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Abstract: The emergence of the COVID-19 pandemic has led to significant progress in the field of
wastewater-based surveillance (WBS) of respiratory pathogens and highlighted its potential for a
wider application in public health surveillance. This study aimed to evaluate whether monitoring
of respiratory syncytial virus (RSV) in wastewater can provide a comprehensive picture of disease
transmission at the community level. The study was conducted in Larissa (Central Greece) between
October 2022 and January 2023. Forty-six wastewater samples were collected from the inlet of the
wastewater treatment plant of Larissa and analyzed with a real-time reverse transcription polymerase
chain reaction (RT-PCR) based method. RSV and SARS-CoV-2 wastewater viral loads (genome
copies/100,000 inhabitants) were analyzed against sentinel surveillance data on influenza-like illness
(ILI) to identify potential associations. Univariate linear regression analysis revealed that RSV
wastewater viral load (lagged by one week) and ILI notification rates in children up to 14 years
old were strongly associated (std. Beta: 0.73 (95% CI: 0.31-1.14), p = 0.002, R2 = 0.308). A weaker
association was found between SARS-CoV-2 viral load and ILI rates in the 15+ age group (std.
Beta: 0.56 (95% CI: 0.06-1.05), p = 0.032, R? = 0.527). The results support the incorporation of RSV
monitoring into existing wastewater-based surveillance systems.

Keywords: respiratory syncytial virus; wastewater-based epidemiology (WBE); SARS-CoV-2;
influenza-like illness; RT-PCR

1. Introduction

Respiratory syncytial virus (RSV) is a single-stranded RNA virus of the Paramyxoviri-
dae family, which is considered a leading cause of lower respiratory tract illness among
young children [1]. A recent review estimated that in 2019, 33 million RSV-associated
acute lower respiratory infections occurred globally, leading to 3.6 million hospital admis-
sions and 101,400 RSV-attributable deaths in children younger than 5 years old [2]. RSV
is inherently seasonal, and in temperate climates, it typically circulates during the fall
and winter months [3]. The virus is primarily spread through respiratory droplets and
has an incubation period between 2 and 8 days [4]. Most EU/EEA countries implement
RSV surveillance, but there is a need to address issues concerning under-reporting and
heterogeneity in RSV surveillance methods [5].

Wastewater-based surveillance (WBS) can strengthen existing RSV surveillance sys-
tems as it has certain advantages in terms of cost-effectiveness, speed and no sampling
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or reporting bias compared to surveillance based on individual testing. WBS is a method
for acquiring information from wastewater samples to monitor the health status of a com-
munity. The concept of WBS in the field of infectious diseases is based on the fact that
individuals excrete pathogen particles, which are carried through the sewerage system
to central wastewater treatment plants (WWTPs). The analysis of samples collected from
WWTPs can reflect the viral load of the entire population served by the sewerage system.
The emergence of the COVID-19 pandemic has led to rapid and substantial advances in
the field of WBS of respiratory pathogens, and many countries and institutions perform
routine sewage monitoring of SARS-CoV-2 [6]. This implementation of WBS has naturally
led to the need to explore its potential for public health surveillance beyond SARS-CoV-2
monitoring. The European Commission’s proposal for the new Urban Wastewater Treat-
ment Directive clearly suggested the inclusion of more pathogens in urban wastewater
surveillance systems [7]. The present study aims to examine whether monitoring of RSV in
wastewater can potentially provide a comprehensive picture of disease transmission in a
community by evaluating systematic wastewater sampling and analysis in combination
with sentinel surveillance data on influenza-like illness (ILI).

2. Materials and Methods

Wastewater samples were collected from the WWTP of the municipality of Larissa,
Central Greece. The sewerage system is 516 km long and only processes municipal wastew-
ater. It serves approximately 150,000 residents. According to 2011 census data, approxi-
mately 17% of the population of the municipality of Larissa are children up to 14 years
old. Twenty-four-hour composite samples were collected from the inlet of the plant with
a Sigma SD900 portable sampler (HACH Company, Colorado, USA) at a rate of 150 mL
per hour. After sampling, wastewater samples were transported to the laboratory in
isothermal boxes at 2-8 °C. Sample pre-processing and RNA extraction were performed
in accordance with the protocol for SARS-CoV-2 analysis that has been previously de-
scribed [8]. The SuperScript™ III Platinum™ One-Step qRT-PCR Kit (Applied Biosystems™,
Thermo Fisher Scientific, Waltham, MA, USA) was used for the real-time reverse tran-
scription polymerase chain reaction (RI-PCR) on a validated QuantStudio™ 5 Real-Time
PCR System (ThermoFisher Scientific, Waltham, MA, USA), with the following primers
and probe (Pan-RSV): forward, 5 GGCAAATATGGAAACATACGTGAA-3/; reverse, 5'-
TCTTTTTCTAGGACATTGTAYTGAACAG-3'; probe, 5-FAM-CTGTGTATGTGGAGCCTT
CGTGAAGCT-BHQ-3' [9]. The lower limit of detection (LOD) was calculated to be
10 genome copies per reaction.

Epidemiological data about the RSV for the area of Larissa were acquired from the
National Public Health Organization through the primary health care sentinel surveillance
system implemented across Greece. This system collects information from selected physi-
cians (general practitioners, internists and pediatricians) that examine patients in primary
health care units, such as health care centers and private medical offices. The selection
of sites has been based on a representative sample from all over Greece. Proportional
morbidity indices on ILI were obtained for age groups 0-14 and 15+ years of age. Statistical
procedures were carried out with the R programing language. To preserve the underlying
structure of wastewater data while smoothing out statistical noise, a spline smoothing
method was initially applied to RSV and SARS-CoV-2 viral load time series. Next, weekly
average concentrations were calculated and analyzed against the proportion of ILI visits.
To investigate the possible lagged relationships, initially, Spearman rank correlation coef-
ficients were calculated for lag times of 0, 1 and 2 weeks. Subsequently, a first degree of
differencing was applied to both wastewater viral load and proportional notification data
to account for autocorrelation. Ljung-Box test and Autocorrelation Function (ACF) plots
were used to test for serial correlation. Univariate linear models were run to investigate the
association between weekly changes in the viruses’ levels in sewage and respective weekly
changes in the frequency of ILI per 1000 visits. For all analyses, a p-value of less than 0.05
was considered statistically significant.
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RSV in wastewater(genome copies per 100.000 inhabitants)
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3. Results

The first RSV-positive wastewater sample was identified on 18 October 2022 with
an RNA concentration of 50 copies/mL. Concentrations gradually increased, peaking on
7 December 2022 (2260 copies/mL), followed by a decline thereafter. Figure 1a presents the
actual measurements and the smoothed fit curve of wastewater RSV concentrations during
the study period. A similar temporal pattern is observed for the ILI rate per 1000 visits in
the age group 0-14 years old, which peaked at week 52 of 2022 (Figure 1b).
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Figure 1. Respiratory syncytial virus wastewater viral load and weekly influenza-like illness
(ILI) per 1000 visits in Larissa during the study period. Notes: (a) presents the RSV load in
wastewater expressed as genome copies per 100,000 inhabitants in the municipality of Larissa
(1 October 202215 October 2023). Viral load: RNA concentration (Genome copies/L) x Wastewater
flow(m?3/day) x 108 /population served by the wastewater treatment plant (WWTP). Red dots repre-
sent the viral load corresponding to the date the sample was taken. The Fit curve was generated by
spline smoothing. (b) presents weekly influenza-like illness (ILI) per 1000 visits from Larissa, in the
age group 0-14 years (bars correspond to the left axis). Dots represent the average RSV load for each
ISO week and correspond to the right axis.

The Spearman rank correlation coefficient between weekly RSV viral load and ILI rates
in children up to 14 years old was 0.897 (p < 0.001). When RSV viral load was lagged by
one and two weeks, the correlation coefficients were 0.961 (p < 0.001) and 0.924 (p < 0.001),
respectively. This analysis provides an indication of a strong correlation, especially when
wastewater concentrations are lagged by one week. However, caution is suggested since
both wastewater RSV and ILI rate data are strongly autocorrelated. To overcome this issue,
we explored the relationship between weekly changes (differences) of RSV, SARS-CoV-2 in
wastewater samples and proportional notification ILI rate data by applying a first-degree
differencing in all time series. For the differenced time series, both the visual evaluation
of autocorrelation plots (ACF) and the results of the Ljung—Box test (p = 0.838 for RSV
viral load, p = 0.059 for SARS-CoV-2 viral load, p = 0.187 for ILI rate in the 0-14 age group,
p =0.771 for ILI rate in the 15+ age group) indicated that the transformed data no longer
exhibited autocorrelation.

Next, we ran linear regression models in the differenced time series to depict how
weekly changes in wastewater viral load were associated with weekly changes in ILI
rates. Table 1 presents the results of the linear regression analysis. Independent variables
included RSV and SARS-CoV-2 viral load lagged by 0, 1 and 2 weeks and dependent
variables consisted of the weekly changes of ILI rates in age groups 0-14 and 15+ years
of age.
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Table 1. Linear regression analysis to determine the association between weekly changes in RSV and
SARS-CoV-2 wastewater viral load ! and weekly changes of influenza-like illness (ILI).

Dependent Variable: Weekly Change of Influenza-like Illness
(ILI) Rate per 1000 Visits in Children Younger than 15 Years Old

Predictors Lag Time Std. Beta 95% CI p R?
Weekly change in RSV viral load in sewage (genome 0 weeks —0.07 —0.67-0.53 0.799 0.005
copies/ 100,000 inhabitants) 1 week 0.73 0.31-1.14 0.002 0.527
’ 2 weeks —0.08 —0.68-0.52 0.774 0.007
Weekly change in SARS-CoV-2 viral load in sewage 0 weeks ~0.12 —0.72-047 0.662 0.015
(genome copies /100,000 inhabitants) 1 week 028 —0:30-085 0.313 0.078
& ! 2 weeks —0.31 —0.88-0.26 0.258 0.097

Dependent Variable: Weekly Change of Influenza-like Illness (ILI)
Rate per 1000 Visits in Persons Older than 14 Years Old

Predictors Lag Time Std. Beta ! 95% CI p R?
Weekly change in RSV viral load in sewage (genome 0 weeks ~0.17 —0.76-042 0.540 0.030
copies /100,000 inhabitants) 1 week 0.39 —0.16-0.94 0.149 0.153
’ 2 weeks —0.01 —0.61-0.59 0.981 0.000
Weekly change in SARS-CoV-2 viral load in sewage 0 weeks —0.35 —091-021 0.198 0.124
(genome copies,/100,000 inhabitants) 1 week 0.56 0.06-1.05 0.032 0.308
! 2 weeks —0.10 —0.70-0.49 0.719 0.010

1: Viral load: RNA concentration (Genome copies/L) x Wastewater flow(m3/day) x 108/population served by
the wastewater treatment plant (WWTP) std. Beta: standardized beta coefficient, 95% CI: 95% confidence interval,
R?: coefficient of determination.

For the age group of children younger than 15 years old, the weekly change in RSV
viral load at a 1-week lag was strongly associated with the weekly change in ILI rate. No
associations were observed when a 0 and 2 lag time was applied and when SARS-CoV-2
viral load was used as a predictor. On the contrary, a marginally statistically signifi-
cant association was observed between SARS-CoV-2 at a 1-week lag and ILI rate in the
15+ age group.

4. Discussion

Our study provided evidence of a significant correlation between the weekly change
in RSV viral load in wastewater and the influenza-like illness (ILI) rate per 1000 visits
in children younger than 15 years old. In the age group of people older than 14 years
old, weekly changes in SARS-CoV-2 viral load were marginally associated with ILI rates.
These findings suggest that RSV circulation pattern correlated with ILI rate in young
children for whom the ILI rates were higher than adults across the country. Specifically,
at the national level, the ILI rate at the peak was approximately 350 cases per 1000 visits
for children 0-14 years old compared to 180 cases and 100 cases per 1000 visits for ages
between 15 and 64 and older than 64 years old, respectively [10]. On the other hand, a
weak association was found between SARS-CoV-2 weekly change pattern and ILI rates
among people older than 14 years old, while RSV load was not associated with ILI in this
age group. It should be noted that older children and adults with respiratory symptoms
are less likely to attend primary health care units compared with younger children. This
potential bias could have led to an underestimation of the ILI rates in the 15+ age group
but is unlikely to have had a significant impact on the weekly changes since it is considered
to be consistent over time. The course of the RSV outbreak in the municipality of Larissa in
the autumn and winter of 2022-2023 was captured by wastewater surveillance, indicating
that a virus surge started in October 2022 and peaked in December 2022, followed by a
gradual decline. In Greece, RSV outbreaks usually occur from December to April, with the
highest monthly incidence to occurring in February [11]. However, from the previous year
(2021-2022), the epidemic wave started earlier (in September 2021) than in previous years,
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presumably due to low circulation of RSV during the first year of the COVID-19 pandemic
that probably caused an attenuation of the immunity to this pathogen [12]. As the annual
seasonal patterns of RSV outbreaks may vary, WBS offers a tool for the timely detection of
the RSV season onset and the identification of out-of-season circulation of the virus.

To our knowledge, few studies have examined the potential association between RSV
levels in wastewater and epidemiological indicators collected from different surveillance
systems. A recent study found that RSV RNA can be detected in settled solids (the matter
in wastewater not remaining suspended and precipitates) and reported a strong association
between RSV concentrations and positivity rates for RSV at two sentinel laboratories in
California, United States [13]. Similarly, in a study conducted in Queensland, Australia, a
significant correlation between RSV concentrations and the number of clinical cases was
reported [14]. These studies provided evidence about the feasibility and benefits of WBS for
RSV monitoring. Our study supports previous findings but also expands the knowledge of
the field. Correlation analysis shown similar underlying temporal patterns of RSV and ILI
rates in children younger than 15 years old, as shown by the high correlation coefficients. It
is interesting that after differencing, a significant association was identified only when RSV
viral load was lagged by one week. This finding is important as it indicates that weekly
changes in viral load can precede changes in ILI rates in children one week ahead.

Some limitations have to be considered when interpreting the results of the present
study. Influenza-like illness can be caused by several pathogens, and thus the investigated
association is obviously affected by the circulation of SARS-CoV-2, influenza, rhinoviruses
and adenoviruses [15]. Our data indicated that for the particular period and setting, SARS-
CoV-2 wastewater levels were a less important determinant of ILI rates in children than
RSV and were only associated with ILI in the 15+ age group.

However, the absence of robust evidence on influenza circulation in Larissa is a
limitation of the study. On the other hand, national surveillance suggests a high circulation
of influenza, especially among young children. Nonetheless, the statistical association
between RSV viral load and ILI rate in children was notably strong, suggesting that during
RSV outbreaks, WBS can play a key role in the monitoring of the virus’s spread and enhance
preparedness, especially in pediatric populations. Another limitation of the present study
is that it covers a limited time period.

WBS systems, which are operating in many countries for monitoring SARS-CoV-2,
offer a favorable opportunity for incorporating RSV monitoring in sewage from a technical
standpoint. This is because there is no requirement for additional wastewater sampling,
transportation, storage, or sample pre-treatment. With regard to RSV surveillance, wastew-
ater monitoring can focus on specific time periods when outbreaks are expected or when
indications of out-of-season occurrences arise.

Future efforts should also test the validity of systematic monitoring of a panel of
respiratory viruses in wastewater to obtain a more comprehensive picture of circulating
respiratory pathogens.

5. Conclusions

The application of wastewater-based surveillance for RSV can provide useful informa-
tion on the virus circulation at community level. Our findings suggest that integrating RSV
monitoring into current wastewater-based surveillance systems can be highly beneficial.

Author Contributions: Conceptualization: M.K. (Michalis Koureas), KM., CH., D.P. and AK;
laboratory analysis: A.V. and M.K. (Maria Kyritsi); data curation: K.M., L.P. and M.K. (Michalis
Koureas); statistical analysis: M.K. (Michalis Koureas) and L.P.; writing—original draft preparation:
M.K. (Michalis Koureas), KM. and A K; review and editing: V.A.M., M.S., KM. and C.H.; super-
vision: C.H., D.P, M.S. and V.A.M. All authors have read and agreed to the published version of
the manuscript.



Int. |. Environ. Res. Public Health 2023, 20, 5219 60f6

Funding: The study was conducted under the operation of the National Network of Wastewater
Surveillance implemented by the Hellenic National Public Health Organization (NPHO). No external
funding was received.

Institutional Review Board Statement: Processed anonymized data from routine surveillance were
used, which do not require ethical approval.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data can be provided upon request.

Acknowledgments: The authors would like to thank the Municipal Water Supply and Sewerage
Company of Larissa for their collaboration in the wastewater sampling procedures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Nair, H.; Nokes, D.J.; Gessner, B.D.; Dherani, M.; Madhi, S.A.; Singleton, R.J.; O’Brien, K.L.; Roca, A.; Wright, P.F.; Bruce, N.; et al.
Global burden of acute lower respiratory infections due to respiratory syncytial virus in young children: A systematic review and
meta-analysis. Lancet 2010, 375, 1545-1555. [CrossRef] [PubMed]

Li, Y.; Wang, X.; Blau, D.M.; Caballero, M.T,; Feikin, D.R.; Gill, C.J.; Madhi, S.A.; Omer, S.B.; Simoées, E.A.F.; Campbell, H.; et al.
Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial virus in
children younger than 5 years in 2019: A systematic analysis. Lancet 2022, 399, 2047-2064. [CrossRef] [PubMed]

Borchers, A.T.; Chang, C.; Gershwin, M.E.; Gershwin, L.]. Respiratory Syncytial Virus—A Comprehensive Review. Clin. Rev.
Allerg. Immunol. 2013, 45, 331-379. [CrossRef] [PubMed]

Torok, E.; Cooke, EJ.; Moran, E. Oxford Handbook of Infectious Diseases and Microbiology, 2nd ed.; Oxford University Press: Oxford,
UK; New York, NY, USA, 2017; 879p, ISBN 978-0-19-967132-8.

Mollers, M.; Barnadas, C.; Broberg, E.K.; Penttinen, P.; Teirlinck, A.C.; Fischer, TK.; Network, E.LS. Current practices for
respiratory syncytial virus surveillance across the EU/EEA Member States, 2017. Eurosurveillance 2019, 24, 1900157. [CrossRef]
[PubMed]

Naughton, C.C.; A Roman, F.; Alvarado, A.G.F,; Tariqi, A.Q.; Deeming, M.A.; Kadonsky, K.E; Bibby, K.; Bivins, A.; Medema, G.;
Ahmed, W.; et al. Show us the Data: Global COVID-19 Wastewater Monitoring Efforts, Equity, and Gaps. FEMS Microbes 2023,
4, xtad003. [CrossRef]

European Commission. Proposal for a Directive of the European Parliament and of the Council Concerning Urban Wastewater
Treatment (Recast). 2022. Available online: https://environment.ec.europa.eu/publications/proposal-revised-urban-wastewater-
treatment-directive_en (accessed on 10 February 2023).

Koureas, M.; Amoutzias, G.D.; Vontas, A.; Kyritsi, M.; Pinaka, O.; Papakonstantinou, A.; Dadouli, K.; Hatzinikou, M.; Koutso-
lioutsou, A.; Mouchtouri, V.A,; et al. Wastewater monitoring as a supplementary surveillance tool for capturing SARS-COV-2
community spread. A case study in two Greek municipalities. Environ. Res. 2021, 200, 111749. [CrossRef]

Suwa, R.; Kume, Y.; Kawase, M.; Chishiki, M.; Ono, T.; Norito, S.; Sato, K.; Okamoto, M.; Kumaki, S.; Nagai, Y.; et al. Practical
Validation of United States Centers for Disease Control and Prevention Assays for the Detection of Human Respiratory Syncytial
Virus in Pediatric Inpatients in Japan. Pathogens 2022, 11, 754. [CrossRef] [PubMed]

National Public Health Organization (NPHO). Weekly Report of Epidemiological Surveillance of Respiratory Infections
Week 02/2023 (9 January 202315 January 2023) [Internet]. Available online: https://eody.gov.gr/wp-content/uploads/2023/0
1/anapneustikon-ion-report-2023-02.pdf (accessed on 12 February 2023).

Sirimi, N.; Miligkos, M.; Koutouzi, F,; Petridou, E.; Siahanidou, T.; Michos, A. Respiratory syncytial virus activity and climate
parameters during a 12-year period. J. Med. Virol. 2016, 88, 931-937. [CrossRef] [PubMed]

Pappa, S.; Haidopoulou, K.; Zarras, C.; Theodorakou, E.; Papadimitriou, E.; losifidis, E.; Gkeka, L.; Stoikou, K.; Vagdatli, E.;
Skoura, L.; et al. Early initiation of the respiratory syncytial virus season in 2021-2022, Greece. . Med. Virol. 2022, 94, 3453-3456.
[CrossRef] [PubMed]

Hughes, B.; Duong, D.; White, B.J.; Wigginton, K.R.; Chan, EM.G.; Wolfe, M.K,; Boehm, A.B. Respiratory Syncytial Virus (RSV)
RNA in Wastewater Settled Solids Reflects RSV Clinical Positivity Rates. Environ. Sci. Technol. Lett. 2022, 9, 173-178. [CrossRef]
Ahmed, W.; Bivins, A.; Stephens, M.; Metcalfe, S.; Smith, W.J.; Sirikanchana, K.; Kitajima, M.; Simpson, S.L. Occurrence of
multiple respiratory viruses in wastewater in Queensland, Australia: Potential for community disease surveillance. Sci. Total
Environ. 2023, 864, 161023. [CrossRef]

Spencer, J.A.; Shutt, D.P.; Moser, S.K.; Clegg, H.; Wearing, H.].; Mukundan, H.; Manore, C.A. Distinguishing viruses responsible
for influenza-like illness. J. Theor. Biol. 2022, 545, 111145. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0140-6736(10)60206-1
http://www.ncbi.nlm.nih.gov/pubmed/20399493
http://doi.org/10.1016/S0140-6736(22)00478-0
http://www.ncbi.nlm.nih.gov/pubmed/35598608
http://doi.org/10.1007/s12016-013-8368-9
http://www.ncbi.nlm.nih.gov/pubmed/23575961
http://doi.org/10.2807/1560-7917.ES.2019.24.40.1900157
http://www.ncbi.nlm.nih.gov/pubmed/31595876
http://doi.org/10.1093/femsmc/xtad003
https://environment.ec.europa.eu/publications/proposal-revised-urban-wastewater-treatment-directive_en
https://environment.ec.europa.eu/publications/proposal-revised-urban-wastewater-treatment-directive_en
http://doi.org/10.1016/j.envres.2021.111749
http://doi.org/10.3390/pathogens11070754
http://www.ncbi.nlm.nih.gov/pubmed/35889999
https://eody.gov.gr/wp-content/uploads/2023/01/anapneustikon-ion-report-2023-02.pdf
https://eody.gov.gr/wp-content/uploads/2023/01/anapneustikon-ion-report-2023-02.pdf
http://doi.org/10.1002/jmv.24430
http://www.ncbi.nlm.nih.gov/pubmed/26575521
http://doi.org/10.1002/jmv.27671
http://www.ncbi.nlm.nih.gov/pubmed/35199347
http://doi.org/10.1021/acs.estlett.1c00963
http://doi.org/10.1016/j.scitotenv.2022.161023
http://doi.org/10.1016/j.jtbi.2022.111145
http://www.ncbi.nlm.nih.gov/pubmed/35490763

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

