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Highlights 
• Estimating key pandemic indicators from the virus signal is successful 
• Data preprocessing is an essential step in a modeling framework 
• Models typically aim at prediction, correlation or prevalence estimation 

 

Introduction 
Since early in the appearance of the SARS-CoV-2 pandemic in the beginning of 2020, wastewater-based 
epidemiology (WBE) was investigated as possible tool for early warning of Covid-19 outbreaks (Medema et 
al., 2020). It has been demonstrated that SARS-CoV-2 ribonucleic acid (RNA) is found in wastewater at the 
influent of treatment plants with the gen-copies being introduced into the sewer systems by viral shedding 
of Covid-19 patients (e.g., Wölfel et al., 2020). Based on those references, WBE has been applied in 
pandemic management, see e.g., Ahmed et al., 2020; Medema et al., 2020.  
 
Despite the above, there is still remarkable uncertainty in analysis and prediction of the viral signal, 
especially for prediction of epidemiologic dynamics. Key problems are the inherent errors and uncertainties 
in the raw virus signal as measured at the treatment plant. This is attributed to complex transport 
phenomena, dilution and resuspension effects in the sewer system, degradation of the virus and last but 
not least the errors introduced by sampling and analytics. A second issue of concern is the link of the virus 
signal to epidemic indicators such as incidence values, prevalence or the well-established R-factor 
(indicating reproduction) which proved to be not straightforward. 
 
The presentation aims to establish a framework for modelling epidemic indicators from the timeline of the 
virus signal. However, no emphasis will be put here on the data management during the laboratory process 
(PCR test deriving genetic material) and its uncertainty. This is not to disregard the issue but the 
investigation starts with the timeline of the virus signal derived therefrom. Key aspects will be data pre-
processing (outlier detection, application of population markers and data smoothing), correlation of the 
signal with incidence values from human testing and a first approach towards prevalence modelling.  
 

Data pre-processing 
It is obvious from the complex processes underlying WBE that the raw signal contains inherent variation 
making it unsuited for further analysis. In the following, we summarize a 3-step procedure for data pre-
processing – for further details see e.g., Rauch et al, 2021 and Arabzadeh et al, 2021: 

• Outliers in the signal timeline (that clearly distort the subsequent information and need to be 
removed) can derive from various sources and not all of those errors can be tracked by means of a 
coherent strategy. A manual inspection of the data thus remains an essential step. One potential 
source of erratic data stems from extreme discharge conditions as given by heavy rain events in 
combined sewer system. In a pragmatic approach Rauch et al, 2021 concluded that samples taken 
while the inflow is higher than the 90percentile of the recorded inflow data (duration several years) 
are potentially erroneous and to be treated as outliers.  

• For subsequent analysis with respect to epidemic indicators the accurate estimation of the 
population in the catchment is essential. The use of population biomarkers is standard practice to 
account for such variations (Been et al., 2014). While there are a range of biomarkers possible, the 
choice is usually limited to routinely monitored water quality parameters such as COD and NH4 
applying a standard load of e.g., 8 g NH4-N per PE (person equivalent) per day for estimation. 	
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• To differentiate the noise in from the actual information in the signal filtering techniques is 
frequently applied in science and engineering. Arabzadeh et al. (2021) describe the background and 
necessity of data smoothing in relation to SARS-CoV-2 signals and propose SPLINE as a suitable 
algorithm.  

 

Modeling framework 
Key aspect in modelling epidemic dynamics is the understanding of the inherent information and statical 
properties of the signal. The virus signal – derived from WBE – is a proxy for the overall prevalence (with 
prevalence here defined as the fraction of infected persons in the total population). Incidence, on the other 
hand, is the common pandemic indicator based on documented infection cases by individual PCR tests. The 
value is usually given as sum of documented infections in a 7-day period / 100 000. However, note that 
incidence deviates significantly from the actual infection status (i.e., prevalence) as the huge number of 
undocumented cases are not accounted for. Moreover, the incidence values are subject to test numbers 
and strategies and thus contain a significant uncertainty both in assessment and also in interpretation.  

 
Figure 1: Timeline of monitored Virus load (in 106 gen-copies/PE/d) - containing prevalence information and Incidence values 

from human PCR Test (in SInfections/100 000) for an Austrian case study.  

From above (see also Figure 1) three model types can be derived, that are characterized by the aim of the 
simulation:   

• Predicting epidemic development: A key issue in pandemic management is the infection trend 
prediction, in order to plan strategic measures such as lockdowns. However, for trend prediction 
there is no need to estimate case numbers but one can use the virus signal instead. Hence, for 
prediction modelling we concern ourself with the virus signal itself, e.g., by applying autoregressive 
models or data filters like the generalized additive model (GAM). However, note that prediction 
models are unable to predict trend reversal unless additional information is available.   

• Correlating signal to incidence/reproduction: Despite some shortcomings, incidence serves as key 
information for pandemic management. Hence, it is interesting to correlate the wastewater signal 
to the incidence values. Aberi et al., (2021) found that multivariate regression models are excellent 
to estimate the incidence values, given the use of the data processing steps described above. They 
found that the incidence signal lags 2 – 7 days behind the wastewater signal and it is essential to 
use that information in the regression. More complex, but a similar type of model is presented by 
Huisman et al., (2021) where the virus signal is related to the reproduction R-factor using 
deconvolution by the shedding load distribution.  

• Estimating prevalence: Modeling prevalence from the wastewater signal is theoretically possible 
but suffers from a lack of information needed for model building. To derive a complex deterministic 
model – encompassing virus sources, transport, degradation and sampling – is pointless as such 
model can neither be calibrated nor validated – at least not for the time being. A common 
approach is to use simple stochastic models based on virus shedding load estimates. However, 
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even applying such a simplified model requires to have information on the prevalence from a large-
scale human test study.      

 

Results and discussion 
Figure 2 depicts a first approach of a prevalence model derived for an Austrian case study. The model is 
based on the result of the 4th Austrian prevalence study (12th to 15th November 2020, prevalence = 3.1% 
with 2.6% - 3.5% uncertainty bounds). A lognormal distributed shedding load is derived by means of a 
Bayesian inference model for this situation and prevalence is estimated by a simple virus mass balance 
therefrom. As indicated in Figure 2 the model is able to capture the epidemic dynamics for the 2nd Covid-19 
wave in Austria quite well – also depicting both the time lag of the incidence values as compared to the 
WBE information and the large number of undocumented cases. However, note that the model has been 
built for the pandemic situation prior to the occurrence of mutants, such as B1.1.7. As those mutants are 
likely to cause a different virus shedding load, a recalibration of the model is necessary.  

 
Figure 2: Prevalence estimation for an Austrian case study – 50% and confidence interval (shaded area). Incidence (here 

computed as active/documented cases) are plotted for comparison.   

Conclusions and future work 
While it is established knowledge that WBE is a valuable tool in pandemic management, modelling the 
epidemic dynamics suffers from errors and noise in the data as well as ignorance with respect to key 
processes. In this paper a modeling framework is presented, that tackles both data pre-processing and 
three key types of models based on the aim of the simulation.  
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