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ABSTRACT

Objectives Several epidemiological models have

been published to forecast the spread of the COVID-19
pandemic, yet many of them have proven inaccurate for
reasons that remain to be fully determined. We aimed

to develop a novel model and implement it in a freely
accessible web application.

Design We built an SIR-type compartmental model with
two additional compartments: D (deceased patients); L
(individuals who will die but who will not infect anybody
due to social or medical isolation) and integration of a
time-dependent transmission rate and a periodical weekly
component linked to the way in which cases and deaths
are reported.

Results The model was implemented in a web application
(as of 2 June 2020). It was shown to be able to accurately
capture the changes in the dynamics of the pandemic for
20 countries whatever the type of pandemic spread or
containment measures: for instance, the model explains
97% of the variance of US data (daily cases) and predicts
the number of deaths at a 2-week horizon with an error
of 1%.

Conclusions In early performance evaluation, our model
showed a high level of accuracy between prediction and
observed data. Such a tool might be used by the global
community to follow the spread of the pandemic.

INTRODUCTION

The COVID-19 pandemic has been a disrup-
tive event for most healthcare systems across
the globe. It has led governments to take both
public measures for population containment
and often a resetting of healthcare organisa-
tion in order to be able to absorb the peak of
patients in particular for critical care. Since
the inception of the outbreak, all stakeholders
seemed keen to access to reliable and ‘living’
information regarding the evolution of cases,
hospitalisations and deaths in their countries
as well as in others. Cross-area comparisons
were made to understand some characteris-
tics of this novel epidemic.' * Also, being able
to predict at least in the short term, the evolu-
tion of the main outcome indicators has been
a relentless objective of care for providers
and decision-makers. A single tool providing
such an aid would be likely to, respectively,
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Strengths and limitations of this study

» We developed an extension of an SIR model as
an open-access tool for short-term prediction of
COVID-19 evolution.

» In the model, we intentionally ignored the compart-
ment S usually found in such models.

» On the other hand, we took into account the fact that
some patients died and therefore introduced a com-
partment D corresponding to them.

» The model uses early data and works for a large set
of countries.

» Longer follow-up is needed to confirm early results
that showed a high level of accuracy.

inform people and enlighten relevant stake-
holders to anticipate the needed measures,
in particular regarding the steering of care
and social measures. We therefore developed
such an online tool, intended to be an adap-
tive model, that is, able to adapt to new early
data so as to refine its prediction and be freely
accessible to the community.

The aim of this study was to report the
development of the model, as well as some
preliminary data demonstrating its work-
ability and its accuracy in studying different
countries.

METHODS

We built an SIR-type compartmental model
for the COVID-19 data provided by the Johns
Hopkins University  (https://github.com/
CSSEGISandData/COVID-19/tree/master/
csse_covid_19_data/csse_covid_19_time_
series).?

The model is a parametric model whose
parameters change from country to country
to reflect differences in dynamics. A classic
SIR model considers three types of individ-
uals: susceptible individuals (S), infected
individuals (/) and recovered individuals
(R Many extensions to this model have
been proposed, in particular by adding a
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compartment of exposed but non-contagious individuals
(E) to the model renamed as SEIR.®

Other models distinguish between symptomatic and
asymptomatic patients, between patients admitted to
intensive care units and patients admitted to regular
wards.”® The more complex these models are, the more
parameters they depend on. A classic method then
consists of fixing the value of some of these parameters
to values found in the literature and modifying the other
parameters in order to obtain simulations with dynamics
that are similar to those of the data. Our approach was
different: our main objective was to develop an epide-
miological model that fits the observed data as closely
as possible, while at the same time being as simple as
possible. However, we did not aim to develop an empir-
ical model that looks like the data (eg, using a polyno-
mial model): the model and its parameters must have a
real epidemiological interpretation, in terms of transition
from one state to another or length of stay in a state. On
the one hand, we made the hypothesis that the number
of contagious individuals in the population was negligible
as compared with the population size, which is realistic as
the latest studies suggested an infection rate of around
5% in most countries.” This hypothesis allowed us to
ignore the compartment S of the model. On the other
hand, we had to take into account the fact that not all
patients recovered but that a certain proportion died. We
therefore introduced a compartment D corresponding to
the deceased patients.

As an examination of the data at first glance showed
that there was a delay between new infections and deaths,
we therefore added an additional compartment L in the
model, which represents the group of individuals who will
die (because they were infected), but who will not infect
anybody, for instance due to social or in-hospital isolation

Figure 1
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(figure 1). There is no direct flux between 7 and D, but a
flux between /and L and then between L and D.

A fundamental parameter of the model is the transmis-
sion rate B (see figure 1), which indicates how quickly
people become infected and become contagious them-
selves. Our model integrates a time-dependent transmis-
sion rate, whose variations can be thought to be related
to the public measures taken by the country of interest.
One can thus hypothesise that the transmission rate was
stable—and possibly high—before the lockdown, and
then decreased with lockdown in countries that have
adopted such a measure. A piecewise linear model was
used for the transmission rate to take into account these
possible variations:

(B(1) = By +at+ 3K hy (t—7) x 1T {t>n})

As the number of change points K, the initial values
B0 and a, the locations (T, Tys vees T,) and the magnitude
(hyshys ..., h) of the changes in the slope are unknown,

they were estimated together with the model parameters.

The data available for each country are the daily
numbers of confirmed cases (w_j), bearing in mind
that this is a number that represents an unknown
fraction of the actual total number of cases, and the
daily numbers of deaths (d_j). A periodical weekly
component appears in each of these series, for many
countries. This component is of course not related
to the dynamics of the epidemic, which has no scien-
tific reason to change across the days of the week, but
rather to the way in which the numbers of cases and
deaths are counted and reported, which can change
from day to day especially for the former. This compo-
nent is taken into account in the observation model in
the form of a cosine function:

1 R
Infected Recovered
L D
—
Isolated Dead

Diagram of the SIR model used and that includes susceptible individuals (S), infected individuals (/), recovered
individuals (R), non-infectious individuals who will die (L) and deceased patients (D). Here, p, v, A are rate constants while 8 is a
time-varying transmission rate function.
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w =W (5) (1+Awcos (o +0u) +ev)
d; =D (tj) (1 + By cos (%Trtj + ¢D) + ed,j)

Where W(t)=4(t) I(1) is the predicted number of infected
individuals and where (ew.) and (e d”.) are two sequences of
independent and identically centred Gaussian variables.

Once the model is fully defined, its parameters can be
estimated for each country through the maximum likeli-
hood estimation method and using precisely that coun-
try’s data.

It should be noted that the uncertainty related to the
estimation of the parameters has not been evaluated. This
could be done, for instance, by means of parametric boot-
strap. The model, the parameter estimation algorithm,
the method for model selection as well as several plot-
ting routines have been implemented in the R package
covidix. This package is available on Github (https://
github.com/MarcLavielle/covidix). An example of how
to use covidix can be found here: (http://webpopix.org/
covidixExample.html).

Of interest is the fact that an interactive, easy-to-use
web application (Shiny V.1.4.0.2, 2020) also allows to visu-
alise the data and the fitted model for several countries
(http://shiny.webpopix.org/covidix/appl/). The data
used in this application are updated frequently in order
to be able to follow on a day-to-day basis what the model
predicts for countries.

Patient and public involvement

Neither patients nor the public were involved, as the
current research only includes publicly available aggre-
gated data.

RESULTS
A first version of the covidix package and the web applica-
tion were available as of 12 April 2020 with model adjust-
ments on data from eight countries. Nine new countries
were added between 12 April 2020 and 15 May 2020 (see
table 1).

Figure 2 shows that the model is able to accurately
capture the different changes in the dynamics of the
pandemic (1) for countries, such as Switzerland, which
controlled the spread of the epidemic well; (2) for coun-
tries, such as Italy, which did not react soon enough and
saw the number of deaths increase very rapidly before
taking containment measures which slowly decreased this
figure; (3) for countries, such as the USA, that have not
taken sufficiently severe measures to significantly reduce
incidences; (4) for countries, such as Brazil, where the
pandemic has arrived later. Furthermore, the fits clearly
highlight the weekly periodical component whenever it
exists.

Figure 3 shows that the prediction from the model
becomes more accurate as more data are made avail-
able. When little information is already available on the
dynamics of the epidemic and the effect of containment

Model parameters for each country

Table 1

Periodical component

Transmission rate parameters

)

Rate constant

Initial values

10

P

AD
0.000 0.000

0.000 0.000
0.000 0.000

3.393 0.267

Pw

DO LO

wo

14.8 1145.1

745.7

Country

0.000
0.000
0.000
4.543
0.786
0.000

—0.0327 0.0250 2020/03/26 2020/04/03 0.000

0.0118 0.0000 2020/03/31

0.007
-0.012
-0.010
-0.005

3.089
0.597
0.424
0.661

1
)
]
]
]
]
:
]
;
;

3.98 2.806 0.164 25.888

0.70 0.453 0.022

4.780

Denmark
Portugal

2020/04/12 0.000

0.143
0.150
0.440
0.153
0.256
0.158
0.756
0.580
1.595

0.239

730.1

0.000
0.150

2020/04/07

0.0104
0.0053

0.007 12.97 0.204 0.014
0.000

0.000

637.9 1133.4

236.1

Switzerland

2020/04/19
—-0.0076 0.0077 2020/03/18 2020/04/12 0.255

0.0212 0.0059 2020/03/23 2020/04/17 0.000

-0.0132 0.0134 2020/03/11
-0.0130 0.0109 2020/03/11

0.00 0.442 0.067
0.00 0.113 0.006
0.00 0.666 0.138

464.4

Netherlands

-0.022 0.382

0.000
-0.027

0.263
1.118

0.995

4000.4 3598.7

Germany

0.000 0.000

0.454 0.213

0.000

135.5 1037.9

Belgium

1.078
-2.905

2020/04/04 0.156

0.000
0.002
0.001
-0.007

0.060 22.90 0.626 0.105

0.4
558.6 21.965

76.1
500.0 10.000
486.9

372.3
204.0

France

4.219 0.028
0.823 0.078

4.465 0.004

2020/03/29 0.105

0.533
0.704
0.553

0.15 0.328 0.055
5.00 0.369 0.050
1.75 0.257 0.048

Italy

0.841

-0.0165 0.0155 2020/03/12 2020/04/02 0.117

Spain
UK

0.187 1.952

2020/04/13

0.0072

0.224

284.0

Dates are given as year/month/day.
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Figure 2 Observed and predicted number of cases for several countries (left: daily number of confirmed cases, right: daily
number of reported deaths). The magenta dots are the observed data. The green curves represent the daily numbers of
cases and deaths predicted by the model, including the periodical component related to how data are counted and reported

throughout the week.

(around 16 April 2020 here), the model nevertheless
allows us to assess quite accurately how the number of
deaths will increase in the following weeks and when
important numbers will be reached (eg, 4000 for Sweden
and 100000 for the USA). These forecasts were very
accurate for both countries in the relatively short term
(2 weeks in our example). For Sweden, a total of 4000
deaths was observed on 24 May. Depending on the time
of analysis, the model predicted 31 May 2020 (7 days of
error), 18 May 2020 (6 days) or 21 May 2020 (3 days) if
the calculation was performed with the data available on
16 April 2020, 01 May 2020 or 26 May 2020, respectively.
For the USA, a total of 100000 deaths occurred on 27 May
2020. With the same date of analysis, the model predicted
20 May 2020 (7 days of error), 24 May 2020 (3 days) and
25 May 2020 (2 days).

The model also allowed us to estimate the day of the
peak of daily deaths in each country (table 2). More-
over, the delay in days for a twofold or fourfold increase

or decrease in the number of deaths was assessed by
the model. For instance, in Italy, the number of deaths
predicted by the model reached its peak on 27 March
2020. A quarter of this number had been reached 15 days
before that date, during the exponential growth phase,
where it doubled in 5 days. Growth then slowed and the
number of deaths doubled in 10 days to reach the peak.
The decline was much slower, as it took 25 and 47 days to
divide the number of deaths by 2 or 4, respectively.

DISCUSSION

The almost unprecedented magnitude of the COVID-19
pandemic has made epidemiological models critical not
only for researchers but also for policymakers."” Many
models have been published either in scientific journals
or as open-access platforms for helping the global commu-
nity to describe and forecast the evolution of the pandemic
outcome, yet with frequently conflicting findings."" The
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Figure 3 Observed and predicted number of deaths for Sweden and the USA. The predictions were obtained at different dates
(left: 16 April 2020; middle: 1 May 2020; right: 16 May 2020). The magenta dots are the observed data of the training dataset
used for building the model. The red dots are the observed data of the validation dataset. The green curves represent the

cumulated numbers of deaths predicted by the model.

SIR model had been already used in different countries
to describe the spread of the COVID-19."**

We herein reported the development of an original
model for short-term prediction of COVID-19 outcome
at an aggregated level like a country, as well as updated
data suggesting its very accuracy. Our model has several
strengths as compared with others. First, it is adaptive and
fits the observed data, through a mechanistic modelling,
even though we acknowledge that many other models are
also adaptive, notably those analysed under the control
theory framework. Second, it appears to be validated by
the data, with good short-term predictions in all tested
cases, as shown in the figures and as it can be seen on
the online tool. For instance, the model early showed that
Sweden, a country in which limited public measures have
raised a national and international controversy, would
rapidly reach a cumulated number of deaths of 4000."
Third, it is a parsimonious model, as very few param-
eters are needed to describe the outcome of interest,

and the prediction proved stable over time. Fourth, we
implemented it as an open-access interactive tool, so as to
make it operational for any relevant stakeholder for the
immediate benefit of the scientific and general commu-
nity in the context of the COVID-19 outbreak. Fifth, it is
designed to be updated on a regular basis, ideally on a
daily basis, with the possible incorporation of new coun-
tries over time. Last, it can also be seen as a monitoring
tool. Also, the current work focuses on what happened
between early March and early June 2020. Indeed, this
period corresponds to what has been widely called the
‘first wave’ of the COVID-19 pandemic in most Euro-
pean countries. We have chosen to cover this period
because various parameters related to the dynamic of
the pandemic (lethality rate, number of tests performed,
infection rate, etc) seem to have changed significantly
afterwards.

Our model nevertheless has some limitations. The main
one is probably that it needs early data to be fed with so
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Table 2 Maximum daily number of deaths predicted by the model

Increase Peak of daily deaths Decrease
Country t1/4 (1) t1/2 (1) Date N t1/2 () t1/4 (})
Denmark 12 8 3 April 2020 16 25 50
Portugal 19 15 11 April 2020 32 24 4
Switzerland 16 11 5 April 2020 58 19 29
Netherlands 13 10 4 April 2020 155 28 46
Germany 19 14 13 April 2020 226 22 37
Belgium 21 15 15 April 2020 268 17 27
France 15 11 5 April 2020 532 20 34
Italy 15 10 27 March 2020 835 25 47
Spain 16 12 3 April 2020 839 17 83
UK 19 13 13 April 2020 927 27 50

For each country, t1/4 (1) and t1/2 (1) are, respectively, the number of days it took to multiply the number of deaths by 4 and 2; t1/2 (|) and
t1/4 (]) are, respectively, the number of days it took to divide the number of deaths by 2 and 4; N represents the maximum daily number of
deaths predicted by the model using data from 15 February 2020 to 1 June 2020.

as to work. It therefore requires a minimum follow-up on
the outbreak to be effective. Our report is also limited by
the fact that we did not proceed to a full comparison with
other models and cannot herein demonstrate respective
performances of published models as compared with
ours. We intended to report the development of the
model and its rationale, as well as early positive findings
as soon as possible, in particular since the model is made
freely accessible as an online tool.

We encourage researchers and policymakers to use
this freely accessible model since its main purpose is to
describe precisely the spread of this pandemic. As the
pandemic pursues its course in many countries, we will
continue to enrich it with real data and will further inves-
tigate its performance.
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