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ABSTRACT

SARS-CoV-2 RNA quantification in wastewater has emerged as a relevant additional means to monitor the COVID-19 pandemic. However, the
concentration can be affected by black water dilution factors or movements of the sewer shed population, leading to misinterpretation of
measurement results. The aim of this study was to evaluate the performance of different indicators to accurately interpret SARS-CoV-2 in
wastewater. Weekly/bi-weekly measurements from three cities in France were analysed from February to September 2021. The concen-
trations of SARS-CoV-2 gene copies were normalised to the faecal-contributing population using simple sewage component indicators. To
reduce the measurement error, a composite index was created to combine simultaneously the information carried by the simple indicators.
The results showed that the regularity (mean absolute difference between observation and the smoothed curve) of the simple indicators
substantially varied across sampling points. The composite index consistently showed better regularity compared to the other indicators
and was associated to the lowest variation in correlation coefficient across sampling points. These findings suggest the recommendation
for the use of a composite index in wastewater-based epidemiology to compensate for variability in measurement results.

Key words: COVID-19, normalisation, SARS-CoV-2, wastewater-based epidemiology, wastewater monitoring

HIGHLIGHTS

® SARS-CoV-2 RNA quantification in wastewater shows high variability and need to be normalized.

® The performance of various normalized indicators, including a composite index was assessed via two criteria: regularity and correlation
with the incidence rate.

® The composite index showed the best performance.

® Except for the F-specific RNA bacteriophage normalisation index, correlation of all indicators with the incidence rate was substantial.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and
redistribution for non-commercial purposes with no derivatives, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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GRAPHICAL ABSTRACT
RNA quantification

Wastewater Concentration RNA Extraction Quantification
sample Ultracentrifugation (ANA ext. kit or magnetic beads) RT-qPCR (E and RdRp genes)

Data normalisation

Raw data After normalisation
g 6001 g 6001
8 :
ad 3 E 4001 i
« B .
3 : : :
e 2 : § 2001 :
i > b
; . - e ; 0. T T T

MIRZI OWEEE e Mar2021  Jun2021  Sep-2021

INTRODUCTION

The COVID-19 pandemic affecting the world since the end of 2019 has generated a scientific activity unprecedented in the
history of mankind, and has reactivated the interest for wastewater epidemiology (Medema et al. 2020a; Polo et al. 2020). The
genome of SARS-CoV-2, the coronavirus causing the disease, is indeed excreted in large quantities and during several weeks
in the faecal material of infected individuals (Cheung ef al. 2020; Gupta et al. 2020; Lescure et al. 2020; van Doorn et al.
2020; Wolfel et al. 2020; Zheng et al. 2020). It has been demonstrated that this virus is rapidly inactivated in wastewater
(Varbanov et al. 2021; Wurtzer et al. 2021), and several studies report an absence of detection of viable SARS-CoV-2 in
this medium (Dohla et al. 2020; Rimoldi et al. 2020; Albert et al. 2021; Westhaus et al. 2021; Robinson et al. 2022). In
contrast, the viral genome is sufficiently stable in this medium (Varbanov et al. 2021; Wurtzer et al. 2021) to make it a
good indicator of the spread of the disease in the population. This approach has been successfully used in the past to monitor
the evolution of different infectious diseases, notably to survey the circulation of the poliovirus (WHO 2003).

With the objective of a large-scale surveillance of the circulation of infectious agents, considering viral detection in waste-
water presents clear advantages, in comparison with a surveillance based on clinical testing, since it enables to cover large
populations with a single analysis, takes into account pre-symptomatic and asymptomatic individuals, and offers a rapid
answer enabling an early detection of the epidemic trends, potentially a few days ahead of more conventional health indi-
cators (Medema et al. 2020b; Nemudryi et al. 2020; Bibby et al. 2021; D’Aoust et al. 2021a). For these reasons, the
European Commission published in March 2021 a recommendation encouraging the European Member States to establish
a wastewater surveillance system for SARS-CoV-2, focused primarily on sanitation systems of cities with over 150,000 inhabi-
tants (CE 2021).

However, SARS-CoV-2 RNA concentration in wastewater can be affected by black water dilution factors in the sewer and
movements of the population connected to the sewer shed due to commuting or vacations, thus leading to misinterpretation
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of measurement results. To take these factors into account, it is possible to correct the quantification results by using indi-
cators reflecting the amount of population connected to the sanitation system. This approach is commonly referred to as
‘normalisation’. In its document, the European Commission primarily recommends to normalise the quantification results
by the population and the wastewater flow, as already used successfully by some authors (Rusifiol ef al. 2021) and applied,
e.g. in The Netherlands (https://coronadashboard.government.nl/landelijk/rioolwater). Additional normalisation means by
using cross-assembly phage or pepper mild mottle virus is also recommended in this document, since both viruses have
been described as good indicators of human faecal contamination and have been used for such purpose (Rosario et al.
2009; Park et al. 2020).

With the aim of rapidly detecting epidemic trends, it is however necessary to use normalisation means based on parameters
that (i) reflect the amount of population connected to the sanitation system, (ii) are simultaneously measured on the water
sample used to determine the concentration of viral RNA and (iii) are fast and easy to measure, and ideally cheap in
order to enable a high frequency of analysis. With this aim, we compared in this study the following approaches:

* A normalisation by the population and the wastewater flow, as recommended by the European Commission.

* A normalisation based on the quantification of F-specific RNA bacteriophages. These phages are routinely quantified in our
laboratory, together with SARS-CoV-2 RNA, to verify the recovery of viral genetic material. They are excreted by humans
and usually present in large concentrations in urban wastewaters (McMinn et al. 2017).

* A normalisation based on the quantification of ammoniacal nitrogen. This parameter is routinely analysed as part of the
regulatory monitoring, and ammonium has previously been shown to be a good indicator of population changes, and as
such applicable for normalisation purposes in wastewater-based epidemiology (Been ef al. 2014). More recently, it has
been applied to normalise SARS-CoV-2 concentration in a monitoring programme in England (Sweetapple ef al. 2021).

We also considered a composite index combining the information carried by all the indicators generated by the previous
approaches. Indeed, each SARS-CoV-2 RNA indicator is subject to substantial random measurement error and combining the
indicators into a composite score could thus reduce the measurement uncertainty (von Oertzen ef al. 2010).

MATERIALS AND METHODS

Study sites and sample collection

This study used the data produced in the framework of the COVID-19 wastewater surveillance programme driven by the
SUEZ for communities in France (https://www.suez.fr/fr-fr/actualites/covid-city-watch). Three French cities (named A, B
and C) presenting a minimum of 6-month follow-up were selected for this study. The sewer system is combined at Sites
A and C, leading to a significant increase in collected flows during rain events, whereas the sewer system at site B is separate
and presents a much more constant flow (flow distributions are presented in Supplementary Material, Figure S2 and
Table S2).

The sampling period covered the third epidemic wave (from March to June 2021) and fourth epidemic wave (from July to
September 2021) that affected France (sites A and B), or only the third wave (site C). The sampling frequency ranged from
twice a week to once every 2 weeks depending on the site and period (Table 1). The samples consisted of 24 h flow-pro-
portional composite samples collected with automated samplers, preserved and transported at 5 °C, and delivered to the
laboratory for analysis within 24 h. The sampling points were located either at the inlet of the wastewater treatment plant
(A.1, A2, B.1, B.2 and C.2) or on the collection network (C.1) (Table 1).

Health surveillance data

The weekly incidence rate (the total number of positive tests performed in a 7-day rolling period divided by the number of
inhabitants) was extracted from the French institute for public health surveillance database (https://geodes.santepublique-
france.fr/) at the metropolis level for sites A and B and at the department level for site C. In this national database, the
new cases are reported by sampling date and residential address. During all the study period, the tests were free of charge
for French residents. The date of entry in our database was the end-term of the 7-day period.
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Table 1 | Sites and sampling points analysed

site sampling point First sample Last sample sampling frequency Total samples analysed Population connected
A 1 Jan 18 Sept 29 2/week 72 152,000
2 Jan 18 Sept 29 2/week 70 45,000
B 1 Feb 3 Aug 30 1-2/week 41 426,000
2 Feb 3 Aug 30 1-2/week 41 182,000
C 1 Jan 18 June 28 1/week 24 10,000
2 Jan 18 June 28 1/week 24 36,000
2 July 5 Sept 27 1/2 weeks 7 36,000

Quantification of SARS-CoV-2 and normalisation parameters

For each wastewater sample, the concentration of RARp-1P4 gene, E gene and F-specific RNA bacteriophage GGII genome
were quantified by the same laboratory (details are provided in Supplementary Material Al). Genomes were quantified using
one-step qRT-PCR assays.

F-specific RNA bacteriophages were used as internal standards for our analytical method to estimate the recovery rate of
viruses. The reason for using these phages rather than crAssphage or PMMoV as recommended by the European Commission
is that our method was developed in 2020, at the beginning of the pandemic, 1 year before the publication of the EU rec-
ommendation of March 2021, so we could not take into account this recommendation at that time.

For each sampling point, the size of the population connected to the sewer was estimated using data from the National
Institute of Statistics and Economics Studies (INSEE, https://www.insee.fr). The wastewater daily flow rate was measured
at each sampling point on each sampling day.

The instruments used for the measurement of ammonium concentrations were those operated routinely and differed from
site to site. For site A, the ammonium concentration was measured by the Hach Lange LCK303 cuvette test using the spec-
trophotometer Hach Lange DR 2800. The measuring range extends from 2 to 47 mg/L of N-NH,. For site C, the ammonium
concentration was measured by the Nanocolor cuvette test using the spectrophotometer Nanocolor UV/VIS II. The measur-
ing range extends from 4 to 80 mg/L of N-NH,. These two alternative methods were validated according to the ISO 8466-1
and DIN 38402 A51. For site B, the post-steam distillation titrimetric method was used, according to the NF T90-015-1 stan-
dard. This method is suited for concentrations higher than 4 mg/L.

Normalised indicator candidates

Three quantifications of SARS-CoV-2 in wastewater were considered: RARp-IP4 gene RNA concentration, E gene RNA con-
centration and the arithmetic mean between the two gene concentrations (referred to as RdRp, E and mean hereafter). For
each of them, three different adjustments for the amount of faecal matter or shedding population were investigated in addition
to the raw concentration:

Viral load per day per inhabitants (gc/day/inhabitants) = [SARS — CoV — 2 RNA](gc/L) x dailyflow(m?/d) x 1000(L/m?)/
Population(inh); referred to as RdRp load, E load and Mean load.

Phage normalisation index (without unit) = [SARS — CoV — 2 RNA|(gc/L)/[Phages](gc/L), referred to as RdRp_phages;
E_phages and Mean_phages.

Ammoniacal nitrogen normalisation index (gc/N-NH4 mg) = [SARS — CoV — 2 RNA](gc/L)/[Ammoniacal nitrogen](mg/L);
referred to as RARp_NH,4, E_ NH, and Mean_NH,.

This resulted in 12 indicators, referred to as simple indicators. All quantities were log-transformed to approach a normal
distribution.

In addition, we developed a composite index to take into account the information from all the previous indicators simul-
taneously. This composite indicator had to be a simple formula (simple enough to be implemented in a spreadsheet) and to be
the same for every site (allowing to be used on any new site starting the surveillance without the need to learn a new model on
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specific historical data or to maintain different models for each site). After a first analysis of the 12 simple indicators, the three
normalisation indexes using phages were excluded from our composite index model due to high variability (see ‘Results’ sec-
tion). Furthermore, since the mean of RARp-IP4 and E genes is a combination of the other indicators, we did not consider the
three related simple indicators.

We considered a latent process mixed model (Proust-Lima ef al. 2013) to analyse the repeated measures of the selected six
simple indicators (the log-transformed of RARp-IP4 gene concentration or E gene concentration and the log-transformation of
their normalised values according to flow per inhabitant and NH,4 concentration) assuming that they all measured the same
underlying quantity: the virus quantity in wastewater (see Supplementary Material A2 for details on the statistical model).

The composite score A(f) was derived as a weighted sum of the six simple indicators noted Y (f) for indicator k& (k = 1-6)
and time ¢ according to the following formula:

6 ~
A(t) _ l Yk(t? Nk
K k=1 Mk

where 7);;, and 7),, were optimised using the latent process mixed model.

An Excel spreadsheet is provided in the appendix to calculate this composite index (see Supplementary Material AO).
The formula parameters have been calculated so as to be used generically.

To avoid overfit and over-optimistic results, we assessed the performance of the composite score in a leave-one-site-out
cross-validation (Figure 1).

Measurement data analysis

The concentrations of SARS-CoV-2 RNA, bacteriophages, N-NH, and daily flow rates were described for all sites and related
sampling points. In a first step, the association between the weekly incidence rate (at the end-term of the 7-day period) and
each of the 12 simple indicators (log-transformed values) and the composite index was estimated using the Pearson corre-
lation coefficient. Only the days with all 12 indicators available were used to calculate the correlation. To inform on the
uncertainty of estimates and enable comparisons, the correlation coefficient r was associated with its 95% confidence inter-
val. Concentration values below the limit of detection (LOD) or limit of quantification (LOQ), were omitted from calculation
of correlation coefficients due to their uncertainty. For visualisation in figures and for the composite index statistical model
calibration, these concentrations were substituted by values equal to half the corresponding limit.

Assessment of indicator performance

We compared the performance of the indicators according to the following two criteria: (i) their regularity (since the virus con-
centration in wastewater is expected to change smoothly over time) and (ii) their association with the weekly incidence rates.

For each sampling point and each indicator, the LOESS (locally estimated scatterplot smoothing) method was applied to
summarise the observations into a smooth curve over time. The selection of the best fitting LOESS smoothed curve was based

Composite
indicator
calculation

Training sets

111l

1 /100N
il

Figure 1 | Schematic representation of cross-validation for the composite index calculation.
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on the Akaike information criterion (AIC). The regularity was assessed through the mean absolute difference (MAD) between
the observed values and the AIC-selected LOESS smoothed curve. A smaller value of MAD indicates a smaller measurement
variability. Since all the indicators did not vary within the same scale, we rescaled the MAD (rMAD) to obtain values that can
be compared, by dividing each MAD by the range of the indicator smooth curve. To assess the potential gain of using the
composite index over the simple indicators, we computed the percentage of rMAD reduction (rMADred) defined as the differ-
ence between the rMAD of the simple indicator and of the composite indicator, divided by the rMAD of the simple indicator.
We considered that —10%<rMADred<10% means regularity performances similar to those of the composite index, 10%<
rMADred<30% is considered irregular and rMADred>30% very irregular.

The association with clinical cases was assessed through the strength of the correlation (the Pearson correlation coefficient)
between the AIC-selected LOESS smoothed curve and the weekly incidence rate curve.

RESULTS
Descriptive analysis
Health surveillance data

Figure 2 presents the evolution of the weekly incidence rate at the three sites, during the study period.

The magnitude of each wave was different from one site to the other. Site A experienced a severe second wave in October/
November 2020 with a weekly incidence rate greater than 1,000 per 100,000, that was twice that of the third wave and four
times that of the fourth wave. Sites B and C had a similar third wave but differed in the magnitude of waves 2 and 4.
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Figure 2 | Evolution of the weekly incidence rate per 100,000 inhabitants associated with sites A and B (metropolis level) and site C
(department level). The periods delimited by the dashed lines are the periods of sampling in wastewater for each site.
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Quantification of SARS-CoV-2 and normalisation parameters

Over the sampling period, RARp and E genes were quantified in 94-100% and 79-100% of the samples, respectively. RARp
gene concentration reached the level of 10° gc/L on sites A and C and the level of 107 gc/L on site B. The highest level of E
gene concentration was 10° gc/L on sites A and B, and 10° gc/L on site C (Figure 3 and Table S1). Bacteriophages RNA was
quantified in all samples, with concentrations between 107 and 10° gc/L orders of magnitude (Figure S1 and Table S1 in Sup-
plementary Material).

The order of magnitude of the flow rate at the inlet of the sewage treatment plants was 10* and 10> m>/day at the collection
network sampling point (C.1) (Table S2). At sites A and C, the daily flow measurement showed large variations between dry
periods and high rainfall events (measured flows at the 99th percentile represented, respectively, about seven and nine times
the median flow, during rain events). Conversely, at site B, which is equipped with a separate sewer system, the factor of
variation did not exceed 2 (Figure S2).

The median concentration of N-NH, in wastewater ranged between 28 and 62 mg/L, depending on the sampling point
(Table S3). Measurements at sites A and C showed minimum values much lower than at site B, mainly due to the dilution
effect in combined sewer pipes during high rainfall events (Figure S3).

Correlations between the weekly incidence rate and measurement data-based indicators

The analysis of the correlation between the weekly incidence rate and indicators based on measurement data shows some
common trends between sites:

At all sampling points except C.1, the weekly incidence rate and the raw concentration were significantly correlated (all
P <0.003), both for RdRp gene and E gene (Figure 4). The correlation was also statistically significant for the viral load,
the N-NH,4 normalisation index and the composite index. The correlation was consistently lower with the phage normalisa-
tion index.

The strength of the correlation did not significantly differ between the four indicators, i.e. the raw concentration, the viral
load, the N-NH,4 normalised index and the composite index. On the other hand, the strength of the correlation was most often
lower for the phage normalisation index as compared to the four other indicators. For both sampling points on each site, no
substantial difference in the strength of correlation was observed between targeted genes, whatever the indicator.

On site C, the correlation between the weekly incidence rate and the wastewater indicators clearly differed between the two
sampling points. At C.2, all indicators except E_phages significantly correlated with the weekly incidence rate. On the other
hand, at the sampling point C.1, where only 19 samples with all indicators available were analysed, the correlation coeffi-
cients were low with large confidence intervals.

RdRp gene E gene

log10(gc/L)

o] (o] =] o o

T T T T

A1 A2 BA B2 C1 c2 A1 A2 B1 B2 c1 c2

Figure 3 | Distribution of the RdRp gene and E gene concentrations in wastewater at different sampling points.
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Figure 4 | Pearson correlation coefficient (r) and 95% confidence interval between the weekly incidence rate and the wastewater indicators.

Comparison of wastewater indicator performance
Indicator regularity

As shown by Figure 5 where the sampling points A.2 and B.1 were taken as examples, the profile of the smoothed curve and
the dispersion of the observation points around the smoothed curve is different depending on the selected indicator. The
graphs for all the other sites are available in Supplementary Material (Figures S4-S6).

As indicated by the rMAD displayed in Figure 6, the regularity of the indicators differed substantially across indicators and
across sampling points. The composite index showed the overall best regular performance (mean rMAD = 0.12) with low
between-site variability (standard deviation = 0.017).

The comparison of the regularity of the simple indicators with that of the composite index (Figure 7) further underlined the
variability of the performance of indicators across sampling points: each indicator is very irregular (rMADred>30%) for at
least one sampling point and ‘irregular’ for most of them; E load and E_NH, are ‘regular’ for B.1, B.2 and C.1
(rMADred<10%) but ‘very irregular’ for A.1 and A.2 (rMADred>30%); Mean_NNH, is ‘regular’ for B.2 but ‘very irregular’
for A.2.
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Figure 5 | Indicator observations (blue points) with the associated AIC-selected LOESS smoothed curve (blue line). The black curve is the
corresponding weekly incidence rate per 100,000 inhabitants. The left column is for the sampling point A.2 and the right column is for the
sampling point B.1. Please refer to the online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/wh.2022.012.

At C.2, the simple indicators Mean and Mean load outperformed the regularity of the composite index by, respectively, 30
and 20%. Since the sampling frequency was very low at C.2 during the last 3 months of the observation period (only one
sample every 2 weeks), the smoothed curve constructed from these points might be misleading and results from that site
should be interpreted with caution.

Association of the weekly incidence rate with the LOESS curve-based indicators

Pearson correlation strength used to assess the association between the weekly incidence rate curve and the AIC-selected
LOESS smoothed curve is indicated in Figure 8.

Except for the normalisations using phages, correlation coefficients were higher than 0.5 (with P < 0.0001) for all indi-
cators and all sites and higher than 0.6 for all indicators except E and E load on site A. For the composite index, the
correlation coefficients were among the highest.

Applying the LOESS method increased the strength of the correlation for almost all indicators. The variability between
sampling points measured by the standard deviation ranged between 0.04 and 0.18 (Figure 8). The standard deviation was
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Figure 6 | Rescaled mean absolute difference between the observed values and the AlC-selected LOESS smoothed curve (rMAD) of each
indicator for each sampling point. Mean, standard deviation and relative standard deviation for each indicator across sampling points.

Indicator Sampling point
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E

E load
E_NH4
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RdRp_load
RdRp_NH4
RdRp_phages
Mean

Mean load
Mean_NH4
Mean_phages

very irregular
irregular
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Figure 7 | Normalised indicator regularity performance classification using rMAD reduction (rMADred) obtained by the use of the composite
index - light blue: rMADred<10%, regularity performances alike to the composite index; regular blue: 10%<rMADred<30% irregular
indicator and dark blue: rMADred>30% very irregular indicator. Please refer to the online version of this paper to see this figure in
colour: http://dx.doi.org/10.2166/wh.2022.012.

the lowest for the composite index. Nevertheless, for some of the other indicators such as RdRp, RdRp load, RdRp_NH,,
Mean, Mean load and Mean_NH,, the standard deviation was too close to represent a significant difference.

DISCUSSION

SARS-CoV-2 RNA quantification in wastewater presents a good potential for monitoring the COVID-19 epidemics, but it
shows high variability due to several factors responsible for noise in measurement, such as analysis uncertainty and variation
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Figure 8 | Pearson correlation coefficient between each LOESS-based indicator and the corresponding weekly incidence rate for each
sampling point. Mean, standard deviation and relative standard deviation for each indicator across sampling points.

in the total amount of human faecal matter in wastewater (Medema ef al. 2020a; Crank ef al. 2021; Zhu et al. 2021). In this
work, we compared the performance of 13 indicators derived from RdRp and E genes quantification as candidates for the
monitoring of the COVID-19 epidemics. At most sampling points, gene concentration and derived simple indicators were
significantly, and moderately, correlated with the weekly incidence rate. However, between sampling points, variations in
the strength of the correlation were high, even for the composite index. Applying the LOESS smoothing method to the
measurement results and derived indicators in order to focus on the underlying signals substantially increased the strength
of the correlation. The composite index was then associated with the lowest standard deviation estimates between the
sampling points; however, the difference with other indicators was too small to be significant. Importantly, the performance
comparison indicated that the composite index showed the best regularity (i.e. smallest errors) as compared to simple indi-
cators that showed unstable regularity across sampling points.

We chose to rely on two complementary metrics for comparing the performance of different indicators and normalisation
methods: regularity and correlation strength with weekly incidence rate.

By quantifying the distance between the observations and the smoothed curve of virus concentration with time, the regu-
larity metric assesses the amount of measurement error in the indicator observations. Indeed, since the quantity of virus in
wastewater is the result of the spread of the infection within the population, it is expected to change smoothly with time. Con-
sequently, the further the observations from the smoothed curve, the poorer the indicator performs at estimating the ‘true’
variations with time we are looking for. Except for C.2 which should be interpreted with caution due to the low sampling
frequency, the composite index was the only indicator that consistently showed better regularity, whatever the sampling
point. Each simple indicator was ‘very irregular’ according to rMADred for at least one sampling point and ‘irregular’ for sev-
eral. These variabilities highlight differences in simple indicator regularity performance between sites and the interest in
having an indicator that consistently demonstrated the best regularity performance, whatever the site. This evidence indicates
the value of using the composite index as a wastewater indicator.

The second metric we used to assess the performance of the wastewater indicator was the strength of the correlation of
the AIC-selected LOESS smoothed curve with the weekly incidence rate. SARS-CoV-2 RNA is shed in faeces by infected
individuals but the proportion of faecal shedders among them and the duration and magnitude of faecal shedding after
infection are not very well known (Jones et al. 2020; van Doorn et al. 2020; Li et al. 2021). There is still uncertainty on
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the averaged excretion rate distribution, especially since it might depend on several factors such as the severity of the infec-
tion, the type of variant and the vaccination status (Kitajima et al. 2020; Wolfel et al. 2020; Bibby ef al. 2021; Li et al. 2021;
Miura et al. 2021; Zhu et al. 2021). Nevertheless, some studies provided evidence for a maximum excretion quantity within
1 week after infection (Cavany et al. 2021; Hoffmann & Alsing 2021; Miura ef al. 2021). Considering that the cases
detected through recorded laboratory tests in France are within a week after the infection, we assumed that the weekly
incidence rate and the concentration of SARS-CoV-2 RNA in wastewater were synchronously correlated. Except for nor-
malisation with phages, the correlation strength was good for all indicators at each site (¥>0.6). In addition, as mentioned
above, the composite index was the most stable indicator across sampling points with the lowest variation in correlation
coefficient.

These findings demonstrated a lowest performance for the phage normalisation index. Regularity was low or very low, cor-
relation was either not statistically significant or substantially lower than for the other indicators. Some hypotheses may be
raised. First, the phage normalisation index is affected by biomolecular analysis uncertainty for both SARS-COV-2 and
phages, resulting in higher total uncertainty compared to the other indicators. Second, even if F-specific RNA bacteriophages
have been found in large quantities in raw sewage, in the order of 10°-10° plaque forming units/mL (Havelaar et al. 1990;
Cole et al. 2003; Blanch ef al. 2006), studies demonstrated that their prevalence in human faeces was low, in the order of
10-20% (Grabow et al. 1995; Schaper et al. 2002). In addition, measurement of F-specific RNA bacteriophages in the waste-
water samples in our study indicated large variations in phage load over time, up to 2 log (results not shown). These findings
do not support the use of F-specific RNA bacteriophages as a reliable quantitative marker of the amount of faecal matter in
wastewater samples. As mentioned in the ‘Materials and Methods’ section, F-specific RNA bacteriophages were selected
before the publication of the EU recommendations. CrAssphage and PMMoV are other phages and viruses that have been
proposed as potential useful markers for normalisation of SARS-CoV-2 quantification in wastewater (Wu et al. 2020; Heijnen
et al. 2021; Wilder ef al. 2021). Although F-specific RNA bacteriophages may present a higher variability in wastewater com-
pared to crAssphage and PMMoV, the analytical uncertainty related with their quantification by PCR is probably in the same
order. To date, there is no or limited evidence of improvement of results with this approach (Ai et al. 2021; D’Aoust et al.
2021a; Feng et al. 2021).

Although the strength of correlation with incidence rate is an important first-intention performance criterion to assess
wastewater indicators (D’Aoust ef al. 2021b; Sweetapple ef al. 2021), it suffers several unavoidable flaws. First, the incidence
rate estimation depends on the behaviour toward screening and this behaviour evolves with time as illustrated by the posi-
tivity rate of tested people (this rate varied between 1% to almost 10% in France during the study period). Therefore, for
instance, if asymptomatic infected people are encouraged to be widely tested or not, if people are vaccinated and more
often asymptomatic, if it is necessary to get a negative test to access some entertainment, then for the same level of the epi-
demic the incidence rate estimated by health authorities might vary. Second, the use of metropolis or departmental incidence
rate is one of the limitations in this study. Within each site A and B, the two sampling points corresponded to two different
populations, which may be associated to two different incidence rates. These specific incidence rates were unknown, and cor-
relations involved sampling point-specific wastewater indicators and the metropolis incidence rate. This feature may have led
to inaccuracy and uncertainty in correlation coefficient estimates. For site C, correlations involved the departmental inci-
dence rate, which may have not been representative of the local incidence of infection.

Another limitation of this study is the relative low size of samples at each sampling point. Although the use of one sample
per week is frequent in this field, this limitation led to large uncertainty in the correlation coefficient estimates and made it
difficult to find differences in correlation strength between wastewater indicators. More samples are needed to improve this
analysis.

CONCLUSION

Except for normalisation with bacteriophages, we observed a substantial association between simple wastewater indicators
and the weekly incidence rate of SARS-CoV-2 infection. However, the strength of this correlation greatly varied between
the sampling points, making it difficult to identify the best performing indicator. We proposed a composite index that was
consistently more regular than the simple indicators across the six sampling points, and was highly correlated to the
weekly incidence rate and showed one of the lowest between-sampling points variability in correlation coefficient. The
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composite index can be easily computed in any new sampling site based on observations of RdRp and E gene concentrations,
N-NH, and daily flow per inhabitant (spreadsheet provided in Supplementary Material).

These findings highlight the interest of using the composite index in wastewater-based epidemiology to mitigate variability
in measurement results and facilitate identification of trends in the evolution of SARS-CoV-2 RNA concentration in waste-
water. Further studies should be performed to confirm these findings. Furthermore, the strong correlations observed
between the indicators after smoothing and the weekly incidence rate indicates that the wastewater surveillance of
COVID-19 is very valuable. Normalisation using this composite index and curve smoothing may improve the understanding
of epidemic trends. Further efforts to model the complex relation between the number of new cases and the wastewater indi-
cators should be conducted to enhance indicator relevance and interpretation of short-term changes in SARS-CoV-2 RNA
quantification in wastewater.
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