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Abstract

This work discusses the challenge posed by the simultaneous occurrence of malaria and
COVID-19 coinfection on global health systems. We propose a novel fractional order math-
ematical model malaria and COVID-19 coinfection. To assess the impact of control strate-
gies on both diseases, we consider two control strategies which are, personal protection
against mosquito bites (#,(¢)) and preventive measures for COVID-19 (u,(¢)). Numerical
simulations demonstrate that consistent application of these measures leads to significant
reductions in disease transmission. Using insecticide-treated nets and repellents during day
and night effectively reduces malaria transmission, while implementing facial masks and
hand hygiene controls COVID-19 spread. The most substantial impact is observed when
both sets of protection measures are simultaneously adopted, highlighting the importance
of integrated strategies. The study provides valuable insights into malaria and COVID-19
coinfection dynamics and emphasizes the impact of the control measures. of individual
behavior and consistent adoption of personal protection measures to control both diseases.
It underscores the need for integrated public health interventions to combat the dual burden
of malaria and COVID-19, contributing to the development of targeted and efficient con-
trol measures.
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A. 1. Abioye et al.

1 Introduction

In the realm of global health, infectious diseases continue to pose significant challenges
to public health systems. Two such diseases, malaria and COVID-19, have garnered
worldwide attention due to their widespread prevalence and impact on human pop-
ulations. Malaria, caused by Plasmodium parasites and transmitted through infected
mosquito bites, has been a longstanding burden on several regions, primarily in sub-
Saharan Africa, while COVID-19, caused by the novel coronavirus SARS-CoV-2,
emerged as a global pandemic in 2019, affecting millions of people worldwide (Bwire
et al. 2020). Although these diseases have distinct transmission routes and etiological
agents, they share commonalities in their effects on human health and the potential for
coinfection in susceptible individuals (Wesolowski et al. 2020; Wang et al. 2020).

Malaria and COVID-19 co-infection present an additional layer of complexity for health-
care systems, as it involves the simultaneous occurrence of both diseases in a single individual.
Understanding the interplay between these two infections is crucial for implementing effective
control strategies that address the challenges posed by their coexistence. Mathematical modelling
has proven to be an invaluable tool in studying infectious diseases and evaluating the impact of
various interventions on their spread and control. By developing a fractional order mathematical
model that incorporates both malaria and COVID-19 dynamics, researchers can gain insights
into the combined effects of control strategies, leading to more targeted and efficient public
health measures (Chanda-Kapata et al. 2020).

Fractional order differential equations offer a more accurate representation of complex
systems compared to traditional integer-order models. These equations allow for the inclu-
sion of non-integer derivatives, capturing more intricate dynamics and offering a deeper
understanding of the interactions between different disease components (Addai et al. 2023;
Peter et al. 2022a, b, 2021; Zhu et al. 2022; Momani et al. 2020a, b; Maayah et al. 2022a,
b). By utilizing a fractional order approach, researchers can analyze the intricate relation-
ships between malaria and COVID-19 infections, considering various epidemiological
parameters, immunity factors, and intervention measures.

The simultaneous occurrence of COVID-19 and malaria coinfection poses a significant chal-
lenge to global health systems, particularly in regions where both diseases are endemic. Math-
ematical modeling has emerged as a powerful tool for understanding the dynamics of infectious
diseases and predicting the impact of various control strategies. In this literature review, we
explore previous studies that have focused on developing mathematical models to investigate the
coinfection dynamics of COVID-19 and malaria. By synthesizing the findings of these studies,
we aim to identify key insights and potential areas for further research in the field of co-infec-
tions. To better understand the dynamics of co-infection of malaria and COVID-19 and other
co-infection models, some studies have been developed (Tchoumi et al. 2021; Mekonen et al.
2022; Ojo et al. 2022; Avusuglo et al. 2022; Omame et al. 2021; Ojo and Goufo 2023). In this
study, we build upon the model developed by Abioye et al. (2023) and enhance it by incorporat-
ing novel control strategies for both diseases. To the best of our knowledge, this work is unique
as it considers the use of personal protection measures to prevent mosquito bites throughout the
day and night. These measures include employing insecticide-treated nets, applying repellents to
the skin, or using insecticide sprays. Additionally, we explore preventive practices such as physi-
cal distancing, maintaining good hand hygiene, and avoiding large gatherings. The incorpora-
tion of these control strategies is achieved through the application of a fractional optimal control
approach. We aim to explore the impact of control strategies on the co-occurrence of malaria
and COVID-19 using a novel fractional order mathematical model. Through this approach, we
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hope to provide valuable insights into the efficacy of different public health interventions, such
as vaccination campaigns, vector control, social distancing measures, and antimalarial drug dis-
tribution, on mitigating the burden of coinfection. Furthermore, the findings of this study can
aid policymakers in devising integrated health strategies that address both diseases simultane-
ously, ensuring efficient allocation of resources and efforts to combat these health challenges.
The remaining sections of the paper are organized as follows: Section two provides an overview
of the study’s preliminaries. In section three, the model formulation is discussed. The optimal
control analysis is presented in section four, and section five covers the numerical simulations
and discussion of results. Finally, in section six, the conclusions of the study are provided.

2 Preliminaries
In this section, let us recall some of the basic concepts such as definitions, theorems and
other properties related fractional calculus that will be needed in our study.

Definition 1 (Atangana and Baleanu 2016) Let w € H'(a,b), a < b, a € [0, 1], therefore,
the Atangana—Baleanu—Caputo (ABC) fractional derivative of w with order « is given by

L(a) / HE, [_a(t -
l-a /, l-—a

ABCDE (1)) =

]dy 1)

where 2(a) is positive and is a normalization function fulfilling (0) = (1) = land E  is
the Mittag-Leffler function.

Definition 2 (Atangana and Baleanu 2016) Let w € H'(a, b), a < b, a € [0, 1], therefore, the
Atangana—Baleanu Riemann—Liouville (ABR) fractional derivative of @ with order a is given by

Q t Y
Do) = 124 [ a, [—a(tl 2 ]dy @

Definition 3 (Atangana and Baleanu 2016) Let w € H'(a, b), a < b, a € [0, 1], therefore, the
Atangana—Baleanu—Caputo (ABC) fractional Integral of a function ew(¢) of order a is given by
_1-a a

' _ el
S w(t)+2(a)r(a)l (o)t —06)* do 3)

ABC T2 ()]

Definition 4 (Atangana and Baleanu 2016) The Laplace transform of Definitions 1 and 2
respectively can be written as

a _ pna—l1
L {z(‘)XBCfD;l [CO([)] }(p) — f(_ai p ’C{w(t) } (p) )4 CO(O)

; @
P l-a
“L
L D001 ) = —eo PO (5)
- pot + 1_
—-a

where L is the Laplace transform operator.
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A. 1. Abioye et al.

Lemma 1 (Atangana and Baleanu 2016) Let w € H'(a,b), a < b,a € [0,1], then the fol-
lowing inequality on [a, b] is satisfied.

T (Do) = o(n) — () (6)

Theorem 2.1 (Atangana and Baleanu 2016) The following inequality holds on a closed
interval [a, b] if w be a continous function on|a, b]

D01 < oy 0

where
lo()Il = max loo(y )

Theorem 2.2 (Atangana and Baleanu 2016) The ABC and ABR fractional derivatives sat-
isfy Lipschitz condition respectively as follows:

62Dy [o(0)] =% Dy [g@)] Il < Hlloo(®) = g0 ®)

I4ZR D2 [eo(n)] =15F D [g0)] Il < Hllox(®) — g0l ©)

Therefore, according to the Definition 3, the unique solution of the differential equation
with fractional order a can be written as

ABED (1)) = (1)

n n

Fig. 1 Flow chart and the fractional Optimal control of Malaria-COVID-19 co-infection model
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which means

_ l—«a a ! _ a-l
o(r) = W) q(0) + ﬁ(a)F(a)_/a q(o)t —0)*"do (10)

3 Model formulation

In this section, we extend the model proposed by Abioye et al. (2023) by introducing
two control strategies, u;(f) and u,(f). u,(¢) represents the use of personal protection
measures to prevent mosquitoes bites during the day and the night such as the use of
insecticide-treated nets, application of repellents to skin or spraying of insecticides at a
time ¢, u,(f) represents practising physical distancing, maintaining good hand hygiene,
and avoiding large gatherings. The specific formulation of the model is provided in the
referenced study. As a result, the optimized control model for COVID-19, consider-
ing these two time-dependent control variables, is governed by a set of ordinary dif-
ferential equations given in equation (11), and a visual representation of the model is
depicted in Fig. 1.

ABEDES, = Ay = (1 — u)p. + (1 — uy)B,, + w)S, + vR,
ABCDYE, = (1 — uy)B,S;, — (1 = u))B,, + o, + WE,
2BCD;’Em =p,5,— (1 —uy)p, +o0, +nE,
ABCDYE,. =(1 = u)B,E. + (1 — u))p.E,, = (6 + WE,,.
ABCD. =6.E. — (A.+ 7, (1 —u)B, + 6.+ W,
APCD,, =06,E, = (Ay + 12(1 = 1), + 8, + W,
QBCD;IImc =0pcEme + O1lepm + Golnpe — (@ + 6 + 1, (1)
Z‘BCD:' cem =N (L= u)B,1. — (@ + 1 gy,
ABCD e =1o(1 = up)B 1, — (b3 + W5,
ABCDIR, = A + Al + ad,. — 0+ WR,
ABCDrS, =A, —(1—u)B, S, —nS,
ABCDE, =(1—u)B,S, -0, E, —nE,
ABCpey, =6 E, —nl,
where B, = a,(1 — €U, + L. + LBy =a,b(1, + Ly +1p); B = a,bl 3717, >0
and where A5¢D¢ shows fractional derivative in ABC sense with initial conditions

Sh(o) = ShO’Ec(O) = ECO’Em(O) = EmO’EmC(O) = Ech’
IC(O) = ICO’Im(O) = mO’Imc(O) = Ich’IcEm(O) = IcEmO’
Ly (0) = Lygeo, Ry(0) = Ry, S, (0) = S

E,(0)=E,,I,0)=1I,,

(12)

The autonomous version of model (11) with the initial conditions (12) have been published
in Tchoumi et al. (2021) and the following steps were carried out
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i Existence and Uniqueness of Atangana—Baleanu—Caputo (ABC) with time fractional
order COVID-19 and Malaria co-infection model solution.

ii  Non-negativity of the solution for Malaria-only, COVID-19-only and their co-infection.

iii Existences of the Malaria-only-free, COVID-19-only-free and Malaria-COVID-19-free
equilibria.

iv  Basic reproduction numbers of malaria-only, COVID-19-only and their co-infection models.

v Existences of the endemic equilibria for malaria-only, COVID-19-only and their co-
infection.

vi Global Stabilities of Malaria-only-free, COVID-19-only-free and Malaria-COVID-19-
free equilibria.

vii Global Stabilities of endemic equilibria for Malaria-only and COVID-19-only and their
co-infection.

viii Numerical solution of the fractional order of Malaria and COVID-19 model.

4 Fractional optimal control analysis (FOCA)

Optimal control has been a powerful tool used in Mathematical biology to minimise or reduce
the number of infected malaria and COVID-19 humans in the population. Therefore, we pro-
pose a fractional order model of Malaria and COVID-19 co-infection to minimize the number
of exposed humans to COVID-19, Malaria and Malaria-COVID-19. Also, to minimize infected
humans to COVID-19, Malaria and Malaria-COVID-19 as well as minimizing total population
of mosquitoes. We consider two control strategies and these are: u, (¢) and u,(7)

To achieve this from model (11), the following steps must be adhered: To

i describe of fractional optimal control.

ii  show the existence of fractional optimal control.

iii show the uniqueness of fractional optimal control.

iv  solve the fractional optimal control numerically.

v show the effects of control variables graphically on the model.

4.1 Description of fractional optimal control

The objective function of the fractional optimal control model developed in model (11) can
be defined as

Y
J= / (Xl(Im L) + X, + L) + X + XN, + 1Y) + %Yﬂ%(t))dt,
0

2

13)
where X, X,,X;,X,,Y,, and Y, be positive weight constants representing the infected
human population with malaria, infected human population with COVID-19, co-infected
human population with both malaria and COVID-19, total mosquito population, personal
protection measures to prevent mosquito bites, and personal protection measures to prevent
oneself against Coronavirus, respectively. Additionally, Y, 1ulz(t) and Y2u§(t) are the quadratic
costs associated with preventing mosquito-human (vector-host) contacts and coronavirus
contacts, respectively.. We considered the objective function and quadratic cost according
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to Peter et al. (2021); Tchoumi et al. (2021); Atangana and Baleanu (2016); Okuonghae
and Omame (2020); Orwa et al. (2022); Abioye et al. (2018). Our purpose is to see the
effect or impart of control strategies incorporated on the fractional model developed earlier
in Peter et al. (2021) by finding control variables u,(#) and u,(¢) by using the optimal con-
trol u}(#) and u3(#) such that

Ty uy) = min{(uy, uy)  up,uy € ¢} (14)

where ¢ = {u; : 0 < u;(r) < 1, Lebesque measureable ¢ = [0, 7] for i = 1,2} is the control
set.

4.2 Existence of fractional optimal control (EFOC)

The fractional optimal control model developed can only exist if all necessary conditions
satisfying the Pontryagin’s maximum principle (PMP) (Boltyanskiy et al. 1962). It is
important that we consider Eqs. (13) and (14) in fractional order and applied PMP to con-
vert Egs. (11), (14) and (14) into a problem of minimizing point-wise Lagrangian. For con-
venience, we write “S,,E, ,E_E, I, .1..1,.1 1 R,.S,.E, .1, as“S,,E,,....1”

m> mc> “m> ¢ “mes FcEm> “mEc> vty

and “S,’;,E:‘n,Ej,En*w,I;,IC*,I;C, I:Em,I;EC,RZ,S*V,E’;,Ii” as “SZ,E;;, ..., I, Therefore,
we have

I
J(ul,uz):/ n(Sh,Em,...,Iv,ul,uz,t)dt (15)
0

subject to the constraints
PRCATEL (16)
where
& =E(SpEpn i1y Uy Uy, 1)
and
v = (Sh,Em, ,Iv,ul,uz,t)

for i=1,2,3,...,13 and j=1,2,3,...,13 respectively, and satisfying the conditions

v1(0) = S50, w2 (0) = E,, w3(0) = E gy, w13(0) = 1.
According to Abioye et al. (2020) and Sweilam et al. (2020), we consider a modified
cost functional

~ # 13
j:/ (H(Sp By oo Ty sttt ) 4 Y A (S Epo oo 1 sty 1) Yt (17)
0 y

i=1
Therefore, the Hamiltonian (H) can be defined as
H(Sp By Iy sty g, Aist) =0(Sy Eppr oo 1y sty 1y, Ay 1)

= 18
+ ) (S Bty 1, A1) (15
i=1
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A. 1. Abioye et al.

Hence, the existence of fractional optimal control (11) can be stated using the theorem
below (Abioye et al. 2020) and Sweilam et al. (2020),

Theorem 4.1 An  optimal control u; €¢ for =12 exists such that
Ty, uz) = min{(uy, uy) : uy,uy € ¢} subject to the fractional control model (11) with ini-
tial conditions att = 0.

Proof The state and control variables of the model (11) are non-negative values and control
set ¢ is closed and convex. So the integrand of Eq. (13) that is, the objective function of the
model which was stated in model (11) is a convex function of (1, u,) on the control set ¢.
Therefore, if the state solutions are bound then the Lipschits property of that state model
with respect to the state variables is satisfied. It is obvious that there exists non-negative
numbers Y, Y, and a constant ¢ > 1 such that

4
2

Ty, uy) = X ([ 2 [y )2 = X, (19)

|

Finally, the existence of the fractional optimal control (11) showed that the state vari-
ables are bounded.

4.3 Uniqueness of fractional optimal control (UFOC)

The necessary conditions for the factional optimal control can be satisfied if we con-
sider Pontryagin’s Maximum Principle. Based on this fact that the objective function in
Eq. (13) derived from the model (11) which showed the existence of fractional control
can be described as follows:

OH (1. ;. )

ABC 1y — j = ; i=
e v A (20
where y; = (Sh,Em,..-JV,Mp”z’t)’
0H(t,l//,-,u,-,/1,-) . .
0=——"~}"> "7 j=12,3,...,13; i=1,2 21
ou;
and
. OH(t, y;, u;, 4;) ) .
Dpw) = ———r = 123013 =12 (22)
'

In view of this, it is important that Lagrange multipliers satisfies the transversality
conditions

Aj(tf)=07 ]= 1,2,3,,13 (23)

From Eq. (20), we have,
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OH(t, wj, u;, 4))

ABCD"(A)_ ,  j=1,2,3,...,13; i=12
W;
and Eq. (22), that is,
OH(t, y;, u;, A;)
ABCDC(( ) #, j:1,2,3,...,13; l:1,2
4
we obtain
ABC o H
Dy(4) =— as,, =0 —upf (A — A3) + (1 —up)B.(A — Ay) + ui,
ABC o aH
D (/12) = f =1 =u)p,(A, —A) +0.(A, — As) + ui,
. O0H
ABCD r(A3) = E = (1 = up)f.(A3 — Ay) +6,,(A3 — Ag) + plg
m
" oH
ABCD ('14) =TE " Ope(Ay = A7) + pdy
” oH
DL (25) =~ ST a. (1 —uy))(1 — ed)((44
= )8, + (A3 — LE,) + 11 8,,(1 —up)(4s — Ag)
+ A (As = A1) + (6, + 1)
D2 z)H
j‘BC (/16) = =7, (1 —uy))(Ag — Ag) + A,,(Ag — A1g) + (1 —upa, b(A;; — Ap)
+ (5m + ﬂ))'() -
. aH
ABCD Dy(Ay) = =a.(1 —uy)(1 — ed)
((,11 = )8y + (A3 = AE,) + 7,(1 — uy)(Ag — AL,
+a,b(1 —u)(A — 428, +a.(45 = A1)+ (6, + WA, —
WD (Ag) = _ o a,(1 —u,)(1 —€9)
aIcEm
(A4 = A)S), + (A3 = AE,, + 7,(46 — A9)1,,)
+ ¢ (g — A) + uig — X,
oH
ABCD“(/lg)— —— =y (hg = A +a, b1 —u)(Ay — Ap) + 1
almEc
D oH
?BC (/110) 0_Rh =0(A1g — A + iy
” 0
ABCD ()»11)_ =p, (I —u)(Ayy — Ap) + 04y —
” aH
ABCD (112) T3E. v (A1 = A3) + 14 —
” oH
ABCD (113) T =a,b(1 —uy)((4; — 43)S,

+ (A — AE, + (As — A)) + ndi3 — X,
24)
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Theorem 4.2 (Abioye et al. 2020) and Sweilam et al. (2020), If we consider S?, E:‘n, ,I*V

to be optimal state solutions as well as optimal control variables u} and u3 for the frac-

tional optimal control model (11) and its objective function in Eq. (13), then 3 adjoint vari-
ables 4;, j=1,2,3,...,13 which satisfy the adjoint Eq. (24) given in the Appendix, the
transversality conditions

Ai(tp) =0, j=1,2,3,...,13 (25)
and the optimality conditions

HS} oo Ty, 4) = | min_ H(S}Eyy o T3, ) 26)

0<uy,u, <

for j=1,2,3,...,13. Furthermore,

. B,

u’l‘ =max{ 0,min<{ 1, —
Y,

. B,

”; =max{ 0,min<{ 1, —
Y,

where B, = f,S,(A3 — A) + B E.(Ay — X)) + 48,1 (Ag — As) + B, S, (A, — Ayy) and
B, = B.5,(Ay — 4) + B.E,(Ay — A3) + L, 8.1,,(Ag — Ag)

27

Proof We obtain Eq. (24) from Egs. (20) and (22). Therefore, Hamiltonian defined in Eq.
(18) can now be written as

H =X, (I' + I’ ) + X, (I + 1y, ) + XI5+ X,N7 + %Yl HO)

1 L3 £3 % £3 * *
+ S V50 + 41 + ME] + BE, + LE, + AL+ AT, (28)
+ Ml AL+ Aol L+ ARy + A ST+ AREY, + AT,
The transversality conditions lj(tf) =0, j=1,2,3,...,13 are satisfied. From Eq.
(21), we obtain
0H .
. D BuSi(As = ) = BuEc(Ay = 45) = i Bl (Ag = 4s)
1
=B,Sy (A — A 29)
0H .
EPN =You, — B.S; (A — A)) + BE, (A4 — A3) + A B.1,, (A5 — Ag)
2

Therefore

* . B1
u; =maxq 0,min< 1, —
Y,

* : B2
uy =max § 0,min< 1, —
Y,

where B, =,5,(43 — )+ B,E.(Ay — )+ 4B, 1.(Ag — As)+ B, S, (A4, —4;) and
B, = B.5,(Ay = 4) + BE, (A — A3) + 1,01, (A5 — A6) O

(30)
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Fig.2 Numerical trajectory of Covid-19-Malaria co-infection transmission under ABC fractional operator

This shows that the uniqueness of the fractional optimal control of the model has been
established for small 7, due to prior boundedness of both state and adjoint variables. This is
achieved by using Lipschitz property of the ordinary differential equations.
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Fig. 3 Numerical trajectory of Covid-19-Malaria co-infection transmission under ABC fractional operator

5 Numerical results and discussion for Malaria and Covid-19
co-infection transmission model

This section of the study presents the fractional-order models numerical techniques to
understand the behavior of the solution trajectories better. We compute the model associated
with the ABC-fractional operator a € (0.1) using the fractional Adams-Bashforth technique
to gain insight into the solution trajectories. For this, use the following initial conditions:
S, = 10000;E,. = 1000;E,, = 1000;E,,. = 300;1,, = 320;/, = 600;[,,. = 240;1,,. = 180;

1.5, = 350;R;, = 400;S, = 800;E, = 270;1, = 210. We compare the effects of various frac-
tional order values with of a step size 0.2 throughout the time range [0,500] against the
parameter values listed in Table 1 on both human and non-human populations. Interest-
ingly, the behaviour of both population is affected by changing the order of the fractional
derivative, we observed distinct memory effects in each, as shown in Figs. 2 and 3. We
observed an increase in the number of susceptible individuals, that is Fig. 2a as the number
of recovered individuals Fig. 3c increased over time. This dynamics can be attributed to
the direct relationship between infectious and recovered individuals. Similarly, in Fig. 2c—g
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Fig. 4 Effects of varying values of #, on the dynamics of the Covid-19-Malaria co-infection at & = 0.95

exhibit direct relationship between exposed and infectious individuals to malaria, Covid-
19, and co-dynamics respectively. In biological perspective, these trajectories shows
that whenever the population is highly expose to the virus or disease, the probability of
getting infected is possibly high and vice versa. These graphs in Fig. 3d—f demonstrate
how dependence the system is on the history of the mosquitoes and how sensitive it is to
vary the fractional order a. Next, we investigate the impact of control strategies on the
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Fig.5 Effects of varying values of #, on the dynamics of the Covid-19-Malaria co-infection at @ = 0.95

transmission dynamics of our proposed model in both human and mosquitoes population.
The applied control interventions are described as follows:

Apply the use of personal protection measures to prevent mosquitoes bites during the
day and the night such as the use of insecticide-treated nets, application of repellents to
skin or spraying of insecticides at a time, that is u, (¢).

Apply the use of personal protection measures to protect oneself again corona virus such
as facial mask, hydro-alcoholic gel hand-washing with soap at a time, that is u,(?).
Apply combination of personal protection measures to prevent or protect oneself again
corona virus and mosquitoes bites at a time, that is u, (r) and u,(¢).

From strategy 1, which are Figs. 4 and 5 are used to optimize Malaria- Covid-19 co-
infection transmission dynamics while neglecting the personal protection measures to pro-
tect oneself again corona virus at a time, u,(f). We observed a decrease in the number of
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Fig.6 Effects of varying values of «, on the dynamics of the Covid-19-Malaria co-infection at a = 0.95
exposed and infection in both population and interestingly, a minimal decrease in co-infec-
tion transmission as presented in Fig. 5a and b.

Similarly, from strategy 2, which are Figs. 6 and 7 are used to optimize Malaria- Covid-

19 co-infection transmission dynamics while neglecting the personal protection measures
to prevent mosquitoes bites during the day and the night, u,(f). We observed a asymptotical
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Table 1 Details definition of variables and parameters

Parameter Value Source Parameter Value Source
A, 10000 Tchoumi et al. (2021) a, 0.4531 Tchoumi et al. (2021)
(59 x 365)
A, 10000 Tchoumi et al. (2021) a, 0.48 Tchoumi et al. (2021)
21

¢, 0.0833 Tchoumi et al. (2021) b, 0.4 Tchoumi et al. (2021)

[ 0.8333 Tchoumi et al. (2021) b 4.3 %033 Tchoumi et al. (2021)

[ 0.6 Tchoumi et al. (2021) 0, 0.00286 Tchoumi et al. (2021)

o, 0.1 Tchoumi et al. (2021) . 0.068 Tchoumi et al. (2021)

O e 0.333 Tchoumi et al. (2021) 6,,C 0.0383 Tchoumi et al. (2021)

Ae 0.3 Tchoumi et al. (2021) u 1 Tchoumi et al. (2021)
(59 x 365)

A 0.25 Tchoumi et al. (2021) n 1 Tchoumi et al. (2021)
21

v 0.025 Tchoumi et al. (2021) 7 [0-1] Tchoumi et al. (2021)

€ 0.5 Tchoumi et al. (2021) 9 0.5 Tchoumi et al. (2021)

a, 0.125 Tchoumi et al. (2021) 123 [0-1] Tchoumi et al. (2021)

a 0.5 assumed

decrease in the number of exposed and infection in human population and a very minimal
co-infection transmission. From Fig. 7d,e,f, which are mosquitoes population, we observed
no significant impact and this dynamics means that personal protection measures to protect
oneself again corona virus at a time, u,(#) has nothing to do with mosquitoes population.

Finally, from strategy 3, which are Figures of 8 and 9 are used to optimize Malaria-
Covid-19 co-infection transmission dynamics. We applied combination of personal
protection measures to prevent or protect oneself again corona virus and mosquitoes
bites at a time, that are u,(¢) and u,(¢). We observed a significant decrease in the num-
ber of exposed and infection in both population and interestingly, a high decrease in
co-infection transmission.

6 Conclusion

The impact of control strategies on malaria and COVID-19 coinfection through our
fractional order mathematical model yields promising results, providing critical insights
into the effectiveness of various intervention measures. The model incorporates three
key control strategies:u,(¢) represents the use of personal protection measures to pre-
vent mosquitoes bites during the day and the night such as the use of insecticide-treated
nets, application of repellents to skin or spraying of insecticides at a time ¢, u,(¢) repre-
sents practising physical distancing, maintaining good hand hygiene, and avoiding large
gatherings. Our numerical simulations demonstrate that the implementation of personal
protection measures targeting malaria, such as insecticide-treated nets, repellents, and
indoor residual spraying, significantly reduces the transmission rates of malaria-causing
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Fig.7 Effects of varying values of u, on the dynamics of the Covid-19-Malaria co-infection at a = 0.95

parasites. Additionally, the adoption of personal protection measures against COVID-
19, including the use of facial masks, hand hygiene with hydro-alcoholic gel or soap,
proves effective in controlling the spread of the coronavirus.

However, the most substantial impact on mitigating the burden of coinfection is
observed when individuals consistently apply a combination of personal protection
measures (u,(f) and u,(#)) to prevent both malaria and COVID-19. This integrated
approach demonstrates synergistic effects, leading to a more significant reduction in the
overall disease transmission rates.

Our findings underscore the importance of individual behaviors and public health
efforts in controlling the spread of both diseases. Adherence to personal protection meas-
ures, irrespective of the targeted pathogen, plays a crucial role in limiting transmission
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Fig.8 Effects of varying values of u; = u, on the dynamics of the Covid-19-Malaria co-infection at

a =0.95

and protecting vulnerable populations. Furthermore, the results emphasize the value of
comprehensive public health interventions that address both malaria and COVID-19
simultaneously.
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Fig.9 Effects of varying values of u; = u, on the dynamics of the Covid-19-Malaria co-infection at
a =095

The application of a fractional order mathematical model in this study provides a more
nuanced understanding of the coinfection dynamics. The incorporation of non-integer
derivatives allows for a more accurate representation of complex interactions and system
behaviors, enhancing the model’s predictive capacity.

In conclusion, the insights gained from our study contribute to the development of tar-
geted and efficient control strategies for the dual burden of malaria and COVID-19. By
promoting the consistent use of personal protection measures and integrated health inter-
ventions, public health authorities can make substantial progress in reducing the transmis-
sion and impact of both diseases. These findings highlight the significance of a multidis-
ciplinary approach in combating the coinfection of malaria and COVID-19, ultimately
improving global health outcomes and saving lives.
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