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Abstract: Antimalarial drugs are critical for controlling malaria, but the emergence of drug resistance
poses a significant challenge to global eradication efforts. This study explores strategies to minimize
resistance prevalence and improve malaria control, particularly through the use of mass drug admin-
istration (MDA) in combination with antimalarial drugs. We develop a compartmental mathematical
model that incorporates asymptomatic, paucisymptomatic, and clinical states of infection and evaluates
the impact of resistance mutations on transmission dynamics. The model includes both treated and un-
treated states among infected and recovered individuals, with a focus on optimizing control strategies
through MDA and antimalarial treatment. A global sensitivity analysis identifies the critical factors
that influence malaria dynamics, including MDA coverage, treatment access for different infection
states, the probability of mutation from treated sensitive human infections, to treated resistant human
infections and the initial prevalence of resistance. The model is extended to include optimal control
strategies that provide time-dependent control interventions for treatment and MDA. Intuitively, when
the mutation rate is relatively low, the optimal strategy combines the use of antimalarial drugs and
MDA, with a gradual decrease in antimalarial drug use over time, ensuring sustainable malaria con-
trol. In contrast, at higher mutation rates, the strategy prioritizes broader deployment of MDA while
significantly reducing reliance on antimalarial to minimize the risk of resistance developing. Numer-
ical simulations of the optimal control problem reinforce the importance of strategic intervention in
mitigating drug resistance. This study contributes to understanding the role of MDA and treatment
strategies in the control of malaria, with implications for optimizing malaria control programs in en-
demic regions.
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1. Introduction

Antimalarial drugs are crucial for controlling and eliminating malaria worldwide. However, the
emergence of resistance in malaria parasites has significantly reduced their effectiveness, posing a crit-
ical challenge to global malaria control efforts [1]. Resistance often arises from genetic mutations in
Plasmodium falciparum, enabling the parasite to withstand specific treatments. The spread and impact
of these mutations on malaria endemicity have been extensively documented [1-6]. These develop-
ments raise concerns about the continued efficacy of key interventions, such as intermittent preven-
tive treatment in pregnancy with sulfadoxine-pyrimethamine and seasonal malaria chemoprevention
(SMC), particularly in affected regions. Consequently, it is essential to explore strategies to minimize
the prevalence of resistance and reduce malaria-related mortality. One promising approach endorsed
by the World Health Organization (WHO) is the mass drug administration (MDA) [7].

MDA involves administering antimalarial drugs to all individuals in a defined geographic area,
regardless of the presence of symptoms or infection [7]. When implemented effectively, MDA can
eliminate both drug-resistant and drug-sensitive parasites, providing the long-term benefit of prolong-
ing the therapeutic efficacy of first-line treatments across entire populations, not just within the targeted
region [8]. Given these advantages, incorporating MDA into models of malaria transmission dynam-
ics is essential for understanding its role in controlling drug resistance and optimizing intervention
strategies.

Malaria’s pathogenesis involves multiple interacting factors, and significant research on malaria’s
transmission dynamics in the presence of drug resistance has been carried out over the past few decades.
These studies include models with and without the MDA strategy, as well as models that incorporate
genetic mutations in both the mosquito and human populations (e.g., [3, 9-11]). In [9], an epidemiolog-
ical model for the spread of antimalarial resistance, excluding mutations, was developed, considering
the treated and untreated statuses of individuals. In [11], a mathematical model for malaria was for-
mulated with treatment and three levels of resistance in humans, where the results showed the limited
benefits of treatments in a population with resistant strains, especially in high-transmission areas. The
prevalence of mutations related to antimalarial resistance in Plasmodium falciparum was studied using
a Bayesian malaria model in [3]. A simple compartmental malaria model including MDA was devel-
oped in [10] to compute the probability of extinction. The model analytically calculated the expected
time to extinction in small populations following MDA for various scenarios.

While some human malaria infections initially progress through an asymptomatic phase before
developing into symptomatic or clinical cases, others remain paucisymptomatic throughout the en-
tire duration of the infection, meaning they never advance to symptomatic or clinical stages, (e.g.,
[12, 13]). Despite their mild symptoms, paucisymptomatic infections contribute to malaria transmis-
sion similarly to asymptomatic cases. Due to the overlap between malaria symptoms and those of other
diseases, paucisymptomatic individuals often fail to realize they are infected. As a result, the parasites
can persist in their bodies for extended periods, facilitating the spread of the disease [12, 13]. However,
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the aforementioned studies do not incorporate the paucisymptomatic characteristic as addressed in the
current work. In addition, we examine the combined effects of antimalarial drugs and the implementa-
tion of MDA within the host population for effective malaria control. Using a compartmental modeling
approach, we assess the impact of resistance-associated mutations on malaria dynamics; we optimize
control strategies, including MDA and the treatment proportions for individuals in asymptomatic, pau-
cisymptomatic, and clinical states; and, finally, we investigate how the proportion of paucisymptomatic
individuals affects the control strategies.

We begin by considering a model without optimal control that accounts for both the treated and un-
treated states among infected and recovered individuals. This approach is motivated by the challenges
in accessing treatment in certain endemic regions. An in-depth asymptotic analysis of the model’s
steady states is performed using various threshold parameters, including the basic reproduction num-
ber, 7. Key findings include the local stability of the disease-free equilibrium and conditions under
which the malaria model exhibits bistability through a backward bifurcation. Our findings suggest that
increasing the proportion of infected individuals receiving treatment and the coverage of MDA signifi-
cantly reduces the spread of resistance and malaria-related mortality. Additionally, a global sensitivity
analysis is conducted to identify the key parameters influencing the prevalence of resistance and mor-
tality. Four critical factors are identified: (i) The proportion of individuals covered by MDA, reflecting
the strategy’s acceptability in endemic areas; (ii) the proportion of asymptomatic individuals receiving
antimalarial treatment, highlighting access to treatment for this group; (iii) the proportion of clinical
cases receiving treatment; and (iv) the initial prevalence of resistance and the mutation rate.

Next, we extend the model to include optimal control, where the MDA rate and the proportions
of infectious individuals receiving treatment serve as time-dependent control strategies. We analyze
the impact of these control measures on the transmission dynamics of malaria associated with resis-
tance mutations. Pontryagin’s maximum principle [14] is applied to characterize the optimal control
strategies. Numerical simulations of the optimal control problem reinforce the findings of the global
sensitivity analysis.

The remainder of the manuscript is organized as follows: Section 2 presents the model’s description
and associated parameters. In Section 3, we establish some fundamental properties of the model,
including the existence of a globally defined semiflow, the asymptotic stability of the model’s stationary
states, and an analysis of the backward bifurcation. Baseline model simulations and sensitivity analysis
results are detailed in Section 4. Section 5 introduces the optimal control problem, including the
derivation of the necessary optimality conditions and numerical simulations of the control strategies.
The overall findings of the manuscript are discussed in Section 6. Finally, Section 7 provides the
detailed proofs of the manuscript’s main results.

2. Description of the model

We examine the interconnected dynamics of humans and mosquitoes in malaria transmission. We
use the variable k € {r, s} to denote the type of infection, where r represents a resistant infection and
s represents a sensitive infection. Furthermore, the variable ¢ € {U, T} indicates the treatment status
of the human host, with U representing an untreated infection and 7" representing a treated infection.
The human population is classified into five states, namely susceptible (S,), asymptomatic infected
(A',‘l’[), paucisymptomatic infected (Pf{{)’ clinical cases (I;l"‘;), and recovered (R',;’[), while the mosquito
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population is divided into susceptible (S ,,) and infectious mosquitoes (Ifn). The disease is transmitted
from infectious mosquitoes to humans at time ¢ through the force of infection, denoted as

ﬁk
Ny(n) ™

A= I (), ke {s,r},

where 8¢ represents the transmission probability, and N, denotes the total human population, given by

Nu® = Su0+ > > (A @ + P + 1@ + R ).

ke{r,s} €e{T,U}

The force of infections from infected humans, either with sensitive infection (4;) or with resistant
infection (4;), to mosquitoes is given by

B0 =LA@ + P2y + V(1) + &, (ArT(t) +PT(n) + ’T(t))]

(1 =) (A0 + Py (o) + [T ()]

5l
|
40 =55 4O+ PO+ L0+ e (47 + PO + 1T 0)]
Sla=en (a0 + B0+ BT 0)]

Here, &, represents the probability of mutation from treated resistant human infections to treated sen-
sitive human infections, while &; represents the probability of mutation from treated sensitive human
infections to treated resistant human infections.

The model we shall consider then reads

Sp= An = pnS w = (A + 3,)Sh + P Dketrs) Leetu) RZ’[,

—Ay" + (1= p)pDALS = Ay — gAY, ke s, r),
A= A+ (1= p)(1 = g)AS, =AY — gAY, ke (s, r),
Pyl =~ P+ pg0ASy - g0P, ke {s,r),

:(i;
ﬂ
|

' @2.1)
PV = PR+ p(1 = ) - gOPLY, ke s, rl,
BT =~ df" + 60mALT + 6 ALY =TI - ST, ke (s, ),
IV = I (1= 6 ART + (1 - 9(t))thkU - kaIkU UV, kels,r,
Ry = —(un+pRy + 7, I + gAY +eP, ke fs,r), L€ (U,T),
and
Sm= A= pinSm— (L + S0,
‘ (4, + 4,) (2.2)
it = As, - 5;1,’;, ke fs,r.

The dynamic of the total number of disease-induced deaths is defined by

D= Y s
ke{s,r},te{T,U}
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Figure 1. The model flow diagram.

In System (2.1), the variable ¢(¢) denotes the rate of exposure of asymptomatic infections to anti-
malarial treatment without a curative intention at time ¢, whereas 6(¢) represents the rate of exposure
of clinical cases to antimalarial treatment with a curative intention. In addition, g(¢) describes the
implementation of MDA efforts. Note that

— dea(t)

g() ,
D mda

where ¢n4.(#) denotes the proportion of the target population participating in MDA, and D4, represents
the delay required for an individual to be considered no longer a carrier after taking MDA treatment.
Systems (2.1) and (2.2) will be considered under the following natural assumptions:

vi>0; 0,20, g>0; p,0,¢6€(0,1); Ay =0 (for k = h,m);
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6f,, >0; 52’5 >0; 7';’[ >0, fork=s,r;and £ =T, U).

The model is shown in Figure 1, and the remaining parameters of Models (2.1) and (2.2) are sum-
marized in Tables 1 and 2.

Newborn humans and mosquitoes appear with the flux Aj, and A,,, respectively. Susceptible humans
(S ») become infected with a force of infection denoted by A}, for sensitive infections and A/, for resistant
infections. Similarly, susceptible mosquitoes (S ,,) become infected with a force of infection denoted
by A; for sensitive infections and A;, for resistant infections. A fraction p of infected individuals will
never develop clinical symptoms and will enter the group of paucisymptomatic infections (P). The
rest will initially progress through an asymptomatic phase (A;) before developing into symptomatic
or clinical cases (/). Paucisymptomatic and asymptomatic infections are treated with antimalarial
drugs without a curative intention at a rate ¢, leading to the partitioning of compartments P;, and A,
into untreated (U) and treated (7') sub compartments. Similarly, symptomatic infections are treated
with a curative intention at a rate 6, resulting in the partitioning of the symptomatic compartment into
untreated (U) and treated (7") sub compartments. The implementation of MDA efforts is represented
by g. A, infections progress to I, infections at a rate v, while I, infections recover at a rate 7.
Recovered individuals lose their temporary immunity at a rate p,. The death rates are either natural g
(for k = h,m) or due to infections for humans 6. Infectious mosquitoes die at a rate ¢, (for k = s, r).
The Notation is shown in Tables 1 and 2.

Table 1. Variable parameters, their biological meaning, and value.

Parameters Description (unit) Value [Ref]

0] Rate of exposure of asymptomatic and paucisymptomatic infections to O; 1)

antimalarial treatment without a curative intention

0 Rate of exposure of clinical cases to antimalarial treatment with a curative ;1)
intention
Gmda Proportion of humans under MDA ©O; 1)
&y Probability of mutation from treated sensitive human infections to treated 107! — 1073 (assumed)

resistant human infections

Y Ratio of the recovered rate ©O; 1)
On Ratio of the additional mortality rate of humans due to disease ;1)
g Ratio of the mutation rate ;1)
Bon Ratio of the infection rate of human by infectious mosquitoes ©O; D
Om Ratio of the mortality rate of infectious mosquitoes O; 1D
InitPrevR  Initial prevalence of drug resistance within the host population {1071, 1073} (assumed)
&, Probability of mutation from treated resistant human infections to treated &g,
sensitive human infections (day~')
6;’T Additional death rate of treated infectious humans to resistant infection (day’l) 5;,6;’[]
B, Resistant infection rate of human by infectious mosquitoes (day~! bites™') BB,
o, Mortality rate of mosquitoes with resistant infection (day~") Omds,
yZ’T Recovery rate of treated humans to resistant infection (day ') 77;,)/2 d
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Table 2. Fixed parameters, their biological meaning and value.

Parameters Description (unit) Value [Ref]
T0.0 Basic reproduction number for¢ =0, 6 =0, and g =0 5 (assumed)
yfl’T Recovery rate of treated humans to sensitive infection (day~) 0.0035 [15]
yZ’U Recovery rate of untreated humans to sensitive infection (day~') 0 (assumed)
7;U Recovery rate of untreated humans to resistant infection (day~") 0 (assumed)
B, Sensitive infection rate of mosquitoes by infected humans (day~' bites™!) By defined by (4.1)
B, Resistant infection rate of mosquitoes by infected humans (day~! bites™") B defined by (4.1)
B, Sensitive infection rate of humans by infectious mosquitoes (day~' bites™') 0.022 [15]
6;;’T Additional death rate of treated infectious humans from sensitive infection (day™') 0 (assumed)
6;*” Additional death rate of untreated infectious humans from sensitive infection 1/5[15]
(day™)
6;’U Additional death rate of untreated infectious humans from resistant infection 9x 1073 [15]
(day™)
Ay Recruitment rate of susceptible humans (day~' humans) 102 (assumed)
Un Natural mortality rate of humans ( day‘l) 0.00224 (assumed)
U Natural mortality rate of mosquitoes (day™") 1/20 (assumed)
Ay, Recruitment rate of susceptible mosquitoes (day~! mosquitoes) 100 (assumed)
o5, Mortality rate of mosquitoes with sensitive infection (day™') 0.033 [15]
Oh Loss of immunity rate of recovered humans (day~') 5.5 x 1074[15]
Vi The rate at which asymptomatic humans become infectious (day ') 0.1[15]
p The proportion of paucisymptomatic infections (day~") 0.7 (assumed)
Dinda Delay to being no longer a carrier after MDA (days) 1[16]
ch Balancing coefficients in the objective function ($ per person) 1 (assumed)
by, Balancing coefficients in the objective function ($ per person) 1 (assumed)
Ty End time of controls (year) 10 (assumed)
Cost of control
Cy Cost of ¢ ($ per person) 10 [17-19]
cy Cost of 8 ($ per person) 3-20[17-19]
Cq Cost of MDA ($ per person) 3-20[17-19]

3. Some basic properties of the model

The aim of this section is to provide some preliminary remarks to Systems (2.1) and (2.2). Let us
introduce the following vector notations:

Ah — (AS,T,A;,T’AZ,U’AZ,U)I, Ph — (PS,T’ PZT, PZ,U’ PZU),, Ih — (I;’T,IZ,T, IZ,U’ I;;U)/,
Ry = Ry R RYREY. Ly =, L)

m?
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. . . . kL
as Welkl as the matrices B, = diag(Bcis.y» B = diag(Bi ks ¥n = diagy, ctseeirvy On =
. £ .
diag (8, eets.ce(r.v)> Om = diag(Ss keis. s

o 0 6 0
o e o ¢ (1010 (1-&, & 10
©=lice o | ®7|1i-s o | "‘(0 10 1)’ and 8‘( g l-g 0 1)'
0 1-¢ 0 1-¢

Then Models (2.1) and (2.2) are rewritten as

Sn=An— Sy — 12448 ), + prlaRy,

Ay = (1= PO WS 1y — (Vi + i + g(1)A,

Py = —py Py + pO(0) A8 — (1) Py,

I = =l + Oevy Ay — yily — Oplh, 3.1
Ry = yuly + g(OA, + g(O)Py — (y + pi)Ry»

Sm=Am = S — 1248,

Ly =4S m = Omlns

with 1, = (1, 1), 14 = (1,1, 1, 1), and
_ _ B
A =4S n, Ap, Py, I, Ry) = ﬁg(Ah + P + 1),
h
1
/1m :ﬂm(ShaAha P/’n Ih’ Rh7 Im) = _ﬁmlm
N,

Let us introduce the matrix 8 = —diag (up, (un + g(0) + vi)la, (wn + g@O)a, (i + i + 1)L, (Wi + Pn)las lims Om),
where I, is the identity matrix, as well as the nonlinear map

Ay = 134,8, + pp14Ry,
(I = OO AuS s
pP(H)A,S 1

M[t](Sh,Ah,Ph,Ih,Rh,Sm,Im) = @(l)thAh
gO(A, + Pp) + vl
A, — 1L4,8,
ApS

By identifying v together with (S, Ay, Py, I, Ry, S 1, 1,,) and by setting
vo = (5,(0),A,(0), Pr(0), 1,(0), R,(0), S ,,(0), 1,,(0)), Systems (2.1) and (2.2) are rewritten as the fol-
lowing Cauchy problem:

dv(t)
T Bv(t) + M[t](v(1)), (3.2)
v(0) = vp.

3.1. Existence and uniqueness of the global solution

The existence and uniqueness of the bounded solutions of (3.2) reads as follows:
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Theorem 3.1. Let vy € R¥. Assume that 6, ¢, and g are constant functions. Then the following hold.

(1) A unigue global solution V(-,vy) : [0, c0) — R?® exists such that V(t,vy) = v(t) and V(0, vy) = vy.
Furthermore, t
V(t,vy) = e®'vy + f B M(v())dn.
0

(2) The semiflow defined by {V(t,vy)}; is bounded, dissipative, and asymptotically smooth, and hence
it admits a global attractor in R,

We recall the following definition.
Bounded dissipative: A bounded set Q C R?® exists such that for any bounded set U ¢ R*, r =
(U, Q) > 0 exists such that V(¢t,U) c Q fort > 7.
Asymptotically smooth: For any nonempty, closed, bounded set U C R*’, a nonempty compact set
J = J(U) exists such that J attracts {¢ € U : V(t,¢) € U,Vt > 0}.

Furthermore, we also recall that a nonempty set J C R? is said to attract a nonempty set U ¢ R?
if 6 (V(t,U),J)) = 0ast — +oo, where 6 (U, J) = sup,., inf e, |lu — V.

Note that the term “asymptotically smooth” is used here following the terminology of Hale, LaSalle,
and Slemrod [20]. However, this is strictly equivalent to the notion of asymptotically compact as
defined by Ladyzhenskaya [21]. Finally, refer to Section 7.1 for the detailed proof of Theorem 3.1.

3.2. The disease-free equilibrium and disease invasion process

To determine the threshold of System (3.2), which govern the invasion dynamics of the disease
in a host population that is completely free of infections, we linearize (3.2) around the disease-free
equilibrium (DFE) E,. Specifically, the DFE is written as

:ﬂ’ S?n:ﬁ

Eo = (S}, Ogs, Ogs, Ons, Ogs, S0, 0r2), S} ,
HMh Mm

and we linearize the infective compartments of (3.2) at the disease-free equilibrium Ej to obtain the
following system:

dwit) _ Bw(t) + Mw(?),
dr
where w(t) = (Ax(1), Py(1), I,(¢), 1,(1)), and
—(up +vi + Ny 044 Q44 042
B= O4x4 —(up + g O44 O4x2
Bev,, O4a —(nla + yn + 1) Opr |’
024 0254 (o —Om

O4xa Oxa Oss (1 = p)DB,,
O4x4 O4x4 044 pPOBy
M = 04><4 O4><4 O4><4 O4><2
BreSn  PueSy  BuES,,
sy S, S,

02><2

Lemma 3.2. Assume that 6, ¢, and g are constant functions. The following then hold.
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(1) The square matrix M is positive, i.e., M is not the zero matrix, and all entries of M are non-negative.
(2) The spectral bound s(B), i.e., s(B) = sup {‘R(/l) A€ 0'(3)}, satisfies s(B) < 0.

The proof of Lemma 3.2 is straightforward and thus the details are omitted.
We now define
=r(M(-B)™),

where r(M(-B)™) represents the spectral radius of the square matrix M(-B)™".

The subsequent lemma provides a connection between the sign of 7 — 1 and the growth bound of
the Cy-semigroup generated by (B + M).

Lemma 3.3. Assume that 6, ¢, and g are constant functions. In this case
sgn (S(B + M)) =sgn(To—-1).

Furthermore, we have
0

To= 5

=1 (T1T ).

Here, the 2x2 matrices Tj, and T, describe the infectiousness of humans and mosquitoes, respectively,

and are defined by

T =Brel(v + i + &) 7' Ta(1 = p) + (g + )" Lap + (uala + i + 61) ' Oevi((vy + s + &)~ La(1 — p)}@,

3.3)
Tm :Bmé_ = diag(B,,0,, ’ﬂm m )
Through a straightforward computation, an explicit formula of 77 is given by
TS+ T + \/( 7”) +40,,
0= ) ) 3.4)
where o g0
S N Br
Ty = SEEBIG. TG = LA
A S9 o,
K= (1-e)|(1-p)o - U —_——
= — & — — —
" P (vh+yh+g)(ph+yYT+6‘T) P Vi + tn + 8) P (& + tn)
lifespan of s-infections exposed to antimalarial drugs
Vi 1
+(1-p)(d-0) +(I-p)d-¢p)———+p(l-¢)
P (vh+/1h+g)(yh+7SU+6SU) P ¢(Vh+#h+g) ¢(g+,uh)

lifespan of s-infections unexposed to antimalarial drugs

Vi 1
- Voo
(Vh + Uy +g)(ﬂh +’)/rT + 5rT) +( p)¢(vh +unt+ g) ¥ p¢(g +/-lh)]

lifespan of r-infections exposed to antimalarial drugs

K, =(1-e) ((1 ~ p)o

Mathematical Biosciences and Engineering Volume 22, Issue 8, 1898—-1930.
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Vi 1
+(1=p)1-6) +(-p-¢p)————=+p(l-9¢)
O+t + &)+, +6;) Vi + pin + 8) (g + h)
lifespan of r-infections unexposed to antimalarial drugs
and

:;1 0 Vi 1
sr T < - 1—
¢ '8115 (S )[ « p)(ﬂh+7’;{T+52T)(Vh +,Uh+g)+( p)¢("h+:“h+g)+p¢g+”h)

average rate of new s-infection from resistant infections due to mutation

ﬁs Vh 1
S5 0 1- .
ﬁhdf (SO)( (1- )(,uh+ ST+ 8+ + 8) +( p)¢(Vh + U+ 8) +p¢g+uh)

average rate of new r-infection from sensitive infections due to mutation

Furthermore, employing the next-generation matrix approach introduced in Lemma 6.12 of [22], we
can determine that 7 represents the basic reproduction number of the entire system, while 7 ; and 7]
denote the basic reproduction numbers induced only by s- and r-infections, respectively. Consequently,
by Lemma 3.3 and the results on the asymptotic stability of equilibria for the vector fields given in
Theorem 3.16 of [22], we find that the DFE Ej is locally asymptotically stable if and only if 7 < 1.

The proof of Lemma 3.3 is appended in Section 7.2.

Remark 1. Parameters K; and K can be interpreted as lifespans of s- and r-infections, respectively.
For instance, K is rewritten as

Vi
Vn+up +8)

Vi
mDS’U + (1= p)1=¢)Ds + p(1 —¢)Dp,

K = —g)(1-p)o D7+ (1 —&)(1 = p)pDa + (1 — £)p$Dp

+(1=p)1-0)

where Dp = (uy + g7, Dy = (up + vy, + g%, Dyy = (uy + y” + 6“) Uand ¢ = T,U are the
lifespans of paucisymptomatic, asymptomatic, and clinical infections, respectively. From this, since
(1 —-¢g9)( - p)H(VthZ‘Hg), (1 — &)1 = p)p, and (1 — &5)pd represent the proportions of s-clinical, s-
asymptomatic, and s-paucisymptomatic infections exposed to antimalarial drugs, respectively, we can

easily interpret the term

Vi

1-g)(-pf——--—
(1-&)1-p) (Vn+ i + 8)

D+ (1 = &)1 = p)pDa + (1 — £)ppDp,
as the lifespan of s-infections exposed to antimalarial drugs. By the same way, the term

(1-p)(1 -)—2—p su+ (1 =p)d =)Dy + p(1 = ¢)Dp,
Vn +un + 8)
represents the lifespan of s-infections unexposed to antimalarial drugs. Consequently, K, is then the
lifespan of the overall s-infections.
A similar interpretation applies to K. As for Qy,, it can be understood as the product of the aver-
age rate of new s-infections arising from resistant infections and the average rate of new r-infections
emerging from sensitive infections due to mutations.
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3.3. The endemic equilibrium and existence of a backward bifurcation

Assume that 6, ¢, and g are constant functions. Let
EZ = (SZ,A;;, P;;, I;, RZ, S;, I;)/ c RE—O’

be an endemic equilibrium of System (3.1), and

* ﬁs * * * * * * * * *
s _1I"h s,U s,U s,U r,T r, T r,T _ s,T s, T s,T
4, = [Ah +P7 +17 +te (Ah +P, +1 )+ (1-gy) (Ah +P +1, )]
h
rto_ rnU r,U r,U rT r,T T s,T s, T s,T
4, [Ah +P +L7 +(1-¢) (Ah +P +1 )+ss (Ah + P+, )]

N
The next theorem provides the necessary conditions on which we have the existence of a unique en-
demic equilibrium and the demonstration of a backward bifurcation. We examine the occurrence of a

bifurcation of the endemic equilibrium in Model (3.1) at 7y = 1. We find that an endemic equilibrium
of (3.1) exists if and only if a positive constant « exists such that

L(T4,x) =1,

where L is defined by

SO
L(TZ,K) :Am_g7-02 (llh +X1K) i
S+ x2) (At + (2 + At @ + x3)K)

where y; = " (1 —a,)+ W’ (1 —a,), yo = W' (b + as) + W' (b, + a,), and y3 = W’(c; + d;) + W' (c, +d,),
with w = (w*, w") being the principal eigenvector of the matrix 7,7, and with ||w|| = 1; a}, b}, ¢;, and
dj,s are positive constants given later.

Next, we introduce the following bifurcation constant:

K = Apptxt = 2x2 + At ® + x3) -
We then obtain the following result on the existence and bifurcation of the endemic equilibrium.
Theorem 3.4. Assume that 0, ¢, and g are constant functions. We then have the following.

(1) If K > O, then a backward bifurcation occurs at Ty = 1, meaning that for T values slightly less
than 1, two endemic equilibria exist for Model (3.1).

(2) If K < 0, then a forward bifurcation occurs at Ty = 1, meaning that for T values slightly greater
than 1, a unique endemic equilibrium exists, while for Ty values slightly less than 1, no endemic
equilibrium exists.

(3) If To > 1, then at least one endemic equilibrium exists for (3.1). Moreover, if K > 0, then when
To = 1, an endemic equilibrium also exists.

(4) Assume that the map k — L(T 2, k) is strictly decreasing on R,. Thus, an endemic equilibrium
exists if and only if Ty > 1; in this case, the equilibrium is unique.

We refer to Section 7.3 for the proof of Theorem 3.4.
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4. Model parameters, baseline model simulation, and sensitivity analysis
For the illustrative dynamics in this section, we assume that 6, ¢, and g are constant functions.
4.1. Model parameters and initial conditions

The parameter values used in the model are summarized in Tables 1 and 2. In general, we assume
that the parameters for sensitive infections are well-established for both humans and vectors. To esti-
mate parameters for resistant infections, we introduce variable scaling parameters. For example, the
mutation probability g, for transitions from sensitive to resistant infections is a known value. The mu-
tation probability &, for transitions from resistant to sensitive infections is then estimated as €, = &g,
where & € (0, 1) is a scaling parameter that represents the ratio of the mutation rates. This approach
ensures a consistent framework for parameter estimation across sensitive and resistant infections.

The transmission rate S,, which represents the rate of transmission from infected humans to
mosquitoes and is assumed to be identical for both sensitive and resistant infections, is determined
using the basic reproduction number 7 as given by (3.4). Specifically, B, is calibrated on the basis
of the value of 7 under the baseline scenario where ¢ = 0, 8 = 0, and g = 0. This ensures that the
transmission dynamics align with the expected epidemiological behavior under the given conditions.
More precisely, we have

7~2 SO
0,0~ h
Bn= : ) 4.1)
§9 max{(C;, Cp}
with
s ﬁ_;n _ Vh _ 1 1
CO T o ((1 p) Ot n+yy U +670) +(-p) Vi) + pﬂh)’
ro_ lﬁ _ Vh _ 1 1
CO T o ((1 p) (vh+uh)(;1h+y;’U+6;;U) +( p) (Va+Hn) + pﬂh)'

The initial conditions are specified using parameters such as the initial prevalence of drug resistance
(InitPrevR) within the host population. We assume an initial infection prevalence of Prev = 50%
with Prevl = 10% of these infections being clinical cases. In addition, we suppose that a proportion
(p = 0.7) of infected humans will develop paucisymptomatic infections. The initial susceptible human
population, asymptomatic infected, paucisymptomatic infected, and infectious case are, respectively,
given by S ,(0) = (1-Prev)S?%; A,(0) = (1-p)S 2(1 —Prevl)Prev(1 —InitPrevR, InitPrevR, 0, 0); P,(0) =
pS 2Prev(1 — InitPrevR, InitPrevR, 0, 0); 1,(0) = (1 — p)S 2PreVPrevI(1 — InitPrevR, InitPrevR, 0, 0);
and R,(0) = (0,0,0,0). For mosquitoes, we assume that S,,(0) = 0.9S2, and 7,,(0) = O.ngl(l -
InitPrevR, InitPrevR).

4.2. Typical dynamics simulated by the model

Model (3.1) is employed to characterize the malaria infection burden within the human host popu-
lation and to capture the dynamics of resistant clinical cases.

When the probability of mutation from treated sensitive human infections to treated resistant human
infections (&) is relatively low (Figure 2), the exposure rate ¢ of asymptomatic and paucisymptomatic
infections to antimalarial treatment has a marginal impact on both mortality and the number of resistant
clinical cases (Figure 2, Column 1 vs. Column 2 vs. Column 3). However, while increasing the anti-
malarial treatment rate 6 for clinical cases has a relatively marginal effect on the cumulative number of
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deaths due to infection when ¢4, 1S moderate (Figure 2A—C), such an increase significantly reduces
infection-related mortality when g4, is relatively high (Figure 2D-I). Likewise, increasing the propor-
tion of humans covered under MDA has a pronounced effect in reducing both mortality and resistant
clinical cases, with a particularly strong impact on the latter (Figure 2). Importantly, increasing the
treatment rate for clinical cases is associated with a rise in the number of resistant clinical cases (Fig-
ure 2A—F), except in the scenario where the proportion gnq, is sufficiently strong (Figure 2G-I). These
contrasting behaviors highlight the beneficial effect of combining antimalarial treatment and MDA to
simultaneously reduce infection-related mortality and the number of resistant clinical cases.
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Figure 2. Dynamics of the model when the mutation rate £; = 0.001. Parameter values are
the defaults in Tables 1 and 2.

The configuration above remains similar under high mutation rates (&) (Figure 3). However, a high
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mutation rate & leads to a higher number of deaths within the host population (Figure 3) compared with
the case of a moderate mutation rate (Figure 2). Furthermore, high values of &; accelerate the emer-
gence of antimalarial resistance within the host population (Figure 3A—F) compared with scenarios
with low mutation rates (Figure 2A-F). Although extensive use of MDA helps reduce both deaths and
resistant cases, the reduction in resistant cases occurs more slowly under high mutation rates (Figure
3G-I) than in the case of low mutation rates (Figure 2G-I).
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Figure 3. Dynamics of the model when the mutation rate &, = 0.1. Parameter values are the
defaults in Tables 1 and 2.
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Finally, for Figures 2D-I and 3D-I, one may observe a peak in resistant clinical cases at the initial
time ¢ = 0. This peak is due to our chosen initial data. However, in Figure 3G—I, we observe an increase
in resistant clinical cases during the first year before they start to decline. This initial increase can be
explained by the high mutation rate &;. Indeed, although the proportion of humans covered under MDA
(gmda) 1s sufficiently high, the strong mutation capability initially leads to an increase in the number
of resistant clinical cases before they begin to decline (Figure 3G-I). In contrast, this pattern is not
observed when the mutation rate is low (Figure 2G-I).

4.3. Global sensitivity analysis

We analyze the sensitivity of cumulative deaths and resistant cases (including paucisymptomatic,
asymptomatic, and clinical cases) to five key parameters: the initial prevalence of drug resistance within
the host population (InitPrevR), the probability of mutation from treated sensitive human infections to
treated resistant human infections (&), the rate of exposure of asymptomatic and paucisymptomatic
infections to antimalarial treatment without a curative intention (¢), the rate of exposure of clinical
cases to antimalarial treatment with a curative intention (#), and the proportion of humans covered
under MDA (¢n4a)- The variation range for these parameters is specified in Table 1. Sensitivity indices
are calculated by fitting an analysis of variance (ANOVA) linear model, including up to third-order
interactions, to simulation-generated data. This ANOVA model demonstrates a high level of accuracy,
explaining more than 99% of the variance.

Overall, the sensitivity analysis identifies g4, as the primary parameter influencing both the num-
ber of deaths and the prevalence of resistant cases (Figure A1). It accounts for 89% of the variance in
the number of deaths (Figure Al, left) and 53% in the prevalence of resistant cases (Figure A1, right).
When interactions with other parameters are included, these indices increase to 94% and 83%, respec-
tively. The second most influential parameter is 8, which explains 5% of the variance in the number
of deaths (rising to 10% when accounting for interactions with other parameters) and 14% of the vari-
ance in the prevalence of resistance (rising to 44% with interactions). The parameters InitPrevR and
g, have a comparable and modest impact, each contributing 0.2%—0.4% to the variance in both out-
comes. Finally, ¢ has a negligible effect on both the number of deaths and the prevalence of resistance,
explaining less than 0.09% of the variance, even when accounting for interactions.

5. Optimal control

Although previous analyses were performed under the assumption of constant parameter values for
the rate of exposure of asymptomatic and paucisymptomatic infections to antimalarial treatment with-
out curative intent (¢), the rate of exposure of clinical cases to antimalarial treatment with curative
intent (), and the proportion of humans covered under MDA (g). This section considers these pa-
rameters as time-dependent functions and assigns reasonable upper and lower bounds to account for
potential temporal variations.

The control scheme (6, ¢, g) lies on the set

3

Q={(0.9.9) € (L7O0.Tp) :0<0<1; 0<Pp<1i 0=g< gual,

with g, being a positive constant.
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Although our objective is not to provide a detailed analysis of the controlled system, i.e., System
(3.1) where the control scheme (6, ¢, g) is considered as a time-dependent function, we present the
following well-posedness result.

Theorem 5.1. Assume that the time-dependent functions 6, ¢, and g are continuous. Then the con-
trolled system, that is, the System (3.1), where the control scheme (6(t), ¢(t), g(t)) is considered as a
time-dependent function, generating a unique, globally defined, positive, and bounded non autonomous
semiflow.

The proof of this result relies on a standard methodology (e.g., [23, 24]).

5.1. The optimal control problem

We assume that a successful control scheme is one that effectively reduces both the total number of
deaths and the total number of resistant cases. Consequently, the control scheme is considered optimal
if it minimizes the following objective functional:

Ty
J0.¢.8) = f [chDh(r)+bh Ao+ PO + 1 0) + 5 02(r)+ ¢<r>+ g |dr. (5.1)
0

te{T,U}

Here, b, and ¢, are balancing coeflicients that transform the integral into the cost expended over a
finite period of Ty years (see Table 2). The first integral, weighted by b, and c;, captures the economic
losses associated with deaths and resistant infections, respectively. The second integral represents the
costs of implementing the three control measures, with quadratic terms for the controls included to
account for the nonlinear costs.

We find that (6%, ¢*, g*) satisfies

JE. ¢, g)— mln ,J0..8). (5.2)

5.2. Necessary optimality conditions

To address the necessary optimality conditions, we follow the framework provided by [25-
27]. Given a solution v = (S, Ay, Py, I, Ry, S, 1) of System (3.1), where the control scheme
(6(1), ¢(1), g(1)) 1s considered as a time-dependent function, we define the corresponding adjoint func-
tions as & = (Js,, a,, Ip,, 91,, Or,» s,,, 91, 9p,). Theorem 5.1 gives the existence and boundedness
of the solutions of System (3.1) with time-dependent control functions. According to the results in
[25, 27], the set of controls Q is nonempty, convex, and closed. Moreover, the right-hand side of
System (3.1) is continuous and can be expressed as a linear function of the controls 6, ¢, and g, with
coeflicients that depend on both time and the state variables.

cy €
o C¢ g} and a = 2, the integrant h(v, 0, ¢, g)(¢) of J verifies

Ifwechoosea1€R+,a2_m1n{2 D

T, 7, T, c C C
h(v, 8, ¢, 2)(t) =c,Dy(t) + by Z (At + PiC) + I () + 5992 + 3‘%2 + Egg2

Ce{T,U}

Con Cp o Cg o
>—0"+ —¢" + =
RVt 8
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. [Co Co cg} s o o
>—a+ — =, =@+ +g).
a mm{2 ) ( o +g°)

Therefore, the existence of the optimal control is given by the following result.

Theorem 5.2. Assume that the time-dependent functions 6, ¢, and g are continuous. Let v =
(S, Ap, Py, I, Ry, S iy 1) be the solution of System (3.1) where the control scheme (0, ¢,g) is con-
sidered as a time-dependent function. Here, (6", ¢*, g*) € Q exists such that

min _J(60,¢,8) =J (0, ¢",8).

(0.9.8)€Q

The existence of such a control is well-established using standard techniques, as detailed in [25, 27].
Pontryagin’s maximum principle [14] allows us to reformulate the problem (5.2) to the problem of
minimizing the Hamiltonian defined as follows:

c c
H =c,Dy, + by, Z A+ P+ 1) + S, S i Z 9.1,
2 2 2
te(T,U) €Z
where Z = {S, An, Py, Iy, Ry, D, S i, 1}, (), are adjoint functions and f; is given by the right-hand
side of Models (2.1) and (2.2) for the z-compartment.
The necessary conditions for the existence of the solution to the problem (5.2) are

9, = -V, H, forzeZ, (5.3)

and 9%
— =0, forwe{0,q¢,g}. 5.4

ow

From (5.3), we find that the adjoint system (¢),cz verifies:

Bsn = (o + Ladw (1= 32)) 05, = (1 = 32) (1 = PY@A,) Dy,
= (1= ) PO O, = L2205, + T B,
9y, =b- ;—Z(lzammﬂsh (i + vy + 800, + ;—ZU = P)1a(@A,) D4, + 3 p(14(DA,) )
~(©en)dy, g0, + 3 (1o = (12A0)15) s, = T2 (B, = (9 )1),
Bp, = b= S 145, + (i + 8O0, + SO D) + 1 = pNLOLY D)
—g(t)0k, + fv—’z ((1aBe) — (L 4)14) B, - fv—j ((Bre)B, — (U B1,)1%).
by, =b- ;—Z(lzamngﬁsh + i,—Z(l = PYLa(@A,) 0, + 5 p(1a( @A) Ip,) = Vi,
+(unla + i + 510y, + 64149, + fv—’: ((12B18) = (1L A)14) Bs,, - fv—’z ((Bre) D1, — (s D1, )1),
Jg, = —fv’;(lzamngﬁs,, - ]Sv—’;u = PYLa(@A,) D) + 3 p(La( @A) Dp,) = pulis, + (i + PO,

Sm
+—((LaA1yDs,, — (4, 91,)15),
Ny

ﬂDh = —Cp,

(5.5)
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and .
ts, = (n + 1oAp)0s,, — (Ap, 9y,,),

. S S (5.6)
&y, = 6y, + —(1,B) s, — —(DB)' (1 = p)Ba, + pIp,),
N, N,

with b = (O, by, 0, —bh). Systems (5.5) and (5.6) are associated with the boundary conditions or
transversality conditions, ©,(Ty) = 0, forall z € Z.
Furthermore, by (5.4), we have:

87‘{ k k k k k k
—g =0 = Vi Zk“ ALT(9ET — 9EVy — v, Zk" ARV T — 9kl = g,
OH
Gy =~ DA =pASEY = > pA Sty P+ Y (1= pakS ! + > pals okt =0,
k k k k
87’{ I, T, 7, 7,
Ty =8 ba((AIT + AU 4 (PIT 4 PYY) - ;(A’;f)f(ﬁgf — 9k - ;(P’;f)’(ﬁ’;;f -9k =0.
(5.7)
Therefore, if (6%, ¢, g*) € Q is a solution of (5.2), then by (5.7), it is characterized by:
kT kU kT kU
¢ =max<0,min< 1; i Zk(Ah +Ah Xﬂlh _ ﬁlh )
b b CG b
Su Tu A1 = )Wy = 03D + p(dy] = 0]
¢ = max {o, min {1; "ok A A SRS (5.8)
€
¢ =max {0 min {g AT+ AT + (BT + PO + AW @5, O5) + (B Ol — )] }}
2 max-» cg .

The state system (3.1), the adjoint systems (5.5) and (5.6), and the control characterization system
(5.8) together form the optimality system that must be solved numerically. These systems operate as a
feedback system in the following sense.

(1) State system input: A given controller serves as the input for the state system.

(2) Adjoint system input: The controller, along with the output of the state system, becomes the input
for the adjoint system.

(3) Control update: The outputs of the state and adjoint systems are then used to update the controller
via the control characterization system.

(4) Loop closure: The updated controller is fed back as the input for the state system, forming a “closed
loop” system.

Since the state equations are governed by the initial conditions and the adjoint equations rely on the
final-time conditions, the optimality system cannot be solved straightforwardly by sweeping forward
in time alone. Instead, an iterative approach known as the forward—backward sweep method is applied
(see [26]). This method alternates between solving the state equations forward in time and the adjoint
equations backward in time, iteratively updating the control until convergence is achieved.
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Figure 4 demonstrates the impact of an optimal intervention strategy on the number of deaths and
clinical cases. The optimal control strategy strongly discourages the exposure of asymptomatic and
paucisymptomatic infections to antimalarial treatment without curative intent (Figure 4A). This aligns
with the findings of the global sensitivity analysis, which indicates that this parameter has a minimal
impact on both mortality and the prevalence of resistant strains. Antimalarial treatment with curative
intention is employed at relatively high levels during the initial years, followed by a gradual reduction
toward the end of the control period. In contrast, the use of MDA is strongly recommended at a consis-
tently high rate throughout the control period (Figure 4A). Furthermore, the reduction in antimalarial
treatment is effectively offset by the increased use of MDA within the host population. This approach is
likely driven by the assumption that the costs of both control strategies are equivalent in this scenario.
The optimal intervention strategies markedly diminish the severity of the projected outbreaks, reducing
both the total number of deaths (Figure 4B) and the prevalence of clinical cases (Figure 4C).
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Figure 4. Effect of intervention strategies on the model’s dynamics. (A) The implementation
of intervention strategies ¢, 6, and gq, as functions of time ¢. (B) The total number of deaths
over time. (C) The total number of clinical cases over time. Here, &, = 10~ and the control
costs are ¢; = 10$, ¢y = 20$, and ¢, = 20$. Parameter values are the defaults in Table 2.

6. Discussion

Antimalarial treatments and mass drug administration (MDA) are key strategies to alleviate the bur-
den of malaria. However, the rise of parasite resistance to antimalarial drugs presents a significant
challenge to effective malaria control and treatment. To assess the impact of combining antimalarial
treatments and MDA for effective disease control, the human population is categorized into five distinct
states: susceptible, asymptomatic infected (individuals with very mild or no symptoms who may later
develop symptomatic infections), paucisymptomatic infected (individuals with very mild or no symp-
toms who do not progress to symptomatic infections), clinical cases, and recovered individuals. An
infected human, whether symptomatic, paucisymptomatic, or asymptomatic, can be treated with anti-
malarial drugs either with curative intent or without. Meanwhile, the mosquito population is divided
into two states: susceptible and infectious mosquitoes.
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We use optimal control theory [26] to characterize an optimal strategy that significantly reduces the
number of deaths and resistant clinical cases. Our formulation assumes a quadratic cost for the control
effort. Overall, for a relatively low mutation rate from treated sensitive human infections to treated
resistant human infections (g, = 1073), the optimal strategy strongly limits antimalarial treatments
for asymptomatic and paucisymptomatic infections without curative intent. Curative treatments are
applied heavily in the initial years, then taper off while MDA is consistently maintained at high levels
throughout the control period (Figure 4).

In the scenario of a relatively high mutation rate (¢, = 107!) (see Figure 5), the configuration
closely resembles that of a low mutation rate (Figure 4). However, a higher mutation rate leads to a
reduced deployment of antimalarial drugs, which is compensated by an increased reliance on MDA
within the host population for effective control (Figures 4A and SA). Intuitively, when the mutation
rate is relatively low, the optimal strategy combines the use of both antimalarial treatment with curative
intent and MDA, with a gradual decrease in antimalarial use over time, ensuring sustainable malaria
control. In contrast, at higher mutation rates, the strategy prioritizes broader deployment of MDA while
significantly reducing reliance on antimalarial drugs to minimize the risk of resistance developing.
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Figure 5. Effect of intervention strategies on the model dynamics as in Figure 4 but with
g, = 107",

Figure 6 assesses the impact of control costs on the model’s dynamics. For a high cost of curative
treatment and a low cost of MDA (as shown in Figure 6A-C), the control strategies favor higher
reliance on MDA and reduced use of antimalarial treatments. This pattern is evident in society, where
high treatment costs often prevent individuals from seeking care until they are already ill. As a result,
implementing MDA on a large scale is crucial to effectively reduce both deaths and clinical cases over
time.

In contrast, when the cost of curative treatments is lower than that of MDA (see Figure 6D-F), the
control strategy advocates for a combination of both approaches: treating clinical cases with curative
intent while also implementing a significant level of MDA to more effectively reduce deaths and clinical
cases. However, the use of MDA is less extensive in this scenario compared with the previous one (see
Figure 6A-C), likely due to the higher cost of MDA. It is also clear that the number of deaths and
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clinical cases is lower when MDA is more affordable (Figure A2). It is essential to note that treating
infected individuals without curative intent in both scenarios is strongly discouraged to prevent the
emergence of resistance over time.
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Figure 6. Effect of the costs of intervention strategies on the model’s dynamics.

Human malaria infections are characterized by the actual presence of parasites within an individual,
but with the absence or very mild malaria-related symptoms, this remains a challenge for malaria con-
trol programs due to their significant influence on transmission dynamics [12, 13]. While some infected
individuals never develop clinical symptoms and transit to the group of paucisymptomatic infections,
others initially progress through an asymptomatic phase (i.e., without symptoms) before developing
into symptomatic or clinical cases. Treating the infectious parasite reservoir in paucisymptomatic
and asymptomatic individuals is a critical intervention strategy with a positive impact on reducing the
malaria burden (Figures 4 and 5). The proportion of paucisymptomatic infections (p) within the host
population significantly affects control strategies that combine MDA and antimalarial treatments (Fig-
ure 7). Specifically, a low proportion of paucisymptomatic infections results in a greater reliance on

Mathematical Biosciences and Engineering Volume 22, Issue 8, 1898-1930.



1920

MDA for effective control (Figure 7, Row 1). This is because a lower prevalence of paucisymptomatic
infections corresponds to a higher proportion of asymptomatic infections that eventually progress to
symptomatic cases. Consequently, antimalarial use remains relatively high during the initial years of
the control period and continues, albeit at a lower rate, over the duration of the control period (Figure
7A). In contrast, when the proportion of paucisymptomatic infections is moderate (Figure 7, Row 2)
or high (Figure 7, Row 3), the deployment of MDA is less intense compared with scenarios with low
paucisymptomatic prevalence. Additionally, the use of antimalarials is robust during the initial years
of the control period but decreases substantially afterward (Figure 7D,G).
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Figure 7. Effect of paucisymptomatic infections on the optimal control strategy.

The proposed model assumes heterogeneity within both the human and mosquito populations. How-
ever, this presents a potential limitation, as incorporating factors such as the chronological age of
human and mosquito populations and the time since infection can have significant epidemiological im-
plications for malaria control strategies [13, 28—-30]. According to previous studies, e.g., [28, 29], an
age-structured model formulation within this context may indeed be interesting to investigate in detail
but would deserve a dedicated study.

Another potential limitation of this study is the arbitrary choice of the balancing coefficients in the
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objective function. Specifically, the value of the balancing cost lacks precise justification, introducing
an element of uncertainty into the outcome of the optimal control function. Although we have delib-
erately chosen its value, we acknowledge that this parameter can significantly influence the resulting
optimal control function.

7. Proof of main results

7.1. Proof of Theorem 3.1

Note that the linear operator 8 is the infinitesimal generator of a strongly continuous semigroup
{e®'}, which preserves R2°. Furthermore, the map M : R?*® — R is locally Lipschitz; therefore,
classical results (e.g., [24, 31]) shows that for any v, € R?°, we can find a time T = T(vy) > 0 such that
(3.2) has a unique solution v € C ([0, T)) N C' ((0, T)) such that

!
V(t,vo) 1= v(t) = €P'vy + f B Mv(n))dn, Yt € [0, T).
0
Moreover, statements below are valid.
(1) If T < 400, then lim,_,7- ||V(t, vo)||g0 = +o0.
(ii) Let t € (0, T). If a sequence {u,}, € R* such that u, — vy in R? as n — oo, then V(n, u,) exists
for all n € [0, 7], where n is sufficiently large and sup, ¢ |V (17, u,) = V(17, vo)llz20 — 0, as n — oo.

We are now interested in the positiveness of the solutions. Note that 8 is resolvent positive, i.e., for
all £, with ¢ > —w := min{uy, 4., 6,,) > 0, (1q — B) is invertible and ({1g — B)"'R2° ¢ R%. Moreover,
for all n > 0, we can find ;, > 0 such that

M) + Ly(t) = 0g20, ¥y € R N B(0, 1), YVt € [0, T), (7.1)

with B(0,7) being the open ball in R?® centered at O with a radius 1. Therefore, for all vy € R,
V(t,vo) € R? forall ¢ € [0,7), i.e.,

Vt,R®) cR®, Vrel0,T).

The statement above follows from well-known results, e.g., [34, Theorem 5.2.7, p. 226]. Inequality
(7.1) should be understood in the following sense. We recall that the mapping M : R?® — R? is such
that M = (Mg),;... 50- Thus, (7.1) expresses that, for all, £ = 1,---,20, M,(v) + {,v¢ > 0, where
v = (Ve)e=1, 20 € R,
Next, for vy € R, let V(¢,vo) € R%, for all ¢ € [0, T(vy)), be the solution of (3.2). Then
Nu(t) <Ay = paNu(®),  Np(0) < A,y — minu,,, 8,)N,,(1),  with ), = min(6},, 5,,),

m?

i.e.,

Ay
Ny(t) < Ny(0)e ™ + Z2(1 — gt
Hn
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~ . A . .
N, (t) < N,,(0 —min(uy.0,)t m 1 — ¢~ MinnG)ry
® e min(iy,, 5;1)( ¢ )

From the case where Y7 € [0,T),

Ay

A
Nj(?) < max (Nh(o)a _h) > Non() < max (Nm(O), min(u,, 5;,))

M
Consequently
sup ||V, vo)ll < oo,
1€[0.T(vo))
which ends the global well-posedness in R2,
It remains to show the bounded dissipativity, that is, a bounded subset Q C Rio exists such that, for
each bounded subset Q c R, 15 = 1,(Q) > 0 exists such that V(z, Q) C Q, for all > 1. Let vy € R,
and let V(t,vy) = (S (1), An(2), P(2), I;(1), Ry(2), S ,u(2), 1,(¢)) be the corresponding semiflow. Setting

Q- A An
S+ S+ AR+ 1P+ I+ IR+ 1l < =2 +

(Sh’Ah’ Ph’ Ih’Rh’Sm, Im) € RE_O : }
HMh min(ym, 6:;[)

we easily find the bounded dissipativity of the semiflow.

To end with the proof of Theorem 3.1, it remains to show that the semiflow {V(¢, -)}, is asymptoti-
cally smooth, i.e., for any closed, bounded, and positively invariant set Q € R2?°, a compact set K ¢ R2°
exists such that d (V(¢, Q), K)) — 0, as t — oo, where d is the Hausdorft semi distance, see e.g., [32].
Note that .

V(t,v0) = e%vy + f X M(V(p, vo)) diy.
0
Since {¢?}
in [33].

; 18 strictly contractive and M is compact, the lemma follows from the results established

7.2. Proof of Lemma 3.3

By Lemma 3.2, we can employ the results in [22] to establish the first part of the lemma.
For the second part of the lemma, note that

(n+ g +vi) 'y O4xa O4cs O

=By = O454 (n + 8 'y O4xa 0452
Vilan + & + vi) " (uala + i + 64) ' Oe Osxa (ply + Y +6p)7" O

O2x4 Ossca Oxa 5!

From this, M(—B)~! can be written as

! — 12x12
M(-B) ( U OM),

where U and V are, respectively, 2 X 12 and 12 X 2 matrices such that

S
U= S0 ((.Uh +8+vi) ' Bre [Id + vi(pnla + yn + 5h)_1®e] Bre(un + &) o Bre(unla + yu + 5;,)_1),
h
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V= 14 (I)ﬁ m 5,;11

O4x2

(1- p)@ﬁméml]

Therefore,
A A 2
(M(-B)") = diag(UV, VD),

where )
(r(M(—B)—l)) = r(M(=B)™")? = max {r(UV), r(VU)} .

Finally, we have

SO
(V) =r(VU) = S—’gr (ThTm)
h
with 7, and 7, introduced by (3.3).
7.3. Proof of Theorem 3.4
The different composants of E} are given by
-1
M+ 124, —pnls
1)- o
Ry | =lvn(unla + i + 61) 7' Oevy(vy + iy + &)1 (1 — p) + g(g + ) ' Tap 04
+gvn + i + )7 (1 = p)1DA;, (tn + p)la

=f(4,)-

Set

Z = [yu(uala + yi + 61) "' @evi(vy, + i, + 97 (1 = p) + g(g + pul) ' p + g(vi + i + )71 (1 = p)1O,

then
(S;; - ) = Aslpn + (2 = pilaGus + o) a2 25,17
R "N\ AR s+ e LaZlpn + (A — pula(un + p) ' W27 A)
Consequently
A Vi + i + )7 'a(1 = p)DA;, Qx4
P, = (g + ) Lap@L;, Oxs | f(A5).
I, (il + yi + 6) 7' @evy,(vy + iy + 87 La(1 — PP, Osya
i.e.,
I Vi + pn + 8711 = POAL[ + (12 — prla(un + pr) L2171 A,
P = (& + ) Tap@A L[ + (A2 — prlaluy + p) L2171 A, .
I (nla + yu + 60) ' @evy(vy + pn + )~ a(1 — PO + (12 — prda(un + pp) L2 X171 A,
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At the equilibrium, the total population of human is written as

. A;
N; = (1 14)(;f)+(14 1 14)[1)/,{].

h ]Z
We have
vh + pn + )7 'y(1 — p)@A;, O4s4
Ny =(1 L)@+ (ls 1 1) (g + ) ' Tap @, Ouea | F(A2,)
(upla + v + 60) ' Bev,(vi, + py + @) a(1 = p)OA;,  Ousg
=g, f(4,).
With this, the two forces of infection are written as follows
B, (Vi + pn + 87 'La(1 = p)OA, Oxa
= (1 (8 + i) Tap®;, Ouxs | £,
E\tm ) o (ala + ¥i + 01) " @ev(vy + iy + ) Tu(1 — PYDA;, Osy
=J(1,),
1
Ay =Bl
sy’
. Bu
JU)=—2" (1 1 1
g f(A) ( )
Vh + pn + )71 (1 = pOAL + (12 — prla(un + pr) ' LaZ2) 171 A,
(& + ) Lap@Anlp + Az — pplalun + pn) L)1 A, -
(unly + v + 6,) ' @evy,(vi, + iy + 8) ' Ta(1 = p)OAL[u, + (12 — prla(us +Ph)_IIdZ)/ljn]_l/1:;1-

Furthermore, replacing A} in the two last equations of System (3.1) yields
S = (o + 1) A = (i + 1I) ™ A
L= 6, 08 = 8, () (i + 1J() ™ A
Consequently, the existence of an endemic equilibrium is given by the solution of the following

fixed-point equation

1 - * *
R®> 4, = mﬁmd;:m;) (o + 12J()) ' A, = F(A,) € R,

The system above is then rewritten as
X = G,)Bu0 Bret i+ +8) " (1= p)+(g+un) ™' p+ (uala+yu+64) ' @evy, (v + 1, +8) " (1— )} DA,

that is,

1
T Thd,, = A 7.2
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where
AnGi(;)

G:1,eR* > G = ———"_ €R,
Ga(4;,)G3(4;)

with
G1() = + (1z = piLa(uy + pi) " T2,
Gz(/l;kn) =1+ {14[(Vh + u, + g)_l(l - p) + (g + /.lh)_lldp]q)} /l;:1

+{LaGunla + i+ 67! @evi vy + i +8) a1 = P + La(us + pi) ' aZ} 4,

G3(A) =Mt Ga(AL) + LaBuel vy + i + )7 (1 = p) + (g + ) ™' p + (il
+yp +0,) ' @evy(vy + wy + ) (1 — p)IDA,.

Since 7,7}, is a positive and irreducible matrix, by the Perron—Frobenius theorem, we have

Gt - r(TwTn)

*
A, = Kw,

where w = (w’, ") is the eigenvector, with ||w|| = 1, associated with the principal eigenvalue r (7,,7},)
of the matrix 7,7}, and k is a positive constant to be determined

The constant « is then the solution of the equation ——— = r(7,,7,), i.e. = r(7,»T4), which is

G(/l ) ” G(Kw)
rewritten as G(k)
KW
At (T T3)) — =
"I G Gt
The equality above is equivalent to
(tn + x1€)
L(k) := Ny (T T 1) =1, (7.3)
( "+ x2K) (At + (2 + Apttn® + X3)K)
with
xi=w (l-a)+w'(l-a,),
X2 = W' (bs + as) + W' (b, + a,),
X3 = ws(cs + ds) + wr(cr + dr)a
and
4= Vh97’h Pn VW{;’UPh(l —0)
T T+ S+ e+ pn) 47 + 600+ )+ )
b = Ovi(1 = p) N (I =0)vi(1 - p) N (I-p) L_P
’ W+ v+ 5D+ + 8 v+ S+ g Vat pn+ ) (g +pn)’
1- o(1 —
Cj :[ ( p)¢ + p¢ + 1% ( ij)Vh J((l - 8]’)ﬁ2 + 8]',3;1),
On+un+8 @+ (u+y, +6 ) va+pn+8)

d':ﬁ.[ (1 = p)vi(1 - 6) +(1—P)(1—¢)+P(1—¢))
s (/1h+ij+(5j Yo+ +g) it (gt )
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Since L(0) = A,,r (T, T A‘h‘ L = ‘;—%r(TmT n) = 7'02, equality (7.3) is rewritten as 7'02-parametric
m /‘l
equation

L(T2,%) =1, (7.4)

such that L(1,0) = 1.
Then, using the implicit function theorem, we get

dx ~ (9¢OzL(1,0)
d7'02 (T2=14=0) 0,L(1,0)
We have
6702L(1,0) =1,
and
d.L(1,0) A K
T SO (Anm
with

K = Apptmx1 = 2x2 + Apptn® + x3) .

A backward bifurcation occurs at 7'02 = 1 if and only if

dk

— <0
47§

(T3=1k=0)

which is equivalent to 9,L(1,0) > 0, that is, K > 0.
Similarly, a forward bifurcation occurs at 7 02 = 1 if and only if

dk

— >0
a7y

(T¢=1.k=0)

which is equivalent to 9,L(1,0) < 0, that is, K < 0.

Furthermore, for all 7, we find that L(77,0) = 7 and lim,_,., L(7;, «) = 0. Therefore, if 77 > 1,
then at least one solution « to the equation L(7, k) = 1 exists. Next, assume that 7; = 1 and K > 0.
Then, on one hand, we have L(1,0) = 1 and J,L(1,0) > 0. Hence, we obtain L(1,«y) > 1 for any
ko > 0 that is sufficiently small. Consequently, at least one « > 0 exists such that L(1,«) = 1.

Finally, the uniqueness of a positive « satisfying L(k) = 1 is obtain if the function k — L(7 2, k) is
strictly decreasing on R,. Indeed, since L(72,0) = 7’02, we readily see that a unique « > 0 exists such
that L(72,k) = 1. We also note that a forward bifurcation occurs in this configuration since here, we
have K < 0.
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Appendix: Supplementary figure
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Figure A1. Sensitivity indices of disease-induced cumulative deaths (left) and resistant cases
(right). The shaded portions of the bars represent the main indices (the effect of each factor
alone), while the complete bars, including both the shaded and unshaded parts, represent the
total effect of each factor, accounting for interactions with all other factors.
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Figure A2. Disease-induced deaths and clinical cases under the control functions shown in
Figure 6.
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