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an epidemic. Facing the unprecedented global public health crisis caused by COVID-19, wastewater-based epide-
miology (WBE) has been given high expectations as a promising surveillance complement to clinical testing
which had been plagued by limited capacity and turnaround time. In particular, recent studies have highlighted
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the role WBE may play in being a part of the early warning system. In this study, we briefly discussed the basics of
the concept, the benefits and critical points of such an application, the challenges faced by the scientific commu-
nity, the progress made so far, and what awaits to be addressed by future studies to make the concept work. We
identified that the shedding dynamics of infected individuals, especially in the form of a mathematical shedding
model, and the back-calculation of the number of active shedders from observed viral load are the major bottle-
necks of WBE application in the COVID-19 pandemic that deserve more attention, and the sampling strategy (lo-

cation, timing, and interval) needs to be optimized to fit the purpose and scope of the WBE project.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

COVID-19 is an infectious respiratory disease caused by SARS-CoV-2
infection. Due to its highly contagious nature, following the initial cases
reported in Wuhan, China at the end of 2019, COVID-19 has since swept
the world, spreading to more than 200 countries and regions with a
whopping worldwide case count of more than 61 million as of 30th No-
vember 2020 despite all the measures taken to control its transmission
(WHO, 2020). The World Health Organization (WHO) had officially de-
clared a global pandemic of COVID-19 on 11th March 2020.

Among the efforts to contain the COVID-19 pandemic and mitigate
its adverse impact on the society in the absence of an effective vaccine,
the ponderance of a reliable and timely epidemic surveillance system
has been stressed. Conventionally, the epidemic surveillance relies
heavily on clinical testing either conducted by existing healthcare facil-
ities or temporarily established testing sites, and for COVID-19, using re-
verse transcription quantitative polymerase chain reaction (RT-qPCR)
on nasopharyngeal swabs to detect RNA signal has been accepted as
the standard testing procedure (D'Aoust et al., 2021). However, the
high contagiousness and the presence of asymptomatic virus carriers
have made the clinical testing capacity largely lag behind the demand,
raising the concern about the grievous outcomes of underreporting,
which has been suggested by both statistical analysis and seropreva-
lence surveys (Krantz and Rao, 2020; Medema et al., 2020a). Acknowl-
edging the importance of filling the gap and lifting the pressure on
testing facilities, recent studies have underlined the potential of
wastewater-based epidemiology (WBE) as a solution complementary
to clinical testing (Bivins et al., 2020b; Daughton, 2020; Thompson
et al., 2020; Venugopal et al., 2020). Following its successful early appli-
cations of tracking illicit drug usage and lifestyle factors, WBE is gradu-
ally gaining popularity among researchers in the water-related field.
Blessed with its community-wide coverage, ability to “see” the
underreported and asymptomatic patients, and low-cost nature, WBE
has been proposed to be a promising tool in infectious diseases surveil-
lance, and unsurprisingly, high hopes are placed for its capability of
helping combat COVID-19 as well (Daughton, 2020; Sims and
Kasprzyk-Hordern, 2020; Thompson et al., 2020).

The basic concept of WBE centers around this principle: certain
chemical or biological agents (also referred to as ‘biomarkers’) excreted
by human bodies can be collected by the sewage network and end up
entering the wastewater, making it a rich source of these substances.
Via physicochemical methods, biomarkers can be recovered from
wastewater and the measured concentration can then be used to infer
the size of the shedding population and provide community-level
health information (Xagoraraki and O'Brien, 2020). For SARS-CoV-2, al-
though antigen testing is also emerging (Daughton, 2020), the viral ge-
nome has been widely accepted as the biomarker. To date, a handful of
studies have reported the detection of the SARS-CoV-2 viral genome in

sewage networks (Ahmed et al., 2020a; D'Aoust et al.,, 2021; Hata et al.,
2020; LaRosa et al., 2020b; Medema et al., 2020b; Randazzo et al., 2020;
Westhaus et al., 2021; Wurtzer et al., 2020).

However, some believe that the true standout of WBE is the early
warning capability. The term “early warning” can be interpreted in
two ways in the context of COVID-19 surveillance: (1) signaling an
early stage of an outbreak. Presymptomatic/asymptomatic transmission
of COVID-19 is considered a key factor behind its rapid spread (Gandhi
et al., 2020). Arons et al. (2020) recovered viable virus from 71% (17 in
24) of presymptomatic individuals 1 to 6 days prior to symptom onset,
and He et al. (2020) estimated that 44% (95% CI 25-69%) of the second-
ary cases were infected when the index cases were in their presymp-
tomatic stage. While asymptomatic and presymptomatic virus carriers
can easily hide in the community due to the absence of appreciable
symptoms such as fever and dry cough, by nature, WBE can indiscrimi-
nately detect their presence as long as they develop viral RNA shedding
(Jones et al., 2020). Therefore, if a positive wastewater viral load is spot-
ted in a region previously experiencing no or a low prevalence, it may
indicate an unnoticed initial circulation of the virus in the community.
This information can be made use by the local authority, who can take
intervention by issuing warnings or administrative orders accordingly
to inform the public of the potential threat and reduce the chance of in-
visible transmission. Also, as many countries and regions suffer from
limited resources needed for a large-scale clinical testing program
which greatly helps monitor the epidemic development and control
the spread, getting a rough location of an initial circulation can help
ease the burden and make the testing more efficient by guiding the
valuable testing capacity to where it is most urgently needed;
(2) foreshadowing an impending increase in infected individuals. The
basic assumption behind this is: since infectiousness predates symptom
onset, so can the viral shedding. Thus, if proper sampling tactics and
quantification methods are adopted, an increased wastewater viral
load may be observed and reported before the newly infected individ-
uals develop symptoms and seek medical attention. Since there may
be a correlation between wastewater viral load and the number of in-
fected individuals, in addition to supporting the administrative and re-
source deployment measures previously described, from the
perspective of disease treatment, the quantitative information also al-
lows the healthcare facilities to take measures aimed at improving pre-
paredness and coping with the anticipated new patients beforehand so
that the facilities are less likely to be overwhelmed.

Both interpretations of early warning have been backed up by recent
studies and events. Table 1 lists some selected recent wastewater sur-
veillance studies that highlight the potential of WBE early warning of
COVID-19. In terms of practical application, the University of Arizona
made headlines in August 2020 when researchers there detected
SARS-CoV-2 viral genome in the wastewater from a student dormitory,
the university quickly took action and tested all 311 residents living and
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Table 1
Recent wastewater surveillance studies that indicate the potential of COVID-19 early warning via WBE.
Region Sample Primary concentration  Sampling Population size in the Major findings related to early Reference
type method period WWTP catchment area  warning potential
Murcia, Spain ~ Grab raw sewage Al(OH); 2020/03/12-2020/04/14 Multiple, from ~28,000 Wastewater samples from three WWTPs were (Randazzo
adsorption-precipitation to ~530,000 tested positive 12-16 days before COVID-19 et al,,
cases were reported in the respective 2020)
catchment regions
Amersfoort, Composite raw  Ultrafiltration 2020/02/05-2020/03/25 ~234,000 Sewage signaled virus circulation 6 days (Medema
The sewage before the first cases were reported et al,
Netherlands 2020b)
Milan, Italy Composite raw PEG/dextran 2020/02/03-2020/04/02 ~1,050,000 Samples were tested positive when the (La Rosa
sewage precipitation COVID-19 infections were very limited (29 in et al.,
alarger area) 2020b)
Ishikawa, Grab raw sewage PEG precipitation 2020/03/05-2020/04/21 Multiple, from ~31,000 Samples were tested positive when the (Hataet al.,
Japan to ~233,000 prevalence was lower than one confirmed 2020)
case per 100,000 people
Bozeman, MT, Composite raw Ultrafiltration 2020/03/30-2020/06/12 ~50,000 SARS-CoV-2 RNA levels in wastewater (Nemudryi
USA sewage precede clinical PCR test results by 2-4 days et al,,
2020)
New Haven, Primary sewage | 2020/03/19-2020/06/01 ~200,000 SARS-CoV-2 RNA concentrations in sludge (Peccia
CT, USA sludge predate hospital admissions by 1-4 days et al,
2020)

working in the said building and found two asymptomatic carriers
among them, likely having prevented a potential outbreak and making
it the first true application of WBE in COVID-19 early warning (Jaclyn
Peiser, 2020).

However, despite the appealing side of WBE, a significant knowl-
edge gap still exists regarding to what extent the promises regarding
being an early warning system can be truly fulfilled, and potential bot-
tlenecks are seldomly discussed in detail. To help readers fill the gap
and draft a roadmap for further research, here in this study we would
like to dive into the limiting factors in a real-world setting, discuss
what has been done and made clear so far, what still awaits to be ad-
dressed, and where is the research frontier of these factors.

2. Limiting factors, current knowledge, and research needs

When used for detecting newly introduced virus carriers and initial
virus circulation in a low-prevalence community, the viability of WBE
and the confidence it offers largely lean on the lowest possible preva-
lence level that enables the detection of viral RNA in sewage. The prac-
tical value is governed by many factors including the sewage network
layout and capacity, shedding profile of infected individuals, sewage
characteristics, sampling strategy, the recovery efficiency of the concen-
tration and quantification methods, and the detection limit of the in-
strument. A relatively reliable estimate requires the latest knowledge
about the pathology of COVID-19, verified experimental method, as
well as support from the local water agency. Some estimates have
been given by previous studies, Hart and Halden (2020) performed a
computational analysis with the City of Tempe, Arizona, USA being the
studied region and estimated that a sensitivity of 1 in 144 to 2 million
individuals can be achieved, depending on the assumptions used. Simi-
larly, Ahmed et al. (2020a) reported an estimated prevalence level of
0.028% (95% CI 0.019-0.039%, 1 in 3571 individuals) based on viral
RNA detection. However, these estimations may be too optimistic as
some factors that can significantly affect the detection sensitivity are
missing while others face significant uncertainty. For instance, neither
of the two studies counted the recovery efficiency of the experimental
method, the latter study also did not consider the natural degradation
of the viral RNA. As for the example of the University of Arizona, despite
a detection sensitivity of 0.64% (2 in 311) on paper, as further details
(e.g., sampling strategy) remain undisclosed, it is unclear whether the
same level of sensitivity can be expected under other conditions. Be-
sides, in a quantitative sense, as an extension of calculating the lowest
prevalence level that enables successful detection, a back-calculation
model that projects the obtained wastewater viral load to the active

shedding population is of foremost importance (Xagoraraki and
O'Brien, 2020), yet so far, very few studies have challenged this issue.

Another measure of the viability of WBE in COVID-19 early warning
is how responsive it can be. Even if the detection sensitivity is adequate
for low prevalence detection, the value of detection can be seriously
undermined, even nullified, if the result cannot reach the correct
hands in time. Also, in regions where prevalence level is high enough
to enable consistent viral RNA detection, WBE can still shine from its
quantitative side; if the wastewater viral load is closely monitored and
there is a surge in infections, as fecal shedding may predate symptom
onset, an increase in viral load may appear before the newly infected in-
dividuals develop symptoms, seek medical attention, and be admitted
to healthcare facilities after diagnosis, and the number of them may be
inferred from the viral load. Different from the low prevalence detection
which only gives a qualitative result, the quantitative outcome gives
local healthcare facilities and their supervising agencies a response win-
dow period and an anticipated capacity demand. Just as in the case of
testing capacity, in a time when many regions are having logistic diffi-
culty handling the rapid increase in infections with limited resources
(Kamerow, 2020), being able to forecast the demand may help get an
upper hand and improve the preparedness as local healthcare facilities
can make use of this time to (1) prepare necessary medical supplies
and equipment including beds, ventilators, protective clothing, and
masks; (2) arrange human resources to make sure there would be ade-
quate health workers for the increased workload. In addition, from a
higher angle, this community demand forecast may enable regional re-
allocation of available resources which can come in handy if there is an
overall shortage.

However, both measures of the feasibility of WBE early warning face
considerable uncertainty. In the previously mentioned studies regard-
ing the lead of viral RNA in primary sewage sludge compared to local ad-
missions, the analysis was performed in a retrospective way: the
accumulated longitudinal SARS-CoV-2 quantification data were com-
pared with the clinical reports during the same period. For WBE to be
an active early warning tool, though, it needs to be performed in a time-
lier manner. One important index in the timeline of COVID-19 infection
is the incubation period, which is the time gap between virus exposure
to symptom onset. Some studies have reported very similar median or
mean values of approximately 5 days (Lauer et al., 2020; Li et al.,
2020; McAloon et al., 2020). After the symptom onset, there typically
will be another period until the testing result comes out or the patient
gets admitted to a hospital, Lauer et al. (2020) reported a mean value
of 1.2 days, but it may vary greatly depending on the testing policy
and the capacity of the hospital in question. Adding the two intervals
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up sets a reference for WBE; whether the workflow can be streamlined
to beat this time largely affects its viability, although to what extent the
outcome is useful also depends on how long is the response window pe-
riod it leaves behind.

In the following sections, factors that may become bottlenecks, their
significance, what previous and recent studies have revealed, and what
awaits to be addressed and clarified by further studies are summarized
and discussed to provide readers with a brief roadmap towards the final
application of WBE as a part of the COVID-19 early warning system.

2.1. Shedding profile of infected individuals

The shedding profile of infected individuals directly determines the
wastewater viral load and is hence regarded as one of the most critical fac-
tors in WBE. The shedding profile consists of three parts: the shedding
rate, the beginning of shedding, and the shedding duration. When the
shedding profile is relatively predictable and stable while showing finite
between-person variation, it will greatly simplify the modeling process,
but on the other hand, if the shedding profile bears significant stochastic
fluctuations and between-person discrepancy, substantial extra efforts
would be needed to handle the data noise and uncertainty.

So far, reports regarding shedding rate have mainly focused on hos-
pitalized symptomatic patients due to the availability. Walsh et al.
(2020) summarized in their review that while some studies reported
little to no difference in the viral loads of symptomatic and asymptom-
atic patients, there are also studies that found the severity of symptoms
can affect viral load, indicating substantial heterogeneity, and generally
speaking, fecal viral shedding shows significant uncertainty and the
overall pattern is more erratic than respiratory shedding. One of the ear-
liest assessments of the rate and duration of fecal shedding was con-
ducted by Wolfel et al. (2020), while the highest recorded viral load
among 9 hospitalized patients reached 107 copies/g of stool sample,
the results also show significant variation between cases; the viral
load of one patient had stayed below 10* copies per gram of feces
over the entire testing course. In a review by Parasa et al. (2020), the re-
corded viral load in stool samples also ranges from 550 to 1.21 x 10°
copies per mL of feces. In addition to the variation in shedding rate, it
has also been stated that not all infected individuals will develop fecal
shedding. In the aforementioned study by Wolfel et al. (2020), the
stool specimens of one patient were consistently negative. A meta-
analysis by van Doorn et al. (2020) reported that 51.8% (95% CI
43.8-59.7%) of patients have their stool specimens tested positive
while another systematic review by Gupta et al. (2020) reported a sim-
ilar percentage (53.9%), but very limited information is available about
the shedding ratio among asymptomatic virus carriers. Not only is this
uncertain fecal shedding a hindrance to the estimation of achievable de-
tection sensitivity, it also means that when the number of infected indi-
viduals is low, statistically, there is a chance that none of them sheds
viral RNA into wastewater, making their presence undetectable by
WBE no matter how sensitive the assays are.

Also, the timing of fecal shedding has a decisive role in determining
how “early” the shedding can be detected. As the routine testing of fecal
shedding typically only focuses on symptomatic patients after their hospi-
talization, solid evidence remains scarce as to the actual starting point of
fecal shedding, especially among asymptomatic virus carriers. Alterna-
tively, the timing of infectiousness development (respiratory shedding)
may be used as a proxy. He et al. (2020) estimated that the infectious pe-
riod begins at 2.3 days prior to symptom onset and peaks at 0.7 days be-
fore it. Nevertheless, it is important to keep in mind that respiratory
shedding does not perfectly represent fecal shedding and may not exactly
parallel it, related information hence must be interpreted and used pru-
dently until more medical evidence becomes available.

As another critical aspect of the shedding profile, the persistency of
shedding should also be given some consideration. It has been revealed
that the shedding of SARS-CoV-2 in fecal specimens can outlast that in re-
spiratory specimens (Jones et al., 2020; Wang et al., 2020; Wu et al., 2020;
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Xiao et al,, 2020; Xu et al., 2020). The long-tailed fecal shedding may cause
a masking effect on newly infected individuals, making their presence in-
distinguishable from the patients in their post-infection phase, especially
when an infection peak has recently ended and the shedding population
remains large. Although according to previous medical reports, the inten-
sity of shedding steadily declines during the infection course, further clin-
ical evidence is still needed to confirm whether the long-tailed shedding
will become a concern for WBE application.

Because the shedding rate and duration determined from clinical
case reports may be subjected to stochastic error and person-to-
person variation, if possible, packing available data and biological expla-
nation into a mathematical model for better generalization and easier
extrapolation of the shedding dynamics is preferable. Currently, avail-
able information about this approach is very limited and further study
is needed. Recently, Miura et al. (2020) fitted a shedding dynamics
model (Eq. (1)) originally developed by Teunis et al. (2015) for
norovirus fecal shedding.

C(tla, B) = Coe ™" (1—e~ ") (B—cv). (1)

This model assumes that virus particles first accumulate at an infec-
tion site and are then released from the intestinal tract into the environ-
ment. C(t|o, B) is the virus concentration in feces at time t, & and (3 are
constants that are defined by the transport rate and effective volumes
of the compartments within the intestinal tract, and Cy is a constant
controlling the height of peak virus concentration. The shedding curve
features a rapid increase in the initial stage of infection, followed by a
downward slide until the virus concentration falls below the detection
limit. Other mathematical models have also been developed for virus
shedding into saliva and blood based on the understanding of the infec-
tion process (Huynh and Rong, 2012; Osuna et al.,, 2016). However, al-
though these previous models have provided some insights, as
mentioned above, the fecal shedding of SARS-CoV-2 may have its own
distinct characteristics and follow a different biological mechanism, it
is unclear whether the same pathologic assumptions and consequently
these mathematical models can be applied to SARS-CoV-2.

In conclusion, though much information has been made available,
the current knowledge is still far from enough to support successful
WABE application in absolute calculations. A heavy workload still lies
ahead until the uncertainty in the fecal viral shedding can be properly
addressed. However, it should be clearly stated that there is no guaran-
tee that such a goal will finally be achieved therefore the worst scenario
also needs to be considered: if the shedding profile is eventually found
to be too erratic and unpredictable to be clearly described and properly
modeled, as some existing literature suggests, the prospect of WBE will
be critically impaired as it lacks the functionality to be a tool for absolute
quantitative analysis. But to proceed from where we are now, a more
comprehensive and holistic image of the shedding profile, including
the rate, starting time, and duration is needed, which will benefit from
further clinical evidence.

2.2. Recovery efficiency and instrument detection limit

Stable and efficient recovery and detection of the viral RNA is a deci-
sive factor in wastewater surveillance. The recovery efficiency and in-
strument detection limit provide a critical reference when estimating
the threshold prevalence level and back-calculating the shedding popu-
lation from the viral load. For primary concentration and RNA extrac-
tion, several research articles and reviews have looked into this
technical issue, focusing on either surrogates or other coronavirus
strains (Ahmed et al., 2020d; La Rosa et al., 2020a; Rusifiol et al., 2020;
Torii et al., 2020). Ahmed et al. (2020d) recently compared the recovery
efficiency of some commonly used methods for wastewater virus con-
centration using murine hepatitis virus (MHV) as the surrogate for
human coronavirus, the average recovery varied from 26.7 to 65.7%,
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with the method having the highest recovery efficiency being an
adsorption-extraction method supplemented with MgCl,. Torii et al.
(2020) conducted a similar study, in which Pseudomonas phage ©6
was used as the surrogate, and a method combining polyethylene glycol
(PEG) precipitation and acid guanidinium thiocyanate-phenol-
chloroform extraction achieved a mean recovery efficiency of 29.8 to
49.8%. From the standpoint of quantitative analysis, this means if the re-
covery efficiency is not considered, in other words assuming a 100% re-
covery, the estimated detection limit would be lower than the actual
value, which may lead to a falsely high sense of security. However,
even though both MHV and ¢6 are enveloped viruses and may better
resemble the behavior of SARS-CoV-2 than nonenveloped surrogates,
discrepancy may still exist and the measured recovery efficiency should
be used discreetly and only as a reference.

It is also worth mentioning that many established primary concen-
tration methods were originally developed and validated for
nonenveloped waterborne gastrointestinal viruses. Due to the distinct
structure and surface property of enveloped viruses such as SARS-
CoV-2, their behavior in the wastewater matrix may also be different,
including the partitioning (Ye et al., 2016). This has been reflected by re-
cent reports of the detection of SARS-CoV-2 in sewage sludge (D'Aoust
etal, 2021; Kaplan et al., 2020; Peccia et al., 2020). However, it is impor-
tant to point out that due to the sedimentation process, the viral load in
primary sludge may be the result of an accumulation over several days
and does not reflect the real-time change in the wastewater matrix. As
for the wastewater solids, Kitamura et al. (2021) and Westhaus et al.
(2021) recovered SARS-CoV-2 RNA from both the solid and liquid frac-
tions of wastewater and the results suggest that wastewater solids may
support more sensitive SARS-CoV-2 detection. Therefore, an extra step
that helps release viral RNA from the solids (e.g., heat treatment and
adsorption-elution) may improve recovery efficiency (Corpuz et al.,
2020; Schwab et al., 1997), but additional research needs to be con-
ducted to verify the efficacy for SARS-CoV-2.

The last barrier of the quantification assay is the detection and quan-
tification limit. For RT-qPCR, a standard curve is necessary for
converting the cycle threshold (Ct) value into virus titers, but if the sig-
nal intensity is below a certain Ct value, it would be indistinguishable
from the potential noise. In practice, this Ct value limit is usually trans-
lated to gene copies per unit volume by referring to the standard curve.
However, if the dilution series is not well configured, there could be a
difference between the limit of detection (LoD) and the limit of quanti-
fication (LoQ). Attention should be paid to reduce or eliminate the gap
between LoD and LoQ. PCR reaction inhibition is also a concern in
wastewater surveillance, the introduction of process control, whether
applied to the whole process, before RNA extraction and/or before RT-
qPCR, has been proposed to help evaluate the extent of inhibition
(Kitajima et al., 2020). In addition, the choice of RT-qPCR assay
(Ahmed et al., 2020a; Hamouda et al., 2020; Hata et al., 2020;
Kitamura et al., 2021) and nucleic acid extraction kit (Sidhu et al.,
2013) can also affect the detection sensitivity. As in the case of the pri-
mary concentration method, at the current stage, a consensus of optimal
recovery-detection assay has not been reached, researchers may need
to conduct their experiments to determine the assay suitable for the
lab condition and wastewater characteristics.

Some recent studies have employed droplet digital PCR (ddPCR) for
the detection of SARS-CoV-2 RNA in clinical samples (Dang et al., 2020;
Falzone et al., 2020; Suo et al., 2020; Yu et al,, 2020) and suggested that
ddPCR is a superior choice for clinical diagnosis for its higher sensitivity
and other benefits such as not needing a standard curve for quantifica-
tion. However, D'Aoust et al. (2021) compared RT-ddPCR and RT-qPCR
using wastewater sludge samples and the results did not support the
statement that RT-ddPCR performs better than RT-qPCR in the context
of wastewater viral RNA detection. It is possible that the low detection
limit offered by ddPCR can enhance the performance of the WBE ap-
proach, but related research needs to be further extended to investigate
the effect of factors such as inhibition and optimize the assay.
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2.3. Dilution factor and sampling strategy

Once the viral RNA is released from shedding individuals, it will
enter the sewage network and get mixed with the rest of the wastewa-
ter. In its simplest form, the dilution factor can be determined by assum-
ing a complete and homogeneous blend of the viral RNA shed by all
shedding individuals in one day and the daily wastewater flowrate
which is usually obtainable from the sewage network operator. But in
practice, the mixing and dilution process is significantly influenced by
the uneven diurnal wastewater flowrate and the timing of toilet flush-
ing. There are two options of sampling: composite sample and grab
sample. Composite samples are favored in recent detection reports
and are generally considered more suitable for the task as multiple
wastewater samples over a period of time are collected, this increases
the success rate of detection given the high uncertainty of shedding, es-
pecially when the sampling period is set to 24 h and a flow-proportional
sampler is used (Medema et al., 2020a; Michael-Kordatou et al., 2020;
Thompson et al., 2020). However, considering the biological rhythm
and living habits of human beings, the variance may, in turn, be benefi-
cial and the grab sample may offer a higher chance of detection if the
sampling time is optimized to capture the peak hours of toilet flushing.
In the aforementioned study of Hata et al. (2020) in which a positive sig-
nal was detected when the catchment area had a low prevalence level
(less than one confirmed case per 100,000 people), grab samples were
used. However, due to the unevenly distributed in-sewer travel time
in a large sewage network, this specific method may be more applicable
to confined environments (e.g., dormitories and nursing homes). An
early study on defecation concluded that defecations are more likely
to occur in the early morning (Heaton et al., 1992), and Campisano
and Modica (2015) reported that there are three toilet flushing peaks
during a day, although it is necessary to point out that the result is
merely based on a case study of a household and whether it also applies
to a larger community needs further verification.

Previous studies have employed different sampling frequencies,
from taking samples on discrete dates (Kumar et al., 2020; La Rosa
et al., 2020b), to routine sampling with a relatively stable interval
(D'Aoust et al., 2021; Hata et al., 2020; Randazzo et al., 2020) and
daily sampling (Peccia et al., 2020). For retrospective analysis, frequent
sampling over a long period (e.g., several months) may unnecessarily
increase the total workload required for sample processing, therefore
lower frequency is both acceptable and more realistic. But under the
premise of using the measured viral load for early warning, especially
considering the rapid progression of the COVID-19 epidemic and the po-
tential social significance of the measures to be taken, daily or similarly
frequent sampling is highly recommended as long as the laboratory ca-
pacity allows.

Apart from direct measuring, human fecal indicators may also help
normalize the flowrate as well as help identify the peak flushing hours
in a day if there are any. Some previous studies have opted for the use
of pepper mild mottle virus (PMMoV) as an internal control because
of its universal and stable presence in the wastewater matrix
(Kitajima et al., 2014; Symonds et al., 2018), but more options including
crAssphage, HAdV, JCPyV, human microbiome-specific HF183
Bacteroides 16S ribosomal rRNA, and eukaryotic 18S rRNA may also be
used (Ballesté et al., 2019; Bofill-Mas et al., 2006; D'Aoust et al., 2021;
Medema et al., 2020a), although it is worth mentioning that because
their nature may be very distinct from that of the target biomarkers,
these internal control targets cannot be used for signal normalization.

24. In-sewer travel time and degradation

Once the viral RNA is released from infected individuals and enters
the wastewater, it will spend some time traveling in the sewer pipes
until it reaches the designated sampling site. The in-sewer travel time
is a function of many characteristics of the sewage system in question,
such as the spatial configuration of the sewer network and wastewater
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flow rate in a given time, hence its value may vary greatly among sew-
age networks and is highly recommended to be determined for each
WBE project individually if needed. Although its importance in WBE
has been underlined (Thai et al., 2014), the in-sewer travel time of a
given sewage network has rarely been reported, presumably due to
the difficulty of performing an experiment or establishing a hydrological
model. But according to limited existing estimates made for multiple
purposes including WBE application, the mean value of in-sewer travel
time, or wastewater residence time, typically falls within several hours.
For instance, it has been estimated that the national median in-sewer
travel time of the U.S. is 3.3 h (Kapo et al., 2017), and the approximate
sewer transit times of the UK and Rome have also been estimated to
be ~2 h and 3-5 h, respectively (D'Ascenzo et al., 2003; Holt et al.,
1998). Also, in the case of grab sampling, the mean or median value
does not consider the population heterogeneity, the wastewater pro-
duced by those living close to the sampling site will have significantly
shorter in-sewer travel time compared to that from people living in
the upstream area. To offset the potential impact, the demographic
and geographic distributions of the population may also be considered
a factor.

Wastewater is a complex matrix with a high concentration of micro-
organisms and substances that are either organic and inorganic, all of
which may contribute to the natural degradation of viral RNA. Previous
studies have investigated and reviewed the degradation of human
coronaviruses including SARS-CoV and SARS-CoV-2 and their surro-
gates such as murine hepatitis virus (MHV) in the wastewater matrix
(Ahmed et al., 2020c; Bivins et al., 2020a; Mandal et al., 2020). As the re-
sults suggest, the viral RNA of SARS-CoV-2 is more persistent than viable
virus particles and can stay in wastewater for a relatively long period,
and the decay rate increases as the wastewater temperature goes up.
Bivins et al. (2020a) recorded a 26.2 days Tyg value in untreated waste-
water at 20 °C, which is comparable to the study by Ahmed et al.
(2020c) in which the Tog values in untreated wastewater at 15 and
25 °C were 20.4 and 12.6 days, respectively. Because the typical resi-
dence time of wastewater is several hours, the effect of degradation
may not be as pronounced as that of other factors, but it is still recom-
mended to take the degradation kinetics into consideration for better
accuracy. For instance, in a long-term monitoring project, the seasonal
change in wastewater temperature may bring change to the prevalence
estimation as the degradation during summer would be more signifi-
cant and may reduce the measured viral load (Hart and Halden, 2020).

Although the majority of existing studies took samples from waste-
water treatment plants (WWTPs) for better coverage and convenience,
they are not the only option. If a better spatial resolution or a shorter re-
sponse time is required, the strategy of ‘upstream sampling’ can also be
employed, which means samples are taken from locations closer to the
origins, such as sewer pumping stations and maintenance holes, to nar-
row down the coverage and shorten the in-sewer travel time (Medema
et al., 2020a; Thompson et al., 2020).

2.5. Turnaround time for sample treatment and quantification

The turnaround time for sample treatment consists of sample trans-
portation, virus concentration, quantification, and data analysis and or-
ganizing. Primary concentration methods can take anywhere from
about an hour (ultrafiltration, electronegative membrane vortex) to
overnight (PEG precipitation) (Ahmed et al., 2020d; Torii et al., 2020),
the time required for subsequent steps varies depending on the reagent
kits and instruments used but is also typically in the range of several
hours if all steps are done consecutively. The time needed for sample
transportation and data analysis depends heavily on real-life factors in-
cluding the transportation method, the distance between the sampling
site and laboratory, and the way of data processing, so far, very limited
information about these two steps is available from existing literature.
Due to the varied conditions, although it is possible for the WBE ap-
proach to predate symptom onset and hospital admission, the entire
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workflow is subject to significant uncertainty and different settings
hence an estimated time cannot be given. We encourage future studies
to include the information of the time required for each step to give a
better image of the total turnaround time.

Worrying that the standard off-site RT-qPCR method may not fulfill
the demand for rapid detection, recent studies have discussed alterna-
tive methods. Mao et al. (2020) and Bhalla et al. (2020) discussed the
potential of paper-based analytical devices, which are easy-to-carry
tools that can be deployed for rapid on-site nucleic acid testing. Yang
et al. (2017) reported a paper-based “sample-to-answer” platform for
the detection of human genomic DNA in untreated wastewater based
on the loop-mediated isothermal amplification (LAMP), through
which the result can be yielded within 45 min. Nguyen et al. (2020)
shared similar optimism about LAMP, specifically stating that LAMP
can be a potential candidate for COVID-19 early detection. While allur-
ing on paper, compared to the conventional laboratory apparatus, the
reliability of new methods and devices remains unverified, and very
limited information is available regarding the practical application de-
spite the strong interest. Although the development of novel devices
and methods that can enable rapid and reliable detection of SARS-
CoV-2 genome RNA is highly encouraged, considering that the derived
information will be used to help make crucial decisions, the application
must be proceeded with caution.

2.6. Data analysis

After obtaining the quantification result, there is a final step of data
analysis. If the SARS-CoV-2 signal in a low prevalence region is positive
for the first time, it indicates a high possibility that the predetermined
threshold prevalence level has been exceeded, but for better depend-
ability, especially considering the information will be used to support
critical decisions that may leave a permanent impact on the society,
an additional validation step may be employed at the cost of longer re-
sponse time. As for long-term monitoring in a middle-to-high preva-
lence region where the viral load is consistently higher than LoQ, the
concentration of viral RNA, or the active shedding population if a
back-calculation model can be successfully established and validated,
should be combined with previous results to assemble a longitudinal
pattern.

Although theoretically, qualitative and semi-quantitative analysis
can be performed without a back-calculation model that connects the
viral load to the active shedding population (Daughton, 2020), the
lack of quantitative projection would certainly impair the usefulness
of the result. Although lagged correlation has been found in wastewater
viral load and reported patient number (Nemudryi et al., 2020; Peccia
et al., 2020), there is no model currently in existence that can infer the
size of the total infected or shedding population, which could be much
larger than reported cases due to undertesting and asymptomatic
virus carriers. Previous WBE projects have used excretion-dilution-
recovery mass balance models for the back-calculation of chemical bio-
markers (Feng et al., 2018; Gracia-Lor et al,, 2017; Lai et al,, 2011), but in
the case of COVID-19 surveillance, the same model may suffer greatly
from the limited understanding and the variance of some parameters
(mainly the shedding profile and dilution factor) as well as the potential
data noise. One reason is that due to the persistent fecal shedding, the
wastewater viral load is likely to be contributed by patients in different
infection stages, this population may even include those who have the
virus cleared in the respiratory tract. Thereby, not only modeling tools
that help reduce the uncertainty (e.g., Bayesian inference and maximum
likelihood estimation) are highly recommended, other mathematical
models featuring different structures are also worth looking into as
long as they offer a decent capability of capturing the correlation be-
tween viral load in wastewater and the shedding/infected population
and dealing with the noisy data. Here, we not only encourage re-
searchers who are already working on COVID-19 wastewater surveil-
lance to reach out and look for potentially suitable modeling
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techniques but also call on experts from other disciplines, such as epide-
miology and statistics, to join in and tackle the challenge together.

Knowing the de facto population size in the catchment area also
helps reduce the uncertainty when doing quantitative analysis (Choi
et al., 2018; Daughton, 2020; Medema et al., 2020a; O'Brien et al.,
2014). Census data or estimation based on facility capacity can be
used as an approximation, but they may deviate from reality. Another
option is to use certain population biomarkers including exogenous
markers such as nicotine and caffeine, and endogenous markers 5-
hydroxyindoleacetic acid (5-HIAA) and ammonia (Choi et al., 2018),
but it should be kept in mind that significance discrepancy may exist be-
tween regions and countries due to various lifestyles. Apart from the de
facto population, in regions with high mobility (e.g., tourist attractions
and transportation hubs), the frequent movements of people not only
increase the risk of virus introduction but also introduce a new source
of uncertainty for quantitative analysis (Lai et al,, 2011). Further studies
will need to employ appropriate methods to estimate and validate the
population covered by the studied sewage network and consider how
to incorporate the dynamics of the population into the result interpreta-
tion process.

As mentioned previously, WBE should not be considered as a
standalone solution, but rather as a complementary data source in pub-
lic health management (Ahmed et al., 2020b; D'Aoust et al., 2021;
Thompson et al., 2020). Therefore, the result obtained from WBE should
be viewed and assessed along with other supporting materials such as
clinical reporting and estimation made with epidemic models before
reaching any final decision.

3. Conclusions

While certainly holding a potential, the prospect of using
wastewater-based epidemiology as an early warning system for
COVID-19 surveillance still has many hurdles to overcome. As a result,
we encourage experts from different disciplines to work together and
share knowledge for the further refinement and validation of this
novel approach as humanity continues to battle the ongoing COVID-19
pandemic. We summarized the main points that need to be addressed
by further studies as follows:

* The shedding profile of infected individuals, including the rate, ratio,
timing, and consistency, is still subject to substantial uncertainty and
needs to be better understood for WBE to be viable, more information
needs to be extracted from existing and future clinical reports. Also, a
shedding dynamics model needs to be established to help generalize
the shedding profile.

» The sampling strategy and experimental methods can be stream-
lined to shorten the total turnaround time and provide a longer re-
sponse window period, future studies are encouraged to include
related information for optimization. Also, the sampling strategy
can significantly affect the representativeness of the sample and
should be optimized according to the practical conditions and
needs.

Back-calculation remains one of the biggest technical challenges,

apart from continually updating the model with new information,

auxiliary modeling tools and novel model structures are also
worth looking into to improve its accuracy and robustness.
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