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MODELING THE IMPACT OF TREATMENT, VACCINATION AND STERILE
MOSQUITO RELEASE ON MALARIA TRANSMISSION

ERIC NUMFOR

ABSTRACT. In this study, we develop and analyze a mathematical model to investigate the effects of
treatment, vaccination, and sterile male mosquito release on malaria transmission. The model incorpo-
rates different levels of immunity, distinguishing between non-immune and semi-immune populations
to better capture the dynamics of malaria spread and control. Using the next-generation matrix
method, we compute the control reproduction number and establish the local asymptotic stability of
the disease-free equilibrium when R < 1. A global sensitivity analysis with the reproduction number
as the outcome variable is conducted to determine key parameters influencing malaria transmission.
Additionally, we formulate and analyze an optimal control problem incorporating vaccination, treat-
ment, and sterile male mosquito release as controls, and carry out a cost-effectiveness analysis to assess
the economic feasibility of various intervention strategies. Our results suggest that a comprehensive
intervention strategy that integrates treatment, vaccination, and sterile mosquito release is the most
effective approach for reducing malaria transmission. However, from a cost-effectiveness perspective,
prioritizing vaccination and treatment is the most feasible option in resource-limited settings.

1. INTRODUCTION

Malaria is a vector-borne disease caused by the parasite called Plasmodium, which is primarily transmit-
ted to humans via bites by infected female anopheles mosquitoes. There are five species of Plasmodium
parasites: Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium ovale, and
Plasmodium knowlesi [45]. Two of the five species pose devastating threat to humans, namely, P.
falciparum and P. vivax. Plasmodium falciparum is prevalent in sub-Saharan Africa and P. vivaz is
prevalent in Southeast Asia and South America. According to the World Health Organization (WHO),
there were 263 million cases of malaria globally, resulting in an estimated 597 thousand deaths by the
end of 2023 [45]. A disproportionate share of the malaria cases were observed in the African Region,
with 94% of cases and 95% of deaths [45]. The symptoms of malaria can be mild or life-threatening,.
Mild symptoms are fever, chills, and headache, whereas severe symptoms include fatigue, confusion,
seizures, difficulty breathing, jaundice, and abnormal bleeding. Pregnant women, children under five,
and individuals with HIV or AIDS are at higher risk of contracting malaria. Malaria (in humans) can be
controlled through treating infected individuals, vaccination of susceptible individuals and vector con-
trol. Several medications are used to treat malaria, the most common being chloroquine, primaquine,
and artemisinin, with the specific medicine used depending on the individual and the species of Plas-
modium [45]. On the other hand, vaccination is a safe and effective method of protecting individuals
against harmful diseases. In 2021, WHO recommended the use of the vaccine RTS,S/AS01 among
children in regions with moderate to high P. falciparum, and in 2023, WHO recommended a second
malaria vaccine R21/Matrix-M [45]. The R21/Matrix-M vaccine represents a major milestone in the
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global fight against malaria and has the potential to transform public health efforts in regions most
affected by the disease. Finally, one of the most effective means for controlling malaria is vector con-
trol. Several methods have been used in controlling the mosquito (vector) population, some of which
are the use of insecticide-treated nets (ITNs) and indoor residual spraying (IRS). However, these two
methods face challenges in their implementation, such as insufficient access to and difficulty maintain-
ing insecticide-treated nets. However, the emergence of insecticide resistance in mosquitoes and drug
resistance in Plasmodium species has underscored the need for innovative control strategies.

The Sterile Insect Technique (SIT) is a biological control method that involves the release of sterile
male mosquitoes into wild populations. This technique is an environmentally-friendly insect pest control
method that involves sterilization, using radiation of a target pest, followed by systematic release of
the sterile males, where they mate with wild females, resulting in no offspring [23]. It is assumed
that when females mate with sterile males, their eggs do not hatch, leading to a reduction in the
mosquito population over time. This method, when implemented effectively, offers a species-specific,
environmentally friendly, and sustainable solution to malaria control. SIT has been used since the 1950s
to control a variety of insecticide pests, including fruit flies, screwworm flies, and different species of
mosquitoes [14]. In the United States, SIT has been used to control Aedes aegypti mosquitoes which
cause dengue, Zika, and chikungunya.

In recent years, there has been a growing trend in the formulation of various models that incorporate
a range of control strategies, such as the sterile insect techniques (SIT), treatment, and vaccination, to
assess the effectiveness in managing the spread of malaria. These models vary in their approaches, with
some focusing on individual control strategies, while others explore the outcomes of combining multiple
interventions in the fight against malaria transmission. Ducrot et al. [18] developed a deterministic
model that examines malaria transmission by considering two distinct human hosts (non-immune and
semi-immune individuals). Their model proposed that in regions with low to moderate levels of malaria
transmission, targeting control measures towards specific host types could be effective in eradicating
the disease. Additionally, their results suggest that in high transmission areas where the majority of
individuals originate from non-malarial regions, malaria could be eliminated by focusing on the non-
immune population. In endemic areas with a low per capita birth rate or constant influx of individuals,
sustained malaria control could be achieved by targeting the non-immune group. Ibrahim and Dénes
[22] developed a mathematical model to study the dynamics of malaria transmission, taking into account
factors such as partial immunity in humans and seasonal variations in the environment. Their model
divides the human population into non-immune and semi-immune categories to account for differing
levels of susceptibility. It also considers seasonal changes in mosquito birth, death, and biting rates to
account for seasonal variations on transmission dynamics. On the other hand, Cai et al. [11] developed
a mathematical model to assess the effectiveness of using a combination of sterile insect technique
(SIT) and insecticide-treated nets (ITNs) in controlling malaria transmission. Their model comprises
different sub-models for humans (SEIR) and mosquitoes (SEI), with an additional class for sterile male
mosquitoes (M). Tchoumi et al.[39] formulated a two-group malaria transmission model structured by
age with vaccination of individuals aged 5 and younger. Building on the work of Ibrahim and Dénes [22],
Tchoumi et al. [39], and Cai et al. [11], we formulate a model for malaria in humans and mosquitoes
that considers varying susceptibility levels, while incorporating vaccination against malaria, treatment
and the introduction of sterile male mosquitoes into the mosquito population. This model will allow
for a more comprehensive assessment of the impact of different control strategies on the dynamics of
malaria transmission.

This paper is organized as follows: in Section 2, we propose a model that accounts for different levels
of susceptibility, while incorporating vaccination, treatment and sterile male mosquitoes release. The
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analysis of the model is presented in Section 3. The global sensitivity analysis is presented in Section 3.3,
and the numerical simulations of the model are presented in Section 3.4. We formulate and analyze an
optimal control problem of vaccination, treatment and sterile male mosquito release in Section 4. The
numerical results of our control problem are presented in Section 4.1, and a cost-effectiveness analysis
is presented in Section 5. The conclusions of our work are presented in Section 6.

2. MODEL FORMULATION

We formulate a model of malaria in humans and mosquitoes which incorporates sterile male mosquitoes,
vaccination and malaria treatment. In humans, we formulate an SVEIR-type model with S, V, E I, R
representing susceptible, vaccinated, exposed, infectious and recovered humans, respectively. Based
on the level of immunity, we divide the human population into two groups, namely, non-immune (i.e.
those who have not developed any immunity against malaria) and semi-immune (i.e. those who have
some partial immunity against malaria), denoted by the subscripts n and s, respectively. The total
population of humans is

Ni(t) = Su(t) + Ss(t) + En(t) + Es(t) + In(t) + L(t) + V() + Rs (),

where S,, E, and I, are non-immune susceptible, exposed and infectious individuals, respectively.
Similarly, Ss, Fs and I are semi-immune susceptible, exposed and infectious individuals, respectively,
and R, are the immune individuals. Individuals in the R, class are partially immune to malaria,
and so they harbor a small number of parasites in their bloodstream, which enables them to transmit
the infection to susceptible mosquitoes [11, 16, 22, 31]. Due to vaccination of susceptible humans
with malaria vaccine, we incorporate a compartment for vaccinated individuals, denoted by V. In the
mosquito population, we formulate an SEIM model of malaria, where S,, E, and I, represent wild
(non-sterile) female mosquito populations, with S, being those who are susceptible to malaria, F, are
individuals exposed to malaria from humans and I, are individuals infected with malaria. We assume
that M represents the sterile male mosquito population, and denote the total wild mosquito population
as N, and the total population of mosquitoes as N,,,, so that

No(t) = So(t) + Eo(t) + I,(¢)  and  Nym(t) = No(t) + M(2).

We assume that individuals are recruited into the population through the non-immune and semi-immune
susceptible classes at rate pAj and (1 — p)Ayp, respectively, where p € [0,1] is the proportion of non-
immune susceptible humans recruited. When non-immune infectious humans receive malaria treatment
at rate u, a fraction o of them recovery without immunity and move to the .S,, class, while the remaining
individuals recover with partial immunity and move to the R, class. Similarly, when semi-immune
infectious humans receive malaria treatment at rate u, a fraction o of them recovery with a low level of
immunity and move to the Sy class, while the remaining individuals recover with partial immunity and
move to the R;. In the human population, non-immune exposed individuals progress to the infectious
class at rate v,,, semi-immune exposed individuals progress to the infectious class at rate 5, and all
individuals experience a background mortality at rate uy. It is assumed that non-immune and semi-
immune infectious humans suffer an additional disease-induced death at rates §, and d,, respectively.



4 E. NUMFOR

(55 + ,u'h)]S

FIGURE 1. Schematic diagram of the malaria model with vaccination, treatment, and
sterile male mosquito release.

When vaccinated humans come in contact with infectious mosquitoes, they become semi-immune ex-
posed at rate (1 — e)\;, where \; is the force of infection and e represents the efficacy of the vaccine.
In the mosquito population, we assume that all new susceptible mosquitoes are recruited at rate

alN,

Ny, M) = f(N,, M)N, = ———N,
f’U( vy ) f( vy )’U N,U+M vy

where a is the average number of mosquito offspring per unit time [26, 46]. In the absence of sterile
mosquitoes, the birth rate f, is proportional to IV,; the birth rate is reduced for nonzero sterile mosquito
as a result of mating with wild mosquitoes. It is assumed that exposed mosquitoes become infectious at
rate a,,. Furthermore, we assume that sterile mosquitoes are released at rate b proportional to the total
wild population (that is, B(N,) = bNy ), and that all mosquitoes (wild and sterile) suffer a background
mortality at rate

Mv(NvaM) = Hiv + /-l/QU(Nv + M)a
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where 1, represents density independent death, while po, represents density-dependent death as a
result of competition, overcrowding or other ecological factors. The force of infections in the non-
immune population (A,), the semi-immune population (A;), and in the mosquito population ()\,) are
defined as:

pthv _ ﬁvh-[v

A = As

proln  prols  proRs
Ao =
=, + +

Ny, Np, Np Ny

(2.1)

where p,p is the transmission probability from infectious mosquitoes to non-immune susceptible hu-
mans and p,p is the transmission probability from infectious mosquitoes to semi-immune susceptible
humans. Similarly, pp, is the transmission probability from non-immune infectious humans to sus-
ceptible mosquitoes, gy, is the transmission probability from semi-immune infectious humans to sus-
ceptible mosquitoes, and pp, is transmission probability from the immune humans (R;) to susceptible
mosquitoes. The transition rates in human and mosquito populations are represented in the schematic
diagram in Figure 1. From the schematic diagram in Figure 1, we obtain the following system of
nonlinear ordinary differential equations:

dSn p'uhIUSn
— pA I, — Pohlvon
i pAy +ouly, N, (kn + &) Sn,
dEn p'uth
= Sn - n Ena
7 N, (Yn + pn)
dl,
7: - wnEn - (571 + Yn + Hh + U)Ina
dSS ﬁthvSs
— (1-pA I _ Puhvds
dt ( p) nt+ou s+eRs Nh (Mh"’f)ssa
dES ﬁthv ﬁthv
—_— = SS ]. - 7‘/ - s E57
. TR LTS
dl
di = %ES - (6s+75+uh+u)157
av _ ﬁthv
o = StS)-( s)—Nh V — pnV, (2.2)
dRg
dt = (Wm+A=0)u)ly+ (vs + (1 —o)u)ls — (0 + pn) Rs,
dsv an pthn ﬁhvls ﬁths
= T astVu Sv - v v N'u M S'm
dt N, + M (Nh T N, + N, (K10 + p2o(Ny + M))
dr, oln Ohov s Oho s
W = <p}]LVh + p;lvh + p}}vh ) Sy — a By, — (,Ulv + IU’QU(NU + M))ETH
dl,
dt = ava - (/f’flv + HQU(NU + M))Iv;
dM
W - va_(M1v+M2v(Nv+M))M7

with initial population

Sn(0) =Sy, En(0) =By, I,(0) = Iy,
Ss(0) =S, Bs(0) =B, IL(0) =1,
R,(0)=R", V(0)=V° M(0)=M", (2:3)
S,(0)=2S8° E,0)=E’ I,0) =1
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A summary of the description of the parameters of model (2.2) and their values is given in Table 1.

Table 1: Description of parameters of model (2.2). The sterile
mosquito release rate satisfies a > b 4+ u1,, based on biological

feasibility of the disease-free equilibrium in equation (3.2).

Para  Description Value(s) Source(s)

Ap Recruitment rate of humans 10%/(55 x 365) (30, 34]

U Background mortality of humans 1/(55 * 365) (30, 34]

On Malaria-induced death rate of non-immune humans 0.00009 [11]

s Malaria-induced death rate of semi-immune humans 0.00009 [11]

Yn,7Ys Recovery rate of non-immune and semi-immune humans 0.0035 - 0.005 [11]
from malaria

Pn Progression rate of non-immune humans from exposed 0.1033 [39]
to infectious

P Progression rate of semi-immune humans from exposed 0.0833 [5]
to infectious

p1o  Density-independent death rate of mosquitoes 0.033 [11]

2y Density-dependent death rate of mosquitoes 0.00002 [11]

a Birth rate of wild mosquitoes 0.13 [11]

b Release rate of sterile male mosquitoes [0,0.097) Calculation

o Proportion of treated infectious humans who recover 0.4 (30, 34]
without immunity

u Rate of treatment of malaria in humans [0,1) Vary

£ Rate of vaccination against malaria [0,1) Vary

0 Rate of loss of immunity 0.00055 [11, 18]

€ Vaccine efficacy [0,1] Vary

D Proportion of non-immune susceptible humans 0.5 (18]
recruited

Puh Transmission probability from infectious mosquitoes to 0.022 [11, 30, 34]
non-immune susceptible humans

Puh Transmission probability from infectious mosquitoes to 0.011 Estimation
semi-immune susceptible humans

Phu Transmission probability from non-immune infectious 0.48 [11, 30, 34]
humans to susceptible mosquitoes

Pho Transmission probability from semi-immune infectious 0.048 Estimation
humans to susceptible mosquitoes

Prv  Transmission probability from immune (Rg) humans to 0.048 [11]
susceptible mosquitoes

Qy Progression rate from exposed to infectious mosquitoes  0.091 [5, 39]
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3. MATHEMATICAL ANALYSIS

In this section, we establish the positivity and boundedness of solutions of system (2.2), compute
the control reproduction number, and establish the existence and local stability of the disease-free
equilibrium.

3.1. Positivity and Boundedness. It is important to establish the positivity and boundedness of
solutions of system (2.2), since the state variables in our model represent populations.

Theorem 3.1. Given the positive initial conditions in equation (2.3), the solutions (Sy, En, In, Ss, Fs, Is,V, Rs) €
RE and (Sy, Ey, I, M) € RY of model (2.2) remain positive for all t > 0.

Proof. Considering our state equations in (2.2), we have:

dsS, dv
—_ = Ap+oul, >0, — =&(Sp+Ss) >0,
dt |s,=o dt |y—o
dFE,, dR
= ASp >0, = ('Vn + (1 —o)u)ly + (v + (1 — U)U)IS >0,
dt | _g dt |z o
dI, dsS, a(By, + 1,,)?
— = Y, B, >0, =—">0,
dt |, _, v dt |g,_o Bot+I,+M
dsS, dE,
= (1-pAp+ouls+0Rs >0, = A\Sy >0,
dt {g dt |g, —o
dE, dI,
= XS5+ (1 —e)AV >0, =a,FE, >0,
dt |g.—g e dt |r,—o o
dI dM
= YsEs >0, — =0bN, > 0.
dt |7 _o dt | o

It follows from Manisha and Anuj [32], and Smith [37] that the state solutions are non-negative for all
t>0. ]

Theorem 3.2. The set

Q= {(SnaEnyjnys&Es;IvaRs»S?)aEvaIU;M) S R}E 0 S Nh(t) S D17O S Nv(t) + M(t) S DQ}

is positively invariant for system (2.2), where D1 = max {Nh(O), %} and Dy = Z‘:b

Proof. Since the total human population at time t is N (t) = Sy, (t) + Ss(t) + En(t) + Es(t) + In(t) +
Is(t) + V(t) + Rs(), it follows that the dynamics of the total human population satisfies

dN,
dith :Ah_,uthh_(SnIn_(ssIs SAh _ﬂhNha (31)

by Theorem 3.1. Since the total population is endowed with the initial condition N5 (0) = N from
equation (2.3), it follows that the differential inequality (3.1) satisfies

A A

0< Njy(t) < Nt 4 21 —emmnt ) < max q N, =2 4 .= Dy,
Hh Hh

by convexity. Taking into account the total population of wild mosquitoes, N, = S, + F, + I,,, and the

total population of wild and sterile mosquitoes, Ny, = N, + M, we have 0 < N, < Ny,,. It follows

that
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dNym aN?
= va L — v vN'Um Nvm
ar + N (10 + 2 )
N,
< b Nvm 1- == )
= (a+h) ( D, )

where Dy = 2. Given that Nym(0) = N

vm?

it follows from the differential inequality that

DyND

Nym(t) <
( ) Ngm + (D2 - Ngm)ei(aer)

Z —>D2,

as t — oo. Thus, limsup N,,,(t) < D, and hence, the set 2 is positively invariant for system (2.2). O

t—o0

3.2. Equilibria and Reproduction Number. We determine the disease-free equilibrium (DFE) for
our malaria model, which will be used in computing the reproduction number. In the absence of
malaria in the population, FE, = E; = E, = I,, = I, = I, = 0. Thus, the disease-free equilibrium is
Eo=(SEE: T, S EX IXV* R, Sk EX, L, M*), where
& = ( pAn 0.0, (1_p)Ah’0’0’ §An 0, (a—b)(a—b—ulv)’0707 b(a—b—um))’ (3.2)
Bh + { Bh + 5 ﬂh(/uh + f) a2y a2y

with a > b+ p1,. In the absence of sterile mosquitoes in the population, the disease-free equilibrium is
go = &lp=0. In the computation of the reproduction number, we determine the vector of appearance
of new infections (F), and the vector of other transitions (V) in the population, where we have ordered
the “disease compartments” as (E,, I,,, Es, Is, Rs, E,, I,,). Thus,

AnSn (7/}71 + ﬂh)En
(On +vn + pn + )L, — Y Ey
)\SSS + (1 - E))‘SV (ws + Mh)Es
F= 0 ’ V= (6s+’75+/1h+u)[s_¢sEs
0 (04 pn)Rs — (v + (1 — o)u) Iy — (s + (1 — o)u) I,
)\vsv Oéva + (H’lv + N2U(Nv + M))Ev
0 (/’L1U+/‘L2’U(N7J+M))I’U _ava

For the sake of simplicity, we introduce the notation K1 = &, + v + pn + u, Ko = 85 + vs + pn + u,
Ks=7,+1Q—-0)u, Ky =7+ (1—0)uand pu,(N;, M*) = p1,+ pi2o (N + M*). The matrices F and V
are obtained from the vectors F and V by taking the partial derivatives of F and V with respect to each
“disease compartment” and evaluating at the disease-free equilibrium &;. Thus, the next-generation

matrix is
oy Pun Sy Pur Sy
0 O 0 O 0 /LU(N;7M*)(a'u+,uv(N1ij*))N; NU(N;J\/I*)N;:
O 0 0 0 0 0 0
o fon (ST+(1=) V™) Bun(Si4(1—e)V*)
P R N v 0.7 3 o e 0.7 £0) AT LY S0
FV"=10 0o 0o o o0 0 0 ;
O 0 0 0 0

0
A Ay As Ay Ay 0
0 0 0 0 0 0

o O O
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where

Al _ S: [ thﬂ/)n + ﬁthBwn :| A2: S: |:phv ﬁth3 :|
Ni LK (W +pn)  Ki($n + pn) (0 + pn) | Ny K1 K0+ pn) )’

A3 — S: [ ﬁhvws ﬁth4'L/)s :| A4: S; |:ﬁhv ﬁth4 :|
Ni | K2 (s + pn) - Ka(ths + pn) (0 + pn) | N | Ky Ko(6+un)|’

ﬁhvS:
As = ———2
° (0 + pn)NJ:

The control reproduction number is

Re = p(val) =YV Iﬁ'On + 7%03, (33)

where R,, and Ros are

7%0 _ avpvhpﬂiwn (CL —b— ,ul'u) [ph ﬁth3:|
" alppioy(pn + &) (Vn + pn) (a4 a — ) (0 + Yo + pin + ) ! 0+ pn 7
Ro Qo Ponpnths(a —b— p1y) (1 — p)pn + (1 — )] {~h N ﬁthﬂ
° alp oy (pun + €) (s + pn) (o +a —b)(8s +7s + pn +u) |77 0+

The term, Ron, in the control reproduction number represents the number of secondary infections
obtained when one infected non-immune human is introduced in a completely susceptible population
during individual’s entire period of infectiousness. Similarly, Ros represents the number of secondary
infections obtained when one infected semi-immune human is introduced in a completely susceptible
population during the individual’s entire period of infectiousness.

Theorem 3.3. The disease-free equilibrium &y is locally asymptotically stable if Ro < 1 and unstable
if Re > 1.

Proof. The Jacobian matrix J = J(&y) of system (2.2) at the disease-free equilibrium, & given by

—DBy 0 ou 0 0 0 0 0 0 0 % 0
0 —Bs 0 0 0 0 0 0 0 0 % 0
0 Un —-K; 0 0 0 0 0 0 0 0 0
0 0 0 —By 0 ou 0 0 0 0 —Bg 0
0 0 0 0 —Bs 0 0 0 0 0 B 0
0 0 0 0 P —Ks 0 0 0 0 0 0
13 0 0 13 0 0 — L 0 0 0 —By 0 ’
0 0 K3 0 0 Ky 0 —By 0 0 0 0
0 0  —preBs O 0  —preBs 0 —pnyBs —Byg B Bio —Bn
0 0 phvBS 0 0 ﬁhUBS 0 ﬁhvBS 0 *312 0 0
0 0 0 0 0 0 0 0 0 Qy b—a 0
0 0 0 0 0 0 0 0 Bs Bs Bs Bs —a
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with
~v 1_ + 1—5
BO = Hn +£7 Bl = P h[( p)luh ( )6]7 BZ = wn + Hh, Bd = ws + Hh,
pn +§
b b+ v 1- L~’UL
By=0+ By — bt B, — (L=Pnpon
a pn +§
pon(l —€)€ Hh gx (a —b)(a—2b— u1y)
B; = ———= By =128 Bo —
[V ST,V 9 - :
—B)(2b + i1 —b)(2a — 2b— iy
Bw:(a )(a f1 )’ BH:(a )( aa 1 )7 Biy—a—b+ .
It follows from a > b+ 1, that B; > 0, for i = 1,2,---,12, except for Byg. Now, we determine the

eigenvalues of the Jacobian matrix, J(&). Clearly, \ = —pj, < 0 and A2 3 = —By < 0 (of multiplicity
2) are eigenvalues of J. The remaining eigenvalues are obtained from the 2 x 2 block matrix

D'E
H = |--==- e m—-
FiG |’
where
LhDPPuh
—Bs 0 0 0 0 0 0 ﬁ 0
Un —K; 0 0 0 0 0 0 0
D = 0 0 —B3 0 0 , E=|0 0 By 01,
0 0 Vv,  —Ko 0 0 0 0 0
0 Ks 0 K, —By 0 0 0 0
0 —proBs 0 —pryBs —prvBs —By Big By —-Bu
ro— 0 prwBs 0 preBs  proBs G- 0 —Bip 0 0
0 0 0 0 0 ’ 0 Qy b—a 0
0 0 0 0 0 B5 B5 B5 B5 —a

The eigenvalues of D are \y = —Bs < 0, A\s = —K; < 0, \¢ = —B3 < 0, A\ = —K; < 0, and
As = —B4 < 0, since Ba, B3, By, K7 and K are positive. Due to the invertibility of D (as det(D) =
—BsB3B4K1 Ks # 0), the local stability of & is determined by the eigenvalues of the Schur complement
of D, denoted by Sp and defined as Sp = G — FD~'FE [3, 33, 38], where

—By By Bi-— Bspihp¥npon |:K3ﬁhv +,0hv} _ BiBgys [ﬁhv + ﬁthﬂ By

Ba K1 (pun+E) By B3 K> By
Bspihpnpo K3phov Bi1Bsys |~ P K.
SD — O —B12 BEMKhIZEMhigS |: B'Bp‘:7 + th} + éSIS(Q [th + PhB4 4i| 0
0 Qy b—a 0
Bs Bs Bs Bs —a
Thus, we study the characteristic polynomial g(A) = det(Ay — Sp). To do this, we introduce the
notation
Bspnpnpon | Kzpno
X o W =(a—=Bs)Bo+ BsBis,
Bo K1 (i + ) B, =+ pn (a 5)By + BsB11
By Bgys | . ProKy
y — Z2D8%s |5 o Pheltdl Z = (a—b)Byg — an(X +Y),
Bak, | B, (@ =b)Bia — (X +Y)
where by direct substitution, W := (a— Bs)Bg+ B;B11 = @ [a—b—p1y] >0and Z = (a—b)(a, +

a—b)(1 —RZ). Thus, the characteristic polynomial of Sp is
q()\) = det(/\I4 — SD) = )\4 + a1/\3 + ag)\Q —+ a,3)\ + ay,
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where
a; = —tr(SD):a—b+Blg+a—B5+Bg,
ay = (a—b+312)(a—B5+Bg)+W+Z,
az = (a—b+Blz)W+(a—B5+Bg)Z,
ay = det(Sp)=W2Z.

The coefficient ag := WZ = (a — b)(a, + a — b)W (1 — R%) and the term

@ = b(b+ o) + (0= b)a—b—yna) ~ba—8) _ ba—b—p)

CL—B5+BQZ

>0,

since @ > b > 0. Thus, the coefficients a1, a2, a3 and a4 are positive whenever R¢ < 1. Now, Dy =
ay > 0,

Dy = ajas —as
= [(a—b+ Bia) + (a — Bs + By)|[(a — b+ Bia)(a — Bs + By) + W + Z]
—[(a —b+ B12)W + (a — Bs + By)Z|
= (a—b+ Bi12)[Z + (a — Bs + By)*] + (a — Bs + Bg)[W + (a — b+ B12)?] > 0,
whenever R¢o < 1. Finally, if R¢ < 1,
Ds = ajasas — a?a4 — ag
= [(a—b+ Bi2)+ (a— Bs+ Bg)] - [(a —b+ Bi2)(a— Bs + Bg) + W + Z] -
[(a = b+ Bi2)W + (a — Bs + By)Z]
—[(a = b+ Bi3) + (a — Bs + B)|*WZ — [(a — b+ B12)W + (a — Bs + By)Z]?
= (a—b+ Bi2)*(a— Bs + Bo)W
+(a — b+ Bi2)*(a — Bs + By)*(W + Z) + (a — b+ Bia)(a — Bs + By)*Z
+(a — b+ Bia)(a— Bs + Bg)*(Z — W)? > 0.

Thus, the Routh-Hurwitz conditions hold and hence the disease-free equilibrium is locally asymptotically
stable when Re < 1 [28, 29]. When R¢ > 1, the coefficient ay < 0, resulting in a change of sign in
the coefficients of the polynomial g. This depicts the existence of a positive root, by Descartes Rule of
Signs [2, 35]. Thus, & is unstable when R¢ > 1. a

3.3. Sensitivity Analysis. Partial Rank Correlation Coefficients (PRCCs) are widely used in sensi-
tivity analysis, especially within the realm of mathematical and computational modeling. These coeffi-
cients quantify the magnitude and direction of the relationship between model inputs (parameters) and
outputs (variables), while accounting for the effects of other variables. PRCCs are especially useful in
models with nonlinear and monotonic relationships, making them a preferred technique in biological,
epidemiological, and engineering studies. Thus, we carry out sensitivity analysis of our parameters us-
ing the latin hypercube sampling (LHS) technique. Uncertainty in model parameters can be identified
through the latin hypercube sampling technique, coupled with Partial Rank Correlation Coefficients
(PRCCs). Latin hypercube sampling is a scheme for simulating random parameter sets that adequately
cover the parameter space [4, 10, 27, 34, 44].

In order to assess the relationship between our model parameters and the number of secondary cases
(R¢), we assume that each uncertain parameter is uniformly distributed within 25% of the respective
baseline parameter values, and perform a latin hypercube sampling analysis by generating 5000 random
samples from the chosen parameter distributions. Scatter plots of each parameter against the output
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variable above were generated to ascertain the assumption of monotonicity, which is necessary when
using PRCCs. PRCCs were then calculated between each of the following parameters: a, b, ay, &, p, 0, o,
Yy Vo> Us €5 Npy fhhs Ony Osy Uy Wsy v, U2vs Poks Phos Poh, Pho a0d Ppy. The sign of the PRCCs indicates
whether or not variations in the input parameter has a positive or negative effect on the corresponding
output variable [42, 43]. The most influential parameters of the model are those that have PRCC values
that satisfy |[PRCC| > 0.4, where a negative sign indicates an inverse relationship. The correlation
between the output variable and the input parameters is moderate if 0.2 < |[PRCC| < 0.4, and is weak
otherwise [4, 13].

PRCCs
T T

PRCC Values for R

1 1 1 1 1 1 1 1
a boa, &P 0oy g U e Ay G O Gy U iy ey Py Pay Pan P P
Parameters

08 I I I I I I I I I I I

FIGURE 2. Sensitivity analysis depicting the PRCC values of the control reproduction
number R¢. In this figure, we used the following notation: piyn = poh, Pthe = Pro and
Phhv = Pho-

In Figure 2, besides the natural death rate uj, the parameters ., p, pn, Pon, Porn and p,p have the
greatest impact on increasing the control reproduction number, whereas a is moderately impactful. On
the other hand, besides A, the parameters &, 0, o, €, ji1,, and pg, have the greatest impact on reducing
the reproduction number, and the sterile release rate (b), treatment rate (u) and efficacy of the vaccine
(€) are moderately impactful.

3.4. Numerical Simulations. In this section, we explore the effects of sterile male mosquitoes release,
vaccination and treatment on the spread of malaria in humans and mosquitoes. For the baseline
parameter values in Table 1, and in the absence of treatment, vaccination and sterile male mosquito
release, the reproduction number is R¢o = 2.2.

3.4.1. Effect of Sterile Male Mosquito Release. We investigate the effect of sterile male mosquitoes
release under different scenarios, namely, the absence of both treatment and vaccination, presence of
treatment but the absence of vaccination, presence of vaccination but the absence of treatment, and in
the presence of both treatment and vaccination.
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FIGURE 3. Surface plots of the control reproduction number as a function of the trans-
mission probability from infectious mosquitoes to susceptible humans and the sterile
male mosquito release rate, when (i) v =0 and £ =0, (ii) v > 0 and £ =0, (iii) £ > 0
and v =0, (iv) u > 0 and £ > 0.

Figure 3 is a surface plot for the control reproduction number as a function of the sterile male mosquito
release rate (b) and the transmission probability (p,n) from infectious mosquitoes to susceptible humans.
Simulations in the absence of both treatment and vaccination are depicted in Figure 3 (i), and they
suggest that the control reproduction number is below one for a very small transmission probability
from infectious mosquitoes to susceptible humans, irrespective of the release rate b € [0,0.08]. When
individuals receive malaria treatment, but in the absence of vaccination against malaria, the surface plot
indicates that the reproduction number is above one when p,; > 0.02 and b < 0.04, and when b > 0.05,
R¢ > 1 whenever p,p, > 0.04 as in Figure 3 (ii). In the presence of vaccination, but with no treatment of
malaria in humans, the surface plot of the reproduction number suggests that the control reproduction
number is between 0.2 and 0.4, irrespective of the release rate b € [0,0.08] and transmission probability
Pk, as shown in Figure 3 (iii). Finally, when humans receive malaria treatment and are vaccinated,
the reproduction number is below 0.3 as shown in Figure 3 (iv). Thus, a combination of vaccination
and treatment in the presence of sterile male mosquito release is more impactful at reducing malaria
prevalence than vaccination-only in the presence of sterile male mosquito release as depicted in Figure
3 (iil) & (iv).

Figure 4 delineates the control reproduction number for different values of the sterile release rate.
When b = 0 and for significantly small transmission probability from infectious mosquitoes to susceptible
humans (p,p), the control reproduction is below one and immediately exceeds one with an increase in
the transmission probabilities (p,n > 0.0015) as shown in Figure 4. As the sterile release rate increases,
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the control reproduction number decreases, and it requires a higher transmission rate for malaria to
persist in the population. This highlights the importance of sterile male mosquitoes in curbing the
spread of malaria in the population.

3 T T T
Rc with b = 0.08
Rc with b = 0.06
Rc with b = 0.04
25 Re withb =0

Reproduction Number

0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Transmission probability (p,n)

F1GURE 4. A plot of the control reproduction number for different values of the sterile
release rate and the transmission probability from mosquitoes to humans.

A surface plot for the control reproduction number as a function of the sterile male mosquito release and
the transmission probability from infectious humans to susceptible mosquitoes is delineated in Figure
5. In the absence of both treatment and vaccination, malaria persists in the population if the sterile
male mosquito release rate is below 0.07 (that is, b < 0.07) as shown in Figure 5 (i). In the presence of
treatment but without vaccination, Figure 5 (ii) suggests that malaria will persists if the sterile male
mosquito release rate is below 0.04 (that is, b < 0.04). This can be attributed to the reduction in the
number of infectious humans for susceptible mosquitoes to feed on due to malaria treatment in humans.
In the presence of vaccination but without malaria treatment, the control reproduction number lies
between 0.2 and 0.4 (that is, 0.2 < R¢ < 0.4), but in the presence of both vaccination and malaria
treatment, R¢ < 0.3 as shown in Figures 5 (iii) and (iv).

3.4.2. Effect of Treatment, Vaccination and Male Mosquito Release. We investigate the combined effects
of malaria treatment in humans, vaccination and sterile mosquito release on the spread of malaria by
generating a surface plot of R¢ as a function of treatment and sterile release rate while altering the
vaccination rate as shown in Figure 6. In the absence of vaccination (£ = 0), the control reproduction
number is above one when the male mosquito release rate is below 0.04 (b < 0.04) as shown in Figure
6 (i), and in the presence of vaccination, the control reproduction number as a function of b and u
is below 0.37 as shown in Figure 6 (ii). This is attributed to the fact that vaccination and malaria
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FIGURE 5. Surface plots of the control reproduction number as a function of the trans-
mission probability from infectious humans to susceptible mosquitoes and the sterile
male mosquito release rate, when (i) u=0and £ =0, (ii) v > 0 and £ =0, (iii)) £ > 0
and u =0, (iv) v > 0 and £ > 0.

(0] (ii)

FIGURE 6. Surface plots of the control reproduction number as a function of the rate
of malaria treatment in humans and the sterile male mosquito release rate, when (i)

€=0, (i) £ > 0.
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treatment lower the parasite reservoir thereby increasing the impact on mosquito reduction, and hence
a reduction in malaria prevalence.

4. OPTIMAL CONTROL OF VACCINATION, TREATMENT, AND STERILE MALE MOSQUITO RELEASE

Current strategies for malaria control in humans encompass the use of insecticide-treated bed nets,
indoor residual spraying, antimalarial medications, and more recently, vaccines such as RTS,S/AS01
and R21/Matrix-M. Although these interventions have demonstrated efficacy in reducing malaria trans-
mission, complete eradication of the disease remains challenging due to factors such as the emergence
of drug-resistant parasites, insecticide-resistant mosquitoes, and logistical barriers. A promising inte-
grated approach combines sterile insect technique (SIT) with traditional malaria control measures like
treatment and vaccination. SIT involves the release of sterilized male mosquitoes into the environment,
where they mate with females, leading to the production of non-viable offspring. This biological con-
trol strategy diminishes the mosquito population without causing harm to the surrounding ecosystem.
When combined with antimalarial treatment and vaccination, this approach has the potential to gener-
ate synergistic effects in the management and potential elimination of malaria. We introduce optimal
control in our model by assuming that the rate of malaria treatment (u), sterile male mosquito release
rate (b) and the malaria vaccination rate in humans (£) are functions of time. That is, u = u(t), b = b(t)
and £ = £(t). We define the objective functional J(b,u, &) of our optimal control problem as

J(b7 U,E) = /OT [AlEn(t> + AQES(t) + ABIn(t) + A4ls(t) + ASNU (t))] dt

T
+ / Bot (1)(Su(t) + Sa(t)) + Bib()M(1) + Byu(t)(In(t) + L.(1)) 4.1)

+C17(t) + Cou(t) + C5€2(1)] dt,

where the weight constants Ay, Ao, Az, A4, As, By, B1, Bs, C1, Cs, and C3 are positive. In the
objective functional, £(t)(Sy(t) + Ss(t)) is the number of humans vaccinated and By is the cost per
individual vaccinated. Thus, the term Bo&(t)(Sn(t) + Ss(t)) + C3£2(t) represents the non-linear cost
that arises from vaccination and difficulties faced when implementing a successful vaccination program.
Similarly, w(¢)(I,(t) + Is(t)) is the number of infectious humans treated and B is the unit cost of
treatment, so that the term Bau(t)(I,(t) + Is(t)) + Cou?(t) represents the non-linear cost associated
with malaria treatment and the difficulties faced when implementing a successful treatment program.
Finally, b(t)M(t) is the number of sterile male mosquitoes introduced and Bj is the cost of introducing
a single sterile male mosquito, so that the term Bib(t)M(t) + C1b%(t) represents a non-linear cost
associated with sterile male mosquito release. Thus, our optimal control problem is to find a control
triple (b, u, &) € U such that

J(b",u*, &) = in  J(b,u,
(b, u*, &%) o (b,u,§)

subject to the state system for humans
dsS,
dt

dE,

dt

dl,
dt

dS;

dt

= pAp+ou(t)l, — A\Sn — (pn +£(t))Sn,

)\nSn - (wn + Mh)En7

Yoy — (5n + Y+ Un + u(t))-[nv

= (1—=pA+out)ls+60Rs — AsSs — (un + &(t))Ss, (4.2)
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dE,

pral AsSs + (L —e)A\V — (s + pp)Es,

dl

dt = ;B — (55 + Vs + i+ u(t))Im

dv

— = Lt)(Sn+Ss) — (L =e)AV — iV,

dt
dR

= mt(—ou)ln+ (s + 1 —ojult)ls — (0 + un)Rs,

and state system for both the fertile and sterile mosquitoes

ds, alN,
dt - va - )\vSv - (Hlv + /J’QU(NU + M))SU7
dFE,
dt = )\'L;Sv - ava - (Mlv + M2’U(N’U + M))E'Ua (43)
dl,
o = 0By — (o + p2o(No + M),
dM
W = b(t)Nv — (,qu; + ,u'Q'U(NU + M))M7

where the set of all admissible controls is
u = {(bauvf) S (LOO(OaT))g 0 S b(t) S bmaxao S u(t) S UmaX70 S £<t) S fmax}-

In the case where b = 0, no sterile male mosquitoes are released, and b = by, represents the highest
possible rate of sterile mosquito release. Similarly, v = 0 shows the absence of malaria treatment for
humans, while u = uy,, indicates the maximum rate of malaria treatment for humans. Lastly, £ =0
represents the case where no susceptible humans receive the malaria vaccine, while £ = £, delineates

the maximum vaccination rate.

Theorem 4.1. There exists an optimal control triple (b*,u*,£*) € U which minimizes the objective
functional J subject to the state system (4.2) - (4.3).

Proof. Follows as in Mohammed-Awel and Numfor [30, 34]. O

We characterize the control triple by using the Pontryagin’s Minimum Principle [36]. To do this, we
introduce adjoint functions A;, j = 1,2,---,12, and append the integrand of the objective functional in
equation (4.1) to the right-hand side of the state system (4.2) - (4.3). To characterize the optimal control
triple, we construct the Hamiltonian H = H(S,,, E,,, L., Ss, Es, Is,V, Rs, Sy, Ey, Iy, M, M1, A2, A3, - -+, A12),

where

H = AlEn + AQES + A3In + A4IS + A5Nv + B0§(Sn + Ss) + Ble + Bzu(fn + Is)
+C10% + Cou? + C58% + M Sy, + Mo By + A3l + MaSs + AsEs + Aels + A7V
+AsRs + AoSy + MoFy + A1ly + M2 M,

where M denotes the rate of change of M with respect to time t.

Theorem 4.2. Given optimal controls b*, u* and & with corresponding states S}, EY, L%, S* E¥,
I;, V*, R;, Sy, E, I, and M*, there exist adjoint functions \;, j = 1,2,---,12 satisfying equations
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(4.2) - (4.3). Furthermore, the optimal controls are characterized as

. _ . Bi M + NyAig
b*(t) = mln{bmax,max {O,—T}},
W) = min {umaz,max {0’ —Bo(I, + Is) — ol M + A3 — JL;)g: + I — (1—0),+ (1 —0)l5)As }},
2
. Sn)\l + Ss)\4 - Bl(Sn + Ss)
(1) = min-< Umag, maxs 0, . 4.4
30 { { Te? H (1.4

Proof. We derive the adjoint system by taking the partial derivative of the Hamiltonian with respect
to each of the state functions. That is,

A _ _OH D OH A oM e OH o
dt ~  9S,’ dt = OE,’ dat ~ 9l Codt M’ ’

Using the relationship in equation (4.5), we obtain the following adjoint system:

W e R () ks
- (5 N U‘Jii”) _— A]”V*j” (Ao — o) — B,
e —A(g[})LV)\S/\7Jr /\]iv (Ao — Ao) — A1,

% _ (UH A}(fi") M+ %Az + KA — A;Vim + (S, + (1 —E)V)]i,iks
_%M — K3)s + (?Vh - ?th) Su(A1o = Ag) = Bau — A,

% - %(AQ—MH (As+uh+£— A§i5>A4+ (Jﬁ‘”(l;\ri)v> A
—(e+ (1_;});/)\5> A7 + )\Xiv (Ao — Ag) — Bo&,

% = ANf: (A2 — A1) — AN“Z A+ (ws +pn+ (S5 + (1 - €)V>§f;> As = Pu
e —;ivxs - )\Nf (o — Ag) — A,

%ﬁ — Aj@‘jﬂ(& — ) — (au+ AN‘i) A+ (Ss+ (1 —E)V);,ZAS
KN — %M — Kids + <2;:l - ﬁNh:> Sv(A1o = Ao) — Bau — Ay,

%7 - )\;fin (A2 —A1) — )\Jifis Adt (SS . (Jifh_ - - E)) Ass

+ <uh +(1—¢)As {1 — J‘V/;LD A7 + A;i” (Ao — o), (4.6)
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ds  AnSh S, Ao (1—e)VA,
a N, ()\2—)\1)— (9+ N, ))\4+(SS+(1—E)V)Nh)\5— N, A7
)\v ﬁhv
+(0 + pn)As + <Nh - Nh> Sy(A10 — o),

dA aN2 +2aN,M
dtg = (AU + :U’U(NU7M) + /U'QUS'U - <(]V’U_*_W))A9 + ()U‘QUEU - )\U)Alo + ,LLQ'UI'U)\ll
+(p20 M — D) A12 — As,
dM19 aN? + 2aN, M
= vSv - A v v N’U7M va A
dt (MQ ( (NU+M)2 )9+(Oé +lu’( )+/1’2 ) 10
+(p2oly — ay)A11 + (2o M — b) Ao — As,
d)\ll pvhSn ﬁvth ﬁvh (1 — €)Vﬁvh
— = — (A1 = A — X — (S, 1—¢e)V A — o By
dt N, (A1 2) + N, (Ss+(1—¢) )Nh 5+ N, 7+ Lo 10
aN?2 + 2aN,M
+(NQUSU - (WW>)>\9 + (Mv(Nva M) + M2'UI'U))\11 + (,U'QUM - b))‘12 - A5,
d)\lg (J,Ng
i <(NU+M)2 + f2pSy | Ao + poy EuAio + v lpAi1 + (po (Ny, M) + oy M )Mo — By,
with transversality conditions

AM(T) = 22(T) = M3(T) = Ma(T) = --- = Mi2(T) = 0.

To characterize the optimal control triple (b,u,{) € U, the partial derivatives of the Hamiltonian H
with respect to each control are computed. This process yields the following:

OH

% = 201b+BlM+N’U)\127

OH

% = BQ(In+IS)+QCQU+O'In)\17In>\3+O'ISA47]S>\6+((170’)]'”4’(170)[3))\8,

OH

(976 = BO(Sn + Ss) + 2C3§ - Sn>\1 - Ss>\4-
In the interior of the control set U, we set %—ZI = %—f = %—Ig = 0. Since our controls are bounded and the
second derivatives satisfy %QTQI =2C1 > 0, %271;1 = 2C5 > 0 and a;g = 2C53 > 0, we obtain the optimal
control characterization in equation (4.4). O

4.1. Numerical Simulations. We determine some of the values of the weight constants from the lit-
erature and use the parameter values in Table 1 to approximate the solutions of the optimality system.
In the Unicef fact sheet on malaria vaccine [40], it is estimated that the cost per person per dose of
the vaccine RTS,S/AS01 is €9.30 (approximately $9.76) and $3.90 per dose of R21/MatrixM. Thus,
we set the unit cost of vaccinating non-immune and semi-immune susceptible humans to B; = 6.83.
Additionally, in the Unicef fact sheet on malaria treatment [41], it is estimated that the cost per person
of malaria treatment is between $0.65 and $96.90, depending on the type of medication. Therefore, we
set the unit cost of treating non-immune and semi-immune infectious humans to By = 48.78. Finally,
the cost associated with the introduction of sterile male mosquitoes into a particular population through
the Sterile Insect Technique (SIT) is contingent upon the size of the initiative, typically averaging at
$110.12 for every 10,000 sterile male mosquitoes released [9]. Thus, we set By = 110.12/10000 =~ 0.011,
and summarize the values of the weight constants in Table 2
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Table 2: Weight constants of the objective functional (4.1).

Weight constant Aq Ay As Ay As By B By 4 Cy Cs

Value 1 1 1 1 1 6.83 0.011 48.78 10 10 10

Using the Forward-Backward Sweep Method [25], the parameter values in Table 1 and the weight
constants in Table 2, we explore different intervention strategies. For our numerical simulations, we use
the initial condition S, (0) = 500, Ss(0) = 200, E,(0) = Es(0) = 0, I,,(0) = 30, I;(0) = 15, V(0) = 0,
R:(0) =0, S,(0) = 5000, FE,(0) =0, I,(0) = 300, and M(0) = 5 to investigate the following optimal
control strategies:

(A) Optimal vaccination in the absence of malaria treatment and sterile male mosquito release (i.e.
&(t) >0, b(t) =0 & u(t) =0).

(B) Optimal treatment in the absence of sterile male mosquito release and vaccination (i.e. u(t) > 0,
b(t) =0 & &(t) =0).

(C) Optimal sterile mosquito release in the absence of treatment and vaccination (i.e. b(t) > 0,
u(t) =0 & &(t) =0).

(D) A combination of optimal malaria treatment and the sterile male mosquitoes in the absence of
vaccination (i.e. u(t) > 0,b(¢) > 0 & &(t) = 0).

(E) A combination of optimal vaccination and the release of sterile male mosquitoes but in the
absence of malaria treatment (i.e. b(t) > 0,£(¢) > 0 & u(t) = 0).

(F) A combination of optimal malaria treatment and vaccination in the absence of sterile male
mosquito release (i.e. u(t) > 0,&(t) > 0 & b(t) = 0).

(G) A combination of optimal malaria treatment, vaccination and the release of sterile male mosquito
release (i.e. u(t) > 0,b(t) > 0 & &(t) > 0).

4.1.1. Optimal Vaccination in the Absence of Malaria Treatment and Sterile Male Mosquito Release.
Strategy A depicts the optimal effect of implementing vaccination-only in the population. Figure 7 (i)
suggests a 66.59% decrease in the peak of prevalence for non-immune infectious individuals and 75.85%
decrease in the number of semi-immune infectious humans at the end of the control period as shown in
Figure 7 (ii). As depicted in Figure 7 (iii), the mosquito population experiences a 59.32% decrease in
prevalence at the end of the control period. The control profile in Figure 7 (vi) suggests a maximum
vaccination for a short period, followed by a decrease and a slight increase for the remainder of the
control period, except for a few days prior to the end of the control.

4.1.2. Optimal Treatment in the Absence of Sterile Male Mosquito Release and Vaccination. Strategy
B depicts the optimal effect of implementing treatment-only in the human population. Figure 8 (i)
suggests a 48.27% decrease in the peak of prevalence for non-immune infectious individuals and a
77.69% decrease in the number of non-immune infectious individuals at the end of the control period.
On the other hand, strategy B depicts a 27.83% decrease in the peak of prevalence for semi-immune
infectious individuals and a 31.39% decrease in the number of non-immune infectious individuals at the
end of the control period. There is a 17.65% decrease in the peak of malaria prevalence in mosquitoes
and a 39.46% decrease in the number of infectious mosquitoes at the end of the control period. The
control profile depicts constant treatment at the maximum level for about 344 days followed by a
decrease in treatment until day 348, and eventually no treatment is recommended for the remainder of
the time period.
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FIGURE 7. Simulations for the effect of optimal vaccination in the absence of malaria
treatment and the sterile male mosquitoes when b2y = 0, Umax = 0 and &pax = 0.6.
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FI1GURE 8. Simulations for the effect of optimal treatment in the absence of vaccination
and the sterile male mosquitoes when by ax = 0, Umax = 0.02 and & = 0.

4.1.3. Optimal Sterile Mosquito Release in the Absence of Treatment and Vaccination. The introduction
of sterile male mosquito release in the absence of malaria treatment and vaccination (Strategy C)
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suggests a minimal effect on malaria prevalence in humans, but with about 32.4% decrease in prevalence
for the mosquito population throughout the entire time horizon as shown in Figure 9 (i) - (iii). The
control profile indicates a maximum release of sterile male mosquitoes for about 326 days, followed by
a decrease for the remainder of the time horizon.
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FIGURE 9. Simulations for the effect of optimal sterile male mosquito release in the

absence of malaria treatment and vaccination when by.x = 0.03, Umax = 0 and &ax =
0.

4.1.4. Combined Effect of Optimal Malaria Treatment and Sterile Male Mosquito Release in the Absence
of Vaccination. Figure 10 depicts the combined effect of treatment and sterile male mosquito release.
In Figure 10 (i), there a 54.21% decrease in the peak of non-immune infectious humans and a 72.48%
decrease in the number of semi-immune infectious humans at the end of the control period. Moreover,
there is a 68.24% decrease in malaria prevalence (I, + I5) in humans. In the mosquito population, there
is 51.85% decrease in malaria prevalence in the mosquito population. The control profiles suggest that
malaria treatment should be administered at the maximum level for 334 days, followed by a decrease
until day 348 as shown in Figure 10 (v), but sterile male mosquitoes should be released for 322 days at
the maximum level followed by a decrease afterwards as represented in Figure 10 (iv).

4.1.5. Combined Effect of Optimal Malaria Vaccination and Sterile Male Mosquito Release in the Ab-
sence of Malaria Treatment. Simulations of the model in the presence of sterile male mosquito release
and malaria vaccination are depicted in Figure 11. In Figure 11 (i), there is 66.68% decrease in the peak
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of non-immune infectious humans when sterile mosquitoes and malaria vaccine are applied compared
to the case in the absence of any form of control.
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mosquitoes, but in the absence of treatment when by.x = 0.03, £max = 0.6 and umax =
0.
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On the other hand, there is a 79.01% decrease in the number of infectious semi-immune humans at the
end of the control period in the presence of both forms of control relative to the absence of control.
The infectious mosquitoes experience a 54.44% decrease in the presence of both controls as represented
in Figure 11 (iii). The control profiles suggest the release of sterile male mosquitoes at the maximum
level for 306 days, followed by a decrease for the remainder of the control period.

4.1.6. Combined Effect of Optimal Malaria Vaccination and Malaria Treatment in the Absence of Sterile
Male Mosquito Release. Figure 12 delineates the effect of pharmaceutical interventions where malaria
treatment and vaccination are administered but in the absence of the sterile male mosquito release.
With vaccination and treatment, simulations portray a 93.37% decrease in malaria prevalence in humans
(I, + Is) and a 78.85% decrease in malaria prevalence in the mosquito population. Additionally, there
is a 75.91% decrease in the peak of prevalence of the non-immune infectious humans. The vaccination
and treatment profiles suggest an optimal treatment for about 164 days, followed by a decrease until

day 348, and maximum vaccination for about 44 days, followed by a decrease between days 45 and 382
as shown in Figure 12 (vi).
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F1GURE 12. Simulations for the combined effect of optimal malaria treatment and

vaccination, but in the absence of sterile male mosquitoes when uyax = 0.02, £ax = 0.6
and bya = 0.

4.1.7. Combined Effect of Optimal Malaria Vaccination, Malaria Treatment, and Sterile Male Mosquito
Release. The results of simulations for strategy G (malaria treatment, vaccination and sterile male
mosquito release) are represented in Figure 13. In the presence of all three forms of control, there is an
93.45% decrease in malaria prevalence humans (I,, + I5), and approximately a 75.86% decrease in the
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peak of malaria prevalence in the non-immune infectious class. In the infectious mosquito population,
there is 83.01% decrease in malaria prevalence and a 89.81% decrease in the peak of prevalence. The
application of all three forms of controls suggest that sterile male mosquitoes should be released at
the maximum level for 306 days followed by a decrease afterwards, but malaria treatment should be
administered at the maximum level for 154 days, followed by a decrease. The vaccination program

suggests a maximum vaccination about 42 days, followed by a decrease between days 43 and 376 as
shown in Figure 12 (iv) - (vi).
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F1GURE 13. Simulations for the combined effect of optimal malaria treatment, vacci-
nation, and the sterile male mosquitoes when by, = 0.03, tmax = 0.02, and &, = 0.6.

The results in Figures 10 - 13 suggest that there is a synergy between the interventions, such that
sterile release technique reduces the number of infected mosquitoes, enhancing the effectiveness of
vaccines and treatments. Moreover, vaccination and treatment lower the parasite reservoir, thereby
increasing the impact of mosquito population reduction.

5. COST-EFFECTIVENESS ANALYSIS

Cost-effectiveness analysis is a crucial tool for optimizing resource allocation in disease control
and ecological management. By integrating mathematical models with economic principles, cost-
effectiveness analysis helps policymakers choose interventions that maximize health benefits while mini-
mizing costs, ensuring sustainable and effective decision-making. Some key metrics in cost-effectiveness
analysis are the infection averted ratio (IAR) and the incremental cost-effectiveness ratio (ICER). The
TAR is a measure used to assess the effectiveness of an intervention in reducing the number of infections.
It represents the proportion of infections prevented due to the intervention. A higher IAR value indi-
cates a more effective intervention in controlling disease spread. The infection averted ratio is computed
as [7]

Number of infections averted

IAR =

Number of recovered
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where the number of infections averted is the difference between the total infected individuals without
control and the total infected individuals with control. The TAR for strategies A — G are displayed in
Table 3 in an increasing order of effectiveness, based on infection averted ratio.

Table 3: Total infections and infection averted ratios.

Strategy Total infections averted Total cost IAR

C:b>0,u=0,6=0 3.931 x 103 3.0823 x 108 0.2409
B:u>0,0=0,£=0 1.1031 x 103 5.2021 x 10* 0.5383
D:6>0,u>0,{£=0 1.1329 x 103 3.1091 x 106 0.5891
A:éE>0,6=0,u=0 5.3251 x 10% 3.8866 x 103 0.6141
E:0>0,6>0,u=0 5.8908 x 104 3.1944 x 106 0.7101
Fru>0,£>0,0=0 1.344 x 10° 3.8388 x 10* 0.9487
G:b>0,u>06>0 1.3913 x 10° 3.1948 x 106 1.0732

In Table 3, the total cost is obtained from

T
Cost = /0 [Bo&(t)(Sn(t) + Ss(t)) + Bib(t) M (t) + Bou(t) (I, (t) 4+ I(t)) + C1b%(t) 4+ Cou(t) + C3&%(t)]dt.

This cost will be used in the computation of the incremental cost-effectiveness ratio. A bar graph
representation for the IAR is represented in Figure 14.
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FIGURE 14. Infection averted ratios for strategies A - G.
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Figure 14 suggests that strategy G, which consists of all three controls, is the best strategy at averting
infections, followed strategy F (treatment and vaccination, but in the absence of sterile male mosquito
release), and strategy C is the least at averting infections. Strategy C consists of releasing sterile male
mosquitoes in the absence of treatment and vaccination. We consider the ICER which compares the
cost and effectiveness of two competing strategies. Using the total number of averted infections in Table
14, we compute the ICER as the difference between the total number of infected individuals without
control and those with control, determined within the entire time horizon [1, 7, 8, 20, 21, 24]. That is,

ICER — Difference in total costs by strategies ¢ and j

Difference in total cost of averted infections by strategies ¢ and j

A lower ICER indicates a more cost-effective intervention and higher ICER signifies that the inter-
vention is relatively expensive compared to the health benefits it provides. Starting with the strategy
with the smallest TAR, the ICER for strategies B (Malaria treatment in the absence of sterile male
mosquito release and vaccination) and C (sterile male mosquito release in the absence of treatment and
vaccination) are computed as follows:

3.0823 x 106
ICER(C) = 73931:103 — 748.101,
5.2021 x 10* — 3.0823 x 10°
ICER(B) = . X 98.485T.

1.1031 x 10° — 3.931 x 103

Since ICER(C) > ICER(B), it follows that strategy C' is more costly and less effective that strategy B.
Thus, strategy C is removed from further analysis, based on the ICER computation. Next, we compare
strategies B and D, where strategy D consists of sterile male mosquito release and treatment, but in
the absence of malaria treatment. Now,

5.2021 x 104
ICER(B) = om0 1031i105:0.471589,
1091 x 106 — 5.2021 x 104
ICER(D) — o091 x 10752021107 _ 00, g,

1.1329 x 105 — 1.1031 x 105

The value of ICER(D) is greater than than of ICER(B). Thus, based on ICER computation, strategy
D is more costly and less effective than strategy B. Consequently, we eliminate strategy D from further
consideration, and compare strategies B and A, where strategy A consists of malaria vaccination in the
absence of sterile male mosquito release and treatment. Computing the ICER for strategies A and B,
we obtain

5.2021 x 104
ICER(B) = oo 1031i105:0.471589,
3.8866 x 10% — 5.2021 x 10*
ICER(A) = x X 0.84350.

5.3251 x 104 — 1.1031 x 10°

The value of ICER(A) is greater than than of ICER(B). Thus, based on ICER computation, strategy
A is more costly and less effective that strategy B. Consequently, we eliminate strategy A from further
consideration, and compare strategies B and E, where strategy E consists of a combination of sterile
male mosquito release and vaccination, but in the absence of malaria treatment. Computing the ICER
for strategies B and E, we obtain
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5.2021 x 10*
ICER(B) = ——— " —0471
CER(B) 1.1031 x 105 0471589,

3.1944 x 10° — 5.2021 x 10*
ICER(E) = 78008 x 107 — 11031 x 105 ~ 01334
The value of ICER(B) is greater than than of ICER(E). Thus, based on ICER computation, strategy

B is more costly and less effective that strategy E. Consequently, we eliminate strategy B from further

consideration, and compare strategies E and F, where strategy F consists of a combination of malaria
treatment and vaccination, but in the absence of sterile male mosquito release. Computing the ICER
for strategies E and F, we obtain

3.1944 x 108
ICER(E) = e ior = 742269
3.8388 x 10* — 3.1944 x 106
ICER(F) = . S 41.8059.

1.344 x 105 — 5.8908 x 104
The value of ICER(E) is greater than than of ICER(F). Thus, based on ICER computation, strategy
E is more costly and less effective that strategy F. Consequently, we eliminate strategy E from further
consideration, and compare strategies F and G, where strategy G consists of a combination of malaria
treatment, sterile male mosquito release and vaccination. Computing the ICER for strategies F and G,

we obtain
3.8388 x 10%
ICER(F) = 2o°00X 20 ogs62
CER(F) 1344 x 105 0289025,
3.1948 x 106 — 3.8388 x 10°*
ICER(G) = x X 667.318.

1.3913 x 10° — 1.344 x 105
We observe from the ICER computation that ICER(G) is greater than than of ICER(F). Thus, based
on the ICER computation, we conclude that strategy F (vaccination and treatment in the absence of
sterile male mosquito release) is the most cost-effective in reducing malaria cases in humans, followed
by strategy G (all three controls). On the other hand, strategy C (sterile male mosquito release in
the absence of treatment and vaccination) is the least cost-effective strategy at reducing the number of
malaria cases in humans.

6. CONCLUSION

In this study, we developed and analyzed a mathematical model to investigate the effects of treatment,
vaccination, and sterile male mosquito release on malaria transmission. The model incorporates dif-
ferent levels of human immunity, distinguishing between non-immune and semi-immune populations to
better capture the dynamics of malaria spread and control. Our results provide important insights into
the effectiveness of various intervention strategies in reducing malaria prevalence in both human and
mosquito populations.

We determined the control reproduction number, using the next-generation method and established
the local asymptotic stability of the disease-free equilibrium when R < 1. This stability condition
implies that malaria can be eliminated from the population if effective intervention strategies are im-
plemented to maintain R¢ below unity. By generating a plot of the control reproduction number R¢
as a function of the transmission probability from infectious mosquitoes to non-immune susceptible
humans (p,p) but at different levels of sterile male mosquito release rate (b) as shown in Figure 4, we
observed significant variations in malaria transmission dynamics. As the sterile release rate increases,
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the control reproduction number decreases, and it requires a higher transmission rate for malaria to
persist in the population. This highlights the importance of sterile male mosquitoes in curbing the
spread of malaria in the population. A global sensitivity analysis with the reproduction number as
the outcome variable was conducted to determine the key parameters influencing malaria transmission.
Our analysis identified vaccination coverage, treatment efficacy, and the sterile mosquito release rate
as some of the critical factors in controlling the spread of the disease. This highlights the necessity of
a multi-faceted approach that combines pharmaceutical and vector-targeted interventions to effectively
curb malaria transmission.

Furthermore, focusing on vaccination, treatment, and the sterile mosquito release rate, we formu-
lated and analyzed an optimal control problem incorporating vaccination, treatment, and sterile male
mosquito release as control functions. Our findings indicate that the simultaneous implementation of
all three control strategies is the most effective in reducing malaria prevalence among both humans
and mosquitoes. This underscores the importance of integrating multiple control measures to achieve
maximum impact in malaria eradication efforts. A cost-effectiveness analysis was carried out to assess
the economic feasibility of various intervention strategies. Based on the Infection Averted Ratio (IAR),
the most cost-effective strategy was Strategy G, which combined treatment, vaccination, and sterile
mosquito release. However, based on the Incremental Cost-Effectiveness Ratio (ICER), Strategy F,
which comprises vaccination and treatment, but without sterile male mosquito release, emerged as the
most cost-effective strategy for reducing malaria cases in humans, followed by strategy G. Strategy C,
which relied solely on sterile mosquito release, was found to be the least cost-effective in reducing human
malaria cases.

This research offers valuable insights into the complex dynamics of malaria transmission, emphasizing
the importance of accounting for varying levels of immunity within human populations when developing
effective control measures. The optimal control results suggest synergy between interventions whereby
sterile insect technique (SIT) reduces the number of infected mosquitoes, enhancing the effectiveness of
vaccines and treatments. Our findings suggest that a comprehensive intervention strategy that integrates
treatment, vaccination, and sterile mosquito release is the most effective approach for reducing malaria
transmission. However, from a cost-effectiveness perspective, prioritizing vaccination and treatment is
the most feasible option in resource-limited settings.
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