MBE, 21(1): 1082-1109.
% DOI: 10.3934/mbe.2024045
AIMS Received: 08 September 2023
EE Revised: 29 November 2023
Accepted: 11 December 2023
http://www.aimspress.com/journal/mbe Published: 22 December 2023

Research article

A mathematical model for malaria disease dynamics with vaccination and
infected immigrants

Pride Duve'>*, Samuel Charles*, Justin Munyakazi’, Renke Liihken? and Peter Witbooi®

I African Institute for Mathematical Sciences, 6 Melrose Road, Muizenberg, Cape Town, Republic of
South Africa

2 Bernhard-Nocht Institute for Tropical Medicine, Bernhard-Nocht Strale, 74, Hamburg, Germany

3 Department of Mathematics and Applied Mathematics, University of the Western Cape, Private Bag
X17, Bellville 7535, Republic of South Africa

4 Mathematical Institute, University of Oxford, Oxford OX2 6GG, UK
* Correspondence: Email: pride.duve @bnitm.de.

Abstract: The world is aiming to eliminate malaria by 2030. The introduction of the pilot project
on malaria vaccination for children in Kenya, Ghana, and Malawi presents a significant thrust to the
elimination efforts. In this work, a susceptible, infectious and recovered (SIR) human-vector interaction
mathematical model for malaria was formulated. The model was extended to include a compartment
of vaccinated humans and an influx of infected immigrants. Qualitative and quantitative analysis was
performed on the model. When there was no influx of infected immigrants, the model had a disease-
free equilibrium point that was globally asymptotically stable when a threshold known as the basic
reproductive number denoted by R, was less than one. When there was an influx of infected immigrants,
the model had endemic equilibrium points only. Parameter sensitivity analysis on R, was performed and
results showed that strategies must be implemented to reduce contact between mosquitoes and humans.
Results from different vaccine coverage indicated that in the absence of an influx of infected immigrants,
it is possible to achieve a malaria-free society when more children get vaccinated and the influx of
infected humans is avoided. The analysis of the optimal control model showed that the combined use of
vaccination, personal protective equipment, and treatment is the best way to curb malaria incidence,
provided the influx of infected humans is completely stopped.
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1. Introduction

Malaria is a deadly mosquito-borne disease caused by Plasmodium parasites transmitted by Anopheles
female mosquitoes between humans. Once an infected mosquito bites a human, the parasites multiply
in the host’s liver, destroying red blood cells during infection [1]. Parasites that infect humans are
Plasmodium falciparum (P. falciparum), Plasmodium vivax (P. vivax), Plasmodium ovale (P. ovale),
Plasmodium knowlesi (P. knowlesi) and Plasmodium malariae (P. malariae) [2]. P. falciparum and P.
vivax are unicellular protozoan parasites of humans, and are the most important Plasmodium species
causing malaria in humans [2]. Malaria is most common in tropical regions with high temperatures
and humidity such as Africa, Central South America, the Dominican Republic, areas in the Caribbean,
Eastern Europe, South Asia, and islands in the central and South Pacific Ocean [3]. However, other
regions such as Southeast Asia, the Eastern Mediterranean, the Western Pacific and America also
reported significant numbers of cases and deaths [4]. Information gathered by the World Health
Organization (WHO) [4] indicated that there was an estimated 241 million cases of malaria in 2020
while deaths stood at 627,000, with most cases and deaths being recorded in Sub-Saharan Africa. The
Sub-Saharan African region accounted for 95% of cases and 96% of malaria deaths with children
under the age of five years, being the most affected, accounting for about 80% of malaria deaths [4],
which has motivated us to carryout this study. People who live in poverty and do not have access
to healthcare are more likely to have complications from the disease [3]. It is less common for
pregnant women with malaria to transfer the parasite to their children before or during birth [3]. After
a person has been infected, malaria symptoms usually appear within 10 to 30 days [3]. However,
some people do not feel sick for up to a year after infection. Some studies suggest that parasites
can live in the host body for several years without causing any symptoms [3]. Malaria often has
mild flu-like symptoms such as headache, cough, and nausea, which may be difficult to recognize as
malaria [4]. If not attended to in 24 hours, susceptible specimens like P. falciparum can progress to
severe illness with symptoms such as high fever, fatigue, chest pains, breathing problems, diarrhea
and vomiting [5], and when not treated, P. falciparum can cause anemia and jaundice [3], which can
lead to death [4]. Children with severe malaria frequently develop severe anemia, respiratory distress
to metabolic acidosis or cerebral malaria [4]. People residing in malaria-endemic areas may develop
partial immunity, allowing asymptomatic infections to develop [4]. Some population groups such as
infants, children under the age of five, patients living with HIV/AIDS, pregnant women and nonimmune
migrants are considered to have a higher risk of contracting malaria and having a severe disease [6]. The
first ordinary differential equation (ODE) model of malaria transmission was proposed and analyzed by
Ross [7] and refinements of this model were produced by MacDonald [8]. The result became known
as the Ross-MacDonald model, which has become a basis for modeling of mosquito-borne diseases.
Several models of malaria have been studied and improvements on the formulations and analysis of
the models keep on evolving. Models of malaria disease with vaccination have been studied by several
authors; for instance, Mohammed [9], Tchoumi [10] and models with infected immigrants presented
by, for instance; Witbooi [11] and Traoré [12]. De la Sen et al. (2015) [14] studied a susceptible,
exposed, infectious and recovered (SEIR) epidemic model with finitely distributed delays and eventual
vaccination with a pseudo-mass action type, where the infective transmission rate does not depend
directly on the total population. The proposed model was analyzed qualitatively, and they further
proposed general time varying feedback vaccination rules. In this paper, we present a new deterministic
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model with an influx of malaria parasites via infected immigrants as well as vaccination. We investigate
the effectiveness of the malaria vaccine called RTS,S/ASO1 or Mosquirix, in the presence of infected
immigrants. The name RTS is due to the fact that the vaccine was manufactured using genes from
the repeat ("'R’) and T-cell epitope ("T’) of the pre-erythrocytic circumsporozoite protein (CSP) of the
P. falciparum, together with a surface antigen (’S’) of the hepatitis B virus, and ASO1 is a chemical
adjuvant added to it to increase the immune system response [13]. Our proposed model consists of a
system of first-order ordinary differential equations. When there is zero influx of infectives and Ry < 1,
the model was shown to have a disease-free equilibrium point that is globally asymptotically stable.
The existence of endemic equilibria for the system is deduced and the local dynamics are proved using
the center manifold theorem. Numerical simulations are also performed to investigate the effect of
immigration in controlling the malaria disease.

1.1. Malaria vaccination program in Sub-Saharan Africa

Malaria interventions have been of great use over the years but have mostly not succeeded in
eliminating the disease, and these efforts are being challenged by insecticide and drug resistance [15].
In complementing anti-malarial methods, the European Medicines Agency (EMA) [16] approved the
use of a malaria vaccine known as RTS,S/ASO1, or Mosquirix. This vaccine candidate is intended for
use against malaria caused by the P. falciparum parasite to reduce severe cases of the disease in infants
aged from six weeks to 17 months in areas where malaria is dominant [16]. Formal recommendations
were issued by the WHO [17] on the pilot implementations of the four-dose schedule of Mosquirix in
children below the age of five years. This pilot project was carried out in three Sub-Saharan African
countries, namely Ghana, Kenya and Malawi, where three doses were given to children between one
and 59 months old, at least four weeks apart from the first dose, with the fourth dose being issued 15-18
months after the third dose [18].

1.2. Model formulation

At a particular time ¢, the total human population under study is of size N(¢). The human population is
divided into susceptible individuals (S ) who can be infected; fully vaccinated individuals (V) who have a
reduced chance of being infected; infectious individuals (/) who have malaria and can infect mosquitoes
and recovered individuals (R) who are free of malaria and have gained a partial immunity, such that
N(t) = S()+V(1)+1(1)+R(t). The total vector population is constant and is given by L(z). It is divided into
susceptible mosquitoes (M) and infectious mosquitoes (J) such that L(t) = M(¢)+ J(t). When susceptible
and vaccinated individuals interact with infectious mosquitoes, they get infected. The rate at which
vaccinated individuals become infected is much less than the rate at which unvaccinated susceptible
individuals may be infected. The movement of individuals and mosquitoes between compartments and
within the two sub-populations is given in Figure 1. Our model differs from existing models in the
literature, such as, [10, 11, 19-21] in that it studies the dynamics of the malaria disease in the presence
of immigration and vaccination simultaneously. This makes our model more realistic with respect
to the Sub-Saharan African region, as the region is characterized by movement of both infected and
uninfected individuals across different regions; at the same time, authorities are working on curbing
malaria infections by using different control measures including vaccination.
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Figure 1. Flow chart diagram for the mathematical model for malaria (figure created with
BioRender.com). Boxes represent sub-populations and arrows show transitions between
sub-populations. Arrows are labeled by their corresponding model parameters.

1.3. Model equations

The population of susceptible individuals is increased by a constant recruitment ¢H and the natural
recovery of infected individuals at a rate 4. We assume that susceptible individuals can contract the
malaria parasite through a successful bite by an infectious female Anopheles mosquito at a rate a, where
each bite has a probability b of bringing an infection. These individuals will die a natural death at a
rate of . The class of vaccinated children is increased by vaccination of susceptible humans at a rate
v. Vaccinated children contract the disease when they are bitten by an infectious mosquito at a rate
a, where each bite has a probability f of bringing an infection, where f << b. These individuals are
decreased by a proportion progressing back to being susceptible when the antibody titers decrease at
a rate g and a natural mortality, at a rate . The compartment of infectious individuals is increased
by both susceptible and vaccinated individuals who have been bitten by infectious mosquitoes J at a
rate a. Infected immigrants increase the population of humans in this class at a rate uG. This class is
reduced by a natural death at a rate u, death due to the disease at a rate ¢ and recovery at a rate k. The
class of recovered individuals is increased by the recovery of infectious individuals at a rate of k. We
assume a recovery with temporary immunity, meaning recovered individuals have a chance of being
susceptible again at a rate 4. Recovered individuals may die a natural death at a rate y. On the other
hand, the population of susceptible mosquitoes is increased by a constant birth rate at a rate L. When
a susceptible mosquito bites an infectious individual (/) at a rate a, with a probability of bringing an
infection c, it eventually become infectious and will progress to the class of infectious mosquitoes (J).
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Susceptible mosquitoes will die a natural death at a rate 6 or will become infectious through a force of
infection ac. The population of infectious mosquitoes increases when susceptible mosquitoes interact
with infectious humans. These mosquitoes acquire the infection through a successful bite at a rate a,
with a probability of infection c. The model equations describing the dynamics of malaria are given by
system (1.1):

% = pH — abS (0)J(1) = (u+)S (1) + gV() + hR(1)

@ = VS(D) - afVOJI@) — (u + V(D)

% = UG +albS (1) + fYOII@W) ~ (u + k + &)I() (1.
? = KI(H) - (u+ WR()

‘”Zt(t) = 0L —acMOI(t) - OM()

? = acMI() - 0J(0),

with initial conditions S (0) = S, V(0) = V,, 1(0) = Iy, R(0) = Ry, M(0) = M,, J(0) = Jy, where
NO=S@®+V@)+1(t)+R(t) and L(r)= M)+ J(@).
2. Model parameters and variables

In this section we give a summary of the descriptions of the parameters used in system (1.1).

Table 1. Definition of parameters used in system (1.1).

Parameter Definition Units Value/Range Source

H Recruitment of susceptible individuals day™" 3994200 [11]

G Recruitment of infected immigrants day™' [0 -100000] Nominal
u Natural death rate in the human population day™'  0.000041 Calculated in (2.1)
% Vaccination rate of susceptible individuals day’1 [0-1.0] Nominal
g Rate at which vaccinated children become susceptible day™'  0.0026 Estimated
a Mosquito biting rate day™'  0.0030 Estimated
0 Natural death rate of mosquitoes day™"  0.04 [23]

b Probability that a susceptible human become infected — 0.009 Estimated
c Probability that a susceptible mosquito becomes infectious — 0.00098 Estimated
0 Malaria induced mortality on humans day™' 0.05 [23]

f Probability that a vaccinated human becomes infectious — 0.0004 Estimated
h Loss of immunity by recovered humans day™'  0.0010 [23]

k Recovery rate of infectious humans day™"  0.006 [23]
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The natural death rate of humans is calculated as

1 1
H= life expectancy X 365  66.2 X 365

= 0.00004 per day, (2.1)
where the life expectancy is 66.2 years, with Kenya as an example [22].
3. Positivity of solutions

System (1.1) describes the population of living organisms; therefore, it is important to show that all
state variables S (¢), V(¢), I(t), R(t), M(t), J(t) are always positive for every time ¢ > 0.

Theorem 3.1. The solutions S(t), V(¢), I(t), R(t), M(t), J(t) of system (1.1) exist for all time and are
always positive, smooth and unique for all t > 0, subject to v,G > 0 and the initial conditions
S0>0,Vy>0,1h >0,Ry >0,M,>0,Jy > 0.

Lemma 3.2. Let U C R" be open and consider a solution x = (x, ..., x,) € C'((0,T); UyNnC([0,T); U)
to the ODE

x(1) = f(1, x(1))
x(0) = xo,

where xo = (X1,0,...,%Xn0) € U, with x;o > O forallie{l,...,n}and f =(fi,..., f,) : (0, T)X U —
R". With the property that fi(t,y) > 0 for all y € U such thaty € R} x {0} x R", t € (0,T) and
i €{l,...,n}, then x is positive for all time, i.e. x;(t) > 0 forallt € [0,T) and i € {1,_. .., n}

Proof of Lemma 3.2.

Suppose x is not positive for all time, then by continuity there exists s € (0,7) and j € {1, ..., n} such
that x;(s) = 0 and, thus, the set of all the zeros of all the x;; that is, Uf‘zlxl.‘l({O}), is closed, nonempty
and bounded below and, thus, has a minimum zero, for 7 € (0, T'). Therefore, we have that x;(7) > 0,
xi(t) >0forallre (0,7)and i € {l,...,n}.

Thus, we have that (x,(7),..., x,(7)) € Rﬁ()‘ and, if x;(7) = 0, then we have satisfied the conditions
to apply the property of f to get fi(7, x(7)) > 0. Thus,

xX1(7) = fi(r, x(1)) > 0.

By continuity, there exists 0 < £ < 7 such that x,(¢) > 0, for all r € (t — &, 7 + €). Thus, by the
fundamental theorem of calculus, we have that

xi(t—¢&) =x1(1)— fT X1(0) dt < 0.

This is a contradiction, as x;(¢) > O for all ¢ € (0, 7) and, thus, x;(7) > 0.

Suppose (x(7),...,x-1(1)) € R} and (x,(7),...,x,(7)) € R fori € {2,...,n}. If xi(7) =0,
then similarly to before, we satisfy the conditions to apply the pro_perty of f to get fi(t,x(1)) > 0. The
same as before, we derive a contradiction and conclude x;(7) > 0 and that (x;(7), ..., x;(7)) € R;O and
(Xi41(7), - . ., x,(7)) € RY'. Thus, by induction, we obtain that x;(7), ..., x,(7) > 0. This contradicts that
TE U?zlxl.‘l({O}); thus, there must be no zeros, so x is positive for all time.

O
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Next, we prove Theorem 3.1.

Proof of Theorem 3.1
We consider the ODE system

X M M, fi 0L — (acl + O)M
X2 1 Iy b uG +albS + fV1J — (u+k+9)I
RE D So || | #H+gV +hR~—(abJ + p+v)S
*= x|l |V Yo = Vo and f = il vS —(afJ+u+gV
X5 J Jo fs acMI —6J
X6 R Ry f6 kI — O,L + h)R

We define the set U = By, +r+n+c+1 as the open ball of radius N + L + 1, where Nj is the initial human
population and L is the mosquito population; which remains constant. We see that x, € U, and that
on U, f is a bounded function, Lipschitz continuous and is smooth. By the Picard-Lindelof theorem,
there exists a T > 0 and unique solution x = (x, ..., x,) € C}((0,T); U) N C([0,T); U) to the system
of ODEs with given initial conditions. Since the system of ODEs is in the format of Lemma 3.2 with
n = 6, we have the positivity of the solutions of system (1.1). Since we have positivity of solutions
and N(¢) = S(®) + V() + I(¢) + R(t) and L = M(¢) + J(¢), then x(?) € By,+1+n+6 € U by Eq (4.2), so by
the Corollary in section 17.4 of the book [24], we have that the solution is defined for all time and we
have a global positive unique solution. By applying a bootstrap argument, we obtain that the solution is
smooth in time. That is, since f is smooth and

x(t) =x0 + f f(x(s)) ds, 3.1
0

if x(¢) is C", then from (3.1) we have that x(¢) is C"*!. Thus, we obtain that x(¢) is C*. O
4. Well-Posedness of the model in a feasible region

We aim to analyze system (1.1) in a suitable feasible region D of biological interest.

Theorem 4.1. The feasible region D = Dy X Dy, where

Dy = [(S@. V(). I().RD)€RL : S+V+I+R<(H+G)| and

Dy = [(M@),J@t) €RY: M+ =1L]
is attracting and positively invariant with respect to system (1.1) for all values of ¢ > 0.

Proof

dN dS dV dI dR
N_S+V+I+R=E_E+E+E+E'

Substituting values of the derivatives of state variables of system (1.1), we get

dN dN
E:/J(H+G)—,LLN—5I:> E+,uN§,u(H+G). “4.1)
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Solving Eq (4.1) by using the integrating factor /5 = ehrdr = gt , we have:

4 [N(H)e"'| < u(H + G) &' = f 4 [N(s)e™] < f u(H +G)e“ds.
dt 0 ds 0

Evaluating the integrals on both sides, we get:

N(e'' — N(0) < (H + G)[¢" - 1],

which reduces to:

N(@) < (H+G)+ [N) - (H + G)le ™. 4.2)

For all ¢ > 0, the total population N(¢) < (H + G) if N(0) < (H + G). Thus, the region Dy is positively
invariant. If N(0) > (H + G), then N(¢) approaches Dy asymptotically. Thus, the region Dy attracts all
solutions in R?.

Similarly, for the vector population,

dM dJ dL dL

M+J=L — — +—

=— = — =0.
dt dt dt dt

The mosquito population will remain constant and will stay in Dy, for all ¢ > 0.
Thus, D is positively invariant and system (1.1) is well-posed mathematically and biologically;
hence, it is sufficient to study the dynamics of system (1.1) in D. O

5. Disease-free equilibrium

It is very important to check if the disease under study has steady states. These are points at which
the disease is neither increasing nor decreasing. We equate the changes in the state variables to zero and
we solve for the corresponding state variables such that:

ds@ dv() dl®) dR@) dM@) dJ@)
dt — dt ~ dt 4t dt  dt
Observingthat M + J =L — M = L — J, system (1.1) can be reduced to a system of five equations

0. (5.1)

dM
by eliminating the equation for ’n so that we have

wH — abS*()J* (1) — (u + v)S* () + gV* (1) + hR*() =0
VvS*(t) — af V(I (&) — (u + g)V*(t) =0
uG +a[bS*(t) + FV*O1* () — (u+k+O)I'@) =0 (5.2)
k() — (u + h)R (1) =0
ac[L — J*O1 (1) — (1) =0

The solutions (S, V*, I, R*, M*, J*) of equations described in Eq (5.2) are the steady states of
system (1.1).
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NB: In the rest of this section we restrict to the case when there is no influx of infected immigrants, i.e.,
(G =0).
In this case, we have a disease-free equilibrium point

H(g +p) vH
g+u+V g+u+v

S VLIRS M T = ( ,0,0,L, 0).

The reproductive number can be defined as the average number of new infections of the disease
caused by one typically infected individual or mosquito in a completely susceptible population. We
make use of the next-generation matrix method by Van den Driessche and Watmough [25]. This is done
by considering transmissions and transitions between and within classes. Considering infectious classes
only, we have

abS* + fV)J*
acM*I*

w+k+0)I"
0J*
Taking partial derivatives, we define the matrix F as the matrix of new infections and matrix V as the
matrix of transitions, such that

[0 a®S*+ V) Gk 0
F_(acM* 0 ) and V_( 0 6)'

7| | wa v-

Ry = p(FV™"), where p is the spectral radius or largest eigenvalue. Thus,

Ry = \/ a’HcL(bg + bu + fv) (5.3)

Ok +6+u)g+u+v)

H(bg + bu +
e The term Ry = aH(bg + by + /)
(k+0+u)(g+u+v)
infectious human in a completely susceptible mosquito population.

is the average number of new infections caused by one

acL . . . . . .
e The term Ry = ' is the average number of new infections caused by one infectious mosquito

in a completely susceptible human population.

Theorem 5.1. The disease-free equilibrium point is locally asymptotically stable when Ry < 1, otherwise
it is unstable.

Proof To prove the local dynamics of our proposed model, we compute the Jacobian matrix J evaluated
at the disease-free equilibrium point and we obtain:

-u+v) g 0 h 0 —abS*
% 0 0 0 0 —afVv*
I 0 0 —(0+k+p 0 0 abS*+afv:
0 0 k —(th+uw O 0
0 0 —acM* 0 -6 0
0 0 acM* 0 0 -0
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The eigenvalues of J are:

A =6
A =—(h+p)
A3 =—p

A =—(g+p+v)

— 2 2HcL
s = ((5+0+,u+k)_ O0+60+u+k) —9(6+,u+k)—a cL(bg + bu + fv)
2 2 g+u+v
— 2 2HcL
e = (6+6+,u+k)+ O+60+u+k) —9(6+,u+k)—a c(bg+b,u+fv).
2 2 g+u+v

Following Allen [26], all eigenvalues are negative if they are real, or have negative real parts if they
are complex, except for Ag, which is negative or has a negative real part whenever the term

2HcL(bg + by + 2HcL(bg + bu +
06 +p+ - THEg Ou v )y G HELBg +bud JY)
g+u+v 06 +u+k)g+u+v
Thus the disease-free equilibrium point is locally asymptotically stable when Ry < 1. m|

Theorem 5.2. The disease-free equilibrium point is globally asymptotically stable when Ry < 1.

Proof We use a function of the form P(I,J) = a;I + a,J, where ay,a, > 0 are constants to be
determined. Since we proved in Lemma (3.1) that I, J > 0, then P is positive definite. Taking first
derivatives on P, we get

P= a1i+a2j.

Substituting the right hand side of the third and sixth equations of system (1.1), we get;
P=q[abSJ+afVJ—(k+6+ml]+alacMI — 6J]
= [apacM — ai(k + 6 + Wl + [a1abS + ajafV — a,0]J.
Evaluating P at the disease-free equilibrium point, we get

P < [macM* — ay(k+ 6 + )] I + [ajabS* + ajafV* — as0] J

ajabH(g + ) N ajafvH

= [asacL — a(k + 6 + W)l +
g+u+v g+u+v

— (1/29 J.

Equating the coeflicients of I and J to zero and solving for the nontrivial values of @, and a, by
aH[bg + bu + fv]

(g +pu+v)

setting @y = 1, we have a, =

Simplifying P, we have

Mathematical Biosciences and Engineering Volume 21, Issue 1, 1082—-1109.
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a*cLH(bg + bu + fv)
(g +pu+v)

a*cLH(bg + bu + fv)
Og+u+v)k+0o+p

—(k+6+w|I+[0]J =

1| (k+06+wl,

= P<|[R-1|(k+5+pl.
We note that P < 0 if, and only if, Ré <1 = Ry < 1.When Rj =1, then P = 0. Thus, by [27], the
disease free equilibrium point is globally asymptotically stable when R, < 1. O

6. Endemic equilibrium points

In our study of the existence of endemic equilibrium points, we encounter the number R?, which is:

_ 2uG(g+p+v)+acLfGu+alb(G + H)(g + ) + aLfv(G + H)
B 0(g + 1+ v)(S + k + ) '

This invariant is the indicator that determines the existence, or not, of a unique endemic equilibrium
point. Note that if G = 0, then R; = R,.

R?

1

(6.1)

Theorem 6.1. (a) Suppose that G = 0. There exists a unique positive equilibrium point if Ry > 1.
(b) Suppose that G > 0. There exists a unique positive equilibrium point if, and only if, R; > 1.

Proof At the steady states, we equate the derivatives of the state variables of system (1.1) to zero, with
G > 0. Since M = L — J, we can eliminate the fifth equation of system (1.1) so that we have

wH — abS*(t)J*(t) — (u + V)S*(t) + gV*(t) + hR* () =0
vSH(1) —af V() J (1) — (u+ V(1) =

albS*(t) + FVXO1*(t) = (u + k + O () + uG = 6.2)
kI () — (u + h)R*(¢) =

ac[L — J*O1(t) — 0J°(1) = 0.

From the last equation of system (6.2), we have

LI* kI
—— . From the equation for R*, we have R"* = )
acl* + 6 u+h

*

By back substitution, we get
~ v(acl* + OV [uH(u + h) + hkI*]
~ (u+ W[(@beLl* + (u + v)(acl* + 0)) (@ fcLl* + (u + g)acl* + 6)) — vg(acl* + 6)*]’

*

B [a® fcLI* + (u + g)(acl + O)|[uH(u + h) + hkI*1(acl* + 6)
~ (u+ W[(@®beLl* + (u + v)(acl* + 0))(a? fcLI* + (u + g)(acl* + 6)) — vg(acl* + 6)*]

*

Substituting the values of S, V*, R*, J* into the equation for infective humans, we get the polynomial
P(I*), with
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P(I*) = Gu(h + {[a®beLl* + (u + v)(acl* + )][a*cfLI* + (g + p)(acl* + 6)]
—gv(acl* + )%} + @®beLI*{[Hu(h + 1) + hkI*)([a®c fLI* + (g + p)(acl* + )]}

—(0 + k + w)I*(h + wi{[a*beLl* + (u + v)(acl* + O)[a*cfLI* + (g + u)(acl” + 6)]
—gv(acl* + 0)%} + a®c fLvI*(acl* + O)[Hu(h + w) + hkI*] = 0. This simplifies to,

P(I*) = A + AL + AT+ Ay = 0, (6.3)

where
As =
—a*cH{[(u + 6)(u + h) + pkl[a*bfL* + abL(u + g) + afLv] + u(u + h)(u + 6 + k)afL +u+ g +v] <0,
A, = ac(a(bL(hu(ac(G + HY(afL + g) + 6k) + acu*(G + H)(afL + g + h)
+acy>(G + H) + ghtk) + cu(h + p)(Gu(afL + g + p) + afLv(G + H)
+Guv) + fhokLv) — 06 + k + p)(h + pw)(aL(b(g + ) + f(u + v)) + 2u(g + u +v))),
Ay = actPulh + p)(g +p+ V)6 + k + ) [R? - 1],

Ay = G (h + p)(g +u +v) > 0.

For case (b), the number of positive solutions of Eq (6.3) depends on the signs of As, A,, A; and Ay.
We apply Descartes rule of signs by [28] to investigate the number of sign changes of Eq (6.3), which
will be the possible solutions of the polynomial. Possible signs of the coefficients of Eq (6.3) are shown
in Table 2. It can be observed that Ay > 0 and A3 < 0. With R; > 1, we have A; > 0. By the Descartes
rule of signs, it follows that P(/*) has a unique positive root. Thus, the statement (b) is proved.

Table 2. Number of possible positive roots of Eq (6.3).

Case Az Ar Ay Ag R; Number of Sign Changes Number of Positive Roots
1 - + + + > 1 1 1

2 - - + + > 1 1 1

3 - + + + > 1 1 1

4 - - + + > 1 1 1

5 - + - + <1 3 1,3

6 - - - + <1 1 1

7 - + - + <1 3 1,3

8 - - - + <1 1 1

Now, for case (a) with G = 0, the polynomial of interest becomes:
Q") = A I + AT + A, = 0.
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It can be observed that A; < 0 with Ry > 1, thus A; > 0. By the Descartes rule of signs, it follows that
Q(I") has a unique positive root. Thus, the claim (a) is also true. |

7. Bifurcation analysis

We first present the case when there is no immigration of infectives, i.e. G = 0. This is done by applying
a change of variable to system (1.1):

dS dv dI dR dM dJ

(f17f2’f55’f4$ ﬁ’fG) = (E’ 57 E? E’ W, E and (S’ ‘/717Ra Ma J) = (-xla-xZ’ X3, X4, XS,XG)-

We choose the bifurcation point a = ¢* = a’? = ¢*> and Ry = 1.
System (1.1) becomes

fi = d’zt(t) = uH — " bxi(Dxe(t) — ( + v)xi (1) + gxa(0) + hxa()

= P20 = 0 Pl — e+ 0

fr= d)i;t(t) = @' [bx1(0) + fxa(D)]xe(t) — (u + k + 0)x3(1) (7.1)
fi= dﬁ;‘:” = k() — (u+ W)

£ = d)st(t) = OL — ¢ exs(D)xs(t) — Oxs(1)

fo = di;t(’) = g exs(Dxs(t) — Oxe(0).

The Jacobian matrix of system (7.1) evaluated at the disease-free equilibrium point is

~(u+v) g 0 h 0 e
v —(g+uw 0 0 0 —ﬁ:’;—HJ
7= 0 0 —(6+k+w) 0 0 CHMEY
0 0 k ~(h+p) O 0
0 0 ~¢*cL 0o -6 0
0 0 ¢cL 0 0 -9

The eigenvalues of the system at Ry = 1 are
A ==0,=—(h+@),3=—pA=-(g+u+v),ds=—(O+k+6+u),1 =0.
We note that the system has a simple eigenvalue, while the other eigenvalues have negative real parts.
The right eigenvector associated with the simple eigenvalue is given by w = (wy, wa, Wz, Wy, Ws, Wg),

where
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- hk(g + ) ¢ 2HcL[b(g + u)* + vfg]
| = _
pCh + (g +p +v) Ou(g + p +v)?
—v[hy + hé + pé + pk + p?)
WH =
’ plh+ p0)(g + i+ v)
w3 = 1
k
Wy = ——
h+pu
—¢*cL
W5 =
9
¢*cL
We = .
°T g

Similarly, the left eigenvector corresponding the simple eigenvalue is given by v = (vy, v, V3, V4, Vs, Vg),
where

V]ZO
V2:O
0
V3= —————
: 0+6+k+pu
V4:O
V5:O
06 + k + w)
Ve = .
6 o cL(@+0+k+

The nonzero second order partial derivatives are:

O f _ Ph ., Oh K . Pf P
Ox10xs  Oxgdx;  0x0xs Oxe0xa 00 Oxz0xs  Oxs0x;

= (b*C,

0% f _ H[bg +bu+ fv] 0% fs oL
Oxedd* g+u+v  Oxzdr

a = v3 [2wiwed b + 2wowed” 1 + ve [2wswsd c],

o P
VeW .
Oxgdd* O Ox300"
Substituting the values of wy, w,, ws, ws, we, v3, v and evaluating b at the disease-free equilibrium
point, we get,

a =

2¢°2cL |0bghk + Obuhk + Sfh + ufh + ufk + uf + 2 f |
Ou(g +pu+v2k+0+u+06) B

2¢**bHL? |b(g + ) + fvg| + 26" cOu(g + p + vk + 6 + )
Ou(g +u+v)2(k+6+u+6) ’
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> 0.

Hbg +b
b:V3[W6 (bg + 'u+fV)+V6W3CL

g+u+v

We note that b is always positive. The type of bifurcation of system (1.1) depends on the sign of a.

Theorem 7.1. Following [29],

(i) When a > 0, meaning,

[2¢*2CL |Obghk + Obuhk + 5 fh + pfh + pfk + ufo + 12 f |
>

Ou(g +u+v>*k+6+u+6)

2¢*4bc*HL? [b(g +u)* + fvg] + 20" cOu(g + u + v)>*(k + 6 + )
Ou(g +u+v)*(k+6+u+0)

b

system (1.1) undergoes a backward bifurcation when Ry = 1, a = ¢".
(ii) When a < 0, meaning,

<

2¢°2cL |0bghk + Obuhk + Sfh + ufh + ufk + pufs + 2 f |
Ou(g +u+v?2k+d6+u+6)

20*4bc*HL? [b(g +u)? + fvg] + 20" cOu(g + u + v)>(k+ 6 + )
Ou(g +u+v)*k+6+u+0)

b

system (1.1) undergoes a transcritical bifurcation when Ry = 1, a = ¢".

Therefore the endemic equilibrium point is locally asymptotically stable when Ry > 1 but sufficiently
close to one.

Now we consider the case G > 0.

Since uG is a constant, its partial derivatives will be zero. We inherit the proof of the local dynamics
of the endemic equilibrium points when G > 0 and the bifurcation analysis of system (1.1) from the
center manifold studied for the case when G = 0. Thus, the endemic equilibrium point for system (1.1)
when G > 0 is locally asymptotically stable.

8. Sensitivity analysis

In order to implement control strategies, it is important to know the parameters that influence the
basic reproductive number. This will help in providing a clear picture regarding the factors that need
to be addressed in order to reduce malaria incidents. In the event of a low budget, sensitivity analysis
helps us identify key factors that can be prioritized in the control of a disease. In this section we carry
out sensitivity analysis of system (1.1) using the Latin hypercube sampling (LHS) method described
in [30-33], with 1,000 simulations per run. The partial rank correlation coefficient (PRCC) is an efficient
and reliable sampling-dependent method that performs global sensitivity analysis, which allows us to
investigate the monotonicity between parameters of the model and the model output, or in this case,
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the reproductive number when all parameters are varied [33,34]. In general, a standard correlation
coeflicient p for any two variables, x and y, is calculated using the formula:

= 2i(xi =X —y)
\/Zi(xi - X2 20— y)?

where {(x;,y;) : x; € x, y; € y} are a set of paired sampled data [33]. The method of PRCCs is explained
in detail in [34]. Figure 2 shows the tornado plot of the PRCCs of the parameters of our proposed model.

1.0
05 H
9 |
w DD ]
o _
05 H
1.0 a b c 7 a H K v i 5 e
Parameters

Figure 2. Tonado plot showing the partial rank correlation coefficients of system (1.1).

Parameters with positive PRCCs increase the basic reproductive number R, when they are increased,
while parameters with negative PRCCs decrease the reproductive number when they are increased.
Parameter values used are displayed in Table 2. It can be observed that factors such as the mosquito biting
rate, probabilities of successful bites leading to both new mosquito infections and human infections are
the most sensitive factors. Interventions should be introduced to reduce these factors. On the other hand,
factors such as the mosquito mortality rate and vaccination rate are also sensitive to the reproductive
number. Increasing these factors will decrease the reproductive number and, hence reduce malaria,
provided there is no immigration of infected humans.

The scatter plots shown in Figure 3 show the relationship between the most sensitive parameters and
the log Ry. It can been seen that the mosquito biting rate and the probability of new mosquito infections
are monotonically increasing, meaning if we increase these parameters, the disease will also increase.
Similarly, the mosquito mortality rate and vaccination rate monotonically decreasing and increasing
their values will lead to a decrease in the number of new cases.
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Figure 3. Scatter plots for the PRCC values of the most sensitive parameters that influence

the basic reproduction of mosquitoes sampled using the LHS method.
In this section we carry out numerical simulations for our system (1.1). Parameters used in the

simulations are obtained from literature, with some being reasonable estimates. The values are listed in
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Table 2. We start by investigating the impact of immigration of infectives in the population.

10. Effect of controlling the influx of infected immigrants

One of our objectives is to investigate the impact of influx of infected immigrants into the population.
Figure 4 below shows the population of infectious individuals when there is a constant influx of infected
immigrants and the case when there is no influx of infected immigrants. The Python notebook for the
codes used to produce the plot below can be obtained here.

It can be observed that the population of infectious human beings can be reduced when there is no
influx of infected immigrants. In the presence of a constant flow of infected immigrants, the population
of infectious humans will increase and malaria will remain a pandemic and a huge threat to human lives.
The shaded region between the two graphs indicates the number of infections that can be prevented by
curbing or reducing the influx of infected humans.

10.1. Vaccine coverage when there is no immigration

We investigate the impact of introducing the mosquirix malaria vaccine when there is no influx of
infected immigrants. This is done by varying values of v, the rate at which susceptible humans are
vaccinated. Figure 5 below indicates the population of infectious humans in the absence of the influx
infected immigrants. The Python notebook for the code used to produce this plot can be obtained here.

It can be observed that a higher vaccine coverage reduces the number of new infections. This can
be seen from the different curves in Figure 5. When v = 0, individuals are not being vaccinated or the
vaccine is not effective. When v = 1, the vaccine is highly effective, as more people get vaccinated.
Infections are decreasing at a very fast rate, which indicates a possibility of overcoming malaria
infections.

2250000 1
2000000 -
1750000 -

15000001 —== No immigration
1250000 1 With immigration

1000000 -

Infectious Humans

750000 o =—l_

soo000{ T e e e e e e e

Time in Years

Figure 4. Shows the population of infectious humans when G = 0 and G > 0.
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Figure 5. Shows the population of infectious humans when G = 0, with different rates of
vaccination.
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Figure 6. Shows the population of infectious humans when G > 0, with different rates of
vaccination.

10.2. Vaccine coverage when there is immigration

Immigration is part of our daily lives. It is difficult for people not to migrate because of other factors
that can include poverty and search for greener pastures. We investigate the effectiveness of the malaria
vaccine when there is an influx of infected immigrants.

It can be observed that in the presence of infected immigrants, a higher vaccine coverage also helps
in reducing malaria infections. This is evidenced by a decrease in the number of cases, as shown in
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Figure 6. The disease will remain endemic because of the influx of infected humans, but vaccination
reduces the rate at which new infections emerge in the population. The code used to produce this plot
can be obtained on this link.

11. Optimal control

In this section we carry out an optimal control analysis of different strategies to control malaria. We
wish to choose the best scenario that, if well implemented, could help control the spread of malaria.
To investigate the potential impact of the implemented intervention measures, the following control
variables are incorporated into our model system:

e p(t) : Represent the use of personal protection measures to prevent mosquito bites during the day
and night, such as the use of insecticide-treated nets, application of repellents to skin or spraying
of insecticides,

e py(t) : Represent the treatment and

e ps3(t) : Represent the use of vaccination to prevent malaria.

The model with optimal control is shown in Figure 7 and system (11.1):

hR
\ %4
m H »
/Vaccinated ~ I'mmigration
=pofvy A
p3VS )
gv
v Susceptible 4 [ - m ®
pH - (1‘— p1)abS.J ‘;' > I’u.f(:(:t-iuu.;l pakI—> Recovered
Y | 7 dAYY ¥¢
1S P FECERNY puR

A (1= pachi? FLN

Infectious—

. 0L
Susceptible
oJ OM
Figure 7. Flow chart diagram for the mathematical model for malaria (figure created with
BioRender.com). Boxes represent sub-populations and arrows show transition between sub-
populations. Arrows are labeled by their corresponding model parameters.

ds

d—it) = uH - (1= p)abSt)J({®) — (u+vp3)S(®) + gV(t) + hR(?)
av

% = vpaS(0) = (1 = pafVOI() — (u + V(D)
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% = UG +a(l - p)[bS(t) + FVOII(E) — (u + pok + O)I(2) (1.1)
% = pokI(1) — (u + WR()

dj‘;lt(’) = 0L - a(l - p)eM@)I(1) - OM(1)

% = (1= pacM®I() - 0J(D).

We want to investigate the impact of the control strategies at different levels of immigration. We
consider the following quadratic objective functional:

T
w
W(p1, p2. p3) = f [M11+M21+M3L+ SRS Py s . (11.2)
0

2

The objective functional measures the cost of our proposed strategies from time ¢ = 0 to the terminal
time t = T. For realism, we need to know the unit cost of the intervention, but for now, the cost is not
available and, hence, we base our experiments on nominal values. The constants M;, M,, M5 are the
weight constants for the state variables and are positive for all time ¢, while w,, w,, w3 are the constants
for the three strategies. We derive the necessary conditions that must be satisfied by an optimal control
problem from the Pontryagin’s maximum principle [35, 36], which converts system (11.1) and the
objective functional defined in Eq (11.2) into the problem of minimizing pointwise Hamiltonian H,
with respect to the control variables (p;, p>, p3) € U at a minimum cost:

W(p1, Py, p3) = min W(py, p2, p3)l(p1, p2. p3) € U,

where U is the set of admissible controls. The Hamiltonian (H) is given by

A1[+A2J+A3L+ﬂp%+% @3 2

> 5 ps+ BRE
[H — (1 = p1)abS ()J(t) — (u + vp3)S (1) + gV(1) + hR()] 44
[vp3S () = (1 = pafV()J () — (u+ V(D] A
(MG +a(l = p)[BS (1) + fFV(OII (1) = (1 + pak + 0)(1)] A3 (11.3)
[p2kI(#) = (u + MR(D)] A4
[OL — a(1 — p))eM0)I(t) — OM(1)] As
[(1 = pacM®)I(t) - 6J(1)] Ag,

H

+ + + + + +

where the variables A, A,, A3, A4, As, A¢ are the adjoints to the state variables S, V, I, R, M, J, respectively.
The adjoint variables should satisty

, oH , oH , oH , oH , oH : oH
=G5 b=y h=-gp d=-gm d=-gm d=-Tn

implying that:
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A, = ab(1 = p)J[A4 — 3]+ vps[A — ] + pdy,
L =afl(l— p)l — &3] + gl — 1] + paa,

ac(l — p))M(As — Ag) — p2kds — Ay,

A, = h(A — ),

/7.5 =ac(l - pl)l[/ls + Ag] — 04,
Ay = ab(1 = p)S[A = 3] +af(1 — p)V(d — A3) + 646,

o~
N
Il

o~
oS
Il

with transversality conditions
A(T) = 1(T) = 3(T) = 4(T) = A5(T) = A6(T) = 0.

Moreover, pj, p;, p; satisfy the conditions

H _o H_o aa o,
opi op> op3

implying that;
abS*J* [y — 3] + af V' I [A, — i3] + acM*I"[As — Ag] + piw; = 0,

kl*[/u - /13] +Wwopr = 0, (114)
v8* Ay — 4] +wips =0,

in the interior of the control set U. Solving Eq (11.4) for (py, p2, p3) in U, we get the optimal solution
as:

_afVI(& — &) +abS J(& — &) + acMI(és - 66)]}

p) = min {1, max [O,
W1

(9%

p> = min {1, max [0, —M]} ,

Dy = min{l,max [O, ——VS(& — 51)]}.

w3

11.1. Numerical simulations of the optimal control

Using parameters described in Table 1, we obtain the following simulations for the different strategies
under consideration. The code used in these plots can be obtained here.

It can be observed that even though the use of personal protective equipment, treatment and
vaccination of young children can help reduce the burden of malaria, the combined use of these
strategies is the best way to achieve better results.
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Figure 8. Simulation of the population of infectious humans when there is use of personal
protective measures, treatment and vaccination of young children, and when there is no
immigration.
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Figure 9. Simulation of the population of infectious humans when there is use of personal
protective measures, treatment and vaccination of young children, and when there is
immigration of infected humans.
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When there is immigration of infected humans, the three strategies do reduce malaria incidence, but
malaria remains endemic in the population. Even the combined use of all strategies at the same time is
not enough to completely eliminate malaria because all these available strategies are not 100% efficient.
Thus, the best strategy is to use the three strategies at the same time, but making sure that immigration
of infected humans is stopped.

2500000
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—— with control 22500001 —— Wwith control

800000

2000000
600000

1750000
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ious Humans

.8 400000 © 1500000

Infect
Infecti
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(a) No immigration (b) With immigration
Figure 10. All strategies at the same time with immigration (a) and without immigration (b).

12. Conclusions and discussions

We have presented a new model for which we have proved that the solutions are well-behaved and the
equilibria has good stability properties. Existence of endemic equilibria for system (1.1) was deduced
and the local dynamics were proven using the center manifold theorem. When there is immigration,
the model had no disease free equilibrium point, indicating that malaria would remain endemic in the
population. Numerical simulations were also performed to investigate the effect of immigration in
controlling the malaria disease. The results showed that completely stopping the influx of infected
immigrants will be very useful in reducing the burden of malaria in malaria endemic regions. We
performed a sensitivity analysis to Ry and our results showed that interventions must be introduced
with an aim of reducing contacts between mosquitoes and humans. An investigation of the vaccine
coverage indicated that when there is no influx of infected immigrants, vaccination will be essential in
eliminating malaria. We then analyzed the effectiveness of the vaccine by considering different rates of
coverage of the vaccine when there is an influx of immigrants. Results from this analysis showed that a
wide coverage rate will reduce infections, although malaria will remain endemic. Following the results
from the sensitivity analysis, we introduced optimal control strategies to curb malaria incidence. The
strategies proposed are the use of personal protection measures to prevent mosquito bites during the
day and night, such as the use of insecticide-treated nets, application of repellents to skin or spraying
of insecticides, treatment of infected humans and vaccination of young children below the age of five
years. Results from this optimal control showed that the combined use of the three strategies is the
best way to reduce malaria incidence, provided the influx of infected humans is completely stopped.
In conclusion, it is evident that a malaria free population can be achieved when more children get
vaccinated, infected people get treatment, people living in malaria endemic regions continue using
personal protective measures that prevent mosquito bites during the day and night and when immigration
of infected humans is completely stopped. The modeling can be improved by also considering the effect
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of climatic factors on malaria dynamics. Several such models, but without vaccination or immigration
of infected humans, are already in the literature, e.g., [19,20,37]. Also, when malaria spreads within a
population, individuals gain knowledge and a better understanding of the disease. Thus, this work can
be extended by means of investigating the memory effect on the dynamics of malaria, using fractional
order differential equations described in [38—41]. It is also interesting to consider stochastic models and
their optimal control, as described in [42].
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