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ARTICLE INFO ABSTRACT

This article analyzes malaria dynamics among high-risk groups in Nigeria, with the hu-
man population divided into five compartments and the mosquito population divided into
two compartments. The resulting system of nonlinear ordinary differential equations is
examined by asymptotic perturbation and sensitivity-analysis methods. The perturbation
analysis describes the behavior of the system at the malaria-free equilibrium (MFE) and
the effect of a small perturbation around that state. The first-order perturbation solution
indicates exponential growth in disease prevalence, showing that the MFE is unstable
when infection is introduced. The sensitivity analysis shows that preventing mosquitoes
from surviving long enough to become infectious is the most effective way to reduce
the malaria transmission cycle. The infected adult male compartment, I, also acts as
an important long-term reservoir and is the second most influential factor in the model.
The estimated basic reproduction number satisfies Ry > 1, indicating a high potential
for malaria spread and the need for effective control measures.
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1. INTRODUCTION

According to Nundu ef al. [1], malaria is a mosquito-borne dis-
ease caused by five protozoa: Plasmodium falciparum, P. vi-
vax, P. malariae, P. ovale, and the more recently implicated P.
knowlesi. According to Snow and Garcia [2, 3], P. falciparum
accounts for more than 90% of global malaria mortality and re-
mains a major threat to health systems worldwide. The World
Health Organization’s (WHO) World Malaria Report (2019) es-
timates 228 million cases of malaria worldwide, with 405,000
deaths recorded in 2018—many under the age of 5 [4]. Malaria

*Corresponding Author Tel. No: +234-803-9564-795;
e-mail: alokesundayn@gmail.com (Sunday N. Aloke)

is endemic in more than 90 countries and affects more than 40%
of the world’s population [3].

Children aged 3—6 months have relatively strong immunity
against malaria because of the passive transfer of maternal an-
tibodies through the placenta; this immunity wanes after about
6 months, leaving children vulnerable to malaria infection until
their own immunity develops [5, 6]. Studies by Mbewe et al.
and Takken et al. [7, 8] showed that children are more prone to
malaria, although less attractive to female Anopheles mosquitoes
than adults because of factors such as body size and metabolism.
Pregnant women are more attractive to mosquitoes than children
under five and non-pregnant adults. This is associated with fac-
tors that are elevated during pregnancy, including body chem-
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istry, odor, carbon dioxide production, and body heat [9].

A study carried out in Nigeria by Ayodele et al. [10] reported
that malaria infection severity and prevalence appear to be higher
in males than in females because of differences in exposure to
malaria vectors and immunity to parasitic infection. Akanbi et
al. [11] showed that adult males expose their bodies more than
females, especially during hot weather, thereby increasing their
likelihood of mosquito bites. Further investigations have sug-
gested causes of sex differences, including male production of
chemicals that attract mosquitoes, estrogen-mediated enhance-
ment of anti-plasmodial immune responses in females [12], and
testosterone-mediated suppression of anti-plasmodial immune
responses in males [13]. These findings are consistent with Zuk
and McKean [14], who noted that female immunity to parasitic
diseases is higher than male immunity because of genetic and
hormonal factors.

A model developed by Duve et al. [15] incorporates a class of
vaccinated humans and an influx of infected immigrants. Sen-
sitivity indices computed for R point to strategies for reducing
mosquito—human contact. The results under different vaccine-
coverage levels showed that, in the absence of infected immi-
grants, a malaria-free society can be achieved by increasing
childhood vaccination and preventing the entry of infected hu-
mans. The optimal-control results showed that, if the influx of
infected humans is completely stopped, the best way to reduce
malaria incidence is the combined use of vaccination, personal
protective equipment, and treatment.

In 2021, an age-structured model for the transmission dy-
namics of malaria with asymptomatic individuals and infected
immigrants was analyzed. The model without infected immi-
grants showed that the disease-free equilibrium is stable when-
ever Ry < 1. The sensitivity results for the basic reproduc-
tion number indicated that children’s parameters are more sen-
sitive than adult parameters, whereas the model does not admit a
disease-free equilibrium in the presence of infected immigrants.
The sensitivity results revealed that the parameters for asymp-
tomatic infected humans are more critical than those for infected
immigrants. Therefore, strategies targeting asymptomatic carri-
ers and infected immigrants are needed to reduce malaria trans-
mission [16]. Extending this work, Kalula et al. [17] incorpo-
rated control measures to analyze optimal-control strategies and
temperature variations without considering the roles of children
under 5 years of age and pregnant women with malaria.

Azu-Tungmah et al. [18] modified the age-structured Rose
model, incorporating four human compartments: susceptible in-
dividuals, infectious children under five, infectious individuals
over five, and infectious pregnant women, while the mosquito
population was divided into susceptible and infectious sec-
tions, providing a detailed view of malaria transmission dynam-
ics. They performed a sensitivity analysis showing that malaria
can be controlled or possibly eliminated if parameters such as
mosquito biting rates, recruitment rate, density-dependent natu-
ral mortality rate for mosquitoes, and human recovery rates are
controlled [18].

Extending the work of Azu-Tungmabh et al. [18], Robert et al.
[19] modified the mathematical model by including children be-
low 5 years of age, pregnant women, and non-pregnant humans
(males and females above 5 years), together with the influence

of temperature, to study mosquito-biting behavior. Their sim-
ulations showed that an increase in temperature also increased
infection rates in both human and mosquito populations. Thus,
they concluded that higher temperatures increase malaria infec-
tion rates in both human and mosquito populations, with chil-
dren below 5 years of age and pregnant women having distinct
impacts.

The models formulated by Azu-Tungmah et al. [18] and
Robert ef al. [19] did not investigate malaria infection severity
and prevalence in males and females separately because the class
of non-pregnant adults was not partitioned. This work therefore
modifies the mathematical model formulated by Azu-Tungmah
et al. [18], following the findings in Refs. [10-13], by split-
ting non-pregnant adults into adult males and non-pregnant adult
women, performing a sensitivity analysis, and obtaining the se-
ries solution of the model by the perturbation method.

2. THE EXTENDED MALARIA MODEL

The model follows the basic structure stated by Azu-Tungmabh et
al. [18], with the inclusion of one compartment to reflect the re-
ports in Refs. [10—13]. For simplicity, some of the parameters of
the model formulated by Azu-Tungmah et al. [18] are modified
in the extended model.

Let N(r) represent the total human population at time ¢. The
model subdivides the human population into susceptible hu-
mans Sy (¢), infected children aged 0-5 years I;(¢), infected non-
pregnant women (above 5 years) Iy (¢), infected adult males
(above 5 years) Iy (¢), and infected pregnant women Ip(z).
Hence, the total population of human beings is stated as

NH(I):SH(I)+IP(I)+Iw(l)+II(t)+IM(Z‘). (D)

Similarly, the vector (mosquito) population at time ¢, denoted by
Ny (1), is divided into two compartments. The division consists
of susceptible mosquitoes Sy (¢) and infected mosquitoes Iy ().
Hence,

Ny(1) = Sv(t) + Iy (1). 2

In this model, immunity in recovered humans is assumed to be
temporary; therefore, recovered individuals return to the sus-
ceptible class. The current human life expectancy in
Nigeria, according to the World Health Organization (WHO), is
55.75 years [26]. Following the method adopted by Duve et al.
[15], the human natural mortality rate py was calculated from
life expectancy through the relationship: pug = L =

1
(L'x365)°
55.75 years for Nigeria, then

1

= — 49141077 per day.
55.75 x 365 = H914 1077 perday )

HH
For human recruitment, adopting the method of Olaniyi and Ob-
abiyi [24], Zy is obtained as
1000
Zy = ——— ~ 17. . 4
H = Bgp 11930 X
We employed the approach of scaling factors and followed the
fact that adult men have a 30% higher exposure [31], a 10% lower
recovery rate [32], and a 20% higher malaria-induced death rate
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Table 1. Model parameters and their sources.

Parameters Description Values Sources
Zy Recruitment into human population 17.935 “)
Zy Recruitment into mosquitoes 17380.95 [25]
Ovu Fraction of bites that successfully infect humans 0.1 [24]
Oy Fraction of bites that successfully infect mosquitoes 0.09 [24]
op Number of bites on pregnant women per mosquito 0.01405 [18]
ow Number of bites on non-pregnant women per mosquito 0.96144 [29]
o1 Number of bites on children under 5 per mosquito 0.32437 [18]
om Number of bites on adult men per mosquito 0.39 5)
H Natural mortality rates for humans 0.00004914 3
Ly Natural mortality rates for mosquitoes 0.04 [15]
aop Transition rate from I; to Iy class 0.0156 ®)
ap Transition rate from I; to I, class 0.100 9
as Transition rate from Iy to Ip class 0.100 [18]
Tp Malaria induced death rates for pregnant women 0.5337 [18]
Ty Malaria induced death rates for non-pregnant women 0.1982 [28]
v Malaria induced death rates for children under 5 0.01924 [18]
™ Malaria induced death rates for adult men 0.00012 @)
Ap Recovery rates of pregnant women 0.1615 [18]
Aw Recovery rates of non-pregnant women 0.16157 [30]
A; Recovery rates of children under 5 0.1391 [18]
Ay Recovery rates of adult men 0.045 (6)
Table 2. Comparison of results from three methods at = 1.
Element Eigenvalue method Series expansion Laplace transform
(1,1) 0.5012 0.50016 0.5002
(2,2) 0.6345 0.63461 0.6345
(3,3) 0.7623 0.76037 0.7603
(4,4) 0.9567 0.95601 0.9560
(5,5) 0.9654 0.96172 0.9617
(2,5) 0.0897 0.07699 0.0770
(5,2) 0.0987 0.08251 0.0825
Table 3. Sensitivity analysis result.

Parameters Index Parameters Index

ZH —0.5 Aw —0.1772

Zy +0.5 A; —0.01046

Ovh +0.5 Ay —0.7083

Onv +0.5 ao +0.00897

[H +0.4994 a1 4+0.01001

Hv —1.0000 az +0.000131

op +0.000633 TP —0.000454

dw +0.01524 ™w —0.000354

1 +0.01219 T —0.001447

dm +0.01486 ™ —0.001889

Ap —0.000137
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Figure 1. Compartmental diagram of malaria infection.
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Figure 2. Comparison of the full nonlinear model, first-order perturba-
tion, and zeroth-order solution for the Sy class.
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Figure 3. Comparison of the full nonlinear model, first-order perturba-
tion, and zeroth-order solution for the Ip class.
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Figure 4. Comparison of the full nonlinear model, first-order perturba-
tion, and zeroth-order solution for the Iy class.
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Figure 5. Comparison of the full nonlinear model, first-order perturba-
tion, and zeroth-order solution for the I; class.

[33]. Hence, the mosquito biting rate for adult males is calculated
as

¢m =1.3x 0.3 =0.39. o)

The recovery rate and malaria-induced death rate for adult men
are calculated as follows:

Ay = 0.9 x 0.05 = 0.045. 6)
The malaria-induced death rate for adult men is calculated as
Ty = 1.2 x 0.0001 = 0.00012. 7

The total aging rate for children under 5 is given as: %, where
T = 5, then % = 0.2. Using the Nigeria’s age 0 — 4 sex ratio
of 102 males per 100 females as stated by National Population
Commission (NPC) and ICF, (2019) Ref. ([27]), then

100
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Figure 6. Comparison of the full nonlinear model, first-order perturba-
tion, and zeroth-order solution for the 1), class.
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Figure 7. Comparison of the full nonlinear model, first-order perturba-
tion, and zeroth-order solution for the Sy class.
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Figure 8. Comparison of the full nonlinear model, first-order perturba-
tion, and zeroth-order solution for the Iy class.

and

102
= — x0.2~0.101. 9
a 202 X )
dSy
- = Zy + Aplp + Awly + Arl; + Ayly

(¢p + dw + b1 + du)OvuSuly
- o — pHSH,

dlp Oy ppSuly
oE_ ZYHRTPRTY I
i Nt + az2ly
— (Ap + py + 7p)lp,
dly _ Ove dwSuly +aol;
dt Ny

— (a2 + Aw + pn + 7w )lw,
dl; By ¢iSuly
dt Ny (10)

— (a0 + a1 + A; + pu + 7)1,
dly  OvudmuSuly
&M _ TVHYMOHTY 1
a7 Nis +ail;

— (Ay + pa + 7)1,

dsv _ 7. Ouy Sy (pplp + dwlw + b1l + dmln)
dt v Ny

— pvSy,

dly _ OuvSv (pplp + dwlw + é1li + dmln)
dt Ny

— pvly,

where Sy (0) > 0, Ip(0) >0, Iy(0) >0, I;(0) > 0, I;;(0) >
0,8y (0) > 0, Iy(0) > 0.

2.1. MALARIA-FREE EQUILIBRIUM POINTS AND

REPRODUCTION NUMBER
Malaria infection has disease-free equilibrium states, which
are obtained by setting Ip = Iy = I = Iy = 0

and the remaining equations in Eq. (10) to zero. Let
€0 = {89, 19,15, 17,1, 89, I0} denote the malaria-free state.
Solving the equations for susceptible humans and susceptible
mosquitoes gives

Z Z
6O:{ Ha0507070a Vao}'
12024 v

The basic reproduction number Ry was computed by employ-
ing the next-generation matrix method established by van den
Driessche and Watmough [20]. Let the infected compartments
be defined as

X[ = (IP7]WaII;IM7[V)T'

Let F denote the appearance of new infection terms and ) denote
the transition terms in the model, defined as follows:

Ovn SpSul
%Hﬂv (ag + Aw + py + 7w)lw — aol;
Fi= | tdisun Vi=| (ao+ai+A+py+m)h
OurbuSuly (Am + p + g )y — axly
g0 vty
where

o = Onv Sy (oplp + dwlw + d1l; + dumly)
Ny ’
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Set F and V as the Jacobian matrices of F and ) with respect to
infected compartments evaluated at the disease-free equilibrium
(DFE),

% Z
Sh="2, B=Iy=P=Ij=1)=0, Sp=="
120 oy
F =
0 0 0 0 Burrop
0 0 0 0 Byt o
0 0 0 0 Ovi o
0 0 0 0 Ourr ot
Orty p 2 Gy oy D Gy g Lt Gy 3 Zitn
rp  —az 0 0 0
0 rw —ap 0 O
V=10 0 0 0|,
0 0 —ay ry O
0 0 0 0y

where rp = (AP+ﬂH —|—7TP), rw = (02+AW+,UH —|—7Tw), ry =
((10 “+ai + A] + HUH + 71']), rmy = (AM + HH + ’/TM). The in-
verse of the matrix V is obtained by applying the formula for the
inverse of a lower triangular matrix [21]. The elements of y-1
are determined by evaluating the system of equations formed as
VV~! = I. From the next-generation matrix K = FV ~1, the ba-
sic reproduction number is calculated from the spectral radius:

Ro = p(FV ™).

The basic reproduction number Ry, which is the dominant eigen-
value of FV~!, is obtained from the characteristic equation
(FV~=Y — XI) = 0 and is solved to obtain the largest absolute

eigenvalue:
7?'0 =V K )
where
OveOuvZ
K — VHUHV 2VMH and
Zy vy
2 2 2 2 a ana a
QZ@—&-@—F(&#—@—F 2¢P¢W+ 0 2¢1¢5P+ 0w P
rp rw ry m rwrp rprwyry rrry
a1¢;oum
+ —.
rirm

The terms 6Oyy,0yy represent the product of human-to-
mosquito and mosquito-to-human transmission probabilities,
op, dw, ¢1, ¢y denote the relative infectiousness of pregnant

women, non-pregnant women, children under 5 and adult male

. 1 1 1
human compartments, respectively. The terms —, —, —, —

rp rw ’ ry ’ m
represent the average removal rates for pregnant women, non-

pregnant women, children under 5 and adult male humans repre-
sent the average time spent in the corresponding infectious com-

partments, while — is the average mosquito lifespan. Where
Ky
rp = (Ap + pu +7p), rw = (a2 + Aw + pu +7mw), 11 =

(ap+ar+A;+py +7r), ru = (Ay + g + 7y ) are removal
rates from Ip, Iy, I;, and Iy classes, respectively.

3. PERTURBATION METHOD

Perturbation methods are applied to study the malaria nonlinear
dynamical system in (10) [22, 23]. This analysis applies regu-
lar perturbation theory to the malaria infection model, with the
model parameters following established methodologies in infec-
tious disease modeling [20]. We then introduce a small parame-
ter ¢ < 1 and expand each variable around the MFE: S,g = Ny,
SY = Ny as;

Sy = Ny +eSpy + 2S5 + O(e%),
v Ip=0+elp + 27 + O(e?),
Iy = 0+ely, + I3 + O(e?),
Iy =04 el} + 217 + O(&%),
Iy =0 +ely, + 215 + O(%),
Sy =Ny + &Sy +&25% + O(e?),
Iy =0+ el + 17 + O(e?).
The term ¢ = S X0y X0
average(¢p + ¢w + ¢r + dm) which

role of the number of mosquito bites
average(Ap + Aw + A + Ay).

where ¢ =
reflects the
and A =

3.1. ZEROTH-ORDER (=°) EQUATIONS

Here, we substitute the expansions into each equation and collect
terms of order €° (terms with no ¢ factor).

For the Sy equation:

d
E(NH+ES;1,+~~):ZH+AP(5I,}+~~~)+AW(SI&,+~~)

A (el )+ Ay (el + )
(&1)

— > g (Ng 4 eSh 4 ---).
Ny

where & = ¢p+dw +dr+dm )0y (Ny+eSi+- -+ ) (ely+-- ).
By identifying £° terms and collect €” terms to obtain

0=2Zy — pgNy
For the Ip equation:

d

B 9VH¢P(NH+ES,11+~--)(51‘}+...)
- N
+as(ely + ) — (Ap + g + 7p)(elp +---).

All terms have at least one factor of ¢, so the £° equation is
0=0
Similarly, for Iy, I;, Iy, and Iy, all terms have at least one factor

of ¢, giving 0 = 0.
For the Sy equation:

d

—(Ny + &Sy +-+) :Zv—g—2 — py(Ny +eSp + ),
dt Ny

where & = Oy (Ny + &Sy + -+ )(dp(elp + -+ ) + dw (el +

)4 (el + )+ du(ely + - - ). We identify terms with

€9 and collect £° terms, to obtain

0=2Z2Zy — pyNy.
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In summary, the zeroth-order solution for the model in (10) is
given as: Ny = i—: Ip=Iy =5 =1y =1y, =0, and
Ny = %, which confirms that the zeroth-order values are the

equilibrium values.

3.2. FIRST-ORDER (<') EQUATIONS

We substitute into the perturbation expansions and collect &!
terms for each compartment, identifying terms that have exactly
one factor of .

For the Sy equation:

ds}
€7H = EAPII% + EAwl&/ + €A1111 + EAMIA%[

dt
—e(¢p + dw + &1 + om)Ovaly — epn Sy
Dividing through by € gives

as)

i Apl} 4+ Awly, + AL} + Ayl

— (¢p + dw + &1 + ) Ovily — piuSpy.-

Similarly, the summary of the first-order equations is given as

ds}
d—;" = Aplp + Awly, + Al + Ayl
— (¢p + dw + &1 + dm)Ovuly — uuSs,

dr}

(7; = Oy pply + aslyy — (Ap + py + 7p)Ip,

@—0 owly + aol} — (a2 + Aw + pg + mw)Iy;

dt*VHWV aply az w T HH T Tw )y,

dl/ 1 1

o Ovapily — (ao + a1 + A + pu + )17,

@—0 duly + arl — (Ayr + pg + mar) 1

dt—VHMV ayly M T HH T T )y

dsy 1 1 1 1 1

i —Onvo(oplp + dwly + &1l + dmly) — pvSy,

dl\} 1 1 1 1 1

ar = Ouvo(oplp + dwly + G1l; + duly) — pvly,
where ¢ = 1% The first-order equations are linear and
can be written in matrix form as % = AX where X =

(SE, I3 Iy I 1y, SEIE)T . Because of the complexity of the
model, we focus on the infected compartments (I3, I}, I}, 1,
I}). Then the subsystem is given as:

dy
— =My, Y = (I3, Iy, 1 Ly I
—rp as 0 0 Ovu dp
0 —rw ag 0 Ovir pw
M = 0 0 -1 0 Ovir
0 0 a -y Ovedm
OuvopNy  OuvowNv  OuvdiNv Oy duNy _
NH NH NH NH 'uV
For the computation of Y (z) = eM'Y(0), three numerical ap-

proaches were applied to obtain the matrix exponential ¢™’: spec-

Mt Nt LLei(M—=Nil)

tral decomposition e’ = 21.5_1 e L o) where )\; are
= i\ AT

the eigenvalues of matrix M satisfying the characteristic equa-
tion: det(M — M) = 0, the Taylor-series definition M =
I+ Mt + M;’z + g + ML’4 + -+ - and the Laplace transform
Y(t) = L7 (sl —M)~1}Y(0) where (sI — M)~ is the resol-
vent matrix, and its inverse Laplace transform gives the matrix
exponential.

3.3. SENSITIVITY OF THE MODEL PARAMETERS
The sensitivity index for the model is obtained by studying the in-
fluence of some parameters responsible for malaria transmission
and its prevalence and determining how best to reduce malaria-
related mortality and morbidity in humans [26, 27]. The normal-
ized forward sensitivity index of any variable to a parameter is
obtained by the ratio of the relative change in the variable to the
relative change in the parameter, and the sensitivity index can be
obtained using partial derivatives provided the variable is a differ-
entiable function of the parameter [26]. The normalized forward
sensitivity index of a variable, -, that depends differentiably on
a parameter, P, is stated as follows:
,yRo — % P (11)
P 8p Ro ’

where P represents the basic parameters.

Then the basic reproduction number R is redefined as: Rg =

VK - Q , where

_ OveOuvZy pim
Zp (pv)?

and

2 2 2 2 a ana a
Q=@+¢—W+¢—I+¢—M—&- 2¢P¢W+ 0421 Pp 0Pw 1

rp rw rr m rwrp rprwrr rrrw

n a1¢1¢M.
rIrm

The sensitivity index of the model is computed as

10

TR = 1oe} (12)
r Q op

It follows that for parameters in K, its index is calculated thus

= X g—’;, parameters in Q, its index is calculated as 2LQ X g—IQ,

and parameters in both K and Q are obtained from the combined

contribution. Hence,

p|10K
2 |K Op

Ro _ Zy o K _ _1 Ro _ 2Zv o« K _ ;1 yvRo _
Yz, =58 X—7;,=—3 Y20 =35k Xog = +35, Ty, =
Ovg o K _ 41 Ro _ 0w K _ 41 vYRo — v
ot X oy = T30 Yon = 3 X gy = 3, To0 = 5 X
_2K _ _ Ro — 14 pu 90 yRo _ dp o 2¢p | a2dw
wy 1’ TMH_2+2QZj Br,v’Td)p _QQX rp +rwrp+

”roai’””. Similarly, the sensitivity indices of the other parameters
PrwIT

are obtained.

4. RESULT

4.1. PERTURBATION ANALYSIS RESULT

© (average number of bites) is 0.4225 and A (average recovery
rate) is 0.1268; therefore, ¢ = 0.029987. The zeroth-order equi-
librium populations show that Ny (total humans) is 364978, with
S at equilibrium satisfying 2 = G576 = 364978, Sim-
ilarly, Ny (total vectors) is 434524, with Sy at equilibrium sat-
isfying % = 1738095 _ 434594 and Ry = 1.2809 > 1. A

0.04
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Python program was used to carry out the malaria model per-
turbation analysis and simulations using the parameter values in
Table 1. The graphs below showed the comparison of full nonlin-
ear Model, First-Order Perturbation X = X° + X! (to examine
the exponential growth/decay, Rg), and Zeroth-Order Solutions
X (malaria equilibrium point) while Table 2 showed the result
of the different numerical method used in solving the first order
equation.

4.2. SENSITIVITY ANALYSIS RESULT

Table 3 gives the summarized results of the sensitivity indices,
employing the values of the model parameters in Table 1. The
sign of each value in the table indicates whether the index is pos-
itive (4), meaning that increasing the parameter increases R,
or negative (—), meaning that increasing the parameter decreases
Ro. The magnitude represents the relative influence of each pa-
rameter on malaria infection in each human class.

5. DISCUSSION OF RESULTS

A 10% rise in mosquito mortality py would result in a 10%
decrease in Rg. This implies that the mosquito death rate is
the model’s most significant parameter, and the basic reproduc-
tion number would drop by precisely 10% for every 10% rise in
mosquito mortality. Human recruitment Zy with the sensitivity
index —0.5 is inversely proportional to R, while Zy, vy, and
Ony are proportional to R, respectively.

The fractions of mosquito bites ¢’s and progression rates a’s
have very small sensitivity indices, respectively, while malaria-
induced death rates 7’s have negligible negative indices, while
the adult male recovery rate Ay, is highly influential, as evident
in its index value. Therefore, parameters influencing mosquito
survival iy and recovery from the I, class Ay, are the most sen-
sitive to the model, indicating that to curtail the spread of malaria,
they should be the main focus of intervention.

The perturbation results show that, at zeroth order, the sys-
tem is at the disease-free equilibrium, where malaria is absent
from the system. The first-order perturbation shows exponential
growth, indicating that the disease will grow rapidly when intro-
duced into the population. This indicates that the malaria-free
equilibrium (MFE) is unstable; even small perturbations lead to
disease spread, as shown in Figures 2-8.

ACKNOWLEDGMENT

We acknowledge the kind effort of the Ebonyi State Government
of Nigeria under the leadership of His Excellency Rt. Hon. Og-
bonnay Nwifuru for funding this research work.

DATA AVAILABILITY
The data are available with the corresponding author upon re-
quest.

References

[1]1 S. S. Nundu, R. Culleton, S. V. Simpson, H. Arima, J.-J. Muyembe,
T. Mita, S. Ahuka & T. Yamamoto, ‘“Malaria parasite species compo-
sition of Plasmodium infections among asymptomatic and symptomatic
schoolage children in rural and urban areas of Kinshasa, Democratic Re-
public of Congo™, Malaria Journal 20 (2021) 389. https://doi.org/10.1186/
$12936-021-03919-4.

[2] R. W. Snow, “Global malaria eradication and the importance of Plasmod-
ium falciparum epidemiology in Africa”, BMC Medicine 13 (2015) 23.
https://doi.org/10.1186/s12916-014-0254-7.

[3] L. S. Garcia, “Malaria”, Clinics in Laboratory Medicine 30 (2010) 93.
https://doi.org/10.1016/j.c11.2009.10.001.

[4] World Health Organization, “World malaria report 2019, Geneva,
Switzerland: World Health Organization (2019). https://www.who.int/
publications/i/item/9789241565721.

[5] N. Chitnis, J. M. Cushing & J. M. Hyman, ““Bifurcation analysis of a math-
ematical model for malaria transmission”, SIAM Journal on Applied Math-
ematics 67 (2006) 24. https://doi.org/10.1137/050638941.

[6] A. Ducrot, S. B. Sirima, B. Somé & P. Zongo, ‘A mathematical model for
malaria involving differential susceptibility, exposedness and infectivity of
human host”, Journal of Biological Dynamics 3 (2009) 574. https://doi.org/
10.1080/17513750902829393.

[71 R. B. Mbewe, J. B. Keven, C. Mangani, M. L. Wilson, T. Mzilahowa,
D. P. Mathanga, C. Valim, M. K. Laufer, E. D. Walker & L. M. Cohee,
“Genotyping of Anopheles mosquito blood meals reveals nonrandom hu-
man host selection: implications for human-to-mosquito Plasmodium fal-
ciparum transmission”’, Malaria Journal 22 (2023) 115. https://doi.org/10.
1186/s12936-023-04541-2.

[8] W. Takken, D. Charlwood & S. W. Lindsay, “The behaviour of adult
Anopheles gambiae, sub-Saharan Africa’s principal malaria vector, and its
relevance to malaria control: a review’’, Malaria Journal 23 (2024) 161.
https://doi.org/10.1186/s12936-024-04982-3.

[9] J. H. Ellwanger, J. D. C. Cardoso & J. A. B. Chies, ‘“Variability in hu-
man attractiveness to mosquitoes”’, Current Research in Parasitology and
Vector-Borne Diseases 1 (2021) 100058. https://doi.org/10.1016/j.crpvd.
2021.100058.

[10] J.E. Ayodele, C. T. Omisakin, E. T. Oyedele & F. Kolawole, ““Evaluation of
severity of malaria infection and effect of anti-malaria drugs on gender dif-
ferences using blood cell lines parameters”, American Journal of Medical
Sciences and Medicine 2 (2014) 89. http://pubs.sciepub.com/ajmsm/2/5/2.

[11] O. M. Akanbi, J. A. Badaki, O. Y. Adeniran & O. O. Olotu, “Effect of
blood group and demographic characteristics on malaria infection, oxida-
tive stress and haemoglobin levels in South Western Nigeria”, African Jour-
nal of Microbiology Research 4 (2010) 877. https://academicjournals.org/
article/article1380211377_Akanbi%?20et%20al.pdf.

[12] A. Cernetich, L. Garver & S. Jedlicka, “Involvement of gonadal steroids
and gamma interferon in sex differences in responses to blood stage malaria
infection”, Infection and Immunity 74 (2006) 222. https://doi.org/10.1128/
IAI1.00008-06.

[13] J.Krucken, M. A. Dkhil & J. V. Braun, ‘“Testosterone suppresses protective
responses of the liver to blood stage malaria”, Infection and Immunity 73
(2005) 436. https://doi.org/10.1128/TAL.73.1.436-443.2005.

[14] M. Zuk & A. K. McKean, ““Sex differences in parasite infections: Patterns
and processes”, International Journal for Parasitology 26 (1996) 1009.
https://doi.org/10.1016/S0020-7519(96)80001-4.

[15] P. Duve, S. Charles, J. Munyakazi, R. Liihken & P. Witbooi, “A mathe-
matical model for malaria disease dynamics with vaccination and infected
immigrants”’, Mathematical Biosciences and Engineering 21 (2024) 1082.
https://doi.org/10.3934/mbe.2024045.

[16] A.S. Kalula, E. Mureithi, T. Marijani & I. Mbalawata, ““An age-structured
model for transmission dynamics of malaria with infected immigrants and
asymptomatic carriers”, Tanzania Journal of Science 47 (2021) 953. https:
//doi.org/10.4314/tjs.v47i3.7.

[17] A.Kalula, E. Mureithi, T. Marijani & I. Mbalawata, “Optimal control and
cost effectiveness analysis of age-structured malaria model with asymp-
tomatic carrier and temperature variability”’, Journal of Biological Dynam-
ics 17 (2023) 2199766. https://doi.org/10.1080/17513758.2023.2199766.

[18] G. T. Azu-Tungmah, F. T. Oduro & G. A. Okyere, “Analysis of an age-
structured malaria model incorporating infants and pregnant women”, Jour-
nal of Advances in Mathematics and Computer Science 30 (2019) 1. https:
//doi.org/10.9734/JAMCS/2019/46649.

[19] P. K. Robert, J. I. Irunde & A. P. Mtunya, “Modelling malaria dynamics in
children under five years, pregnant women, and the influence of tempera-
ture”’, Tanzania Journal of Science 50 (2024) 835. https://doi.org/10.4314/
tjs.v50i4.10.

[20] P. van den Driessche & J. Watmough, ‘“Reproduction numbers and sub-
threshold endemic equilibria for compartmental models of disease trans-
mission”, Mathematical Biosciences 180 (2002) 29. https://doi.org/10.
1016/S0025-5564(02)00108-6.

[21] G.H. Golub & C. F. Van Loan, “Matrix computations”, 4th ed. Baltimore,



[22]
(23]

[24]

[25]

[26]

[27]

(28]

Aloke et al. / Recent Advances in Natural Sciences 4 (2026) 203 9

MBD, USA: Johns Hopkins University Press (2013).

J. P. Keener, “Principles of Applied Mathematics: Transformation and Ap-
proximation”, Boca Raton, FL, USA: CRC Press (2000).

C. M. Bender & S. A. Orszag, “Advanced mathematical methods for sci-
entists and engineers”’, New York, NY, USA: McGraw-Hill (1978).

S. Olaniyi & O. S. Obabiyi, “Mathematical model for malaria transmission
dynamics in human and mosquito population with nonlinear forces of in-
fection”, International Journal of Pure and Applied Mathematics 88 (2013)
125. https://doi.org/10.12732/ijpam.v88i1.10.

A. T. Haringo, L. L. Obsu, and F. K. Bushu, “Impact of asymptomatic in-
fections on malaria transmission dynamics,” Infectious Disease Modelling,
vol. 10, no. 4, pp. 1456-1478, 2025. DOI: https://doi.org/10.1016/j.idm.
2025.07.012.

World Health Organization, ‘“World Health Statistics 2023: Monitoring
Health for the SDGs”, Geneva, Switzerland: World Health Organization
(2023). http://who.int/publications/i/item/9789240074323.

National Population Commission (NPC) and ICF, “Nigeria Demographic
and Health Survey 2018, NPC and ICF (2019). https://www.dhsprogram.
com/pubs/pdf/fr359/fr359.pdf.

National Malaria Elimination Programme [Nigeria] and ICF International,
“Nigeria Malaria Indicator Survey 2015, Abuja, Nigeria, and Rockville,
MD, USA: NMEP and ICF International (2016). https://dhsprogram.com/
pubs/pdf/MIS20/MIS20.pdf.

[29]

[30]

(31]

[32]

[33]

D. L. Smith, J. Dushoff & F. E. McKenzie, “The risk of a mosquito-borne
infection in a heterogeneous environment”, PLoS Biology 2 (2004) e368.
https://doi.org/10.1371/journal.pbio.0020368.

World Health Organization, “WHO guidelines for malaria”, Geneva,
Switzerland: World Health Organization (2019). https://www.who.int/
publications/i/item/guidelines-for-malaria. Accessed March 1, 2026.

J. Okiring, A. Epstein, J. F. Namuganga, E. V. Kamya, I. Nabende, M.
Nassali, A. Sserwanga, S. Gonahasa, M. Muwema, S. M. Kiwuwa, S.
G. Staedke, M. R. Kamya, J. I. Nankabirwa, J. Briggs, P. Jagannathan &
G. Dorsey, “Gender difference in the incidence of malaria diagnosed at
public health facilities in Uganda”, Malaria Journal 21 (2022) 22. https:
//doi.org/10.1186/s12936-022-04046-4.

J. C. Nmor, “Health care seeking behavior for malaria among laboratory
confirmed outpatients in a rural community, Southern Nigeria”, Interna-
tional Journal of Tropical Disease & Health 6 (2015) 8. https://doi.org/10.
9734/1JTDH/2015/11814.

National Malaria Elimination Programme [Nigeria], “National Malaria
Strategic Plan 2021-2025: a path to malaria pre-elimination in Nige-
ria”, (2020).  https://mesamalaria.org/wp-content/uploads/2024/07/
NATIONAL-MALARIA-STRATEGIC-PLAN-Nigeria-2021-2025-Final.
pdf.


http://www.tcpdf.org

