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Wastewater-based surveillance (WBS) for SARS-CoV-2 RNA is a promising complementary approach to monitor com-
munity viral circulation. A myriad of factors, however, can influence RNA concentrations in wastewater, impeding its
epidemiological value. This article aims to provide an overview and discussion of factors up to the sampling stage that
impact SARS-CoV-2 RNA concentration estimates in wastewater. To this end, a systematic review was performed in
three databases (MEDLINE, Web of Science and Embase) and two preprint servers (MedRxiv and BioRxiv). Two au-
thors independently screened and selected articles published between January 1, 2019 and May 4, 2021. A total of
22 eligible articles were included in this systematic review. The following factors up to sampling were identified to
have an influence on SARS-CoV-2 RNA concentrations in wastewater and its interpretation: (i) shedding-related fac-
tors, including faecal shedding parameters (i.e. shedding pattern, recovery, rate, and load distribution), (ii) population
size, (iii) in-sewer factors, including solid particles, organic load, travel time, flow rate, wastewater pH and tempera-
ture, and (iv) sampling strategy. In conclusion, factors influencing SARS-CoV-2 RNA concentration estimates in waste-
water were identified and research gaps were discussed. The identification of these factors supports the need for
further research on WBS for COVID-19.
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1. Introduction

From the beginning of the COVID-19 pandemic up until December 21,
2021, there have been approximately 275 million reported cases and
more than 5.3 million associated deaths worldwide (Worldometer, 2021).
Optimal monitoring of viral circulation is essential to mitigate the spread
or resurgence of SARS-CoV-2. Currently, monitoring is predominantly
done through wide clinical testing of symptomatic patients and by indi-
cated testing of risk contacts and travelers. However, such strategy is lim-
ited for several reasons. Firstly, clinical test reports are systematically
biased by under-detection of asymptomatic cases and depend on contact
tracing efficiency, patient ability to recognize COVID-19 symptoms, and
the willingness and resources to test (Girum et al., 2020). Secondly, testing
strategies have been highly variable between regions and within regions
over time leading to uncertainties in comparability. Thirdly, delays in
reporting of cases further contribute to the need of additional surveillance
tools. Moreover, daily reported cases have been encompassing positive
tests from a range of specimen dates and have been containing anomalies.
Hence, its results should not be seen as a golden standard for true
community-wide infection levels. Lastly, clinical testing is associated with
a high financial cost and is inefficient for the detection of sporadic cases
of COVID-19.

As a result, wastewater-based surveillance (WBS) was proposed as a
complementary system to clinical epidemiology. Given that both asymp-
tomatic and symptomatic cases can shed SARS-CoV-2 RNA via feces
(Cevik et al., 2021; Park et al., 2021), it was assumed that spatiotemporal
variation in RNA concentrations in wastewater would better approximate
the true community infection dynamics of COVID-19 compared to clinical
testing. Around 40% of infected individuals shed SARS-CoV-2 RNA in
their feces and can contribute to viral loads in the sewer network (Parasa
et al., 2020). In addition, WBS can potentially be used as an early warning
system and prevent disease outbreaks in defined communities if high tem-
poral resolution is followed by timely analysis and reporting. It is a non-
invasive, community-wide surveillance system which reduces selection
bias since sub-clinical infections are also being detected (Thompson et al.,
2020). Several countries have successfully implemented WBS as a comple-
mentary system to clinical testing and acquired relevant qualitative and
(semi-)quantitative data on community infection levels (Medema et al.,
2020b; Agrawal et al., 2021; Fernandez-Cassi et al., 2021; Hasan et al.,
2021; Hillary et al., 2021; Sciensano, 2021).

Although sample processing and analytical methodology of waste-
water analysis markedly improved, there remain important uncer-
tainties on WBS for COVID-19. In this review, we focus on factors up
2

to the sampling stage of WBS that may affect downstream SARS-CoV-2
RNA concentrations and its interpretation. These factors may encom-
pass uncertainties on a population level (e.g., number of people in the
catchment area), viral shedding characteristics of the population, in-
sewer factors (e.g., dilution effects, wastewater properties), and factors
related to the sampling strategy. The variability introduced by these fac-
tors minimizes the representativeness and predictivity of wastewater es-
timates. This review does not cover post-sampling factors, such as
sample processing and analytical methodology, which are known to be
major factors influencing quantitative results. Readers interested in
post-sampling factors are referred to relevant literature described else-
where (Ahmed et al., 2020b; Kitajima et al., 2020; Medema et al.,
2020a; Alygizakis et al., 2021).

We conducted a systematic review to identify influencing factors up to
the sampling stage by retrieving original research articles from three data-
bases (MEDLINE, Embase and Web Of Science Core Collection) and, addi-
tionally, from two preprint servers MedRxiv and BioRxiv. This review
presents a qualitative synthesis of the factors reported and its evidence. Ad-
ditionally, studies examining the relationship between SARS-CoV-2 RNA
concentrations in wastewater and clinical- or diagnostic-based epidemio-
logical markers (e.g., cases, positivity rate, hospitalizations or deaths),
from nowon referred to as clinical indicators,were reported here to demon-
strate large variability in correlation estimates. Importantly, intrinsic vari-
ability in case reports will continue to distort any relationship with WBS
data. Adjustment for determining factors ofWBSmaydecrease unexplained
variability and improve its usefulness. Lastly, recommendations are pro-
vided to facilitate the application of WBS for COVID-19 detection and
surveillance.

2. Methods

A systematic review was conducted to review factors affecting SARS-
CoV-2 RNA concentrations in wastewater up to the sampling stage. Given
the large heterogeneity between WBS studies and various factors studied
by different methodologies, we could not adhere strictly to PRISMA guide-
lines (Page et al., 2021). The main objective of this study was to identify
and discuss all possible influencing factors up to sampling. A search was
performed on May 4, 2021 in three databases (MEDLINE, Embase and
Web of Science Core Collection). Additionally, two preprint servers
MedRxiv and BioRxiv were screened to accommodate with the high pub-
lishing rate of COVID-19 articles. Articles published between January 1,
2019 and May 4, 2021 were eligible for inclusion. The included preprints
were revisited on December 21, 2021 to verify revisions upon Journal



Table 1
Summary of identified factors that may impact SARS-CoV-2 RNA concentrations in
wastewater or its interpretation.

Factor Expected impact on SARS-CoV-2
RNA concentrations or relevance

References

i) Shedding-related factors
Shedding
peak

Early infections have a
predominant influence on RNA
loads.

Wu et al., 2022

COVID-19
recovery

Reduction in RNA loads, but
contribution to residual noise in
RNA concentrations.

McMahan et al., 2021;
Wu et al., 2022

Shedding load
distribution

Shedding load distribution may
possibly be used to estimate total
infections.

Huisman et al., 2021 (preprint)

Shedding rate Shedding rates can be calculated
for a specific community, but may
vary depending on underlying
population.

Schmitz et al., 2021

Incontinence
aids

High-risk populations may not
contribute to RNA load when
incontinence aids are used.

Acosta et al., 2021

ii) Population size
Population
size

Positive relationship between
population size and RNA
concentrations.

Wilder et al., 2021

Population
size

Positive relationship between
population size and RNA
detection rates.

Wu et al., 2021

iii) In-sewer factors
Solid particles Distribution of viral RNA

between solid phase and aqueous
phase. Possible reduction in
aqueous phase due to solid
particles.

Jørgensen et al., 2020 (preprint);
Fores et al., 2021; Graham et al.,
2021; Weidhaas et al., 2021;
Westhaus et al., 2021

Organic
matter

Reduced RNA concentrations in
aqueous phase for increasing
organic load, dependent on
physicochemical properties
(e.g., humic-like substances).

Hong et al., 2021;
Petala et al., 2021

Dissolved
oxygen

Increased RNA concentrations in
aqueous phase with increasing
dissolved oxygen.

Petala et al., 2021

Flow rate Increased or reduced
concentrations.

Wilder et al., 2021;
Vallejo et al., 2022

Travel time Reduced RNA concentrations. Weidhaas et al., 2021
Wastewater
pH

Possible reduced concentrations
at low pH with high
concentrations of volatile fatty
acids.

Hong et al., 2021

Chlorination Reduced RNA concentrations,
depending on fulfilling of
chlorine demand.

Zhang et al., 2020; Hemalatha
et al., 2021

Wastewater
temperature

Possible reduced RNA
concentrations.

Ahmed et al., 2020a;
Bardi and Oliaee, 2021

Ambient
temperature

Possible reduced concentrations,
situation specific.

Arora et al., 2020; Hart and
Halden, 2020; Hong et al., 2021;
Vallejo et al., 2022

iv) Sampling strategy
Sampling
frequency

At least two or three
non-consecutive samples a week
to minimize noise in trends.

Feng et al., 2021; Graham et al.,
2021; Huisman et al., 2021
(preprint)

Sampling
mode

24-h composite flow-proportional
sampling of influent wastewater
to capture RNA loads adequately.

Ort et al., 2010
(not included in review)

The expected impact on SARS-CoV-2 RNA concentrations is given for a relative in-
crease in quantitative factors. For categorical factors, the expected effect or rele-
vance is briefly mentioned.
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acceptance and warn on the validity of unrefereed preprints. Supplemen-
tary Table 1 shows the search strategy used in the MEDLINE database.

Initial screening was performed independently by different operators,
based on the title and abstract. Only original articles mentioning the assess-
ment of SARS-CoV-2 (RNA) in wastewater were selected for further analy-
sis. Also, they independently performed full-text screening for in- and
exclusion criteria, and conflicts were resolved by mutual agreement.

The inclusion criteria were as follows: (i) original research articles, (ii)
examining a factor/phenomenon up to the sampling stage with a possible
effect on SARS-CoV-2 RNA concentrations in wastewater, independent of
infection levels. Additionally, original research articles investigating an as-
sociation between clinical data and WBS data were retrieved from the
search to perform a supplementary analysis. Articles published in a non-
English language or in the form of a short communication, letter, abstract,
proceeding, opinion, review or book chapter were excluded.

Discrepancies regarding article selectionwere resolved during a consen-
susmeeting with a senior reviewer (LL). Qualitative synthesis of factors was
carried out, leading to four categories: i) shedding-related factors, ii) popu-
lation size, iii) in-sewer factors and iv) sampling strategy. Thefindings from
included studies are reported accordingly in the results section and com-
piled in Table 1. As a supplementary analysis, a synthesis of articles exam-
ining the association between WBS data and clinical indicators was
provided (Supplementary File).

3. Results

3.1. Study characteristics

The literature search resulted in 887 hits: 255 fromMEDLINE, 207 from
Embase, 176 fromWebof Science, 219 fromMedRxiv and 30 fromBioRxiv.
Authors reached consensus about the title/abstract screening and full-text
screening in 82% and 79% of the articles, respectively, counting for a
group of 59 articles (Fig. 1). Of these 59 articles, 22 were included in this
systematic review. The remaining 37 articles were reported in the supple-
mentary analysis (Supplementary File).

Geographic distribution of all 59 studies showed that 24 were con-
ducted in North America, 15 in Asia, 13 in Europe, three in Australia, and
three in South America. One study could not report a location because the
authors developed a theoretical model and did not sample wastewater.
Out of the 59 articles, 50 were related to sampling of wastewater or sludge
on a macro-level in wastewater treatment plants (WWTPs). Eight articles
were reports of the concentration of SARS-CoV-2 RNA in wastewater on a
building-level, in either hospitals or university dorms, or related to
pumping stations; and 14 articles included samples of wastewater from
both hospital sewers/manholes and WWTPs.

A total of 50 studies were related to sampling of influent/raw wastewa-
ter, 13 studies of effluent wastewater, eight studies of solids/sludge and
eight studies of hospital wastewater. It should be explicitly emphasized
that WWTP-effluents should not be used for WBS purposes due to signifi-
cant changes to the viral RNA concentrations caused by primary or second-
ary treatment steps.

A total of 25 studies used only composite samples (42%), 15 articles
used only grab samples (25%), and 11 articles used both grab and compos-
ite samples (19%). Out of 36 studies using composite samplers, 32 used 24-
h samplers (89%), one only applied 6-h samplers (3%), one only 8-h
samplers (3%), and two did not report composite sampling duration
(6%). Furthermore, eight studies used flow-proportional composite sam-
plers (22%), nine used time-proportional composite samplers (25%), and
20 did not explicitly report the type of composite sampling (56%). Seven ar-
ticles (12%) did not specify sampling methods at all.

3.2. Identified factors

3.2.1. Shedding-related factors
The influence of faecal shedding parameters on WBS data was studied

by several research groups. Wu et al. (2022) optimized a SARS-CoV-2
3

shedding function to relate back-dated daily incident caseswithwastewater
titers. As a result, a shedding peak of SARS-CoV-2 on the second day of viral
shedding, which lasts for 3–4 days and is followed by prolonged shedding
of lower levels of viral RNA, was suggested. This shedding burst may
occur even before respiratory symptoms develop and could coincide with



Fig. 1. PRISMA flowchart of the systematic review (Page et al., 2021).
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gastro-intestinal symptomatology. According toMcMahan et al. (2021), pa-
tient's recovery evoked a reduction in viral RNA mass rate release in waste-
water (copies/day). However, even after recovery, faecal shedding may
persist for several weeks contributing to noise in WBS data (McMahan
et al., 2021; Wu et al., 2022). A preprint by Huisman et al. (2021) suggests
that the shedding load distribution could be used tomaximize the fit between
reproductive number estimates derived from wastewater and clinical data.
Furthermore, Schmitz et al. (2021) calculated mean faecal shedding rates,
from clinical andwastewater data obtained froma university dorm commu-
nity, which may be used to estimate the total number of infected individ-
uals. Yet, no external validation has been performed to substantiate its
significance. Also, shedding rates may differ between populations as age
seems to be an important determinant of viral shedding kinetics. Omori
et al. (2021) showed that individuals older than 80 years had a higher
relative contribution compared to individuals younger than 19 years.
Increased peak viral loads in the elderlymay be partly due to immunosenes-
cence (Vellas et al., 2020), a condition that is frequently found in frail
elderly (Lang et al., 2010). Of note, use of incontinence aids in high-risk
populations (e.g., diapers and sanitary pads) prevents SARS-CoV-2 RNA
from introduction in sewage as was discussed by Acosta et al., 2021. This
should be considered as an important consideration for WBS, especially
for building-level surveillance, such as in hospitals and residential care
facilities.

In conclusion, accurate estimation of shedding rateswithin specific pop-
ulations will be necessary for prediction of COVID-19 infections. Within a
4

catchment area of interest, the population distributions of shedding pattern,
recovery, rate and load distribution are determining factors for the interpre-
tation of SARS-CoV-2 RNA concentrations and may depend on clinical and
demographic characteristics of the population.

3.2.2. Population size
Population size in the catchment area can be associated with the SARS-

CoV-2 RNA concentration in wastewater. Wilder et al. (2021) demon-
strated a linear association (p < 0.010) between the RNA concentration
and population size in the catchment area in New-York (USA), based on
census data. Also, Wu et al. (2021) found a positive correlation between
RNA detection rates in wastewater and population sizes of catchment
areas. Although the association between population size and viral RNA
concentrations may be driven by absolute number of COVID-19 cases, it
is important to state that RNA concentrations may also be affected indepen-
dently. As population size increases, sewage flow increases due to increased
water usage causing dilution of viral RNA (Wu et al., 2021).

As the total covered population size is a critical parameter forWBS, pop-
ulation size estimates should be interpreted with great care. The geograph-
ical coverage of a sewer network does not necessarily align with the
number of residents in a given jurisdiction. This requires detailed mapping
of sewer networks onto different postal codes.

Even more so, the total population size within a catchment area cannot
be assumed as being static. Significant day-to-day variability due to com-
muting and tourism has been shown. Especially during the COVID-19
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pandemic, population fluxes are being severely impacted. Monitoring the
fluxes of individuals in the catchment area is vital to interpret viral
concentrations.

To this end, multiple studies used peppermild mottle virus (PMMoV) as
human faecal load marker for internal standardization (Acosta et al., 2021;
D'Aoust et al., 2021; Feng et al., 2021; Whitney et al., 2021). In addition,
crAssphage (Wilder et al., 2021), creatinine (Westhaus et al., 2021), and
total nitrogen (Yaniv et al., 2021) were identified in this review to normal-
ize for sewage strength (i.e. faecal content per volume of sewage).

3.2.3. In-sewer factors
In-sewer factors are major sources of variability in concentrations of

SARS-CoV-2 RNA. The load and physiochemical properties of solid particles
and organic matter impact the distribution of SARS-CoV-2 RNA in wastewa-
ter. Weidhaas et al. (2021) showed that 9±12m/m%SARS-CoV-2 RNA (n
= 8) was found in the influent solid fraction of wastewater. Fores et al.
(2021) observed that on average 23% of SARS-CoV-2 N1 genes (n=9) re-
mains in the solid phase of wastewater after ultrafiltration. Furthermore, a
preprint by Jørgensen et al. (2020) indicates the presence of RNA in the
solid phase in about half of the wastewater analyses which were positive
for SARS-CoV-2 RNA (n=77). In some of these analyses RNA could be de-
tected in the solid phase while the aqueous phase was negative. According
to Westhaus et al. (2021), the concentration of SARS-CoV-2 RNA is one log
higher in the solid phase than in the aqueous phase of influent wastewater.
Solid phase analyses may thus complement aqueous phase analyses and
should be performed to exclude false negatives.

Petala et al. (2021) reported that SARS-CoV-2 RNA copy numbers in
aqueous samples are negatively correlated with specific UV absorbance di-
vided by dissolved oxygen (DO). The specific absorbancewas defined as the
ratio of UV254 over total dissolved organic carbon (DOC), as a measure for
the concentration of humic-like substances (UV254) in the DOC. This associ-
ation may be explained by humic-like substances providing additional
binding sites to SARS-CoV-2 RNA onto solid matter, which would have a
negative down-stream effect on aqueous-phase quantification. Conversely,
increased DO may reduce viral adsorption to solids through viral inactiva-
tion and bacterial-mediated viral destruction, potentially reversing this dis-
tribution of viral RNA between solid and aqueous phases. In line with this
study, a negative association between N1 gene copy number (n = 31)
and DOC was observed in liquid phase samples from a hospital septic
tank and sludge tank, but not with N2 (n = 26) and N3 (n = 23) gene
copy numbers by Hong et al. (2021).

Altogether, organic matter seems to have a downstream negative im-
pact on SARS-CoV-2 RNA quantification in the aqueous phase. Next to
adsorption-related processes, another explanation could be the phenome-
non of PCR-inhibition caused by organic matter. Further studies should
evaluate whether in-sewer organic matter impacts quantification and
whether correction is indicated for a given methodology.

The influx of stormwater, rainwater, increased household water con-
sumption and water from other sources causes dilution of wastewater, pos-
sibly leading to a lower or absent SARS-CoV-2 RNA concentrations as
these are typically measured at trace levels, close to the lower limit of quan-
tification (LLOQ).Wilder et al. (2021) observed increased concentrations of
SARS-CoV-2 RNA at a sampling date with a significantly decreased flow
(p = 0.045) compared to a previous sampling date. However, no COVID-
19 incidences were provided for comparison between both dates. Further-
more, McMahan et al. (2021) and Fernandez-Cassi et al. (2021) used
mass rate (copies/day) instead of concentration (copies/L) to compensate
for sewage flow. Vallejo et al. (2022) observed a weak positive correlation
(r = 0.32) between mean flow of wastewater and daily mean viral load.
Hence, the effect of flow rate on SARS-CoV-2 RNA concentrations in waste-
water can be manifold. RNA concentrations can increase when flow signif-
icantly decreases, possibly through reduced SARS-CoV-2 RNA dilution (less
rainfall, water consumption). However, in combined sewer networks a
higher flow rate due to more rainwater may be associated with shorter
travel times, resulting in mitigated RNA degradation. Also, increased flow
rates can be the result of more individuals contributing to the catchment
5

area of interest. Lastly, dilution could reduce matrix effects in wastewater
and possibly explain positive correlationswithRNA concentrations. Correc-
tion for source-specific dilution may be indicated for combined sewers,
while correction for overall dilution is expected to be appropriate for
strictly sanitary sewers.

As expected, longer in-sewer travel times could lead to enhanced decline
of SARS-CoV-2 RNA in wastewater because of decay during transit, which
was observed in the study conducted by Weidhaas et al. (2021).

The effect of pH on sewage samples was examined by two articles: Hong
et al. (2021) observed in a hospital septic tank and sludge tank a negative
association between pH and the N1 gene copy number in loglinear regres-
sion model with total organic carbon, conductivity and turbidity, suggest-
ing that (extreme) alkaline environments cause degradation of SARS-CoV-
2 RNA in wastewater. Wastewater pH was a non-significant predictor for
N2 and N3 gene copy number. Secondly, total absence of SARS-CoV-2
genes was observed in wastewater reactors with a pH lower than 5.4 and
a volatile fatty acids concentration above 2000 mg/L (Bardi and Oliaee,
2021). Even though no thorough analysis of a pH effect was available in
this review, RNA estimates from samples with extreme pH should be
interpreted with caution.

For safety reasons chlorination of wastewater is being performed by fa-
cilities such as hospitals as a pre-treatment step before sewage discharge
into the sewer network. The effect of chlorination was considered by sev-
eral studies, typically in the context of biosafety ofWWTP effluents. Accord-
ing to Hemalatha et al. (2021), treating 1 L wastewater samples with 20mL
of a 0.1% sodium hypochlorite solution to decrease pathogenicity, has no
effect on the SARS-CoV-2 RNA concentration. The study performed by
Zhang et al. (2020) illustrated that a dosage of 6700 g/m3 sodium hypo-
chlorite during one hour and a half resulted in complete removal of
SARS-CoV-2 RNA in effluents of hospital septic tanks, in contrast to
800 g/m3 sodium hypochlorite. It is postulated that embedding of viral par-
ticles in stoolmay inhibit the effect of chlorination and extend the release of
SARS-CoV-2 in the aqueous phase. In line with these results, Arora et al.
(2021) argue that chlorination only influences the concentration of SARS-
CoV-2 RNA if the chlorine demand is fulfilled. Beyond the chlorine demand
free chlorine residuals appear in the matrix upon additional chlorination.
The chlorine demand is relatively high in wastewater due to the high
level of organic impurities which may react with chlorine. Nonetheless,
chlorination as pre-treatment step may have a detrimental effect on
SARS-CoV-2 RNA concentrations, especially relevant when sampling in
the context of facility-level WBS such as in hospitals.

The impact of temperature on RNA degradation was studied by Ahmed
et al. (2020a) in different aqueous matrices. The first-order degradation
constant increases with temperature in untreated and autoclaved wastewa-
ter as well as in dechlorinated tap water. Increasing temperature also
showed to have a negative impact on SARS-CoV-2 RNA concentrations in
batch reactors during anaerobic co-digestion of sewage sludge and its effect
may synergize with higher organic load concentrations (Bardi and Oliaee,
2021) and longer in-sewer travel times (Hart and Halden, 2020). As to am-
bient temperature, SARS-CoV-2 RNA was detected in wastewater from an
aerobic biological open-air hospital tank in Jeddah (Saudi Arabia), at ex-
treme ambient temperatures up to 46.3 °C (Hong et al., 2021). In line
with this study, SARS-CoV-2 RNA could be found in wastewater at periods
with up to 45 °C ambient temperature in Rajasthan, India (Arora et al.,
2020). However, on a quantitative level, Hart and Halden (2020) sug-
gested, through computational analysis, that an ambient temperature of
20 °C leads to reduced detectability of SARS-CoV-2 RNA compared to
lower ambient temperatures (5–10 °C) through increased decay, and rec-
ommended to adjust for seasonal variations. Also, mean ambient tempera-
ture showed a weak negative correlation with daily mean viral load (r =
−0.39) in a study by Vallejo et al. (2022), suggestive for increased loss of
signal with increasing temperature.

It is important to realize that the overall effects of seasonal weather con-
ditions may be confounded by seasonal variations in populations sizes and
behavior. For example, high ambient temperature could lead to increased
environmental degradation of SARS-CoV-2 RNA, while coinciding with
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increasing loads of viral RNA in wastewater due to higher influxes of indi-
viduals during summer at tourist locations.

3.2.4. Sampling strategy
A sampling frequency of three times aweek showed comparable results in

estimating the reproductive number based on wastewater surveillance
(Rww) as compared to daily sampling. Yet, increased variability of Rww esti-
mates was observed when sampling was less frequent (Huisman et al.,
2021, preprint). Feng et al. (2021) showed that a resolution of at least
two non-consecutive samples a week is necessary to ensure adequate accu-
racy for trend analysis of clinical cases. Similarly, Graham et al. (2021) ob-
served loss of significance of linear regression models, adjusted for
autoregression and technical errors, with once weekly or fortnightly sam-
ples of wastewater solids to predict case counts. All studies on sampling fre-
quency applied flow-proportional 24-h composite sampling.

Regarding sampling mode, it should be emphasized that from a tradi-
tional WBS perspective flow-proportional sampling is more appropriate
compared to time- and volume proportional sampling in order to capture
WBS biomarker loads more accurately (Ort et al., 2010). In case of
volume- or time-proportional sampling modes, it is imperative to operate
in high sampling frequencies. As described earlier, 44% of the included
studies used grab samples and 12% did not report sampling strategy at
all. Grab samples can introduce important variability with regards to diur-
nal variation and time of defecation and should be replaced by 24-h com-
posite samplers for WBS purposes (Ahmed et al., 2021; Bivins et al., 2021).

4. Discussion

Clinical- and diagnostic-based epidemiology for COVID-19 has been de-
ployed successfully during the ongoing pandemic. However, this strategy
suffers from several important limitations including selection bias.
Wastewater-based surveillance (WBS) has been explored as a complemen-
tary system to monitor viral community circulation. In this review, we pres-
ent factors up to the sampling stage that may influence SARS-CoV-2 RNA
concentrations in wastewater or its interpretation, and possibly impede the
potential of WBS if not corrected for. Although the effect of sampling pro-
cessing and analytical methodology is not covered in this review, we
would like to stipulate its extreme importance. All steps involved inWBS be-
yond the sampling stage including sampling handling, pre-treatment and
analysis can bemajor sources of variability. These steps should be performed
as consistent as possible and in accordance to state-of-the-artfindings on this
matter. Still, WBS data is prone to significant uncertainties due to its inher-
ent complexity. This study has classified the origins of this uncertainty into
four major categories, of relevance for WBS of SARS-CoV-2 genes.

Firstly, the importance of SARS-CoV-2 faecal shedding parameters on
WBS is demonstrated. The reviewed studies provide evidence that overall,
the incident cases of COVID-19 are main drivers of viral load. Nonetheless,
persistent shedding at lower-levels after the early shedding peak distorts cu-
mulative WBS measures, especially during declining incidence rates. Fur-
thermore, it is expected that WBS is most sensitive during the start of a
surge and when overall RNA loads are at lower baseline levels. We encour-
age future studies to unravel the relationship between viral load and faecal
shedding and investigate characteristics associatedwith faecal shedding pa-
rameters. For example, the severity of COVID-19 infections may influence
the amount of RNA shedding, with overall higher viral loads in adult pa-
tients with severe COVID-19 (Kwon et al., 2020; Liu et al., 2020).

In this review, we have not identified studies investigating the impact of
SARS-CoV-2 variants on wastewater RNA concentrations, which may alter
viral shedding loads. Infections with Delta variant (B.1.617.2) showed mark-
edly increased viral loads on first positive oropharyngeal samples compared
to lineage A/B infections (Li et al., 2021). We encourage further study of fae-
cal/urine shedding of different SARS-CoV-2 variants with an urgent emphasis
on Omicron (B.1.1.529), to allow comparability of historical WBS data with
current estimates, which is necessary for statistical modelling of WBS data.

Furthermore, the impact of the ongoing vaccination strategy on WBS
was not identified in this review. Vaccinees have significantly reduced
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viral loads after infection with SARS-CoV-2 (Levine-Tiefenbrun et al.,
2021; McEllistrem et al., 2021). Ongoing vaccination may lead to reduced
shedding and RNA concentrations in wastewater. Yet, we expect that the
importance of WBS to monitor viral circulation will most likely increase
among the vaccinated population as they could show reduced symptom-
atology, possibly complicating clinical testing strategies.

Secondly, we highlight population size as key factor for the interpreta-
tion of SARS-CoV-2 RNA concentrations in wastewater and stipulated the
need for internal standardization, for example via PMMoV-correction. Ade-
quate correction for sewage strength is essential to further improve WBS
through a possible more accurate estimation of viral loads. Dynamic an-
thropogenic markers currently being used in WBS for COVID-19 are pre-
sented. Other indicators such as ammonium (Been et al., 2014),
pharmaceutical markers (Lai et al., 2011) and a Bayesian model based on
mass loads of pharmaceuticals and personal care products (O'Brien et al.,
2014) could also act as markers for sewage strength and population fluxes
as they showed promising results in traditional WBS studies.

Thirdly, we present in-sewer factors that could influence RNA concen-
trations and its distribution between wastewater phases. These include
solid particles, organic matter, sewage flow, travel time, pH and tempera-
ture. Other variables that could be of influence but were not identified in
this reviewmay include the concentration and activity of RNases, influence
of micro-organisms, and effect of biofilms. Furthermore, the state in which
the SARS-CoV-2 genome is present in the wastewater system is essential, as
the genome might be present as cell debris. We suggest that solid phase
analyses should complement negative aqueous phase samples, particularly
in building-level surveillance and at times of low viral circulation. Lastly,
we illustrate the importance of high temporal resolution to infer trends
from wastewater and the need for flow-proportional composite sampling
of untreated wastewater.

As this review cannot claim to be an exhaustive listing, additional fac-
tors can introduce unexplained variability as well. For example, discon-
nected sewer systems (e.g. septic tanks) reduce the number of persons
connected to the sewer network. This is especially important for WWTPs
in rural areas. Also, the sewer structure (i.e., rising main vs gravitational
sewers) determines if primarily aerobic or anaerobic processes take place,
relevant for SARS-CoV-2 in-sewer decay.

To gain insights into the need to adjust wastewater RNA estimates, we
reviewed studies that associated wastewater with clinical indicators. The
supplementary analysis demonstrates that correlation and regression coef-
ficients show high variability between studies, suggestive for unexplained
variability, and that few studies have already adjusted for factors to opti-
mize correlations between both systems. Regarding correlation studies, a
considerable risk for reporting bias should be considered as studies with
negative or no correlation may not report their (quantitative) results.

The advantages of this review were its systematic approach, inclusion
and revisiting of preprints, and the validation of the research gap by
reviewing association studies between WBS data and clinical indicators.
The main limitations of this study were the difficulty to compare included
studies due to large intrinsic heterogeneity of WBS systems and differences
in methodology. Some preprints were not accepted or published by a Jour-
nal at the revisiting date, thus prone to errors or inaccurate interpretation
due to the lack of peer-review. These unrefereed preprints were explicitly
labelled as preprint. Next, it is also likely that several factors remain uniden-
tified or have not been studied to date, given the complexity of WBS as a
system. Finally, we want to re-emphasize that post-sampling factors are
key contributors to variation in RNA concentrations (Ahmed et al.,
2020b; Kitajima et al., 2020; Medema et al., 2020a; Alygizakis et al.,
2021; Boogaerts et al., 2021) but were not discussed in this review as this
was beyond the scope of this article.

5. Future recommendations

We encourage future studies tomonitor and adjust for the identified fac-
tors contributing to uncertainties in wastewater measurements of SARS-
CoV-2 RNAwhen possible and to further investigate these and other factors
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that may distort estimates of WBS. Firstly, the lessons learnt from tradi-
tional WBS should be implemented. Good practices would include the con-
sequent use of 24-h composite flow-proportional influent wastewater
samples. On aWWTP-level, effluents should not be considered forWBS pur-
poses at any given time. Additional research is needed to find the optimal
way to perform normalization of WBS data for a given population, and
how to improve comparability of WBS data between influents of WWTPs
and standard operating procedures. Adjusting for dynamic anthropogenic
markers is especially important in areas with high commuting and tourism
activities, thus its impact on correlation estimates may vary. Regarding
building-level analysis, the use of incontinence aids and effect of pre-
treatment procedures should be considered and accounted for. Factors
with a negative impact are expected to be more influential on building-
level WBS with trace levels of SARS-CoV-2 RNA. Hence, complementary
solid phase analyses should be carried out to reduce the chance of false neg-
ative results. As the effect size of some factors and interactions between
them is still uncertain, further modelling studies should investigate these
factors in amultiple regression framework. Correlation and regression anal-
yses should also be conducted in line with time series analysis principles.
For example, the phenomenon of autocorrelation and non-stationarity of
data should be accounted for whenmodellingWBS data. Lastly, it is empha-
sized that even after adjusting for all determinant factors of WBS, an associ-
ation with diagnostic and clinical indicators can be absent due to intrinsic
variation of clinical epidemiology.
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