing the blood of individuals for antibodies against
SARS-CoV-2 [27]. This is done to monitor the build-up
of immunity in the population and to understand how
many individuals in a population have been infected
with SARS-CoV-2. As the development of an immune
response and detectable antibody levels in blood require
several weeks, serosurveillance is a retrospective tool.

Figure 1
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The reporting pyramid of COVID-19. The base holds all infections with
COVID-19 in the population, both symptomatic and asymptomatic. This
base contributes to the SARS-CoV-2 discharged into the sewerage
network. Moving upwards the numbers shrink, since not everybody with
an infection is symptomatic, and not every symptomatic individual gets
tested and there may be some delay or loss of reporting the local test data
to national public health agencies. Ascending further, the numbers shrink
by the nature of COVID-19: only a fraction of the reported COVID-19
cases end up in hospital, IC or die as a result of the disease.
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Seroprevalence surveys have been conducted in many
countries and almost invariably demonstrate that many
more individuals have been infected than seen through
the ‘rhinopharyngeal swab surveillance’ [27,28]. Arora
et al. [29] have published an overview of these studies,
and provided a snapshot of the cumulative reported
prevalence of COVID-19 and the seroprevalence with
the data from March 1 to July 23 in 12 countries that
showed that on the average seroprevalence was 8.5
times (standard deviation 6.1) higher than the cumu-
lative prevalence of COVID-19 using the test data.
These authors generated a Serotracker dashboard
(hteps://serotracker.com/Dashboard) that now contains
almost 500 seroprevalence estimates from national and
regional data from 16 countries. This implies that the
current health surveillance systems only see the tip of
the iceberg, and that the surveillance pyramid [30] for
COVID-19 has a wide base (Figure 1).

So, only a fraction of infected individuals are tested. But
everybody uses the toilet. A large proportion of infected
individuals shed SARS-CoV-2 in their stool [9]. Also,
SARS-CoV-2 RNA from urine [31] and respiratory se-
cretions (from handwashing, showering, nasal lavages,
tissues) may contribute to the load of SARS-CoV-2 into
the sewer system, as indicated by the detection of
SARS-CoV-2 RNA in washbasin and shower siphons

Figure 2

[32]. So, the sewerage network collects excreta with
SARS-CoV-2 from all individuals, including all infected
individuals, and transports it to the wastewater treat-
ment plant (WWTP). Sampling wastewater is therefore
sampling a mix of the total population in the sewershed
(Figure 2), and encompasses the large proportion of
infected individuals that do not get tested, because they
are not or only mildly symptomatic, are reluctant to get
tested, are not included in the testing policy or have less
access to testing. As a consequence, sewage surveillance
better represents the true SARS-CoV-2 circulation in
the population. Sewage surveillance is the systematic
collection, analysis and interpretation of data on SARS-
CoV-2 RNA in wastewater to observe (and provide an
early warning of) trends in COVID-19 in the commu-
nities. Sewage surveillance has been shown to be sen-
sitive and fast enough to provide an early warning of
increasing SARS-CoV-2 in cities [33,34]. This is
important information to support stratified lockdown
decisions. Sewage surveillance is aimed to monitor the
circulation of SARS-CoV-2 communities; large commu-
nities such as inhabitants of a large city, or smaller
communities, such as nursing homes, university or office
campuses, prisons, and so on. It is a very cost-efficient
tool [19] for population surveillance, and also a nonin-
vasive tool, which does not require repeated sampling of
individuals (such as nursing home inhabitants) to survey
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The concept of sewage surveillance of SARS-CoV-2.
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for (absence of) SARS-CoV-2 circulation in that com-
munity. Sewage surveillance has also been suggested for
areas with limited access to health or testing facilities,
low healthcare-seeking behaviour, such as informal set-
tlements [35]. However, such settings are also unlikely
to have adequate sewerage or central (faccal) waste
collection, posing challenges for such a surveillance
program.

Quantification of SARS-CoV-2 RNA in
wastewater

Sewage surveillance relies on the collection and quan-
tification of the SARS-CoV-Z RNA concentration in
wastewater. To obtain meaningful information for sur-
veillance, many elements are relevant: sampling site,
procedure and strategy; sample transport, storage and
preservation; concentration and quantification method
and contextual information about the amount of human
faecal input in the sample. Although reliable quantita-
tive data of SARS-CoV-2 RNA in wastewater is the basis,
sewage surveillance programs need sufficient spatial and
temporal resolution to be able to give timely warning of
increasing virus circulation in the population. Each will
be addressed in the following paragraphs.

Sampling

The key for population surveillance is to obtain a
representative sample of that population. For popula-
tions connected to a sewer system, samples are generally
collected at the influent of WWTP treating domestic
(but also industrial) sewage. WWTPs are the preferred
sampling locations because (i) the infrastructure
required for sampling (e.g., autosamplers and flow
meters) is generally already available, and (ii) collected
samples represent the population in the sewershed
[33,36,37]. But also sewer pumping stations have been
used or samples have been taken via manholes in the
street [38,39] or the sewer pipes leaving a building or
campus. Both grab [40,41] and composite sampling over
24 h using autosamplers have been used [33,36,37]. The
latter allow to collect discrete time- (fixed sampling
frequency and volume), volume- (frequency propor-
tional to flow but fixed volume) and flow-proportional
(fixed frequency but sampled volume proportional to
flow). Owing to the complexity and variability of
wastewater and SARS-CoV-2 shedding, composite
samples, in particular flow-composite, are more repre-
sentative than grab samples, as demonstrated for other
markers of human input in sewer systems [42]. Grab
samples provide only a snapshot of wastewater compo-
sition and can thus not be used to obtain a reliable
picture of pathogen (or any other (bio)marker) circula-
tion in a given population [43]. Furthermore, the fre-
quency at which sample aliquots are collected is also a
crucial parameter of composite sampling. Experience
from monitoring pollutants and drugs in sewers has
shown that if only few relevant water pulses (e.g., toilet

flushes) are expected to contain the markers of interest,
because of a small population or low prevalence, the
likelihood of missing such pulses is high if low sampling
frequencies are being used [44,45]. In particular, if small
communities with expected low prevalence of infected
people are being monitored, care should be taken to
guarantee that adequate sampling modes and fre-
quencies are used. For sampling of pollutants in waste-
water, precautionary high sampling frequencies
(<5 min) are advised if important fluctuations are ex-
pected or if no information about sewers dynamics is
available [42] and this likely holds true also for patho-
gens surveillance. This is particularly important when
sampling in settings with low or intermittent waste-
water flows (e.g., office buildings, campuses, nursing
homes). The idea of focusing sampling to specific parts
of the day, in particular morning hours, has been used in
several SARS-CoV-2 studies [37,46]. The reasoning
behind this approach is that people are more likely to
defecate in the morning [47], and more concentrated
samples can be collected if sampling occurs only during
the morning. However, frequency of bowel movements
has been shown to vary greatly both inter- (from once in
4 days to 3 times a day) [48] and intra-individual (due to
episodes of constipation, menstrual cycle and use of oral
contraceptives) [49]. Furthermore, the onset of virus
shedding, not only through faeces but also oral fluids, to
detectable levels might happen at a later stage during
the day as the infection develops in individuals.
Consequently, highly relevant pulses might be missed
by focusing only on specific hours of the day. Residence
time of wastewater in sewers should also not be
neglected since, depending on the size and architecture
of the sewer system (i.e., gravity and/or pressurized
sewers), wastewater pulses might reach the sampling
point (e.g., influent of a WWTP) only hours after input
[50]. Although sampling only during the morning might
be appealing to reduce non-human inputs and collect
concentrated samples, there is a substantial risk of
missing potentially relevant wastewater pulses and
24 h composite sampling should be preferred.

Sewage surveillance studies have used sample volumes
of 50—200 ml of wastewater, but generally only an
aliquot of that volume is analysed in the reverse tran-
scription quantitative polymerase chain reaction (RT-
gPCR) [33,36,39,51—53]. In low prevalence regions or
times, larger sample volumes may be needed for the
quantification of SARS-CoV-2 RNA.

A review of COVID-19 studies by Parasa et al. [54]
indicated that SARS-CoV-2 RNA has been detected in
faecal samples from 40.5% (95% confidence interval
[CI] 27.4%—55.1%) of COVID-19 patients, whereas
74% (95% CI, 4.3%—12.2%) reported diarrhoea,
implying the majority of virus shedders shed SARS-CoV-
2 in formed stool. Residence time, turbulence and flows
between toilet and WWTP influents can be considered
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sufficient to breakdown and disperse stool into
suspended solids [55], this is not necessarily the case
when moving upstream and sampling from smaller/in-
dividual sewers. Although there is no data about the
physical state of SARS-CoV-2 virus particles in stools, Ye
ctal. (2016) showed that 26% of spiked murine hepatitis
virus, a coronavirus used as model for enveloped viruses,
attached to wastewater particles, whereas only 6% of
spiked MS2, a F+ coliphage used as model for nonen-
veloped model viruses, attached to these particles.
Some authors [34,56] have used primary sludge from
wastewater as sample matrix, arguing this is a well-
mixed matrix. No data were provided to support this,
but these authors did find that the trend in the SARS-
CoV-2 concentration in primary sludge matched with
the trends in daily recorded COVID-19 cases [34,56]
14 d cumulative number of recorded cases, 7 d moving
average of percentage positive COVID-19 tests of
people [56] and hospitalizations [34] in the population
served by the wastewater treatment.

Sample transport, preservation and conservation
During composite sampling, samples are usually stored
at 4 °C and transferred to a transport container and
transported to the laboratory at 4 °C. Data from our
laboratory indicate that SARS-CoV-2 RNA is stable in
wastewater when stored at 5 °C (Figure 3).

Owing to shortage of supplies, lockdowns and/or long
travel distances between sampling site and laboratory,
some authors have frozen wastewater samples at —80 °C
[34,57]. Although virus concentrates in lysis buffer can
be stored frozen for years without affecting the PCR
signal strength (C. Gerba, pers. comm.), only limited
data are available on the effect of freezing of wastewater
samples. Exploratory experiments conducted in our
laboratory indicated freezing of wastewater samples
at —80 °C vielded a loss of 1—3 Ct in the qPCR of the

Figure 3
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Decay of the SARS-CoV-2 RNA concentration in raw wastewater, stored
at 5 °C, as determined with the RT-qgPCR for the N2 gene fragment
(methods see Medema et al., 2020).

N1, N2 and N3 gene fragments. Weidhaas et al. [38]
report 90% loss of qPCR signal after storage of
pasteurized wastewater samples from three different
sites for 1 week at —80 °C. We observed similar losses
when wastewater samples were pasteurized for 90 min
at 60 °C (data not shown). Pastorino et al. [58] report
around 50% loss of RNA signal by pasteurization for
30 min at 56 °C or 60 min at 60 °C. Pasteurization is
suggested as biosafety measure to inactivate most
pathogens in wastewater before sample processing, but
is not required when samples are processed with suffi-
cient biosafety precautions (working in flow cabinet,
gloves, closed centrifuge tubes).

Concentration and quantification method

Quite a number of recent reviews have addressed the
methods [13,15,17]and longevity of the SARS-CoV-2
RNA signal in wastewater, and the first studies to
compare the efficiency of different concentration
methods to recover SARS-CoV-2 RNA from wastewater
have been published [59,60]. As discussed in these re-
views, a range of different protocols, reagents, standards
and PCR-targets are used for (1) the concentration of
the SARS-CoV-2 virus particles/RNA from wastewater or
sludge, (2) the extraction of RNA from the concentrate
and (3) the RT and qPCR. Although comparability be-
tween studies would benefit from a standard protocol,
there is insufficient evidence at present to justify the
selection of particular methods, reagents and targets.
Moreover, several laboratories have reported delays in
supplies. Nevertheless, to be useful for public health
policy decisions, the data produced by sewage surveil-
lance studies need to be reliable. To establish correla-
tions with the prevalence of COVID-19 in the
community, good quality quantitative data on SARS-
CoV-2 RNA in wastewater (or sludge) are key. This
implies that sewage surveillance studies:

1. Need to incorporate adequate replicates to address
the variability in recovery efficiency of the concen-
tration method, the extraction method and the RT-
gPCR. Most studies report technical replicates of
the RT-qPCR reaction, but only D’Aoust et al. [56]
used concentration replicates.

2. Use test standards to evaluate the efficiency of the
concentration, extraction and RT-qPCR steps using
model viruses that resemble SARS-CoV-2. Many
different model viruses have been used as matrix
spike and/or positive extraction and/or RT-qPCR/
dPCR control. Given the differences between vi-
ruses in attachment to particles [61], and in the ef-
ficiency of methods to extract nucleic acids from
different viruses [62], we argue that a model coro-
navirus, that can be distinguished from SARS-CoV-2,
would be most appropriate as control.

3 'Test the quality of quantified reference standards
used to transform qPCR results into gene copies per
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ml. The use of droplet digital RT-PCR (RT-ddPCR)
enables quantification, which is independent from
the availability and quality of quantified reference
standards, which makes RT-ddPCR quantifications
potentially more accurate. In addition, RT-ddPCR
appears to be more sensitive and less variable, espe-
cially for low concentrations [63]. The use of RT-
ddPCR on COVID-19 samples from rhinophar-
yngeal swabs demonstrated the higher sensitivity of
RT-ddPCR [64,65]. However, the first report on the
use of RT-ddPCR for SARS-CoV-2 sewage surveil-
lance on a limited number of samples demonstrated
lower sensitivity, due to inhibition, of the RT-ddPCR
reactions [56] demonstrating the need for optimiza-
tion of RT-ddPCR before it can be implemented in
sewage surveillance programs.

Contextual information

The SARS-CoV-2 sewage surveillance studies reported
gene copies (or Ct-value) per unit volume [33,36,57,66].
Although these results are informative about the pres-
ence (or absence) of SARS-CoV-2 in a given community,
they are not ideal for trend monitoring. In fact, urban
sewers have substantial and variable non-human inputs,
such as household appliances, industrial wastewater or,
in combined sewers, stormwater, all of which can affect
the measured concentrations. To compensate for this
variability, gene copies per ml can be multiplied by flows
measured at the time and site of sampling to convert
concentrations into viral loads (expressed as gene copies
per day). Weidhaas et al. [38] and Westhaus et al. [67]
have used virus loads, and we urge nation-wide moni-
toring programs to include wastewater flows in their
interpretation. Close collaboration with wastewater
professionals is crucial to achieve good interpretation of
the collected samples. Another aspect, which has been
generally overlooked in recently published SARS-CoV-2
sewage surveillance studies, is the actual size of the
population contributing to the sampled wastewater (i.c.,
a combination of residents, commuters and occasional
visitors), also referred to as de facto population (in
contrast to static figures about registered inhabitants,
referred to as de jure population) [68]. In wastewater-
based epidemiology (WBE, a term used to refer to sur-
veillance studies focusing on chemical biomarkers, such
as drug metabolites or exposure biomarkers, in waste-
water [69] literature, this aspect has been discussed
thoroughly [68,70,71]. In fact, the de facto and de jure
population can differ greatly, mainly due to commuters
entering or leaving a catchment, but also because of
holidays, tourisms and major public events [72]. Popu-
lation figures are generally considered in sewage sur-
veillance/WBE  studies when comparing catchments
with different population sizes. Absolute mass (or viral)
loads will obviously be higher in catchments with larger
populations, but this does not mean that the per-capita
loads are also higher. When the goal is to monitor the

evolution (trends) of a given wastewater marker over
time in one location, it can be assumed that, except for
major public events, population dynamics will follow
relatively constant patterns over time and its influence
can thus be neglected [71]. However, in the current
situation, population dynamics have deviated signifi-
cantly from normal patterns because of the introduction
of restrictions to control the spread of SARS-CoV-2.
Decreased mobility has been observed during ‘lock-
downs’ (e.g., shelter in place, working from home),
whereas the opposite occurred as measures were being
(partly) relieved (e.g., partial return to office, tourism)
[73]. This would mean that while strict lockdowns are in
place, the de facto population can be assumed to be
close to the de jure. Yet, changes can be expected as
restrictions ease and these should ideally be taken into
account while interpreting wastewater data. Mobile
phone data have been proposed as an ideal proxy to
obtain accurate information about population dynamics
in studied catchment [74], yet access to these data is
not straightforward because of high costs and/or privacy
regulations. Alternatively, a whole range of markers that
can be measured directly in wastewater samples have
been suggested. However, some show promising results,
such as ammonium, certain pharmaceuticals (e.g. gaba-
pentin, carbamazepine) or food additives (e.g., caffeine,
artificial sweeteners) [67,69—72,75]. It should be noted
that these chemicals are mostly present in the dissolved
fraction and are being used to normalize for biomarkers
released via urine (e.g., drug metabolites, exposure
biomarkers). Other parameters, such as (drinking) water
and electricity consumption have also been considered
but did not show good correlations with supposedly
more accurate indicators such as mobile phone data
[72]. Currently, there is no consensus about the ideal
indicator and, in most cases, registered inhabitants (de
jure) or estimates of population equivalents provided by
the WWTP are still being used to calculate population-
normalized mass loads. However, in the specific case of
pathogens that interact with the gastrointestinal tract,
such as SARS-CoV-2, alternative approaches could be
considered to normalize measured viral loads to account
for population dynamics and non-human inputs. For
instance, faecal sterols such as coprostanol have been
suggested [76,77] or, alternatively, other viruses that are
ubiquitous in human intestinal tracts (such as CrAss-
phage [78,79] or pepper mild mottle virus (PMMoV:
[56]) can be quantified alongside SARS-CoV-2 and used
to normalize the SARS-CoV-2 signal for the amount of
human faecal input in each individual wastewater
sample. D’Aoust et al. [56] found PMMoV to be supe-
rior to HF183 Bacteroides 16 S ribosomal rRNA and
eukaryotic 18 S rRNA, as PMMoV showed more repro-
ducibility within and between WWTP. The advantage of
these parameters is that, as they are shed by all in-
dividuals, they are unaffected by cultural or seasonal
effects. Differences in use or prescription of pharma-
ceuticals and personal care products (e.g. gabapentin,
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caffeine and artificial sweeteners) between countries
and seasons, can in fact introduce biases when
comparing across seasons and/or locations. Furthermore,
these anthropogenic markers provide an indication of
the faecal load in measured samples and can hence be
used to normalize figures without having to estimate of
the actual number of inhabitants. Given the important
disruption that current and future containment mea-
sures have on population dynamics, there is a need to
further investigate how specific anthropogenic markers
or other proxies can be integrated in monitoring pro-
grams to improve interpretation of sewage data and
strengthen our ability to quickly detect significant
changes in pathogen circulation.

Temporal resolution and scale

Studies published so far and national monitoring pro-
grams have often reported about SARS-CoV-2 trends in
wastewater per week, as they generally rely on the
collection and analysis of one 24 h composite sample per
week and location [33,34,38,67]. Although this appears
to be a reasonable scale to follow trends with respect to
the development of COVID-19 symptoms, and also to
reflect the weekly publication of updated epidemio-
logical data from other indicators (e.g., rhinopharyngeal
swabs, serology), it assumes that, within 1 week, there is
little or no day-to-day variation in viral loads. This is,
however, not necessarily the case and depends on the
size of the catchment and the type of pollutant/marker
being monitored [45,80,81]. For instance, a study about
antibiotic mass loads at the influent of a medium-size
WWTP (approximately 220,000), reported limited day-
to-day variations [82]. On the other hand, mass loads
of cocaine and its main metabolite benzoylecgonine
measured in a small catchment (approximately 7200
inhabitants) exhibited important day-to-day variations
[83]. To the best of our knowledge, day-to-day variations
of SARS-CoV-2 viral loads in wastewater have not been
investigated yet. However, should SARS-CoV-2 viral
loads in wastewater also exhibit substantial day-to-day
variations, sampling once a week might not be suffi-
cient to rapidly and unequivocally detect changing
trends. Although collecting and analysing samples on a
daily basis is likely unnecessary, besides being logisti-
cally and financially unbearable, certainly if the goal is to
implement nation-wide monitoring programs, there is
an urgent need to gather more data about short-term
variation in SARS-CoV-2 loads in wastewater and
determine which is the minimum number of samples
that needs to be collected.

Monitoring the circulation of SARS-CoV-2 through
sewage surveillance is not limited to WWTP influents
and large communities. There is in fact a growing in-
terest to extend its application to a smaller scale,
targeting specific communities, such as neighbourhoods,
nursing homes, campuses, industrial complexes,

airplanes and cruise ships. These are particularly inter-
esting case studies as they either involve potentially
vulnerable populations (e.g., nursing homes) or situa-
tions in which physical distancing is more difficult to
implement (e.g., airplanes and cruise ships). However,
the smaller the community and, consequently, the size
of the catchment, the more difficult it becomes to
obtain representative samples, in particular if the
number of relevant pulses decreases, flows are inter-
mittent and/or there is insufficient dispersion and
mixing in sewers (i.e., homogenization) before collec-
tion [42,45,84]. Using commercially available discrete
autosamplers, even if low-proportional mode, there will
most likely always be sampling errors [84] making data
interpretation challenging. Although positive results
would imply that the virus is circulating in the com-
munity, the opposite conclusion can hardly be drawn
from a negative result, as this could simply be due to
sampling errors (i.e., missing a relevant wastewater
pulse). Continuous flow sampling (i.e., diverting a
fraction of the flow to a container) would be necessary to
obtain truly representative samples, yet this is hardly
standardisable or implementable on a large scale, as no
commercial system is available and ad-hoc solutions
would need to be developed for each location. Going
upstream in a sewer system to monitor neighbourhoods
might be less problematic, provided conditions
resemble those of the influent of a WWTP (i.e., suffi-
cient flow, number of relevant pulses, dispersion and
mixing). Sampling might for instance be possible
directly from manholes, provided an autosampler and
flow measurement device can be placed. Alternatively,
pumping stations could also be suitable, although care
should be taken to collect representative samples (i.e.,
sufficient mixing to avoid formation of gradients in wet
wells) and sampling should be adapted to pump cycles.
The latter case resembles the situation which is likely
found in transport vessels such as airplanes or cruise
ships, equipped with either collection tanks or dedi-
cated treatment reactors. Ahmed et al. [85] recently
reported the positive detection of SARS-CoV-2 RNA
from samples collected from the sanitation systems of
airplanes and cruise ships, showing that sewage sur-
veillance can be successfully implemented also to screen
transport vessels. Specifically, airplane samples were
collected using a valve at the bottom of vacuum trucks
which empty the tanks. Yet, a certain degree of strati-
fication can be expected within the truck, thus making
it difficult to obtain a representative sample. This would
lead to the same situation mentioned previously, namely
that a positive result would indicate presence of the
virus but its absence cannot be guaranteed from a
negative one. In their study, Ahmed et al. also reported
results from cruise ships. In particular, samples were
collected from the influent and effluent of the mem-
brane bioreactor on board the ship [85]. Because of the
design of cruise ships’ sewer system, sampling in this
setting resembles more the case of a small catchment
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and should hence be less prone to sampling un-
certainties discussed earlier. Still, adequate sampling
strategies should be implemented to make sure that
representative samples are being collected. For instance,
changes in hydraulic retention times, which are known
to occur during the day [86], should be taken into ac-
count when defining sampling frequencies. Although
the implementation of sewage surveillance on a smaller
scale, or at specific-sites, can certainly be appealing, the
points raised above highlight the risks of misinterpre-
tation due to suboptimal sampling strategies that these
applications bear. If sewage surveillance is to be imple-
mented in such settings, a thorough analysis of un-
certainties and a transparent communication of its
limitations are of utmost importance.

Quantitative relation between SARS-CoV-2
circulation in the population and SARS-
CoV-2 RNA in wastewater—theory

Sewage surveillance relies on the assumption that there
is a, at least semi-, quantitative relation between the
circulation of SARS-CoV-2 in the population and the
concentration of SARS-CoV-2 RNA in wastewater. The
following paragraphs discuss the available knowledge on
SARS-CoV-2 circulation in the population, shedding of
SARS-CoV-2 by infected individuals and the challenges
of translating SARS-CoV-2 information from the popu-
lation to wastewater and vice versa.

Number of infected persons

As indicated in par. 2, the number of reported COVID-
19 cases is an underestimation of the true number of
infected individuals, as not everybody is tested. Hence,
the reported laboratory-confirmed case numbers are an
underestimate of the number of virus shedders in the
population. The number of people shedding virus in the
population will depend on the number of infections and
the duration (number of days) over which each indi-
vidual sheds RNA. Seroprevalence studies provide more
complete data on the number of infected individuals
and demonstrate that reported case numbers based on
rhinopharyngeal swab testing can, depending on the
testing policy, vastly underestimate the true percentage
of the population that is infected with SARS-CoV-2.
Infectious disease models have been generated to esti-
mate the number of infectious individuals in a popula-
tion, extrapolating via the case fatality ratio or infection
fatality ratio (https://ourworldindata.org/covid-models).
Seroprevalence data and epidemiological model preva-
lence estimates have not been used in sewage surveil-
lance studies to relate to SARS-CoV-2 wastewater
concentrations, but would provide better estimates of
the true number of infectious individuals in a popula-
tion. In future modelling approaches, these prevalence
data can be used as priors, which can be updated using
wastewater-based estimates, or vice versa.

SARS-CoV-2 RNA shedding loads

The presence of SARS-CoV-2 RNA in the faeces of
infected patients was identified in some of the earliest
observational studies [87—95]. Since then a large
number of studies has been published, and several
research groups have aimed to review and summarise
what is known about the frequency, magnitude and
duration of RNA shedding in asymptomatic, presymp-
tomatic and symptomatic COVID-19 [9,14,96—100].
Although these reviews vary in their scope and specific
purpose, some key findings are in common. There is a
high degree of variability both between studies and
within studies regarding the shedding of RNA, both in
terms of the magnitude and duration. Walsh et al. [100]
performed a systematic review including 113 studies to
assess the detection pattern and viral load of SARS-CoV-
2 over the course of an infection, and included upper
respiratory tract (URT), lower respiratory tract and stool
samples. The duration of virus RNA shedding in the
URT lasted just over 2 weeks (median = 14.5 days);
however, some patients shed for considerably longer,
with the maximum recorded duration (URT) of 84 days.
Shedding in stool in general was reported to be longer
and more erratic in comparison with URT samples;
however, the quantification of detection time was not
estimated across studies as the values were thought to
be truncated by the maximum duration of follow-up
rather than the true duration of virus detection.

Although some studies have reported a higher viral load
in patients with severe illness in comparison to mild,
this finding was not consistent, or always significant.
Furthermore, Walsh et al. [100] reported that seven
studies measured the viral loads between presymp-
tomatic, asymptomatic and symptomatic patients to
have little or no difference. Data from six studies that
reported quantitative concentrations of RNNA in faecal
samples over the course of an infection were extracted
for further analysis. These studies are summarised in
Table 1 and illustrated in Figure 4. Although there is
some evidence from these reported concentrations that
higher loads occur earlier in infection, the data show a
high variability in concentration supporting the erratic
pattern observed by Walsh et al. [100].

It is not clear when the virus begins being shed by
infected individuals. Most observational studies from
analysis of clinical samples begin some days following
symptom onset (Fig. 4). Obtaining presymptomatic
samples presents a clear logistical challenge. Never-
theless, epidemiological studies indicate that trans-
mission (and hence shedding) occurs before [101,102],
and possibly for 3—5 days before symptom onset. Some
authors have suggested that this presymptomatic time
may indeed represent the peak of shedding, with post-
symptomatic samples representing a declining
trajectory.
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Studies reporting quantitative concentrations of RNA in faecal samples extracted for further analysis.

Table 1

Concentrations of positive results. Method of data extraction

Country Reported metric

Adults/children

Number of patients (n)

from original publication

Median (range)

Reference

5.02 (2.4-7.5) Estimated from reported Cts

Ct per swab

Children (2 months—15 China

10

Xu et al., 2020

on days from admission

to hospital
Digitised from Figure B in

years)

7.63 (<4.10-10.27)

Log1o viral RNA load per ml

Children (27 days—16 Korea

12

Han et al., 2020

reference
Concentrations reported in

years)
Adults

3.90 (2.99, 6.44)

Log1 Virus copies per mi

Hong Kong

11

Lui et al., 2020

supplementary material
Digitised from Figure 1c in

4.27 (2.28, 7.51)

Log1o copies per swab

Germany

Adults

Wolfel et al., 2020

reference
Digitised from Figure 2 in

4.46 (1.99-8.13)

55 Adults China Log1o Vvirus copies/ml

Zheng et al., 2020

reference
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Not all stool samples from infected patients are positive
for SARS-CoV-2 RNA. In a meta-analysis of 60 studies
including 4243 patients, the pooled prevalence of stool
samples that were positive for virus RNA was 48.1%
(95% CI, 38.3%—57.9%), and 70.3% of those collected
after loss of virus from respiratory specimens tested
positive. It is not clear the extent to which this preva-
lence represents the portion faecal shedders in the
population (perhaps only 50% of infected people shed),
or if this relates to the erratic pattern of shedding
referred to by Walsh et al. [100] and illustrated in
Figure 3 (perhaps a greater proportion if not all infected
individuals shed with faeces; however, some samples
will yield a negative PCR due to low fluctuations in
concentration). Nonetheless, all infected people will
shed virus RNA, and loads from URT secretions
(generated at 1.5—2 L per day) [103,104] and saliva
(generated at 0.5—1.5 L per day) [105,106] will no
doubt contribute to the wastewater load either by pas-
sive transport via the gastrointestinal tract or the alter-
native pathways of showering, bathing and hand washing
[32].

Estimating prevalence of SARS-CoV-2 infections from
wastewater data

'To illustrate the theoretical relationship between the
number of shedders in the contributing population and
the expected concentration of SARS-CoV-2 in waste-
water, assuming no decay of the RNA in the sewer signal
and complete hydraulic mixing, a Monte Carlo simula-
tion was undertaken. The concentration of RNA in
sewage is given by:

Figure 4
® Han etal.
Zheng etal.
10 ° Wolfel et al.
e Xuetal
@ ° i
= ® Luietal
8 L] L ] Y
7 d L4 °
2= 8 : ® . : " ® °
< O e . [ ° °
v o L4 . e ° °
5 o . ° ° s
c S 8 e L . ¢
2 = ] . 8 Sfe L3 = : L E a
® & e ee® 8 5° sed .
€ 9 . o ¥ 8 **8®s . o
Y& o4 en®? 4 g o
£ £ e ®’ ¢ 2oy
8 % ° ° a0 L] . ° ® [
E == ° . ° °
= 2
aQ
@
o=
} I I L L L
5 10 15 20 25

Days since symptom onset

Current Opinion in Environmental Science & Health

Summary of reported concentrations of SARS-CoV-2 in faecal samples by
day (noting data from Xu et al., 2020 is reported in days from
hospitalisation).

www.sciencedirect.com

Current Opinion in Environmental Science & Health 2020, 17:49-71


www.sciencedirect.com/science/journal/24685844

58 Environmental health: COVID-19

Csmﬂ .= N f 7 'Cfcmm‘ )

“ 0
where N is the number of people shedding; /7 is the faecal
load (g. person_1 day_l); Ctacces 18 the concentration of
RNA in the faeces of infected people; and Q is the total
flow to sewer per day.

The amount of faeces generated per person per day was
described by a Lognormal distribution, defined using
the reported mean (149 = A7) and median (126 = )
of faecal generation from the review undertaken by Rose
et al. [107]. The concentration of RNA in faeces was
described by a gamma distribution (shape 10.78;
scale = 0.46) fitted to the combined data set of reported
concentrations (Figure 5) wusing the method of
maximum likelihood (Gamma distribution provided the
best fit in comparison to Normal and Lognormal distri-
butions). A Monte Carlo simulation (100,000 iterations)
was used to obtain a distribution of concentration of
RNA in sewage assuming a wastewater volume of 150 L
per person per day. The median and 95% quantiles of
the relationship are illustrated in Figure 6. It should be
noted that this ignores (variability in) non-human flow
input into the sewer network. The uncertainty of the
estimated concentration is dominated by the virus
shedding data. At high concentrations in wastewater,
this uncertainty around is relatively small, but at con-
centrations of 1—10 per ml, the uncertainty spans over
more than an order of magnitude. In future prevalence
estimates from wastewater, the use of Bayesian hierar-
chical models would allow to take into account existing
knowledge (i.e., priors) about virus circulation in com-
munities, based on seroprevalence data or epidemio-
logical models, which could then be updated using
wastewater data to obtain new (i.e., posterior) estimates
about prevalence, as has been used in WBE of drug use
[108,109]. This would strengthen not only the sewage
surveillance, but also the epidemiological models and
seroprevalence information.

Figure 5

Figure 6

=

Concentration of SARS-CoV-2 RNA in sewage

///

- — - rd
10000 —
v
L P = e 7
1000 =

L -
3 il =
2 100 — —
g # / -
a 10 <
v >
g8+ - / s
o 1 £
v
<
.
=

o
Y

o
Q
=

7
/ 7
Z.

yavd

1

10

100

1,000

10,000

Infections (number of shedders) per 100,000

Current Opinion in Environmental Science & Health

Modelled relationship (Median (solid line), 5th and 95th quantiles) be-
tween the number of infected people in the population and concentration
of RNA in sewage.

Quantitative relation between SARS-CoV-2
circulation in the population and SARS-
CoV-2 RNA in wastewater—practice
Published SARS-CoV-2 sewage surveillance studies
describe how SARS-CoV-2 RNA data in wastewater or
primary sludge are collected and how they are connec-
ted to data on the prevalence of COVID-19 in the
community. PubMed, Scopus, Google and medRxiv
were searched with the keywords ‘SARS-CoV-2’ AND
‘wastewater’. Reviews were excluded, and the abstracts
of the peer-reviewed publications and preprints found
were scanned for sewage surveillance studies containing
quantitative data on SARS-CoV-2 RNA in concentra-
tions wastewater and on COVID-19 prevalence (or
number of reported cases). Publications containing this
combination of data were selected for more in-depth
review and extraction of (1) the place and period of
study, (2) the prevalence of COVID-19 prevalence in
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Lognormal distribution fitted to the load of faecal mass shed per person per day (left) and gamma distribution (solid line) fitted to reported concentrations

(dots — data from Figure 1) of RNA in faeces from reviewed studies.
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the population and the number, type and source of
prevalence data collected, (3) the concentration of
SARS-CoV-2 RNA in wastewater (or sludge) and the
number of sites, samples, type of samples, methods, (4)
how wastewater data and prevalence data were spatially
and temporally aligned and (5) how the wastewater
concentrations were normalized and analysed to corre-
late or translate them to COVID-19 prevalence in the
population.

Eleven peer-reviewed publications and 10 preprints
were reviewed. Table 2 presents the extracted infor-
mation. The countries spanned Europe, North and
South America, Asia and Australia and studies were
conducted in medium to large urban areas. The most
frequently used prevalence data are the reports of public
health agencies or hospitals about the number of
laboratory-confirmed COVID-19 cases. We found
several publications in which no (detailed) source of
these data was reported and also in which number of
cases was reported but the population denominator was
missing. Several publications provided a detailed
description of the data, whether point or cumulative
prevalence was reported and for what period cases were
accumulated. Some publications complemented re-
ported prevalence/case numbers with data on hospital-
izations. Prevalence data and sewer data are ideally
drawn from the same population. In several studies,
these populations were not aligned and sewer data were
taken at a WWTP of a city and prevalence data were
taken from the region. Other studies aligned the
populations via the cities covered by the public health
surveillance data and one or more WWTP. Two studies
aligned the population using ZIP code information. This
requires access to the health data to locate cases by ZIP
code, which is the Best fit’, but requires information
about the ZIP codes served by a sewer network and
WWTP.

For the wastewater data, we extracted only data that
were used to combine with prevalence data, so for
instance samples from WWTP effluent were ignored.
The inlet of the WWTP was the most frequently re-
ported site for sample collection. Other sampling sites
were primary sludge and sampling sites ‘upstream’ in
the sewer network, at pumping stations or via manholes.
The number of wastewater samples per study was low to
moderate: 10 studies presented results from 2 to 10
samples, 8 studies reported between 10 and 100 samples
and only one study reported on more than 100 samples.

Two main approaches have been used to connect SARS-
CoV-2 concentrations in wastewater (or primary sludge)
with the COVID-19 prevalence data. The first is to look
for temporal or spatial correlations between the two types
of data (see Figure 7). Several studies simply described
similar trends in wastewater concentrations and COVID-
19 prevalence, but others analysed the correlation

between these data. Studies differed in the data that
were used for the correlation analysis. Medema et al. [33]
correlated SARS-CoV-2 concentrations in wastewater
with the reported 4 weeks cumulative COVID-19 prev-
alence in the city and found significant correlations.
D’Aoust et al. [56] observed this only after normalization
of the wastewater concentrations for PMMoV concen-
tration, for acute and 2-week cumulative prevalence and
percentage of positive COVID-19 tests. Westhaus et al.
[67] did not observe a significant correlation between
cumulative or acute prevalence and wastewater concen-
trations, but did find a significant correlation with virus
loads in wastewater. Weidhaas et al. [38] observed a
correlation with virus loads in wastewater and 2-week
cumulative prevalence data with only 2 of 10 WWTP. The
second approach used is to estimate the prevalence of
COVID-19 in the community from wastewater concen-
trations or loads. To translate wastewater concentrations
into prevalence, Ahmed et al. [36], Wu et al. [39],
Weidhaas et al. [38], Wurtzer et al. [53] and Hemalatha
etal. [110] used (different) estimates of concentration of
the virus in stools of individuals infected with SARS-CoV-
2, of stool mass or volume shed per day and wastewater
volumes produced per capita per day. A main difference
between the approaches used can be drawn between
studies that carried out point estimates of incidence or
prevalence [38,39] and those which implemented a (at
least partly) stochastic approach [36,110]. In the former
case, authors used average or median shedding rates in
stool and daily per capita stool mass, combined with
measured RNA concentrations in wastewater, estimates
of catchment population size and wastewater flows. Wu
et al. [39,52] calculated prevalence estimates using the
lowest gene concentration measured in wastewater, two
point-estimates of viral genomes per ml/grams of stool
(i.e., 6 x 10° and 30 x 10°), wastewater flows and size of
the served populations. Prevalence estimates ranged from
5% to 0.1%, versus a reported prevalence of 0.026%
(based on positive test results at the time of the study).
In their study, Weidhaas et al. [38] used a similar
approach to calculate the incidence of infections in the
populations and plotted these against confirmed cases.
Instead of using point estimates for virus shedding and
daily stool mass, Ahmed et al. [36] used probability dis-
tributions and computed prevalence estimates using
Monte Carlo simulations. However, instead of using
measured flows, these authors estimated the latter from
population figures (residents) and an estimate of per
capita wastewater production of 250 L/day [111]. Over a
4-day period, the estimated infection prevalence ranged
from 0.064% to 0.142% (95% CI). A similar method was
implemented also by Hemalatha et al. [110] yet it is not
clear which parameters were used (i.c., population, flow
or daily per capita wastewater production) or if Monte
Carlo simulations were used. The authors also reported a
second method, based on a previously reported approach
by Hellmér et al. [5], which compared actual number of
RNA copies per ml wastewater with the number of RNA
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Table 2

Studies reporting and combining COVID-19 prevalence data and SARS-CoV-2 RNA concentrations in wastewater.

Reference

Area

Country

COVID-19
prevalence (per
100,000)

Prevalence data

SARS-CoV-2 RNA
concentration in
wastewater (gene
copies/ml)

Sewer data (only data
used to compare to
prevalence)

Sewer data analysis

How are prevalence
and wastewater data
compared?

Peer reviewed

Wau et al., 2020 Massachusetts

USA 26

Cumulative number
of reported cases
in Massachusetts
as confirmed by
laboratory
diagnosis and
population

57-303 10 samples, 2
catchment areas of 1
WWTP, 1 week,
composite samples,

pasteurized

SARS-CoV-2
concentration N1, N2,

M3 averaged and
presented with and

without normalization

with PMMoV
concentration per
sample

Observed percentage
(0.026%) of cases vs
expected percentage
(5%) of cases,
calculated from
SARS-CoV-2
shedding (600,000
per ml stool), average
wastewater (591 L)
and stool (x 1 x 200 g/
d) production per
capita, no loss in
sewer, total
suspension

Ahmed et al.,
2020a

Brisbane

Australia 8.3—-42

28-day cumulative
reported number
of cases in city and
at home
population

0.019-0.12 2 samples, 1 WWTP, 1
week, composite grab

samples

SARS-CoV-2 RNA

concentration of N-

gene with 2 methods

Prevalence and
wastewater data
presented. Monte
Carlo analysis of
prevalence based on
wastewater
concentration,
combined with
wastewater
production per capita
per day, at home
population in city,
normal distribution of
daily stool mass (log
gram avg 2.11, std
0.25), shedding rate of
SARS-CoV-2 RNA
copies/g of faeces
was modelled as a
log-uniform
distribution from 2.56
to 7.67

Medema et al.,
2020

Netherlands 0.1-100

Cumulative number
of reported cases
in cities in study
period as

<1-2200
months, 24 -h flow
composite samples

25 samples, 6 WWTP, 3 SARS-CoV-2

concentration of N1,
N2, N3 gene and Ct
value of E-gene

Significant correlation
between cumulative
number of reported
cases and
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confirmed by

concentration in

laboratory wastewater
diagnosis
Kumar et al., Ahmedabad India 1000-2700 Cumulative (?) Up to 0.35 2 samples, 1 WWTP, 3 Prevalence and
2020 reported number weeks, grab samples wastewater data
of cases in city as presented
confirmed by
laboratory
diagnosis
Randazzo Murcia Spain 8.5—-129 Cumulative number Approx 100-1000 42 samples, 6 WWTP, 1 SARS-CoV-2 Prevalence and
et al., 2020 of reported cases month, morning grab concentration of N1, wastewater data
in cities in study samples N2, N3 gene presented
period as
confirmed by
laboratory
diagnosis
Haramoto et al., Yamanashi Japan 4.4 Reported cases in <4 5 samples, 1 WWTP, 2 SARS-CoV-2 RNA Prevalence and
2020 prefecture divided months, grab samples  concentration of using wastewater data
by population as a range pf qPCR presented
confirmed by assays
laboratory
diagnosis.
Westhaus Nordrhein Germany  30-174 (acute); 72- Reported cases in 3-20 9 WWTP, 1 day, 24 -h SARS-CoV-2 load, Correlation between
et al., 2020 Westfalen 220 (cumulative) cities as confirmed flow composite calculated from the SARS-CoV-2 load in
by laboratory samples concentration of M wastewater (both with
diagnosis gene and the daily and without creatinine
flow on the day of normalization) and
sampling. With and acute and cumulative
without normalization prevalence. SARS-
with creatinine CoV-2 concentration
in wastewater and
prevalence were not
significantly
correlated.
Prado et al., Niteroi Brazil 51 Reported cases in Ct 36—40 12 samples, 1 sewer Prevalence and
2020 cities as confirmed network, 10 -h wastewater data
by laboratory composite samples, presented
diagnosis and pasteurized
population
Peccia etal., Newhaven USA 0-50 (daily in study Daily number of 1700-460,000 >40 Primary sludge SARS-CoV-2 N1 and N2 Parallel time series in
2020 period); reported cases in samples, 1 WWTP, gene concentration, reported number of
14.5—-1304 New Haven (and 1.5 months, morning normalized for total cases and

(cumulative in
study period)

hospitalizations in
New Haven
hospital) in study
period, as
confirmed by

grab samples, frozen
at -80 °C

RNA extracted for
each sample

hospitalizations and
normalized SARS-
CoV-2 gene copies/ml
of sludge with the
maximized correlation
coefficient if the

(continued on next page)
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Table 2. (continued)

Reference Area Country COVID-19 Prevalence data SARS-CoV-2 RNA Sewer data (only data Sewer data analysis How are prevalence
prevalence (per concentration in used to compare to and wastewater data
100,000) wastewater (gene prevalence) compared?
copies/ml)
laboratory wastewater
diagnosis concentration were
moved forward for 7
days and 3 days with
confirmed cases and
hospitalizations
respectively

Trottier et al.,  Montpellier France 8 Daily reported cases 1-78 6 samples, 1 WWTP, 1.5 SARS-CoV-2 Trends in prevalence
2020 and months, composite concentration of N1, and SARS-CoV-2

hospitalizations in samples N3 concentration in
Herault Province, wastewater, which
confirmed by were inversed
laboratory

diagnosis.

Population data.

Guerrero- Quito Peru 358-2077 Case numbers in 207-3190 3 river samples at 3 sites SARS-CoV-2 Prevalence and river
Latorre et al., (cumulative case  areas draining into in Quito, where 97% of  concentration of N1, water data presented
2020 numbers); 81- the river, wastewater is N2 gene

579 (acute case population not discharged untreated.
numbers) specified 1 day, grab samples

Not (yet) peer-reviewed

Bar Oretal., Bnei Brak Israel 366—1001 Reported cases in Ct 33-37 3 samples, 1 city SARS-CoV-2 gPCR Ct Correlation between Ct-
2020 Bnei Brak as network, 1.5 week value value in wastewater

confirmed by and reported cases
laboratory
diagnosis

Weidhaas Utah USA 2.4—16 Average of daily new 0.023—-1.04 126, 10 WWTP, Use flow to calculate correlate two-month

et al., 2020 cases in two sampled weekly for 2 gene copies/capita/d cumulative reported

months period per
sewershed. GIS
Census link of
reported cases as
confirmed by
laboratory
diagnosis and total
population in
sewerheds.

months, 24 -h flow
composite samples,

cases to two month
cumulative estimated
cases calculated from
gene copies/capita
per day, corrected for
recovery of method
(26%), using estimate
on g faeces per capita
per day (500) and
virus shedding 10°4.7/
ml faeces
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correlate weekly
reported cases to
gene copies per
capita per day for
each WWTP

Zhao et al., Wuhan China No data 7.4 3 samples, 1 WWTP in SARS-CoV-2 gPCR of Few quantitative
2020 medium risk period (2 ORF1 and RDB2 wastewater data,
weeks), type genes, not specified medium risk 1/3
unspecified samples WWTP +,
low risk period not
detected in city
WWTP inlet, only in
hospital wastewater
Hemalatha Hyderabad India No data 31-532 9 samples, 7 WWTP, 1 SARS-CoV-2 gPCR Calculation of
et al., 2020 month, grab samples concentration prevalence based on
calculated from Ct wastewater
value, using generic concentration,
information but combined with daily
without use of stool mass (128 g),
standard curve shedding rate of 10°7
SARS-CoV-2 RNA
copies/g of faeces
Chavarria-Miro Barcelona Spain 0-8000 Shedder estimation Approx 0.1-10 14 samples, 2 WWTP, SARS-CoV-2 Decline in wastewater
et al., 2020 (cumulative not defined, no 1.5 months, 24 -h concentration of IP2, concentration
estimated population data composite samples IP4, E, N1 and N2 parallels decline in
shedders) gene estimated shedders
Wourtzer et al., Paris France 0-2000 (daily Laboratory- 50—-3000 >20 samples, 3 WWTP, SARS-CoV-2 Parallel trend in
2020 reported case confirmed 1.5 months, sampling  concentration of E prevalence (estimated
numbers) emergence not specified gene shedders, laboratory
department confirmed emergence
visitors, department visitors,
hospitalizations in hospitalizations) and
Paris hospitals wastewater data
presented. Estimation
of daily virus shedders
using emergency
department visitors
that were laboratory
confirmed COVID-19
cases, virus shedding
(not defined) and 2
day lag between
symptom onset and
diagnosis
Green et al., Onondaga USA <70-349 Laboratory- <LOQ; 7.5-112 22 samples, sewer SARS-CoV-2 IP2 IP4 Spatial correlation
2020 County, New confirmed cases network and WWTP, 1  gene and between incidence
York reported in one week, composite CrAssphage and SARS-CoV-2 to

hospital, reflecting
40% of population,

samples

concentration, ratio
calculated

CrAssphage ratio in
wastewater

(continued on next page)
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Table 2. (continued)

Reference Area Country COVID-19 Prevalence data SARS-CoV-2 RNA Sewer data (only data Sewer data analysis How are prevalence
prevalence (per concentration in used to compare to and wastewater data
100,000) wastewater (gene prevalence) compared?
copies/ml)
and total
population data,
both matched to
sewershed via ZIP
code
Kaplan et al., Newhaven USA 0-50 (daily in study Daily number of 1700-460,000 >40 Primary sludge SARS-CoV-2 N1 and N2 Used the Peccia et al.,
2020 period); reported cases in samples, 1 WWTP, gene concentration, 2020 data in a model
14.5—-1304 New Haven (and 1.5 months, morning normalized for total to estimate and
(cumulative in hospitalizations in grab samples, frozen RNA extracted for compare that to
study period) New Haven at -80 °C each sample observed hospital
hospital) in study admissions
period, as
confirmed by
laboratory
diagnosis
Hata et al., Ishikawa and Japan 0-18.9 Reported cases in 14-44 27 samples, 4 WWTP, SARS-CoV-2 Prevalence and
2020 Toyama cities as confirmed 2.5 weeks, morning concentration of N1, wastewater data
by laboratory grab samples N2, NIID presented. SARS-
diagnosis and CoV-2 PCR in
population wastewater more
frequently positive
when prevalence
exceeded 10/100,000
D’Aoust et al., Ottawa and Canada 4.8-57.3 Reported cases in 1.7-3800 14 primary sludge Average SARS-CoV-2 Significant correlation
2020 Gatineau cities as confirmed samples, grab concentration of between PMMoV

by laboratory
diagnosis and
population

samples first 55 days,
composite (grab
sample every 6 h,
composited over 24 h)
samples day 56
onward, 3 months

technical triplicates
and several extraction
replicates with N1 and
N2, normalized for
PMMoV concentration

normalized SARS-
CoV-2 concentrations
(N1 and N2) with daily
new cases, 14d-
cumulative cases, 7d
rolling average of daily
percentage of positive
COVID-19 tests.
Normalization through
daily solids mass flux
through WWTP did
not yield significant
correlat

ion.

61-AINOD :yleay |ejuswiuoldiaug 9


www.sciencedirect.com/science/journal/24685844

Figure 7
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Comparison of sewage surveillance data and prevalence data for
Amsterdam, The Netherlands, from Mar 1 to Jul 8, 2020. Load of SARS-
CoV-2 RNA (N2 gene assay) in wastewater at the inlet of the Amsterdam
WWTP (orange line and points; methods see Medema et al., 2020).
Prevalence of laboratory-confirmed COVID-19 cases (blue points, data:
National Institute of Public Health and the Environment, Netherlands),
with 7d moving average (blue line) and of COVID-19 hospitalizations (grey
points, data: National Institute of Public Health and the Environment,
Netherlands), with 7d moving average (grey line).

particles expected to be present in wastewater per
infected person. The two approaches provided very
similar results, likely because most of the variables (point
estimates) used were the same, and a prevalence of 6.6%
was estimated.

Ahmed et al. [36] indicated that the estimated preva-
lence matched with the observed prevalence, whereas
the wastewater-based prevalence estimates of Wu et al.
[39] and Kumar et al. [41] where considerably higher
than the observed prevalence. The limited data on, and
the variability of virus shedding over the course of the
infection and between individuals make such estimates
highly uncertain. But, as indicated, the observed prev-
alence data used in these studies, based on reported,
laboratory-confirmed COVID-19 cases, is not an accu-
rate reflection of the true prevalence of SARS-CoV-2
infections and seroprevalence data or prevalence esti-
mates by epidemiological models would be more
appropriate to compare against sewage surveillance data.

Outlook: application for public health
decision making

Sewage surveillance of SARS-CoV-2 has grown very
rapidly. Initially, studies have shown ‘proof-of-concept’
of sewage surveillance as sensitive early warning tool for
COVID-19 surveillance in (sewered) cities

Environmental surveillance for SARS-CoV-2 virus Medema et al. 65

[33,36,39,53,112]. This has triggered many follow-up
studies, a global summit about sewage surveillance
organised by the Water Research Foundation [113] and a
lot of attention in the press. In the European Union, an
EU-wide feasibility study has been started. WWTP in 52
cities of 17 countries are being tested for SARS-CoV-2
and SARS-CoV-2 has been detected in 28 WWTP in
concentrations 1 - 946 gene (N2) copies per ml. This
study also aims to connect the national and regional
sewage surveillance initiatives in EU Member States by
engaging in comparative testing and proficiency studies
[114]. Several countries (Australia, Finland, France,
Italy, Netherlands, Portugal, Spain) have engaged in
national sewage surveillance programs, of which the
program of the Netherlands is most ambitious (monitor
all >300 WWTP in the country, every day). This review
discusses of the strength of the current surveillance
strategies and methods and of the correlation between
wastewater data and prevalence data, with reference to
the knowledge generated by earlier sewage surveillance
of poliovirus and WBE of drugs and other chemical
compounds, and provides several recommendations for
improving design, methods and interpretation of sewage
surveillance programs for SARS-CoV-2. As discussed,
application of sewage surveillance to generate preva-
lence estimates is still uncertain and would need more
data on virus RNA shedding, particularly by a- or pre-
symptomatic individuals, good quality assurance of the
methods to detect virus RNA in wastewater (sludge)
and appropriate normalization of virus RNA loads in
wastewater. Comparing sewage surveillance data with
seroprevalence data and prevalence estimates from
epidemiological models can yield mutual improvements
in the certainty of the prevalence estimates, and hence
in the value of sewage surveillance. But the largest
added value of sewage surveillance lies in the applica-
tion as cost-effective early warning tool for (re-)emer-
gence of SARS-CoV-2. Table 3 illustrates how using
sewage surveillance alongside individual testing can
support public health decisions. When trends in indi-
vidual case reporting and sewage numbers are consis-
tent, added confidence is provided to public health
authorities in their current course of action. When the
sewage numbers are inconsistent with reported cases,
then the sewage numbers can provide the valuable early
warning that has been discussed. A few days advance
warning of a new outbreak in a small community can
improve preparedness (particularly in more remote
settings) and limit transmission by raising awareness for
increased prevention measures in the small population
sooner.

On a broader scale, several studies have demonstrated
that sewage surveillance could detect increases in virus
circulation before this was observed in cases reported
through the health surveillance [33,34]. Our continued
surveillance of SARS-CoV-2 RNA in wastewater of
Amsterdam shows that the virus loads (as measured with
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Table 3

lllustration of the value of sewage surveillance alongside individual case testing for early warning and support of public health decisions.

Scenario

Surveillance

Interpretation

Possible Action

Large city, following a
COVID-19 wave.

Reported cases from
individual testing
Low number of daily
reported cases

Sewage testing (e.g. weekly testing
program)

Low numbers in sewage (or not
detected)

An increase in load by around an
order of magnitude

Consistent

Inconsistent

e Could be early warning of an
increase in cases.

e Initiate follow-up sample

No change

Increase level of alert regarding
increase in cases

Prepare health system for increase in
cases presenting for testing/treatment
Implement public health mitigation
strategies

Large city, in the midst of a
COVID-19 wave

High numbers (increasing or
plateauing) of daily reported
cases

Load increasing or plateauing

Load decreasing

e Cases still increasing
e Public health interventions (as
yet) ineffective

e The number of shedders and/or
magnitude of shedding is
decreasing.

e Public health interventions are
effective.

Take action to improve compliance with
public health measures

Increase stringency of public health
measures

No change

Small community, believed
to be free of COVID-19

Zero reported cases

Not detected
Detected

Consistent

Inconsistent

e One or more shedders present in
(or visiting) the population. Use
quantitative relationship to
interpret the significance of the
magnitude of concentration

e Continue surveillance programs
e Further investigation
e Increase level of alert regarding

potential of cases in the community
Prepare health system for increased
local testing and potential treatment of
new cases.
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the N2 gPCR assay) match the trends in reported
laboratory-confirmed COVID-19 cases and hospitaliza-
tions in the Amsterdam population (Fig. 6), which pro-
vides confidence in the validity of the wastewater data to
reflect the virus circulation in the population. In addi-
tion, trend analysis requires relative rather than absolute
data. As long as the wastewater data from a WWTP are
generated by the same laboratory with the same protocol,
the data are suited for trend analysis. Given the current
multitude of methods that are used in the different
sewage surveillance laboratories, a use case that require
relative data (early warning) is more valid than a use case
that requires more absolute data (prevalence estimate).

Specific cases may however benefit from the more ab-
solute quantitative approach. For example, in a small
community (Table 3) where SARS-CoV-2 is detected in
the wastewater occurs when there are zero known cases
in the population. Assessing the magnitude of the con-
centration would be helpful to ask: How likely is it that
the concentration represents one or more shedders in
the population? How many infected people could there
be? Was the magnitude of shedding consistent with an
individual in the early stage of infection (and hence
infectious) or in the later prolonged shedding phase?
Even though there is a great deal of uncertainty in the
relationship, when used with care for investigating
specific questions it may prove to be a very valuable tool.

Given the current challenges, to maximise the oppor-
tunities of wastewater surveillance for supporting public
health decisions, the following factors are emphasized:

e Many aspects of wastewater sampling and analysis
affect the measured SARS-CoV-2 concentration in
wastewater: representative site selection, type of
sampling, sample storage, concentration and quanti-
fication methods. We argue for the use of 24 -h com-
posite sampling, use of replicates and controls to
determine the recovery efficiency of each step of the
method.

e Wastewater analysis results should be reported as viral
loads and/or normalized using specific population or
faecal markers, rather than virus concentrations which
are susceptible to dilution effects.

e To improve the correlation between wastewater
SARS-CoV-2 data and prevalence data, the use of
normalized viral load data from wastewater, data on
acute and cumulative prevalence and prevalence es-
timates from serosurveys and epidemiological models,
and matching of the population these data are
collected on is recommended.

e ‘Trend analysis of viral loads in wastewater or primary
sludge currently provides the most value for waste-
water monitoring programs in the short term and may
provide an early warning of (re-)emergence of
COVID-19 in cities.

e Inference about prevalence from wastewater concen-
trations will require the development of comprehen-
sive mathematical frameworks and combination with
seroprevalence data and epidemiological models.
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