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Abstract

We scrutinize the evolution of Covid-19 in Madagascar by comparing results from three approaches (cubic polynomial,
semi-gaussian and gaussian-like models) which we use to provide an analytical form of the spread of the pandemic.
In so doing, we introduce (for the first time) the ratio Rf’/dr of the cumulative and daily numbers of infected persons
over the corresponding one of tests which are expected to be less sensitive to the number of the tests because the
credibility of the results based only on the absolute numbers often raises some criticisms. We also give and compare
the reproduction number R g from different approaches and with the ones with the ones of some European countries
with a small number of population (Greece, Switzerland) and some other African countries. Finally, we show and
comment the evolution of the total number of deaths and of the per cent number of cured persons and discuss the

performance of the medical care.
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1. Introduction which we shall study, in the following.

We shall attempt to give an analytical form of the dif-
ferent data by comparing the predictions of three mod-
els:

— A cubic polynomial which has described success-

fully the small phase of the pandemic [1] :

In a previous paper[1], we have carefully analyzed
step by step the spread of COVID-19 during the two first
months of the pandemic until the 48th day (07/05/20),
where a sudden jump signaling an eventual second phase
of the pandemic has emerged.

In this paper, we pursue this analysis until 12th
September which is included in the region after the peak
of the second phase.

To avoid some criticisms on the unsufficient number of
tests and on the eventual strong dependence of the num-
ber of infected persons on the number of tests, we have
introduced the cumulative ratio :

N,C’d =asy + bix + o3 +dzx . 3)

— An hybrid-exponential Model, hereafter named
Large Population Semi-Gaussian (LPE-SG) Model [2]
(see also [3]):

Dy = axPExpl-x/c,] , @)

. _ Ni _ Cumulative # of infected persons )

Inr = V; Cumulative # of Tests

where : a; = A is an arbitrary amplitude, by = n the
degree of the model and ¢; = 7 the mean infection time
from which one can deduce the position of the peak x,, =
b, cy.

— A Gaussian-like Model [4]:

and the corresponding daily ratio :

N _ Daily # of infected persons
N Daily # of Tests ’

R = (@)

D = ag Bxpl-(x = by’ /2 )], )
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where : a,, by, c, are the height, position and width of
the Gaussian.
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N; |/ Dy is the cumulative / daily number of infected
persons while the coefficients : a;, b;, ¢; and d; will be
determined from the fitting procedure.

2. Data on the number of infected persons

o Cumulative numbers

The data from [5-7] are shown in Fig. 13a) for the ab-
solute number of infected persons and in Fig. 13b) for the
ratio R} T defined in Eq. 1. One can notice that the shape
of the two curves shown in Figs.13 are quite similar ex-
pect at the period after the peak of the 2nd phase of the
pandemic, where the ratio shows clearly the decline of
the pandemic. This (surpising) feature indicates that the
number of tests affects only slightly the behaviour of the
evolution of the pandemic.

e Daily number

The daily behaviour of the ratio 7%;1 T defined in Eq.2
is shown in Fig. 14 : a) The first months behaviour until
7th May; b) the second phase behaviour from 7th May
until 12th September.

e Phases of the pandemic

One can notice from the previous figures that there are
two phases :

— Small or Epidemic phase until 48 days (7th May).

— Large or Pandemic Phase after 7th May.

‘We shall see later on that these two phases can be sub-
vided into two phases & a background phase from 7th to
31th May.

3. The small phase until 07/05/2020 (48 Days)

o Absolute cumulative number of infected persons

Detailed analysis and a comparison of different mod-
els can be consulted in[1]. One can deduce, from the
analysis done there, that the peak (stability of the cumu-
lative number of infected persons) is reached for 25 to 30
days after the beginning of the pandemic (stability). The
two models LPE-SG and Gaussian-like models accord-
ing to the parameters fitted in this paper gives a value
around 40 days which is still compatible with the data
though in the higher sides.

o Cumulative ratio Ry

A similar analysis is repeated here but with the ratio of
the cumulative number of infected persons over the cu-
mulative number of tests. The results of the fit are given
in Fig.15a) where the corresponding best fit parameters
are :

— Cubic Polynomial [1]:

Rf/T =asy + bix + 3 + dax’ 6)

where one finds :

413, by = —0.029,
80Ox10™, d3=326x%x107. (7)

as

c3
— LPE-SG Model [2]:
R})p = asxJExp[—x/c,] (8)
with :

a; =369, b;=015, ¢, =101.77, ()

— Gaussian-like model [4]:
RS = ag Exp[—(x = by)* /2 c))] . (10)
with :

a, =488, by=2371, c,=3568. 11)
From the previous analysis, one can see that the cubic
polynomial finds a maximum peak around the 30th day,
the LPE-SG model around 15 days and the Gaussian-like
one around 40 days. The results from the cubic polyno-
mial and Gaussian-like model are consistent with the ab-
solute one obtained in[1], while the one from LPE-SG
is much lower (perhaps) indicating that the Model is not

quite appropriate for analyzing the ratio R} T

e Daily ratio R‘Ii/T

Similar analysis is done for the daily ratio which is
shown in Fig. 15. The parameters fit are:

— Cubic Polynomial [1]:
a; = -134, by =180,
¢z = -85%x107%, d3=107x107. (12

— LPE-SG Model [2]:

a, =134, by=107, c¢,=1546, (13)

— Gaussian-like model [4]:

a, =2731, by,=1062, c,=4601. (14)
From the previous analysis, one can see that the cu-
bic polynomial and the LPE-SG model find a maximum
peak around the (14-17)th day while the Gaussian-like

model peak is around 46 days (not shown in the figure).



o Comments on the results

Comparing the results from the cumulative and daily
ratios, one can see that the LPE-SG prediction of the
peak position is almost the same (15-17)th day for the
cumulative and daily ratios, the cubic polynomial pre-
dicts a peak around (14-28)th day and the Gaussin-like
around (28-46)th day. One can also notice from Fig. 15b)
that the 3 models do not give a good prediction of the in-
tensity of the daily peak unless considering that the three
data points shown there around 15-20th days are statisti-
cal flucuations. This discrepancy is less pronounced for
the cumulative ratio shown in Fig. 15a). Analogous ob-
servation on the imprecision of models to predict the in-
tensity of the peak has been discussed in Ref. [8] for the
case of the Wuhan pandemic.

4. Before the 2nd peak : 07/05/2020 to 12/08/2020

o Absolute cumulative number of infected persons

The result of the analysis is shown in Fig. 16.
— Cubic Polynomial [1]:

a; = 181271, b3 =-188.36,
c3 = 503, d; = —0.02 . (15)

— LPE-SG Model [2]:
a;,=196x1077, b, =655, ¢, =19.19. (16)

— Gaussian-like model [4]:

ag = 14551.94, b, =109.22, ¢, =-29.18, (17)
From the previous parameters, one finds that the LPE-
SG model finds a peak around b X ¢y = 126 days, while
the Gaussian-like model finds a gaussian centered at 109
days which are compatible. One can notice that the cubic
polynomial gives a good fit of the data but cannot predict

a peak

® Ratio Ry of # Infected persons over the # of Tests

Doing a similar analysis for the ratio R/, we show in
Fig. 16 the fit from the cubic polynomial with the param-
eters:

0.14,
534%x 1073,

by =0.23,
d,=720x107. (18)

as

3

We do not show the fits from the two models LPE-SG
and Gaussian-like which are not good and which lead to
unrealistic values of the fitted parameters.

One can notice that the fit from the 2 models are less
good here than in the absolute case shown in Fig.16.

5. After the 2nd Peak of 12/08/2020

After the peak, one can see that the total number of
infected persons increase linearly as :

Ni = 6463 +71.9x, (19)

which corresponds to an increase of about 72 infected
persons / day, while the ratio R;/r decreases slightly as:

Ry =31.69 —0.05x (20)

corresponding to - 0.05% infected person per day. It in-
dicates that the cumulative number of infected persons
decreases slowly when the cumulative number of tests
increases which is a clear signal that the pandemic is de-
creasing.

6. Fit of the 2nd phase from 07/05/2020 to 28/08/2020

Here, we redo the analysis but for a global fit of the
2nd phase. The fitted parameters are :

o Absolute cumulative number of infected persons

The analysis is shown in Fig. 17.
— Cubic olynomial:

ay = 181271, by = —188.36,,
c; = 5026, dy = 002, @1

~ LPE-SG Model :
a,=196x107, b, =655, ¢, =19.19. (22)

— Gaussian-like Model :

ag =14551.94, by =109.22, «¢,=-29.18. (23)
The polynomial fit shows a maximum around 150 days.
The LPE-SG Model indicates a peak around : b X ¢ =~
126 days, while the Gaussian is centered at 109 days.

These predictions are compatible each others.

e Cumulative ratio R;/T

The results from different models are shown in Fig.17
which correspond to the parameters :

— Cubic Polynomial [1]:
az = 699, bz = -0.33,
c; = 0012, d; =6.84x 107, (24)

— LPE-SG Model [2]:

a; =0.136; by =1.207; c¢,=366.75, (25)



— Gaussian-like model [4]:

ag =2731; b, =106.82; c,=46.01. (26)
One can deduce from the analysis that the cubic poly-
nomial fit and the Gaussian-like model indicate a peak
around (105-107) days i.e on (3—7) th of July, while the
values of the LPE-SG fitted parameters are not conclu-
sive when analyzing the ratio R} T

However, if we start the analysis from 15th June (ori-
gin of the x-axis), we obtain a much better fit (see Fig.18)
with reasonnable values of the fitted parameters :

— Cubic Polynomial [1]:

az = 699, b3=-0.33,
cz = 0012, ds = 6.84%x 107 . 27)
— LPE-SG Model [2]:
a;=0.71; by=1.11; c¢,=6331, (28)

— Gaussian-like model [4]:

a,=2772; by=06508; c,=3752. (29)
The three appraoches predict a peak around the (65-70)th

day i.e around (19-24)th august 2020.

7. The reproduction numbers R.g of the 1st phase

We analyze these quantities using the definition pro-
posed in [9] based on a SIR model [10], where the dis-
crete instantaneous reproduction number is:

I;

Ri=—"—.
L Xjwili

(30)

I; is the number of infected persons at a time #; which fol-
lows a Poisson distribution; w; is the measures of infec-
tiousness with the properties : 0 <w; < 1 and >, w; = 1.

e Lower bound on the initial reproduction number R

We attempt to provide a lower bound on Rj by using
the data reported on the first four days from 19/03/20
to 22/03/2020 where the daily infections are respectively
3,0,0 and 9. Using these data and the properties of w;,
one can deduce :

Iy

R zR =
0 4 W0[4+11W3

3
> = 31
>3 31
The bound is rather weak but may reflect the epidemic
(not yet a pandemic) nature of the disease. It may be
also useful to improve the accuracy of predictions of Ry
from some other models.

o Value of Ry

Considering that the result from the 1st week is statis-
tically poor, one can deduce from Fig. 1 the rough esti-
mate from the beginning of the 2nd week :

Ry ~ R7 =~ (0.96 + 0.44) (32)

o The effective reproduction number Reg
Using the previous SIR-like model, we attempt to ex-
tract the instantaneous / effective reproduction number
R.g for an interval period of about one week. We show
the results in Fig.1. The large error bars take into account
the low and high values of the predictions obtained in [7].
In the dashed region, we show the tentative weighted av-
erage :
(Regr) ~ 1.06 £ 0.18 , (33)

where its relatively low value may indicate that this first
phase is still an epidemic but not yet a pandemic period.

8. R from the LPE-SG model

o The three phases

We have noticed in the previous analysis that the LPE-
SG model fitted parameters are very sensitive to the start-
ing / ending points of the data. The reason is that the
model is asymmetric contrary to the gaussian-like model
and the cubic polynomial. Therefore, for better exploit-
ing this model, it is more convenient to divide the total
period of the pandemic into 3 phases (see Fig.2):

— The 1st phase for the first 2 months until 2nd May
(epidemic).

— The phase between 2nd May to 15th June (back-
ground), which is below the pandemic threshold where
the data fluctuate eventually showing the beginning of
the pandemic. It can be considered as a continuation of
the 1st phase.

— The 2nd phase beyond 15th June (real pandemic).

We show in Fig.3 the predictions of the LPE-SG
model corresponding to the parameters :

049, 7=24days, B=0.10days™",

n =
A = 220days™, a=021days", (34)
which give :
Ry~20. (35)

® Ry of the Ist phase

The position of the peak around 12 days is consistent
with the one obtained in Fig. 15 by a direct fitting of the
data from which one can deduce a more precise value of
Ry than in the previous Eq. 35 :

Ry =1.15+0.65. (36)

This value is comparable with the one from SIR-like
model in Eq. 32.



® Req of the Ist phase

We study in Fig. 4 the behaviour of R.q using the daily
ratio of corrected data.

® Ry of the 2nd phase

We redo the analysis but for the 2nd phase from 15th
June. Using the corrected daily tests, we show in Fig.5
the predictions of the LPE-SG model corresponding to
the parameters :

n = 229, t=1384days, S =0.075days™!

A = 0.17days™, a=0.15days™", 37
which give :

Ry~20, (38)

and a peak around 34 days from 15th June i.e 121 days
in total (19th July). However, the peak is obtained ear-
lier than in Fig. 18 from a direct fit of the data and using
different models.

® Req of the 2nd phase

— To estimate R.g, we use its definition according to
the SIR model and obtain the following useful expres-
sion:

dR
ith: — =8I, 39
with: == =p (39)

where £ is the recovering rate which is the inverse of the
recovering time symbolized with 7¢. This S-parameter
has to be determined, either from published results or by
fit using the LPE-SG model via the 7z parameter. How-
ever, apart of its stochastic behavior, 3 is likely a function
of time for a particular country.

— Starting with a well adjusted value 8 = 0.075 days~!,
we show in Fig. 6a) the raw data of daily infected I(¢)
persons (red open connected circles) and the one of cured
/ recoverded (green open connected circles) as function
of time. The same data are shown in Fig. 6b) but after a
low pass filter obtained using Matlab alogrithm which is
expected to reduce the statistical (stochastic) variations
of the data. The full blue connected circles show the
prediction of R.s using Eq. 39. It is important to observe
that the data of R(f) the green one after the 40th day
diverges from the expected one based on the theory of
SIR. This underestimated values can be explained either
due to the way of counting the recovered (cured) people,
or the rate 8 is a function of time and has been changed
(decreased) suddenly for unknown reasons, leading to a
serious discrepancy from the basic SIR model.

— We show in Fig.7 the predicted values of R.g as
function of the number of days using the daily infected
data (open red circles) given in Fig.6. One can no-
tice like in the previous sections that the analysis from
the LPE-SG models are quite sensitive to the starting
and ending points where the results are very inaccurate.

Around (35-45) days, the values of R.; pass below one
and reach a minimum around the 60th day. However,
the increases above the 60th day which can be due to
the non-monotonic decrease of the data beyond this date
(Fig. 6) deserves more attention.

9. Comparison of R.g from different models

e The first phase

— We compare the results of R.g with the ones from
Imperial College[11] shown in Fig.8. One can no-
tice a good agreement of the SIR-like model predictions
in Fig. 1 (2nd column) within the errors with the ones
from [11] (3rd column):

starting point (0.96 £0.44); (1.25+0.25),
maximum 3.83+1.1); (2.3+0.3),
ending point (2.85+0.80); (1.6+0.4).(40)

— One can also see a good agreement of the Ry value
from the SIR-like model in Eq. 32 with the one from the
the LPE-SG model in Egs. 35 and 36.

e The second phase

— For the 2nd phase shown in Fig. 7 from the LPE-SG
model, one can notice a good agreement with the ones
from Imperial College in Fig.8[11]. We deduce from
Fig.7:

Ry =22+0.6, 41)

for the 2nd phase.

— We consider the case of Greece and Switzerland as
these countries has relatively few numbers of population
(~ 10.42 billion for Greece and 8.57 billion for Swizer-
land) which may be comparable with the one of Mada-
gascar (~ 27.69 billion). We show the value of R.g ob-
tained using the same LPE-SG model in Fig. 9 where one
can notice that the value of R.g as a function of time are
lower in Madagascar than that in Greece (GR) at the first
outbreak of Covid-19:

R§®~29 and R§"=%36. (42)
— We show in Fig. 10 the results for R.g for different
African countries including Madagascar from Imperial
College studies where one can notice that the prediction :

R =12, (43)

agrees with our tentative average (Re.g) =~ (1.06 + 0.18)
of the first phase in Eq.33 from a SIR-like model but
smaller than the one from the LPE-SG model of about 2.
This difference indicates the difficulty of each model to
provide an accurate prediction, a point discussed in [8].



10. Absolute Number of Deaths until 12/09/20

The data on the absolute # of deaths are shown in
Fig. 11. A cubic polynomial fit which smears the data
is also shown. The parameters fit are :

442.18, by =-13.25,
0.12, d3 =2.93x107*. (44)

as

3

One can notice that the (officially declared) absolute cu-
mulative number of deaths are hopefully small. How-
ever, the unofficial observation of the population does not
support this small number and needs more clarifications.

11. Per cent Number of Cured Persons until 12/09/20

We show in Fig. 12 the per cent cumulative number of
cured persons relative to the one of the infected persons.
Looking at the behaviour of the number of cured persons
which reflects the performance of the medical cares, one
can notice that :

e On the first 48th day, the medical care performance
was quite good due mainly to the few numbers of in-
fected persons.

e On the 48th day when the new pandemic phase has
started and where the number of infected persons has
jumped, the medical care performance has decreased un-
til the 80th day. It has indicated the limitation of the
hospital equipment and the way to face the pandemics.
Notice that the miraculous Covid-organics (CVO) treat-
ment using artemisia leaves mixed with some other tra-
ditional plants (white eucalyptus and ravintsara leaves)
to cure the pandemic has been officially announced with
great fanfare by the Republic President on 29th april was
not helpful and inefficient.

e From the 80th day (8th June), the care performance
started to increase and becomes excellent after the 150th
day just beyond the peak for infected persons around the
110 days (8th July). Many possible effects may have con-
tributed to this success such as the:

— Uses of the Prof. Didier Raoult protocol based on
hydroxychloroquine and azythromycine.

— More strict sanitary measures (respect of social dis-
tancing, masks,...) including confinement.

— Obtention of more medical equipment thanks to the
call of the former health minister,...

— Relative decrease of the number of infected persons
when approaching the peak.

12. Summary and conclusions

‘We have scrutinized the spread of COVID-19 in Mada-
gascar from its beginning to the present day (12th
September 2020) where the work has been finalized. We
summarize our analysis below :

e We have introduced the ratio R; T which is the ratio

of cumulative number of infected persons over the total
number of tests and the analogue daily ratio Rf/T in or-
der to avoid the dependence of the results on the number
of tests, as the existing analysis based on the absolute
numbers of the infected persons is often criticized on its
dependence on the number of tests. However, a compari-
son of the results from the absolute numbers with the one
from the ratio (hopefully and surprisingly) shows that the
results are (almost) independent on the number of tests.

e We have also shown that the COVID-19 in Mada-
gascar can be split into three phases : the small phase
until 43th days called epidemic where the peak is reached
around the (15-28)th day, the transition background
phase from 7th May to 15th June and the large phase (real
pandemic) beyond 15th June where the peak is reached
around the end of august 2020. We have noticed that the
gaussian-like and the polynomial fit is not sensitive to the
background effect while the LPE-SG does at the starting
and ending points of the analysis.

e We have performed our analysis using three inde-
pendent approaches : a simple cubic polynomial fit, a
semi-Gaussian and Gaussian-like models. All aproaches
give (almost) consistent predictions of the peak for the
absolute cumulative number of infected persons, while
for the LPE-SG model to give realistic predictions for
the ratio R;/r, the analysis should be done in the large
second phase (3rd period).

e We have used a SIR-like and the LPE-SG models to
predict the reproduction numbers R.ss where we found
that the results present large uncertainties both for the
small first and large second phases. The difficulty to
reach accurate predictions for different models have been
discussed in [8]. However, we found that the value of R,
is relatively low explaining the small number of the in-
fected persons.

e As the pandemic is approaching the ending phase,
we do not expect that the results obtained in this paper
until 12th september will be affected by the new results
not included in the analysis. We expect that the evolution
of the cumulative number of infected persons will follow
the straightline predicted in Fig. 16.

e The official low number of declared deaths is ques-
tionable because it looks to be unrealistic compared to
the relative anomalous increase of the observed death
number during this pandemic period.

o Our analysis on the evolution of the number of per
cent of cured persons shows that the medical care is rel-
atively robust despite the few equipments at disposal.
Some factors as the eventual origin of this success have
been enumerated previously. However, despite this suc-
cess, the social and economical conditions of the popu-
lation induced by ths pandemic are enormous. The often
raised “big question” without any clear and convincing



answer from the government is the opaque management
of the international donated funds dedicated to save the
present social and economical situations caused by this
pandemic.

e One can finally noticed that during the completion
of this work, a new cluster of the pandemic has been de-
tected in the north of Madagascar especially in the small
tourstic island of Nosy-Be which may have been induced
after the international opening of the airport for tourists.
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Figure 3: Data and analysis of : a) cumulative ratio R;/T defined in

Eq. 13 b) daily ratio R{ ;. defined in Eq.2.
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Figure 5: Fit of the data in Fig.13 from 50 days to 130 days: a) absolute
cumulative # of infected, b) cumulative # of infected over cumulative #
of tests. Same legends as in Fig. 13. The open yellow circles at the end
of the curve are new data not used in the fit. The origin of the axis is
taken at the 50th day. The continuous oliva line is the fit from a cubic
polynomial. The dashed blue curve is the one from a Gaussian-like
model. The dot-dashed red curve is the fir from the LPE-SG model.
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Figure 6: Fit of the data in Fig.13 from 87th day (15th June) : same
legends as in Fig. 13. The origin of the axis is taken at the 87th day.
The continuous oliva line is the fit from a cubic polynomial. The dashed
blue curve is the one from a Gaussian-like model. The dot-dashed red
curve is the fit from the LPE-SG model.
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Figure 7: Weekly behaviour of the reproduction number R of infected
persons until 17th May. The dashed region is a tentative weighted av-

erage.
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Figure 8: Different phases of Covid-19 in Madagascar for the daily
number of infected persons.
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Figure 9: Fit of the daily a) and cumulated b) reported data for infected
persons using LPE-SG model for the 1st phase from 19th March until

2nd May.
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Figure 10: Ref of the first phase using LPE-SG model from 29th March b)
to 7th May. The green curve is the moving average of Reg every 13
days.

—&— Daily infected
Daily recovered

—#— SIR-based daily recovered

250

a)

DAILY INFECTED OR RECOVERED/TESTx100

80 —&— Raw data
Fitted model LPE-SG

o 70
(=1
- 10 20 30 40 50 60 70 80
60 # OF DAYS SINCE 15/6/2020
w
w
5 s0 Figure 12: The daily reported raw data a) and the smoothed ones by
E © using digital filter b), included the SIR-based daily recovered, from
; 15th June to 12th September.
= 30
z
E 2

0 20 40 60 80 100 120
# OF DAYS SINCE 15/6/2020

6 T T T T T T T T

—o— Effective reproductive number R ,,

3500 — — — Threshold level Re[0)=RQ=1

13-Day Moving Average of R,

3000

2500

2000

1500

CUMULATIVE INFECTED

1000

500

0 20 40 60 80 100 120 # OF DAYS SINCE 15/6/2020

# OF DAYS SINCE 15/6/2020

Figure 13: Reg of the second phase using LPE-SG model from 15th
Figure 11: Fit of the daily a) and cumulated b) reported data for in- June to 12th September. The green curve is the moving average of R.¢
fected persons using LPE-SG model from 15th June to 12th September. every 13 days.
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Figure 15: Reg of the first outbreak using the LPE-SG model from
25th February for : a) Greece ; b) Switzerland. The green curve is the
moving average of R every 13 days.
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Figure 16: R.g from recent analysis of different African countries from
Imperial College studies.
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Figure 17: Daily behaviour of the cumulative number of deaths until

12th September. The oliva curve is a smearing of the data with a cubic
polynomial.
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Figure 18: Daily behaviour of the per cent cumulative number of cured
persons until 12th September.



