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Highlights  
• identification of influential factors for SARS-CoV-2 biomarkers levels in wastewater 
• reliable estimation of COVID-19 cases on community level 

Introduction 
In December 2019, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) firstly emerged in 
Wuhan, China. It spread globally in a short time with more than 180 million confirmed infections at the end 
of June 2021 (Dong et al., 2020) . Several studies provided evidence for fecal shedding of SARS-CoV-2 by 
infected patients (Peng et al., 2020, Park et al., 2020). Early in 2020, Medema et al. (2020) reported the 
occurrence of SARS-CoV-2 specific RNA in wastewater in domestic wastewater. It offered the possibility for 
a more integrated view on community-wide virus dynamics by wastewater-based epidemiology (WBE) of 
COVID-19. Various studies focussed on the temporal dynamics (Randazzo et al. 2020), surveillance potential 
(Achmed et al., 2020, Westhaus et al. 2020) and correlation of SARS-CoV-2 RNA in wastewater and COVID-
19 cases (Weidhaas et al. 2021).  
In extension of previous works, we explore the functional relation between SARS-CoV-2 biomarker 
concentration and COVID-19 cases. Regression analysis with candidate model terms provides the conceptual 
framework. Model performance is evaluated against the proportion of variance explained. The study aims to 
identify functional traits for the model terms and provide reliable estimation of COVID-19 cases on 
community level. 

Material and Methods 
Study area and data collection 
The samples included in this evaluation were collected at the inflow of six wastewater treatment plants 
(WWTP) in the state of Saxony, Germany. Table 1 concludes basic properties of the connected areas and 
sampling characteristics. The sampling period covers February to May 2021. Samples were taken two to 
seven times per week with a preference of dry weather days. Samples were stored refrigerated and 
transported to the laboratory for analysis within three days. WWTP operators provided information on 
catchment properties, flow data and chemical analysis data according to their internal surveillance 
monitoring. The number of samples is markedly lower at the two smallest plants, because of operational 
constraints in the work procedure of the WWTPs. 
Analysis for SARS-CoV-2 biomarkers consisted of concentration with PEG/NaCl (Carl Roth, Karlsruhe, 
Germany) precipitation; RNA extraction with RNEasy kit (Qiagen, Hilden, Germany); inhibitor removal (Zymo, 
Irvine, USA); and RT-qPCR (RealStar, altona, Hamburg, Germany) analysis in a Quantstudio5 cycler (Thermo, 
Waltham, USA). (Dumke et al., 2021) describe the procedure in detail. Number of genome copies were 
converted from analytical Ct-values according to the standard curve after testing SARS-CoV-2 RNA standard. 
 
Table 1. Characteristics of the sampling sites and modes and diagnosed COVID-19 

site connected inhabitants  
[1000 P] 

combined / 
separate sewer 

[%] 

composite 
sample period 

[h] 

sampling  
mode 

number of 
samples 

Ann 29.4 85 / 15 24 VP 86 
Che 251 62 / 38 24 VP 64 
Dre 702 75 / 25 24 VP 107 
Els 2.7 95 / 5 24 TP 26 
Mor 2.4 30 / 70 24 TP 27 
Pla 68.7 97/ 3 24 VP 78 
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Prevalence data was obtained from municipal (Dre), state (Ann, Che, Els, Mor, Pla) and federal (Che) health 
institutions.  
Regression analysis 
The underlying assumption of this study is that the number of shedders (infected individuals who excrete 
SARS-CoV-2 biomarkers with stool) in the service area of the WWTP correlates with the concentration of 
genome copies in the wastewater. Li et al. (2021) provided a framework for the assessment of uncertainties 
in prevalence estimation by WBE. Equation (1) provides a conceptual model for prevalence back-estimation 
 

𝑃𝑟𝑒𝑣 =
∙

∙( )∙
        (1) 

 
With Prev as proportion of infected people in a population (Pop), c is the concertation of SARS-CoV-2 RNA 
copies in the wastewater and Q the daily inflow volume at the sampling point, E is the daily excretion rate 
per infected person and D the decay coefficient due to decomposition. In this equation, components E and 
D are subject of pronounced variability and uncertainty. They are not identifiable on system scale. The 
equation implies that the measured load c∙Q corresponds to the excreted non-decayed load. Aberrations 
from this assumption may result from load transfer between days due to travel time and sedimentation-
suspension dynamics. SARS-CoV-2 biomarkers are predominantly excreted by stool (Li et al. 2021), and 
transported in the solid fraction of wastewater (Westhaus et al. 2021). As a result, mobilisation at increased 
flow could contribute to load variability. Hence, we do not consider measured load as dependent variable 
but test the contribution of c and Q incrementally. Equation (2) gives the simplest form of the regression 
model:  

ln(𝑃𝑟𝑒𝑣) = 𝑚 + 𝑛 ∙ ln(𝑐) / 𝑃𝑟𝑒𝑣 = exp (𝑚) ∙ 𝑐     (2) 
 
Log transformed components ensure homoscedasticity and normality of the residuals. Previous studies 
reported a temporal lead of wastewater concentrations by several days compared to hospitalizations and 
diagnostic testing (e.g. Pecchia et al. 2020). A time lag component in concentration c0-t extends equation (2). 
Previous studies have shown the occurrence of not quantified and undetected concentrations at low 
prevalence levels (Randazzo et al. 2020) and higher than theoretical limits of detection in wastewater 
samples (Pecson et al. 2021). A logistic regression component represents the threshold and probability of 
detection in relation to prevalence. 

𝑝(𝐷𝑒𝑡) =
 ( ∙ )

       (3) 

 
As discussed above, we consider discharge as an independent variable in the regression analysis. With 
additive (parameter o) and interactive (parameter p) contributions of c and Q, as well as the previous 
components included, equation (1) extends to: 
 

𝑃𝑟𝑒𝑣∗ =
 (  ∙ )

∙ 𝑃𝑟𝑒𝑣 = exp (𝑚) ∙ 𝑐 ∙ Q    (4) 

 
The component structure provides a set of candidate regression models with increasing complexity and two 
to seven parameters. Performance is evaluated by adjusted coefficient of determination (aR²).  

Results and discussion 
Global vs. local regression 
Figure 1 shows the scatter plot and best fit of regression model (2) with both global (all sites) and local 
(individual sites) regression coefficients.  Parameters m larger than zero indicate a positive correlation 
between prevalence and biomarker concentration. Exponent parameters n range between 0.08 and 0.31, 
substantially below direct proportionality. The performance of All local regression models, except Els achieve 
higher aR² than the global model. Smaller sites (Ann, Els, Mor) tend to have lower aR² than larger sites. 
Likewise, models of sites with a higher share of combined systems (Ann, Els, Pla) tend to perform worse than 
sites with a higher share of separate systems and sites with a smaller number of observations (Els, Mor, Pla) 
exhibit worse model fit than more frequently observed sites. 
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model m n aR² 

global 1.18*** 0.21*** 0.19 

Ann 1.23*** 0.20*** 0.31 

Che 0.55** 0.31*** 0.60 

Dre 0.86*** 0.22*** 0.48 

Els 1.88* 0.15 0.06 

Mor 0.88° 0.30** 0.28 

Pla 2.01*** 0.08** 0.26 

    

 
 

Figure 1. Scatter plot and regression coefficients of global (all sites, grey line) and local (site-specific, coloured dots and lines) log-
log linear regression of E-gene concentration (in copies per liter) and seven day prevalence (diagnosed cases per 100000 
inhabitants). The table concludes coefficient (m), exponent (n) of the regression model and adjusted coefficient of determination 
(aR²). Significance levels of the coefficients are coded as *** < 0.001 ** < 0.01 * < 0.05 and ° <0.1, no sign >=0.1. 
 
Model complexity and performance 
The impact of regression model complexity on model performance is demonstrated exemplarily for site 
Dre. The wwtp provided the highest number of samples and performed intermediately in the simple local 
regression analysis. Table 2 concludes the results for models of different complexity. The inclusion of time 
lag and detection probability significantly improved the simple regression model. Best model performance 
is achieved with three to four days of time lead for concentration against prevalence. Best detection limit 
parameters suggest a prevalence of 32 to 40 for a detection probability of 50% and five to eight percent 
increase in detection probability per unit of increase in prevalence. In contrast, inclusion of discharge did 
not contribute meaningfully to the improvement of the model. Despite slight improvements in regular R², 
aR² decreased compared to models without Q inclusion. At the same time significance of the other 
parameters decreased compared to simpler models.  
Presumably, these results are site, situation and procedure specific: at higher prevalence levels detection 
probability may become less important, higher test rates and faster reporting affects on time lag and more 
pronounced discharge variability may increase the importance of related parameters. The demonstrated 
framework is transferable and enables the reduction of uncertainties in WBE based COVID-19 prevalence 
estimation as well as the identification of relevant influential factors. 
 
Table 2. Model performance and parameters for regression models of site Dre with two to seven parameters. Parameter symbols 
are introduced above. Significance levels of the coefficients are coded as *** < 0.001 ** < 0.01 * < 0.05 and ° <0.1, no sign >=0.1, # 
to significance specified. Regular (R²) and adjusted (aR²) coefficients of determination are specified. 

Model 
M2 

baseline 
M3 

M2 + time lag 
M4 

M2 + det. prob. 
M5 
M3 + det. prob. 

M6 
M5+add. Q 

M7 
M5+int. Q 

Parameters m = 0.86*** 
n = 0.22*** 

m = 0.70** 
n = 0.25*** 
t = 4# 

m = 0.34** 
n = 0.32*** 
a = -2.01 
b = 0.05** 

m = 0.34** 
n = 0.32*** 
t = 3# 
a = -2.88* 
b = 0.08** 

m = 2.47* 
n = 0.27*** 
o = -0.15* 
t, a, b as M5 

m = 1.92* 
n = 0.62** 
o = 1.15* 
p = -0.73* 
t, a, b as M5 

R² 
aR² 

0.49 
0.48 

0.54 
0.53 

0.66 
0.66 

0.71 
0.69 

0.72 
0.68 

0.74 
0.69 
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