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• Wastewater SARS-CoV-2 concentration al-
lows to anticipate the behavior of clinical
variables

• Wastewater viral concentration correlates
to weekly hospitalization and critical care
data and provides early warning on one
week PCR+ subjects

• Wastewater viral concentrations data al-
lows to anticipate 14-day CI 1-2 weeks in
advance

• Correlations between wastewater SARS-
CoV-2 [C] and 14-day CI or PCR+ are
not affected by vaccination

• This methodology may aid decision-
making by anticipating new outbreaks
seven to 15 days in advance
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Coronavirus disease 2019 - caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) -, has trig-
gered a worldwide pandemic resulting in 665 million infections and over 6.5 million deaths as of December 15,
2022. The development of different epidemiological tools have helped predict new outbreaks and assess the behavior
of clinical variables in different health contexts. In this study, we aimed to monitor concentrations of SARS-CoV-2 in
wastewater as a tool to predict the progression of clinical variables during Waves 3, 5, and 6 of the pandemic in the
Spanish city of Xátiva from September 2020 to March 2022.
We estimated SARS-CoV-2 RNA concentrations in 195 wastewater samples using the RT-PCR Diagnostic Panel vali-
dated by the Center for Disease Control and Prevention. We also compared the trends of several clinical variables
(14-day cumulative incidence, positive cases, hospital cases and stays, critical cases and stays, primary care visits,
and deaths) for each study wave against wastewater SARS-CoV-2 RNA concentrations using Pearson's product-
moment correlations, a two-sided Mann-Whitney U test, and a cross-correlation analysis.
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We found strong correlations between SARS-CoV-2 concentrations with 14-day cumulative incidence and positive
cases over time. Wastewater RNA concentrations showed strong correlations with these variables one and two
weeks in advance. There were significant correlations with hospitalizations and critical care during Wave 3 and
Wave 6; cross-correlations were stronger for hospitalization stays one week before during Wave 6. No association be-
tween vaccination percentages and wastewater viral concentrations was observed.
Ourfindings supportwastewater SARS-CoV-2 concentrations as a potential surveillance tool to anticipate infection and
epidemiological data such as 14-day cumulative incidence, hospitalizations, and critical care stays. Public health au-
thorities could use this epidemiological tool on a similar population as an aid for health care decision-making during
an epidemic outbreak.
Table 1
COVID-19 ascent and descent dates; 14-day cumulative incidence.

Ascent Descent

Wave 3 2020-11-16 to 2021-01-18 2021-01-18 to 2021-05-03
Wave 5 2021-06-21 to 2021-07-26 2021-07-26 to 2021-09-27
Wave 6 2021-11-15 to 2022-01-03 2022-01-03 to 2022-02-28
1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic became a public
health emergency of international concern affecting a large number of peo-
ple and killing millions all over the world (Cucinotta and Vanelli, 2020).
COVID-19 is caused by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), usually detected by testing symptomatic individuals and
those suspected of being positive after a close contact with a person with
confirmed COVID-19 (Landi et al., 2020).

Health professionals have tried to contain the spread of the virus and re-
duce the most severe symptoms of the disease by developing vaccines and
drugs (Awadasseid et al., 2020; Gilbert et al., 2022; Goldblatt et al., 2022;
Samy et al., 2022). Daily counts of positive cases allows assessing the pro-
gression and spread of COVID-19. However, the pathology of a particular
viral load and its relation with the virulence and severity of SARS-CoV-2
are still under study (Cao et al., 2022; Walsh et al., 2020; WHO, 2023). Be-
cause of the emergence of novel variants, continuous changes of the antigen
screening tests have to be made to detect the presence of the associated
SARS-CoV-2 mutations e.g., Omicron and its subvariants BA.2, BA.3,
BA.4, and BA.5, which delays the detection of a new COVID-19 wave
(Hajissa et al., 2022). Health and political authorities are having difficulties
making decisions on the restrictive measures to be implemented in their
communities in the face of new outbreaks associated to SARS-CoV-2 vari-
ants (WHO, 2023).

Information on SARS-CoV-2 detection and viral burden at different
stages of an outbreak in symptomatic and asymptomatic individuals is cru-
cial for a reliable interpretation of the phase of the viral spread and its vir-
ulence in a given population beyond COVID-19 detection tests and would
be of great help for healthcare and governmental decision-making (Walsh
et al., 2020).

Monitoring wastewater collection systems has previously been used for
early surveillance of disease prevalence, e.g., hepatitis E, hepatitis A, en-
terovirus, or poliovirus (Beyer et al., 2020; Bisseux et al., 2018; Gholipour
et al., 2022; Hellmér et al., 2014; Hovi et al., 2001). SARS-CoV-2 RNA is
present in urine and stool samples of symptomatic or asymptomatic
COVID-19 patients (Davó et al., 2021; Haramoto et al., 2020), and its detec-
tion can be done from raw wastewater (Peccia et al., 2020; Vallejo et al.,
2022). Increased RNA concentration in raw wastewater has been linked
with a larger number of confirmed COVID-19 cases (Randazzo et al.,
2019; Vallejo et al., 2022), but it also provides information on unconfirmed
asymptomatic infected individuals.

Thus, SARS-CoV-2 monitoring via water fingerprintingmay be an emerg-
ing public health tool to track the spread of the virus and assess the impact
sanitary and movement restriction measures may have on its infectious ca-
pacity.Wastewater analyses studies in Japan and Italy have reported results
in this direction (Haramoto et al., 2020; La Rosa et al., 2020; Mousazadeh
et al., 2021). Wastewater surveillance may provide an objective and com-
prehensive assessment of near real-time public and environmental health
status (Chavarria-Miró et al., 2021; Mousazadeh et al., 2021), and be a lag-
ging indicator of the pandemic's progression (Haramoto et al., 2020;
Randazzo et al., 2019). To the best of our knowledge, to date nowastewater
analyses to evaluate incidence and other health data such as the number of
cases in a population, hospital stays, intensive care unit (ICU) stays, and
positive polymerase chain reactions (PCRs) have been performed in
2

conjunction with wastewater virus concentrations. The main purpose of
this study was to correlate SARS-CoV-2 viral RNA concentrations in waste-
water with compiled testing and hospitalization data in a Spanishmetropol-
itan area from September 2020 to April 2022, which corresponds to the
previous five waves of SARS-CoV-2 infection. We also aimed to analyze
the effect of vaccination and mobility restrictions on all these clinical and
biochemical parameters.

2. Materials and methods

2.1. Wastewater sampling

We collected wastewater samples in the town of Xàtiva (Valencia,
Spain); monitored three hydraulic sectors covering the entire city (popula-
tion 29.459 by January 1, 2021) once a week (on Wednesdays) and within
the same time range (between 10 am and 10:50 am). To establish the limits
between each hydraulic sector, the locations of hospitals, primary health
attention, and health and social care centers were taken into consideration,
as well as the security to access the sampling point. No industrial disposals
were collected in any of the sectors. For this study, 195 wastewater samples
were collected from September 7, 2020 to February 28, 2022. For the
collection, neutral glass bottles with screw caps of at least 250 mL capacity
and resistant to sterilization, or aseptic plastic bottles of at least 500 mL
capacity were used. Samples were collected from sewers, immediately
refrigerated (2 °C - 8 °C) and transported to GAMASER laboratory for
analysis.

Sampling was interrupted due to bureaucratic issues for some specific
weeks between May 10, 2021 and July 11, 2021 (Table 1).

2.2. Viral concentration, extraction, and quantification

To determine viral concentrationwe followed the protocol described by
Randazzo et al. (2020), which has been adopted since the beginning of the
pandemic for quantitative determination of SARS-CoV-2 in wastewater by
the Spanish Ministry for the Ecological Transition and the Demographic
Challenge (Ministerio de Transición Ecológica y Reto Demográfico,
2021). This protocol ensures that the methodology used is adequate for de-
termining SARS-CoV-2 concentrations in wastewater using the control
virus described and the ISO 15216-1:2017 on which it is based.

Each assay was associated with internal quality controls, including: pro-
cess blank control (evaluates the absence of contamination from the con-
centration stage), extraction negative control (assesses the absence of
contamination during the extraction stage), and PCR negative control
(assesses the absence of contamination in the PCR stage). A recovery con-
trol (mengovirus) for each sample was used, to ensure the compliance of
a 1 % minimum recovery criterion.
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The aluminum hydroxide adsorption-precipitation method was per-
formed as follows: 200 mL of the water sample were adjusted to pH 6.0
and an Al(OH)3 precipitate was formed by adding 1:100 v:v of a 0.9 N
ALCl3 solution. After readjusting the pH, the sample was slowly agitated
for 15 min at room temperature. The precipitate was collected by centrifu-
gation at 1700 ×g for 20 min. The pellet was resuspended using 10 mL of
3 % beef extract (pH 7.4) and the sample shaken for 10 min at 150 rpm
(Randazzo et al., 2019). A concentrate was next formed by centrifugation
at 1900 ×g for 30 min and the pellet resuspended in 1 mL of phosphate
buffered saline solution (“9510 Detection of Enteric Viruses”, 2018;
Lodder et al., 2010). For the process control, samples were spiked with
105 PCR units of mengovirus vMCO (CECT 1000009) following a protocol
similar to ISO 15216-2:2017 used in food products. This laboratory proce-
dure was first validated for non-enveloped viruses (Randazzo et al., 2019,
2020) and recently for an enveloped virus member of the Coronaviridae
family, which causes porcine epidemic diarrhea virus and is used as a
SARS-CoV-2 surrogate.

Viral RNAwas extracted from the above-obtained concentrates with the
Nucleocapsin RNA virus kit (Macherey-Nagel, Düren, Germany) following
manufacturer's instructions. Briefly, 25 μL of Plant RNA Isolation Aid
(Thermo Fisher Scientific, Vilnius, Lithuania) and 600 μL of lysis buffer
from the nucleocapside virus were added to 150 μL of the concentrated
sample and pulse-vortex mixed for 1 min. The resultant homogenate was
centrifuged for five minutes at 10,000 g to remove debris and the superna-
tant was processed according to the manufacturer's instructions and eluted
in 100 μL of RNAse-free distilled water.

Viral RNA was detected by RT-qPCR using the One-Step PrimeScript™
RT-PCR kit (Perfect Real Time) (Takara Bio, Mountain View, CA, USA),
targeting the nucleoprotein (N), N1, and N2 fragments (Center for Disease
Control and Prevention, 2021) and the envelope protein (E) gene (Corman
et al., 2020). Primers, probes, and sequences for the genes and mengovirus
are shown in Supplementary Table 1; concentrations, mastermix volumes,
and final volume of analysis are listed in Supplementary Table 2. As above-
mentioned, all RT-qPCR runs included negative (nuclease-free water) and
positive controls. Supplementary Table 3 specifies the RT-qPCR running
conditions. RT-qPCR targets were quantified by plotting the quantification
cycles (CT) to an external standard curve built using a ten-fold serial dilu-
tion of the 2019-nCoV_N_Positive Control and 2019-nCoV_E_Positive Con-
trol (IDT). Mengovirus RNA recovery rates were calculated and used as
quality assurance parameters according to ISO 15216-1:2017. For quantifi-
cation, previously built robust calibration lines were used, making sure that
the criteria established was the same ISO standard of R2 > 0.98 and slope
between −3.1 and − 3.6. The LoD was 670 GC/L and the LoQ 17,000
GC/L. For accurate viral RNA gene/copies/L quantification, the most unfa-
vorable of the three target's Ct (cycle threshold) value was used.

2.3. Data interpretation: SARS-CoV-2 concentration and standardization

The local Health Department communicated new cases and deceases
twice a week during the study period. Thus, to facilitate data interpretation
when correlating epidemiological indicators, SARS-CoV-2 concentrations
were treated asweekly aggregates (sum of the concentration values per sec-
tor for each sample collection day) for the whole city that week and
expressed as GC/L. Thus, keeping in mind the delays of public health offi-
cial reports, the results could be compared to our epidemiological indica-
tors, as they could both be adjusted to the same natural week.

2.4. Epidemiological indicators

To calculate the new confirmed cases (every week) shown in the graphs
- published twice a week by the Valencian Health Department (Conselleria
de Sanitat Universal y Salud Pública, 2023), we subtracted from the total
number of confirmed cases since the beginning of the pandemic the results
available from the previous Monday. Hospitalization, admission to the crit-
ical care unit, average hospital stays, average stay in critical care, weekly
mortality, and PCR+ in both primary care and the hospital data were
3

obtained from the directorate of Health Management of the Conselleria de
Sanitat de la Generalitat Valenciana and the town hall of Xátiva. The percent-
age of vaccinated individuals included the total population of the Autono-
mous Community of Valencia, and not only the inhabitants from Xátiva;
this specific information was not available in the reports provided by the
health authorities (Conselleria de Sanitat Universal y Salud Pública,
2023). Of note, in 2022, theHealthAuthorities provided the hospitalization
data on a monthly basis; thus, data had to be scaled down every week.

2.5. Statistical analyses

Statistical data analyses were performed using the R software and
graphical representations were made with ggplot2 (Wickham, 2016).

The Shapiro-Wilk Test was used on all study variables to determine nor-
mal distributions, represented as Quartile-Quartile (QQ) plots. Different
factors may affect SARS-CoV-2 RNA concentrations in wastewater (temper-
ature, precipitation, sampling site, water level, and flow) adding noise to
the data (Arabzadeh et al., 2021). A local regression (LOESS) was per-
formed to overcome this problem and obtain a better adjusted trend of
this variable. The span for this regression was set at 0.15.

To determine variable relationships and their changes throughout the
various study waves, multiple Pearson's product-moment correlations
were performed between pairs of variables. The result is shown as a
heatmap, with and without hierarchical clustering. Table 1 specifies the be-
ginning and end of each study wave. Note COVID-19 Wave 4 could not be
observed in this region.

We estimated the trends and correlations of SARS-CoV-2 RNAwastewa-
ter concentration and 14-day cumulative incidence (CI) to assess its use as a
marker for epidemiological surveillance. For this, the time series data were
divided into ascent and descent for every COVID-19 wave (Table 1) and
data were normalized with a max-min transformation. Next, the trends
were represented with a linear fit and the correlation computed a Pearson's
product-moment correlation.

To assess the differences in our variables before and after the comple-
tion of the SARS-CoV-2 vaccination program, we performed a two-sided
Mann-WhitneyU test between the data of the threewaves. Statistical signif-
icance (Alpha) was set at 0.05. The date for this was set for July 5, 2021,
when the population vaccinated for SARS-CoV-2 with the complete sched-
ule reached a maximum. Therefore, the pre-vaccination period includes
Wave 3 and the post-vaccination period Wave 5 and Wave 6.

Cross-correlation analyses were performed to test any possible relation-
ship between SARS-CoV-2 RNA concentrations in wastewater with epide-
miological indicators for all study waves. Another cross-correlation test
was performed with wastewater SARS-CoV-2 RNA concentrations against
14-day CI and positive PCR cases from September 2020 to March 2022.

3. Results

3.1. Epidemiological indicators versus SARS-CoV-2 wastewater concentrations

The epidemiological indicators for 14-day CI, positive cases (PCR+),
hospital cases, hospital stays (defined as the total number of COVID-19 pa-
tients confined in the hospital at the same time for a week), critical cases,
critical stays, primary care visits, and deaths were analyzed each week
from September 2020 to March 2022. These clinical indicators were com-
pared against the values of SARS-CoV-2 genome copies per liter (GC/L) in
wastewater for the same period (Fig. 1). Normality tests were all significant
(Supplementary Fig. 1), i.e., none of the study variables showed a normal
distribution.

The overall trend of the indicators was similar to that of SARS-CoV-2
concentrations. However, each of variable fitted viral wastewater concen-
tration differently; 14-day CI was the variable that better overlapped with
viral concentration over time (Fig. 1A), followed by PCR+ cases
(Fig. 1B). Better correspondence with viral concentrations was found for
hospitalization, critical cases, and stays duringWave 3 andWave 5 in com-
parison toWave 6. The larger number of vaccinated peoplewith at least one



Fig. 1.Relationship between 14-day cumulative incidences (A), COVID-19 cases (B), and COVID-19 hospital stays (C) with RNA concentrations inwastewater in the region of
Xátiva (Spain). Cases and stays are represented as bars, divided in critical hospitalization, hospitalization, or positive diagnosis via PCR. RNA concentrations, sampled and
smoothened using a LOESS model (span = 0.15), are represented as red dots and a line, respectively. SARS-CoV-2 concentration values above 1.5·108 genome copies/L
are omitted in the figure.
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dose explains this: from 0 % in Wave 3 to 55 % in Wave 5, and 80 % in
Wave 6 (Fig. 1B and C). Deaths per week showed a decreasing trend at
the end of Wave 3; however, these data are limited due to the size of the
population inoculated with the first vaccine at the beginning of Wave 6
(Fig. 1D).

Moreover, a strong correlation was observed for 14-day CI and
SARS-CoV-2 in wastewater, with Pearson correlation coefficients
(r) varying between 0.79 and 0.95 (Fig. 2A, B, C). Similar correlations
were found between PCR+ cases and viral RNA wastewater concentra-
tions, showing r values between 0.85 and 0.88. Correlations between 14-
day CI and SARS-CoV-2 concentrations were also assessed for the ascent
and descent of each wave; values between 0.65 and 0.99 were obtained,
all with statistically significant p values (Supplementary Fig. 2). Wave 5
showed the strongest correlation (r values of 0.95 during the ascent of the
wave and 0.99 in the descent) and Wave 3 showed the worst correlation
(r values between 0.65 and 0.86).

Interestingly, r coefficients for hospitalizations and critical hospitaliza-
tion cases (0.76 and 0.65, respectively) and for hospitalizations and critical
hospitalization stays (0.74 and 0.66, respectively) showed high correlations
Fig. 2. Correlation heatmap matrix between wastewater SARS-CoV-2 RNA concentratio
primary care visits, hospital cases, hospital stays, critical hospitalization cases, critical h
(C). Highest Pearson's correlation coefficients (r) are represented in blue and the lowest

5

withwastewater SARS-CoV-2 RNA concentrations inWave 3 andWave 6. r
values for these clinical variables decreased inWave 5 and onlymaintained
a moderate correlation with hospitalization cases (0.64). Surprisingly, no
clear correlation between deaths and viral concentrations in wastewater
was observed for Wave 3 (0.04), although a slight increase in the correla-
tion was found for Wave 5 and Wave 6 (0.29 and 0.38, respectively).

r values obtained in the three heatmaps highlighted the presence of dif-
ferent clusters based on the percentage of vaccination (Supplementary
Fig. 3) with a big cluster combining all variables except for deaths during
Wave 3 (Supplementary Fig. 2A).

InWave 5, a cluster formed by positive cases, 14-day CI, and SARS-CoV-
2 concentrations showed very strong correlations (range from0.88 to 0.97).
Another cluster was formed between all other epidemiological variables.

In Wave 6, two clusters were formed. One by critical hospitalization
stays, SARS-CoV-2 concentration, 14-day CI, and positive cases, and the
other by critical hospitalization cases, primary care visits, and hospitaliza-
tion cases and stays.

These results show that 14-day CI and positive cases are always clus-
tered together with SARS-CoV-2 concentrations in wastewater.
ns and the clinical variables 14-day cumulative incidence, positive cases (PCR+),
ospitalization stays, and deaths per week for Wave 3 (A), Wave 5 (B), and Wave 6
in white. Red indicates maximum inverse correlation on −1.
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3.2. Effect of vaccination on epidemiological variables and wastewater SARS-
CoV-2 concentrations

Vaccination lowered the values of all epidemiological indicators over
time, except 14-day CI and PCR+ cases (Fig. 3), with clear differences be-
tween Wave 3 (no vaccination) andWave 5 (55 % of the individuals had at
least one dose) orWave 6 (80%of the individuals had at least one dose). No
statistical differences were detected for wastewater SARS-CoV-2 concentra-
tions between Wave 3 and Wave 6 (Mann-Whitney U test) in spite of the
slight trend towards an increase in Wave 6; contrarily, a statistical
Fig. 3. Box plots comparing epidemiologic variables and wastewater SARS-CoV-2 RNA c
shown in the figure. Statistical significance: ns: >0.05; *: <0.05; **: <0.01; ***: <0.001

6

difference was found betweenWave 5 and Wave 6 (p=0.024). Moreover,
there were clear increases of 14-day CI (p=0.0058) and PCR+ cases (p=
0.0098) betweenWave 3 (0 % vaccination) and Wave 6 (80 % vaccination
with at least one dose). Similar differences were observed between Wave 5
(55 % vaccination with at least one dose) and Wave 6 (p = 0.004 and
0.0016, respectively). As for visits to primary care, no differences were
seen between Wave 3 and Wave 6; statistically significant differences
were only found between Wave 5 versus Wave 3 and Wave 6 (p = 0.025
and 0.001, respectively). Regarding hospitalization cases and stays, statisti-
cal differences were observed between Wave 5 and Wave 3 (p = 0.011
oncentrations before and after vaccination. p values for theMann-WhitneyU test are
.
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(cases) and 0.0027 (stays)) or Wave 6 (p = 0.022 (cases) and 0.0015
(stays)), although values were lower in Wave 6 in comparison to Wave 3,
an indication towards decrease after vaccination.

Critical hospitalization cases and stays, as well as deaths, showed a sig-
nificant decrease after vaccination, as observed when Wave 3 values were
compared with those of Wave 5 (p = 0.0014; p = 0.0038; p = 0.0067)
and Wave 6 (p = 0.00027; p = 0.0055; p = 0.012).

3.3. Wastewater SARS-CoV-2 quantification as a tool for an early surveillance
system

Wastewater as a public health surveillance tool can predict and antici-
pate the spread of a new epidemic outbreak. We carried out a cross-
correlation study between wastewater SARS-CoV-2 concentrations and a
series of epidemiologic variables (Fig. 4) to determine any correlation be-
tween study variables over time. The statistical methodology was tested
for all study parameters in Wave 3 (0 % vaccination) and Wave 6 (maxi-
mum percentage of vaccination). Relevant cross-correlation r values and
95 % confidence intervals are available in Supplementary Table 4.

The highest correlations were found for 14-day CI and positive cases at
lag 0 (no anticipation) for Wave 3. As for Wave 6, RNA concentrations
showed stronger correlationswith study variables 1 and 2weeks in advance
Fig. 4. Cross-correlation between wastewater SARS-CoV-2 RNA concentrations and epi
intervals (i.e., weeks) lapsed to perform the correlation; 95 % confidence intervals for t
0 (no lag) is indicated as a vertical red dashed line.
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(r values of 0.90 and 0.91, respectively, for−1week lag and 0.82 and 0.74,
respectively, for −2 week lag). For hospitalization cases and stays,
cross-correlations showed stronger correlations for stays one week before
in Wave 6 (0.69), showing maximum correlation with no advance in
Wave 3 (cases = 0.76; stay = 0.74). Critical hospitalization cases and
stays showed a slight correlation increase three weeks before only for
Wave 3 (0.70 and 0.74, respectively), while the advance in correlation for
Wave 6 was only one week before for critical cases and stays (0.67 and
0.8 for −1 week delay in critical hospitalization cases and stays, respec-
tively). Primary case visits showed stronger correlation with a lag of three
weeks in Wave 3 (0.75) and a lag of two weeks in Wave 6 (0.6).

The cross-correlation for the variable deceased did not reach the confi-
dence interval threshold, probably due to the limited number of deaths reg-
istered in the small region were the study was carried out. However, in the
absence of vaccination, there was a trend towards an increased correlation
three to five weeks in advance and of one week in the population with at
least one dose.

Cross-correlations for wastewater SARS-CoV-2 RNA concentrations and
14-day CI or PCR+ cases included all data from September 2020 to March
2022 and the three waves were analyzed (Fig. 5). The trend for these vari-
ables was the same, revealing strong correlations (r = 0.82 and r = 0.87,
respectively). Moreover, the highest correlations between SARS-CoV-2
demiological variables for each wave analyzed. Lag represents the number of time
he correlations are indicated as horizontal blue dashed lines and the breakpoint at



Fig. 5. Cross-correlation between wastewater SARS-CoV-2 RNA concentrations and 14-day cumulative incidence (above) and PCR+ cases (below) from September 2020 to
March 2022. Lag represents the number of time intervals (i.e., weeks) lapsed to perform the correlation; 95 % confidence intervals for the correlations are indicated as hor-
izontal blue dashed lines and the breakpoint at 0 (no lag) is indicated as a vertical red dashed line.
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concentrations and 14-day CI or PCR+ cases were seen 1 and 2 weeks in
advance in comparison to correlations without lag. The strongest correla-
tion was 0.90 in 14-day CI and 0.91 in PCR+ cases one week in advance.

4. Discussion

Previousworks have analyzed the progression of SARS-CoV-2 infections
measuring wastewater concentrations of the virus (Chavarria-Miró et al.,
2021; Haramoto et al., 2020). Here, we aimed to correlate wastewater
SARS-CoV-2 RNA concentrations with the following variables: CI of
SARS-CoV-2, positive cases (PCR+), primary care visits, deaths, hospitali-
zation, and critical cases and stays. For this, we collected data on the
study variables for a period of 18 months (September 2020 to March
2022) in Xativa (Spain). Our study shows that the best overlap over time
with wastewater SARS-CoV-2 concentrations is 14-day CI, followed by pos-
itive cases.

Our results show that 14-day CI and positive cases have strong correla-
tions with SARS-CoV-2 concentration in wastewater (R = 0.79–0.95 and
8

R = 0.85–0.88 respectively) with an anticipation period that ranges be-
tween seven and 14 days. These correlations are in line with previous find-
ings (Li et al., 2023; Barrios et al., 2021; Kitamura et al., 2021; Róka et al.,
2021; Weidhaas et al., 2021) which demonstrated correlations ranging
from 0.71 to 0.96 between the SARS-CoV-2 concentration and new cases
per week. Moreover, Barrios et al. and Rusiñol et al. found correlations
from 0.53 to 0.88 between SARS-CoV-2 concentration and 7–14 days future
cases, indicating that the concentration of the virus is a good anticipating
variable for new cases (Barrios et al., 2021; Rusiñol et al., 2021).Thus,
wastewater SARS-CoV-2 concentrations are a good predictor of viral behav-
ior and spread. The anticipation period is sufficiently long and precise as to
alert public health services and political authorities on a new outbreak and
take the necessary measures to protect citizens and alert the health system.
The lack of information on the behavior of the SARS-CoV-2 virus was one of
the main reasons certain drastic decisions were taken, which would proba-
bly had been different should there had been more information in advance
on viral spread and its clinical impact (Stephens et al., 2022) (particularly in
periods of low incidence). The decisions taken during the pandemic were
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based on risk management techniques - such as the Monte Carlo simulation
(with little information or uncertainty) - that incorporated not only health,
but also economic and even ethical criteria (Daumann et al., 2021). Some
social studies have called it the management of ignorance (Parviainen
et al., 2021). Thus, the results of the present study is to provide reliable, pre-
dictive, and anticipatory information to reduce uncertainty with valuable
data that will allow informed decision-making adjusted to real clinical prac-
tice. Clinical implications and detection of wastewater RNA have been key
when planning a public health response. Several studies report that deter-
mining the presence of wastewater SARS-CoV-2 RNA from sites with a pop-
ulation of >100,000 inhabitants allows early detection of outbreaks
(Weidhaas et al., 2021). A potential limitation of these claims (which do
not affect our results), is that wastewater RNA analysismay not be a reliable
source of data in different geographical contexts, depending onwhether the
water has not been treated or disinfected and may be contaminated. The
concentration of viral RNA in wastewater depends on different factors
such as persistence of the virus in the organism, its stability in the sewer,
sampling methodology, RNA extraction, detection protocols, and mode of
quantification in relation to water flow. These factors generate variations
in the results (20 % to 40 %) and thus affect correlation values (Li et al.,
2021b). Presence of the virus may decrease significantly on Day 5 of infec-
tion or be detectable for weeks in stool samples (Wu et al., 2020). It is im-
portant to mention that in populations where the wastewater sample
represents>10COVID-19 positive cases, the influence of the variable “pres-
ence of the virus in the organism” is significantly reduced (Li et al., 2021b).
Moreover, temperature aswell as the season atwhich samples are collected,
may affect RNA degradation in wastewater (Li et al., 2021b). Similarly, the
presence of chemicals (e.g., bleach) and/or biological compoundsmay alter
RNA degradation (Li et al., 2021b). In this sense, the presence of hospitals
or health centers can affect the concentration of viral RNA detected, since
the wastewater from these institutions is chemically treated. Therefore, it
is important to mention that in our study the hospital of Xátiva was outside
the area analyzed, not affecting the concentration of the virus in the waste-
water. The time of the day samples were collected should also be taken into
account, in this study at 10 am the same day of the week, coinciding with
the highest water consumption peak. And the type of sampling (simple or
composed), which can significantly affect the concentration (Li et al.,
2021b), being the in-sewer decay the major contributor to uncertainty of
SARS-CoV-2 estimation in wastewater. All these issues should address in fu-
ture studies (Wang et al., 2021; Zhou et al., 2021) and not underestimated
in line with World Health Organization recommendations regarding the
use of ultraviolet radiation, disinfection, and filtration for SARS-CoV-2 pos-
itive wastewater, not only because of this pandemic, but also for potential
new outbreaks (WHO, 2020).

The results of our study show that vaccination schemes have been
particularly effective in reducing cases, critical hospital stays, and
deaths, while positive cases and 14-day CI continued to increase. The
high morbidity and mortality rates associated to the pandemic, resulted
in hospital overcrowding and very high economic costs in the health
sector (Wang et al., 2021). If having data on wastewater virus concen-
trations contributes to reduce morbidity, mortality, health system
stress, and costs, it should be incorporated as a surveillance tool in
health systems to help anticipate restrictive and protective decision-
making.

We also examined the influence of vaccination on the predictive poten-
tial of wastewater SARS-CoV-2 concentrations after a novel outbreak.
PCR+ cases and 14-day CI data (Fig. 3) indicate that the vaccination in
the second half of 2021 had no effect on viral spread. On the contrary,
there is significant increase in 14-day CI and positive cases between Wave
3 (0 % of the population had been vaccinated) and Wave 6 (80 % of the
population had been vaccinated). This can be explained by the combination
of the vaccination/relaxation of restriction measures, the subsequent in-
crease inmobility and contacts (Google COVID-19 CommunityMobility Re-
ports, 2022), and the irruption of new SARS-CoV-2 variants such as
Omicron with an important and higher transmission potential (Araf et al.,
2022).
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Wastewater SARS-CoV-2 RNA shows high correlation with the anticipa-
tion (lag −1/2 weeks) of positive cases (r-1 week = 0.91; r-2 weeks = 0.74)
and 14-day CI (r-1 week = 0.90; r-2 weeks = 0.82) in the study period in
which 80 % of the population had been vaccinated with at least one dose
(Fig. 4).

When using wastewater concentrations and epidemiological indicators
lag patterns, it is important to consider how health authorities manage
and collect the epidemiological data. Thus, in our study, at least seven
days had to be added to a specific date for each clinical data when the cal-
culations were made, because data were known and officially made public
seven days after the wastewater samples were collected, processed, and the
SARS-CoV-2 concentration determined. For that, correlation values can be
shifted until 7 days and show better correlations when no lag was consid-
ered; this is for Wave 3 in absence of vaccination (December 2020), for ex-
ample. For this period, there were many undetected asymptomatic cases,
and the reported PCR+ cases and 14-day CI were inaccurate. Conversely,
the results indicate that for Wave 6, when case detection methods were
standardized and widespread, the increase in observed cases (symptomatic
and asymptomatic) correlates with the measurement of wastewater virus
1–2 weeks in advance. Fig. 5 shows that wastewater viral concentrations
anticipate 14-day CI and PCR+ data one or two weeks in advance, a very
useful surveillance tool for health authorities in the event of a new out-
break, since it can predict the behavior and spread of the virus even if the
vaccination status of the analyzed population is unknown.

Wastewater SARS-CoV-2 concentrations follow hospitalizations and
critical care COVID-19 cases in real time during post-vaccination (lag 0).
In Wave 6, decrease of cases and hospital stays were observed in numerous
studies and different settings (Barchuk et al., 2022; Iacobucci, 2021;
Marcellusi et al., 2022). For Wave 3, wastewater viral concentrations antic-
ipate critical care hospitalizations and primary care visits in three weeks
(r = 0.69 and r = 0.78 respectively). This is due to the high virulence of
the virus before vaccination, which affects primary care visits, hospitaliza-
tions, and critical care cases. Moreover, wastewater SARS-CoV-2 RNA con-
centrations anticipates hospital stays (lag−1week; r=0.73) and intensive
care stays (lag −3 weeks; r = 0.74) (Fig. 4) in the pre-vaccination period
(Wave 3). Post-vaccination (Wave 6), one week anticipation is shown for
both variables (r = 0.68 and r = 0.81, respectively). These results are in
line with other studies (Bivins et al., 2020; Hegazy et al., 2022; Stephens
et al., 2022). Wastewater viral concentrations can be helpful for planning
hospital and ICU bed requirements and as a tool to predict hospitalizations
during future seasonal vaccination campaigns. Other studies (Choi et al.,
2022; Puhach et al., 2022) reported a decrease on the timeframe for viral
shedding in the context of the Omicron variant and vaccinated individuals,
whichmay have affected the lags reported in this study. However, with the
high increase of cases in Wave 6, higher wastewater viral concentrations
were still determined and the shift in lag for the cross-correlations seems
to achieve a better linear correlation with 1–2 weeks of anticipation using
our epidemiological variables and sampling conditions.

The study and evaluation of wastewater SARS-CoV-2 RNA has high ap-
plicability in areas of high vaccination coverage, providing benefit to mass
vaccination plans with coverage of ≥80 %. In the absence of vaccination,
SARS-Cov-2 concentrations have higher correlation with critical hospitali-
zation stays and cases, which decrease with vaccination coverage, a clear
immunization indicator of the reduction of critical illness. Based on what
has been learnt in dealing with new pandemics or emerging epidemics
(such as SARS-COV-2), population-based immunization should be a strate-
gic priority, although in the initial stages this may not be sufficient and re-
strictive measures may still be necessary (Cot et al., 2021). Wastewater
SARS-Cov-2 analysis can become a key tool for epidemiological surveil-
lance, as it would facilitate decision making by public health authorities re-
garding potential geographic and temporal restrictions. This is critical
given the rejection of drastic mobility restrictions by a large part of the pop-
ulation, who accept the use of masks or telephone monitoring, but not pro-
longed lockdowns, hospital closures, or restrictions of leisure travel (Blayac
et al., 2021). Indirectly, it could contribute to mitigate the pandemic-
related economic burden (Monika, 2021) and facilitate health care for the
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population, who during restriction periods had limited face-to-face interac-
tions andmore telephone/digital encounters, with the consequent rejection
by the population (Lima-Serrano et al., 2020).

The possibility to anticipate significant incidence increases through
wastewater analysis may allow the implementation and deployment of
health contingency plans with enough time to ensure their operability.
Wastewater monitoring is useful not only for public health services, but
also for primary care centers and hospital mangers (especially emergency
and ICU services), whowould be able to organize their human andmaterial
resources before a forecasted increase in the incidence.Wastewater analysis
may also be useful for primary health care services, a direct strategic link
with first care, who had to be adjusted during the pandemic, including
the incorporation of telehealth when face-to-face care was interrupted.
Thus, transferring our results to health managers would support public
health planning decisions and clinical practice by organizing health care
teams.

Acting when the incidence has risen abruptly has been shown to have
negative consequences in terms of hospital admissions, mortality, and
health system overload, as incidence and mortality are known to correlate
strongly with the observed daily cumulative rate (Lai et al., 2020). A
quick and accurate response by the healthcare system is critical. In coun-
tries where people are more confident with their system, they are often
more responsive to protective measures, e.g., reduced mobility (Chan
et al., 2020).

There are some limitations to our study. We had no access to viral var-
iants during the study period. This does not affect our results and conclu-
sions, but having this information might have contributed to a more
detailedwave-based prediction. In the initial waves, we assumed important
under-diagnosis, contrarily to the situation in the final waves, were COVID-
19 diagnoses were closer to the real health scenario due to the incorpora-
tion of mass testing in Spanish pharmacies. Covid-19-related hospital
stays and ICU admissions data do not take into account the medical history
of the patients; thus, the patients´ profile could not be used given the nature
of our study. Moreover, hospital admission criteria probably changed
(protocolized or not) depending on the wave due to hospital overcrowding,
particularly ICUs (Andrés-Esteban et al., 2021).

Several biases influence data interpretation when it comes to a waste-
water sampling. Some examples are water and environmental tempera-
tures, heavy rainfalls, catchment flow, in-sewer decay, number of citizens
the sewer collects from, distance of the collection point, type of sampling,
and presence of hospitals, healthcare centers etc., among others (Jiang
et al., 2022), In addition, different methodologies have been used in other
studies to normalize concentration values (PMMV virus in a separate
PCR, the physicochemical parameters of the sample, i.e., CDO or ammo-
nium values), and even models and formulas (Jiang et al., 2022) that ap-
proach real case number estimation. The objective in this study was not
inter-municipality comparisons, but to analyze viral load trends and corre-
late them with certain epidemiological indicators specifically for Xàtiva.
Due to some technical limitations, data are expressed as weekly raw waste-
water concentrations calculated from samplings carried out the same day of
the week at the same time during the whole study, coinciding with the
highest water consumption peak.

Some researchers have used 14-day CI and wastewater SARS-CoV-2
concentrations to develop mathematical (Joseph-Duran et al., 2022;
McMahan et al., 2021; Watson et al., 2022) or machine learning modeling
(Aberi et al., 2021; Li et al., 2021a; Vallejo et al., 2020; Zhu et al., 2022).
However, to the best of our knowledge, our study uses clinical parameters
such as hospitalizations and ICU data for the first time and wastewater
viral concentrations as a predictive tool for novel outbreaks.

5. Conclusions and future perspectives

Wastewater SARS-CoV-2 concentrations show high correlation with the
epidemiological variables 14-day CI, PCR+, hospitalization, and ICU admis-
sion. Our results provide data that allows tracking and anticipating the epide-
miological situation in future outbreaks, taking into account for the first time
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not only 14-day CI and PCR+ but also mortality, hospitalization/ICU data,
and stays. Our model may anticipate the trend of these clinical data in seven
to 15 days, providing a novel tool for health authorities to support any deci-
sions during an adverse epidemiological situation. Future studies should
focus on developing machine-learning models incorporating these clinical
data, as well as the effect of different SARS-CoV-2 variants, mobility, and cli-
matological data, and test these predictive models in similar populations.

The success of this wastewater-based epidemiology could contribute to
the surveillance of incipient pathogens.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163935.
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