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Abstract
As a response to a rapidly rising number of SARS-CoV-2 infections, the Belgian government imposed strict social contact restrictions on March 13th, 2020. After nearly two months, the curve was
successfully flattened and social restrictions were gradually released. Unfortunately, pharmaceutical
interventions are not yet available so it is expected that preventing COVID-19 outbreaks will depend
mostly on the successful implementation of non-pharmaceutical interventions, hence the need for
well-informed models. In this study, we built a deterministic, continuous-time, age-stratified-SEIRD
model with detailed hospital dynamics. Because the hospitalization data for Belgium have not been
made public yet by the Belgian scientific institute of public health, we computed the hospitalization
parameters based on data from 370 patients in two Ghent (Belgium) hospitals. The basic reproduction
number during March 2020 was estimated as R0 = 2.83 and the model fits the hospitalization and
ICU admission incidence under lockdown measures well. Despite the release of social restrictions,
hospitalizations have been steadily declining. We recomputed the basic reproduction number under
lockdown release and found that it had to be as low as R0 = 0.73 to explain the endemic trend. We
further found that although the basic reproduction number in the population older than 70 years was
smaller than one, this group compromises nearly half of the expected hospitalizations. This indicates
that the protection of the elderly may be the most efficient way to reduce strain on the public health
care system in case of another SARS-CoV-2 outbreak.
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Introduction

After an initial outbreak in early 2020 in Wuhan, China, Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has spread globally [1]. SARS-CoV-2 is capable of sustained human-to-human transmission [2], and causes severe disease, especially in older individuals. The COVID-19 pandemic has,
in general, shown a remarkedly low incidence among children and young adults [3, 4]. Children
have a lower susceptibility to infection and a lower propensity to show clinical symptoms [5]. Furthermore, pre-symptomatic transmission is a major contributor to SARS-CoV-2 spread [6, 7]. Unfortunately, pharmaceutical interventions such as vaccination and antiviral drugs are not yet available.
On March 13th, 2020, the Belgian government was forced to impose strict social restrictions after tracing methods had failed to prevent large-scale spread of SARS-CoV-2. One and a half months later, the
curve was succesfully flattened and social restrictions were gradually relaxed during the months of
May, June and the beginning of July. In spite of the relaxations, hospitalizations have kept declining.
It is expected that during the coming year(s), preventing COVID-19 outbreaks will depend mostly on
the successful implementation of non-pharmaceutical interventions such as social distancing, testing,
contact tracing and quarantine. Hence the need for well-informed models that can assist policymakers in choosing the best non-pharmaceutical interventions in case of another large-scale SARS-CoV-2
outbreak. Currently, two other models exist to make predictions for Belgium, the agent-based model
of Willem et al. [8] and the discrete-time, stochastic metapopulation model of Coletti et al. [9].
We built a deterministic, continuous-time, age-stratified, extended SEIRD model and calibrated it
to overarching Belgian hospitalization data. The model accounts for pre-symptomatic and asymptomatic transmission. Furthermore, the susceptibility to SARS-CoV-2, the severity of the disease and
the susceptibility to a subclinical infection depend on the age of the individual. We used social contact rates from a 2008 landmark study by Mossong [10] to model age-specific social mixing. Because
detailed hospitalization data have not yet been made publicly available by the Belgian scientific institute of public health (Sciensano), we derived age-stratified hospitalization parameters from data
of 370 patients in two Ghent (Belgium) hospitals. In attendence of a more favorable data policy at
Sciensano, and thus a more exhaustive dataset, we used the computed hospitalization parameters as
temporary proxies to fit the model to the total number of patients in Belgian hospitals and ICU units.
Using the model, we computed the basic reproduction number (R0 ) during the March 2020 epidemic.
Because the model systematically overpredicted the hospitalizations during lockdown release, we reestimated the basic reproduction using data from May 2020 until July 2020.
This paper presents an in-depth study of the effects of non-pharmaceutical measures taken in March
2020 by the Belgian government to prevent SARS-CoV-2 spread. We discuss the large differences in
terms of the rate of virus spread and the severity of the disease in individuals of different ages. We
further discuss the limitations of our compartmental model to predict COVID-19 outbreaks during
the summer of 2020. This work is aimed at informing policymakers to make well-founded decisions
in case of future large-scale COVID-19 outbreaks and is aimed at informing the scientific community on the non-pharmaceutical response of the Belgian government to the March, 2020 COVID-19
epidemic.
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2.1
2.1.1

The extended SEIRD-model
Model dynamics

The SEIR(D) model was first proposed in 1929 by two Scottish scientists [11]. It is a compartmental
model that subdivides the human population into four types of people: 1) susceptible individuals, 2)
exposed individuals in the latent phase1 , 3) infectious individuals capable of transmitting the disease
and 4) individuals removed from the population either through immunization or death. Despite being a simple and idealized reality, the SEIR(D) dynamics are used extensively to predict the outbreak
of infectious diseases and this was no different during the SARS-CoV-2 outbreak earlier this year
[12, 1, 5].
In this work, we extend the SEIRD model to incorporate more expert knowledge on SARS-CoV-2.
For that purpose, the infectious compartment is split into four parts. The first is a period of presymptomatic infectiousness. Several studies have shown that pre-symptomatic transmission is a
dominant transmission mechanism of SARS-CoV-2 [7, 6]. After the period of pre-symptomatic transmission, three possible infectious outcomes are modeled: (1) Asymptomatic outcome, for individuals
who show no symptoms at all. (2) Mild outcome, for individuals with mild symptoms who recover
at home. (3) Hospitalization, when mild symptoms worsen. Children and young adults have a high
propensity to experience an asymptomatic or mild outcome, while older individuals have a high
propensity to be hospitalized [6, 7].
In general, hospitals have two wards for COVID-19 patients: 1) Cohort, where patients are not monitored permanently and 2) Intensive care, for patients with the most severe symptoms. Intensive care
needs include permanent monitoring, the use of ventilators or the use of ECMO. Patients generally
spend limited time in the emergency room and/or in a buffer ward before going to Cohort. After
spending limited time in Cohort, some patients are transferred to ICU. Patients can perish in both
wards, but mortalities are generally lower in Cohort. After a stay in an ICU, patients return to Cohort
for recovery in the hospital. During the recovery stay, mortality is minor. All of the above resulted in
a simplified hospital subsystem shown in figure 1.

2.1.2

Model framework and equations

In this work, we implemented the extended SEIR dynamics shown in figure 1 using a deterministic
approach. The deterministic approach results in a set of N ordinary differential equations, one for
every of the 11 population compartments. A deterministic model requires limited computational resources, making it a suitable candidate to rapidly explore scenarios and perform optimizations that
require thousands of function evaluations. However, every contact between individuals in the population is assumed to be completely random. This simplification is a major limitation of a deterministic implementation. However, we introduced heterogeneity in the deterministic implementation by
1

The incubation period is composed of two parts, a non-infectious latent period and a period of presymptomatic infectiousness.
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Figure 1: Extended SEIRD dynamics used in this study. Nodes represent the
model states while edges denote transfers. An overview of the model parameters
can be found in table 8.
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means of age-stratification. Every population compartment (figure 1) is split into a number of age
classes, the age-groups have different contact rates with other age-groups and the disease progresses
differently for each age-group, making the model behaviour more realistic. Our age-stratified model
consists of 9 age classes, i.e., [0-10), [10-20), [20-30), [30-40), [40-50), [50-60), [60-70), [70-80), [80- ∞).
The age-stratified deterministic implementation provides a good balance between added complexity and computational resources. The model dynamics are translated into the following system of
coupled ordinary differential equations,
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where T stands for total population, S stands for susceptible, E for exposed, I for pre-symptomatic
and infectious, A for asymptomatic and infectious, M for mildly symptomatic and infectious, ER
for emergency room and/or buffer ward, C for cohort, CICU,rec for a recovery stay in Cohort coming
from Intensive Care, ICU for Intensive Care Unit, H for hospitalised, D for dead and R for recovered.
Using the above notation, all model states are 9x1 vectors,
S = [S1 (t) S2 (t) . . . Si (t)]T ,
where Si (t) denotes the number of susceptibles in age-class i at time t after the introduction of the
virus in the population. As initial condition, one exposed patient in every age class is used. An
overview of all model parameters can be found in table 8.

2.1.3

Motivation of model parameters

Transmission rate and social contact data

The transmission rate of the disease depends on the
product of four contributions. The first contribution, (I + A)/N , is the fraction of contagious individuals in the population. The second contribution, Nc , is the average number of human-to-human
interactions per day. The third contribution, s, is the relative susceptiblity to SARS-CoV-2 infection
and the fourth contribution, β, is the probability of contracting COVID-19 when encountering a contagious individual under the assumption of 100 % susceptibility to SARS-CoV-2 infection. We assume
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that the per contact transmission probability β is independent of age and we will infer its distribution
by calibrating the model to high-level Belgian hospitalization data. The number of human-human interactions, Nc , are both place and age-dependent. These matrices assume the form of a 9x9 interaction
matrix where an entry X, Y denotes the amount of social contacts age group X has with age group Y
per day. These matrices are available for homes, schools, workplaces, in public transport, and leisure
activities, from the Polymod study by [10]. In this landmark study, the characteristics of 97,904 contacts with different individuals were recorded during one day, including age, sex, location, duration,
frequency, and occurrence of physical contact. The total number of social interactions is given by the
sum of the contributions in different places,
Nc, total = Nc, home + Nc, schools + Nc, work + Nc, transport + Nc, leisure + Nc, others

(14)

Latent period, Pre-symptomatic infectiousness Estimates for the incubation period range from
3.6 days to 6.4 days, with most estimates close to 5 days. For the average serial interval, the period
between the onset of symptoms in the primary case and onset of symptoms in the secondary case,
estimates range from 4.0 to 7.5 days [13]. These estimates are of the same order of magnitude, which
indicates that pre-symptomatic transmission is a contributor to SARS-Cov-2 spread. If the transmission takes place during the symptomatic period of the primary case, the serial interval is longer than
the incubation period. However, this relationship can be reversed when pre-symptomatic transmission takes place. The secondary case may even experience illness onset before onset in their infector,
resulting in a negative serial interval. Liu et al. [6] estimated that 23 % of transmissions in Shenzen
may have originated from pre-symptomatic infections. Wei et al. [7] investigated all 243 cases of
COVID-19 reported in Singapore from January 23–March 16 and identified seven clusters of cases in
which presymptomatic transmission is the most likely explanation for the occurrence of secondary
cases. They determined that presymptomatic transmission exposure occurred 1-3 days before the
source patient developed symptoms. In our model, σ denotes the length of the latent, non-infectious
period while ω is the length of the pre-symptomatic infectious period. Based on the results of Wei
et al. [7], we assume an average pre-symptomatic infectious period of 2 days. If the incubation period
is assumed to last 5.2 days [6], the length of the latent period must be 3.2 days.

Severity of the disease

The model parameter a is the probability of having a subclinical infection and s is the relative susceptibility to a SARS-CoV-2 infection. Several authors have attempted
to estimate the fraction of asymptomatic infections. Li et al. [14] estimated that 86 % of coronavirus
infections in the country were “undocumented” in the weeks before the government instituted stringent quarantines . However, this figure includes an unknown number of mildly symptomatic cases
and is thus an overestimation of the asymptomatic fraction. In Iceland, citizens were invited for testing regardless of symptoms. Of all people with positive test results, 43 % were asymptomatic [15]. As
previously mentioned, there is a strong relationship between the age of the patient and the severity
of the disease. Wu et al. [16] estimated the relative fraction of asymptomatic cases per age group from
publically available Wuhan data. In this study, the subclinical fractions and relative susceptibility per
age group estimated by Davies et al. [5] are used (table 1). h is the fraction of mild cases that require
hospitalization. c is the fraction of the hospitalized which remain in Cohort. In this study, we use the
age-stratified hospitalization probabilities computed by Verity et al. [3] (table 1). The distributions
between Cohort and ICU are computed using data from the Ghent University hospital and AZ Maria
Middelares (section 2.2).
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Duration of the infectious period

For asymptomatic and mild cases, the duration of infectiousness is determined by the number of days patients are able to shed viral particles. Mild cases were
found to have an earlier viral clearance than severe cases, with 90% of mild patients repeatedly testing negative on RT-PCR by day 10 post-onset. By contrast, all severe cases still tested positive at or
beyond day 10 post-onset [17]. Multiple studies have reported that patients have the highest viral
load of the coronavirus at the time they are diagnosed, with viral loads declining gradually over time
[17, 18, 19, 20]. Lescure et al. [18] determined the viral load of five hospitalized patients over time
using RT-PCR. Of the five patients studied, the viral load declined over time, and in all but one of
the patients, the viral load dropped below the detection limit within 12 days after symptom onset. To
et al. [19] performed an observational cohort study on 23 hospitalized patients and found that salivary viral load was highest during the first week after symptom onset and subsequently declined.
Zou et al. [20] found a steep decline in viral load between 6 and 12 days after symptom onset. A
comparison of viral load between the symptomatic cases and one laboratory confirmed that asymptomatic cases revealed similar viral loads, indicating that asymptomatic individuals are as infectious
as symptomatic patients and implies that the viral load alone is not a clear predictor of disease outcome. Given the evidence presented above, we assume the average duration of infectiousness is 7
days for the symptomatic and asymptomatic cases (da = dm = 7 days).

Hospitalizations dER is the time a patient spends in the emergency room and/or buffer wards
before going to Cohort or ICU. dhosp is the average time between first symptoms and hospitalization, which was previously estimated as 5-9 days by Linton et al. [21] and as 4 days by To et al. [19].
dc,R , dc,D , dICU,R and dICU,D are the average lengths of a hospital stay in Cohort and in an ICU. The
subscript R denotes the duration if the patient recovers, while subscript D denotes the duration if
the patient perishes. dICU,rec is the length of a recovery and observation stay in Cohort after being in
ICU. mC and mICU are the mortalities of patients in Cohort and in ICU. Because detailed hospitalization data has not yet been made publicly available by the Belgian scientific institute of public health
(Sciensano), all hospitalization parameters are derived from data of 370 patients obtained from two
Ghent (Belgium) hospitals. These parameters are used as temporary proxies to fit the model to the
total number of patients in Belgian hospitals and ICU until the complete Belgian dataset is made publically available. The methodology of the analysis is presented in section 2.2, the results are presented
in section 3.1.

Testing, tracing and quarantine, re-susceptibility No testing and tracing are used in this
study. The parameter ζ denotes the fraction of the recovered patients losing immunity and becoming
susceptible to SARS-CoV-2 again. Liu et al. [22] found that after SARS-CoV-2 infection, it is unlikely
that long-lasting protective antibodies are produced. It is thus deemed likely that re-susceptibility
will play an important role in future modeling work. However, at the time of writing, quantitative
clinical evidence on re-susceptibility is relatively weak. For now, we thus assume no re-susceptibility
of recovered individuals (ζ = 0).

2.1.4

Computation of the basic reproduction number

The basic reproduction number R0 , defined as the expected number of secondary cases directly generated by one case in a population where all individuals are susceptible to infection, is computed

7

2.2

Analysis of hospital data

2

MATERIALS AND METHODS

using the next generation matrix (NGM) approach introducted by [23, 24]. For our model, the basic
reproduction number of age group i is,
R0,i = (ai da + ω) ∗ βsi

N
X

(15)

Nc,ij

j=1

and the total reproduction number is calculated as the weighted average over all age groups using
the demographic data in table 1. The algebra is presented in the supplementary materials (section 8).

Table 1: Structure of the Belgian population per 10 year intervals [25]. Relative
susceptibility to a COVID-19 infection and subclinical fractions per age group as
reported by Davies et al. [5]. Hospitalization probability for symptomatic infections per age group in China [3].

Age group
(years)

number of individuals

Relative susceptibility (%)

Subclinical
fraction (%)

Hospitalization
(%)

[0 − 10)
[10 − 20)
[20 − 30)
[30 − 40)
[40 − 50)
[50 − 60)
[60 − 70)
[70 − 80)
[80 − ∞)

1.305.219
1.298.970
1.395.385
1.498.535
1.524.152
1.601.891
1.347.696
908.725
658.753

0.40
0.38
0.79
0.86
0.80
0.82
0.88
0.74
0.74

0.71
0.79
0.73
0.67
0.60
0.51
0.37
0.31
0.31

0.1
0.3
1.2
3.2
4.9
10.2
16.6
24.3
27.3

2.2

Analysis of hospital data

The raw datasets consist of 396 patients from two hospitals in Ghent, Belgium2 . The format of both
hospitals data differed, but generally speaking, for every patient the following data were provided:
1) age, 2) sex, 3) hospital admission date, 4) hospital discharge date, 5) date of ICU transfer, 6) date
of ICU discharge, 7) outcome (recovered or deceased). The date at which patients first reported
having symptoms was exclusive to the Ghent university hospital dataset. The time spent in the
emergency room, buffer ward or triage were exclusive to the AZ Maria Middelares dataset. Data
from 26 patients had to be excluded from the analysis because one or more entries were missing. Of
the remaining 370 patients, 22 patients were discharged from the emergency room and can not be
used in the analysis. Thus, in total, data from the remaining 348 patients were used to compute the
following hospitalisation parameters: c, dc,R , dc,D , dICU,R and dICU,D , dICU,rec , mC and mICU . Data
on the length of stay in the emergency room or a buffer ward (dER ) was computed solely using data
from AZ Maria Middelares. The average time from symptom onset to hospitalisation (dhosp ) was
2

population ≈ 250.000 inhabitants.
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computed using the Ghent University hospital data. To determine if the duration of a Cohort or ICU
stay differs significantly if the patient recovers or dies, two-sided t-tests were used.

2.3

SARS-CoV-2 spread in Belgium

2.3.1

Global events leading to the Belgian lockdown

We hereby provide a chronological overview of the key events that led to a lockdown in Belgium on
March 17th, 2020 (figure 2). The events relevant to the epidemiological modeling of COVID-19 in
Belgium are tabulated in table 3. The epicentre of the pandemic was Wuhan, China, where several
patients started showing symptoms of pneumonia between December 8th, 2019 and January 2nd,
2020. A cluster of 41 individuals infected by SARS-CoV-2 was retraced to a local Wuhan wet market.
The first COVID-19 related death was reported by Chinese officials on January 10th. By January 22nd,
2020, there were over 571 confirmed cases and 17 deaths in the Chinese Hubei province. Around that
time, the first clinically confirmed cases outside mainland China were reported. On January 23rd, a
quarantine was issued in Wuhan and Huanggang. The next day, two more Hubei cities, Jingzhou
and Xiaogan followed.
Belgium closed its Shengen visa application centres in China on January 30th, 2020, and several other
European countries quickly followed. Just four days later, the first clinically diagnosed case was
reported in Belgium among nine Belgians evacuees from Hubei province, China [26]. Meanwhile,
Italy banned all travel to and from China and had declared a state of emergency on January 31st,
2020. In spite of this, the Belgian government imposed no travel restrictions on tourists going to
skiing resorts in Northern Italy during spring break, from February 15th until February 23rd, 2020. It
has been suggested that the virus started spreading faster in Belgium as a result of spring break. A
second infected patient was treated at Antwerp University hospital on February 29th, 2020 [27].

2.3.2

Belgian lockdown

By March 2020, COVID-19 was spreading globally and was officially classified as a pandemic by the
WHO on March 11, 2020. On the same day, there were two more notable events: 1) the first confirmed COVID-19 death in Belgium3 [28],. 2) All non-commercial activity except for supermarkets
and pharmacies ceased in Italy, essentially placing the entire population in quarantine. In Belgium, a
first measure was announced on March 10th, 2020, when the government recommended cancelling all
events with more than 1000 attendees [29]. The first legally enforceable measures were taken three
days later, on Friday, March 13th, 2020 and included a closure of schools, clubs, bars and restaurants
and the closure of all non-essential retail. It was further encouraged to work from home if possible [30]. On March 17th, 2020, additional measures were announced: all non-essential travel was
prohibited and strict social distancing measures were enforced by police [31, 32, 33]. The Belgian
government was at this point still reluctant to use the word lockdown and refered to the situation as a
lockdown light. A final measure was taken on March 20th, 2020, when the Belgian borders were closed.
From this point on, the whole country was in a de-facto quarantine.
3

Later that day two more patients died [28].
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Belgian lockdown release

On April 7th, 2020, recycling parks were re-opened and on April 18th, 2020 all gardening centres
and hardware stores were re-opened. However, strict social restrictions remained in place and it is
assumed that the effect on SARS-CoV-2 spread was negligible. The first phase of lockdown release
started on May 4th, 2020 when industry, B2B services and non-essential shops were re-opened. Because the number of hospitalizations was further declining, and because of Mother’s Day on May
10th, 2020, social restrictions were relaxed. From May 6th, 2020 it was permitted to merge two social
bubbles on the condition that both bubbles consisted of no more than four people. On May 11th, 2020
all retail shops and businesses were re-opened under strict prevention measures. Where possible,
working from home remained the norm. On May 18th, 2020, the second phase of lockdown release
started. Elementary and secondary schools were re-opened for graduating classes, with a maximum
of 10 students per classroom. On the same day, professions which involve the most human contact,
for example, hairdressers, could restart if both worker and client wore a face mask. On June 4th, 2020
the third phase of lockdown release started when bars and restaurants could re-open and gatherings
of up to 10 persons were allowed. All kindergartens and elementary schools were re-opened without
social distancing. Secondary education operated at roughly 50 % of its normal capacity and under
strict prevention measures [34].

2.3.4

Translation into linear combinations of contact matrices

Activity reduction during lockdown The key events highlighted in table 3 must be translated
into linear combinations of the aforementioned interaction matrices Nc ,
i
h
Nc, total = Ω · Nc, home + Nc, schools + Nc, work + Nc, transport + Nc, leisure + Nc, others ,
(16)
where one extra parameter, Ω, is introduced to model the effect of prevention measures and behavioural changes. For the sake of simplicity, the effect of prevention measures is assumed to be
equal in all places. Based on surveys from the Belgian national bank, 28.6 % of all employees was
able to work from home, 29.9 % remained in the workplace and 4.4 % worked both from home and
in the workplace. 32.4 % were temporary unemployed and 4.8 % were absent [36]. These data are
in line with the Community Mobility Reports by Google, which show a 60 % reduction in workplace
mobility (figure 3). From the Community Mobility Reports we deduced that public transport mobility
was down 70 % during lockdown. Both schools and all forms of leisure activities were closed until
May 18th, 2020. During the lockdown, there was a 30 % decrease in grocery related mobility, and
attribute these contacts to Nc, others . A 30 % increase in residential mobility was observed during the
lockdown, however, this can be misleading. It indicates people spent on average 30 % more time at
home every day. However, being 30 % longer at home doesn’t necessarily mean having 30 % more
contacts. We thus used a coefficient of 1.0 for the home interaction matrix Nc,home . Note that the
coefficients of the interaction matrices are also influenced by network effects and may thus not scale
linearly with the decrease in the observed mobility. During a strict lockdown where social bubbles are
the norm, an intra-household contact does not have the same weight as a random, extra-household
contact as long as the virus is out of the social bubble. However, lowering the fraction of household
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Feb 15 - Feb 23

A second infected is treated at
Antwerp University hospital
Feb 29, 2020

Belgian Spring break

First death reported by Chinese officials
Jan 10, 2020

Xiaogan lockdown (population 4.9M)

Jingzhou lockdown (population 5.5M)

Huanggang lockdown (population 6.3M)

Wuhan lockdown (population 11.0M)

Several patients develop severe
pneumonia in Wuhan, China

2
SARS-CoV-2 spread in Belgium

2.3

SARS-CoV-2 spread in Belgium

2

MATERIALS AND METHODS

Table 2: Key events during the outbreak of the SARS-CoV-2 pandemic in Belgium and during subsequent lockdown release [35, 34].

Date

Key event

Details

13/03/2020
17/03/2020

Lockdown light
Lockdown light

20/03/2020

Border closure

Closure of schools, bars, clubs and restaurants
Closure of all non-essential shops; strict social restrictions enforced by police
Closure of borders with neighbouring countries.

04/05/2020

Lockdown release
phase Ia

06/05/2020

Lockdown release
phase Ia
Lockdown release
phase Ib

11/05/2020

18/05/2020

Lockdown release
phase IIa

04/06/2020

Lockdown release
phase III

01/07/2020

Lockdown release
phase IV

Re-opening of industry and B2B services. Working at
home remains the norm where possible. Re-opening
of non-essential retail. Face mask obligated on public
transport.
Merging of two social circles allowed if the second
circle consists of no more than 4 people.
Re-opening of all businesses and shops, irrespective
of size or sector. Strict prevention measures must be
respected and working at home remains the norm
where possible.
Re-opening of schools for graduating classes in elementary and secondary education. Re-opening of
businesses which involve the most human-human
contact (f.i. hairdressers).
All kindergartens and elementary schools re-opened
without social distancing. Secondary education operating at roughly 50 % capactiy. Gatherings up to 10
persons are allowed. Re-opening of bars and restaurants.
Closure of schools for summer holidays. Re-opening
of amusement parks, cinemas and venues (up to 50
persons). Cultural events up to 200 attendees are allowed. Gatherings of up to 15 persons are allowed.

contacts will drastically reduce mixing of the population and may lead to underestimations of the
hospitalizations. Using the above mobility data, the linear combination of interaction matrices used
to model government policies from March 17th 2020 until May 4th 2020 is,
h
i
Nc, total = Ω · 1.0 ∗ Nc, home + 0.4 ∗ Nc, work + 0.3 ∗ Nc, transport + 0.7 ∗ Nc, others
(17)

Activity increase during lockdown release

To model the effects of the lockdown release, we
derived the coefficients for the workplaces, schools, public transport, leisure and others from the
Google community mobility report (figure 3). Schools are assumed to operate at only one sixth of their
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maximum capacity from May 18th, 2020 until June 4th, 20204 . From June 4th, 2020 until July 1st, 2020,
all primary schools are open (50.8 % of students) and secondary schools (31.1 % of students) operate
at roughly half their usual capacity. Universities (18.1 % of students) remain closed until september.

Obedience to measures The model takes into account the effect of social inertia when measures
are taken. In reality, social restrictions or relaxations represent a change in behaviour which is gradual
and cannot be modeled using a step-wise change of the social interaction matrix Nc . This effect can be
seen upon close inspection of the Google community mobility report in figure 3. Multiple functions can
be used to model the effects of social compliance, e.g. a delayed or non-delayed ramp, or a logistic
function. In our model, we use a delayed ramp to model compliance,
Nck = Nc, old + f k ∗ (Nc, new − Nc, old )

(18)

where,
k

f =




0.0,
1
l




∗k−

if k ≤ τ
1
l

∗ τ, if τ < k ≤ τ + l
otherwise

1.0,

where τ is the number of days before measures start having an effect and l is the number of additional
days after the time delay until full compliance is reached. Both parameters are calibrated to the
hospitalization data. k denotes the number of days since a change in social policy.

Table 3: Coefficients used in the linear combinations of social contact matrices
(Nc ) to model the past policies taken by Belgian officials.

Date

Ω

Nc,home

Nc,work

Nc,schools Nc,transport Nc,leisure Nc,others

1.00
tbd

1.00
1.00

1.00
0.40

1.00
0.00

1.00
0.3

1.00
0.20

1.00
0.65

0.50
0.60
0.70

0.00
0.00
0.00

0.40
0.45
0.50

0.30
0.35
0.40

0.70
0.75
0.80

0.70

0.15

0.55

0.50

0.85

0.75

0.65

0.65

0.70

0.90

0.80

0.00

0.80

1.00

1.00

Lockdown
13/03/2020
17/03/2020

Lockdown release phase I
04/05/2020
06/05/2020
11/05/2020

tbd
tbd
tbd

1.00
1.00
1.00

Lockdown release phase II
18/05/2020

tbd

1.00

Lockdown release phase III
04/06/2020

tbd

1.00

Lockdown release phase IV
01/07/2020

4

tbd

1.00

2/12 classes are going back to school

13

2.4

Parameter identification and model predictions

Retail and recreation
% compared to baseline

% compared to baseline

0
20
40
60
80
16-03-2020

05-05-2020

24-06-2020

40
20
0
20
40
60
80
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Groceries and pharmacy

16-03-2020

100
50
0
50
16-03-2020

24-06-2020

0
20
40
60
80

16-03-2020

Workplaces

0
20
40
60
80
16-03-2020

05-05-2020

05-05-2020

24-06-2020

Residential
% compared to baseline

20
% compared to baseline

05-05-2020

24-06-2020

Transit stations
% compared to baseline

% compared to baseline

Parks

05-05-2020

30
20
10

24-06-2020

0

16-03-2020

05-05-2020

24-06-2020

Figure 3: Data extracted from the Google Community Mobility Reports. Dashed
line indicates Friday March 13th, 2020.

2.4

Parameter identification and model predictions

Before proposing any scenarios, it is necessary to calibrate the following model parameters to the
available hospitalization data: β, l, τ , Ω. The aim of such a calibration is to obtain a parameter
distribution which leads to a good agreement between the model predictions and the experimental
data. Five timeseries starting on Sunday, March 15th, 2020 have been made publically available by
Sciensano,
• the total number of patients in the hospitals (Htot )
• the total number of patients in ICU (ICUtot )
• the daily hospitalizations (Hin )
• the daily hospital discharges (Hout )
• the daily number of deaths (Dnew )
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Data acquisition

We assume that our timeseries are independant and identically distributed (i.d.d.) sequences of normal random variables having a mean ŷ(k) and an unknown variance σ̂ 2 . The resulting log-likelihood
function is,
"
#
2
N

1 X y(k) − ŷ(k, θ̂)
2
+ ln(2πσ̂ )
ln P (y | θ̂) = −
(19)
2
σ̂ 2
k=1

2

where θ̂ and σ̂ are computed to maximize the log-likelihood function. The fitting procedure is performed in two steps. First, the transmission parameter β (and thus the basic reproduction number,
see equation 15) is calibrated using the daily hospitalizations from March 15th, 2020 until March 21st,
2020. These data are used because they do not depend on the durations of the hospitalizations, dc
and dICU , which are computed from the limited and imperfect hospital dataset. In addition to the
calibration of the transmission parameter β, the amount of time (in days) between the first infectious
individuals entering the country and the onset of data collection (March 15th, 2020) must be estimated. The latter is denoted as excess time, te . Second, the daily hospitalizations (Hin ) from March
15th, 2020 until April 20th, 2020 were used to infer the slope of the compliance ramp (l), as well as
the effect of prevention measures and network effects in the workplace and on public transport (Ω).
We performed the above optimizations in two steps. First, we used a particle swarm optimization
(PSO) algorithm to scan the parameter space and find the global maximum likelihood. We then used
the obtained maximum-likelihood estimates as initial values for the ensemble sampler for Markov
Chain Monte Carlo (MCMC) proposed by Goodman and Weare [37]. For all parameters, uninformative prior distributions were used. The sampler was always run on 2n parallel chains, were n
was the number of parameters to be sampled from the posterior distributions. For each chain, we
drew at least 50-fold more samples than the autocorrelation time. Next, we visualised the samples
using the scatterplot matrix proposed by Foreman-Mackey [38], from hereon referred to as cornerplot.
In these visualizations, each one- and two-dimensional projection of the sample is plotted to reveal
correlations. During each step of the optimization procedure, previously sampled parameters were
propagated.

2.5
2.5.1

Data acquisition
Hospital data

The dynamics of the hospital subsystem were obtained by interviewing scientific staff at the Ghent
University hospital. A meeting report was sent to prof. Wim Verbeke, MD of AZ Delta in Roeselare,
a smaller regional town with 60,000 inhabitants for verification. The Ghent university hospital data
were provided to us by professors Pascal Coorevits, Steven Callens and Ernst Rietzschel. The data
from AZ Maria Middelares were provided by Leen Van Hoeymissen.

2.5.2

Hospitalizations and deaths

The total number of patients in hospitals, the total number of patients in ICU, the daily hospitalizations, the daily hospital discharges and the daily number of deaths were provided by the
Belgian scientific institute of public health (Sciensano) and are available for download at https:
//epistat.sciensano.be/Data/COVID19BE.xlsx.
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Results
Parameters governing hospitalisation

The average time from symptom onset to hospitalisation was 5.7 days. The average stay in the emergency room and/or buffer lasted 1.1 days and the average time between admision in Cohort and
admission in ICU was 1.4 days. Of the 348 hospitalised patients, 86 patients (24.7 %) required intensive care at some point during their stay and 262 (75.3 %) remained in Cohort. The overall mortality
in the hospital is 19.5 %. The mortality in Cohort is slightly lower at 16.8 % and the mortality in ICU
is higher at 27.9 %. The average length of the stay in a Cohort ward is 7.7 and the average length of
an ICU stay is 12.5 days days (p-value: 6.8 ∗ 10-7 ). The average cohort stay was 8.0 days if the patient
had recovered and 6.1 days if the patient had died. The difference in hospitalisation lengths is statistically significant with a p-value of 0.022. Patients who recovered after their ICU stay (9.9 days) had
a significantly shorter stay than those who died (19.3 days, p-value: 1.5 ∗ 10-3 ). The average length of
a post-ICU recovery and observation stay in Cohort was 6.5 days.
The computed age-stratified hospitalization parameters c, mC and mICU , are listed in table 4. Older
individuals (especially ages 60 and upwards) have a much stronger propensity to a severe SARS-CoV2 infection than children and young adults. From the age-stratified sample sizes, it can be deduced
that older individuals have a much higher chance of hospitalization (a quantification was presented
by Verity et al. [3], see table 1). No indivuals under 30 years old were in need of intensive care
and no individuals under 40 year old have died in the hospital from a SARS-CoV-2 infection in the
dataset. Hence, mC and mICU are equal to 0.0 % for individuals under 40 years old. It is expected that
the impact of having no deaths below 40 years old will not affect the goodness-of-fit to the Belgian
hospitalization data. We do urge readers to use the computed hospitalization parameters with care,
especially when analysing aspects where more accurate estimates of the severity of SARS-CoV-2 in
the working population is relevant (e.g. to asses the economic impact).

3.2

Social compliance

An overview of the estimated parameters is provided in table 5. For every calibration step, the oneand two-dimensional projections of the posterior samples are supplied in the supplementary materials (section 9). On average, the compliance to social measures have a delay of 3.8 days and an
additional 5.5 days are needed to reach full social compliance (figure 9). Full compliance was thus
reached 9.3 days after measures were taken. A ramp with no delay (τ = 0) was also calibrated
but underestimated the peak hospitalizations (figure 4). From figure 4b it can be deduced that the
model predicts the daily hospitalisations in Belgium under lockdown measures well. The effect of
prevention measures (Ω) was estimated to be 0.28, thus, the actual contact rates were much lower
than would be expected when linearily scaling the contact matrices of Mossong et al. [10] with the
community mobility figures from Google.
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Table 4: Computed fraction of hospitalized in need of intensive care (c), mortality in Cohort (mC ) and mortality in ICU (mICU ) per age group for two Belgian
hospitals (n = 370). Values in red represent anamolies due to the relatively small
sample size.

Age group
(years)

sample
size

c (%)

mC (%)

mICU (%)

[0 − 10)
[10 − 20)
[20 − 30)
[30 − 40)
[40 − 50)
[50 − 60)
[60 − 70)
[70 − 80)
[80 − ∞)

2
7
9
9
33
67
62
74
107

100.0
100.0
80.0
87.5
78.1
74.2
61.3
64.3
88.2

0.0
0.0
0.0
0.0
8.0
2.2
0.0
17.8
36.7

0.0
0.0
0.0
0.0
14.3
6.3
16.7
44.0
58.3

Average

370

75.3

16.8

27.9

Table 5: Mean, lower and upper percentile of the model parameters estimated
during the calibration procedure.

Symbol

Parameter

Mean

Percentile 10

Percentile 90

te
β
R0
τ

excess time
probability of infection
basic reproduction number
time delay of compliance
ramp
time after delay needed to
reach full compliance
effect of prevention measures

53
0.0368
2.86
3.84

0.0364
2.83
1.20

0.0372
2.89
6.30

5.46

1.01

10.25

0.28

0.25

0.32

l
Ω

3.3

Basic reproduction number (R0 )

The basic reproduction number during the March 2020 SARS-CoV-2 outbreak was equal to 2.86 (table 5). In table 6, the basic reproduction number R0 is presented per age group. It is clear that the
driving force of the pandemic is the working population. If superspreading events in elderly homes
are not considered, our results suggest ages 70 and upwards can hardly sustain a SARS-CoV-2 pandemic amongst themselves. The main contributor is the large difference in the average number of
daily contacts. Despite the low basic reproduction number of the elderly population, 50 % of the
hospitalizations are individuals above 70 years old (figure 5).
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3

500

(a) Delayed ramp compliance model

30-04-2020

15-04-2020

250
0

30-04-2020

15-04-2020

0

31-03-2020

250

daily
hospitalizations

31-03-2020

500

RESULTS

750

16-03-2020

number of patients

750

16-03-2020

number of patients

3.4

(b) Ramp compliance model.

Figure 4: Model predictions for the daily Belgian hospitalizations during lockdown from March 15th, 2020 until May 5th, 2020. Black markers indicate data
were used for the calibration, red markers indicate an extrapolation.
Table 6: Average basic reproduction number (R0,i ) and mean number of daily
social contacts per age group (Nc,i ), for Belgium.

3.4

Age group

R0,i

Average Nc,i

[0 − 10)
[10 − 20)
[20 − 30)
[30 − 40)
[40 − 50)
[50 − 60)
[60 − 70)
[70 − 80)
[80 − ∞)

1.64
2.01
4.42
5.18
4.07
2.99
1.48
0.84
0.93

15.97
19.06
21.37
24.47
22.31
17.79
9.95
7.37
8.17

Average:

2.83

17.34

Lockdown release

In figure 6a, the total number of patients in Belgian hospitals and Belgian ICUs are presented together with their respective model prediction. The prediction was made under the assumption that
lockdown measures were never released. In spite, the model only slightly underpredicts the hospitalizations. In contrast, if lockdown measures are released on May 4th, 2020 according to the mobility
data presented in table 3, a large discrepancy between the model predictions and observations is observed (figure 6b). Post-lockdown, SARS-CoV-2 has thus kept spreading at a rate similar than during
the lockdown, in spite of the higher community mobility.
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Total hospitalizations
Total hospitalizations
(ages 70+)

16000
8000

30-04-2020

15-04-2020

31-03-2020

16-03-2020

0

6000

number of patients

4000
2000

15000

03-08-2020

05-04-2020

24-06-2020

30-05-2020

05-05-2020

10-04-2020

(a) Continuation of lockdown.

24-06-2020

0

0
16-03-2020

Hospital (total)
ICU (total)

30000

15-05-2020

number of patients

Figure 5: Cumulative number of hospitalisations in Belgium from March 15th,
2020 until May 4th, 2020. (red) For all ages. (blue) Ages 70 and above only.

(b) Release of lockdown.

Figure 6: Predicted total number of patients in Belgian hospitals (blue) and in
Belgian ICUs (red). Shading of the background in figure 6b denotes the phase of
lockdown release. From left to right: phase I, II, III (table 3).

3.5

Re-estimating the basic reproduction number (R0 )

Using the observed hospitalizations from May 5th, 2020 until July 10th, 2020, together with the available google community mobility data the basic reproduction number was re-computed as R0 = 0.73
(table 7). The posterior samples are presented in the supplementary materials (section 9). Altough
the population average basic reproduction number is smaller than one, R0 is bigger than one for individuals aged 20 to 50. Because these individuals have a very low propensity of hospitalization, our
model predicts that the total number of hospitalizations in Belgium will keep declining during the
summer of 2020.
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Table 7: Apparent basic reproduction number from May 4th, 2020 onwards, per
age group (R0,i ), for Belgium.

4

Age group

R0,i

[0 − 10)
[10 − 20)
[20 − 30)
[30 − 40)
[40 − 50)
[50 − 60)
[60 − 70)
[70 − 80)
[80 − ∞)

0.46
0.56
1.23
1.45
1.14
0.83
0.41
0.23
0.26

Average:

0.73

Discussion

We computed hospitalization parameters using data from two hospitals in Ghent. The ICU admission probabilities and mortalities in Cohort and in ICU indicate that COVID-19 has a much higher
severity in older individuals, which is in line with estimates from authors in the USA and China
[40, 3]. The average time from symptom onset to hospitalisation was 5.7 days, which is in line with
estimates from Linton et al. [21]. Of the 348 hospitalized patients, 86 patients (24.7 %) required intensive care at some point during their stay and 262 (75.3 %) remained in Cohort. The result is in
line with the estimate of Wu and McGoogan [39], who estimated that one quarter of all hospitalized
patients requires intensive care. The computed hospitalization parameters are valuable proxies for
Belgium and resulted in an adequate goodness-of-fit to the hospitalization and ICU totals under lockdown measures.
We computed the basic reproduction number for Belgium using the daily hospitalizations from
March 15th, 2020 until March 21st, 2020. and found that R0 = 2.83, which is in line with the global
consensus of R0 in the range 2-3. However, large differences exist between different age groups. It is
clear that the working-aged population drive the pandemic (maximum R0 = 5.18) while ages 70 and
above can hardly sustain a SARS-CoV-2 pandemic amongst themselves (R0 < 1). In spite, our model
indicates that roughly 50 % of all hospitalizations are aged 70 plus. The individuals between 60 and
70 years old should not be neglected, these individuals have a high propensity to hospitalization
and generally have more social contact than ages 70 and above. Our model indicates that individuals aged 60 or above account for roughly two thirds of all hospitalizations. These estimates will be
refined if the Belgian hospitalization data are made publically available by the scientific institute of
public health (Sciensano). The obtained results indicate that protection of the most vulnerable individuals
(elderly) may be an efficient way of reducing strain on the public health system.
Using the basic reproduction number estimated from the March 2020 hospitalization data, our model
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systematically overestimates the current rate of SARS-CoV-2 spread in Belgium. These results indicate that the basic reproduction number obtained by calibration to the hospitalization data from
March, 2020, cannot be used to predict SARS-CoV-2 spread from May, 2020 onwards. We re-estimated
the basic reproduction number based on the hospitalization data from May- mid July, 2020 , which
indicated that the basic reproduction number should have dropped to R0 = 0.73 to model the continued declination in hospitalizations under the observed community mobility. This estimate is in
line with the basic reproduction number computed by On Kwok et al. [41] for Hong Kong, Japan
and Singapore (0.48-0.70), where SARS-CoV-2 infections have been very local in nature. The authors
attributed the small R0 to the early enactment of social distancing interventions and the high level of
personal protective measures in these regions. Under the assumption that R0 = 0.73, it is expected
that hospitalizations will decline during the summer of 2020 to a baseline of localised infection clusters. These clusters have become too local in nature to use a nation-level deterministic model to make
further predictions. This highlights the need to use spatially explicit models. However, if the basic
reproduction number re-assumes its March 2020 value of R0 = 2.83 and testing and tracing capacity
is insufficient, it is likely that control over SARS-CoV-2 spread will be lost again.
Several factors could have led to a decrease in the basic reproduction number. First, it has been suggested that SARS-CoV-2 is mainly driven by superspreading events [42], which are, at the time of writing, still not allowed. Second, from April 6th, 2020 onwards, the weather had improved significantly.
No conclusive evidence exists that tropical climates experience slower SARS-CoV-2 spread. However, it has been shown that SARS-CoV-2 can spread through aerosols [43, 44, 45], so poor ventilation
of public places contributes to SARS-CoV-2 spread. In Belgium, airconditioning is not customary so
public places are now generally well ventilated by opening windows. Third, a mechanism of testing
and tracing was implemented in Belgium. However, the efficiency is debatable, as only 13 out of every 40 symptomatic infected individuals provide information [46]. Fourth, the spread of SARS-CoV-2
may not scale linearly with the contributions of each contact matrix Nc as specific behaviours may
contribute more to virus spread than others. New contact matrices under lockdown measures were
gathered by the Hasselt and Antwerp University SIMID group and will be used in conjunction with
our model. An alternative is to determine dominant transmission mechanisms from contact tracing
data to further finetune the weights of each contact matrix. Fifth, the COVID-19 epidemic coincided
with the annual flu season, which may have reduced the populations resistance to disease. Sixth,
some behaviours that promoted SARS-CoV-2 spread, e.g. shaking hands, may have changed permanently.

5

Conclusion
• We built a deterministic, continuous-time, age-stratified, extended SEIRD model to investigate
the effects of non-pharmaceutical intervention taken by the Belgian government to prevent
SARS-CoV-2 spread in March 2020. The model features a detailed representation of hospitals
with parameters derived from two Ghent (Belgium) hospitals.
• We estimated the basic reproduction number as R0 = 2.83 during the initial outbreak in March
2020. However, under the release of social restrictions, we computed the basic reproduction
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number had to be as low as R0 = 0.73 to explain the endemic trend in the number of hospitalizations, and several plausible explanations were discussed.
• From July 2020, clusters of SARS-CoV-2 infections have become are very local in nature. This
makes it hard to present scenarios for the future without making drastic assumptions and highlights the need for spatially explicit models.
• We found that SARS-CoV-2 strongly discriminates between different generations and protection of the elderly may be an efficient way of reducing strain on the public health system. We
recommend policymakers to start sensitizing the different generations on their role in SARSCoV-2 spread. It is detrimental that children and young adults realize they are a disease vector, much
like mosquitos transmitting malaria without suffering its deadly consequences, while older adults must
be sensitized to the health risks associated with going to crowded public places unprotected.

Acknowledgements
This work is the result of a team effort. I want to thank acknowledge my BIOMATH collegues Bram
De Jaegher and Daan Van Hauwermeiren for their help in maintaining the Biomath GitHub repo and
coding the visualizations. I want to thank Stijn Van Hoey and Joris Van den Bossche for their help in
the coding effort. I would like to thank Mieke Descheppere, statistician at the Ghent university hospital and Wim Verbeke, MD from AZ Delta Roeselare, for sharing their insights on hospital dynamics
with me. I would like to thank prof. Steven Callens, MD, prof. Pascal Coorevits, MD and prof. Ernst
Nietzschel, MD of the Ghent university hospital and Leen Van Hoeymissen from AZ Maria Middelares for sharing their data with us. The computational resources and services used in this work were
provided by the VSC (Flemish Supercomputer Center), funded by the Research Foundation Flanders
(FWO) and the Flemish Government – department EWI."

Competing interests
The authors have no competing interests to declare.

Role of the funding source
This work was supported by Bijzonder Onderzoeksfonds UGent (BOF). The funding source played no
role in study design; in the collection, analysis and interpretation of data; in the writing of the report;
and in the decision to submit the article for publication.

CRediT author statement
Tijs W. Alleman: Conceptualization, Software, Methodology, Investigation, Data Curation, Writing
- Original Draft. Jenna Vergeynst: Conceptualization, Software, Writing - Review & Editing, Project
administration Elena Torfs: Conceptualization, Funding acquisition Daniel Illana: Visualization Ingmar Nopens: Conceptualization, Funding acquisition, Project administration, Writing - Review &

22

6

MODEL PARAMETERS

Editing Jan Baetens: Conceptualization, Funding acquisition, Project administration, Writing - Review & Editing

6

Model parameters

23

Symbol
a
s
h
c
da
dm
dhosp
dER
dc,R
dc,D
dICU,R
dICU,D
dICU,rec
mC
mICU
σ
ω
σ+ω
β

T0
Nc
ζ

table 1
9x9 matrix
0

table 4
table 4
3.2
2.0
5.2
0.0368

table 4
7
7
Γ(1.73, 4.36) or
5.7
2.5
8.0
6.1
9.9
19.3
6.5

Value
table 1
table 1
table 1

people
day-1
day-1

(−)
(−)
days
days
days
(−)

days
days
days
days
days
days

(−)
days
days
days

Unit
(−)
(−)
(−)

Belgian Federal government [25]
Mossong et al. [10]
-

Hospital dataset
Hospital dataset
computed
Wei et al. [7]
Liu et al. [6]

Hospital dataset
Hospital dataset
Hospital dataset
Hospital dataset
Hospital dataset
Hospital dataset

Hospital dataset
To et al. [19]
To et al. [19]
Hospital dataset

Reference
Davies et al. [5]
Davies et al. [5]
Verity et al. [3]

Table 8: Overview of simulation parameters used in the age-stratified extended
SEIR model.
Parameter
subclinical fraction
relative susceptibility to infection
fraction of mildly infected individuals requiring hospitalisation
fraction of hospitalisations requiring ICU transfer
duration of subclinical infection
duration of mild infection
average time from symptom onset to hospitalization
time spent in the emergency room and/or in a buffer ward
length of Cohort stay if recovered
length of Cohort stay if deceased
length of ICU stay if recovered
length of ICU stay if deceased
length of recovery and observation stay in Cohort after
ICU stay
mortality in Cohort
mortality in ICU
length of latent period
length of pre-symptomatic infectious period
length of incubation period
probability of infection upon contact with an individual
capable of transmitting SARS-CoV-2 under the assumption that the infectee is 100 % susceptible to SARS-CoV-2
infection
total population
contact matrix
re-susceptibility
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Model assumptions

The following assumptions were made to the general extended SEIRD dynamics,
1. All individuals experience a brief pre-symptomatic, infectious period.
2. All ages are assumed equally infectiousness but are not equally susceptible. Children are less
susceptible to a SARS-CoV-2 infection [5].
3. Mildly infected and hospitalized individuals cannot infect susceptibles. The model cannot be
used to model the effect of transmission to healthcare workers.
4. All deaths come from hospitals, meaning no patients died outside a hospital. Of the 7703
diseased (01/05/2020), 46% died in a hospital while 53% died in an elderly home. All hospital
deaths are confirmed Covid-19 cases while only 16% of elderly home deaths were confirmed.
When taking the elderly homes out of the model scope, the assumption that deaths only arise
in hospitals is valid as only 0.3% died at home and 0.4% died someplace else (https://www.
info-coronavirus.be/nl/news/trends-laatste-dagen-zetten-zich-door/).
5. Asymptomatic and mild cases automatically lead to recovery and in no case to death.
6. Recovered patients are assumed to be immune, seasonality is deemed out of scope until sufficient quantitative clinical data is available.
The following assumptions to the real-life hospital dynamics reported by Ghent University hospital
were made,
1. The Ghent University Hospital has one additional ward named Midcare. Because Midcare is
not a universal concept, it was merged with the ICU.
2. All patients spend time in the emergency room and/or buffer ward before going to Cohort.
3. All patients going to ICU first spend some time in Cohort.
4. Ventilator or ECMO needs in ICUs are not modeled.
5. Residence times in Cohort and in ICU differ depending on the outcome of the infection (recovered or deceased).
6. All recovered ICU patients spend some additional time in Cohort (recovery and observation
stay).

25

8

8

BASIC REPRODUCTION NUMBER

Basic reproduction number

Since the system is autonomous, the eigenvalues of the Jacobian matrix evaluated at a hyperbolic
equilibrium point can be used to determine the nature of that equilibrium. The basic reproduction
number (R0 ) is computed as the spectral radius of the Jacobian matrix at the disease-free equilibrium
[23]. Our model has eight infected states: E, I, A, M, ER, C, CICU,rec and ICU (figure 1). At the
disease-free equillibrium, the whole population i This work was supported by s susceptible to the
infectious disease, Si = Ti ,
u∗ = (Ti , 0, 0, 0, 0, 0, 0, 0, 0, 0).
(20)
The Jacobian J is defined as,
 ∂f

1

∂x1 u∗


J =


..
.

∂fm
∂x1 u∗

...
..
.

∂f1
∂xn u∗

...

∂fm
∂xn u∗

..
.



,


(21)

where n and m are equal to the number of infected compartments. Next, the Jacobian is decomposed
in the following form,
J ∗ = (T + Σ)J .
(22)
The matrix T corresponds to all terms that lead to transmissions of SARS-CoV-2, while Σ corresponds
to all terms that lead to transitions. For our model,


PN
PN
0 βsi j=1 Nc,ij βsi j=1 Nc,ij 0 0 0 0 0


0
0
0 0 0 0 0
0

T = .
(23)
..
..
.. .. .. .. .. 
 ,
 ..
.
.
. . . . .
0
0
0
0 0 0 0 0
where an entry Ti,j is the rate at which individuals in infected state j gives rise to individuals in
infected state i. And,
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where an element Σ-1
i,j is the expected time that an individual who presently has state j will spend in
state i during its entire epidemiological life. The next generation matrix (NGM) is then calculated as
follows,
NGM = −T Σ-1 .
(25)
The basic reproduction number R0 is defined as the spectral radius5 ρ of the next generation matrix
[23],
R0 = ρ(−T Σ-1 ) ,
(26)
for our model,
R0,i = (ai da + ω)βsi

N
X
j=1

5

Largest absolute eigenvalue.
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Figure 7: One- and two-dimensional projections of the posterior samples for the
probability of infection upon contact with an infectious individual (β) and the
uncertainty of the dataset used for the calibration (σdata ).
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15th, 2020 until April 1st, 2020. Model prediction under the abscense of government measures. Black markers indicate the data were used in the calibration, red
markers indicate an extrapolation.
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Figure 9: Fraction of the population obeying novel social measures in function of
the number of days since the policy change. Realisation of 2000 posterior samples
of the social compliance delayed ramp.
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The delay (τ ) and slope (l) of the compliance ramp are heavily correlated, however, no correlation
between the effect of prevention measures (Ω) and the delay (τ ) and slope (l) of the ramp parameters
was observed (figure 10).

Figure 10: One- and two-dimensional projections of the posterior samples for
the model parameters that govern social compliance (time-delay, τ and additional time to reach full compliance, l) and the lumped effect of prevention measures and network effects (Ω).
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