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A mathematical modeling and
optimal control analysis of the
effect of treatment-seeking
behaviors on the spread of
malaria
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‘Department of Mathematics, Debre Berhan University, Debre Berhan, Ethiopia, 2Department of
Mathematics, Jimma University, Jimma, Ethiopia

Malaria, an infectious disease transmitted by mosquitoes and caused by
the Plasmodium parasite, poses a significant global public health challenge,
especially in areas lacking modern medical infrastructure. Traditional medicine
often serves as either a primary or complementary treatment avenue. This
study introduces a novel deterministic model that considers the impact of
treatment seeking-behaviors on malaria transmission dynamics. Expanding
upon the existing model, we incorporate distinct groups: individuals seeking
treatment at health facilities and those self-treating with traditional remedies,
which lack clinical validation. The study employs mathematical techniques
for a comprehensive analysis of the model, including positivity, boundedness,
existence and uniqueness, equilibrium, reproduction number, sensitivity, optimal
control, and numerical simulations performed using MATLAB and the fourth-
order Runge-Kutta method. Furthermore, we explore three time-dependent
optimal control variables: antimalarial drug treatment, personal protective
measures like ITNs, and promoting awareness to discourage inappropriate
traditional medicine usage, all aimed at reducing disease transmission. Sensitivity
analysis helps identify key parameters affecting malaria dynamics. Notably,
increased utilization of health facilities for treatment significantly reduces the
basic reproduction number, highlighting the importance of effective healthcare
interventions. Numerical simulations underscore the vital role of treating infected
individuals at health facilities in malaria eradication efforts. Optimal control
analysis suggests that a combination of the three control strategies is most
effective in combating malaria. This provides insights for public health policies
to address the risk factors of using clinically not validated traditional medicine in
malaria-endemic areas.

KEYWORDS
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1 Introduction

Malaria remains a significant global public health challenge, particularly in endemic
regions [1]. According to the World Malaria Report (2023), the estimated number
of malaria cases worldwide reached 249 million in 2022, marking an increase of
16 million from the pre-pandemic level of 233 million in 2019 [2]. Malaria-related
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mortality has also remained high, with 608,000 deaths reported
in 2022. The disease burden is disproportionately concentrated
in the WHO African Region, accounting for approximately 94%
of global cases and 96% of malaria deaths. Malaria is caused by
Plasmodium parasites, which are transmitted to humans through
the bites of infected female Anopheles mosquitoes [2].! Of the
five Plasmodium species known to infect humans—Plasmodium
falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium
ovale, and Plasmodium knowlesi—P. falciparum and P. vivax are the
most virulent and contribute to the highest morbidity and mortality
rates [3].

The transmission dynamics of malaria are influenced by
various factors, including human treatment-seeking behavior
[4]. Effective and timely treatment plays a critical role in
mitigating malaria transmission and reducing its societal
impact [5, 6]. Historically, traditional medicine has played a
crucial role in malaria treatment, particularly in regions with
limited access to modern healthcare [7, 8]. It is estimated that
between 25% and 75% of individuals in endemic areas rely
on traditional remedies as either a primary or complementary
treatment [9]. However, traditional medicine use presents
substantial challenges, including a lack of rigorous clinical
validation, unpredictable dosage variations, and concerns
regarding safety and efficacy [10, 11]. The authors in [12]
found that the main challenge with herbal malaria treatment
Unlike standardized

pharmaceutical treatments, herbal malaria therapies are often

is inappropriate dosage specifications.

prepared and administered based on empirical knowledge rather
than precise scientific formulations. The absence of standardized
dosing regimens increases the risk of treatment failure, severe
complications, and, potentially, the emergence of antimalarial
drug resistance, which is currently a major challenge to malaria
control [9].

Mathematical modeling serves as a powerful tool for
understanding infectious disease dynamics, evaluating intervention
strategies, and informing public health policies [13]. Since the
early work of Sir Ronald Ross in 1911 [14], as the disease burden
increased, numerous malaria transmission models have been
developed [15-18], incorporating factors such as latency periods,
human-mosquito interactions, immunity, and heterogeneous
susceptibility. The study in [16] presented a mathematical
model for malaria dynamics, considering blood transfusion
transmission and saturated treatment function to delay in
administering anti-malaria drug treatment transmission in the
population. They investigated the role of saturated treatment
on the dynamics of malaria and verified that delay in treatment
is responsible for the decrease in recovery from infection.
The authors [17] developed and analyzed a population-level
compartmental model of human-mosquito interactions that
takes into account an intervention using transmission-blocking
drugs. Their results show that the effect of treatment rate on
reducing reproduction number depends on the efficacy of the
drug. A mathematical model was developed by [19] to assess
the effectiveness of antimalarial herbal therapy in controlling

1 https://www.cdc.gov/dpdx/malaria/index.html
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malaria transmission. Their study suggests a massive campaign
for the use of antimalarial traditional medicine as a treatment
for malaria infection. However, further empirical studies and
clinical trials are needed to validate the model’s predictions
and assess the feasibility and effectiveness of implementing
herbal therapy on a larger scale. The authors in [5] proposed
a deterministic model that explains the transmission dynamics
between mosquito and human populations and the impacts of
control interventions. A malaria dynamic model with partial
immunity and protected travelers using optimal control and
cost-effectiveness analysis was developed [16]. They showed
that a quadruple of control strategies could minimize infection
and implementation costs, suggesting not all strategies are
necessary with limited resources. In addition, the study in
[20] developed a deterministic model to assess the impact of
awareness campaigns on malaria transmission. They applied
optimal control theory to minimize disease control costs,
concluding that media-driven awareness campaigns are effective
for cost-efficient malaria management. The authors in [21]
formulated a model incorporating drug resistance, treatment,
and mosquito net usage to study malaria dynamics in Nigeria.
By fitting the model to real-world data, they identified key
parameters influencing disease transmission and emphasized
the need for improved control measures targeting resistant
strains. Again, the study in [22] proposed a malaria model
incorporating insecticide-treated bed nets, human treatment,
sterile mosquito techniques, and interventions for pregnant
women and newborns, demonstrating that effective control
strategies can reduce malaria transmission. The study presented
in [23] a nonlinear deterministic model to analyze climatic
variability’s impact on malaria transmission, highlighting the
significance of environmental factors in disease control strategies.
The researchers developed a model incorporating partial immunity
and protected travelers’ movement, using optimal control theory
to evaluate intervention strategies for malaria management
in populations with varying immunity levels and mobility
patterns [24]. Moreover, the study introduced a two-group
model distinguishing between symptomatic and asymptomatic
carriers of malaria [25]. Optimal control strategies were analyzed
to determine effective interventions, emphasizing the role of
asymptomatic individuals in disease persistence and control.
The study in [15] develops a nonlinear mathematical model to
investigate the effects of relapse on malaria transmission dynamics
in both human and mosquito populations. Their result showed
that relapse occurs not only because of incomplete treatment
but also when symptoms reappear after the parasites have been
eliminated from blood but persist as dormant hypnozoites in
liver cells. However, the model does not explicitly incorporate
treatment-seeking behavior, which is a critical factor in malaria
control efforts.

Despite extensive research, the disease continues to spread
due to various factors, including treatment-seeking behaviors.
Many individuals seek treatment from traditional medicine
practitioners, whose remedies often lack clinical validation.
This study aims to fill the gap in mathematical modeling
by incorporating the effect of treatment-seeking behaviors
on malaria transmission dynamics using optimal control
approaches. Thus, this study is an extension of the model
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studied in [15], taking into account the treatment-seeking
behavior. It extends the existing model by classifying infected
individuals based on their treatment choices: those seeking
treatment at healthcare facilities and those using traditional
The further
integrates three optimal control strategies: antimalarial drug

remedies without clinical validation. model
treatment, the use of insecticide-treated bed nets (ITNs), and
awareness campaigns to discourage inappropriate reliance on
traditional medicine.

In general, the rest of this article is organized as follows: In
Section 2 of the work, the mathematical model is formulated.
Section 3 discusses the basic properties of the model, and a
sensitivity analysis of the basic reproduction number is conducted
in Section 4, followed by numerical simulations in Section 5.
In Section 6, optimal control analysis is made analytically, and
numerical simulations of optimal control are discussed. Then,
discussions and conclusions are provided in Section 7. Lastly, in

Section 8, limitations of the study are provided.

2 Model formulation

This study is an extension of the model provided in
[15], taking into account the treatment-seeking behavior by
adding more compartments and assumptions. The total human
population at a time f, denoted by N (t), is divided into
six epidemiological groups in the presence of the disease
as susceptible (Sy), infected (Ej), infectious (Ij), infectious
individuals who are undergoing treatment at health facilities
(Ty), infectious individuals who are undergoing treatment with
inappropriate traditional medicine by traditional practitioners (T5),
and recovered (individuals who recover as a result of receiving
treatment using traditional medicine or natural immunity Rp).
Thus, at any time t > 0, the total human population is
given by:

Ny(t) = Sp(t) + Ep + In(t) + Ty (t) + Ts(t) + Rp(2).

Likewise, the vector population is categorized into three groups:
susceptible (S,,), exposed (E,,), and infectious (I,). The vector
compartment does not include an immune class as mosquitoes
never recover from the infection, that is, their infected period
ends with their death due to their relatively short lifecycle. Thus,
the total vector population denoted Ny, (t), at any time t > 0 is
given by:

N (t) = S (t) + Em(t) + Im(t)-

Individuals naturally enter the susceptible class Sy, at a constant
rate Ay, due to the natural loss of immunity from the human
treatment class at health facilities (a constant rate p), by loss of
immunity from the recovered class (at a constant rate p;) and can
be decreased by a natural death at a constant rate p or infected
after a bite from an infectious mosquito, and the sporozoites
are passed on to them. The transmission rate of infections in
a susceptible human population (from an infectious mosquito
to a susceptible human) is assumed to be given by a rate Aj.
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An exposed individual becomes infectious at a constant rate 6y,
and an infectious human I, who is seeking treatment at health
facilities will move to the treatment class, T}, at a constant rate
77. It is assumed that individuals who are undergoing treatment at
health facilities will recover successfully and then go back to the
susceptible class Sy, by loss of immunity at a constant rate p. Again,
an infectious human who is seeking treatment with traditional
medicine without a prescription from health professionals will
move to the treatment class, T at a constant rate 7,. We assumed
that an individual in a treatment class, T with traditional medicine
can recover temporarily due to natural immunity and the use
of traditional medicine and will move to the recovered class at
a constant rate y; while the others go back to a health facility
due to the ineffectiveness of traditional medicine treatment at
a constant progression rate w. A temporarily recovered human
class can be entered into the susceptible human class by losing
immunity at a constant rate p; if the merozoites of parasites clear
from the blood completely, and if they don’t, they go back to the
infectious class I, at a constant rate y;. All human population
classes decreased through natural death at a constant rate © and
disease-induced death rates for I, and T at a constant § and
Y, respectively.

Similarly, new vectors are recruited at a constant rate, A, into
the susceptible mosquito compartment, S,,. When a susceptible
mosquito bites an infectious human, I, or human in treatment
with traditional medicine, Ts, the parasite (in the form of
gametocytes) enters the mosquito, and the mosquito moves from
the susceptible class to the exposed class, E,, at a rate A,,. An
infected mosquito will become infectious at a constant rate ,,,. The
vector population classes decreased by natural death at a constant
rate 7.

The formulation of the model is primarily guided by the
following assumptions:

1. When an individual is infected with malaria, we categorize

the human treatment class into two groups based on
those
treatment at health facilities and those undergoing treatment

community treatment-seeking behaviors: receiving
with traditional medicines without a prescription from
healthcare professionals.

2. In this study, the term ‘traditional medicines’ (TMs) refers
to antimalarial drugs prepared by traditional practitioners.
However, it is important to note that these medicines
lack clinical validity and are devoid of quality control,
safety measures, standardized dosage, and potential drug
interactions [26].

3. An infectious individual receiving treatment at health
facilities will recover fully and subsequently lose
natural  immunity, rendering them  susceptible to

malaria again.

4. An infectious individual undergoing treatment with traditional
medicine may experience temporary recovery due to their
natural immunity. However, it is assumed that the merozoites
of parasites are not completely eliminated from the bloodstream
due to the ineffectiveness of traditional antimalarial drugs.
Consequently, they may revert to the infectious human
class [15].
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FIGURE 1
Flow diagram of the malaria transmission dynamics.
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The flow chart (Figure 1) shows the dynamics of malaria in
human and vector populations.
The dynamical system of the flow chart of Figure 1 is given

as follows:
% () = Ap — *pSp + pTh + p1Ry — Sy
D (t) = Sy — O + 10) By
Lh () = OBy + iRy — G+ 11+ T2+ 1) I
Iy () = 111y + 0T, — (p+ ) Ty
EO=nl—(@+y+p+i) T 1
%(t) =yLi—(n+p+rwRy
Lo (t) = Am — (o + 1) S
Lo () = AmSm — Om + 1) Enm
Do (t) = OmEm — nlm

With an initial conditions [Sy, (0), Ej, (0), I, (0), Ty, (0), T (0),
Ry, (0), S, (0), E;, (0), I, (0)] € ]R?F and where A and A,, are the
force of infections from vector to human and human to vector,
respectively given by

_ qBrmnIm

] om T
wn(I) = (I + Tg) = 22mch | G%2m s

N, N, N,

(2)

3 Model analysis

The model represented by the system of differential equation
(Equation 1) will be analyzed in the feasible region and since
the model represents the populations all the state variables and
the parameters are assumed positive [26]. The positivity and
boundedness are given in lemma 1 and 2.

Lemma 1 (Positivity). [18, 27] If S, (0) > 0, E,(0) > 0,
I,(0) > 0, T,(0) > 0, T,(0) > 0, R,(0) > 0, Sy, (0) >
0, E,, (0) > 0, I, (0) > 0, then the solution S, (¢), Ej (t),
Iy, Th (), Ts (1), Ry (), S (£) , Ep (1) and I, () of the system
(Equation 1) are all positive for all time t > 0.

Proof: From the first equation of system (Equation 1), we have

d
Bt (A + WSy = Ay + pTy + 1Ry,

Frontiersin Applied Mathematics and Statistics

After some simplification and integrating both sides given as:

t , ;
/ (EQ(SHHSS”(S)) ds = _/ (An+ pTp + p1Ry)e?OT Wds,

0 0
Sy (1) = Sy, (0) e~ QOHQO)—ut | —Q()—pt

t
/ (A + pTy 4 p1Ry)eQOTHO g, 3)
0

Since S, (0) > 0 and f(t) > 0, for all t > 0, and also the
exponential function is always positive, then the solution Sy, (f) >
0 forallt > 0.

Similarly, it can be shown that the rest of the state variables,
Ep (), In(®), Tp (), Ts(®), Ru(t), Sm(t), Em ()L () are
non-negative for all time t > 0.

Thus, we can conclude that all solutions of model (Equation 1)
remain positive for all £ > 0 and the solution of the model
is positive.

Lemma 2 (Boundedness) [28, 29]. The feasible region €2
defined by

Q= {(Sh, En, I, Ty, Ts, Rh) € Ri:
A
Sh+En+In+Th+ To+Ry) < 7’1},

Q= {(Sp> Em> Im) € R, (Spy + Em + )
< Am/n},

With initial condition S, (0) > 0, E,(0) > 0,I;(0) >
0, T, (0) > 0, Ts(0) > 0, R, (0) > 0, S (0) > 0, Epy (0) >
0,I,, (0) > 0 is positively invariant for the system (Equation 1)
in ]Ri.

Proof: Given Ny, (t) = Sy, (£)+E(t)+1,(t)+ Ty (£)+Ts(t)+ Ry (1)
and N, (t) = Su(t) + En(t) + Ly(t). The rate of change in total
human population size N, (t) = S, (t) + E, (1) + I (t) + Tp, (t) +
Ts (t) + Ry (t) can be obtained as:

dN,,
e (t) = (Ap — uSp — nE, — @+ p) I — n Ty

—( + ) Ts — uRy) < A — i Ny(2).
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After some simplification and integrating both sides, we have:
—ut . An —ut
Ny () <N (0)e M+ — (1—e M) (4)
i

Now, taking the limsup as t
lim sup Nj, (0) e #' + ﬂ(1 —e M) =
t—00 ®

— 00, gives N (t) <
Ap
o

Ni () < % (5)

Similarly, the boundedness of the total vector population is
given as:

N (t) < 2 (6)
n

In particular, Ny, () < % if the total human population at the
initial instant of time, N,(0) < % and N,,, (1) < %, if N,,(0) <

AT'”. Therefore, the region is positively invariant for the system
(Equation 1). Moreover, if Ny, (1) > % and N, (t) > % , then
either the solution of model (Equation 1) enters €2 in a finite time,
or Nj, (t) approaches % and Ny, (¢) approaches AT'” asymptotically.
Hence, the region 2 is positively invariant and attracts all solutions
of model (Equation 1) in ]Rix]Ri.

Lemma 3 (Existence and uniqueness). In model (Equation 1)
if the initial conditions S, (0) > 0, E,(0) > 0,I,(0) >

0, Ty (0) > 0, Ts(0) > 0, Ry (0) > 0, $u (0) > 0, Epp (0) >

10.3389/fams.2025.1552384

Since a function f in the system (Equation 1) has a continuous
first derivative in ]Ri and XOGR?,_, N, # 0and N, # 0, f is
well defined at t = 0. Consequently, according to the widely used
fundamental existence and uniqueness theorem [32], lemmas 1 and
2 above, there exists a unique, positive, and bounded solution for
the model (Equation 1) in Ri.

3.1 Malaria-free equilibrium point, Eg

Malaria-free  equilibrium points (MFE) are steady-
state solutions where there is no malaria [33]. The
malaria-free equilibrium of the system (Equationl) is

By = (%,o, 0,0,0,0, 4=, 0, 0).

3.2 The basic reproduction number

The reproduction number (R) is defined as the average
number of secondary infections produced by one infected
individual in a completely susceptible population [13]. To obtain
Ro for model (Equation 1), we use the next-generation matrix
technique described in [18, 34] and is the spectral radius
p (FV~1'), where

. 0 0
0,0, (0) > 0, and ty > 0, then for all t€ R the solutions o o0 0 o 0
S (1), By (1), I (1), T (1), T (), Ry (), S (1), Eye (1) and Iy (1) P PV G R TATEY
exist in RS, [17, 28, 30, 31]. 0 0 0 0 0
Proof: The model (Equation 1) can be described as: o0 0o 0
(O + 1) 0 0 0 0
X (1) =fX(®), X(0) = Xo, (7) O CHutmntw 00 0
V= 0 0 O +1) 0 0
here X(=(S, (1), En (), I, (), Tp(t), T:(t), Ry(D), 0 0 G 0
where X(O=(53 (0B (0. i (0. Ty ®, T(0. Ry () ’ o o
Sm (t) s Ep (1), Ly, (1)) with the corresponding initial condition.
L 0 0 0 0
U+
B R S 0 0 0
(A0 (+0m) (S +1+T1+72) S+p+1+12 X
-1 _
vl= 0 0 w00
0 0 wten 1 0
00h T2+ 0002 L5} 0 0 1
Ny +u+y +o)(u+0) (+0m)+n+t1+12) (v +pt+y+o)0+u+t1+12) y+utvto
BumOm_ aBum
0 0 Wtom) 0 0
0 0 0 0 0
Fv-! = | _ ___auemn*0,—10,0m)Am Aneam Am (%04 7210400 72) gem Am 9@2m AmT 9@2m Am (8)
P2 (u+0)n+0m) A G+ptri+2) 2y +utv+o)(u+0) +0m) Ay G+utti+12) 1A G+u+ti+rz) n(y+uty+w)Ap(6+u+t+12) n(y+ut+y+w)Ay
0 0 0
0 0 0 0 0

Xo=(8r(0), E4(0), 14(0), Tp(0), T5(0), Rp(0), $m(0), Em(0), 1n(0))

and f(X) is the vector-valued function representing the hand-right
side of the system (Equation 1) which is
Ap=2nSp+p Tptp1 Ry — 1Sy
ApSp— O+ Ep
OhEn +viRn— B +u+n+wl
nly+oTc— (p+ ) T
ol —(0+y+up+¥)Ts )
yTs =1+ p1+ 1) Ry
Am = (A + 1) Sm
AmSm — Om + 1) Ep
OmEm — nly

&=
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By next generation operator method, the basic reproduction
number of the model (Equation 1) is given:

Ro=p (FV')

qzﬂﬂhmehem/lm ((y + n+ o+ V) oim + 1200m)

:\/nzAh(u+9h)(n+9m)(y+u+w+¢)(8+u+n+rz)

(10)

Theorem 1. [13, 35, 36] The malaria-free equilibrium point, Ey
of the model in the system (Equation 1) is locally asymptotically
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stable if the reproduction number 1 and is unstable
ifR() > 1.

Proof: The Jacobian matrix

Ro

<

J(Eg) of the model to

(Sn> En> Ins Ty Ts, Rys Sms Emy Iy)  at the  malaria-free
equilibrium point is the following:
w0 0 p 0 pp 0 0 —A
0O-B 0 0 O O O 0 A
06, -C 0 0 » 0 0 0
0 0 . =D w 0 0 0 O
JE)=|0 0 » 0 —E 0 0 0 0 (11)
o0 0 0O yv —FO0 0 O
00 -G O —-HO -0 0
00 G 0 H 0O 0 —-I0
o0 0 0 0O O 0 6, —n
where A = gBun, B = (O +p), C= @+u+n+p,
D= (p+muE = (+ty+p+¥), F = (n+p+mw,
G = amim quazm A

i, H = =5= 1= On+n), where eigenvalues
of Ay = —pand g = — 1.
The remaining eigenvalues are the roots of the characteristic

equation for Equation 11 given by

10.3389/fams.2025.1552384

- < 0,A3 = —(p+n) <0,2r -n < 0,if Ry < L. If
Ro > 1,then P; < 0, thus the matrix JE, has at least one eigenvalue

with a positive real part. Hence, malaria-free equilibrium Ej of the
system (Equation 1) is locally asymptotically stable if Ryp < 1 and
unstable if Ry > 1.

3.3 Malaria-present equilibrium point, E*

The endemic equilibrium point of the dynamical system of
Equation 4 is obtained by making the right side of the system equal
to zero, providing that E;, # 0, I # 0, T; # 0, R, # 0, E,, #
0, I, # 0. We have supposed the endemic equilibrium point of the
model is denoted by E* = S,*, E;*, I;*, T},", Ts*, R,*, Sp™, Em™,

I,,* and the corresponding forces of infection are:
s 9BuhIm” Sp* * qeimIy* Sm™* qo2m Ts* Sm™
a— g and A, N + N .
Next, after some steps of the computations, we have determined

the required endemic equilibrium point for the model given as:

G+Ti+1+1)
O
Yiyn

T O 1) (Fy )

— Gt
Syt = k)

) Ih*’Eh*

_RB_ _ [ Gtutntw) VYT *
B=2 0 0 0 0 0 A = < 0 T T H) @y T ) Iy
6, —-C—Xx 0 0 " 0 0
g n —DO— s Ew . g g 8 I — < N WD I
%) —L — - >
rho + (+y+pn+y)
0 0 0 y —F—x 0 0 ( ) v
T
0 G 0 H 0 —I-% 0 Tt :( 2 )Ih*,
0 0 0 0 0 Om  —n—A (w+y+u+9)
T
=0 (12) Ry = ( Az >1h*,
i+p1+w)(@+y+p+y)
It =— An
pT 4 pwta 4 yo1T2 =)t r) G+ptn+0- (y+ﬂ+1//+):u};%u+1/1 L)
ntp y+uty+o T (ytutyto)(ptyitoer) OpAp

Am
Am +1)

() =

(=D — ) (—A (F+ 1) 040, (G (E+ 1) + Hra)
+T+MNB+LV)M+L)UCHME+L) (F+A)

—ynn)) =0 (13)

Now, we have A3 = —(p + p) and the remaining eigenvalues
are obtained (Equation 14):

Pe)® 4+ Ps)® + Part + PsA>+ PoA2+Pia+Py=0 (14)
Where, Pg = 1 > 0, Ps
y+d+2n+4pt+o+y +0+0n+p1+ 11+ 12)
0, P4 > 0, P3 > 0, Pz > 0, P1
(IBCEF + IBCFy + IBEFn + ICEFn + BCEFn + IBCEn (1 — R¢?)
—AFGO0, — (IB+ In + Bn)yyi12) and Py
1By (CEF (1 - 7202) - )/)/11:2) 0, where Ry
and yy 7, < CEF.

Applying the Routh-Hurwitz stability criterion [37] and after
some little algebraic manipulations, it can be shown that the

>

> <

eigenvalues of the block matrix have negative real parts .ie. A} =

Frontiersin Applied Mathematics and Statistics

em + 1) O +1)

06
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Jo = (g2 ).

Then, by substituting I* and I," in the A;* and A%
respectively, we get the simplified form:
Pihy+ Py =0 (15)
where P; = (IBDEA}, (FC — yy175) + A8y, Ay (BDEF (8 + 1)
+EF (BD — p6y) 11 + D (BEF — BEyy1 — 6, (Fpw + yp1) 12))
and Py = Dn? A IB(CEF (Ro* — 1) + yy1 7).
Consequently, the following result has been determined.

Theorem 2. The model of the system (Equation 1) admits
precisely [17].

a. One endemic equilibrium pointif Ry > 1and P; < 0 or Py > 0

and P; < 0.

. One endemic equilibrium point if Ry < 1, yy172 > CEF and
P, <0orPy>0andP; < 0.

. One endemic equilibrium point if Ry < 1, yy172 < CEF and
P, >00rPy <0andP; > 0.

. No equilibrium point otherwise.
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From theorem 2, we can observe that, the existence of one
positive root in condition (b) and one positive root in condition
(c) suggests that the model can exhibit backward bifurcation
phenomenon, where both locally asymptotically stable malaria-free
and endemic steady states co-exist, where Ry < 1. It suggests that
while eliminating diseases from the population is dependent on the
criterion Ry < 1, this need is no longer sufficient to ensure disease
eradication. Thus, when Ry < R¢* < 1, it can be demonstrated
that backward bifurcation happens for certain values of Ry. The
backward bifurcation phenomena in system (Equation 1) make it
challenging to manage or eradicate malaria because Ry < Ro* < 1
requires lowering the model’s reproduction number to a level below
unity. This implies that further control efforts will be required to
eradicate malaria from the population.

Theorem 3. The malaria-present equilibrium, E* =
(Su*s En*, 1%, Ty™ Ts™, Ry*, S, Em*, In*) ~ of  the
(Equation 1), is locally asymptotically stable (LAS), if Ry > 1 and
unstable if Rg < 1 [38].

Proof: The Jacobian matrix of the model (Equation 1) is

system

given by
a 0 0 as 0 de 0 0 —ag
bp =b, 0 0 0 0 0 0 b
0 ) —C3 0 0 Co 0 0 0
0 0 d3 —dy ds 0 0 0 O
JE)=]10 0 es 0 —es 0 0 0 0 (16)
00 0 0 f5 —fz 0 0 O
0 0 —g3 0 —gs 0 —gz 0 O
0 0 hs O hs O hy —hg O
00 0 0 0 0 0 ks —ko
where a; = M+%,a4 = p,as = p1, a9 = %
by = qﬂ'"hlm s by = O+ 1, be = 7‘”3}\",:5’1* s = Oz =

(5+t1+rz+u) G6=vyLds =1,ds=(p+u)ds =w, e =
e3 =1y, ¢ 5—(w+J/+M+W)f5— st—)/1+,01+M
&= RESn* g = (qalmNquasz*Jrn) hy =

€ =

qﬁ;f * hs = qaz;n ,h7 = (qoquTl* +qa2mN—h*), hg = 6+,
ks = O, ko = 17. The corresponding characteristic equation of

the Jacobian matrix with eigenvalue A is given by |J (E*) — M| = 0;

that is,
P2 4 PgAd + P;A7 4+ PgA® + PsA® + Pyat 4 paad
+PA2+PA+Py =0 (17)

where Py, Py, P,..., P9
Supplementary material).

(see Appendix I in

Therefore, we show that when Ry > 1, all the coeflicients
P; of the characteristic (Equation 17), and the first column values
by, c1, di, e1, fi, &1, hi and iy of the Routh array are positive,
so by the Routh-Hurwitz stability criterion, all the eigenvalues of
the Jacobian matrix (Equation 17) have negative real parts. Thus,
the malaria-present equilibrium is locally asymptotically stable for
Ro > 1.

4 Sensitivity analysis of the
reproduction number

This section aims to perform a sensitivity analysis of
the basic reproductive number, which is crucial for designing
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mitigation strategies to slow the spread of malaria by reducing
the reproduction number. Sensitivity analysis helps [39-41]
researchers, public health officials, and policymakers prioritize
interventions and decisions based on the most strongly influencing
factors, enabling them to understand the effects of each parameter
on the reproduction number and design effective strategies.
Definition 1. Normalized forward sensitivity index of Ry

which is differentiable to a given parameter (p) is defined as [42]

w0=(5)+ (%)

By using the parameter values given in Table 1 and Def. 1, the

(18)

respective sensitivity indices values for reproduction number are
computed in Table 2 and we plot the sensitivity indices in Figure 2.
The positive parameter values increase the reproduction
number when they are increased, while the negative parameter
values decrease the reproduction number when they are increased.
From the parameter values displayed in Table 2, we can observe
that factors such as the biting rate of mosquitoes and the
probability of transmission of infection from humans in treatment
with traditional medicine to susceptible mosquitoes are the most
sensitive factors. So, interventions should be introduced to reduce
these factors. In another way, factors such as the rate of infectious
humans who are undergoing treatment at health facilities (z;) and
the progression rate (w) due to failure of treatment with traditional
medicine to treatment at health facilities are also sensitive to
the basic reproduction number. Increasing these factors will
decrease the reproductive number and reduce malaria. Moreover,
if SI (p) =y, then a 1% increase in the parameter p results in a y%
increase if y > 0 (decrease if y < 0) in reproduction number.
From our sensitivity indices results, for example, a 10% increase in
the probability of transmission of infection from human treatment
with traditional medicine to susceptible mosquitoes results in
a 3.5% increase in the value of reproduction number. A 10%
increase in treatment with traditional medicine results in a 1.9%
decrease in value of the reproduction number; a 10% increase in
the progression rate (w) results in a 3% decrease in the value of
the reproduction number. Again, an 10% increase in treatment
at health facilities results in a 3.1% decrease in the value of the
reproduction number and, hence a reduction in malaria.

5 Numerical simulations

This section conducts a numerical simulation to validate the
analytical results of a model (Equation 1) designed to study the
dynamics of malaria in communities. Parameter values from many
sources are used in the model, which employs the fourth-order
Runge-Kutta method and MATLAB R2023a to examine the impact
of parameters on malaria transmission.

Here, one of our main goals is to look into how treatment with
inappropriate traditional medicines affects the dynamics of malaria
transmission. Figure 3a shows how varying the treatment rate at
health facilities affects the infectious human populations. We can
observe that when the treatment rate at health facilities increases,
the population of infectious humans can be reduced, and the
disease can be eliminated from the community after 140 months.

Figure 3b shows how varying the treatment rate with traditional
medicines affects the infectious human populations. We can
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TABLE 1 Parameters description of the model with their values.

10.3389/fams.2025.1552384

Parameters Descriptions Units Values References

Ap Constant recruitment rate for humans month 0.000215 [16]

Ay Constant recruitment rate for mosquitoes month 0.07 [16]

m Natural death rate of humans month 0.000045 [17]

n Natural death rate of mosquitoes permonth 0.0477 [17]

q Average per capita biting rate of mosquitoes permonth 0.33 [17]

Aim Probability of transmission of infection from I, to - 0.8333 [15]
Sim

Ao Probability of transmission of infection from T to - 0.0833 [15]
Sm

Bumn Probability of transmission of infection from I, to - 0.02 [15]
M

O Latent period in humans permonth 0.1 [17]

O Latent period in mosquitoes permonth 0.08 [17]

8 Disease-induced death rate of I, class permonth 0.0018 [17]

Y Disease-induced death rate of I class permonth 0.0001 Assumed

T From infectious human class to human treatment permonth [0, 1] Estimated from [43, 44]
class at health facilities, the constant treatment
rate of humans

23 From infectious human class to human treatment permonth 0.605 Assumed
class with traditional medicine

1 From human treatment class at health facilities to permonth 0.0166 [43, 44]
a susceptible human class, the rate of loss of
immunity

y Recovery rate due to natural immunity and the use | permonth 0.0065 Assumed
of traditional antimalarial drugs

5} From humans treatment with traditional medicine | permonth 0.01 Assumed
class to treatment at health facilities, the
progression rate due to ineffectiveness of
traditional medicines

Vi From a recovered human class to an infectious /month 0.1 [43]
human class, the relapse rate

1 From a recovered human class to a susceptible permonth 0.0146 [15]
human class, the rate of loss of immunity

TABLE 2 Sensitivity indices of R to parameters evaluated at the parameter values given in Table 1.

Parameter Sensitivity Index Parameter Sensitivity Index

Ay —0.5 —ve w 0.00793578 +ve
Ay 0.5 +ve n —0.356 —ve
B 0.5 +ve 7 —0.305104 —ve
i 0.0990734 +ve 7 —0.194303 —ve
om 0.359975 +ve W —0.0030039 —ve
8 —0.000617773 —ve q 1 +ve
O 0.0002248997 +ve 2 —0.300391 —ve
O 0.186766 +ve % —0.059842 —ve

observe that when the treatment rate with traditional medicine

potential drug interactions and can be reduced when traditional
increases, the population of infectious humans can be increased  remedies are considered with caution and in consultation with

because of factors such as lack of quality control, safety, dosage,and ~ healthcare professionals or skilled traditional practitioners. If so,
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it takes more than 400 months to eliminate the disease in the
targeted community.

Figure 4a shows how varying the progression rate (awareness)
to health facilities affects the human population’s treatment with
traditional medicines. We can observe that when the progression
rate from T to T}, increases, the population treated with traditional
medicines decreases, resulting in the population of infectious
humans being reduced, and the disease can be eliminated from the
community after 200 months, as shown in Figure 4b.

The depicted graph in Figure 5 delineates the relationship
between the reproduction number and the treatment rate (t7)
for the transition from the infectious human class to the
human treatment class at a health facility. Remarkably, a notable
intersection occurs at a reproduction number of one and a

treatment rate of r; = 0.17. This intersection point carries
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significant epidemiological implications, suggesting a critical
threshold where the spread of infection is balanced by treatment
efforts. Now, the rate of new infections matches the rate of
individuals transitioning to treatment, potentially indicating a
pivotal point for disease control and management strategies.
Understanding and leveraging this intersection point can inform
targeted interventions aimed at effectively curtailing outbreaks and
minimizing their impact on public health.

The convergence of the treatment rate (tz) and the
reproduction number on the Figure 6 denotes a significant
intersection point, occurring at a value of 0.80. This intersection
holds profound implications for the transition from the infectious
human class to the human treatment class with traditional
medicines. At this point, the treatment rate aligns with the
reproduction number, indicating a pivotal balance between the rate
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of new infections and the effectiveness of treatment interventions.
Notably, to achieve a reproduction number of less than one, it is
essential for the treatment rate (1) to exceed 0.80. Such equilibrium
underscores a critical threshold in disease management, where
treatment efforts are optimally poised to mitigate the spread of
infection effectively. Recognizing and leveraging this intersection
point is paramount for devising targeted strategies to control
outbreaks and safeguard public health.

6 Formulation and analysis of optimal
control

In this part, we use Pontryagin’s maximum principle [45, 46]
to identify the parameters required for effective malaria control.
We use three time-dependent controls in the model (Equation 1) to
find the best disease control approach. The study proposes a model
to minimize malaria transmission by introducing control measures
like ITNs, antimalarial drug treatment, and raising awareness
about avoiding inappropriate traditional medicines. The model is

Frontiersin Applied Mathematics and Statistics

10

N
N a
T T
| I

Reproduction Number
b

<X
a0
o

0.5

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Effect of treatment with traditional medicines on reproduction number(-rz)
FIGURE 6
Effect of treatment rate with traditional medicines on reproduction
number, Ro.

designed to investigate the potential impact of these interventions,
with the use of insecticide-treated bed nets, antimalarial drug
treatment, and awareness creation being incorporated into the
model to determine the most effective approach as follows:

B () = Ay — (1= w)hy + WS, + pTh + 1Ry
B (1) = (1= )2 Sy, — 6 + 1) By
% () = OhEp + Ry — (8 + wati + (1 — uz)12 + 1) I

Iy () = wyri I + T, — (p+ 1) Ty
L) =0 -mw)nly— (@+y+p+9) T
% &) =yTs—(n+p1+rRy
B (1) = Ay — (1 = u)ho + 1) S
Lo (1) = (1 — u)homSm — G + 1) Em
Qo (t) = OmEm — 1l

(19)

with the corresponding initial conditions

Sp(0) > 0, Ep (0) =20, I, (0) = 0, T}, (0) = 0, T5(0) = 0,

Ry (0) =2 0, $in (0) > 0, Ep (0) 2 0, I, (0) =2 0 (20)

frontiersin.org


https://doi.org/10.3389/fams.2025.1552384
https://www.frontiersin.org/journals/applied-mathematics-and-statistics
https://www.frontiersin.org

Jaleta et al.

and 0 < uy (b)
protection measures, 0 < up

< 1 represents malaria infection personal
< 1 represents antimalarial drug
treatment control and 0 < u3 < 1 represents providing awareness
on avoiding the inappropriate use of traditional medicines.

The of the
to minimize number of exposed humans,

function
the total
humans, and mosquitoes while minimizing
up (t), wus3(t) and to find the
(ur™, uy*, u3*) of the controls

objective system (Equation 19)
is
infectious
the cost of control wug (t),

optimal control values u*
u = (uy, uz,u3) such that the associated state trajectories
(Sh*, Ey*, %, Ty, T, Ry*, Sw™, Em™, Im*) are solutions of the

optimal control system (Equation 19) with initial conditions as

given in Equation 20. The objective function is given by

i
J (u1, uz,u3) = f <D1Eh (t) + DaIj, (t) + D3Ny, (1)
0

+ (wluf—{—wzu%—i—ww%))dt (21)

N | =

Subject to (Equation 22) where t is the final time, N, =
(Sm + Ewm + Lu), D1, Dy, D3, w;, wy and w3 are positive
weight constants. Our choice of control functions agrees with
other literature on control of epidemics [16, 40, 46, 47]. The
quadratic costs wlu%(t), wzu%(t) and w3 u% are the costs associated
with the use of personal protection measures (ITNs), the use
of antimalarial drugs for infectious humans, and awareness on
avoiding the un-prescribed use of antimalarial drugs. Here, the
fact that the controls are linearly in Equation 19 and quadratic
in the objective function allows the Hamiltonian associated with
the optimal control problem to be maximized. We seek to find,
using the Pontryagin maximum principle [48], an optimal control
u1* (1), up*(t) and uz*(¢) satisfying (Equation 19) such that

J (ur*, u3,uy) = min{J (u1, up,u3) w1, uz,uz € UY,  (22)

Where U = {(ul, Uy, u3)} such that u;, uy, usz are measurable
with0 < w3 <1,0 < up, < 1,0<u3 < 1,fort € [0, tf]
is the control set. The controls (u1 1), up (1), u3(t)) are bounded
Lebesgue integrable functions [49].

The optimal controls (u1 (1), up (1), u3(t)) satisfy necessary
conditions from Pontryagin’s maximum principle [48]. This
principle converts Equations 19, 21 into a problem of minimizing
pointwise a Hamiltonian H, to the controls (u1 (1), up (1), u3(t)).
The optimality conditions are obtained using the Hamiltonian
formulated from the cost functional (Equation21) and the
governing dynamics (Equation 19). Thus, Hamiltonian # is
given as:

H = D1Ey (1) + DaIjy (t) + D3Ny () + 5 (wisif + wausd + wius)
4+ [Ap — (0 = u)hp + @)y, + p Ty + 1Ry
4+ [(1 = u1) ApSy, — 6 + ) Ep]
03 [0hEp + iRy — 6+ w1 + (1 — uz) T2 + @) 1]
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+l4 [watily + 0Ts — (p + ) Tp]
05 [(1—w) aly — (@ +y + e+ 1Y) Ti]
06 [y Ts — (1 + p1 + 1) Ry]
+7 [Ap — (1 = u1) Ay + 1) Sl
+I8 [(1 — u1) ASm — Om + 1) Em]
+L9 [OmEm — nly] (23)

Where T, i = 1,2,...,9 are the associated adjoints for the
state variables.

The system of equations is found by taking the appropriate
partial derivatives of the Hamiltonian (26) to the associated
state variable.

Theorem 4. [45, 47] Let u;™, uﬁ,u’; be the optimal control
and solutions (Sh*, Ey*, I*, Ty, T, Ry, Sw™, En®, Im*) of the
corresponding state system (19) that minimizes J(u1, ua, u3) over
U. Then, there exists adjoint variables I';, i = 1,2,...,9 satisfying
the following canonical equations

dary
——— =1 (@ —u)rp+ )+ T2 (1 —up)

dt
dar,
——= =D =T +pn) + 136,

dt
dl';
BT Dy —T3(8+uti + (1 —u3) 12+ p) + 'y (u2t1)
(=) q@inSn

+5 (1 —u3) o+ (I's — I'7)
Nj
dl'y

— =2 —Tip-T
I 10— Talp + 1)

dar
d—:=r4w—rs<w+y+u+w+r6y

(1 —uy) qa2msm

I's—T
+Tg—T7) N,

(24)

dlg
= Fipr+ Tyt =T (1 + o1 + 1)
dar;
———=D3+Tg (1 —u)dy —T7((1 —up) b +1n)

dt
dr'g
“a = D3+ 90 — s (O + 1)

dly
=D3+ (2 = T'1) (1 — u1) gBmn — Fon

dt

With transversality conditions

=T (tf) = T3 (t) = Tu (tf) = s (1)

() =7 () =Ts () =Ty () =0 29

)

T3 =Ty uly ]
]

w2
(26)

and

(I =T ApSp + (T = I'7)2mSm
w1

™ = max {0, min {
u; = max {0, min {
I3) ol

I —
uj =max{0, min{( >
w3
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Proof: By using [50], the integrand of the objective functional
J(ui, up, uz) is a convex function of u;, u, and us. Since
the solution of the system (Equation 19) is bounded, hence the
system satisfies the Lipshitz property with respect to the variables
Sws Epy Iy Ty, Ts, Ry, Sws En and I, Therefore, there exists
an optimal pair(u;*, u},u3). The governing equations of the
adjoint variables are obtained by differentiation of the Hamiltonian
function, evaluated at the optimal control. Then, the adjoint system
can be written as:

dry M _ ¢ ((A=—u)rp+m)+T2 Q1 Ne)
= — = — — r
d 3S, 1 Ui) Ap T 2 uj
Ty=Ti (= u)hy+ ) — T2 (1 —u)
b _ 9t Ty 6+ p) + 36
a 3Eh_ 1 20 ™ 30
dr; I
3 D,y 1—
7 ol, b 30 +uwt + (1 —u3) o+ wp)

1—u 1S
T4 (uat1) + Ts (1 — u3) 72 + (T — n)%

dly oH
T4 _ % _rp-r
I oT, 10— Lalp + 1)

%=—%=F4w—rs(w+y+u+w)+l"6y

+(g — I'y) (=tgeandn (27)
e M b 4Ty~ Te(n + 4 1)
T IR, =110 31 6y1Tp1TH
dry M pyr (1= ) A — T7 (1 = ug) domn + 1)
_— A P ——— = — U _ — U
dt 3S,, 3 8 1) Am 7 1) Am n
dl'g oH
L NS NS N
I 3E,, 3 + Lo 8 (Om +1)
dly oH
0 I Dy, -T) (- -T
I oL 3+ (T2 —T1) (1 —u1) gBn — Ton

With transversality conditions I' (tf) =TI, (tf) =1TI; (tf) =
Ty (tr) = Ts (ty) = Ts (tf) = T7 (1) = Ts (t) =T (1) = 0.
Then, from the optimality condition, we have:

oH
— =0,atu; =ufori=1,2,3
8ui ! lf

C2=TD)ASp+T8=T7)2mSm
w1 >

Using [51], we get, u; Uy =

(F3_Ml::)rlh‘, Uz = (FS_MI:;)TZIh and solving for u}, u} and u} we get:
. | T2 =T ApSy + (g — T'7)AmSm
u1™ = max {0, min s e,
w1
I's — T'y) 1]
uy = max{O, min{ w, 1}}
w2
I's — I'3) 1o
and v} = max {0, min {w, l}}
w3

Additionally, the sufficient condition (the second derivative of

02
the Hamilton function with respect to u;, uy and u3). i.e. vH

du%
P2H _ P2H _ PH _ PH _
0= e = b G2 =0 = 52 = wy and g =0=
P2H _
duz ws.

This shows that the optimal problem goes minimization at
uy, uy and us.
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6.1 Numerical simulations of optimal
control

The optimality system consists of the state system in the system
(Equation 1), optimal control set in Equation 19, adjoint system
in Equation 24, boundary conditions in Equation 25, and initial

conditions Sy, (0) = 85, E, (0) = 20, I, (0) = 20, T, (0) =
5 T:(0) = 10, R, (0) = 5, Su(0) = 1,000, Ey (0) = 20,
and I,, (0) = 30, [16], while the parameter values are given in

Table 2. We carried out the numerical simulation with MATLAB
R2023a by using the forward-backward fourth-order Runge-Kutta
iterative method to solve the optimality system [46]. The state
(Equation 19) is solved with the initial values of state variables using
the fourth-order forward Runge-Kutta method and then we used
backward fourth-order Runge-Kutta to solve the adjoint equations
[45, 46, 51]. To determine the impact of control measures on
the reduction of malaria infection, we have the following cases of
optimal control strategies:

Intervention I: Optimal use of ITNs, treatment, and awareness
creation toward avoiding inappropriate traditional medicines

Figures 7a—c depicts when the three control mechanisms,
namely ITNs (u; # 0), antimalarial drug treatment (uy #
0), and awareness creation toward avoiding un-prescribed TM
(u3 # 0) are implemented to optimize the objective function J.
The results show that the number of exposed humans, infectious
humans, and mosquitoes are decreased more rapidly when controls
are in use than the case without controls. We found that while
ITN use, treatment, and raising awareness against the use of un-
prescribed traditional medicines can all contribute to a reduction
in the malaria burden. Combining these interventions is the most
effective way to get improved outcomes

Intervention II: Optimal use of ITNs and antimalarial
drug treatment

In this case, simulation is done for infectious humans and
mosquitoes when there is no control strategy in place and
when there are protective efforts using ITNs and treatment
for infectious individuals. As Figures8a, b illustrates, when
controls are in place, the number of infectious humans and
infectious mosquitoes decline more quickly than the case without
controls, respectively.

Intervention III: Optimal use of ITNs and awareness creation
toward inappropriate use of traditional medicines

In this case, simulation is done for infectious humans
and mosquitoes when there is a control strategy in place and
when there are combined protective efforts using ITNs and
using media campaigns for awareness creation of avoiding
unprescribed traditional medicines. As Figures 9a, b illustrate,
when controls are in place, the number of infectious humans
and mosquitoes declines more quickly than in the case
without controls.

Intervention IV: Optimal use of treatment of Infectious
Humans and Awareness creation toward inappropriate use of
traditional medicines

In this case, simulation is done for infectious humans and
mosquitoes when there is no control strategy in place and when
there are combined effects of protective efforts using treatment
for infectious individuals and using media campaigns to raise
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awareness of avoiding clinically not valid traditional medicines. As
shown in Figures 10a, b, when controls are in place, the number of
infectious humans and mosquitoes declines more rapidly than in
the case without controls. Here, on comparison, we find that using
strategy IV is the powerful one to mitigate malaria compared to
the strategy III because it reduces the infectious individuals and
mosquitoes to zero after 100 months.

Intervention V: Optimal use of ITNs

Figures 11a, b illustrates how the adoption of personal
protective measures using ITNs alone has a positive effect on
curbing the prevalence of malaria within the community, but it is
not sufficient to eliminate the disease.

Intervention VI: Optimal use of antimalarial drug treatment

The implementation of treatment alone can effectively slow the
transmission of malaria within a community, but it is insufficient to
eradicate the illness, as shown by Figures 12a, b.

Intervention VII: Optimal use of awareness creation toward
inappropriate use of TMs

Frontiersin Applied Mathematics and Statistics

The implementation of awareness creation toward
unprescribed  traditional medicines alone can reduce
the spread of malaria within a community, though
it is insufficient to eradicate the illness, as shown by

Figures 13a, b.

Moreover, when there is no treatment with inappropriate TMs
(2 = 0), the three control mechanisms strictly decrease the
infected humans initially from 30 to 0 at 20 months, and when
there is use of inappropriate TMs (7, > 0), the three control
mechanisms decrease the infectious humans initially from 30
to 0 after 100 months, as shown in Figures 9a, b, respectively.
Although the three strategies do lower the prevalence of malaria,
when traditional medicines are used for treatment, the disease
is still endemic in the community. Therefore, using the three
control mechanisms at the same time, avoiding treatment with
inappropriate traditional medicines, and seeking treatment by
health professionals at health facilities are the best strategies to
mitigate malaria.
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7 Discussion and conclusion

This study presents a comprehensive mathematical model to
analyze the impact of treatment-seeking behaviors using optimal
control on the transmission dynamics of malaria. The model
incorporates distinct groups of individuals seeking treatment at
health facilities and those relying on traditional remedies, which
lack clinical validation. By employing a new deterministic model,
the study explores the effects of various control measures, including
antimalarial drug treatment, personal protective measures like
insecticide-treated bed nets (ITNs), and awareness campaigns to
discourage the inappropriate use of traditional medicine. The
findings highlight that the utilization of health facilities for malaria
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treatment significantly reduces the basic reproduction number,
underscoring the importance of effective healthcare interventions
in malaria-endemic regions. Sensitivity analysis reveals that
parameters such as the biting rate of mosquitoes and the probability
of transmission from individuals undergoing traditional medicine
treatment to susceptible mosquitoes are highly sensitive to changes
in reproduction number. This suggests that interventions targeting
these parameters could be particularly effective in reducing malaria
transmission. Moreover, from our sensitivity results, we can
observe that the value of the transmission of infection from I,
to Sy (1w = 0.0990734), transmission of infection from T to
Smloom =
to Sy (Bmn = 0.5) implies that they increase the reproduction

0.359975) and transmission of infection from I,
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infectious mosquitoes.

number. This means that the positive parameter values increase the
reproduction number when they are increased, while the negative
parameter values decrease the reproduction number when they
are increased.

Numerical simulations demonstrate that increasing the
treatment rate at health facilities leads to a rapid decline in the
infectious human population, potentially eliminating the disease.
In contrast, reliance on traditional medicine without proper
clinical validation can prolong the disease’s persistence and can
take a long time to eradicate. The study also explores the role
of awareness campaigns in reducing the use of inappropriate
traditional medicines. Increasing the progression rate from
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traditional medicine treatment to health facility treatment
significantly reduces the population relying on traditional
remedies, thereby decreasing the infectious human population.
This highlights the importance of public health campaigns
in guiding individuals toward clinically validated treatments.
Optimal control analysis further emphasizes that a combination
of control strategies—ITNs, antimalarial drug treatment, and
awareness campaigns—is the most effective approach to combating
malaria. The simulations show that implementing all three
controls simultaneously leads to a faster reduction in the number
of infected individuals and mosquitoes compared to using
any single control measure. This finding aligns with previous
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studies that advocate for integrated control strategies to achieve
malaria eradication.

The study highlights the importance of healthcare facilities
in malaria control, highlighting the need for increased treatment
rates to reduce the basic reproduction number and accelerate
the decline in the infectious human population. Traditional
medicine, faces
challenges due to its lack of clinical validation and standardized

widely used in malaria-endemic regions,
dosage. Relying on traditional remedies can prolong malaria’s
persistence, emphasizing the need for consultation with healthcare
professionals. Public health campaigns to discourage inappropriate
use of traditional medicine and promote clinically validated
treatments are crucial. Integrated control strategies, including
the use of insecticide-treated bed nets (ITNs), antimalarial
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most
these
strategies simultaneously leads to a faster and more substantial

drug treatment, and awareness campaigns, are the
effective approach to malaria control. Implementing

reduction in malaria transmission compared to using any
single intervention.

The study suggests that public health policies in malaria-
endemic regions should focus on strengthening healthcare
infrastructure, regulating traditional medicine, intensifying public
health campaigns, and adopting integrated malaria control
programs. These include expanding healthcare facilities, ensuring
access to antimalarial treatments, and promoting collaboration
between traditional practitioners and modern healthcare providers.
This holistic approach is more likely to achieve sustainable
malaria eradication.
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8 Limitations of the study

While this Study provides valuable insights, it has some
limitations. The model assumes homogeneous mixing within the
population, which may not fully capture the complexities of
real-world malaria transmission. Additionally, the study relies on
parameter values from existing literature, which may not fully
reflect the specific conditions of all malaria-endemic regions.
Finally, this study is considered deterministic and governed
by a system of integer-order ordinary differential equations.
Considering the dynamics of malaria transmission with fractional-
order approaches to investigate the memory effect and cost-
effectiveness analysis is our future study.
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