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ABSTRACT

This study explores the sensitivity analysis and implementation of the Laplace-
Adomian Decomposition Method (LADM) in solving a fractional-order malaria
transmission model utilizing the Caputo fractional derivative. A deterministic
compartmental model comprising eight ordinary differential equations is
formulated to capture the dynamics of malaria spread. Key mathematical
properties of the model, including the positivity of solutions and the existence of
an invariant region, are rigorously examined. Stability analysis reveals that the
disease-free equilibrium remains locally stable when the basic reproduction
number is less than one, based on the next-generation matrix approach. To
approximate solutions of the fractional-order system, LADM is employed,
generating a rapidly converging infinite series under appropriate conditions.
Parameter values are estimated using MATLAB’s fmincon optimization
algorithm, calibrated with empirical malaria data extracted from published
sources. LADM integrates the Laplace transform with the Adomian
Decomposition Method by first applying the Laplace transform, breaking down
nonlinear terms via Adomian polynomials, and finally applying the inverse
Laplace transform to derive the solution. The study successfully applies LADM
to obtain approximate solutions for the malaria model and reaffirms that the
disease-free equilibrium is stable when the reproduction number falls below one.
Findings also show that enhancing treatment efficacy within the human
population leads to a marked decline in malaria prevalence. Sensitivity analysis
identifies key parameters that influence disease transmission, highlighting that
reducing contact between susceptible individuals and infectious mosquitoes,
alongside prompt treatment of infected individuals, is vital for disease control.
Unlike previous models based solely on classical ADM, this work integrates the
Laplace transform to improve both convergence speed and solution accuracy.
Moreover, real malaria data from Nigeria is incorporated to ensure practical
relevance and accuracy of the model.
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INTRODUCTION The World Health Organization (WHO, 2023) reported

approximately 247 million malaria cases worldwide in
Malaria continues to pose a major public health threat, 2021, with nearly 95% occurring in Sub-Saharan Africa.
particularly in tropical and subtropical regions where The disease is caused by Plasmodium parasites, with
Anopheles  mosquitoes—its  primary  vectors—are Plasmodium falciparum recognized as the deadliest
widespread. Specles.
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Transmission occurs via infected mosquito bites, meaning
environmental conditions and socio-economic
circumstances play a significant role in influencing malaria
distribution and prevalence (Bhatt et al, 2022; Cator et al,
2023; Ghosh et al, 2022). Mathematical modeling has been
vital for understanding malaria transmission patterns.
Compartmental models, in particular, have provided
frameworks to represent the interactions between human
and mosquito populations (Chitnis et al, 2008). These
models help simulate transmission under different
scenarios, allowing researchers to evaluate control
measures such as insecticide-treated nets (ITNs) and
antimalarial drugs (Reiner et al, 2023). Despite notable
advancements, malaria control continues to face significant
obstacles, including the emergence of drug-resistant
Plasmodium falciparum strains in Southeast Asia and parts
of Africa, underscoring the need for new treatments and
vigilant surveillance (Ashley et al., 2023). In addition,
resistance to pyrethroid insecticides used in ITNs and
indoor residual spraying (IRS) has weakened vector
control efforts (Hemingway et al, 2022). Climate change
also threatens to shift malaria transmission zones by
expanding mosquito habitats, further complicating
eradication strategies (Ryan et al, 2023). In this context,
mathematical models have become indispensable for
forecasting transmission patterns and designing adaptive
public health interventions.

Recent advancements in modeling have introduced greater
complexity, including the wuse of fractional-order
differential equations, which offer a refined framework for
incorporating memory-dependent processes in disease
dynamics (Diethelm, 2022). Such models more accurately
represent real-world malaria transmission by accounting
for factors like delayed immunity and uneven exposure
across populations (Ngonghala et al, 2021). Sensitivity
analysis within these models has been instrumental in
pinpointing the most influential parameters such as
mosquito biting frequency, recovery rates, and the basic
reproduction number (R0) which help determine whether a
malaria outbreak will persist or decline (Ndii et al, 2020;
Bhattacharya et al, 2023). Simulations have shown that
targeted interventions, including timely treatment and
effective mosquito control, can drastically reduce infection
rates (Yang and Xiao, 2023). Current strategies to combat
malaria emphasize both pharmaceutical approaches and
vector control. WHO recommendations include broad
deployment of ITNs, the use of IRS, and mass
administration of antimalarial drugs (WHO, 2023). Recent
breakthroughs, such as the RTS,S malaria vaccine, have
shown encouraging results in lowering infection rates
among children in high-transmission areas (Draper et al,
2022). The impact and efficiency of these interventions are
frequently assessed through mathematical modeling,
helping decision-makers optimize how resources are
allocated and interventions are timed (Winskill et al, 2023;
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Pamungkas and Eljatin, 2024). Furthermore, models
that integrate variables such as climate change and
socio-economic conditions provide more
comprehensive insights into malaria’s persistence and
potential resurgence (Parham and Michael, 2022).

MATERIALS AND METHODS
Model Formulation

A deterministic compartmental model has been
formulated to analyze the transmission dynamics of

malaria. The total human population NH(t), is

divided into five (5) distinct compartments: susceptible
humans S, ,exposed humans to malaria E,, , infected

humans with malaria |, treated humans due to

malaria T, , and recovered humans from malaria R .
Likewise, the mosquito vector population is categorized
into three (3) compartments: susceptible vectors SV

exposed vectors E, and infected vectors I, .Humans
are recruited into the susceptible class at a rate denoted
by A, . while S, represents the effective contact rate,

incorporating the probability of infection per contact
between a susceptible human and a mosquito infected
with malaria. The progression rate from the exposed to

the infected human class is indicated by 6, . Recovery

from malaria in humans occurs at a rate of «,,.
Individuals who have recovered may lose immunity and
return to the susceptible class at a rate given by @,, .

The natural death rate of humans is 44, , and the

The rate of
compliance with treated bed net usage, aimed at
reducing malaria transmission, is represented by ¢ , and

the mosquito biting rate per unit time is given as M.
The recruitment rate of malaria-transmitting Anopheles

mosquitoes is represented by A,, , with ﬂv being the

effective contact rate that includes the probability of
mosquito infection per bite from an infected human.
Exposed vectors progress to the infected stage at a rate

of 6, . The natural death rate of mosquito vectors is /4,

malaria-induced mortality rate isJ,, .

, While the mortality rate associated with the search for
a blood meal is represented by o, .
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Figure 1: Schematic diagram for the model

The Model equations
The differential equations that describe the above
illustrations are.

ds

dtH =Ay —(Ay +1y)Sy + oy R
dE

d_tM:lMSH _(9M+IUH)EM

dl

d;ﬂ =06 Ey _(7M +5M+:UH)IM
dT,

dtM =Vwlw _(aM +0y + My )TM (%)
dR

E:aMTM_K4R

ds

d_tV:Av ~(A +44,)S,

d

%:ﬂVSV_KSEV

dl

d_zzeva_Kslv
Where:

1- |
A,M:( ¢)NmﬂMV,ﬂV:mﬁ/lM
H H

)
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Table 1. Description of Variables and Model
parameters.

Variable Description

Susceptible individuals S,

Exposed individuals to malaria E,,

Infected individuals with malaria Iy

Treated individuals due to malaria T,

Recovered Humans R

Susceptible vectors S,

Exposed Vectors E,

Parameter | Description

A, Recruitment rate of humans

,BM Contact of susceptible humans and
infected mosquitoes

m Biting ate of vectors

9M Progression rate of exposed malaria to
infected malaria class

Ly Natural death rate of humans

iy Natural death rate of mosquito vectors

Yan Treatment rate of infected humans with
malaria

Sy Disease induced death rate of infected
malaria

o, Re-infection rate of recovered malaria
individuals.

A, Recruitment rate of malaria vectors

A/ Contact rate susceptible mosquitoes
and infected humans with malaria

gv Progression rate from exposed to
infected vector classes.

3, Mortality due to quest for blood meal
by the mosquitoes

& Rate of compliance to the usage of
treated bed nets.

Invariant Region of the Malaria Model
The total populations for both humans and vectors are :

Human population: N, =S, +E,, +1,, +T,, +R

Vector population: N, =S, +E, +1,

For the human population:
Taking the derivative:
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dN, _ds,  dE, di, dT,
dt dt dt dt dt dt

drR

Substituting the equations:

dN

d—t“:AH — (S +Ey + 1, 4T, +R)=6, (1, +T,,)

dN

dtH = Ay =y Ny =6 (Iy +Ty)

Therefore:

dN,,

<A, —u,N
dt H — Hy Ny
Solving this differential inequality:
A Ay -
Ny (£) < ZE (N, (0) - =th)e
H Hy
Ast—o0:
0<N, < Au
Hy
The invariant region for the malaria model is the region
A
where N, <—H-.
Hy

Positivity of Model Solutions
Lemma 3.1: Let the initial data

(54 (0), B\ (0),1,,(0), Ty, (0),R(0), S, (0), E, (0), I, (0)) > 0
. Then the solutions are positive forall t > 0.
Proof:

Let
t=supft>0:S, >0,E, >0,1,, >0,T,, >0,R>0,S, >0,E, >0,1, >0,&[0,t]}

For S, :

dditH:AH = (A +144)S, + oy R
ds
d'[H 2 —(Ay + #y) Sy
Integrating:

S, (t) =S, (0)e M)t 5 0

Similar steps can be followed for the remaining variables
to show they remain positive. For example:

For S, :
dS
=M G a)s,
B s G+ )8,
dt
Integrating:

S, (t)>S, (0)e W)t >0
Therefore, all solutions of the malaria model remain
positive forall t > 0.
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Asymptotic stability of the disease free equilibrium
point of the malaria only sub-model

Setting A,, = A, =0 and solving the system:

ds, dE di
=A, —u.S, ,—M=0,—M_0

dt HTHon T dt

My g R_od8% o

" dt Tdt ' dt

G, o dl,
dt dt
From ds,, =0:
dt
- A
57 =lu
My

S — Ay
Vv

Ay sy

Therefore, the disease free equilibrium of the point is:
E,=(S, E 1, T, RS, E, |V*)=[AH,0,0,0,0,AH”H,0,0]
Hy Aty

Basic Reproduction Number of the malaria only sub-
model

For the infected compartments E,,, I, Ty, , E,, I,
the new matrices F and V are:

_0%0000

i}

0 0 0000

F=|0 0 0000

o Mt 5 0 0 0

AH

0 0 000 0]

‘K, 0 0 0 0 0]
4, K, 0 0 0 0
V=l 0 -5, K, 0 0 0
0 0 0 0 K, 0

0 0 0 0 -6 K
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1 6 0.0 0 0_ ~(Ay+my) 0O 0 0 w, 0 0 0]
K, Ay -K, 0 0 0 0 0 0
6, i 00 0 0 0 6, -K, 0 0 0 0 0
KK, K, IE)- 0 0 v, Ky 0 0 0 0
)=
Vo 0,7 Yu i - 0 0 0 0 ¢ K, 0 0 0
KKK, KK, K 0 0 0 0 0 —(A4+k) O O
1 0 0O 0 0 0 A -K, 0
0 ¢ 00 = 0 0 0 0 0 0 0 84 -K
° 1 The characteristic polynomial is:
0 0 0 0 KQIK o P(2)=2° +b A7 +0,2° +0,2° +b,A* + b A° +1,2% +h, 1+ b,
L 56 61  where:
=1 (14, + 9, + +
- gmp, b, (-gMB - 0- by ,ur; (444 )y + )y +6,)
A KK, AK, b, = g1y (et + S0 )ty + 7 ) +8))
0 0 by = g4y (a4 + 63 )ty + 7 )(s, +6,)
PV 0 0 b, = (e + S )ty + 7 )4, +6,)
”/‘\ﬂV;‘HIfM T\ﬂVé‘H 0000 by = (e + ) + (g + 7)) + (14 +8,)
H012 HOZ 0000 bs = (et + S ) + (et + 1) + (14 +6y)

The basic reproduction number Ry, is the spectral radius
of FV*:

R = \/(1—¢)m2ﬂMﬂv6’M9vﬂﬁ
M T 2
ALK KKK
Substituting the K values:
R, = \/ A= )M* B By O O 117
"N AL B+ 1)+ + 14O+ 14,)(S, + 14,)
I'll help prove the local and global asymptotic stability of

the DFE for the malaria model following the TB guide
(Olumuyiwa et al, 2024).

Where, K =(6 + ), Ky =(py +6y + 14y ),
K3=(0(M + 0y +luH)' K4:(a)M +:uH)’
K5:(6{/+:Uv)' Kﬁz(d/_i_'u\/)'

Local Asymptotic Stability of the Disease-Free
Equilibrium of the Malaria Model
The disease-free equilibrium (DFE) of the malaria model

is:
E, = (AHoooo H“Hoo}
Hy Ay sy

To analyze local asymptotic stability, we examine the
Jacobian matrix at the DFE:

b, = (st +64) + (14 +8,)
b8=ﬂ:|/'l\3(/'lH +5M)2(:uv+6</)2(1_720)
If Ry <1, then by >0. By the Routh-Hurwitz

stability criterion, all eigenvalues have negative real
parts, making the DFE locally asymptotically stable

when Ry, <1 (Olumuyiwa et al, 2024).

Fractional Order of the Malaria-TB Model

The Caputo derivative is utilized as the fractional
differential operator in our model. In this section, we
outline several established definitions and properties
that will be applied consistently throughout the course
of this study.

Definition 1 (Acheneje et al 2024) The Caputo
fractional order derivative of a function ( f ) on the

interval [O, T ] is defined by:

t
(t—s)" 7?1 f(M(s)ds,

ot ®]-- ﬁ)j

()
Where n=[g]+1 and [4] represents the integer part

of . In particular, for 0 < g <1, the Caputo derivative
becomes:
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1 f(s
ortm]- [ s,
F(l_ﬁ) 0 (t - S)
®)
Definition 2 Laplace transform of Caputo derivatives is
defined as
n .
£L[°Dq(t)]=S"h(S)- D, S""y*(0),

K=0

n-l<pg<n, neN, %

For arbitrary C, € R,i1=0,1,2,..n-1, n=[F]+1

and [,B] represents the non-integer part ofﬂ .

Lemma 1. (Acheneje et al 2024), The following results

hold for fractional differentiation equations

ED 0 =h + 5 O

t

i=0

(®)

For arbitrary

N=[£]+1and [S]represents the integer part of /3

sPees,)-s” s, ) :L’[A +o, R—

H
sPe(E,,)-sP e, 0)= "[lm S

M
sBe )-sP 71, 0= ﬁ[

M

sPey)-s” s, 02 A, -(4 a3 |
sPe(e,)-s" e, 0=2| 48, (4, +4 )5 |
SB‘)('v)_sﬂ_l'v (o)zf[‘g\/Ev _(5\/ “’v)'v}

£>0,1=012,...,n—1, where

M

Y
sPeqy,)-s" "l ©=2]6,E
MM ‘(“M
sBﬁ(R)—sﬂ‘lR(0)=£[a T —(a)M o )R}

JOBASR2025 3(4): 73-89

By incorporating a fractional-order derivative into the
model, we now introduce a new mathematical
formulation represented by a system of fractional

differential equations of a specified order ,B for

0<p<1

D’ (S, )=Ay +@yR—(Ay +14,) Sy,
D’ (Ew ) =AuSu —(6u + 44 ) Eu,

D7 (1) =0uEy — (7 + S + ) I,
D’ (Ty ) =rulw —(ay + Sy + 14, ) Ty
D’ (R)=ayuTy —(oy + 14 )R
D7(Sy)=Ay —(A4 +14)S,

D’ (E,)=A4S, ~(8 + 1 )E,

D’ (1,)=8E, ~(, + 1)1,

E?r)m Laplace-Adomian
(LADM) Implementation
We consider the general procedure of this method with

the initial conditions. Applying Laplace transforms to
both sides of the equation (1), and then we have:

Decomposition Method

(m

(M
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With initial conditions
S4(0)=n, E,(©0)=n, 1,0 =n;, T, (©0)=n,, Ry (0)=n;,S,(0)=n;, E, (0)=n,,
Iv(O):naY

Dividing eqn. (7) by (S# ) we have:

PR IR PR

€021 2[5 -{0 1)

-2 [0~ ]
-6 ety (g5

0= 502 Ty 2o T (o )
£6)= 8+ Gy (e )3

@)= 52 As (4 )8 |

200- B e85, (0 ) )

Decomposing the non-linear term of equation (6)
whereby we assume the solution of 1 an

n=————— L L
S,, (t), E,, (), 1, (£), T,y (©), R(t), S, (1), E, (1), 1, () "~ T azn LEO‘ V0,22 5 MLO
are in the form of infinite series given by:
5,0= 3 5,00 E,0= 3 £, L,0= T ,0).T,0= T T,0 1 a2

n=0 n=0 n=0 n=0 B(m= F(n+l)d/1”[ ot tm o Z 8 Sv(k)L:O
50- 3 SM.E0- L E0LO= 5 L0 (11)

n=0 n=0 n=0

The polynomials are given by
©)
We have three (5) non-linear terms. The non-linear term  A(0) = 1|, (0)S,, (0),
in equation (6) are decomposed by Adomian polynomial A@) =1, (0)S,, @D + I, DS,, (0),
as follows: AR)=1,0)S,2@+1,MS, @ +1,(2)S, (0).
LOS,0= T A0, 1,080= 3 Bm), ) DO = 1w S0
n=0 n=0 BM =14,(©0)S, @+ 1,, DS, (0),

B(2)=1,(0)S, Q)+ 1y DS, D+ 14 (S, (0).
Where  A(n), B(n), are Adomian polynomials

given by 12)

79




Sensitivity Analysis and Applications of ...

Substituting equation (9), (10) into equation (8) we
obtained:

- . a-pmpy §OA(n) .
P
{E Sy (n)} 7+S7£ Ay roy R % R(n)- — nzosH D)
@-pmpy 5 A)
o l_nz* 1 M o i o
[{nEOEM (n)r s Sﬁ[ Ny (QM HH )nEOEM ()
o0 n. 1 el o0
213 1, (n)i=34+— 210, 3 Ey, (N)-(yp +6, YT 1y (n
|n=0M() S+S'H Mn=0 M() M oM tHH n=0M()
2l s T, (n)b=2e = ply, 3 1y (n)(ap +6y +y ) S Ty (0
RIS VMHZOM()(‘ZM M /‘H)n:OM()
(13)
t’{nzoR(n)}:?5+—ﬂ£[aM % T (n)—(opy +ayy % R(n)
. A T B(n)
[J Lnﬁ 1, _ n=0 _
lnéosv(n)l S sf v N ARAGY
- . m ; B(n)
f{ngown)}:%;ﬂf @y 3 )
0
Sl dea E e oraem £ o)

Evaluating the Laplace transform of the 2" terms in the
RHS of (13), we obtain

n » (-g)mpy ZOA( ) " L
a1 n= o
{nz Sy (n)} +£| Ay +mMR 2 R(n)- Ny Hy rEOSH (n) Wl

o n. - x 1
ol e ) £ ) i
n=

© n N 0 1
T Ty (n)}:?“u{m EolM (n)-(apg +0y +1y )nEOTM (n)}w

f{ 3 'M(”)}Zf**"[% L Ey (n) -ty +,4H)EO|M(,1)LTl+1
{ @4

T R(n)1=24£]ay T Ty (n)- S RN [
(")} gt {am . m (M)~(ow + 4y o5 (")Lﬂ+1

© n © )
ey |v(n)}=?3+z a,ngoEV(n)f(aww)n;OlV(n) ﬁ

n=0

Taking the inverse Laplace transform of both sides of (14)

Agbata et al. JOBASR2025 3(4): 73-89

@-Pmpy = AN)

» v
S S, ()= +| Ay +oy R S R(n)- n=0 - Zs(n)
IS meny e Aty R X (n) Ny #r TS Frpy
. a-pmpy 3 An) . y

— n=0
nEOEM (n)=ny+ T (eM +ayy )nzoEM (n) 05

th
I'(p+1)

o0 o0
> IM(n):n3+ |:HM X Ey (”)*(7M o\ tuy) X IM(H)}
n=0 n=0 n=0

7
r(p+1)

o0 o0 o0
zOTM (M)=ng+ | 71 ZOIM (n)—(aM + +,uH) > TM(n)
n=l n=| n=0

F( B+1)

© © 0 t#
> R(n)=ng+|ay z TM (n)~(om +ayy z
n=0

ﬂvaB)

o0 _ n=1 -
HEOSV(”)—HN Av- 7NH Hy Z Sv( ) (55D ﬁ+1)

" ,va Z B(n) V.
nEOEV(n):n7 T —(6(/*'#\/ Z EV( ) T(p+1)

£ gl E B - £ 1y ()

When N =0 we obtain,

(15)

SH(O):nl‘ EM (O):nZl lM(O):n3' TM(O):nA‘ R(O):n5| (O)Zne' EV(O):H7,

I, (0) =n,.
When N =1, we obtain,

wpmpy = A0
Su (D) =| Ay +oy R T R(0)- N7"=0 -1y X Sy (0)
n=0 H n=0

@-omsy, = A©)

n= 5 tﬂ
En(1)= T‘) O+ ),EOEM Ol
0 2 !
(D)= _gM EOEM (0)~(rp +0m +41 )nEOIM (0) m
— 5 5 tﬁ
T @)= | 7w X g O)-{e ) = T 0) sy
o t#
R(1)= | ay nZOTM( )—(@y +hy nEoR(O)}r(ﬂJrl)
ﬁ\,mnzOB( ) %
SO Av [ IV O g
ﬂvm Z B(0) t
By (0| [y Z oV O
_ 22 —(& + s L
Iy (1)= KRR (O~ ) Xy (0) s

t?

r(B+1)

(16)

an
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When N =2, we obtain,

a-Ompy 3 AQ)
S (2) =| Ay toyR X R()- Niﬂzo -1y z sH )
n=0 H
a-pmpy, §OA(1) . y
_ n=l | -
Eu(2)= ™ (o +1) X B ) [
@ [ £ u-on a0 £ na)
- (4t "
M M 2™ M TOM THH 2o MY (s
0 . © t?
Tw(2)= »,‘/M n§0|M (1)_(IZM +O\ iy )nEOTM (1)} r(p+1)
[ 0 o t#
R(2)= Tor (1) R(
(2)=|am nEO M( )~(om +Hy nEO ( )]F(ﬂﬂ)
ﬂvmnzos(l) " o’
2)=| Ay - =0\ 0)|———
S (2| A Ny "VIEOSV( ) T(p+1)
A/m EOL(1)+ﬁVm §Om(1)+;xvm §0N 1)
_ n= n=| n=
E/(2)= N
t?
IV(Z):g\/ ~ %()7(&+W)ZI () (ﬂ*l)

M = \
When N=n+1, we obtain,

o

@-#mpy  An)

S (141) =| Ay +oy R T R(n)- Ny X sy )
n=0 H =
a-$mpy §0A(n) . ”
Ey(nl)= || —— "= | (g > Ey (0) oo
i) NH (a4 )n:O m (") I(B+1)

0 © t/j
Iy (n+1)= {(JM nEOEM (n)~(7pm M +2H )HEOIM (n)}m

4

)
4

T (n+1)=| g1 nzoAT (n)+7e nEOCT )~(erp +67 +1 )nEOTT( )}r(ﬁu)

tf
I(B+1)

/X\/mEOB(n) " v
A Ral HEOSV " )

T (n41)= [;/M T Iy ()(aMmeH)f ()} 7

R(n+1)=

© ©
ay ¥ TM( )~y iy X R(n)
L n=0 n=0

5, (n+1)=

ﬂvm Z B(n) v
(& +14y Z EV Rz

Ey (n+1)=

© t#
(”*1) 6(/ Z EV( )= (5v+#\/)n§0'v(”) R

o
r(4+1)

*(Q/Jr#\/ Z E\/() (ﬁﬂJrl)

(19)

(18)
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The series solution of each compartment can be expressed
as:

S, () =S,(0)+S,@D)+S,(2)+...
E,t)=E,0)+E,D+E,2)+..
u®=1,0+1,O+1,(2)+..
T,.O=T,0)+T,, O+T,(2)+...
R(t)=R(0)+R() +R(2) +...
S, (1)=5,(0)+S, (D +5, (2) +...
E,®=E, (0)+E,Q)+E, () +..
L= 0O+, Q+I1,(2)+..
(20)

Convergence Analysis for the Laplace-Adomian
Decomposition Method (LADM).

The solution to equation (1) is represented as an infinite
series that converges uniformly to the exact solution. To
establish the convergence of series (21), we adopt the
approach utilized by Acheneje et al. (2024). To ensure
sufficient conditions for the convergence of the LADM,
we present the following theorem:

Theorem 1 (Acheneje et al 2024)
Let X be a Banach space and T:X — X be a
constructive nonlinear operator such that for

(x).(x) € X, [T (x)-T(x)],0<k<LThen, T
has a unique point x such thatTX =X ,where

XZ(SH’EH’IH’RH’SM’EM’IM’S\NiEW'IW)'
The series given can be written by applying the Adominan
decomposition method as follows (Acheneje et al 2023):
Xn = TXn—l' Xn—l !
n-1
=>'%,n=123,..
i=1
And we that

assume X, € B, (X),where

B, (x)= {X eX :HX' —XH < r};then, we have as
follows:
0]
(i)

XeB()
lim X =X

n—o0

Proof

For condition (i), invoking mathematical induction,
For n=1, we have as follows:

[% = x| =HT (%)-

If this is true for m-1, then

X)H S
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1% =X < k™ % =X

This gives the following:

[ =X =T (00) =T (%) < kX2 = X[ <K [ % = 4], (t) = 68000000 — 506.29t — 378369454001 +...

Therefore,
%, =X < k"%, = X||<k"r <.

This directly implies that X, € B, (X).

Also, for (ii), we have that since [[x,, —X|| < k" %, — X|

and lim___ k" =0, we can write lim

Numerical ~ Solution  of
Decomposition Method (LADM)

n—oo “'n
Laplace

In this section, we present the numerical solution of the
model. By applying the initial conditions, the Laplace
Adomian Decomposition Method (LADM) provides an

approximate solution expressed as an infinite series
given by:

th t2F
SH (t)=100000000-409.97 815.16
T'(p+1) ' (24+1)
2
EM (t)=25000000-25180.46 t +5345.67 t b
T(p+1) T (24+1)
Vi 26
—75673890800————+
r(s+1) T(25+1)
B 2B
+789.06 oo
r(p+1)
t t

R (t)=6000000+1400.78 +357.06 .
r'(p+1) T'(2p4+1)
2

Im (t)=68000000-506.29

™ (t)=3000000+6009.78

648.06

t
Sy (t):10000+1534.781_(ﬂ+1) ; F(%ﬂﬂ)

th t

E, (t)=6000+1555.78 +457.06
T(p+1)

Orep
s 25

IV (t)=4500+1789.78 +357.06
r(s+1)

. +u
'(24+1)

For =1, the series solution of our model becomes,

X =X.
Adomian

r2p+1
z(ﬂﬂ"' ) (21)
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S H (t) =100000000 — 409.97t — 407.58t* +...

EM (t) = 25000000 — 25180.46t + 2672.835t> +...

TM (t) = 3000000 + 6009.78t +394.53t” +..

R(t) = 6000000 +1400.78t +178.53t° +...
S (1) =10000+1534.78t + 324.03t" + ..

E,, (t) = 6000 +1555.78t + 228.53" +..

|/ (t) = 4500 +1789.78t +178.53t" +...

Sensitivity Analysis of the Malaria Model

The sensitivity index of Ry,
p is given by:

SEOM — p A aROM
Row 0P
Given that:

with respect to a parameter

(22)

d-

¢)m2/8|v| B 6w b /uli

Ko :\/Arzﬁ (O + 1 )7 + 6 + 1406, + 14, )(S + 14)

Here are the simplified final sensitivity indices for the key

parameters:

Sensitivity to B, and f3; :
1

T :S = —

‘SﬂM B 2

Sensitivity to 6}, :

4. Sensitivity to 44, :
QM

~

7wt 0w

5. Sensitivity to 4, :

R 6(/

\5 — —
. 20y +#y)  2(ry + 6w+ 4)

3%

YOG ) 208, + i)
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6. Sensitivity to ¢ :

N 1
Sy=—r——
2(1-¢)
7. Sensitivity to M :
3, =1

8. Sensitivity to ), :
5 - 1
. 2(yy + 0w + Hy)

~

9. Sensitivity to J,, and o, :

55M =— 1
2(7M + 0y +IUH)
- 1
35 =
2(6, + 1)

By substituting the parameter values in table 2 into the
sensitivity analysis, we obtain;

1. Sensitivity to /3, and [, :0.5
2. Sensitivity to 6, : 0.3036

3. Sensitivity to 6, : 0.4994

4. Sensitivity to £¢,, : -0.6687

5. Sensitivity to £4, : -0.3899

6. Sensitivity to ¢ : -0.0408
7. Sensitivity to M : 1

8. Sensitivity to 7, : -2.5381

9. Sensitivity to &), : -2.5466
Sensitivity to &, : -2.2616

RESULTS AND DISCUSSION

From the sensitivity analysis above, we observed that
parameters like Sy, 3,6y, 8, , Mwith positivity

sensitivity indices enhance the spread of malaria within
the human population. Conversely, parameters like

My My 5 Y2 Yy With negative sensitivity indices reduce
the prevalence of malaria within the human population.

Agbata et al. JOBASR2025 3(4): 73-89
1
0.5
x
% 0 -ﬁ
E M
2 05 g
= e,
3 . o,
3 [y
15 -
3 m
c -2 m
= — -VM
-2.5 =L s,
I LY
1 2 3 45 6 7 8 9 1011
Parameters
Figure 3:  Sensitivity analysis bar chart for the

Malaria only sub-model

The figure 3 above shows a bar chart illustrating the
results of a sensitivity analysis for the malaria-model.
Sensitivity analysis helps identify key parameters that
influence the spread and prevalence of malaria within
human populations (Haile et al, 2025: Adeniyi et
al.,2024). Parameters with positive sensitivity indices
enhance malaria transmission, meaning that an increase
in their values leads to a higher spread of the disease.
These may include factors like the mosquito biting rate,
transmission probability, mosquito population, and the
duration of infection in humans. Conversely, parameters
with negative sensitivity indices reduce malaria
prevalence, meaning that increasing these values helps
control the disease. Such parameters could include the
recovery rate of infected individuals, mosquito mortality
rate, and the effectiveness of control measures like
insecticide-treated nets (ITNs) or vaccination (Agbata et
al, 2025). Understanding these relationships is crucial for
developing targeted interventions, as reducing parameters
with positive indices or increasing those with negative
indices can effectively mitigate malaria transmission and
prevalence.

Table 2: Parameters Table of Values

Parameter | Values Sources
A, 0.00021 (Bolarinwa et al, 2023)
B 1.000000 | Fitted
K 0.03 (Alzahrani, and Khan,
M 2022)
y 0.702503 | Fitted

83




Agbata et al.

Sensitivity Analysis and Applications of ...
m 0.0002 (Agbata et al , 2023)
1y 0.0002 (Odeh et al, 2024)
Y 0.240461 Fitted
Sy 0.010000 | Fitted,
ay, 0.064398 Fitted
o, 0.702503 Fitted
A, 0.071 (Omeje et al, 2024)
A/ 0.450000 Fitted
gv 0.022662 Fitted
5\/ 0.039417 Fitted
& 0.3 (Omeje et al, 2024)

Data Fitting For the Malaria model

To ensure consistency between the collected data and
the mathematical sub-models for malaria and
tuberculosis, the fmincon function from MATLAB’s
Optimization Toolbox was employed. This approach
improves the precision of parameter estimation by
optimizing the model fitting process, thereby enabling a
more accurate representation of actual disease dynamics.
Through this optimization, critical parameters are
adjusted to minimize the gap between model outputs and
observed data. The resulting fitted data plots from this

JOBASR2025 3(4): 73-89

Fitted Parameters:

., =1.000000
A3, =0.450000
6, =0.702503
8, =0.022662

¥\ =0.240461
a,, =0.064398
@, =0.600000
5,, =0.010000
5, =0.039417

m =0.800000

We utilized disease infection data from Nigeria to fit our
malaria and tuberculosis sub-models. For malaria, the
annual data spans the years 2014 to 2021, with confirmed
malaria cases provided in the Table below. Similarly,
tuberculosis data was collected annually from 2010 to
2022, with confirmed cases summarized in the Table
below

Malaria Data

Table 1 presents the reported malaria cases from 2010 to
2022 in Nigeria. These figures were sourced from the
World Health Organization (WHO).

procedure are shown in the figures below. Year Cases
] 2010 350,000
48 x 10 : o
—— Model Fit / 2011 362,000
46 B Actual Data
n L
@ /, 2012 373,000
© 4.4
O o
8., /= 2013 383,000
8 / e
s /
S 4 o 2014 393,000
() u
2 /
T 38 2015 403,000
=
E 36 2016 413,000
)
3.4
/ 2017 424,000
3.2
0 5 10 15
Time (Years) 2018 435,000
Figure 2a. Cumulative Malaria Cases.
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2019

445,000 x 10’

JOBASR2025 3(4): 73-89

z —p=06
2020 456,000 © 68 —p=0.7]
§o e
2021 467,000 L p=09]
= .
2022 479,000 S 68
[%2)
é 6.8
S 6.8
Source: (WHO, 2023) I
T 638
g
10X’ :q"_) 6.8
C
9.998 - r r r
68 1 2 3 4 5
%9-996 Time (in weeks)
§9.994
:‘59_992 Figure 3c. Effect of varying £ on humans Infected
2 590 with malaria
o
89 988
4 —p=0.6 X 10
9,986 |=——=p=0.7 3.0005
B >
o084l | P08 s
—=pB3=0.9 pt 3.0004
99824 1 2 3 2 5 E
Time (in weeks) T 30003
S
k]
. . . @ 3.0002
Figure 3a. Effect of varying £ on susceptible human &
population ; 3.0001
7 (]
2.5x 10 ‘ g
—3=0.6 g
—p=0.7 =
2:498 —p=0.8} 2.9999; 5 3 : s
—p=09 Time (in weeks)

Exposed Humans to Malaria only

2.494 :
6.0007 X 10
—3=0.6
2.492 6.0006] | == p=0.7
~—p=0.8
v 6.0005F | pB=0.9
2.49- 8
© 6.0004
g
24%% 1 2 3 4 5 § 6.0003
Time (in weeks) )
. . o 6.00021
Figure 3b. Effect of varying £ on exposed
humans to malaria population 6.00015

2.496

Figure 3d. Effect of varying £ on treatment class
humans infected with malaria

Figure 3e. Effect of varying £ on recovered Humans

3 4 5

2
Time (in weeks)
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1.07

1.06

1.05

1.04

1.03

1.02

Susceptible Vectors

1.01

0 i 2 3 4’1 5
Time (in weeks)
Figure 3f. Effect of varying £ on susceptible

vectors

lxlO
—3=0.6
- p3=0.7
0.5 B_ H
B=0.8
o —p=0.9
S of
[&]
5}
>
< -0.5F
<5}
[%2]
S
> -1lp
L
-1.5F
% 1 3 p 5

2
Time (in weeks)
Figure 3g. Effect of varying £ on exposed vector
population

4550

—B3=0.6

4500 ¢ ;

44501

4400

4350

Infected Vectors

43001

4250

0 1 2 3 2
Time (in weeks)
Figure 3h. Effect of varying £ on infected vectors
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In Figure 3a, as the contact rate increases, the population
of susceptible individuals declines over time. This
suggests that malaria spreads more rapidly when there is
more interaction between susceptible and infected
individuals. However, it also indicates that implementing
effective control measures—such as reducing human-
vector contact—can significantly curb the disease's
spread. Similarly, in Figure 3b, the number of exposed
humans decreases over time as the contact rate increases.
This trend suggests that when proper interventions are in
place, fewer individuals progress from the susceptible to
the exposed stage of infection. Figure 3c shows a decline
in the number of infected humans as the contact rate rises.
One possible explanation for this is the implementation of
high treatment coverage, as observed in Figure 3d, where
effective medical interventions contribute to a higher
recovery rate. This is further supported by Figure 3e,
which shows a significant increase in the number of
recovered individuals due to timely and effective
treatment. Regarding the mosquito population, Figure 3f
indicates an increase in the number of susceptible vectors
as the contact rate increases. This could mean that fewer
mosquitoes become infected, possibly due to reduced
human-to-vector transmission. Meanwhile, Figure 3g
shows a decrease in the number of exposed vectors over
time, reinforcing the idea that transmission is being
disrupted. In Figure 3h, the number of infected vectors
declines, which can be attributed to the success of control
measures such as insecticide use, environmental
management, and reduced human-vector interaction. The
findings highlight that malaria transmission can be
significantly reduced—and potentially eradicated when
appropriate control measures are implemented. Reducing
contact rates between humans and infected vectors
through behavioral changes and protective measures
plays a crucial role in slowing the spread of the disease.
Encouraging prompt and effective treatment ensures that
infected individuals recover faster, thereby reducing the
number of infectious hosts in the population.
Additionally, strong vector control strategies, such as the
use of insecticides, mosquito nets, and environmental
modifications to eliminate breeding sites, further disrupt
transmission. When these measures are effectively
combined and sustained, the burden of malaria can be
greatly minimized, ultimately leading to its eradication
from the population.

CONCLUSION

This study applied sensitivity analysis and the Laplace-
Adomian Decomposition Method (LADM) to analyze a
fractional-order malaria transmission model. By
developing a deterministic compartmental model, we
identified key factors influencing disease spread and
evaluated the impact of various control strategies. Our
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analysis demonstrated that malaria transmission is
significantly influenced by contact rates between
susceptible humans and infected vectors, as well as the
effectiveness of treatment within the human population.
The results from our numerical simulations indicate that
increasing the contact rate leads to a decline in the
susceptible human population, reinforcing the importance
of minimizing human-vector interactions. Moreover, the
reduction in the number of exposed and infected
individuals, as seen in our model, highlights the
effectiveness of early treatment interventions. The
findings also suggest that implementing timely and
effective medical treatments enhances recovery rates,
ultimately reducing the pool of infectious individuals and
disrupting disease transmission.

In terms of vector dynamics, our results show that
reducing human-to-vector transmission leads to fewer
infected mosquitoes, which further limits the spread of
malaria. Control strategies such as insecticide-treated
bed nets, environmental management, and mosquito
population control prove to be critical in minimizing the
number of infectious vectors in the population. The
study demonstrates the importance of integrating
multiple intervention strategies to effectively combat
malaria. Reducing human-vector contact through
protective measures, ensuring prompt treatment of
infected individuals, and implementing robust vector
control methods are essential in minimizing malaria
prevalence. The use of fractional-order models in
disease dynamics, particularly with the application of
LADM, provides a more comprehensive and accurate
representation of malaria transmission, offering valuable
insights for disease control and eradication efforts.
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