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Abstract The estimation of Ry, the so-called “basic
reproductive ratio”, of the COVID-19 pandemic is of
particular importance to help decision-makers take the
necessary safeguard measures to protect the popula-
tion. In this work, we examine a method based on the
successive estimation of Ry over 3 non-overlapping peri-
ods (before lockdown, during lockdown and after). The
approach is based on a variant of the, simple but flexi-
ble, SEIR compartmental model that allows to exploit
the number of recovered individuals that are reported
in the daily database published by national health agen-
cies. The results of the approach is analysed w.r.t. data
from France, at two levels of geographical sub-divisions,
i.e. the 13 regions and 96 departments that make up the
metropolitan territory.

Keywords Ry estimation - Epidemiology - SEIR
compartmental model - COVID-19 - France regions
and departments

1 Introduction

The basic reproduction number, also called “basic re-
productive ratio”, denoted by Ry, is a measure of the
potential for disease to spread in a population. Ry is the
number of individuals infected by an infectious person
in a population of susceptible. If Ry < 1, then a few in-
fected individuals introduced into a completely suscep-
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tible population will, on average, fail to replace them-
selves, and the disease will not spread. If, on the other
hand, Ry > 1, then the number of infected individuals
will increase with each generation and the disease will
spread.

From the work of Diekmann, van den Driessche and
Watmough (Diekmann et al., 1990; van den Driess-
che and Watmough, 2002; van den Driessche and Wat-
mough, 2008), the so-called “second generation method”
is a general method of deriving Ry for a deterministic
compartmental model of disease transmission. Ry is the
expected (i.e. averaged over many epidemics) numbers
of secondary cases produced by generation zero. Heffer-
nan et al. (2005) provides a nice readable introduction
for calculating Ry in structured population models. Ry
is rigorously defined by the largest eigenvalue (or spec-
tral radius) of the matrix product FV ! (called “next
generation matrix”), where
F= |25 v = |25 1)
in which z; denotes the number or proportion of indi-
viduals in the jth compartment and xg is the disease-
free equilibrium state. The F; are the new infections,
while the V; are the transfers of infections from one
compartment to another. This principle has been ap-
plied in numerous studies to determine the Ry associ-
ated with, e.g., tuberculosis (Castillo-Chavez and Feng,
1997), malaria (Heffernan et al., 2005), scrapie (Matthews
et al., 1999).... See also (Brauer et al., 2019), for a de-
tailed description of many other examples.

In this work, we deal with Bacaér, N.’s variant of
the SEIR compartmental model (’S’: number of suscep-
tible individuals, ’E’: number of exposed individuals,

'T’: number of infectious individuals, 'R’: number of re-
covered individuals), called SEIR!'R?. In the SEIR!R?



Stéphane Derrode et al.

variant, R' and R? both include the number of individ-
uals that returned home and the number of deaths due
to the pandemic (the sum of the two populations will
be called ‘removed’). The difference between the two R
compartments is that R' reports the removed that are
accounted for at the hospital, and R? reports the oth-
ers, those which are not accounted for at the hospital,
in proportions f and 1 — f respectively. So the mean-
ing of R(t) = R(t) + R2(t) is quite different from the
meaning of R(t) in the SEIR model.

This SEIR'R? model (Bacaér, N., 2020) is defined
by the following system of ODEs

ds 1 dE I

E = —GSN,E = GSN —bE,

dl dR! dR?

E—bE—Cl,W—fCI,W—(l—f)CI, (2)
so & — ¢ where

di
— a (or B): Rate of transmission (exposure),
— b (or 0): Rate of infection (upon exposure),
— ¢ (or v): Rate of recovery (upon infection),
— f : Fraction of recovered observed in hospital.

The total number of living individuals N is constant
(N =S(t)+E(t)+1(t)+ R(t)) and we assume that the
re-susceptibility of the population is zero.

This simple variation of the SEIR model does not
affect the well-known equation that relates Ry to the
model’s parameters:

() v (L) et

Hence, the question of estimating Ry in this model
amounts to developing a method to estimate param-
eters a and c, based on the available data for R!.

Although the methodology is general, our analysis
focuses on the evolution of the COVID-19 pandemic in
France, with data provided by “Santé Publique France
This database provides information on

the number of people currently hospitalized;

— the number of people currently in intensive care unit
(ICU);

the cumulative number of people returned home;

— the cumulative number of people who died in hos-
pital.

This information is available at the level of French de-
partments? and according to gender and age group. The

! https://www.data.gouv.fr/fr/datasets/donnees-
hospitalieres-relatives-a-lepidemie-de-covid-19/,
from the French national open data platform data.gouv.fr.

2 In this database, the information concerning French over-
seas departments and territories is very incomplete, and
will not be considered. The experiments only deal with the
metropolitan France.
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algorithm we have developed exploits the cumulative
number of people returned home plus the cumulative
number of people who died in hospital, which is exactly
what represents R'.

So, we propose an algorithm that divide the period
of the COVID pandemic, from 2020-03-18 (the begin-
ning of the database, which is also the lockdown date
in France) to 2020-06-30, in three non-overlapping pe-
riods. Starts of the periods are delayed by § days w.r.t.
the lockdown and deconfinement dates, to take into ac-
count that a certain time is required before the effects
of public health policies can me measured on the data.
The choice of the § value is discussed in the text. An
optimization algorithm, exposed in Section 2, is applied
on each period, successively; the estimation results for
a period are then used to initialize the optimization
process for the next one. While we are specifically in-
terested in the estimation of Ry for the third period
(to detect a possible resumption of the pandemic in
the analysed territory), the algorithm also furnishes Ry
estimates for the first two periods as well as an esti-
mated date for the first infected in the territory. The
method is analysed at two different metropolitan France
scales: scale of the 13 regions and scale of the 96 De-
partments in Section 3. Emphasis is put on graphical
presentations of the results as maps, to get an overview
of France situation as of June 30, 2020. The paper ends
with the main conclusions of the study, and discusses
future work directions. All the algorithms are avail-
able at https://github.com/SDerrode/divoc. An ex-
planatory note makes it possible to regenerate the fig-
ures present in this document.

2 Ry estimation methodology

The proposed methodology considers three non-overlap-
ping periods for the COVID pandemic, from the begin-
ning of the database to June 30:

— The first period (denoted by P;) starts from the
beginning of the data (i.e. 2020-03-18) and ends on
the date of lockdown plus a delay (in days), denoted
by 4.

— The second period (P») begins the day after the pre-
vious period and ends on the date of the deconfine-
ment date (2020-05-11 in France) plus the same
delay of § days.

— The third period (Ps) begins the day after the previ-
ous period and ends on the last day of the database
(2020-06-30 in France).

The delay ¢ is used to take into consideration the fact
that public policies (such as national lockdown) have
not an immediate impact, but a certain time is required
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Fig. 1 Result of the three successive fits of SEIR'R2 model for the metropolitan France data. (Up) The red crosses denotes
the number of (observed) new recovered and deaths, whereas the red curve represents the numerical derivative of R!(¢). (Down)
The fitting of the three SEIR'R? models for compartments E, I and R'. The delay w.r.t. the lock and unlock dates is set to

6 = 18 days.

before their effects can me measured on the data. The
choice for § value is discussed below.

Each of the periods is processed the same way, by
fitting a SEIR'R? model specified by parameters a, b,
c and f, using an optimization process, based on the
match between the model’s R!(t) —discretized at dis-
crete instant n— and data R'(n). The fitting algorithm
is based on the 1mfit? library, which provides a high-
level interface to non-linear optimization and curve fit-
ting problems. We choose Powell’s method for the op-
timization, because it does not require knowledge of
derivatives. The parameters obtained for a period are
used to initialize the optimizer for the next period, to
help him to converge towards a workable solution. Also,

3 lmfit: non-linear least-squares minimization and curve-
fitting for Python, https://lmfit.github.io/1mfit-py/.

all the values obtained for S, E, I, R' and R? at the
end of a period are kept for the next period.

From the first period, it is possible to forecast the
date of the first infected individual. This date, denoted
by dj—1 in the remaining, is obtained by extrapolating
I of the SEIR'R? model obtained for period P; into the
past.

2.1 Illustration at the scale of France

To illustrate the algorithm, let’s look at the results for
metropolitan France displayed in Figure 1. For the plot,
we set = 18 days and processed the data regardless
of gender. We can observe that the red curve well-fits
the noisy discrete data (red crosses). The “noise” here
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Fig. 2 Rg estimation for France during period Ps, when data
start 6 = 18 days after deconfinement and ends at the date
specified in the x-axis. After an estimation period of 20 days,
the Ro estimation stabilizes at about 0.57.

refers to the irregularity of the feedback from hospi-
tals, and the so-called “weekend effect” as observed in
many countries. The green box to the right of the plots
presents the estimated parameters for the 3 periods, as
well as the Ry estimates: Ry = 1.83 for P;, Ry = 0.63
for P, and Ry = 0.57 for P3. According to the latter es-
timate, as of June 30, the pandemic has not resumed in
France but its intensity is very weak. The first infected
individual is estimated to be at dj—; =2020-01-23.
This date seems consistent with the dates generally an-
ticipated, as it is generally accepted that the first in-
fected individual in France appears in the second half
of January.

To evaluate the robustness of the Ry estimation pro-
cess during the third period, we estimated R, for in-
creasing periods of time. Figure 2 shows the estimated
values when the estimation period starts May 29 and
ends in the interval [June 8, June 25]. It can be observed
that Ry stabilizes at about 0.57 after the 18th of June,
which corresponds to an estimation period of 20 days
[May 29, June 18].

To choose a value for § —which corresponds to the
estimated delay between a public decision and its possi-
ble impact on data—, we repeatedly estimated R for P;
and the means square error (MSE) between the model
and the data for varying values of §, see Figure 3. Plots
show that the MSE and R( estimation present a min-
imum value when § = 18. It includes an incubation
period of about 5 days. This time delay is to be taken
with great care because it includes very different situa-
tions, with people who are doing a short stay in hospital
and people who are doing a longer stay in ICU. Never-
theless, this value of § = 18 seems to be adapted to the
simplicity of the model we are considering. This value
is independent from the scale of analysis, and will be
kept unchanged for regions as well as for departments.

France - SEIR*R? parameters evolution for Period 3

0.8 Ro
0.7

0.6

14 15 16 17 18 19 20 21 22
Delay (delta) in days

France - SEIR!R?

— 1
400000 MSE for R

350000
300000

250000

14 15 16 17 18 19 20 21 22
Delay (delta) in days

Fig. 3 (Up) Evolution of the estimation of Ry (period Ps)
for metropolitan France, according to the delay () in days.
(Down) Mean square error between the R!(n) data and the
estimated R!(t) sampled at instant n.

3 French region and department scales

Metropolitan France is divided in 13 regions, which
are themselves organized into 96 departments. On a
daily basis, the “Santé Publique France” database lists,
among other data, the total amount of patients that
returned home and the total number of deaths at the
scale of the French departments. Hence, the estimation
strategy we present can also be applied to the geograph-
ical subdivisions into regions and departments. To iden-
tify regions and departments, we use INSEE number-
ing®, which associates sometimes the same number for
a region or for a department, e.g. the Auvergne-Rhéne-
Alpes region and the Vaucluse department share the
number #84!

When the volume of data is very small, estimates
become less robust. Indeed, some subdivisions do not
present a sufficient number of patients that returned
home over the period considered for the R estimate
to be assumed reliable. This is particularly true for re-
gions or departments not dense in terms of population.
Therefore, we have decided to exclude subdivisions ac-
cording to the following rule

# of patients that returned home over the period

# of days in the period X size of the population

) 4 Institut National de la Statistique et des Etudes
Economiques, https://insee.fr/en/accueil. See files at
https://www.insee.fr/fr/information/3720946.

—6
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Fig. 4 Estimation of Ro for the 3 periods and first infected individual date at region scale. For the subfigures (a), (b) and (c)
we added the estimated number of infected at the end of the period, to get an idea on the intensity of the pandemic. The right
side of each map is a smoothed representation of the histogram of values appearing in the corresponding map. The regions
with hatches have been excluded according to a threshold explained in the text. For (d), value ’0’ in the legend corresponds
to February 3, and value '35’ corresponds to March 8, i.e. 35 days after February 3.

(4)

The threshold value was set to 10~ by trials, to exclude
areas only slightly affected by the pandemic, without
excluding too many. The rule is applied for each period
independently, so that an area can be excluded in P
and reintegrated in P;. Indeed, even if model’s param-
eters are not satisfactorily estimated at Py (so Rp), the
obtained R!(t) function however gives always a good
fit of the data (with bad parameters), so the estimated
values for S, E, I, R' and R? are acceptable for pro-
cessing Ps3. The optimization method is robust enough
to give a good estimate at P3 whereas it could not at

P5. Those excluded areas are drawn with hatches in
following maps.

Let us now comment on the results at the scale of
regions and at the scale of departments. In all coming
results, we set 6 = 18 and the end date for parameter
estimation to 2020-06-30.

3.1 Coarse scale: Regions
Figure 4 presents France maps of estimated Ry for the 3

periods —subfigures (a)-(c)— and the estimation of dr—;
—subfigure (d)—, at the scale of regions. Since the maps
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Fig. 5 Estimation of Rg for the 3 periods and first infected individual date at department scale. The right side of each map
is a smoothed representation of the histogram of values appearing in the corresponding map. The departments hatched have
been excluded according to a threshold explained in the text. For (d), value ’0’ in the legend corresponds to January 6 (Var
department, #06), and value ’80’ corresponds to March 24 (Lozére department, #06), 80 days after January 6.

only show the dynamic of the pandemic, not its inten-
sity, we added the estimated number of infected at the
end of the period for each region. Obviously, prior to
lockdown (a), the values of Ry all exceeded 1.58 (Bre-
tagne region). Then, in the second period (b), the esti-
mates all fell below the threshold of 1.0 (from 0.71 for
Corse region #94 to 0.93 for both Provence-Alpes-Céte
d’Azur region #93 and Pays de la Loire region #52).
Finally, in the third period (c), still according to the
proposed estimation method, the values of Ry remains
well below 1.0, except for Normandie region #28 with
Ry = 1.01. It should be stressed that colours do not
give an indication of the intensity of the pandemic in a
region, only its dynamics through Ry rate. The inten-
sity at the end of the period can be assessed through

the number of infected (e.g. 2886 infected for Alsace
Champagne-Ardenne Lorraine region, #44, at Py).

Regarding the date of the first infected individual,
Figure (d), the forecasting at the region scale shows
dates from January 25 (first infected region: Provence-
Alpes-Cote d’Azur, #93) to March 3 (last infected re-
gion: Centre Val de Loire, #24). It is interesting to note
that the date of the first infected at the region scale is
very close to the estimate produced at the country scale
(recall: 2020-01-23).

3.2 Finer scale: Departments

Likewise regional level, Figure 5 displays France maps
representing the estimations of Ry for the three periods
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and the estimated date of the first infected, at the de-
partment scale. For period Pj, it can be observed that a
number of departments was excluded according to the
criterion, mainly in the centre-west part of the coun-
try. The distribution of Ry spreads from 1.4 (Morbihan
department, #56) to 3.3 (Fure department, #27) and
presents a mode at about 2.0. For P, we can observed
that some departments have been excluded according
to the criterion specified above. Else, all other depart-
ments have a low diffusion rate, from 0.46 to 1.1. The
distribution of Ry values is sharp and presents a mode
at about 0.85. The distribution of Ry values continues
to be sharp in Pj, albeit somewhat broader than in the
previous period, with a spread from 0.25 to 1.4 and a
mode at about 0.85. Most of the south west part of the
territory has been excluded (plus some departments in
the west coast and in the border with Italy), showing a
significant withdrawal from the pandemic. It should be
pointed out the particular situation of Alpes-Maritimes
(#06) and Haute-Garonne (#31) for which the pan-
demic seems to be picking up, with Ry = 1.25 and
Ry = 1.7 respectively. For this two departments, the
intensity remains relatively small (I = 63 and I = 26
respectively). It should be noted that the summer hol-
iday period starts in July in France, and that it can
reshape this geographical distribution all over the ter-
ritory.

Regarding the dates of the first infected, we found

that the first department was Var (#83) as of 2020-01-18,

and the last one was Fure (#48) as of 2020-03-28. This
date of January 18 is not so far from the dates we found
at France scale (recall: 2020-01-23), and at the regional
scale (recall: 2020-01-25). This estimation, obtained at
the departmental level, is probably the least reliable of
the three, since it has been processed with the smallest
data set.

4 Conclusion

The Ry rate (basic reproduction number), is an impor-
tant indicator for analysing the evolution of a pandemic
over time, and for predicting its spread in the popula-
tion in the near future. In this work, we proposed an
estimation method based on the successive fit of the
same SEIR!'R? model, proposed by N. Bacaér (Bacaér,
N., 2020), over 3 successive and non-overlapping peri-
ods. This approach is intended for countries that have
observed a period of lockdown and a period of decon-
finement. The 3 periods take into account a delay re-
lated to the fact that the impact of public policy mea-
sures take some time to be observed in the data.

The methodology proposed is tested on the COVID-
19 pandemic spread in France. The three periods are

defined by the lockdown date (March 18, 2020) and
the deconfinement date (May 11, 2020), and a delay
estimated to § = 18 days. We were able to apply the
algorithm at two different geographical scales: regions
and departments. Emphasis was put on the graphical
presentations of the results to get an overview of France
situation as of June 30, 2020. The results of the anal-
ysis at these two levels seem to confirm that France
have contained the pandemic for the time being. But
the summer period that is coming in July and August
could favour a local resurgence, in the form of clus-
ters, with a re-breeding of the infected in all the French
departments, in particular the coastal regions of the
Mediterranean and the Atlantic Ocean. It should be
stressed that the methodology is not specific to France,
and can be applied to other countries (e.g. USA states)
or at the scale of (sub)-continent (Latin America and
Africa).

In this work, we have decided to deal with a very
simple model —which is far from capturing the complex-
ity of the epidemic spread—, with relatively few param-
eters, so that Ry only depends on the estimation of a
(rate of transmission), and ¢ (rate of recovery). From
a methodological point of view, the algorithm devel-
oped in this work is not specific to the SEIR model and
can be extended to more sophisticated compartmental
models (e.g. SEIRAH Prague et al. (2020)), which are a
priori able to better model the COVID-19 pandemic, by
integrating ICU admissions, age and spatial structure
of the population. .. The fitting will therefore relies on
all the available data from the national public health
databases, which can improve the accuracy, especially
for areas with a low density of population. This exten-
sion is one of the main perspectives to this work.
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