DAFFODIL INTERNATIONAL UNIVERSITY JOURNAL OF SCIENCE AND TECHNOLOGY, VOLUME 19, ISSUE 2, JULY 2024

ASSESSING VACCINATION EFFICACY IN HIGH-
TREATMENT SATURATION FOR MENINGITIS
CONTROL

*Mutairu K. KOLAWOLE?!, Amos O. POPOOLA?, Adebiyi A. ADEGOKE!
L2Faculty of Basic and Applied Sciences, Department of Mathematical Sciences, Osun State
University, Osogbo, Nigeria
SFaculty of Basic and Medical Sciences, Department of Anatomy, Osun State University,
Osogho, Nigeria
Email: mutairu.kolawole@uniosun.edu.ng

Received
August 10, 2024

Revised
October 02, 2024

Accepted
October 14, 2024

Abstract: The study investigates the effectiveness of
vaccination to keep meningitis in check, especially in
conditions of high treatment saturation and limited
resources. The numerical solution of this model is
obtained through the homotopy perturbation
method. In this work, we examine how vaccination
and treatment are interrelated, but above all, with
the basic reproduction number Ro, an important
tool that identifies the size of the spread of
meningitis. The study performs analyses of local and
global stability for disease-free and endemic
equilibrium points, providing insight into when and
how meningitis can be eradicated or persist within a
population.  Furthermore, sensitivity analysis
provides further light on which parameters have
more influence on the disease transmission, thus
providing an understanding of what factors would
most ensure the control measures are successfully
executed. In this paper, we have incorporated
vaccination and treatment strategies into the model
in order to assess the combined effect of the two
methods in reducing the spread of meningitis and
the best approaches towards disease control. In this
dynamics, we apply the homotopy perturbation
method for a comprehensive view of how
vaccination and treatment can mitigate the burden
of meningitis. These findings realize key lessons for
the improvement of meningitis control strategies,
particularly in remote settings, and hence contribute
to the wider debate on infectious disease control.
This in turn shows a way toward better control by
demonstrating how a vaccination and treatment
strategy that is strategically balanced can reduce the
overall burden of the disease over time.

Keywords: Meningitis, High treatment saturation,
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1. INTRODUCTION

Meningitis, a severe and potentially fatal infection of
the protective membranes surrounding the brain and
spinal cord, it poses a persistent public health challenge
worldwide. To combat the devastating impact of this
disease, various control measures have been employed,
with vaccination playing a pivotal role [1]. Vaccination
programs have been successful in reducing the burden
of meningitis in many regions, but the effectiveness of
these programs can vary significantly depending on the
local context and the availability of treatment resources
[2]. Undertaken a comprehensive examination of the
efficacy of vaccination as a key component of
meningitis control in settings where treatment resources
are already saturated. We intentionally incorporate a
saturated treatment function into our analysis to capture
the refined association between vaccination and
treatment under conditions of limited resources and
heightened disease prevalence [4]. Meningitis is an
inflammation of the protective membranes surrounding
the brain and spinal cord, which has left a long and
troubling mark on human history [3].

This disease, often caused by bacteria or viruses, can
strike swiftly, leading to severe illness, long-term
disability, and even death [5]. Throughout the years,
mankind has sought various measures to combat its
devastating effects, and vaccination stands as a pivotal
intervention in this ongoing battle [8]. The control
measures typically encompass a range of strategies,
including early diagnosis, timely treatment with
antibiotics, surveillance, and public health interventions
and these strategies have undoubtedly saved lives and
prevented outbreaks, the challenge arises when disease
incidence surpasses the available treatment capacity
[6,7]. In such high-treatment saturation conditions, the
role of vaccination becomes particularly critical, as it
can reduce the overall disease burden and mitigate the
strain on already overwhelmed healthcare systems
[9].The a pressing need to better understand the
dynamics of vaccination in scenarios where treatment
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resources are stretched to their limits [10, 11]. By
systematically assessing vaccination efficacy in high-
treatment saturation conditions, we aim to provide
insights that can inform more effective and efficient
Meningitis control strategies [12]. We recognize that
these conditions may be more prevalent in resource-
limited or conflict-affected regions, making our
research particularly relevant to those regions where
healthcare infrastructure is already strained [13].
Various pathogens, including Neisseria meningitidis,
Streptococcus ~ pneumoniae, and  Haemophilus
influenzae [14,15]. The transmission modes vary from
person to person, with respiratory droplets and close
contact serving as common routes. Once infection
occurs, its consequences can be profound,
encompassing neurological damage, hearing loss,
cognitive impairments, and a significant mortality rate
[16]. The efforts to control meningitis have historically
relied on a combination of strategies, such as prompt
diagnosis, antibiotic treatment, and public health
interventions [17]. However, these control measures
face challenges when disease incidence exceeds the
healthcare system's treatment capacity in [18]. Under
such conditions, vaccination emerges as a key tool for
reducing disease burden and preventing outbreaks [19].
Scrutinizes the effectiveness of vaccination in scenarios
where treatment resources are saturated. By
incorporating a saturated treatment function, we aim to
shed light on the nuanced interplay between vaccination
and treatment under these challenging conditions [20-
23]. This research contributes to the broader discourse
on infectious disease control and strives to offer
insights that can enhance the efficiency and efficacy of
meningitis control strategies.

The spectrum of meningitis cases includes bacterial,
viral, and fungal etiologies, with bacterial meningitis
often being the most fatal [24]. Despite global
advancements in healthcare and medicine, meningitis
remains a persistent threat, particularly in resource-
limited settings [25, 26, 35]. One of the most effective
strategies for reducing the burden of meningitis is
vaccination, which has been widely deployed in various
regions with mixed outcomes [27]. Bacterial
meningitis, caused by pathogens such as (Neisseria
meningitidis,  Streptococcus  pneumoniae,  and
Haemophilus influenzae), remains the most severe form
of the disease, often leading to long-term disability or
death if not promptly treated [28, 30]. Viral meningitis,
while generally less severe, also contributes
significantly to the overall disease burden, particularly
in low- and middle-income countries [29, 31]. The
transmission of meningitis typically occurs through
respiratory droplets or close contact, making it a highly
contagious and dangerous pathogen in densely
populated areas or during outbreaks [33, 34].

Local and global stability analyses play a pivotal role in
understanding the transmission dynamics of meningitis.
These mathematical approaches help determine whether
the disease will persist or be eradicated under varying
conditions [32]. This focuses on small deviations from
the disease-free equilibrium, assessing whether minor
disturbances, such as isolated cases of infection, will
lead to sustained outbreaks or if the disease will
naturally die out [36]. If the disease-free equilibrium is
locally stable, minor increases in infection will not
result in widespread transmission, signifying that
control measures, such as vaccination and treatment,
are effective in maintaining low disease prevalence.
Global stability analysis examines the system's
behavior over a wider range of conditions, determining
whether the population will eventually return to a
disease-free state regardless of initial infection levels
[37]. A qglobally stable disease-free equilibrium
indicates that meningitis can be eradicated in the long
term, even in the presence of high initial infection rates
[38]. By identifying conditions for both local and global
stability, these analyses provide crucial insights into the
effectiveness of control measures [41]. If the endemic
equilibrium is unstable, it signals a need for stronger
interventions, such as improved vaccination coverage
or enhanced treatment strategies, to curb meningitis
transmission and prevent outbreaks.

The control of meningitis has historically
relied on a combination of strategies, including early
diagnosis, antibiotic treatment, surveillance, and public
health interventions such as vaccination. Vaccination,
in particular, has been instrumental in reducing the
global burden of meningitis [39]. The lack of
vaccination and proper treatment for meningitis,
especially in rural settings, exacerbates the disease's
spread, overwhelming healthcare systems. The critical
role of wvaccination in reducing disease burden,
particularly when treatment resources are saturated is
required [40]. By employing the homotopy perturbation
method, we utilize the importance of optimizing both
vaccination and treatment strategies to effectively
control meningitis and prevent its devastating impact.

2. Methods

2.0 Model formulation

We consider a mathematical model of linear differential
equations for determining the spread of meningitis
between a groups of population. For a disease
modification factor, the population is subdivided into
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different epidemiological classes: Susceptible S(t),
vaccinatedV (t),  Exposed E(t),
recovered R(t) individuals. Recruitment into the
susceptible population and the transmission probability
is deduced as sand . An exposed individual to
meningitis spread can be developed vastly to infected
population at o . Meningitis spread can be controlled
through treatment when early discovered at rate of 7,
the effect of low immunity level in subpopulation
which may or may not be of importance as naturally

every being is subjected to death by nature is denoted
by 1. However, if the treatment is effective on the

Infected, and

individuals and the level at which is this brings about
the recovery rate at y, for exposed and y;infected

individuals. .Individuals in the susceptible class has an
immunity rate of x after recovery at a ratex. The
vaccination efficacy & will be applicable to the
population of infected individuals migrating to the
recovered population. The disease-induced death rate
and treatment inhibitor are respectively given as
0 and & . The above illustration can be represented in a
Schematic diagram and a system of nonlinear
differential equations in Figure 1 and Equation 1
respectively.

Fig.1: Schematic flow of the model formulation

Z—f:ﬂN+a)V+KR—/IS—(v+y)S
%—YzVS—(l—g)ﬂV—(a)+y)V

dE
EzﬂS+(1—8)lV—(O'+,u+yc)E
di d
—=0oE—(y;, + u+9)I —

dt Girur ) =175
drR

=2 E ) | — R
R (e R0

Subject to the following initial conditions

Consider 4 = W ands(0)=s,,V(0)=v,, E(0)=¢,,1(0)=i,, R(0)=r, =0

Analysis of the model

2.1. Existence and uniqueness of model solution

The system (1), which describes an epidemic disease
within a human population, should have parameters
that are nonnegative. To ensure that the system of

(1)

()

differential equations in (1) is both mathematically
and epidemiologically well-posed, it is essential to
demonstrate that the state variables in the model are
nonnegative. System (1) is well-posed when the
system starts. Non-negative initial
conditions

Copyright © 2024 Daffodil International University. All rights reserved.


54

Copyright © 2024 Daffodil International University. All rights reserved.


55 ASSESSING VACCINATION EFFICACY IN HIGH-TREATMENT SATURATION FOR MENINGITIS CONTROL

S(0)=s,,V(0)=v,,E(0)=¢,, 1(0)=i,,R(0):;
In that case, the solutions of system (1) will persist in
being nonnegative throughout their evolution,

t > Oand that these positive solutions are bounded.
We thus apply the following theorems.

Let (X, Y)be distinct points of normed linear space
(X,”- . -||)over R.
p:[01l] =R — (X , || . ||) such  that
p(A) = AX + (1— A)y s continuous on [0,1].

Then the map  of

Theorem 1

Proof:

Let 2, €[01]then () = AgX+ (L= 1,)y for any 4, €[04],
[P(A) — P(A)|| = [[(X = 2o)X + (A — A5) Y| -

=<4 — 2o|(Ix| + [I¥1l)
g
0= If
[+ Iv]
|Z,—ﬂ,o| <O, then the ||p(2,)— p(ﬂo)” <E&.

Therefore, p is continuous atA,. The interval of

If &>0is given , let

continuity is on [0. 1] as A, is an arbitrary point.. Let

X be a linear space over R . If x,y are distinct points
of X, the set AX+(L—A)yliesin 0<A<1
Hence, the solutions of system (1) are bounded if we

consider the total population
N (t) = S(t) + V(1) + E(t) + 1(t) + R(t)

The system (1), which describes an epidemic disease
within a human population, should have parameters
that are nonnegative. To ensure that the system of

differential equations in (1) is both mathematically
and epidemiologically well-posed, it is essential to
demonstrate that the state variables in the model are
nonnegative. System (1) is well-posed. Consider a
system  starting  with  nonnegative initial
conditions

S(0)=s,,V(0)=v,,E(0)=¢,, 1(0)=i,,R(0);
In that case, the solutions of system (1) will persist in
being nonnegative throughout their evolution,
t > Oand that these positive solutions are bounded.
We thus apply the following theorem.

The variation in the total population concerning time
is given by:

dl:ljt(t) B %(S(t) + V(1) + E(t) + 1(t) + R(t)) @)
—dl\éft):ﬂN—y(S+V+E+l+R)—é1 det(t)SﬂN—ﬂNat5:O

Thus, it is obtained that

% +uN <7N, N(t)e* = ﬂe"t +C  where C isa constant of integration (5)
u
Initially whent = 0,
N _
N()=—+ce #0) , this yields
U
N
c=N (0) - (6)
U

Thus, substituting (6) into (5) as time progressively

increases yields:
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lim N(t)slim{ﬂJ{N(o)_ﬂj m}:ﬂ
tow t—o /l ‘Ll ‘Ll
i NN

U

N
N(t) < —whent=0.
7

invariant set under the flow described by (2) so that

att =0, then

This is a positive

no solution path leaves through any boundaryiﬂi.
Hence, it is sufficient to consider the dynamics of the

This shows that the total population N (t), and the
subpopulation  S(t), E(t), I (t), T (t), R(t) of the

model are bounded. Hence, its applicability to study
physical systems is feasible.

Ol

L(x,) :[iw ]

s Q
X with the metric is called gf space. If i\x\“@c or absolutely convergent and L(X,Y) = (Z|Xi - yi| j ,

then X with this metric is called an £” space.
Proof:

It can be checked that for each n:

2 2 2 2 )2
0< X +X, #X; +otX < Qxl\+\x2\+\x3\+...+\xn\
This will result to;

2 2 )2
X, +X, < Qlexz\

Therefore,

1
) 2)*
0< (xl XX+ Xy )2 <

(")

model in the domain iﬁi . In this deduction it is said

that the model solution is bounded from above with
epidemiology representation of a physical problem.
This shows that the total population N (t), and the

subpopulation  S(t), E(t), I (t),R(t). Hence, its
applicability to study physical systems is feasible.

2.2. Positivity and boundedness of model solution

Theorem 2
Given that X =X, is a bounded region on
X €[0,1] defined by
(8)
1
Q

i=1

©)

(10)

2 2 2 2
XX Y| et x|

If i|xn| converges, that is i|xn|is absolutely convergent, then

n=1 n=1

SRS Y Y PR L Y PR oW P
=1

Therefore,

8

0gxn:xf+x22+x§+...+xn2g{ l\xn@<00

it therefore converges. Thus an converges
n=1

absolutely, i. E ifX, € &', then X, € &*where

11)

(12)
E < E? Incase of &' denote the set of all variables

of X, of real numbers such that Z X, is convergent
n=1
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- 1 2. 1 2
. X & X L. . Further,
absolutely. i.e E |xn| <oo and fzdenote the set of n €S n€S70e & cé urther

" ifX, = L then i|x |diver es and thus
all variables X,of real numbers such that nooosy il g
. n*
2 .
X, < oo converges. From the proceeding = 21 _ )
nzzll " X, & cfl. But ZXE < 2—3 converges, implying
n=1 n=1 nz

that X, € £%. We conclude that &' < &% and thus
EH# E%1F (X, Y, ) are sets of real numbers, then;

1 1
0 0 o0 0 2| = 2
Z(Xi_yi)z SZXiZ+ZYi2+2|:ZXi2} {Zyg} (13)
n-1 n-1 n-1 n-1 n-1
Therefore  if inz < ooand Zyiz < oo then Z:(Xi —y,)? <oo. Thus (X —Y;)? €&lif
n=1 =1 n=1

N 2
X .
D (X, —y;)? <oofor all n. The monotone Xy, ¥n) €&

n=1 Given that
the

increasing  sequence {Z;(Xi‘yi)z}s then  5(0)=s,>0,V(0)=v, >0,E(0)=¢, >0,1(0)=i, > O,R(0) =1, >0
n=

bounded above and hence converges ie. andt >0, then the solutions
S(t),V(t), E(t),l(t), R(t)of the system (1) will
always be nonnegative.

Let: TT = {(S(t),v (t),E(t), 1 (t),R(t)) € R : N(t) < ﬂ} (14)
U
and f,,i=12...5where f isa constant.
f,=N+wV +kR—-AS —(V+ u)S
f,=vS—(1-&)AV — (0 + uN
f,=AS+({1-&)AV —(c+u+y,)E , (15)
fy=0E—(y, +u+06)l -
1+al
fo=y E+(7. + d )I —(K+,u)R
‘ ' l+al
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Then,

df, |/1+(V+y)|<oo af, =|a)|<oo,%=|0|<oo,%=|0|<oo,%:|/c|<oo

ds dv de d dr

0] ] < oo |92 = (L 61| < o0, W2 = 0] < o, | W2 = 0] < o, | U2 = o] < 0

ds dv dE 'R

df df df, df,

d83 = |0| < o0, d\; = |(1—6)/1| <o, i |(O' +u+ 7/e)| < o0, |O| R |0| <o (16)
df,| df,| df, T ()
dS_pkd%m/_M<wRE |d<w k%+y+&+ o< =[0]<
dfy| df| df| |df5|_| v | |dfg|
dS_M<de_M<%dE_MRw%ﬂrh |< Wﬂ4w+mkw

Equation (15) demonstrates the presence of system
(1) within the positive quadrant, leading it to
ultimately enter and persist in the attracting subset I'T.
Consequently, the set comprises both the local and
global attractors of system (1). As a result, the set is
characterized as compact, positively invariant, and

2.3 Meningitis-Non-Infected Equilibrium State

The meningitis- non-infected equilibrium state
represents a scenario in which the system is entirely
free from meningococcal disease. Consequently,
when the number of infected individuals (1), it follows
that the numbers of exposed (E) and recovered (R),

9 _dv_dE_di _ R
dt  dt dt dt dt

(17)
N +aoV +xR—AS —(v+ 1)S =0

VS —A—&)AV —(w+puN =0
AS+@A—&)AV —(c+u+y, )E=0

attractively influential with respect to the system. The
solution of the model is bounded, well-posed and
epidemiologically represented.

i.e. When there is no outbreak of meningitis in the set
of population considered the disease classes such as
E and | are subjected tol =E =0 . In this
context, the solution for the meningitis-free
equilibrium point can be derived as follows:

dN
= — = Qwhere— = 0. Hence,
dt

a7

oE —(y; + £+ )1 —Lzo
1+ ol
7. E + 7i+—d | - (x+x)R=0
1+ ol
At no outbreak of meningitis the diseases class are subjected as t = 0, from above the system of equation (1)
results to (17) from (12),
d
v.E +(7i +1 Ijl —(K+,u)R =0, if the disease population E =1=0 then R=0. Similarly,
+
N + oV S
= where V =
A+ u+v) (-2
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Thus, the disease free equilibrium
yields: (S.V,E, 1L R) = 5, = — =) M E,=01,=0R,=0| (18
(A-&)A+v+p)+o) ° ((e-DA+V+u)+o)

2.4 Steady-State Prevalence

Menin - * * * * *
feningitis prevalence on (S,V,E,1,R) att#0, g _(s"v' E"1",R) atsteadystate| %0,
highlighting its dynamic nature.to measure vital role

on its outhreaks and protect the population. Let Consider the system of equation in (1) the equilibrium

points are:

S = (L= )’V + ) (0 + 7o + V(e + 7+ O) Bl =)’ [ + (u+ 7, + oV 1+ eV ((u+7, +8)oy )]

o+ p)[(u+y+K)(u+y, +0)+1-¢)]
N S"Mw+ u)
upan(u+y,+o)[(u+y+K)(u+y, +0)+1-¢)]

£ _ pnrol—e)(o+y,+1)S’1”
ol f(@+v+ )+ u+o)+(r+a)S +17)
_(1-alA G +a)+(u+y.+olV'] J(@+Vv+u)s+u+o)
[ (@+ p) + (L- )] (L+al" ) (y+pu+k)
R' = (l+ad’)? [(y, + u+K)oy +SE" + v?
(c+a)(y, + u+k)e+u+9)

I*

(19)

2.5 Basic Reproduction Number

The basic reproduction number, denoted as Ro: respectively. From the equations in the system (1), we
measures the potential for new meningitis infections ~ derive these matrices as follows. R, = P|G _M|
from a single carrier or infected individual in a  \yhare G = E xV tand P is the spectral radius of
population with no prior infections. To determine the .
system (1), we apply the next-generation method,  the matrix|G — Al |.

focusing on the infectious classes E and 1. This ) o )
involves calculating the F and V matrices,  From the system of equation (1) it is obtained for
representing the rates of new infections and  matrix F andV :

transitions into and out of the infected compartment,

of; (%) vV ov; (X;)

F. = .=
' ox; ) OX (20)
Such that
(Mo +-2) (o+u+7.)E
- 0 AndV = —oE+((yi+y+5)+le (1)
1+«
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Then,
m(a+1)(L- &) +JmL-g)f + (oK +V+ p)
F= ((1—8)2a(/1+v+,u)+rw)(0'+;/e + 1)+, + 1)
0
(c+u+y.) 0
Vo= —o [(yi +,u+5)+1:aj
l+a)+7 o
vio| itu+o)l+a) Oz+#+0¥5+u+0) 22)
0 - -
(7. +u+o0)

Thus, the R, is obtained as

(@ +1)A— &)+ Jm(L—&) B+ (wr +V + 1)
((1—5)205(/1+V+,u)+z'co)(0'+7/e + )0+ y + 1) (23)

R =

®

2.6 Asymptotic Stability of the Disease-Free State

This section examines the stability of the disease-free number is R, <1, the disease declines, and we
state for meningitis by analyzing the basic

reproduction number's impact. When the reproduction e olatyseebianlinath donea

characteristic equation.
The disease-free equilibrium is obtained as the

?r]lzodr ?s?age—free state of the model is locally (Ja?/(;(ljl?eil?en drg?ttrii;( g:sgges?ﬁéiztgfe(tliir?gotbt::ined and
Asymptotically Stable R, <J1and unstable if linearization method
R, >1
Proof:
—(A+V+p) o 0 0 K

v -[L-&)A+(0+ )] 0

A (1-¢) —(o+y,+u) 0
= 0 o -[(yi+ﬂ+5)+ ‘ j 0 24

(L+a)
0 0 7e [% - j ~(u+x)
1+a)

Computing for the eigenvalues, ‘J g, — Al ‘ =0
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—(Bn+v+p) -4, o
v -[A-e)Bn+(o+p]-4,
A (1-¢)A —(o+y, +u)-1, 0
0 0 o —[(}/i +1+0)+
T
0 0 Ve [7i +(1+a)j
as obtained:

_(O-+)/e+:u) 0

(o7, +u)+e(y, +u+9)

h=prrvea b =A-a)fr ot @] | (7'+”+5)+Tj’3:_
' (1+a)

T
Ay :_[(7i +ﬂ+5)+(1+a)]1/14 :_(C"Jﬁu)

The eigenvalues are negatively invariant in the

region fRi , hence the system of (1) is asymptotically
stable.

2.7 Regional Resilience of the Persistent Equilibrium

Theorem 4

(1+a)’

K
0
0
o |7
—(u+x)=1
(25)

The regional resilience of the persistent equilibrium of the proposed model is locally asymptotically Stable if and

unstable otherwise.

Proof:
Suppose,S=p+S*,V=q+V ,E=r+E", l=a+1",R=b+R"
Linearizing equation (1), is then obtained as

Z—? =—(fn +V+ u)p+ g + &b + higher order + nonlinear terms...
3—? =Vvp—[(@—¢)Bn + o+ u]q + higher order + nonlinear terms...
dr

dt
da T . .

— =of —| (0 + 7, + 1) + —— |a+ higher order + nonlinear terms...
dt l+a

b _ yir+ (yq + L)a —(x + u)b + Higher order + nonlinear terms...
dt l+a

Jacobian matrix of the system of (21),

= pnp+ 1—-¢g)pnq— (o +y, + u)r + higher order + nonlinear terms...
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—(Bn+v+p) ® 0 K
v [L-¢&)pn+o+ u] 0 0
pn (1-¢)pn —(o+7.+1) 0 0
T =0 (@7
0 0 o —|(O+y,+u)+— 0
l+a
0 0 7 [yi +L) ~(x+ 1)
l+a
The resulting eigenvalue of the above matrix is obtained as;
(=B +v+ )= 2 N-[A-&)Bn+ o+ u] =2, N~ (0 + 7, + 1) = )
(28)

(—[(5+yi +u)+Lj—z4J(—(zc+ﬂ)—ﬂs)=o
l+ o

If

=B v+ b =AU s e =~(o 7+ A= 647+ )+ =l
a

it’s therefore obtained that

(a-4)(b-4,)(c—-4,)(d-2,)(d-15)=0
A —[(d +e)+(c+b)]A* +[(a+Db)(c+d) +ab+cd]A* —[ab(c + d) + de(a + b)]4?
+[ae+ad +bd +ac]+abcd =0

Hence, the persistent resilience of the model in a region are asymptotically stable.

2.8 Global Stability of Disease Free Equilibrium proposed model for equation (1) at the Disease Free
Equilibrium, utilizing the Lyapunov algorithm

Employing Lyapunov's function approach, we

establish the global asymptotic stability of the

®(t,S,V,E,1,R)=C,I, +C,I, (29)
dod . . q,

— =C,I; +C,1; :Cl(ﬂSO+(1—£)ﬂVO—(cr+,u+yc)|l)+Cz[o11—(yi +u+o)l, - ]

dt 1+al,

< C1(6+ESO +(@1-&)AV, —(O’+,Ll+]/c))|1 —CZ((;/i +,u+5)+1LjI2
+a

Bn-g) ) (Bna-of _ ( 7)
§C1[0-+[((1_8)(/1+v+#)+w)J ((e-DA+v+p)+o) (U+'u+7°)jll < (7i+#+5)+1+a 2

‘L'Dgcl ot B l-¢) S (pna-eo)) o+ u+r) I -C, (ri+u+o)l+a) | | (i+tu+d)l+a) 3
dt (@-e)A+v+u)+o)) (e-DA+v+u)+o) t(y,+u+6)A+a)) \t(y, +u+6)1+a)

do
dt

do
dt
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(A +vim+0) " (e-DA+v+m)+o) " (o+u+y,)

M=) G o lornty) sz[(ww)am)]

t(y +p+0)l+a)

0 [ mlas)i-o)+ mll-e)f+(ox+ves) (o+u+m]|_c[[(m+u+6)(1+a)j_[(n+u+5)(1+a)]]

dt 1((1—5)20((/1+V+/1)+fa))(a+;/e+y)(5+}/i+y) (c+u+y,)

do
—<y(R -1
i y(Ry-1)

It is pertinent to note that when att — oo,

C, <landy = Substituting into  the

1-¢)
model system of equation (1) reveals that, based on

2.9 Sensitivity analysis of R,

The primary aim is to assess the sensitivity of the
basic reproduction number, by computing its
derivative concerning all relevant parameters. This

w(y+p+0)l+a)) \o(r+u+d)l+a)

o N () :
LaSalle’s invariance pr1nc1p1eE =0, is globally

asymptotically stable whenever R, <1

analysis will result in the determination of the
normalized forward sensitivity index, denoted as

R, = R, x ﬁ =0.01206000, R, = R, xZ - 1.03267370, Ry = R, x & 0.18743076
op of R, oo 0o R, da Oa R,
Ry = Ry x . —0.15356728, Ry = Ry x X~ 0.00001001, Ry = Ry x o _ 1.00000000
ou ou R ok ok R 06 96 R
OR OR O OR OR : OR OR 0 (30)
o _ Mo Te _ 0.00000040, —2 = —% x 2 0.00130200, —2 = —2% x £ ~1.00200020
Or. Oy Ry ori 0 Ry ¢ Os 0
R, = R, X —— = 1.00000000, 6& = R, x 2 _ 1.000201001, 6& = R, x X = 1.00000014
ot or R, ow Ow R, T ornr R,
Ry _ R 1 _1.02030100,
on on R,

Table 1. Sensitivity analysis and parameter indices

Parameters

Sensitivity indices

B

0.01206000

1.03267370

0.18743076

0.00001001

Q™A RIA

1.00000000

1.000201001

Table 1 shows that the values of the indices relative to
basic reproduction number R, the sensitivity indices

depend on the values of the other parameters, and
changes in those values will affect the sensitivity
indices. Based on the table, we can conclude that
parameters are the most sensitive to the basic

reproduction number in equation (1) of the meningitis
model. Particularly, increasing the value of o will

result in a 96.96% increase in R, , while increasing the

value of @ will lead to a 91.52% decrease in R, .
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Table 2. Description of parameters, values, and references

Variable Description

S(t) Susceptible population

V(1) Vaccinated population

E(t) Exposed population

I(t) Infected population

R(t) Recovered population

Parameter Description Values References
& Vaccination efficacy 0.002 [13]

0] Vaccine waning rate 0.1 [8]

B Transmission probability 1.0003 [17]

v Vaccination rate 0.5 [4]

n Disease modification parameter 0.2 Assumed
2 The recovery rate of exposed 0.03 [2]

7 The recovery rate of infected 1.263 [20]

o Progression rate of exposure to infected 0.9 [26]

K Immunity waning rate 0.002 [9]

H Natural death 1.0 [5]

) Disease induced death 0.4 [7]

o Saturated treatment inhibitor 0.008 [1]

T Treatment rate of infectious individual 1.82 Assumed
T Recruitment rate 2.19 Assumed

3.0 Numerical simulation

To conduct numerical simulation on the mathematical model, we create the following correctional scheme for the

model equation.

Q- p)(:i—?+ p[ccll—f—[ﬂi\l + wV +KR—/18—(V+,U)S])

1- p)(fj—\t/+ p[d—v—[vS—(l—g)/IV —(a)—l—,u)V]j -0

dt

Q- p)c;_lti+ p[c;—lf—[ls +@A-&)AV —(c+u+y.)E]

a- p)c:j—f+ p(d—c—[aE—(yi +u+ O~ d ]j:o

dt + ol

dt

drR drR
1— p)— = _[».E .
1-p) s p( [r. +(7. +1+a|

jl —(K+,u)R]j=O

=0

)-o

The following correctional series are assumed as solutions for (1) such that

S0 =Y P's, OV ) = X P OF®) = X pe, 010 = X pi, ORO = - pr 1),

This series converges as p tends to 1.
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Evaluating (27) and (28) and comparing coefficients of pn yields the following
Atn=0
ds dv, . dE di dR

© =0,—2=0,—2=0,-2=0—2=0 (29)
dt dt dt dt dt

Solving these equations using the initial constraints
So(t) = So’Vo(t) =€ Eo(t) =€, Io(t) = i01 Ro(t) =1l

Following this process yields

S,t)=(r+awv+rry—As, —(V+ 1)S,)t

Vi(t) = (_ BiSo — BaVo "‘/LNo)t

E () = (asoio e — oeo)t (33)
1, (1) = (Geo — pig — Ay _/Oio)t

R, (1) = (pio - :Uro)t

Forn=2
n 1 t2[ozgizos0 o Sy +a’ BiiyS, — P BrigVy —at Gy + adiyS, + 20044, S, +apyS, — 0L0R,S, +af,,S, +u’s,
s,()==
+2upyS, —2upV, _ﬂ1250 + 8,580 = B, BiVo _ﬂzzvo —uo-0p,

2
l 2 . 2 2 2 (34)
v, (t) = _Et (aﬁlloso = 1N +2uBi Sy —2uPNo + By So + BoBiS — B Vo — By Vg _0ﬂ1)

e,({t)=-=t

1,[ @iy’ s, +ad,s, +3aiyS, +ap,s, —ace,s, +00,,S, +apils,
2

—afyiV, —al, - u’e, —2uoe, —o’e,

i, (t) = —%tz(aoioso + 820y + 204y + 28k, — 508, + 1Ty + 2p1piy — 21080 + iy — poey — 526, )

r,(t) = —%t2(§pi0 — 1?1y +2upiy + pPi _poeo)

Forn=3
L3Sy + 421, — 21BNy + By + BoBiSe — BofBNo — By Vo tiyS, + & BiigSy —  BigVy — 2By + ardigS, +
204y, + ApySy + 2UB;Sy — 21BNy — BSy +5BuBiSe — BofNy — B Vo — 1O — OB, — ac0yS, + afySy + 1S, + 3,

S,(t) = f%ﬁ — 2PNy — P75y + 4By BSy + +20P,Sy — 24BNy — B.7Sy + BuBiSe — 5Bo BNy — 3B, Ny — ligSy — 115y — 3PSy + 2Ny + 0 — 10 — OB
=28, BNo — By Ny — 110 — OB 5.3, — PoNy + Ny — 3B,Sy — 21PNy + BSy + BofSy — BofBNy _+ 8%y + 201y + 25pi, — S0y + 1y
+ 2upiy, +3athySy + oSy — 3008 S, + 0SSy + aBigSy — AdigSy + 30thySy + apySy — 200088, + 10y,

. afipS, — 1V, + 21438, — 21BNy — =24V, —ﬂlzso + 5,38y — 55,8V, —3,322v0 — Sy — 1Sy — 35,8, + 28,V + 0 — 10— 6p
Vo) == 2| =280 = B o = 1O = OB =580 = BV + o =3uBiso + B"So + BoffSa = Bolfo = B o = OB, + +ardis, + Bty + @iy
—Q0RSy + A0Sy —2+ 2 f}Sy — 2145V, + ﬁ1230 +30,5150 = BBy — PoVo + o =318y — 21PN + ﬂlzso +B.Bis,

aziozso +adSy +3aySy + 0 pySy — RSy + 1 0y,Sy + Aoy + 21f Sy — 2V — 131250 +58,5150 = BoPVo — ﬂzzvo - po
® 1 e~ aBiV, —3al, — 1e, — 2 uoe, — e, — pty + 2upiy + pZiy + afiyS, —Aad,S, + 30 tdyS, + apyS, — 208, S ++adyS, + 3ahyS, + apyS,
&) =-— . . .
—a oS, +a0yS, +afigS, —aBiV, —ad, - ,Uzeo —2uoe, — Gzeo —ply — /‘zro —3upis, + ﬂlzso + BoBiSo — BoBVo 7/322\’0 -0p,
++0808,08, — 4o — S — Py + 244l — 2108, + iy — poe, — e,
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QdiyS, + 8%y + 28y + 20pi, — 508, + iy + 2upiy — 24108, +— 17Ty + 2 upiy + pPiy + aBigS, — AadiyS, + 30ty S, + apyS, — 206 0RyS
i) 1 2 + oS, +3a oS, + Py, — Q0S, +a0y,S, + Py + =, Ny — 1O — O, — ac’,S, + oS0+ 1Sy +3UBiSe — 213N — poe, — o',
: 6 | +2upi, + pliy + afiyS, — AadiyS, + 30thyS, + pyS, — 200y ++a S, +3adyS, + apyS,
— S, +a0y,S, + S, — iV, — by — e, — 2 pce, — o6, — Ipi,
1 [Spio — 1%ty + 2upiy + PPy +—0 ey — 10, + 2upiy + pPiy + afBiS, — badiyS, +3atiyS, + ap,S, — 200 0yS + +adiyS, + 3 h,yS, + apos(,]

2
r(t)=—=t . )
6 (—aoes, +aoy,s, +aBis—po’e,

This can be furthered till the desired number of iterations is obtained. Thus, the raw solutions to each model
compartment are obtained as:

S(t) = Zsk .V () = ka (1), E(t) = Zek (), 1(t) = Zik(t), R(t) = Zrk ®, (35)

And evaluating these results using the corresponding model parameters of each class given by

o =0.008,6 =0.4, 1 =1.0,0=0.1,0=0.9, 7 = 2.19, 5, =1.263, x = 0.002,
7. =0.03,7=1.82,v=0.5,7=0.2, & =0.002, B =1.0003, ¢, = 65,5, =500, i, = 23,v, =120, 1, =14

We obtained that
S(t) =500 — 30.4320t + 0.7213561075t% — 0.03863404097t°

V (t) =120 —1.5060t — 0.01591470000t* + 0.00061794336453t°
E(t) =65+18.1785t —1.171778775t° + 0.04155466537t°

I (t) = 23 — 0.9060t + 0.02925067500t> — 0.0008440367800t°®
R(t) =14 — 0.0155t — 0.005054500000t* + 0.0001458242542t>

(36)

The approximate results of each class are evaluated using their respective baseline values in Table 1. We also
suggest the following population data set as initial values given by
s, =1000, e, = 30, i, = 20, r, = 40. Thus we obtain the following series of results embedding the

parameters whose influence on the dynamics of meningitis transmission are to be analyzed

11.308282860°c
—8.99856418c.° —66.76103861¢°
+5499.838828¢* —0.003719829888ac?
54.0914019 +40645.085760*
S(t) =1000 + {65-26869000 +1-3362000a]t .| +152.0510083a%c |t* | +935.98111186a°c  |t°
~1362.924000a* — 37.68¢ —0.09970881600ac | 2 | +56.12092345c¢ 6
+3333.926349 —5.923814565¢
45.98509816¢ 302.0838612
—3.288025569 +36988.74452¢°
—84.74264814c
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~ 6938980854 . 11.308282860:>° —80.26339203¢:°
~8.998569418« —105.5276927 —0.0037198298880c
—45.62599000 +5499.839928a" +48897.59557 " +1164.133657a’c
e(t) =30+| +1362.9249994° |t — +152.0510083°c |t* +| —0.7679873978ac +1431.639314 ¢ “c
—1.336200000 ~0.09970881600¢c | 2 —1.875838588c°c +16753.17626
+5378.9938110" +0.0003841080404¢ —16.31203298¢x
+0.0000493608¢ ] ;
+36988.744520° —84.74264814«
—5.292993669¢
—0.004499284709¢0°
+320.2194878
197 0391180 2 +2.7499199640* 2 3
i(t) = 205040320t - | + 068164200047 |1 | *0.07602950416cc |t
 0.0006681004 2 | —0.00004985440800cc | 6
+4.4074012760>
+2.468040000-10%¢c
—0.004330716805¢

13.49785413¢0°
—8249.759899«*
250.8099123 +727.7734324
+45.9850488c  |t* | —228.0765125«%c |t°
_2044.38600002 | 2 ' | +0.1495632240ac | 6
+2.004300000« —10561.77617a°
+56.12053936¢

+10.38388802«

r(t) = 40 +(46.18360 +37.68C )t -
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Results and discussion

Pictorial interpretation of numerical simulation
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Discussion

Was utilized to simulate the disease dynamics over
time. The findings are presented in a graphical format
and extensively discussed. Fig.2 illustrates that as the

vaccination rate increases, the vulnerable population
also increases. Meanwhile, fig. 3 demonstrates that
when the vaccination rate goes from 0.0 to 0.9, the
exposed population decreases. This suggests that an
increase in vaccination rates results in a higher number
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of susceptible individuals and a decrease in vaccination
rates leads to a higher number of exposed individuals.
Additionally, as the vaccination rate rises, the exposed
population decreases, as observed in fig 4. Over a
period of 20 months, it was noted that as the
vaccination rate increases from 0.03 to 0.09, the
infected population decreases.

Fig 5 reveals that an increase in vaccination results in a
reduction in the number of infected individuals,
consequently increasing the population of susceptible
individuals. Fig. 6 highlights the impact of vaccination
on the susceptible population, particularly after
recovery. Through treatment, susceptible individuals
can be effectively recovered from the disease. In this
context, vaccinating those who have recovered can
significantly reduce the prevalence of the disease in the
population. Fig. 7 explores the effects of the waning
rate on exposed individuals. An increase in the waning
rate leads to a reduction in the population of exposed
individuals. For instance, when the waning rate is 0.01,
more individuals are less likely to become infected,
resulting in an increased population of susceptible
individuals. Conversely, reducing the waning rate
increases the infected population.
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