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ABSTRACT
ARTICLE INFO In this study, a mathematical model of malaria was formulated. System of ordinary
differential equations were used to described the transmission dynamics of the
Article history: malaria disease in an age-structured population. The model is proved to be
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mathematically well-posed and epidemiologically feasible. The Malaria free
equilibrium was obtained, and the method of next generation matrix approach were

employed to determine the basic reproduction number Ro . The analysis of the

Keywords:

Equilibrium, Stability analysis and Basic malaria-free equilibrium shows that; the system is locally asymptotically stable if
reproduction number R, <1 and unstable if Ro >1. The approach by Castillo-Chavez was employed
MSC 2020 Subject classification: to determine the global stability analysis of the Malaria-free equilibrium. The result

34D20 of the global stability analysis show that, the system is locally asymptotically

stable when R0 <1 and unstable if Ro >1.This indicates that, the Malaria
transmission elimination is only possible if the threshold parameter R;is kept

below unity. Therefore, all efforts must be geared fowards ensuring that the
minimum number of secondary infections is less than one in both children and adult
populations respectively.

1. Introduction

Malaria is an infectious disease caused by the Plasmodium parasite, which is carried by the female Anopheles mosquito
(Perko, Kebede & Mousa, 2022). There are about 400 different Plasmodium species, of these, four are the major cause
of malaria in humans. These four species are P. falciparum and P. vivax, P. ovale, and P. Malarie which combined
together contributed to about 95% of malaria infection (Dalu, Dennis, Chuwkuemeka, Chifurumnanya & Ugochi,
2022). As the main cause of malaria in Africa, P. falciparum has caused millions of deaths, accounting for more than
90% of the world’s malaria mortality. The main symptoms of malaria are fever, fatigue, vomiting, and headaches
(Li, Docile, Fisher, Pronyuk & Zhao, 2024). World Health Organization (WHO), estimates that the severe form of
malaria has led to 194 000 deaths in 2021 alone in Nigeria, about 80% of these in children under the age of 5 years.
This accounts for 31% of all malaria cases globally and 40% in the WHO African region. Nigeria has the highest
burden of malaria globally, accounting for nearly 27% (68 million cases) of the global malaria burden and risk of
transmission exists throughout the country, all year round (WHO, 2023). Preventive efforts such as vector control,
insecticide-treated mosquito nets, seasonal malaria chemoprevention, and intermittent preventive treatment for infants
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and pregnant women are an important place to start reducing malaria transmission (Perko, Kebede & Mousa, 2022).
Through the World Health Organization and many researchers’ efforts, vaccines such as RTS, S/AS01 and PfSPZ exist
among many others currently in clinical trials (Perko, Kebede & Mousa, 2022). Also, treatment guidelines have not
changed for a long time, and many of the anti-malarial drugs currently have had cases of resistance (Perko, Kebede &
Mousa, 2022). To achieve malaria elimination in Nigeria, there is a need to extend surveillance strategies to other
secondary malaria vectors that have not received significant attention (Adeogun et al., 2025). World Health
Organization (2024) emphasized in its latest report that equitable access to preventive tools such as insecticide-treated
nets, indoor residual spraying, and malaria vaccines are crucial to reducing transmission, especially among vulnerable
populations.

1.1 Mathematical models of malaria

A new non-autonomous model incorporating diurnal temperature fluctuation is designed by Nwankwo and Okuonghae
(2019). The model assessed the impact of different microclimate conditions on malaria transmission dynamics. A
temperature-dependent mathematical model of malaria transmission with stage-structured mosquito population
dynamics was developed by Traoré, Barro, Sangaré, and Traoré (2021). A mathematical model for the dynamics and
control of malaria in Nigeria is studied by Collins and Duffy (2022). Their model incorporates drug resistance,
treatment, and the use of mosquito nets as preventive strategies. Application of mathematical modelling to inform
national malaria intervention planning in Nigeria was presented by Ozodiegwu, Ambrose, Galatas, B, Runge, and
Nandi,. (2023). Comparison between different approaches of modelling the effects of temperature and rainfall on
malaria transmission in high and low transmission settings was studied by Madito and Silal (2024). Effect of
Environmental Immunity on Mathematical Modeling of Malaria Transmission between Vector and Host Population
was presented by Olutimo, Mbah, Abass, and Adeyanju (2024). Adeogun, Babalola, Oyale, Oyeniyi, Omotayo and
Izekor (2025) investigated the spatial distribution and geospatial modeling of potential spread of secondary malaria
vectors species in Nigeria using recently collected empirical data. Malaria, climate variability, and interventions:
modelling transmission dynamics was studied by Beloconi, Nyawanda, Bigogo, Khagayi, Obor and Danquah (2023).
Grosso, Hens and Abrams (2025) presented an integrative review of the combined use of mathematical and statistical
models for estimating malaria transmission parameters.

However, this research is an improvement on the work of Olutimo, Mbah, Abass and Adeyanju (2024). An age-
structured mathematical model of malaria is developed. The uncomplicated, severe and treatment classes were
incorporated into the model with the view to investigate its transmission dynamics, which was not presented in the
reviewed literature presented in this study.

The paper is categorized into different sections as follows: Introduction is presented in section one, model description,
equations, variables and parameter description and the schematic diagram were presented in section two. The basic
properties and model analysis were presented in section three. Discussion of Result is presented in section four while
conclusion and references were presented in section five respectively.

2. Model diagram of Malaria

The schematic diagram of the Malaria is presented in Figure 1.
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Figure 1: The schematic diagram of the malaria model

2.1 The Model Equations

% =W Sc + Ty =4S, — HaS,
%E, = A\Sp — (@7 + 1,)E,
dt
N
dI_A=¢TEA_(§1+/JA)I/’\\l
dt
di$
d_tA = (1_¢)TEA _(52 +/”A)|/§
dT
d_tA:‘fll/T +§2|/§ —(up+a,)T,
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ds
d_tc =Ac+acTe —ySe —AcSc — #cSc

dE

dtc =4S¢ —(oe + 1 ) Ee
0 N
F:O-SEC — (@ + ue)e
did

d_f:(l—a)gEc (@, + )¢

dT,
d_tczwllg+w2|§_(ﬂc+ac)Tc
ds
d,:A =Ay =y Sy — thu Sy
dE
d_Mzﬁ’MSM_(V_l_luM)EM
t
dl
d'EA =yEw — gy,

with the initial conditions:
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(1

S,>0,E,>0,1} >0,1; >0,T,' >0,T, >0,S. >0,E. >0,1) >0,15 >0, T >0,TS >0,

s, >0,E, >0,1, >0,

where

N S N S
P A PR PRI (P Pt S

N, N, Ny
2.2 Variable/Parameter Description
The description of variables/parameters are presented in Table 1.
Variables/Parameters Description
SA Susceptible adult population
Sc Susceptible children below the age of puberty
EA Pre-infectious adult population
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EC Pre-infectious children population
[N Infected non-severe adult population
A
N Infected non-severe children population
c
IS Severely-infected adult population
A
IS Severely-infected children population
c
TA Treated adult population
Tc Treated children population
SM Susceptible Mosquito population
EM Pre-infectious mosquito population
I " Infected mosquito population
4 Maturity rate from children to adult population
a Rate at which treated adult population loss their
A immunity
ﬂ Transmission probability of the susceptible adult
A population
Kol Per capita biting rate of the infected mosquito into the
M . .
susceptible adult population
Uy Natural death rate in adult human population
e Natural death rate in children
Ly Natural death rate in mosquito population
T Progression rate into non-severe infected adult
population
¢ Progression rate into severely-infected adult population
é:_ (I =1 2) Treatment rate of adult population
1 )
S (I =1 2) Disease induced death rate
] )
Ac Recruitment rate of susceptible children population
o Rate at which treated children loss immunity
9 Per capita biting rate of the susceptible mosquito into the
infected adult and children population
ﬂ Transmission probability of the susceptible children
¢ population
& Progression rate into non-severe infected children
population
o A proportion of individuals leaving the pre-infectious
children population into the non-severe infected class
) Treatment rate in non-severe infected children
! population
w, Treatment rate in severely infected children population
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V4 Progression rate from pre-infectious into infectious
mosquito population

AM Recruitment rate into the susceptible mosquito
population

2.3 The Model Description

The total human population is sub-divided into the pool of susceptible adult population S a» the susceptible children
below the age of puberty Sc , the pre-infectious adult population E a» the pre-infectious children population Ec , the
infected non-severe adult | ;‘ , the infectious non-severe children |cN , the severely-infected adult population |2,
the severely-infected children |é , the non-severe and severely treated adult populations TA, the non-severe and

severely treated children populations Tc . Thus, the human population is given by
N N s s
N, =S, +Sc+E,+E.+1, +10 + 1, +15+T,+T, ()

The total mosquito population is sub-divided into Susceptible mosquito population SM , pre-infectious mosquito
population EM , and the infected and infectious mosquito population |,\,I . Thus, the mosquito population is given
by

N, =Sy +Ey +1, )
The susceptible adult population is increased through attaining the age of maturity from the population of susceptible
children Sc , attherate i/ and through treatment of infected and infectious populations at the rate (&, since treatment

does not confer permanent immunity. This population is decreased by coming into contact with infected and infectious

mosquito |M , and transfer of the newly infected persons into the pre-infectious population E A» Dby the force of

infection A A1 Where,

1. = S BaSalu

4
A N, 4)

where 19M is the per capita mosquito biting rate on susceptible adult population, ,3 4 is the transmission probability of

malaria into the susceptible adult population.

This population is further reduced by natural death at a rate {,. The equation becomes,

ds
_tA =W S+, Ty —AxS) — 1,5,

d (5)
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The population of the pre-infectious adult population E a»is increased by the transfer of the newly infected persons
ﬁA. The population is decreased by the migration of persons in this class into the non-severe infected and infectious
adult population | 2‘ ,at the rate 7 . A fraction of this population moves to the severely infected and infectious adult

population at a proportion ¢ where (0 < ¢ <1). The population is further decreased by natural death at the rate .

So that, the equation becomes,

dE
d A= AASA - (¢T+IUA)EA
t 6)

The population of non-severe infected and infectious adult | X‘ , is increased by a fraction of individuals from pre-
infectious adult population E A ataproportion @7 . The same population is decreased by the treatment of individuals
in this class and by their migration into the treatment populations at a rate fl and is further decreased by the natural
death at arate (1, and due to malaria induced death at a rate 51 Thus,
N
al,

W—¢TEA_(§1"|':UA"’_51)I,IA\l (7N

The population of severely-infected and infectious adult |2,is increased by a fraction of individuals from pre-
infectious adult population E A» at a proportion (1—¢@)7 . The same population is decreased by the treatment of
individuals in this class and by their migration into the treatment populations at the rate /:2 and is further decreased by

the natural death at arate (/, and due to malaria induced death at a rate 51 Then,

di} s
th =(1-@)rE, = (St ua+0)1, ®)
The population of treated adult TA grow due the treatment of non-severe and severely infected adult populations at a

rate é:l and /:2 respectively. The population is decreased by the transfer of individuals into susceptible adult population

S a and due to natural death at rate {£,. Thus,

dT
—A = §1IAN +§2|/§ — (s +a,)T,

The population of susceptible children SC is increased through birth at the rate Ac and through migration of treated

children’s who were previously infected with malaria at the rate & .The population is reduced due to new infection
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acquired at the rate ﬂ'c . The population is decreased by the transfer of children who are above the puberty age at the

rate |/ into the susceptible adult population S a and due to natural death at the rate  £4;.

where A =19N'Nﬁ—CIMSC (10)
H

With 19M being the per capita biting ate of the mosquito on the susceptible children population SC and :BC is the

transmission probability. Thus,

ds
d—tC=Ac+0!cTc—l//5c—/1c3c—ﬂc5c (11)

The population of pre-infectious children Ec is increased due to new infection acquired by the susceptible children at
arate ﬂ'c . The same population is decreased as a result of transfer of the pre-infectious into the infected and infectious
non-severe children population |g‘ at a rate & with O being the fraction moving out from the pre-infectious class.

The population is further decreased because of natural death at arate [i. Therefore,

dE,

T:/%Sc_(ag“‘ﬂc)Ec (12)

The population of non-severe infected children |§ is increased due to progression of a fraction of pre-infectious

children at a proportion o0& where 0 <o <1. This population is decreased by treatment and the transfer of the
treated children at a rate @),. The population is further decreased because of natural death at a rate f{; and due to
malaria-induced death at a rate 0,. Hence,
N
i

F=G€EC—(C{)1+ILIC)I(':\‘ (13)

The population of severely- infected children | g is increased due to progression of a fraction of pre-infectious children
at a proportion (1—o)& where 0 <o <1. This population is decreased by treatment and the transfer of the treated
children at a rate @),.The population is further decreased because of natural death at a rate //; and due to malaria-

induced death at a rate 52. So that,
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did
5t = 4-o)eEe (@ +ue)le (14)

The population of treated children Tc grow due to the treatment of non-severe and severely infected children’s
populations at arate @), and @, respectively. The population is decreased by the transfer of individuals into susceptible

children population SC atarate ( and due to natural death at a rate /. Thus,

dT
d_tcza)llg"'wzlg_(ﬂc"'ac)-rc (15)

The susceptible mosquito population SM is increased through maturation of the egg-larva-pupa into adult mosquito
atarate AM . This population decreased due to new infection acquired through contacts between susceptible mosquito,

infected adult and infected children both severe and non-severe populations by the force of infection /1,\,, , Where

9B, (13 +15+11 +12)
NH

Ay = Sy (16)

Where ¢ is the per capita biting rate of the susceptible mosquito on infected adult and infected children populations,

ﬂM is the transmission probability through blood meals of infected individuals into the susceptible mosquito. This

population is further decreased through natural death at a rate ;. Thus,

ds,,

= Ay, — Ay Sy, — My Sy (17)

The population of pre-infectious mosquito is increased through migration of newly infected mosquitoes /1,\,, from the
susceptible population. This population decreased as a result of progression into infected mosquito | v atarate ¥ and

is further reduced due to natural death at a rate ;. This gives,

dE
d—:A:ﬁ'MSM_(y_/uM)EM (18)

Finally, the population of infected and infectious mosquito |,\,I grow due to progression of pre-infectious mosquito

population EM at a rate ¥ and is decreased as a result of natural death at a rate [{,,. Hence this is governed by the

equation
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dl,,
dt

=7Ew — iy ly (19)

3. The Basic Properties of the Malaria model

The state variables in model (1) are all time dependent and all the parameters are positive (non-negative). Notably, the
equations which described the rate of change of the total adult (N A), children (NC), and the Mosquito (NM)

populations are:

dN,

g VN
dN

dtC =Ac = HcNe (20)
dN

dtM =Ay =Ny

Theorem 1: Let SA > 0, EA > 0, ol M > 0. The solutions SA, EA, ...|M of the model system (1) are positive for
t >0 the system (1) in the region D is positively invariant and all solutions starting in D approach, enter or stay
in D.

Proof: Using the approach by Bhunu et al. (2009), theorem 1 will be proved as follows:

Under the given initial conditions, it is easy to prove that the components of system (1) are positive, otherwise, we

assume a contradiction: that there exists a first time

EZSA(Ti)ZO,ﬁ<O, E.(t)>0, |/’;l(t)>0, |i(’[)>0, oy (1) >0, for 0<t<t,, orassume there exist

dt,

dE

t,: EA(tZ) =0, FA< 0, SA(t) >0, |£‘ (t)>0, |f\(t) >0,..1, (t) >0, for O<t <1, or assume there exist
2
N diy s .
t,:o 1, (t;)=0, ?<O, S,(t)>0, E,(t)>0, I;(t) >0, ...1,(t) >0, for 0 <t<t,orassume there exist
3
s dl/i N .
t,:1,(t,)=0, R<O, SA(t)>0, E,(t)>0, 1, (t)>0, ..1,,(t) >0, for 0<t <t,, or assume there exist
4
dTA N .
t5 ZTA(tS) =0, dT<0, SA(t) >0, EA(t) >0, |A (t)>0, ...|M (t) >0, for 0<t <t5,0r assume there exist

5
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t, 1 S. (t;) =0, %<O, S,(t)>0, E,(t)>0, I\ (t) >0, ...1,, (t) >0, for 0<t<t,, or assume there exist
6
. dE, N .
t, 1 E.(t,) =0, dT<O, S,(t)>0, E,(t)>0, 1, (t)>0, ...1,,(t) >0, for 0<t <t,, or assume there exist
7
N di¢ N .
tolo(t)=0— o —=<0,S,(t)>0, E,(t) >0, I, (t)>0, ...1,,(t) >0, for 0 <t <ty, or assume there exist
8
d S
t, o 13(t,) =0, =% i —£<0,S,(t)>0, E,(t)>0, I\ (t) >0, .1, (t) > 0, for 0 <t <ty, or assume there exist
8
tm T (tlo) 0, dT <0, S (t)>0 E (t)>0 |N(t)>0 (t)>0, for 0<t<t10,0r assume there
LI
exist
ds

t,:Sy () =0, ﬁ<0, S,(t)>0, E,(t)>0, 1} (t)>0, .1, () >0, for 0<t<t,,or assume there
1
exist

t, E,t,)= 0 dtl —4.<0, S,(t)>0, E,(t) >0, |N(t)>0, Ay () >0, for O<t<ty,,or assume there

2

exist

t, o1, (t;)=0, 3IT<0 S,(t)>0, E,(t)>0, |N(t) >0, .0, () >0,for 0<t<t,, or assume there
13

exist

Thus, from the first equation of model (1),

ds,
dt

=ySc,+a,l,>0 (@2}

This is a contradiction to the earlier assumption made and it implies that S A 1s positive.

From the second equation of the model (1) we have

¢,

el A5, >0 (22)

This is a contradiction to the earlier assumption made and it implies that E a 1s positive.
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From the third equation of the model (1) we get,
di)
A
—=¢rE, >0 (23)
dt
This is a contradiction to the earlier assumption made and it implies that | /L\l is positive.

From the fourth equation of model (1) we have

di;
W =(1-¢)rE, >0 (24)

This is also a contradiction from the assumption made and it implies that | A 18 positive.

From the fifth equation of model (1) we have

%=§1|£‘+§2|f\>0 (25)

This is a contradiction from the assumption made and it implies that TA is positive.

From the sixth equation of the model (1), we have

dditc =A;+a.T. >0 (26)

This is a contradiction from the assumption made and it implies that Sc is positive.

From the seventh equation of model (1) we have

dE,
dt

=S >0 27)

This is a contradiction from the assumption made and it implies that Ec is positive.

From the eight equations of model (1) we have

ﬁ =ocE. >0 (28)
dt ¢

This is a contradiction from the assumption made and it implies that |CN is positive.

From the ninth equations of the model (1) we have

© 2026 Department of Mathematics, Modibbo Adama University.
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dig
e =(1-o0)eE. >0 (29)

This is a contradiction from the assumption made and it implies that |g is positive.

From the tenth equation of the model (1) we have

dT,
c _ N s

W—a)llc +CO2|C >0 (30)
This is a contradiction from the assumption made and it implies that Tc is positive.

From the eleventh equation of the model (1) we have

ds,,
=A, >0 31
at M (31)

This is a contradiction from the assumption made and it implies that SM is positive.

From the twelve equations of the model (1) we have

dE
d—th/iM Sy >0 (32)

This is a contradiction from the assumption made and it implies that E,, is positive.

From the thirteenth equations of the model (1) we have

dl,,
—M =yE, >0 33
at VEwm (33)

This is a contradiction from the assumption made and it implies that | M 1S positive.

Therefore, all the solutions to the system of model (1) remain positive for all given non-negative initial conditions.

N dN dN
Recall that, A _ v _:uANA , d_tc = AC — He NC ,and d—tM = AM — Uy N,\,I , these indicates that,
v Ac Ay L . :
N AT, NC ——,and N m — — are bounded. Epidemiological evidence pointed that the model (1) can
Ha He Hy

be studied in the feasible region:
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A
I'={(S,, E,, IA'\\I’ If\’TNSC’EC’ Icrz\li IS,TC,SM,EM,IM)E‘R?: NA(t)Sl,NC(t)S—C,
A Hc
(34)

N, () <23
Hw

Which is positively-invariant with respect to the system (1). This implies that the solution to system (1) with initial
condition in ', will remain in I at all time t>0. It sufficiently follows from Theorem (1) and this result to

conveniently establish the following lemma:
Lemma (1): The region I is positively-invariant for the model (1) with initial conditions in SR?.

3.1 Disease-free equilibrium

At disease free equilibrium, the equation of the model (1) is set to zero as follow:

ds, dE, dIy di; di,

=0 (35)

dt  dt dt dt T dt
5" % g Ac s Ay

= = = (36)
SN (72379 B (7278 R
Therefore, the disease-free equilibrium of the Malaria model (1) is
E*: L!OlolololL’ololo’olh’olol (37)
a(v + 1) (v + 1) o

3.2 Basic reproduction number
The basic reproduction number represents the secondary infection that an infectious individual can produce during

. . . . . -1 . .
his/her life time as an infectious person. Thus, Ro =,0(FV ), where 0 stands for the dominant eigenvalue. The

method of next generation method is employed to determine the Ro- Where

© 2026 Department of Mathematics, Modibbo Adama University.



184

Bala et al. (2026) Int. J. of Dev. Math.

Vol 3 Issue 2 | 170 - 189

R (¢T+/JA)
0 (& +mp) 15 —¢7E,
0 (& +m,) 15 —(1-¢7)E,
e (054 e ) Ec (38)
0 (o, + pc )18 — o€k,
0 (@, + 16 )1S —(1-0) £E¢
S“M Sw (7= 11 ) En
ty Iy —7Ey
and the dominant eigenvalue is
i 9By |:‘9M B, (ksrs + k4r5)+'9MﬂAr4r5r6 (k1r3 k.1, )}
0~ (39)
NG
L=(07+ 1), 0= (G + ) 15 = (S + 1) 1, = (08 + 1), 1 = (@, + e )
h
M = (0,4 ) 1 = (g Ty = phy K = 9Tk, = (L= gn), k= 0e K, = (-

Lemma 1: Following the method by Driessche and Watmough (2002), the Malaria-free
asymptotically stable if RO <1 and unstable if Ro >1.

equilibrium is locally

The basic reproduction number RO, is a threshold parameter that represent the dynamics of the malaria transmission.

The local asymptotic stability indicates that a small number of the outbreak if the Ro <1 will not generate higher

disease spread, while a relatively threshold greater than one will bring about higher influx of the malaria disease within

the population.

3.3 Global stability analysis of the malaria-free equilibrium

To determine the global asymptotic stability analysis of the malaria-free equilibrium, we follow the approach by
Castillo-Chavez and Feng (2001). To achieve this, two conditions were set and the system (1) is re-written as follows:

dX
—=F(X,Z
q - T2

Z—Z—G(X Z),G(X,0)=0

(40)
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where X Z(SA,SC,SM) represent the uninfected adult, children and the mosquito populations respectively and
N |$ N S
X eR®, while Z=(E,, 1, 1;,Ec.1c,1c,Ey 1) represent the infected adults, children and the mosquito

populations alike and Z € R,

A A A
Wixe c mj @1

The Malaria-free equilibrium is E = ' —
() (w+u) uy

The following two conditions must be satisfied to guarantee the global asymptotic stability:

. dX
Hl - for y =F(X,0), X ° is globally asymptotically stable.

H,:G(X,Z)=CZ ~G(X, Z), where G(X,Z) >0, for (X,Z) T

where C = DZG(XO,O) isan M —matrix (the off-diagonal element of C is non-negative) and I is a biologically

feasible region.

Lemma 2:The point K™= (X 0 ) 0) is called stable global equilibrium point whenever Ro <1 and the conditions H1
and H, hold.

The following theorem is formed on the basis of Lemma 2,

Theorem 2: Suppose R; <1. The Malaria-free equilibrium is globally asymptotically stable.

Proof: based on condition of comparison theorem,

C;—): = F(X , Z) = Xe R3 can be written as follows:

WSc + Ty —AS ) — 1,Sy
F(X,Z)=| Ac +acTe —wSc = AcSc — 1 Se (42)
Ay =Sy = £y Sy

. LooodX :
At Malaria-free equilibrium, pry = F (X, 0) Thus, the uninfected class becomes

- ( WA Ac Ay
Ha

= ( N ), ( N ) ]Which is verifiable. With
v i) (W)
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A A
Ve Se — € .S, > ast—>00. Thisimplies a global convergence of the system
NUZN (v +u) Hy

(1) on the region ['. This satisfied Hl,which is the first of the two conditions. In the same fashion, the second

S,

condition H, of the infected classes, Z € R® requires that G(X,Z)>0 V(X,Z)eT. Thus,

-/1ASA —(fr+u,)E,
grE,—(4 +IuA)|L\\I

(L-9)rE, (& + ),
ASe —(oe+ 1. )E
G(X,Z) = ¢S —(0¢ ﬂc);:
oeEe - (@ + 1) ¢ (43)
I

(1-0)eE — (e, + 1)
ISy = (7 + 1y )Ey,
_7/EM = iy

From the second condition H,, G(X,Z)=CZ ~G(X,Z), where C is M-matrix and Z is a column vector; computing
the Jacobian of (42) at the malaria-free equilibrium,

—z, 0O O 0 o o o d, i
¢r -z, O 0 O o0 © 0 Ea
A—g)r 0 —z, 0 O 0 © 0 1A
0 0O O —z, O 0 O 0 R
cr_| O 0O O ce —z. 0 O 0 E.
0 0O 0 (@-o)s O -z, O 0 1
0 d, d, 0 d d, -z, O 18
0 0O O 0 0O 0 y —pu, E,
IM

i il
(44)

© 2026 Department of Mathematics, Modibbo Adama University.




187 Bala et al. (2026) Int. J. of Dev. Math. Vol 3 Issue 2 | 170 - 189

Pug g b

N,, 2N,

Zg =(6!)l+/,lc), Zg =(0)2+/JC), Z; :(a)2+:uc)'

Z :(¢T+lu)1 Z, :(§l+ll'lA)’ Zy :(fg‘i‘ﬂl_\), Z, Z(O'E-i-/,lc),

where d, =

Since all the off-diagonal element of C are non-negative, it can be concluded that it is a Metzler matrix. Therefore,

SA
Gl()(,z) SMﬂAIM[l_N_Hj
G,(X.2) 0
G;(X,2) °

S

5(X,7)= G, (X.2)|_ SMﬂcIM[ —‘;j @)
G;(X.2) 0
GG(X,Z) 0
& (x.2) S,BM(I,Q‘+I§+I§'+ICS)(1_S_MJ
G, (X,2) Ny
0

It is obvious that, G, (X , Z) >0, for i =1,2,...8. therefore, SAO 2 SA,SCO 2 Sc and S, 25,,. Itis also clear that C
is an M-matrix, and this satisfied the conditions H1 and H,. It is therefore sufficient to say that K™ is globally

asymptotically stable when R, <1. This completes the proof.

4. Discussion of Result

An age-structured malaria model is presented. The model considered three populations namely, the adult human, the
children before the age of puberty and the mosquito populations respectively. According to WHO (2023), 80% of
overall death from malaria occurred in children of age 1-5 years. Therefore, this model is developed to explore the
dynamics of malaria transmission taking into cognisance the population of children. The dynamics of the disease
transmission is studied through the analytical solution of system (1). The preliminary investigation of the malaria
model (1) reveals that, it’s positively-invariant and epidemiologically feasible to study the behaviour of the system in

the region I" and it will remainin T atall-time { 2 0. The malaria free equilibrium point of the model (1) was obtained.
The basic reproduction number of the system was also established using next generation matrix approach. The steady
state analysis was carried out. It’s shown that, the system (1) is locally asymptotically stable when the basic

reproduction number Ro <1 and unstable otherwise. In the same fashion, the global stability analysis also reveals

that, the system is globally asymptotically stable if Ro <1 and unstable otherwise. The result indicates that, once

malaria transmission is confined within a small region, the disease may die out. Similarly, if the transmission is
narrowed-down to a less than one person per all contacts between infected mosquito and susceptible adult and

© 2026 Department of Mathematics, Modibbo Adama University.



188 Bala et al. (2026) Int. J. of Dev. Math. Vol 3 Issue 2 | 170 - 189

children’s populations the disease spread can be halted. To control malaria disease, there is an absolute need for
understanding its transmission and the basic reproduction number as a major factor (Olitumo et al., 2024). Therefore,
keeping the secondary infection at the barest minimum is extremely important in combating the spread of malaria
disease.

5. Conclusion

A deterministic model of malaria disease is formulated. The model is proved to be positively-invariant and biologically
feasible in the region I'. The Malaria-free equilibrium is obtained. The method of next generation matrix was employed

to determine the basic reproduction humber Ro,which is a threshold parameter for the spread of the disease. The

stability analysis is proved to be locally and globally asymptotically stable if RO <1 and unstable if R0 >1 Itis

understood based on the result of the analysis that, the disease can be eradicated if there is at most less than one
transmission by a single infectious individual within the given population.
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