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HIGHLIGHTS

SARS-CoV-2 is excreted in faeces, but its
time course has been understudied.
SARS-CoV-2 concentration in faeces
re-analysed using a kinetic viral
shedding model

The duration of viral shedding was es-
timated to be 20-32 days.

Median concentration was 2.6 log -
copies/g of faeces over the shedding
period.

WBE needs to consider temporal
variations in viral concentrations in
faeces.

ARTICLE INFO

Article history:

Received 22 November 2020

Received in revised form 14 December 2020
Accepted 15 December 2020

Available online 4 January 2021

Editor: Damia Barcelo

Keywords:

SARS-CoV-2

COVID-19

Viral shedding

Faeces

Wastewater-based epidemiology (WBE)
Mathematical modelling

GRAPHICAL ABSTRACT

Large temporal variaton in
virus concentration in faeces

Delay in sewage sampling affects
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ABSTRACT

Wastewater-based epidemiology (WBE) is one of the most promising approaches to effectively monitor the spread
of COVID-19. The virus concentration in faeces and its temporal variations are essential information for WBE. While
some clinical studies have reported SARS-CoV-2 concentrations in faeces, the value varies amongst patients and
changes over time. The present study aimed to examine how the temporal variations in the concentration of
virus in faeces affect the monitoring of disease incidence. We reanalysed the experimental findings of clinical studies
to estimate the duration of virus shedding and the faecal virus concentration. Available experimental data as of 23
October 2020 were collected. The viral shedding kinetics was modelled, and the dynamic model was fitted to the
collected data by a Bayesian framework. Using posterior distributions, the duration of viral shedding and the concen-
tration of virus copies in faeces over time were computed. We estimated the median concentration of SARS-CoV-2 in
faeces as 3.4 (95% Crl: 0.24-6.5) log copies per gram-faeces over the shedding period, and our model implied that
the duration of viral shedding was 26.0 days (95% Crl: 21.7-34.9), given the current standard quantification limit
(Ct = 40). With simulated incidences, our results also indicated that a one-week delay between symptom onset
and wastewater sampling increased the estimation of incidence by a factor of 17.2 (i.e., 10'* times higher). Our re-
sults demonstrated that the temporal variation in virus concentration in faeces affects microbial monitoring systems
such as WBE. The present study also implied the need for adjusting the estimates of virus concentration in faeces by
incorporating the kinetics of unobserved concentrations. The method used in this study is easily implemented in fur-
ther simulations; therefore, the results of this study might contribute to enhancing disease surveillance and risk as-
sessments that require quantities of virus to be excreted into the environment.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As of 23 October 2020, the novel coronavirus disease 2019 (COVID-
19) has spread all over the world. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is the causative agent of this disease. The
infection causes general symptoms such as fever, cough, shortness of
breath and diarrhoea (Guan et al., 2020), and the disease progression
differs according to age (Omori et al., 2020; X.-W. Xu et al., 2020) and
clinical history (Wu and McGoogan, 2020). Previous epidemiological
studies on COVID-19 have reported that a substantial proportion of in-
fected individuals were even asymptomatic (Lavezzo et al., 2020;
Mizumoto et al.,, 2020). These disease characteristics have caused com-
plications in controlling the transmission of SARS-CoV-2.

To identify hidden chains of infection, more effective ways of moni-
toring the spread of the disease are required. In this context,
wastewater-based epidemiology (WBE) has been attracting attention
as a promising potential approach (Larsen and Wigginton, 2020;
Lodder and de Roda Husman, 2020). Clinical observations have demon-
strated that there is prolonged virus shedding in faeces, ranging from 1
to 33 days (Gupta et al., 2020; Wu et al., 2020; Y. Xu et al., 2020), and
therefore wastewater surveillance can enable the monitoring of ex-
creted viruses through which we can capture the presence and possibly
the numbers of infected individuals, regardless of their symptoms. As a
monitoring system, researchers have successfully reported their detec-
tion or quantification results in various countries, such as Australia
(Ahmed et al., 2020), Japan (Haramoto et al.,, 2020), etc. (La Rosa et al,,
2020; Medema et al., 2020; Rimoldi et al., 2020). The Netherlands and
several municipalities in the United States have already started utilising
WABE in practice as a part of their surveillance systems (CDC, 2020; The
Dutch National Institute for Public Health and the Environment (RIVM),
2020).

One of the most important quantities for WBE is the SARS-CoV-2
concentration in faeces. If the aim of research is to simulate the potential
number of cases in a sewershed, the virus concentration in faeces and its
time course would affect the simulation. Earlier WBE studies have
attempted to simulate the incidence using sewage data (Ahmed et al.,
2020; Gonzalez et al., 2020); however, no previous studies have
accounted for temporal variations in the virus concentration in faeces,
and thus undetectable concentrations that might occur after several
weeks from symptom onset have not been considered. In addition,
while several clinical studies have reported that there is prolonged
SARS-CoV-2 shedding in faeces with binary results (i.e. positive/nega-
tive) (Wu et al., 2020) or threshold cycle (Ct) values over time (Han
et al.,, 2020; Y. Xu et al., 2020), quantitative estimates of possible virus
excretions have yet to be fully explored.

The present study aims to examine how temporal variations in virus
concentrations in faeces affect disease incidence monitoring systems
such as WBE by estimating the duration of virus shedding and the
virus concentration in faeces. Available time course data of virus con-
centration in faeces in clinical studies were screened, and subsequently
a mathematical model that describes the kinetic viral shedding process
was applied to the collected data. The present study also simulated the
potential bias for the estimation of incidence with WBE by using an es-
timated virus shedding time course.

2. Methods
2.1. Data collection

A literature review was conducted to collect available experimental
data as of 23 October 2020 using Google Scholar, PubMed and MedRxiv.
Seven articles containing the following information were assessed with
full text reviews: (a) exact virus copies or Ct values, (b) days from symp-
tom onset or days from hospitalisation and (c) the amount of stool that
was quantified by quantitative polymerase chain reaction (qPCR) (Han
etal,, 2020; Huang et al., 2020; Tan et al., 2020; van Kampen et al., 2020;
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Wang et al., 2020; Walfel et al., 2020; Y. Xu et al., 2020). As a result of
this review, only patient data reported in Wolfel et al. (2020) were
used for further analysis; the other studies were excluded because
they reported only Ct values and the experimental details required con-
version to virus concentration in faeces [copies/grams (g)-faeces].

The analysed data consist of hospitalised patients involved in a large
cluster that occurred in Munich, Germany between 23 and 27 January
2020 (Wblfel et al., 2020). Since it is difficult in retrospective studies
to collect stool samples before the onset of symptoms, the data were
expressed in the unit of time ‘days after symptom onset’ (Woélfel et al.,
2020). The sample size reported in this study was insufficient to stratify
the study population into sub-groups and thus exhaustive data were
analysed to estimate the temporal variations in virus shedding.

2.2. Model

The time course of virus shedding is modelled as two processes. First,
the virus is accumulated in a human host with concentration ¢;(t) and
then, at a certain point, the virus is shed in concentration c,(t). Accord-
ing to Teunis et al. (2015), the dynamics can be formulated simply as
follows:

{ i (f)
A(t)
where A is the initial concentration of viruses and c and 3 are the trans-

port rates of viruses. By solving this system, the time course of virus con-
centration in faeces can be written as

= —acy(t); c(0) =A (1)
= +ac () —pe(t); 2(0) =0

C(t| Co,ax, B) = Coe™" (1 —e*ﬂfﬂm) B> a)

where Cy = pagA (see amore detailed biological description in the orig-
inal study (Teunis et al., 2015)). In the present study, t = 0 was defined
as the day of symptom onset, assuming that the accumulation of viruses
was complete when the individuals started shedding viruses in their
faeces.

One of the properties of this model is that one can analytically calcu-
late important quantities such as peak concentration. Finding the ex-
trema of C(t), the time to peak concentration tneqr is written as
fpeak = 525 logg, and the peak concentration Gyeqx is consequently ob-
tained as Co(%)a7(1—9).

To define the end of virus shedding, Ct = 40 was used as the thresh-
old (corresponding to approximately 102 copies per g-faeces), following
both the original study and the recommended quantification threshold
value in current gPCR protocols (Bustin et al., 2009; Wolfel et al., 2020).
The duration of virus shedding t;,,,; was then computed by seeking the
intersection point of C(t) and the threshold value.

2.3. Model fit

To jointly estimate the parameters (Co,,3), a hierarchical Bayesian
framework was used to account for individual variations and provide for
the uncertainty of the estimates. Here, the expected value is denoted as
u = In (C(t)) with natural log scale. By assuming that the log-
transformed concentration is normally distributed, the likelihood is
simply

y~N(u,e)

where y is the observed data (i.e. the log-scaled virus concentration
data) and e is the standard deviation. The variation in the observed data
in a hierarchical model framework is described as

(@.p,Co,€) ~ N(1,0)

with mean vector i = (U, g, tic, 1) and standard deviation vector
0 = (04 0p, 0c, O0)-
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The hyperparameters in this framework were specified positive
non-informative prior probability distributions for parameters pand o.
Using the Hamiltonian Monte Carlo (HMC) algorithm, we obtained esti-
mates and 95% credible intervals (Crl) by sampling the posterior distri-
butions. All of the computations above were implemented in R-4.0.0
with a package {rstan}-2.21.2 (R Core Team, 2020; Stan Development
Team, 2020).

2.4. Simulation of relative incidence

Suppose that the aim here is to calculate the potential number of in-
fected individuals per day using WBE surveillance. If observational data
on the average number of SARS-CoV-2 ribonucleic acid (RNA) copies in
sewage per dayvand complete information on the symptom onset of all
of the infected individuals are available, the crude daily incidence I with
the average daily water volume W and the average amount of faeces per
person per day f is simulated as:

J W
S
where € is the average virus concentration in faeces.

The crucial point here is that the virus concentration is the variable
that is dependent on the time between sewage sampling and symptom
onset. Thus, by denoting the concentration in faeces at day T from symp-
tom onset as ¢;, the sensitivity of the expected incidence to the virus
concentration in faeces was examined in terms of the relative incidence
defined as

I _ Z‘base

Oy == =
I base Cr

where Cy is the baseline concentration defined by the median of the
(quantified) concentration reported in Wolfel et al. (Wolfel et al.,
2020). For simplicity, the analysis assumes that all of the individuals
had the same symptom onset (T days before sampling) and the dates
were simulated as T = 1, 7, 14, 21, 28 by changing¢- and fixing the other
conditions.

3. Results
3.1. Time course of viral shedding

The estimated curve for the time course of virus shedding is shown
in Fig. 1. The results of model fitting indicate that the virus concentra-
tion in faeces rapidly increases after symptom onset, and that prolonged
shedding occurs until the concentration becomes lower than the quan-
tification limits. The time to peak concentration tpe. Was estimated to
be 0.34 (95% Crl: 0.20-1.9) days. If the end of virus shedding is defined
as the time point at which the virus concentration becomes lower than
the quantification limit of qPCR (in this analysis, two log(copies)), the
duration of virus shedding was estimated to be 26.0 days (95% Crl:
21.7-34.9) days.

3.2. Expected virus concentration

With HMC posterior samples, the possible range of virus concentra-
tions in faeces during the shedding period and at peak concentration
was estimated. Those estimates with uncertainty are shown in Fig. 2
(A). If the quantitative data from Wélfel et al. to calculate the expected
virus concentration is used (Wolfel et al., 2020), the median was esti-
mated to be 4.3 (95% percentile: 2.4-7.2) [log copies per g-faeces]; how-
ever, the estimates in the present study suggest that the median
of concentration over the whole shedding period was 3.4 (95% Crl:
0.24-6.5) [log copies per g-faeces]. For peak concentration Cpeqx, the es-
timate was 6.5 (95% Crl: 5.6-7.4) [log copies per g-faeces].
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Fig. 1. Fitted model to the observed virus concentration in faeces. Grey plots represent
observed data, the blue curve shows the posterior median and the shaded zones are the
95% credible intervals. The dashed line indicates the quantification limit threshold of
qPCR (2 log copies/g-faeces).

3.3. Simulated relative incidence

To assess the potential impact of the timing of sewage sampling for
WABE, the relative incidence was simulated, by changing the delay be-
tween sewage sampling and symptom onset. Fig. 2(B) illustrates the re-
sults of simulated relative incidences in which the value equals 1 when
Wolfel et al.'s quantified data are used for the virus concentration in fae-
ces (Wolfel et al., 2020). The results indicate that the (log-converted)
expected incidence increased linearly with longer intervals, and a one-
week delay increased the estimated incidence by a factor of 17.2
(ie., 10'* times higher).

4. Discussion

In this study, the time course of SARS-CoV-2 shedding in faeces by
applying a simple dynamic model was estimated. Results from the
analysis show that there is a large temporal variation in virus
concentration in faeces (Fig. 1), resulting in potential bias when sim-
ulating the number of infected cases with the data on virus concen-
tration in sewage (Fig. 2). The model describes the kinetics of the
accumulation and excretion processes (Eq. (1)) and thereby
accounts for unobserved concentrations that were under the detec-
tion limits of real-time PCR.

The duration of virus shedding in faeces was estimated to be 26.0 days
(95% Crl: 21.7-34.9) days from symptom onset. This result is consistent
with previous clinical reports (Gupta et al., 2020; Wu et al., 2020).
While earlier studies have suggested possible durations with only binary
(positive/negative) results (Wu et al., 2020), the present analysis provides
a credible range of shedding duration with uncertainty. Furthermore, the
proposed method is easily applicable to other data when it becomes
available, or even when the threshold values are changed. Several clinical
studies have reported Ct values over time, but the amount of stool in RNA
extractions was not recorded (Han et al., 2020; Huang et al., 2020; van
Kampen et al., 2020; Wang et al., 2020). If such information is available,
that evidence would be synthesized with the proposed method and
induce more valuable implications for both the natural history of
COVID-19 infection and environmental surveillance.

In the context of WBE, the findings on the peak and median concen-
trations indicated that there might be bias if simulations that are based
on faecal virus concentration data use only quantified experimental re-
sults by truncating unobserved concentrations. There are large varia-
tions in concentration depending on the timing of taking faecal
samples (Figs. 1 and 2(A)); a one-week delay increases the estimation
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Fig. 2. Estimated virus concentration in faeces (A) and simulated relative incidence caused by changing the delay between wastewater sampling and symptom onset (B).
(A) From the left of the panel, violin plots of estimated concentrations in faeces on the day of peak shedding, of the entire shedding period and of raw quantified
experimental data reported by Wolfel et al. are visualised (Wolfel et al., 2020). (B) Relative incidences for different sewage samples are plotted, in which we assumed that all
of the individuals had the same symptom onset (T days before sampling, as shown on the x-axis). By definition, the relative incidence equals 1 when the quantitative data in

Wolfel et al. are used for the virus concentration in faeces (Wolfel et al., 2020).

of incidence by a factor of 17.2 (Fig. 2(B)). Previous studies have
attempted to simulate the potential incidence with the quantified
virus concentration in sewage (Ahmed et al., 2020; Gonzalez et al.,
2020); however, since there is a strong dependency between the ob-
served concentration in sewage and the sampling delay from symptom
onset, the interpretation of quantities averaged over time must be care-
fully specified. Ideally, epidemiological data such as case series based on
symptom onset should be incorporated to simulate incidences more
precisely.

There are several limitations in this study. First, the analysed data are
a single cohort that consists of diagnosed cases in Germany. The disease
progression might differ by age, race or medical history and, conse-
quently, those factors might affect the estimates. Since the sample size
was not sufficient to stratify the data into sub-groups, additional data
are needed for further analysis. An implication for ongoing clinical stud-
ies is that the quantitative description about stool samplings (e.g., the
amount of swabbed stool) and the clear definition of disease progres-
sions would be beneficial, especially for synthesizing available evidence.
Second, the modelling method assumed that the virus shedding in fae-
ces starts from symptom onset. If the peak had occurred before symp-
tom onset, it would not be captured with this analysis. While earlier
clinical studies have indicated that the peak in faeces might be around
symptom onset (Han et al., 2020; Y. Xu et al., 2020) and in throat
swabs (He et al., 2020), there was no publicly available data that contain
viral loads from the day of infection to symptom onset. To obtain a con-
clusive estimate of the peak timing, observational data such as (pro-
spective) periodic stool sampling or human challenge studies are
needed.

Despite the abovementioned limitations, the present analysis would
be beneficial for surveillance systems in different sectors. Findings of the
present study indicate that the temporal variation in virus concentra-
tions affects microbial monitoring systems such as WBE and repeated
testing in hospitals. Especially for the estimation of incidence, the
virus concentrations in faeces must be adjusted by incorporating the ki-
netics of unobserved concentrations (i.e. concentrations lower than the
quantification limits). The method used in this study is easily imple-
mented in other simulations and therefore the results of this study
might contribute to enhancing disease surveillance and risk assess-
ments that require data on the quantities of viruses that have been ex-
creted into the environment.
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